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Abstract

The healing of damaged bones can be promoted by increasing the bone growth
using electrical stimulation. This electrical stimulation can be applied by using
piezoelectric implant materials. Piezoelectric ceramics lack the mechanical proper-
ties necessary for implant materials. On the other hand, metallic implants have the
mechanical properties but lack the piezoelectric properties of the ceramics. Piezo-
electric coatings on metal substrates are therefore considered in order to combine
these properties. However, densification of ceramics requires high temperatures,
which can damage the metal substrates. Combining the piezoelectric ceramic with
dental porcelains is thought the make dense piezoelectric coatings possible at lower
temperatures. This is because dental porcelains fused to metals is a system which
has been successfully used for dental restorations for decades.

In this study, two calcium and zirconium doped barium titanate (BCZT) powders
have been used together with dental porcelains to prepare BCZT/porcelain coatings
on Ti-6Al-4V substrates. The BCZT powders have been prepared through solid-
state synthesis, resulting in two powders of di↵erent particle sizes. The e↵ect of
di↵erent amounts and di↵erent particle sizes of BCZT on the coatings have been
evaluated. The procedure used for dental restorations in porcelains on metal has
been adapted for the preparation of these coatings.

The porosity of the BCZT/porcelain coatings increased as the amount of BCZT
powder was increased. Smaller BCZT particles resulted in a higher amount of pores
compared to larger particles. The bond strength of the coatings was found to be
highest for coatings with 40 wt% BCZT powder. The dielectric response of the
coatings improved with increasing amounts of BCZT powder. However, it was not
possible to measure the piezoelectric response of these coatings.

Further improvements can be made to the coating procedure and the material sys-
tem. This can increase the bond strength and piezoelectric properties of the coatings.
Still, these results are promising for the use of BCZT/porcelain coatings for implant
materials.
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Sammendrag

Helbredelse av skadede ben kan forbedres ved å øke benveksten. Dette kan gjøres ved
hjelp av elektrisk stimulering. Piezoelektriske implantatmaterialer er en mulighet
for å oppn̊a denne stimuleringen. Piezoelektriske keramer har ikke de nødvendige
mekaniske egenskapene for implantatmaterialer. P̊a den andre siden har metaller de
mekaniske egenskapene, men ikke de piezoelektriske egenskapene. Piezoelektriske
belegg p̊a metallsubstrater er derfor en måte å kombinere disse egenskapene. Ker-
amer må generelt sintres ved høye temperaturer for å oppn̊a tilstrekkelig lav porøsitet.
De høye temperaturene kan ha en negativ e↵ekt p̊a metallsubstratet. Ved å kom-
binere piezoelektriske keramer med porselen kan det være mulig å lage tette
piezoelektriske belegg ved lavere temperaturer. Porselen smeltet til metall er et
materialsystem som har blitt brukt til tannrestaureringer i flere ti̊ar.

I denne masteroppgaven har to bariumtitanat pulver dopet med kalsium og zirkonium
(BCZT) blitt kombinert med porselen for å lage BCZT/porselensbelegg p̊a
Ti-6Al-4V substrater. BCZT-pulverne har blitt fremstilt via faststo↵syntese, og to
ulike partikkelstørrelser ble fremstilt. E↵ekten av ulike mengder og partikkelstørrelser
av BCZT-pulver p̊a disse beleggene har blitt undersøkt. Prosedyren som er blitt
brukt til å lage beleggene har tatt utgangspunkt i metodene tannteknikere bruker
n̊ar de jobber med porselen p̊a metall.

Porøsiteten i BCZT/porselensbeleggene økte med økt mengde BCZT-pulver. Mindre
BCZT-partikler resulterte i flere porer enn det større BCZT-partikler gjorde. Bind-
ingsstyrken var høyest for beleggene med 40 vt% BCZT-pulver. Den dielektriske
responsen forbedret seg med økende mengde BCZT-pulver. Det var imidlertid ikke
mulig å måle den piezoelektriske responsen til beleggene.

Prosedyren for å lage beleggene og materialsystemet kan forbedres. Dette kan lede
til økt bindingsstyrke og forbedrede piezoelektriske egenskaper i beleggene. Res-
ultatene av denne oppgaven er likevel lovende for bruk av BCZT/porselensbelegg til
implantatmaterialer.
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1 Introduction

1.1 Background and Motivation

There has been an increasing need for medical implants in the last decades, a trend
that is expected to continue partly because of an aging population. As of 2007,
around 500 000 total hip and knee joint replacements were done annually in Europe
and the United States. Medical implants have a limited lifetime and will need to
be replaced after some time. [1] A total hip prosthesis will for example, on average
need to be replaced every 15 years. [2] By getting these implants earlier in life, the
need for replacements will increase. Replacement of existing implants amounted
to approximately one quarter of the hip and knee joint surgeries in 2007. Because
of this the development of implants is becoming more important, with a focus on
durability especially. [3] An improvement of these implants could reduce the need for
replacement surgeries, which would improve the patients quality of life as well as
save on healthcare costs. [1]

Materials have been used to promote healing and restoration of damaged tissue for
a long time. Around 4000 years ago linen thread was used to help heal wounds in
Egypt and bamboo sticks were used as dental implants in China. Still, it is only in
the last 150 years that there has been a systematic examination of how the body
reacts to implanted materials. [2] The first metallic implant was a stainless steel
alloy, introduced in the 1920’s. This was followed by materials with low degrees
of corrosion, then 316L stainless steel, cobalt alloys and titanium alloys. These
materials were tolerated well by the body while at the same time having desirable
mechanical properties. There are a couple of drawbacks with metals as implant
materials. Generally, they do not form chemical bonds with the surrounding living
tissue. This means that they do not form strong bonds with the tissue. Some metals
have also been found to release metal ions while implanted, which could be toxic. [3]

When working with implants it is useful to define a couple concepts. Firstly, one
definition of a biomaterial is ”A biomaterial is a nonviable material used in a med-
ical device, intended to interact with biological systems.” (Williams, 1987). [4]The
important property biocompatibility is defined as ”Biocompatibility” is the ability
of a material to perform with an appropriate host response in a specific application.
(Williams, 1987). [4] This means that biomaterials are designed to perform a function
while in the body, and that they are to be tolerated by the body. They should for
example not elicit an inflammatory response in the surrounding tissue.

Biomaterials can be classified into three categories, or generations, based on their
properties. The first generation of biomaterials include bioinert materials, where the
materials ideally do not trigger a response in the immune system and the foreign
body reaction is minimal. Second generation biomaterials are bioactive and bio-
degradable, which means that they can interact with the environment to improve
bonding between the material and the surrounding tissue, for example. One of the
most common causes for implant failure is that they loosen at the bone-implant
interface. Improving the bonding can therefore reduce failure and increase durab-
ility of implants. [5] The third generation of biomaterials are designed with specific
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cellular responses in mind. These materials can stimulate these processes at the
molecular level. A comprehensive overview of biomaterials can be found in these
review articles. [3] [6]

The use of ceramics came with the introduction of bioactive glass. Bioactive glass
and other bioactive materials have the ability to chemically bond with human bones.
Treatments with these materials have shown good results, but only for applications
where there is little to no load. [3] Ceramic biomaterials are limited by their sti↵ness
and brittle behaviour [2], which limits the use of ceramics in load-bearing applica-
tions. There are advantages and disadvantages with all material classes when used
as a biomaterial. Combining di↵erent materials to achieve a material system with as
many desirable properties as possible is therefore looked into. One such combination
can be a metal, with its preferred mechanical properties, and a bioactive material.
This can for example be done as a bioactive ceramic coating on a metal substrate. [3]

One application of biomaterials and implants is bone repair and regeneration. Bone
is continuously remodelled to adapt to the current functional demand, and new bone
will be formed to heal injuries. Even though bone is able to regenerate itself and
heal, in 5-10% of patients problems can occur during the healing process. This can
lead to pain and can a↵ect the daily lives of the patients. By designing biomaterials
that help promote the natural regeneration of bones, healing of fractured bones can
be improved and the natural wear on surrounding bones caused by implants can be
reduced. [7] [8]

It has been shown that mechanical stress can influence the normal remodelling and
healing of fractures. [7] This stress results in generation of electrical potentials in the
bones, where the potential is electronegative during compression and electropositive
during tension. Formation of new bone occurs under electronegative potentials
while bone resorption occurs under electropositive potentials. Bone is a piezoelectric
material, which is why these potentials can be observed. [8] [9] These potentials were
demonstrated already in the 1950s by Fukada and Yasuda. [10] Studies, done both in
vivo and in vitro, have demonstrated that electrical stimulation is useful for healing
of bones as it leads to proliferation of the bone cells. [9] [11] Piezoelectric materials
generate a voltage when under mechanical stress. For piezoelectric implants the idea
is that this will happen in the same way electrical potentials in bones are generated,
i.e. by the movement of a human body. This means that by using piezoelectric
implant materials it is possible to remove the need for an external energy source in
order to apply electrical stimulation. Piezoelectric materials are therefore considered
as materials with the potential to accelerate bone growth and healing. [11] [12]

A broad range of piezoelectric materials exists however, most of the commercially-
available piezoelectrics are lead-based. Because of the toxicity of lead, these are
avoided for biomedical applications. Barium titanate, and compositions based on it,
provide alternatives to these lead-based materials. Barium calcium zirconium titan-
ate (BCZT) have shown good piezoelectric properties, as well as being noncytotoxic.
BCZT ceramics therefore have the potential to be used as biomaterials. Currently,
the primary use of BCZT as a biomaterial is thought to be in regeneration of bone
tissues. [11] [12] [13]

BCZT ceramics are, like most ceramics, brittle and would ideally be combined with
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a metal substructure that could provide the necessary mechanical properties of im-
plants. However, the high temperatures required to densify BCZT have a negative
e↵ect on the metal substructures. Ceramic-composite coatings with lower densifica-
tion temperatures would therefore be beneficial for the development of piezoelectric
coatings for biomedical applications.

1.2 Aim and Scope of the Work

The aim of this master thesis is to make dense ceramic-composite coatings for use
on implants that are currently used to replace and repair hard tissue in the human
body. The goal is that these coatings will stimulate bone growth and healing, thus
improving the quality of life of the patients with hard-tissue implants. Hard tissue
implants include bone and teeth implants. Ceramic-composite coatings have been
chosen for their lower densification temperatures. Dental porcelains are biocompat-
ible, have lower densification temperatures, and are used for metal-ceramic dental
restorations. This makes them a good candidate for these coatings. The metal sub-
strate used in this thesis is Ti-6Al-4V, as it is a commonly used implant material.

The scope of this thesis is to prepare ceramic-composite coatings on metal sub-
strates and determine if this is a viable option for making piezoelectrically active
and biocompatible coatings for had-tissue implants. This scope includes synthesis of
a calcium/zirconium doped barium titanate (BCZT) powder and to make coatings
with BCZT and dental porcelains on metal substrates, as well as characterisation of
various properties. A standard application method used for preparing metal-ceramic
restorations with porcelain is adapted and used to prepare these coatings. The work
is done in collaboration with the Nordic Institute of Dental Materials (NIOM) in
Oslo, Norway.

The bond strength and the piezoelectric properties of the coatings will be evaluated.
In addition the coatings will be imaged using SEM, EDS and an XRD analysis will
be performed. The BCZT powder will also be characterised with SEM, XRD, BET
analysis and a PSD analysis to evaluate morphology, chemical composition and
particle size distribution. Lastly, the BCZT powder will be pressed into pellets.
The density and piezoelectric properties of these will be determined.
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2 Theory

2.1 Dental Restorations

Dental restorations aim to fulfill both the functional and aesthetic needs of the pa-
tient. The restoration should have a normal contour, and restore the comfort, speech
and health of the patient. The use of dental implants varies between countries, but
for most countries a long term growth of 12 - 15% is expected. [14] There are multiple
reasons for this increase, some of which are an aging population, tooth loss related
to age, psychological aspects of tooth loss such as impacted self-confidence, as well
as an increased public awareness. There are di↵erent types of dental restorations,
some of which are shown in Figure 2.1. Another example is a fixed partial den-
ture. This is commonly used for posterior missing teeth, i.e. the teeth in the back
of the mouth. This denture can have three units, with one crown on each side of
the missing tooth. A single missing tooth can also be replaced with a single-tooth
implant. [14] These implants can be attached with screws, as shown in Figure 2.2, or
directly to tooth substance. Screw-attached implants are built up of three compon-
ents; the implant fixture, the abutment, and the restoration. The restoration, e.g.
a porcelain crown, can be combined with the abutment. These porcelain crowns are
often used in combination with a metal, crystalline ceramic or glass-ceramic. [15]

Figure 2.1: Examples of di↵erent dental restorations, here shown for ceramic materi-
als. [16]

The field of dental materials and restorations has gone through an explosive evolu-
tion from the first porcelain dentures in 1774 to today’s materials and techniques.
The majority of the development has happened in the same time period, even though
dental materials and technology has existed since approximately 700 BC. Duchateau
and Dubois de Chemant both made porcelain dentures in 1774. Prior to this dental
restorations had been in the form of ivory, animal teeth, human teeth and porcelain
teeth. [17] [18] [19]
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Figure 2.2: Illustration of a
screw-retained single-tooth im-
plant, where the abutment and
the restoration are combined. [15]

While the first porcelain dentures were made in
1774, it was not until 1838 that the colour and
translucency of the porcelain matched that of nat-
ural teeth. The low strength of crowns and veneers
made of porcelains made it di�cult to use them
for dental restorations. The introduction of PFM
porcelain in the 1960s was important for the use
of porcelain as a dental material as this provided
the restorations with the necessary strength. PFM
stands for Porcelain Fused to Metal. Porcelain ven-
eers were introduced in the 1980s. Porcelain is still
used for dental restorations and many of these are
handmade. [18] [19]

Other developments have been made in addition to
those related to porcelains. One important discov-
ery was commercially pure titanium’s ability to os-
seointegrate with natural bone, providing stability
to the dental implant. [18] [19] New methods like the
Computer Aided Design/Computer Aided Manu-
facturing (CAD/CAM) technique , LED curing and
selective laser melting have all contributed to the
development of the field of dental materials and res-
torations. In later years, polywave curing lights and
3D printing in dentistry have been introduced. [18]

An introduction to some of the methods for produ-
cing dental restorations is given in the next section.

2.1.1 Methods for Producing Dental Restorations

During the 1960s developments were made to dental feldspathic ceramics that made
them suitable for dental restorations in spite of their low strength. There were
two di↵erent approaches to the problem, but they both involved adding a second
layer in the form of a substructure. The porcelain-jacket crown (PJC) was made by
casting a metallic substructure, then firing a thin veneer of the ceramic placed on
top of the substructure. Due to the mismatched coe�cients of thermal expansion
between the ceramic and the metal substructure, leucite was added to the feldspathic
ceramic as this resulted in a closer match. An alternative substructure was made
by high-strength ceramics. This was the result of adding alumina to the feldspathic
ceramic. Minor modifications have been made to these systems since, and they are
still in use today. Adding these substructures was an important development in
terms of more aesthetic dental restorations. [18] [19] Optical properties such as colour
and translucency of these feldspathic ceramics were improved with the introduction
of vacuum firing as the porosity of the ceramics was reduced. These improvements
were made in 1949 and 1838, respectively. [17]

Computer-aided design/computer-aided manufacturing (CAD/CAM) technology first
entered the field of dental restoration in the 1980s. The technology was adapted from
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other industries such as automotive and aerospace, as well as watch-making. [20] The
first generation of this technology was only able to work with a two dimensional
view of scanned images and the fabrication time was long. This has since improved,
and the software makes it possible to render three dimensional scanned images and
make adjustments. The fabrication time has also decreased significantly, with many
systems being able to manufacture restorations in less than an hour. A scan of the
patients teeth are made using an intraroal digital scanner. This makes it possible
to replace traditional elastomeric impressions. However, a digital scan can also be
made of these impressions. [21] There are currently more than 20 di↵erent CAD/CAM
systems that have been introduced. [20]

The CAD/CAM technology can be used to manufacture frameworks in zirconia, alu-
mina or metal, in addition to inlays, veneers and all-ceramic full-contour crowns. [20]

Based on the digital scan a porous ceramic block is machined down into a core
with the correct shape, but with slightly larger dimension. This is then sintered to
achieve a dense structure. There is some shrinkage during sintering, which is why
the original core is oversized. [18] Using ceramic blocks to create dental restorations
of only one material eliminates the challenge of mismatched coe�cients of thermal
expansion. [21] Another advantage of this technology is that it automates parts of the
process with dental restoration and can eliminate some of the more labour-intensive
procedures. This also makes the methods more consistent and precise. [20]

Digital processing made it possible to create dental ceramics made of zirconia. The
same method of machining an oversized shape from a porous block of yttria-stabilised
zirconia followed by densification was used. [18] The use of high-strength zirconia
ceramics as dental implant fixtures is a relatively new practice. Zirconia has ad-
vantages compared to both metals and to aluminium oxide. While with metallic
implants there is a risk of ion release, zirconia shows minimal ion release and is
considered to be inert. It is especially yttria-stabilised tetragonal zirconia that show
better mechanical properties in terms of fracture resilience and fracture strength,
compared to aluminium oxide. [15] Zirconia is therefore used to replace metals as a
substructure material. [19]

A digital model from computer-aided design (CAD) is used to created 3D objects
with additive manufacturing. Additive manufacturing is, like CAD/CAM, a tech-
nology with uses within di↵erent industries. It is used for applications in aerospace,
art, medical, and defence industries. In dentistry additive manufacturing is used
to create dentistry models personalized to each patient and can be used to prepare
dental restorations. [22] [23]

Additive manufacturing can be divided into four categories: 1) extrusion printing,
2) inkjet printing, 3) laser melting/sintering, and 4) lithography printing. Extrusion
printing is a process where the material is extruded through a nozzle. In inkjet
printing polymer-based inks are deposited as droplets, and the final shape is built
up layer by layer. Laser melting and sintering di↵ers from these as the material
is not deposited. A powder is instead sintered and new powder is added on top
to create the next layer. Lithography printing uses light-sensitive polymers, which
are subjected to light to create the desired structure. [22] [23] The methods used in
dentistry are selective laser sintering (SLS) and stereolithography apparatus (SLA).
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Using additive manufacturing methods could also result in more accurate dental
restorations than by machining a larger block of material into the desired shape. [24]

There are di↵erent methods in use for the fabrication of dental restorations. In this
project, ceramic restorations and the techniques related to porcelain-metal systems
are of interest.

2.2 Metal-Ceramic Systems with Dental Materials

The aesthetics of a dental restoration is an important property, and all-ceramic res-
torations are generally able to simulate the look of natural teeth. However, the
brittle behaviour of ceramics combined with the risk of fracture while in the oral
environment represent disadvantages of these restorations. The necessary mechan-
ical properties can be achieved by using all-metal and all-alloy restorations. These
however, lack the desired aesthetics. In order to get both the strength and tough-
ness of the metal and the visual look of the ceramics a composite structure can be
created. This type of structure is also called metal-ceramic systems or porcelain-
fused-to-metals (PFM). [19]

In addition to providing strength and support to the dental porcelain, the metal
substructure restores a tooth’s contours. The substructure also provides the fit of
the restoration. Lastly, the surface oxides on the metallic substructure are crucial
for the bonding between the dental porcelain and the substructure. [25]

2.2.1 Composition and Properties of Dental Porcelains

Dental porcelains are both aesthetically pleasing and chemically stable, making them
a good class of biomaterials for dentistry. They are able to mimic the look of a nat-
ural tooth due to their colour, shade and luster. The main component of these
ceramics is a silicon-based inorganic material, which generally is a combination of
silica, quartz or feldspar. Ceramics with feldspar as a main component are tradi-
tionally referred to as porcelains. [19] These porcelains have a composite nature, as
they consist of a glassy matrix with a crystalline phase dispersed within it. The
glassy matrix is generally silica-based. [26]

The crystalline phase can have di↵erent components, as it is added to alter the
properties of the porcelain and the di↵erent components have di↵erent e↵ects. The
glass phase can be strengthened and toughened by adding ceramic and glass-ceramic
particles. The colour and opacity of the porcelain can be adjusted by adding metallic
oxides. [25] The crystalline phase can consist of feldspar, quartz, mullite, pigments
and sometimes alumina. In some cases an organic dye is also added to the crystalline
phase. This is done to make it easier to distinguish between the di↵erent porcelains
when working with them prior to firing. Because these dyes are organic they will
burn away upon firing. [26] The composition of dental porcelains vary with type of
porcelain and product brand. [25] This is because the di↵erent types of porcelain
have di↵erent ”roles” in the porcelain build-up and therefore need to have slightly
di↵erent properties. Some porcelains are designed to create adhesion, while others

8



are mainly responsible for the shape and final colour of the restoration.

The dental porcelains often have an alumino-silicate matrix, which together with
feldspar forms the glass matrix. The feldspar used in dentistry are potassium- and
sodium-based, namely potash feldspar and sodium feldspar. The ratio between these
di↵er in mined materials, and is important for the handling characteristics of the final
dental porcelain. The potash feldspar can give the final porcelain more translucent
properties, in addition to helping maintain the form of the porcelain body during
firing. The is because the viscosity of the molten glass is increased. Sodium feldspar
makes the porcelain more susceptible to pyroplastic flow by lowering the fusion
temperature. Most porcelains used today are synthetic and the compositions of
them can be tailored to a larger degree. [25]

Quartz (SiO2) is added to the porcelain to act as a framework that the other com-
ponents can flow around. It also stabilizes the mass at higher temperatures, which
prevents pyroplastic flow from occurring. Alumina (Al2O3) is added as it increases
the viscosity of the melt and the overall strength of the porcelain. It does however
have a lower coe�cient of thermal expansion than the porcelain. The coe�cient of
thermal expansion of the porcelain can be increased by adding oxides of potassium,
sodium and calcium to better match the thermal expansion of the metal. The
increase is caused by these oxides breaking up cross-linking of oxygen in the silica-
network. It is however important to avoid too much disruption of this cross-linking
as that can lead to the glass recrystallizing. [25]

Di↵erent porcelains have di↵erent functions, and therefore di↵erent compositions.
Because bonder porcelains are applied first to the substrate, they are designed to
create good adhesion between the porcelain and the substrate. Opaque porcelains
have a similar function to the bonder, as they wet the substrate forming a metal-
porcelain bond. In addition the opaque porcelains are coloured in order to begin
building the correct shade of the restoration and to cover the colour of the metal sub-
strate. [25] Opaque porcelain has also been found to increase the debonding strength
of a metal-ceramic restoration. [27] The main component of the porcelain body is the
dentin porcelain, This is therefore designed to have the desired colour of the res-
toration and to build the shape of the restoration. Porcelains can come in di↵erent
shades, but it is also possible to use stains to colour the final restoration. The glaze
porcelain is applied last. It flows well at high temperatures, making it suited for
filling in irregularities and porosity on the surface. Glazes are generally colourless
and provide a shine to the restoration. [25]

Thermal compatibility between the metal and the porcelain is important in these
metal-ceramic restorations. The porcelains used in these restorations are generally
classified as low-fusing porcelains. This means that they become molten at temper-
atures below 850 °C, and the particles can fuse together. This low glass transition
temperature is an important property because it allows the porcelain to become
molten at temperatures below the melting range of the metallic substructure. If the
substructure is exposed to too high temperatures it can deform and no longer be
the correct fit for the restoration. The coe�cient of thermal expansion (CTE) of
the porcelain should be close to that of the substructure, but slightly lower. This is
because if the porcelain has a lower CTE it will be under compression after firing,
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which is beneficial for the strength of the restoration. [25] This is further discussed in
Section 2.2.5 - Thermal Expansion.

Values for the glass transition temperature (Tg) and for the CTE of the bonder and
dentin porcelain used in this project are given in Table 2.1. These porcelains are
designed for use with titanium substrates, the properties will therefore be di↵erent
for porcelains used with other metallic alloys. The CTE values are listed by the
supplier for the whole product series and not for each porcelain type. They are
given for the 25-500°C temperature range. The glass transition temperature has
also been found in the product information from the supplier.

Table 2.1: Coe�cient of thermal expansion, CTE, and glass transition temperature, Tg,
for bonder and dentin porcelain for use with titanium. [28]

Porcelain CTE [K�1] Tg [°C]

Bonder 8.6 · 10�6 575
Dentin 8.6 · 10�6 575

2.2.2 Fabrication of Metal-Ceramic Systems

The application of porcelain to the metallic substructure is one of the most de-
manding processes related to metal-ceramic systems in dentistry. A metal die acts
as the substructure or substrate for the dental porcelain, and can be used to re-
place a missing tooth. The die has the shape of the tooth that is to be replaced. [26]

Multiple methods have been developed for the process, one of which is a build-up
technique done by hand. This is an incremental technique where di↵erent types of
porcelains are layered to create the final porcelain structure. This can result in very
natural restorations, however it is very time-consuming and a sensitive technique.
This places high demands on the dental technician. [25]

Commercial dental porcelains often come as powders, with accompanying modelling
liquids. If there is no modelling liquid for a specific porcelain, distilled water can be
used. [25] These dry powders are mixed with a small amount of modelling liquid to
form a slurry. The desired viscosity of the slurry varies for the di↵erent porcelains
and their designed use. [26] Metal equipment is avoided in the mixing process as they
can be abraded by the ceramic particles and result in contamination. Instead, glass
or ceramic mixing slabs and rods are used.

Once the slurry has the desired viscosity it can be applied to the metal substructure,
using either a porcelain brush or a spatula. Porcelain brushes are generally better
suited to build up the porcelain body and allows for greater precision. The shaped
porcelain body should be consolidated prior to firing. This can be done by simply
blotting the wet body with absorbent paper, or one can apply vibration as well.
This allows excess liquid to rise to the surface, which can then be removed with
paper. Capillary action will also draw out liquid from the porcelain body to the
paper placed on the surface. A consolidation step is necessary because there will be
pores in the fired ceramic if there is air or liquid left in the porcelain body during
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firing. Pores will have a negative impact on the strength, colour and translucency
of the fired ceramic. Additionally, proper consolidation can reduce the shrinkage of
the ceramic during firing. The shrinkage can be compensated for, so that the final
restoration has the correct shape and dimensions. This can be done by building the
porcelain body 10 - 15 % larger than the wanted, final dimensions, and as mentioned
by consolidating the porcelain body prior to firing. [25] [26]

Porcelains are subjected to a sintering process where some components melt and
the end result is a homogeneous body. The glassy matrix in the porcelain becomes
molten at the glass transition temperature, above this temperature the glass phase
becomes viscous. However, the melting of feldspar-based glasses is slow and the
melt is quite viscous. It possible to fire the porcelain for each layer that is built
on the substrate because the melt is viscous enough that the porcelain will not
lose its shape. This makes it easier to create these layered dental restorations.
Prolonged heating of porcelain can result in slumping, i.e. that the porcelain loses
its shape. To avoid this it might be necessary to fire each layer at subsequently lower
temperatures. [26] Depending on the powders made by the supplier, the porcelain
body is made by layering three or four di↵erent porcelains. The four general layers
are: (1) bonder, (2) opaque, (3) dentin, and (4) glaze. Not all suppliers make a
bonder porcelain, the bonder-layer is then skipped. Other porcelains can also be
used to for example give certain optical e↵ects.

At the beginning of the sintering process the particles are fused together at their
contact points. Upon further heating more of the glassy phase will flow, and this
flow will remove some of the air that was present prior to firing. As this contin-
ues more porosity is removed from the porcelain and any remaining pores are no
longer connected to each other. The pores start out as irregularly shaped, however
as the porcelain is fired longer they gradually transition into spherical shapes. [26]

An illustration of the sintering process, showing the change in porosity is given in
Figure 2.3.

Figure 2.3: The change in microstructure during sintering of a porcelain. [26]

Porcelain firing can be done in vacuum or in air. By firing in air, 5 vol% of porosity
will be left in the ceramic. Because of the previously mentioned risk of slumping,
increasing the time spent at high temperatures would not be beneficial enough.
Vacuum firing reduces the porosity, but there is still a chance of porosity. This is
due to the pressure within the bubbles. The pressure inside the air bubbles, Pb,
will be raised above ambient pressure, Pa, during firing by the liquid phase’s surface
tension [26]:
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Pb = Pa +�P (2.1)

�P is the expected increase in pressure from ambient pressure. It depends on the
initial radius of the bubble. The Laplace equation for a spherical droplet with a
meridian on the surface, is given by

�P =
F

⇡r2
=

2⇡r�

⇡r2
=

2�

r
(2.2)

In this equation F is the force acting on the meridian, r is the radius of a cross
section, and � is the specific surface energy of the bubble. [26]

When the porosity becomes discontinuous during sintering, the remaining pores can
be considered as fixed masses of gas at ambient pressure. The radius of these pores
will be gradually reduced by the surface tension until an equilibrium is reached.
At the same time there will be a concentration gradient driven dissolution of air.
When the radius is reduced and the air dissolves, the excess pressure inside the pore
increases as shown in Equation 2.2. This results in a more rapid process, but the
process is still slow and has a limited e↵ect. This makes it di�cult to remove all
porosity during air firing without significantly increasing the firing time. [26]

By firing under vacuum, or at least reduced pressure, instead of air firing the porosity
can more easily be removed without increasing the firing time. The reduced pressure
means that the air trapped within a pore has a lower mass, while the surface tension
of the liquid is unchanged. Because of the unchanged surface tension, the excess
pressure is the same as for air firing. The ratio between the ambient pressure and
the pressure within the pores is increased, and the initial compression will also be
increased. [26] The ratio between the two pressures can be written as

Pb

Pa
=

Pa +�P

Pa
(2.3)

The equilibrium bubble size is smaller for vacuum firing than for air firing. The
porosity is reduced to a greater degree, but there might still be pores left after
firing. These will generally be smaller, and not a↵ect the optical properties much.
However, they will a↵ect the strength like any other porosity. [26]

2.2.3 Adhesion Mechanisms

A metal-ceramic implant requires good adhesion between the layers to be durable
enough. The adhesion is dependent on mechanical and chemical factors. It can be
di�cult to separate the two as they a↵ect each other. [26]

The mechanism for porcelain-metal adhesion is not known but there are collectively,
four theories that are suggested to explain the behaviour happening on the interface
between the two components. These are, from most to least significant: (1) chemical
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bonding, (2) compressive forces, (3) mechanical retention, and (4) Van der Waals
forces of attraction. [25]

Van der Waals forces results in secondary bonding where instead of an exchange
of electrons there are attractive forces between oppositely charged particles in the
metal and porcelain. There is little attraction between molecules, therefore the van
der Waals bonds are considered weak. These forces have been found to be dependent
on the degree of wetting by the porcelain. If the porcelain is able to wet the substrate
properly the van der Waals forces will be greater. A too rough substrate surface,
and any contamination, will reduce the bond strength of the forces while a slightly
textured substrate surface can promote the bond strength. This increase is because
of the improved wetting. [25]

Wetting is also important for the mechanical retention. The molten porcelain will
flow during firing, and can fill any microscopic irregularities on the surface if the
wetting is good enough. The wetting of porcelains is further looked into in Section
2.2.4 - Wetting of Particles and Surfaces. These irregularities also contribute to
the overall surface area available for porcelain attachment. In order to increase the
mechanical retention any stress concentrations or stress raisers, often in the form of
microscopic metal projections and other irregularities, should be removed. This can
be done by airborne-particle abrading of the surface followed by steam cleaning. In
addition to removing these sources of stress, the abrading results in an increased
surface area and a clean substrate. Because porcelain is able to adhere to smooth
metal surfaces as well, mechanical retention cannot be the most significant factor in
porcelain-metal adhesion. [25]

Dental porcelains should be under compression rather than subjected to tensile
forces as this increases the fracture strength. Placing the porcelains under compres-
sion also reduces the chance of cracking. This compression can be achieved by using
metal substrates that have a higher coe�cient of thermal expansion (CTE) than
the porcelain. When the metal-ceramic restoration is cooled the porcelain will be
placed under compression. The compressive forces can be aided by the substrate
geometry. There will for example be a wrap-around e↵ect in veneers with complete
porcelain coverage but not in partially covered veneers. The wrap-around e↵ect is
seen because when the porcelain completely covers the substrate it is only under
compression, while there will also be shear stresses where the porcelain meets the
substrate for partially covered veneers. Thus, the e↵ect of having complete porcel-
ain coverage is increased compression of the porcelain. The metallic substrate will
be under tension in both cases. However, it is still possible to get good adhesion
in partially covered veneers, suggesting that compressive forces is not the principal
adhesion mechanism. [19] [25]

Chemical bonding is considered the most significant mechanism in terms of estab-
lishing and maintaining porcelain-metal attachment. The chemical bonding is at-
tributed to oxides on the metallic substructure and in the dental porcelain, with two
proposed theories. The first theory, the ”Sandwhich” theory, suggests that there is
an oxide layer between the substructure and the porcelain and that there is no oxide
migration between the oxide layer and the porcelain. This oxide layer should not be
too thick as that weakens the adhesion. Over-oxidation of the substructure could
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result in a too thick oxide layer. It is however known that metallic oxides migrate.
Thus, this theory cannot explain the chemical bonding in itself. [25]

The second theory is called the oxide dissolution theory. In this theory, the porcelain
layer dissolves some of the oxides from the substrate surface. This e↵ect is illustrated
in Figure 2.4. This dissolution results in contact between the atoms in the porcelain
and the oxide layer on the substrate. This makes electron sharing between the
components possible, resulting in enhanced chemical bonding and better wetting.
The oxide layer should not be too thick, as in the ”sandwich” theory. It might even
be su�cient with only one layer of oxides. [25] [29]

Figure 2.4: Illustration of the bonding between the glassy phase in the porcelain and the
oxide layer from the metallic substrate surface. The illustration is based on Figure 6-5a
in Introduction to Metal-Ceramic Technology. [25] [30]

2.2.4 Wetting of Particles and Surfaces

A liquid has to be able to wet a solid surface in order to establish and maintain
contact with it. This wettability is dependent on the solid and liquid, and given by
cohesive and adhesive intermolecular interactions. [31] Wetting is determined from
the contact angle between the solid and the liquid. Examples of contact angles and
spreading of droplets at these angles are given in Figure 2.5. The angle is measured
between a plane tangent to the liquid’s surface and a plane tangent to the solid’s
surface, with the measurement being done through the liquid. From the examples
one can see that a smaller contact angle corresponds to a higher degree of wetting,
and that liquids that wet the surface to a small degree have a large contact angle.
The figure also shows that the droplet changes shape as the contact angle decreases.
This is because of the thermodynamic principle that liquids will change shape to
reduce their total energy. This is achieved by reducing their surface area, as this
results in a lower total surface energy. When no work is performed on the liquid the
droplets will form spherical shapes. [26]

Adding liquids to solid surfaces creates two interfaces: (1) a liquid-solid interface,
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and (2) a liquid-vapour interface. The second interface is created due the volatile
liquid’s vapour pressure. All interfaces have an individual interfacial energy. The
liquid-solid interface often has a lower interfacial energy than the liquid-vapour
interface. In those cases the liquid will spread onto the surface to reduce the total
energy in the system. As the surface area of this interface is increased, the area of
the liquid-vapour interface is reduced. [26]

Figure 2.5: Illustration show-
ing a droplet on a surface, with
di↵erent contact angles. [26]

The surface area of the liquid-solid interface, and
with that the degree of wetting, is also a↵ected by
the liquid’s surface tension and the solid surface’s
energy. A lower surface tension increases the wet-
tability of the liquid, while solid surfaces with high
energy are more easily wetted. Most ceramic ma-
terials will not be wetted by liquids with high sur-
face tension. Combining a liquid with low surface
tension and a solid surface with high energy results
in strong interactions between the two materials.
This lowers the interfacial energy, promoting wet-
ting. Increasing the surface area of the solid, for ex-
ample by adjusting the surface roughness, increases
the interface area. Thus the specific surface energy
is increased. [26]

Wetting is important in dentistry as it drives
the flow of the glass phase. Good wettability
is crucial for making dense ceramics where the
porcelain-metal adhesion is good. The flow will be
hindered by any contaminants and other particles
present, a↵ecting the porcelains ability to wet the
substrate. When working with porcelains where
ceramic particles are included it is beneficial if the
glass phase is able to wet these particles as well
as the substrate. [26] Bernardo et al. [32] found that
rigid inclusions could decrease the viscous flow abil-
ity of the glass phase. There are examples of glass
phases being able to wet ceramic powders. El-
Kheshen et al. [33] found that borosilicate glasses are
able to wet mullite and magnesium aluminate spinel
particles. [33]

In this project only two of the four wetting situations relevant for dentistry is of
interest. [26] The first situation is the formation of a coating mixture by mixing li-
quid and solid components, in the form of powder. The second wetting situation is
immersion. In this situation there is an excess of liquid, which is spread by mech-
anical intervention for example by using a brush. As long as the contact angle is
less than 180°, a solid substrate will be wetted by any excess amount of liquid. The
contact angle between the liquid and solid substrate is therefore no longer relevant
in this wetting situation. Still, the work of adhesion has to be non-zero for there to
be interaction between the liquid and the solid. [26]
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2.2.5 Thermal Expansion

Temperature changes induces a change in dimension in most materials. This dimen-
sion change is referred to as thermal expansion. It is measured either as percent,
ppm, or as the coe�cient of thermal expansion (CTE). The CTE, ↵, is given as

↵ =
�l/l0
�T

(2.4)

where �T is the di↵erence between temperature T1 and T2, l0 is the material length
at T1, and �l is the change in length between the two temperatures. [34]

The arrangement of atoms within the material, and the bond strength between them,
a↵ects the thermal expansion. Stronger bonds reduces the thermal expansion, this
applies both for ceramics and metals. Glasses di↵er from this, as the glasses’ thermal
history also will a↵ect the thermal expansion. In silicate glasses and porcelains the
CTE is changed at the glass transition temperature. At and above this temperature
the porcelain is more viscous than solid, the CTE is increased to reflect this. The
heating rate of glasses also a↵ect their CTE. [34] [26]

It is especially important to consider the coe�cient of thermal expansion in material
systems with more than one material in close contact. When the materials have
di↵erent coe�cients they will expand and contract at di↵erent rates during heating
and cooling. If the di↵erence is large, high stresses can be introduced to materials.
This can then increase the chance of distortion and fractures. Materials with similar
coe�cients result in reduced thermal stresses. [34] When working with porcelain-metal
systems, where there also is a filler ceramic material in the porcelain, the ratio
between the coe�cients have to be considered for the porcelain-metal system and
for the porcelain-filler system. If the CTE of the porcelain and the metal di↵er with
more than 10�6 K�1 there is a larger risk of the porcelain delaminating from the
metal. [35]

Since both the porcelain and the ceramic filler particles are brittle materials, almost
no plastic deformation of these is possible. This makes it even more important to
reduce the tensile strain in the porcelain. The glassy phase making up the matrix
of the porcelain will be placed under tension if the matrix contracts more than the
filler particles, while the matrix-filler interface is placed under tension if the particles
contracts more than the matrix. The porcelain would therefore be more prone to
failure. [26] When the filler particles have a higher coe�cient of thermal expansion
than the matrix, tangential compressive and radial tensile stresses will develop in
the matrix close to the particles. [32]

2.2.6 Integration of Dental Implants with Bone

The long-term success and healing of a dental implant, as well as other implants,
is dependent on the osseointegration of the implant. [36] Osseointegration is defined
as ”a direct structural and functional connection between living ordered bone and
the surface of a load carrying implant.”. [37] This process starts immediately after
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implantation and can continue for several months. The implanted material is in-
tegrated into the surrounding bone. Osseointegration depends on factors such as
biocompatibility of the implant material, design and surface conditions of the im-
plant, health and bone quality, and loading conditions on the implant. [36] [37] [38] The
biocompatibility of the implant, placement of the implant and degradation of the
implant material can contribute to bone loss in the surrounding area of the implant.
This reduces the mechanical stability and osseointegration of the implant. [38]

Currently there is a lot of work being done in relation to improving the osseointeg-
ration of implants. Many studies focus on the surface properties of the implants. [36]

Some studies have shown that the binding to bone of titanium alloys can be improved
by treating the surface. These surface treatments can be divided into (1) addition
of material, (2) removal of material, and (3) modification of material. [39] One such
surface treatment is the addition of a bioactive coating, for example hydroxyapatite
or other calcium phosphates. These are used due to their ability to stimulate bone
growth, as this increases the cell attachment to the metal implant. [36]

Slight loading of dental implants and bones has been shown to increase bone form-
ation. [38] The loading results in the generation of electrical potentials in the bone,
due to the piezoelectric nature of bones. It is these electrical potentials that stim-
ulate bone growth. Externally applied electric stimulation has the same e↵ect on
bone growth. The integration of implants with bones can therefore be improved by
applying an electrical stimulation to these implants. Coating the implants with a
piezoelectric material can be a method of applying this electrical stimulation without
the need of external sources. [8] [9] [11] [12]

2.3 Electrical and Dielectric Properties

2.3.1 Piezoelectricity

The piezoelectric e↵ect was first discovered in 1880, by Pierre and Jacques Curie.
They observed that some single crystals, such as quartz, topaz and Rochelle salt,
developed an electric charge on the surface when they were under mechanical stress.
This is called the direct piezoelectric e↵ect. There is also a converse piezoelectric
e↵ect, where the application of an electric field results in a deformation of the
material. The resulting surface charge from the direct piezoelectric e↵ect is either
positive or negative, depending on the direction of the mechanical stress. [34] [40] [41] [42]

A compressive stress generates a negative charge while tensile stress generates a
positive charge. [9]

Even though the e↵ect was discovered in 1880, piezoelectric materials were not used
until the early 1900s. Some of the earliest uses were in phonographs and to better
tune radios to broadcast channels. In 1930 piezoelectrics were used in microphones,
from then on piezoelectric ceramics have found more and more applications. They
are for example used in ultrasonic cleaners, actuators, transformers, and to make
noises such as alarm clocks, smoke alarms, and even in musical greeting cards. [43]

Some medical devices also use piezoelectric materials, such as insulin pumps, ultra-
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sonic cataract-removal devices, and for ultrasonic therapy. [44]

Piezoelectric materials can be divided into two categories: (1) natural, and (2) man-
made. The natural piezoelectric materials include organic substances like wood,
bone, hair, silk, enamel and rubber, as well as crystal materials such as quartz, topaz
and Rochelle salt. [45] Fukada and Yasuda observed the piezoelectric properties of
bone in the 1950s. [10] Bones consists of collagen fibers with hydroxyapatite particles.
This collagen has a spiral structure called triple helix, and it is in these collagen fibers
that the piezoelectric e↵ect generates a surface charge. [46]

2.3.2 Properties of Piezoelectrics

Piezoelectrics are a subset of dielectric materials. Dielectric materials are electrical
insulators that do not conduct electric current under application of an external
electric field. However, there is a small change in the charge balance within the
material leading to formation of an electrical dipole. [34] In other words, when no
electric field is present the polarisation of a dielectric is zero. Piezoelectric materials
are dielectrics that develop a surface charge under mechanical stresses, without the
need of an external electric field. There is also a subset of piezoelectric materials;
pyroelectrics. In these materials a change in temperature is able to induce a change
in polarisation. They have been found to have spontaneous polarisation, which
does not require either an electric field or mechanical stress. If this spontaneous
polarisation can change direction when an electric field is applied the material is
ferroelectric, which is a subset of pyroelectric materials. [40] Ferroelectric properties in
piezoelectric materials will prove to be useful, especially for polycrystalline materials.

As stated earlier, the Curie brothers first discovered piezoelectricity in single crystals.
The piezoelectric e↵ect in single crystals results in a net positive charge on one side
and a net negative charge on the other side. This requires a non-uniform distribution
of positive and negative charges, which is only possible in non-centrosymmetric
crystals. Of the 32 crystal classes, 20 do not have a center of symmetry and can
therefore exhibit piezoelectricity. [34] In polycrystalline ceramics the crystallites, also
known as grains, will be randomly oriented and divided by grain boundaries. In
ferroelectric piezoelectrics there are ferroelectric domains, within each domain the
polarisation is uniform. These domains are also randomly oriented. [41] The ceramic
itself will have a center of symmetry and the piezoelectric e↵ect in the grains will
cancel each other out, resulting in a zero net polarisation. In other words, the
ceramic has no piezoelectric properties. [47]

The piezoelectric e↵ect in these ceramics can only be utilized if the net polarisation
is non-zero. This can be achieved by poling the material. Poling is a process where
the orientation of the ferroelectric domains are switched to line up with the crystal-
lographic direction closest to the direction of the electric field. This re-orientation
is driven by an external electric field. The poling process results in an increased
net polarisation, with the maximum level of polarisation being achieved when the
alignment of all the ferroelectric domains is parallel to the field. As the electric field
is reduced some of the domains will switch back but there will still be a net polar-
isation when the electric field is zero. This polarisation is known as the remnant
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polarization, Pr. Figure 2.6 shows the change from the unpoled state to the poled
state. [41] [47] [48]

Figure 2.6: Sketch showing the change from unpoled (a) to poled domains (b) within a
piezoelectric material. [48]

The switching of the ferroelectric domains can be observed in a polarisation-electric
field hysteresis loop and a strain-electric field hysteresis loop. An example of both
these loops is given in Figure 2.7. Ideally these loops are symmetric but there are
multiple factors a↵ecting both shape and symmetry. Some examples of these factors
include charged defects, grain size, sample thickness, thermal treatment, mechanical
stresses, and composition of the material [13] [41] [49] In addition to these loops, the
piezoelectric coe�cient dxy is an important property of piezoelectric materials. The
coe�cient d33 gives information about the displacement parallel to the electric field,
per unit applied electric voltage. [48] [50]

Figure 2.7: The polarization-electric field hysteresis loop of an ideal ferroelectric mater-
ial, together with sketches of the domains at certain points in the hysteresis loop. In the
bottom right corner a strain-electric field loop is included. [49]
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2.3.3 E↵ect of Pores and Inclusions on Electric Properties

In porous ferroelectrics there will be a reduced amount of ferroelectric mass com-
pared to a dense ferroelectric. This will contribute to a reduction in piezoelectric
properties in porous ferroelectrics. [51] [52] However, the reduction in remnant polar-
isation with increasing porosity is too rapid for it to be explained completely by
a volume-fraction relationship. Thus, the polarisation is reduced by something in
addition to the reduction in ferroelectric material due to the presence of pores. [51]

The electric field distribution in a dense, bulk ferroelectric material will be relatively
homogeneous. The same is the case for isotropic insulators like glass. When the
applied electric field is homogeneously distributed in a ferroelectric, the ferroelectric
domains will feel the same electric field. For fields greater than the coercive field of
the ferroelectric, the result will be a fully poled material. [40] [51]

In materials with pores and in materials consisting of a matrix and a filler material,
there can be di↵erences in their relative permittivity ✏r. [51] [53] [54] The relative per-
mittivity is often also referred to as the dielectric constant. It is given by the ratio
between the permittivity of a dielectric material (✏) and the permittivity of vacuum
(✏0) [44] [51]:

✏r =
✏

✏0
(2.5)

Pores have a lower permittivity than bulk ferroelectrics. When porous ferroelectrics
are placed under an electric field, a concentration of the electric field in the porous
regions can be observed. Thus, the electric field is inhomogeneously distributed
throughout the material. This distribution of the electric field can have a negative
e↵ect on the polarisation of the material, as di↵erent areas of the material will
experience di↵erent electric fields. Porous ferroelectrics have been found to have
lower saturation polarisation and remnant polarisation compared to a dense, bulk
material. [51] [53] [54] [55]

The di↵erence in permittivity, resulting in inhomogeneous distribution of the electric
field, has been found to have an e↵ect on the overall properties of the ferroelectric.
In addition to a↵ecting the electric field, stress can become concentrated around
the pores during the poling process. This can then lead to constrained or enhanced
domain wall motion, ultimately a↵ecting the piezoelectric properties. The shape of
these pores have also been found to have an e↵ect. A study found that BCZT with
irregular pores showed lower piezoelectric and ferroelectric properties than when the
pores were spherical. [51] [52] [53] [54]

Studies have been performed on the electrical properties of hydroxyapatite-barium
titanate composites and on polymer-ceramic composites. [56] [57] [58] [59] Even though
the material system in this study is di↵erent, these materials are similar and can
provide some insights. Tavangar et al. [56] found that the volume fraction and dimen-
sional ratio of the barium titanate particles, together with the shape and amount
of porosity in the hydroxyapatite matrix, a↵ected the electrical properties of the
composites. The electrical properties of the composite was improved by including
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barium titanate, when compared to pure hydroxyapatite. The same study also found
that the permittivity of the composite was significantly lower than that of the bulk
barium titanate. [56] The permittivity of the composites were found to increase as
the amount of barium titanate particles were increased. [57]

Prakasam et al. [58] found that the permittivity was highest for composites with the
largest amount of barium titanate, which was expected. However, they did not
observe a piezoelectric coe�cient in the composites when the amount of barium
titanate was lower than 80%. In the study performed by Wang et al. [59], the mat-
rix material (polymer) had a lower permittivity than the filler material (ceramic).
Around the interfaces of the two phases, a concentration of charge carriers was
found.

The permittivity of a composite material is expected to increase more once the
amount of high-permittivity particles reaches the percolation threshold. Above this
point, the particles are able to form a continuous network. [60]

2.4 Barium Titanate Doped with Calcium and Zirconium

Barium titanate (BaTiO3) has been of interest since it was the first developed piezo-
electric perovskite in 1946. It is a highly stable material, both chemically and mech-
anically. This combined with a high dielectric constant and low dielectric loss has
made the material very useful in capacitors. BaTiO3 is also a ferroelectric material,
for temperatures higher than or equal to room temperature. It has a piezoelectric
coe�cient d33 ⇡ 190 pC/N. This can be improved by doping the BaTiO3. Doped
compositions of BaTiO3 have been used for semiconductors and for piezoelectric
materials. [61] [62] [63]

The perovskite crystal structure of BaTiO3 typically has a ABO3 chemical formula.
There are two types of cations, the A-site cation and the B-site cation. The A-site
cations are the Barium ions, these are placed in the corners of the structure. The
B-site ions are Titanium, which is placed in the middle of the structure. Oxygen
are the anions, these are placed at the faces of the crystal structure. [63] A sketch of
barium titanate’s perovskite structure is given in Figure 2.8, showing the placement
of these ions. Barium titanate can be doped with Ca and Zr because it forms solid
solutions with CaTiO3 and BaZrO3. Other dopants are Sr and La, which together
with Ca substitute A-site cations, as well as Zr, Nb and Ta for the B-site cations. [61]

Doping barium titanate with Ca and Zr to the following composition,
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 (BCZT), creates an interesting material with good piezo-
electric properties. This is because the morphotropic phase boundary of the solution
is found within the (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 composition in the phase diagram.
For ferroelectric materials, the best properties are generally found at this phase
boundary. [62] BCZT goes through a phase transformation from rhombohedral to
tetragonal, which is the ferroelectric properties are best, and another transition
from tetragonal to cubic. [65] [61] In this region Tian et al. [62] reported d33 values of
572 pC/N for this BCZT composition, made via solid-state synthesis. However, d33

values as high as 620 pC/N have been reported for (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3. [61]
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Figure 2.8: The cubic (left) and tetragonal (right) perovskite of barium titanate. Re-
drawn from [64].

Another important aspect of adding dopants is their e↵ect on the Curie temperature,
TC . At this temperature the spontaneous polarisation disappears. The BCZT
transitions from tetragonal to cubic, which is a centrosymmetric structure. [65] [66]

Pure barium titanate has a TC = 120 °C. [67] Dopants can either increase or decrease
this. From Figure 2.9 it is clear that Zr as a substitute for Ti will lower the TC ,
while Ca in place of Ba will leave it relatively unchanged. Thus, BCZT will have a
lower TC than BaTiO3. [66]

Figure 2.9: Plot showing how di↵erent dopants a↵ect the Curie temperature of barium
titanate. [66]

The grain size in a piezoelectric ceramic also a↵ects the piezoelectric properties. The
grain size in the final ceramic is dependant on the whole synthesis, i.e. from raw
powders to the final sintering stage in solid-state synthesis. The grain size will a↵ect
the size of the formed domains within the BCZT, thus being of importance for the
piezoelectric properties. [65] (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 has been chosen for its good
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piezoelectric properties. Values for the piezoelectric coe�cient and Young’s modulus
for this composition are given in Table 2.2. An approximate value is given for the
coe�cient of thermal expansion because no value could be found for the specific
composition. Other similar compositions have reported values of CET = 8.31 · 10�6

K�1 [68] and CET = 8.19 ·10�6 K�1 [62]. Based on these values the approximate value
has been set to 8 · 10�6 K�1.

Table 2.2: Some properties of (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3. [69] [61] [68] [62] d33 is the piezo-
electric charge coe�cient, E is the elastic modulus, and CTE is the coe�cient of thermal
expansion.

Property Value Unit

d33 620 pC/N
E 117.9 GPa
CTE ⇠ 8 · 10�6 K�1

Biocompatibility is an important aspect of any material designed for use in the
human body. BCZT has been found to be biocompatible, with one study [13] looking
at the compatibility of BCZT with osteoblast and endothelial cells. Barium-ions
could however be toxic. It is therefore important to have barium-compounds that
are not soluble in the body. [13] Pisitpipathsin et al. [70] found that adding BCZT to
a bioglass enhanced the bioactivity of the glass, resulting in apatite layers forming
on the surface after soaking the composite in simulated body fluid (SBF).

2.5 Synthesis of Ceramics

2.5.1 Solid-State Synthesis

Solid-state synthesis is a common and simple method for processing many conven-
tional ceramics. The ceramics go from a fine powder to a dense ceramic through a
series of steps. The first step of the solid-state synthesis is the powder preparation.
In order to achieve the correct composition in the final ceramic, precursor powders
containing the necessary elements are mixed together into a homogeneous powder.
These precursors are often oxides of the necessary elements. There are di↵erent
ways of mixing the precursors however, ball milling is one of the most frequently
used methods. This is because in addition to thoroughly mixing the powders the
ball milling reduces the particle size. [34]

A smaller particle size is preferable due to the higher reactivity of small particles.
When particles are smaller their surface area is higher, and they therefore have high
surface free energy. This leads to a higher driving force for densification as a lower
surface energy is thermodynamically preferred. By bonding together the particles
reduce their overall surface area, thus the ceramic becomes denser. [34]

A small particle size alone will not give maximum densification. If all the particles
have the same size and are packed in the most optimal way, voids will still make up
around 30% of the total space prior to densification. The space taken up by voids
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will be reduced by having a range of particle sizes. A good particle size distribution
can also be achieved through ball milling. During the milling process the particles
will be broken into smaller particles to a varying degree. [34]

The particle size distribution will be a↵ected by whether the ball milling is done
wet or dry. In dry ball milling the powder is added to a milling jar together with
milling media, often shaped as balls. In wet milling a liquid is added to the milling
jar as well. During the milling the jar will be rotated, allowing the milling media to
cascade and crush the particles. By using a wet milling method one can achieve a
smaller particle size as well as a more narrow particle size distribution. [34]

There are some drawbacks with ball milling, with contamination being one of the
biggest issues. As the milling media cascades within the milling jar and crushes
the particles, it will also wear on the walls in the milling jar. The milling media
will gradually be degraded. Thus, both the milling jar and the milling media can
be sources of contamination. This e↵ect can be reduced by choosing appropriate
materials for the walls in the milling jar and for the milling media. Di↵erent ceramic
particles can have di↵erent requirements for these materials to reduce the contam-
ination. [34]

Once the precursor powder has a good particle size distribution and mean particle
size it can be shaped, very often pressed into a die, to be calcined. There are
multiple pressing methods, but the most common are uniaxial pressing and isostatic
pressing. In uniaxial pressing the pressure is applied to the die in one direction.
Cold isostatic pressing is a method where the pressure is applied from all directions.
The compaction from cold isostatic pressing is more uniform than that of uniaxial
pressing. Non-uniform density in the green body after uniaxial pressing can be
caused by friction between the die wall and the powder, as well as between the
powder particles. Uniaxial pressing can also result in cracking. [34]

The precursors react with each other, resulting in the wanted chemical composition,
in a process called calcination. Calcination is a process where the precursors are
heat treated at high temperatures, promoting the solid state reaction between the
precursors. This is a di↵usion dependent and often slow process. The high surface
area of small particles are therefore beneficial, in addition to a large contact area
between the precursor particles. Pressing the precursor powder into e.g. pellets
increases the contact area between the particles. The precursors are often calcined
for a long time to ensure complete reaction. The calcined pellets are crushed and
milled into a powder prior to the next step in the synthesis. [34]

Sintering of ceramics is done to achieve a dense, fine-grained microstructure. Prior to
sintering the ceramic powder should be compacted in a way that leaves close-packed
and uniformly distributed particles. Ideally the green body has 50% or less porosity.
During sintering pores in the green body are removed, and the green body shrinks.
Adjacent particles will grow together and be strongly bonded. The densification
during sintering requires the presence of a mechanism for material transport, and
a source of energy to drive this material transport. The primary source for this
energy is heat. There are also energy gradients from contact between particles and
surface tension that contribute. Di↵erent materials have di↵erent requirements to
the temperatures during calcination and sintering. For (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3
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there are examples of calcination temperatures of 1350 °C and sintering temperatures
of 1450 °C. [65]

In solid-state sintering the mechanism for material transport is volume di↵usion.
The material being transported can either be atoms or vacancies. The transport
can go through the volume of the material, or it can go along either the grain
boundaries or the surface. [34] An illustration of this material transport is given in
Figure 2.10.

Figure 2.10: Illustration of the material transport during solid-state sintering. [34]

The sintering process can be divided into three di↵erent stages. In the initial stage,
particles are rearranged and neck formation begins at the contact points of the
particles. This is where the surface energy is highest and material transport most
easily can occur. The majority of the densification and shrinkage happens in the
next stage, which is called intermediate sintering. The necks between the particles
grow more and the distance between the centers of the original particles is reduced.
Together with this the porosity decreases. As the neck growth and porosity re-
moval continues, the green body geometry is adapted to accommodate these changes.
The particles become grains, with grain boundaries separating them. These grain
boundaries move during this stage because grains grow and consume neighbouring
grains. [34] An illustration of changing microstructure in the di↵erent sintering stages
is given in Figure 2.11.
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Figure 2.11: Illustration of the sintering stages; (a) initial stage, (b) intermediate sin-
tering stage, (c) final sintering stage. [34]

Gradually the pores are removed and the remaining pores are isolated. When this
happens the ceramic is in the final sintering stage. The remaining pores are removed
by vacancy di↵usion, happening along the grain boundaries. For optimal pore re-
moval the pores have to be close to the grain boundaries. There is grain growth in
this stage. This means that the grain boundaries are moved, which can improve the
pore removal. However, it is important that this grain growth is controlled. If the
grain growth is uncontrolled the grain boundaries may move too fast compared to
the pores. This can result in pores being isolated within the grains. [34]

The driving force for the solid-state sintering is di↵erence in chemical potential,
alternatively free energy, of the particle surfaces and the contact points between the
particles [34]. When the material is transported via lattice di↵usion from a contact
point to the neck region, the model of the transport mechanism is:

�L

L0

=

✓
K� · a3 ·D ⇤ ·t

k · Tdn

◆m

(2.6)

However, this model fits best with the initial stage of solid-state sintering. In this
model �L

L0
is the linear shrinkage, which corresponds to the sintering rate. K is

a geometry-dependant constant, � is surface energy, a3 represents the volume of
a di↵using vacancy, t is the time, and D* is a self-di↵usion coe�cient. k and
T correspond to the Boltzmann constant and the temperature, respectively. The
particle diameter is d. The two exponents n and m are typically close to 3 and
0.3-0.5, respectively. [34]
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Based on this model it is clear that the particle diameter and the temperature
are important factors during sintering. This also shows why smaller particles are
preferred during sintering as they result in a higher sintering rate. In order to achieve
the same sintering rate at lower temperatures one can reduce the particle size. [34]

2.5.2 Liquid Phase Sintering

Ceramics can also be made through liquid-phase sintering. This is a sintering method
where there is a viscous liquid promoting the sintering. Many silicate systems are
densified either with liquid-phase sintering or with viscous composite sintering. Mul-
tiple factors will a↵ect the final microstructure after sintering, such as amount of
liquid present, particle size and the temperature program especially in terms of
cooling. [34] Some examples are shown in Figure 2.12.

Figure 2.12: Illustration of di↵erent microstructures that liquid-phase sintering can
result in. The microstructures shown here are sintered glass (a), a crystal-liquid structure
(b), grain boundary glass (c), glass at triple junctions (d), and lastly crystallized grain
boundaries (e). [34]

The second microstructure is often the results when a large amount of liquid is
cooled quickly enough that the liquid is able to solidify as glass. This is the case
for viscous composite sintered porcelains. This type of sintering requires that more
than 20% of the total material is liquid phase at high temperatures. [34]

The liquid-phase sintering rate is controlled by particle size, viscosity and surface
tension. The latter two are strongly a↵ected by temperature and composition. An
increase in temperature can result in increased amount of liquid phase, thus aiding
densification. The sintering rate will also be increased if the liquid phase is able to
wet the solid particles. [34]

2.6 Metal Substrate Material - a Ti-6Al-4V Alloy

As stated previously, metals have been used for implants for a while now. Pure
titanium and its alloys have since they were introduced in the 1960s become among
the most used metallic biomaterials. They are commonly used for medical and
dental implants. This includes medical implants such as hip prostheses, artificial
knee joints, bone plates and cardiac valve prostheses, as well as dental implants such
as overdentures, crowns, bridges and components for dental implant prostheses. In
2008 the most used dental implant was screw shaped and made of either titanium or
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the Ti-6Al-4V alloy. [3] [71] [72] This specific alloy was originally designed for aerospace
applications and as a structural material, due to its high specific strength to weight
ratio. [73] [74]

Ti-6Al-4V is a titanium alloy containing 5.5-6.5 wt% aluminium and 3.5-4.5 wt%
vanadium. It is a grade 5 titanium alloy, also referred to as Ti6Al4V or Ti64.
The alloying elements were added to increase the strength and hardness of the
titanium. As a result, Ti-6Al-4V has higher values for elastic modulus and strength
compared to lower grade titanium alloys. In this project the most relevant properties
of the Ti-6Al-4V, i.e. the metal substrate, is the elastic modulus, coe�cient of
thermal expansion, ultimate tensile strength and yield strength. [71] [75] Values for
these properties are given in Table 2.3 below.

Table 2.3: Some mechanical and physical properties of Ti-6Al-4V. [71] [76]

Property Value Unit

Yield strength 795 MPa
Ultimate tensile strength 860 MPa
Elastic modulus, E 114 GPa
CTE 9.2 · 10�6 K�1

In addition to having the necessary mechanical properties a biomaterial needs to be
biocompatible. This entails that the material is not toxic while in the body, and
that it will not be destroyed while in use. [43] The human body is a highly corrosive
environment, which could lead to detoriation of the implant over time. Because of
this, corrosion resistance is an important property in terms of biocompatibility. If
the material corrodes while implanted it could lead to release of ions, which could be
toxic. [6] Biocompatibility is also dependent on other material properties, such as low
ion formation tendency in aqueous environments, low level of electronic conductivity,
and whether the material is in its thermodynamic equilibrium at physiological pH
values. Even though Ti-6Al-4V is commonly used as a biomaterial, it might have
a toxic e↵ect caused by aluminium and vanadium being released. This is especially
relevant for permanent implant applications. [71]

The mechanical properties of Ti-6Al-4V will be negatively a↵ected above a certain
temperature due to oxidation of the material. The oxidation happens above 480 °C,
thus the alloy has a maximum service temperature of 350 °C. [77] Higher temperat-
ures can also a↵ect the distribution of alloying elements in Ti-6Al-4V, especially
aluminium. Segregation and di↵usion of aluminium towards the surface of the ma-
terial has been observed at high temperatures by Lutz et al. [78] and Rodriguez et
al. [79]. This segregation was observed at 400 °C, with an observed increase at 750 °C.
The di↵usion of Al was found to increase with the temperature during heat treat-
ment of the alloy.
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2.7 ISO 9693:2019 - the De-bonding/Crack Initiation Test

The ISO standard ISO 9693:2019 concerns the compatibility in metal-ceramic and
ceramic-ceramic material systems used in dentistry. This standard exists to ensure
that the veneering ceramic and the substructure material function are compatible for
the mechanical and thermal conditions in an oral environment. Chapter 4.2.3 (De-
bonding/crack-initiation test) and 6.4 (De-bonding/crack-initiation test) provide re-
quirements for the debonding/crack-initiation strength of the material system and
the requirements for testing this strength, respectively. [80]

For metallic substructures and at least one dental veneering ceramic, the debonding
strength has to be greater than 25 MPa. This strength is to be measured in a
flexural-strength testing machine with a three-point bending set-up. At least six
samples have to be tested, and they have to fracture by a de-bonding crack at one
end of the ceramic layer. There are requirements to the size and shape of both the
substructure and the ceramic layer. The substructure has to be (25 ± 1) mm x (3
± 0.1) mm x (0.5 ± 0.05) mm. In the middle of the substructure, an (8 ± 0.1) mm
x (3 ± 0.1) mm x (1.1 ± 0.1) mm is to be placed. The dimensions for the ceramic
layer is for the fired ceramic. [80] A sketch of the sample with these dimensions is
given in Figure 2.13.

Figure 2.13: Sketch of the sample with the required dimensions according to ISO
9693:2019. [80]

The de-bonding test is done in the three-point bending set-up with the applied load
on the underside of the sample, i.e. with the ceramic facing the opposite side of the
load. This load is applied at a constant speed of (1.5 ± 0.5) mm/min until fracture.
The criteria for fracture is a sharp decline in force of at least 5%. There are two
fracture types, of which only one is an approved fracture. The approved fracture
is an ”end of ceramic” fracture, meaning that the fracture occurs at one end of the
ceramic. The other fracture type is a ”top of ceramic”, where the ceramic layer
cracks in the middle rather than at the end. Samples fracturing in the unapproved
way have to be replaced until six samples have an ”end of ceramic” fracture. [80]

Sketches of htese fracture types are given in Figure 2.14 below.

During the debonding testing, the force and deflection are measured. The force
at fracture Ffail is also recorded. Based on this it is possible to calculate the de-
bonding strength ⌧b numerically. The full calculation is described in ISO 9693:2019,
and an example is given in Appendix B. The calculation of the de-bonding strength
is based on Young’s modulus of the substructure, the thickness of the substructure
and Ffail. [80]

Metal-ceramic systems will have di↵erent bond strengths depending on the chosen
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(a) An ”end of ceramic” fracture. (b) A ”top of ceramic” fracture.

Figure 2.14: These sketches show the two possible fracture types, (a) ”end of ceramic”
and (b) ”top of ceramic”.

substructure and the porcelain, as well as the processing of the system. One study
found that a Ti-6Al-4V alloy combined with dental porcelain had a bond strength of
28.24 MPa, and that this could be improved by adding either a SiO2 or a SiO2-TiO2

sol-gel coating between the metal and the dental porcelain. [81] Another study invest-
igated the behaviour of di↵erent porcelain types on commercially pure titanium. The
resulting bond strengths varied between 21±3 MPa and 45±5 MPa. For the initial
Ti porcelain used in the study a bond strength of 31±5 MPa was reported. [82] Aslan
et al. [83] found that grade 5 titanium alloy substrates treated with airborne-particle
abrasion prior to coating with dental porcelain had bond strengths of 27.12 ± 7.16
MPa and 29.55±5.54 MPa, for two porcelain types. Based on these studies, porcel-
ains on titanium alloys are not guaranteed to have bond strengths over the 25 MPa
criteria in ISO 9693:2019.

2.8 Fracture Mechanics of Ceramics

Ceramic materials have a brittle behaviour, Prior to fracture there is no plastic
deformation, but some elastic deformation. Ceramics fail when they are under a
stress that is greater than their nominal strength. [34] [84]

Processing of ceramics will almost always result in some defects, either from powder
composition and compaction, from handling of the ceramic or from the sintering
process. Some examples of potential defects are pores, di↵erently sized agglomerates,
cracks, scratches, and inhomogeneity. Defects like pores, inclusions, and grains are
found in the ceramic body while other defects, like cracks, can be found on the
surface. Defects can weaken ceramic materials as stress more easily concentrates
around them. Thus, defects result in ceramics fracturing at lower loads than the
ideal ceramic could withstand. [34] [84]

The reduction in strength due to defects is a↵ected by di↵erent factors. Di↵erent
elastic modulus between the ceramic body and any inclusions, as well as di↵erences
in coe�cient of thermal expansion of the two, can increase the strength reduction.
The size and shape of inclusions and pores, and the distance between pores and
between pores and the surface, will also a↵ect the strength of the ceramic. The
placement of pores relative to grain boundaries and cracks is another factor. Cracks
close to pores can give a reduction in strength as pores are considered inclusion with
zero strength. These pores therefore provide a path for crack propagation with less
resistance. On the other hand, inclusions with greater strength than the ceramic
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body can deflect crack propagation. Pores will also result in rougher surfaces after
polishing. [26] [34]

2.9 Overlapping Signals in Energy Dispersive Spectroscopy

Energy dispersive spectroscopy (EDS) is a characterisation method where a chem-
ical analysis is performed. It is a mostly qualitative method, but semi-quantitative
results can be obtained from it. This analysis is often done using SEM instrument-
ation as these typically have an EDS system as well. The measurement is based on
three di↵erent signals: secondary and backscattered electrons, and X-rays. Of these
it is the X-rays that are used for the identification of elements. [85]

It is therefore possible to do an elemental analysis since each element will send out
a X-ray signal unique to itself. However, there are limitations to this method. The
energy resolution can be as low as 150 eV. If the X-rays the elements emit have very
similar wavelengths, their signals can overlap. This makes it di�cult to separate
some elements. [86] The characteristic energies of the relevant elements in this project
are given in Table 2.4.

EDS can measure both major and minor elements. The major elements are present in
concentrations above 10 wt%, while the minor elements are present in concentrations
between 1 and 10 wt%. EDS is therefore not able to identify trace elements. [85]

Table 2.4: The characteristic X-ray energy of relevant elements. [87]

Element keV Series

Al 1.486 K↵

Ba 4.465 L↵

C 0.277 K↵

Ca 3.690 K↵

F 0.677 K↵

K 3.312 K↵

La 4.650 L↵

Mg 1.253 K↵

N 0.392 K↵

Na 1.041 K↵

O 0.525 K↵

Si 1.739 K↵

Sr 1.806 L↵

Ti 4.508 K↵

V 4.949 K↵

Zr 2.042 L↵
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3 Experimental

3.1 Materials and Apparatus

An overview of the materials and apparatus used in this project are given in Table 3.1
and Table 3.2, respectively. The materials have been used for solid state synthesis
of a (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 (BCZT) powder as well as preparation of the metal
substrates and the coatings. In addition to the listed apparatus, some software have
been used. EVA has been used for XRD measurements, testXpert III software was
used for measurements during the Schwickerath adhesion test, and the aixPlorer
software was used during piezoelectrical evaluation.

Table 3.1: List of chemicals and materials used in this project. Manufacturer, LOT
number, purity and purpose are given for each material where relevant.

Materials Manufacturer LOT nr. Purity [%] Purpose

BaCO3 Sigma Aldrich 22734 99.98 Precursor
CaCO3 Sigma Aldrich SLBC8690V >99 Precursor
ZrO2 Alfa Aesar 25231B 99.98 Precursor
TiO2 Sigma Aldrich MKCD6078 99.80 Precursor
Initial Ti GC 2101121 N.A Coating
Bonder
Initial Ti- GC 2009011 N.A Coating
bonder liquid
Initial D-A3 GC 2103051 N.A Coating
Ti Dentin
Initial Ti- GC 2009291 N.A Coating
modelling liquid
Korox 110 µm Bego - - Sandblasting
DP-Spray P Struers - - Lubricant,
3 µm polishing
DP-Spray P Struers - - Lubricant,
1 µm polishing
Auromal 50L Ami Doduco - - Silver
Silberleitlack electrodes
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Table 3.2: List of the apparatus used in this project including the model, manufacturer
and purpose.

Apparatus Model Manufacturer Purpose

Termaks oven - Termaks Drying precursors
Planetary ball PM 100 RETSCH Milling powder
mill
Rotary evaporator R-210 BUCHI Drying mixture
Uniaxial press K2500/S3-S40 mäder Pressing pellets

HV pressen
Digital sensor 8451-6020 Burster Monitor force
Diamond wire saw Well 3500 Well Cut samples
LaboPol 21 Struers Polishing
Sintering furnace Super Kanthal Entech Calcination,

sintering
FEG-SEM Ultra 55 Zeiss Characterisation
PSD analyzer Partica LA-960 Horiba Characterisation
X-ray D8 A25 DaVinci Bruker Characterisation
Di↵ractometer
Furnace Commodore Jelenko Firing coatings

100 VPF
Dental laboratory Perfecta 600 W&H Grinding coatings
handpiece
Steam cleaner Steamer X3 Amann Cleaning

Girrbach substrates
Sandblasting Basic quattro IS Renfert Sandblasting
unit substrates
Materials ZwickiLine Z5.0 ZwickRoell Adhesion test
testing
machine
BET analyser 3Flex 3500 Micromeritics BET analysis
Degas unit Degas Smartprep Micromeritics Degas powder

for 3Flex
Piezoelectrical AIX PES AIXACCT Piezoelectrical
tester Systems evaluation
Berlincourtmeter YE2730A d33 meter Sinocera Piezoelectrical

evaluation

3.2 Methods

3.2.1 Solid-State Synthesis of BCZT

In this project a calcium-zirconium doped barium-titanate (BCZT) powder was
made with the following composition, (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3, through solid-
state synthesis. One portion of the BCZT powder was only calcined and then
used to make BCZT/Porcelain coatings while the other portion of the powder was
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sintered as pellets. Four precursors (BaCO3, CaCO3, ZrO2, TiO2) were used for
the synthesis. Three batches of BCZT powder was made, with di↵erent particle
sizes. The calculations of precursor amounts are given in Appendix B. The general
procedure for the synthesis is described. The exact procedure for each powder is
illustrated in the flowchart in Figure 3.1.

First, precursors were weighed out into separate crucibles for each precursor. The
mass of precursors used for each powder are given in Table 3.3. Precursors for
batch ↵ and � were weighed out together. The crucibles were placed in a Termaks
oven at 110 °C to dry the precursors overnight. Stoichiometric amounts of the dried
precursors were then weighed out and milled using a planetary ball mill for 1 hour
at 150 rpm. A 250mL milling jar was used, filled with 90mL of 3mm diameter
YSZ balls. Pure ethanol was added until all the milling media and the precursors
were covered. After milling, the powder suspension was transferred into a rotary
evaporator flask. A sieve was used to separate the milling media from the suspension.
The suspension was dried with a rotary evaporator at 175 mbar with a 60 °C water
bath. The dried powder was lightly ground with a mortar and pestle to break any
soft agglomerates before it was sieved through a 250 µm sieve.

Table 3.3: The amount used of each precursor for each batch. The precursors for batches
↵ and � were weighed out together.

Precursor m↵ [g] m� [g] m� [g]

BaCO3 7.4697 7.4697 8.9572
CaCO3 0.6755 0.6755 0.8150
ZrO2 0.5492 0.5492 0.6643
TiO2 3.2069 3.2069 3.8769

The powder was uniaxially pressed into pellets with a diameter of 25mm with a force
of approximately 5kN, which equals to around 10 MPa. The conversion from MPa
to kN is given in Appendix B. Each pellet weighed approximately 1 gram before
calcination. The pellets were stacked in two platinum crucibles together with some
sacrificial powder on the bottom of the crucible as well as covering the samples. The
calcination was done in a Super Kanthal oven, the temperature program used for
the calcination is given in Table 3.4. The pellets were weighed and the diameter
measured before and after calcination. The calcined pellets were first crushed in a
pellet crusher then milled in a planetary ball mill at 150 rpm. The milling time is
specified for each powder in Figure 3.1. A 250mL milling jar was used, filled with
60mL of 3mm diameter YSZ balls, which was then covered with 96% ethanol. After
milling the powder was dried in a rotary evaporator as described for the precursors
before it was sieved through a 250µm sieve. The powder was then characterised
with X-ray di↵raction and Scanning Electron Microscope imaging, and the particle
size distribution was measured using the Horiba PSD analyzer. For the � and �
batches, a BET analysis was also done.
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Figure 3.1: Flowchart of the solid-state synthesis of the three powder batches. The
milling time is specified for each powder as well as the final use of the powder.

For the ↵-BCZT powder there were some peaks present in the XRD di↵ractogram
that did not correspond to BCZT, thus there were some impurities in the powder.
The average particle size was around 200 µm. Because of this the calcined powder
was pressed into new pellets and a recalcination was done. All recalcinations followed
the calcination temperature program. After recalcination and milling the particle
size was around 100 µm. The powder was ball milled once again. Characterisation
showed that there were still impurities and that the particle size was around 1µm.
There was some loss of powder after each milling and drying step. The total loss of
powder in the ↵ batch, combined with the impurities resulted in this batch being
scrapped.

The XRD analysis of the � batch showed some impurities after the first calcination.
The powder was recalcined as a loose powder. The subsequent characterisation still
showed impurities and the powder was recalcined once more as loose powder. The
weight of the powder before and after each calcination is given in Table A.2. The
powder was characterised again after the second recalcination.

After calcination of the � batch, the pellets from one of the crucibles were visibly
curved. This is shown in Figure 3.2.

Some of the BCZT-powder was pressed into pellets and sintered. First, three pellets
of �-BCZT were pressed using the uniaxial press and 0.8 kN force, which corresponds
to around 10 MPa. Approximately 0.5 g powder was used to make the pellets, which
had a diameter of 10mm. The pellets were then pressed again using a cold isostatic
press (CIP), at 2 kbar for 1 minute. An attempt was also made to press similar
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Figure 3.2: The calcined pellets made with �-BCZT, where one half of the pellets are
curved.

Table 3.4: Temperature programs for calcination and sintering of BCZT.

Procedure HR Tmax thold CR
[°C/hour] [°C] [Hours] [°C/hour]

Calcination 350 1300 2 400
Sintering 350 1450 3 400

pellets of the �-BCZT powder. However, even after increasing the force to 5.3 kN
the pellets did not hold together. It was therefore decided to move forward with
only the pellets made of �-BCZT.

The pressed pellets were placed in a platinum crucible with sacrificial powder in the
Super Kanthal oven for sintering. They were sintered at 1450 °C for 3 hours, with
a heating rate of 350 °C and a cooling rate of 400 °C. The temperature program is
given in Table 3.4. The weight and dimension of the pellets were measured before
and after sintering. These measurements are given in Table A.3.

3.2.2 Characterisation of Powder and Pellets

Four methods were used to characterise the BCZT powders; X-ray di↵raction (XRD),
Scanning electron microscope (SEM) imaging, particle size distribution (PSD)
measurements and BET analysis.

XRD Analysis

All XRD analyses were performed using the DaVinci1 instrument with Cu K↵ ra-
diation at wavelength 1.54 Å. The analysis was a 0.2 degree FS-XRD done over 2
hours for the 2⇥ range 10 - 80°. A XRD analysis was also done on one of the pellets,
using the same scan program as for the powders.
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SEM Imaging

The SEM imaging was done on the Zeiss Ultra 55 FEG-SEM to confirm particle sizes
and morphology of the powder. The images were taken using secondary electrons
(SE), a 30 µm aperture, 5.0 kV voltage, and a working distance of approximately
10mm. Images were taken at a range of di↵erent magnifications. For imaging of
powder, the powder was first suspended in ethanol as described for particle size
distribution (PSD) measurements below. A droplet of this suspension was then
added to carbon tape placed on a stub, using a pipette. The stub was placed in the
SEM once any liquid had evaporated. The pellets were imaged with SEM to look at
the morphology, using secondary electrons (SE), a 30 µm aperture, 5.0 kV voltage,
and a working distance of approximately 10mm.

PSD Measurements

The particle size distribution (PSD) was measured with the Partica LA-960. The
measurements were done in ethanol, and the PSD distribution was measured mul-
tiple times to ensure reproducible results. For this measurement, approximately half
a small plastic spoon of dried, sieved powder was added to a small beaker together
with 30mL 96% ethanol. The beaker was then placed in an ultrasound bath for 30
minutes. Shortly before adding the suspension to the ethanol in the chamber in the
instrument, the beaker was moved in a circular motion for 30 seconds. This was
done to stir up any particles that had fallen to the bottom of the beaker. A plastic
pipette was used to add droplets of the suspension to the chamber until the trans-
mittance was within the acceptable area for the measurement. The liquid in the
chamber was continuously stirred during the measurements. First 5 measurements
were taken, then the instruments ultrasonic-feature was used for 3 minutes. After
the suspension had stabilized again 5 new measurements were taken.

BET Analysis

The BET analysis was done to measure the surface area of the powders. The clean,
dry test tubes were first weighed empty. The BCZT powders were then added to
one test tube each, the tubes with the powders were then weighed. The tubes were
placed in the degas unit, placing the needle approximately 5 cm down into the tube.
A rubber cap was used to close the tube and a metallic heat jacket was placed
around each tube. The samples were degassed using nitrogen. The conditions for
degassing were set using the TriFlex software and the degassing program given in
Table 3.5. The samples were degassed overnight.

Table 3.5: Degassing program for BET analysis.

T [�] Ramp rate [�/ min] thold [min]

30 10 60
90 10 60
250 10 860
25 10 60

After degassing the tubes were weighed once more. The tubes were then mounted
to one port each on the 3Flex 3500 for the BET analysis. An isothermal jacket was
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placed around each tube to reduce any temperature gradients in the tubes. A 5 pkt
BET analysis was then run.

Density Measurements of Pellets

The geometrical density of the pellets was determined based on mass and dimensions
measured with a caliper. The bulk density, apparent porosity and true porosity
were determined using Archimedes’ principle. First the dry weight, m1, of each
pellet was measured. The pellets were then placed in a evaporation dish inside a
vacuum desiccator. The pressure was dropped to under 25 mbar and held for 20
minutes, using a vacuum pump. The pump was then sealed o↵ from the desiccator
and isopropanol was carefully introduced to the evaporation dish through an inlet
tube until he pellets were covered by approximately 20 mm of isopropanol. The inlet
tube was closed and the vacuum pump was turned on for the desiccator, lowering
the pressure again. After 30 minutes the vacuum pump was turned o↵ and air
was carefully introduced into the desiccator. The desiccator then sat at ambient
pressure for 30 minutes. Each pellet was weighed while immersed in isopropanol
(m2) and after a quick drying with a damp tissue (m3). The temperature of the
isopropanol was recorded for each pellet in order to calculate the correct density of
the isopropanol. The measurements of mass and dimensions are given in Table A.3
and Table A.4.

3.2.3 Preparation of BCZT/Porcelain Coatings

Based on previous experience gained during the authors project work it was decided
to use a two-layer build-up of the coating to ensure adhesion between the metal sub-
strate and the porcelain coating. Two dental porcelains were used for the coatings,
a bonder porcelain and a dentin porcelain. The substrates were made of Ti-6Al-4V,
cut according to the dimensions stated in ISO 9693:2019 Dentistry - Compatibility
testing for metal-ceramic and ceramic-ceramic systems. The required dimensions
are (25 ± 1) mm x (3 ± 0.1) mm x (0.5 ± 0.05) mm. The equipment used for sub-
strate preparation and shaping the porcelain green bodies are shown in Figure 3.3.
This includes: (A) a Dremel with a rotary burr to grind the surface of the metal
substrate, (B) a pink grinding stone used to polish the coatings, (C) a small paint
brush, (D) a porcelain brush, (E) a vibrating brush and (F) a small cutting tool.
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Figure 3.3: The equipment used in the coating process. (A) Rotary burr used with
Dremel to grind the substrate surface, (B) Dremel and pink grinding stone used to polish
coatings, (C) small paint brush, (D) porcelain brush, (E) vibrating brush, and (F) cutting
tool.

First the substrate must be prepared, to remove the existing oxide layer. The metal
substrate was lightly ground using a Dremel handpiece, the grinding was done in
one direction. Then the ground surface was sandblasted, using Korox 110 µm at
2 bar, until the surface became matted due to the change in roughness. This was
followed by immediately steam cleaning the substrates. The procedure for substrate
preparation followed the procedure outlined by the supplier of the dental porcelains
for optimal adhesion. Once the substrates were steam cleaned a maximum of 15 to
20 minutes passed before the initial layer of porcelain was applied.

The six images in Figure 3.4 show the process from the application of the first
porcelain layer, to the firing of this layer, the green body before and after cutting
of excess, and lastly to the fired coating before and after polishing.
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(a) 4 samples where the
bonder layer has been ap-
plied. Before firing the edges
are cleaned up.

(b) 3 samples where the
bonder layer has been fired.

(c) The second layer has
been added to the sample.

(d) Some excess liquid has
been removed from the
sample and the edges have
been cleaned up.

(e) Image of the fired coat-
ing sample.

(f) The coating sample after
both the sides and the top
surface has been polished.

Figure 3.4: Images taken during the coating process.

The initial layer of porcelain was a bonder porcelain. The bonder powder was mixed
with its corresponding modelling liquid until the mix was a thin wash. This was
then applied onto the substrate with a small paintbrush. For a smooth surface and
a su�ciently thin layer of porcelain it was dragged beyond the dimensions stated in
ISO 9693:2019. Any excess porcelain was carefully removed using a wet porcelain
brush. The substrates were fired in the Jelenko oven according to the bonder firing
temperature program given in Table 3.6. The temperature program was given by
the supplier of the bonder porcelain. Porcelain firing is often done under vacuum as
it can reduce the porosity left in the porcelain after firing.

Table 3.6: Temperature programs for firing of bonder and dentin porcelain.

Porcelain TPreheat tdrying HR Vacuum TFinal thold
[°C] [min] [°C/min] [°C] [min]

Bonder 450 4 min 55 Yes 810 1
Dentin 400 6 min 45 Yes 780 6

The samples were allowed to cool after firing before the second porcelain layer was
applied on top of the bonder. 0.14 g of powder was estimated per sample for the
second porcelain layer. Seven sets of samples were made in total; one baseline set
with no BCZT, two sets with 30 wt% BCZT, two with 40 wt% and two with 50
wt%. These sets are also specified in Table 3.7. For the baseline samples only dentin
porcelain powder was used.

For the samples with BCZT, first the BCZT powder and the dentin powder had to
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be mixed until a homogeneous mixture formed. The two powders were weighed out
before they were mixed with a pestle and mortar. The powder amounts used for
each composition are given in Table 3.7. For some of the sets samples were made
over multiple days. In those cases the powders have been weighed and mixed each
day, thus there are multiple powder weights. The powder mixing was done very
lightly for a short amount of time to prevent big changes in particle size while still
ensuring a homogeneous mixture. The pink colour of the dentin porcelain powder
made it possible to see when the two powders had combined properly. After mixing
the powder was transferred to a ceramic palette. For samples with only the dentin
porcelain powder, no mixing was necessary and the powder was added directly onto
the palette. The modelling liquid corresponding to the dentin porcelain was added
to the powder until a thick paste formed. Using a wet porcelain brush, the paste
was applied to the sample, on top of the bonder layer. The green body was built
up and formed with the porcelain brush. To help the porcelain flow better on top
of the bonder layer, and to remove some excess liquid, a vibrating brush was gently
placed on the ends of the substrate. The excess liquid was then removed by blotting
the sample with tissue paper. Finally the edges of the green body was cleaned up to
get the desired shape. This was done using the porcelain brush and a small cutting
tool.

Table 3.7: The 7 sets of samples are here listed with the number of samples made, the
weight percentage of BCZT, the mass of BCZT and dentin, and the total mass of powder
used. There are multiple rows of samples within one set whenever the samples were made
over multiple days.

Set # of samples wt% BCZT [%] mBCZT [g] mdentin [g] mtotal [g]

D-00 10 0 - 1.4 1.4
8 0 - 1.12 1.12

D�-30 10 30 0.42 0.98 1.4
6 30 0.252 0.588 0.84

D�-40 10 40 0.56 0.84 1.4
3 40 0.168 0.252 0.42

D�-50 10 50 0.70 0.70 1.4

D�-30 10 30 0.42 0.98 1.4
3 30 0.126 0.294 0.42
4 30 0.168 0.392 0.56

D�-40 12 40 0.672 1.008 1.68

D�-50 12 50 0.84 0.84 1.68

Finally, the samples were fired in the Jelenko oven in accordance with the dentin
firing program listed in Table 3.6. All temperatures etc. are taken from the temper-
ature program given by the dentin porcelain supplier except for the holding time at
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Tmax which was 1 minute originally. Some test samples were made with a holding
time of 1 minute however, from observations in the SEM it did not look like the
dentin had been able to melt properly during the firing. The samples with only
dentin and those with dentin and BCZT had significantly di↵erent structures after
1 minute. Therefore, a test was done with a holding time of 6 minutes total. After 6
minutes it looked like the dentin had been able to melt and flow, thus it was decided
to continue with a 6 minute holding time.

After firing the samples were polished on both the edges and on the surface. Because
the porcelain contracts during firing the green body was made to be slightly wider
than the substrate. The porcelain was built higher than required in ISO 9693:2019.
This was done to ensure that all samples would go through the same treatments prior
to testing, as all excess porcelain was removed using a pink stone with the Dremel
hand piece. After this polishing step the samples had the shape and dimensions given
in Figure 3.5a. The di↵erent layers in the final sample are named in Figure 3.5b.

(a) Sketch of the final sample showing the di-
mensions of the metal substrate and the coat-
ing. [30]

(b) Sketch of the final sample showing the
placement of the di↵erent layers in the sample
and their corresponding names.

Figure 3.5: Two sketches of the final sample showing the dimensions and the di↵erent
layers.

3.2.4 Characterisation of BCZT/Porcelain Coatings

Debonding Tests According to ISO 9693:2019 - De-bonding/crack-initiation
test

Debonding tests of some samples were done at NIOM in accordance with ISO
9693:2019 Dentistry - Compatibility testing for metal-ceramic and ceramic-ceramic
systems . The testing was done using the Zwick, a figure of the equipment is given
in Figure 3.6. The sample was placed in a 3-point bending setup with the coating
facing down. A force was applied perpendicularly to the back of the sample with a
test speed of 1.5 mm/min and a pre-load of 2 N. This force was increased until the
testXpert III software measured a 5% decline in force, which is the fracture require-
ment in ISO 9693:2019. The software measured the force in Newton as a function
of the deflection in mm. The fracture mode of each sample was checked afterwards,
and confirmed as a ”End of ceramic” fracture.
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Figure 3.6: Sketch of the equipment used for the adhesion test. The sample was placed
in a three-point bend and subjected to a downwards force. [30]

SEM Imaging

SEM images were taken of the cross sections of the coated samples, as well as of
the surface and side of a selection of the fractured samples. This was done to see
whether the material system behaved di↵erently as the amount of BCZT increased
and to confirm the type of fracture from the Schwickerath adhesion test. By imaging
the cross sections it was also possible to investigate the metal-ceramic interface to
a certain degree. The SEM images were taken with the Zeiss Ultra 55 FEG-SEM,
using 30 µm aperture, 5kV, and a SE-source.

Prior to imaging the samples had to be cut in two and the cross section polished.
They were cut using the Wells diamond saw. After cutting they were cleaned in
ethanol in an ultrasonic bath for 15 minutes. One part of the cut sample was
then polished using the LaboPol-21 and by hand, with the grinding surfaces and
lubricants listed in Table 3.8. The samples were cleaned in ethanol in an ultrasonic
bath for 5 minutes between each polishing step.

XRD Analysis

XRD measurements were performed on one sample from each set of coatings to
investigate the chemical composition of the coatings. The measurements were done
using the DaVinci1 instrument with Cu K↵ radiation at wavelength 1.54 Å. The
analysis was a 0.2 degree FS-XRD done over 2 hours for the 2⇥ range 10 - 80°.
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Table 3.8: Grinding surface, lubricant with particle size, time and instrument are given
for each step in the polishing procedure.

Grinding surface Lubricant Particle size Time Instrument
[µm] [s]

SiC paper #1200 Water - 30 LaboPol-21
SiC paper #4000 Water - 30 LaboPol-21
MD Nap 3 µm Diamond particle 3 60 By hand

suspension
MD Nap 1 µm Diamond particle 1 60 By hand

suspension

EDS Analysis of the Cross Section

An EDS analysis was done on sample D-00-8, D�-30-11 and D�-30-7 to look at the
chemical composition of the coatings. The analysis was done in the Zeiss Ultra-55
FEG-SEM with a 60 µm aperture, 15 kV voltage and a 10mm working distance.
The cross section of each sample was analysed. The analyses were done both in
multiple points on each cross section and as a mapping scan of a section of the cross
section.

3.2.5 Characterisation of Piezoelectric Properties

The piezoelectric and ferroelectric properties of the pellets and the coatings were
measured in AIX PES and with a Berlincourt-meter. First, a thin silver electrode
was painted on each side of the sample and air-dried. The sample was then sub-
merged in a silicone oil bath within the AIX PES set up, at room temperature.
The polarisation and strain was measured in a single loop measurement using a
triangular waveform and a frequency of 1 Hz. Each sample was tested at multiple
voltage amplitudes, with a final amplitude of 1000V. During these measurements
the samples became poled. The piezoelectric coe�cient d33 and the relative permit-
tivity of the coatings was measured in the AIX PES using a small signal amplitude
of 5 V, small signal frequency of 1kHz, and medium integration time. The final d33

value for each coating was calculated by averaging the measurements. A total of
100 measurements were taken. The relative permittivity of each coating was calcu-
lated based on the measured capacitance, the electrode area and thickness of the
sample. The piezoelectric coe�cient was also measured using a Berlincourt-meter.
This method was used for both the coatings and the pellets. The dried sample was
placed between the two contact probes and fastened. The instrument then applied
an oscillating force to the sample, which resulted in a piezoelectric response. A
sketch of the Berlincourtmeter is shown in Figure 3.7.
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Figure 3.7: Sketch of the Berlincourt-meter with a coating sample fastened between the
two contact probes.

3.3 Sample Overview

As previously mentioned, two di↵erent dental porcelains have been used together
with two di↵erent BCZT powders. A bonder porcelain was first applied to the
metal substrate. A dentin porcelain was mixed with BCZT powder, then applied
on top of the bonder porcelain. The two BCZT powders are named � and �. They
have particle sizes around 150 µm and 1 µm, respectively. The coated samples have
been given sample IDs based on the BCZT powder and the amount of BCZT. One
sample ID is D�-30-1, where D� refers to dentin and �-BCZT, 30 refers
to the 30 wt% BCZT in the sample, and 1 is the sample number.

The set of samples that make up the baseline have no BCZT powder, therefore the
sample IDs are D-00-1, D-00-2, etc. An overview of all the samples used in this
project is given in Table 3.9 as well as in Figure 3.8. In the table the sample ID,
description, preparations done, and measurements done for each sample are listed.
Some samples broke in various stages of the process. For these samples ”broken” is
written in the ”Measurements” column. In the flowchart in Figure 3.8 the sample
numbers are listed as ”(1;18)” etc.

Table 3.9: Overview of all samples used in the project, their composition as well as any
preparations and measurements done on the samples.

ID Description Preparations Measurements
D-00-1 0/100 wt% BCZT/dentin - Debonding test, SEM
D-00-2 0/100 wt% BCZT/dentin - Debonding test
D-00-3 0/100 wt% BCZT/dentin - Debonding test
D-00-4 0/100 wt% BCZT/dentin - Debonding test
D-00-5 0/100 wt% BCZT/dentin - Debonding test
D-00-6 0/100 wt% BCZT/dentin - Debonding test

Continued on next page
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Table 3.9 continued from previous page
ID Description Preparations Measurements
D-00-7 0/100 wt% BCZT/dentin - Broken
D-00-8 0/100 wt% BCZT/dentin Cut, polish SEM, EDS, XRD
D-00-9 0/100 wt% BCZT/dentin - Piezo-test
D-00-10 0/100 wt% BCZT/dentin - Broken
D-00-11 0/100 wt% BCZT/dentin - Piezo-test
D-00-12 0/100 wt% BCZT/dentin - Broken
D-00-13 0/100 wt% BCZT/dentin - Piezo-test
D-00-14 0/100 wt% BCZT/dentin - Broken
D-00-15 0/100 wt% BCZT/dentin - Debonding test
D-00-16 0/100 wt% BCZT/dentin - Debonding test
D-00-17 0/100 wt% BCZT/dentin - Broken
D-00-18 0/100 wt% BCZT/dentin - Debonding test

D�-30-1 30/70 wt% �-BCZT/dentin - Debonding test, SEM
D�-30-2 30/70 wt% �-BCZT/dentin - Debonding test
D�-30-3 30/70 wt% �-BCZT/dentin - Debonding test
D�-30-4 30/70 wt% �-BCZT/dentin - Debonding test
D�-30-5 30/70 wt% �-BCZT/dentin - Debonding test
D�-30-6 30/70 wt% �-BCZT/dentin - Debonding test
D�-30-7 30/70 wt% �-BCZT/dentin - Broken
D�-30-8 30/70 wt% �-BCZT/dentin - Broken
D�-30-9 30/70 wt% �-BCZT/dentin - Debonding test
D�-30-10 30/70 wt% �-BCZT/dentin - Broken
D�-30-11 30/70 wt% �-BCZT/dentin Cut, polish SEM, XRD
D�-30-12 30/70 wt% �-BCZT/dentin - Broken
D�-30-13 30/70 wt% �-BCZT/dentin - Broken
D�-30-14 30/70 wt% �-BCZT/dentin - Piezo-test
D�-30-15 30/70 wt% �-BCZT/dentin - Piezo-test
D�-30-16 30/70 wt% �-BCZT/dentin - Debonding test, SEM

D�-40-1 40/60 wt% �-BCZT/dentin - Debonding test, SEM
D�-40-2 40/60 wt% �-BCZT/dentin - Debonding test, SEM
D�-40-3 40/60 wt% �-BCZT/dentin - Debonding test
D�-40-4 40/60 wt% �-BCZT/dentin - Debonding test
D�-40-5 40/60 wt% �-BCZT/dentin - Debonding test
D�-40-6 40/60 wt% �-BCZT/dentin - Debonding test
D�-40-7 40/60 wt% �-BCZT/dentin Cut, polish SEM, XRD
D�-40-8 40/60 wt% �-BCZT/dentin - Piezo-test
D�-40-9 40/60 wt% �-BCZT/dentin - Piezo-test
D�-40-10 40/60 wt% �-BCZT/dentin - Piezo-test
D�-40-11 40/60 wt% �-BCZT/dentin - Debonding test
D�-40-12 40/60 wt% �-BCZT/dentin - Broken
D�-40-13 40/60 wt% �-BCZT/dentin - Broken

D�-50-1 50/50 wt% �-BCZT/dentin - Debonding test, SEM
Continued on next page
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Table 3.9 continued from previous page
ID Description Preparations Measurements
D�-50-2 50/50 wt% �-BCZT/dentin - Debonding test
D�-50-3 50/50 wt% �-BCZT/dentin - Debonding test
D�-50-4 50/50 wt% �-BCZT/dentin - Debonding test
D�-50-5 50/50 wt% �-BCZT/dentin - Debonding test
D�-50-6 50/50 wt% �-BCZT/dentin - Piezo-test
D�-50-7 50/50 wt% �-BCZT/dentin - Piezo-test
D�-50-8 50/50 wt% �-BCZT/dentin - Piezo-test
D�-50-9 50/50 wt% �-BCZT/dentin - Debonding test
D�-50-10 50/50 wt% �-BCZT/dentin Cut, polish SEM, XRD

D�-30-1 30/70 wt% �-BCZT/dentin - Debonding test
D�-30-2 30/70 wt% �-BCZT/dentin - Debonding test
D�-30-3 30/70 wt% �-BCZT/dentin - Debonding test
D�-30-4 30/70 wt% �-BCZT/dentin - Debonding test, SEM
D�-30-5 30/70 wt% �-BCZT/dentin - Debonding test
D�-30-6 30/70 wt% �-BCZT/dentin - Debonding test
D�-30-7 30/70 wt% �-BCZT/dentin Cut, polish SEM, XRD
D�-30-8 30/70 wt% �-BCZT/dentin - Broken
D�-30-9 30/70 wt% �-BCZT/dentin - Broken
D�-30-10 30/70 wt% �-BCZT/dentin - Broken
D�-30-11 30/70 wt% �-BCZT/dentin - Piezo-test
D�-30-12 30/70 wt% �-BCZT/dentin - Broken
D�-30-13 30/70 wt% �-BCZT/dentin - Piezo-test
D�-30-14 30/70 wt% �-BCZT/dentin - Debonding test
D�-30-15 30/70 wt% �-BCZT/dentin - Broken
D�-30-16 30/70 wt% �-BCZT/dentin - Broken
D�-30-17 30/70 wt% �-BCZT/dentin - Debonding test

D�-40-1 40/60 wt% �-BCZT/dentin - Debonding test, SEM
D�-40-2 40/60 wt% �-BCZT/dentin - Debonding test, SEM
D�-40-3 40/60 wt% �-BCZT/dentin - Debonding test
D�-40-4 40/60 wt% �-BCZT/dentin - Debonding test
D�-40-5 40/60 wt% �-BCZT/dentin - Debonding test
D�-40-6 40/60 wt% �-BCZT/dentin - Debonding test
D�-40-7 40/60 wt% �-BCZT/dentin Cut, polish SEM, XRD
D�-40-8 40/60 wt% �-BCZT/dentin - Broken
D�-40-9 40/60 wt% �-BCZT/dentin - Piezo-test
D�-40-10 40/60 wt% �-BCZT/dentin - Piezo-test
D�-40-11 40/60 wt% �-BCZT/dentin - Piezo-test
D�-40-12 40/60 wt% �-BCZT/dentin - Debonding test

D�-50-1 50/50 wt% �-BCZT/dentin - Debonding test, SEM
D�-50-2 50/50 wt% �-BCZT/dentin - Debonding test
D�-50-3 50/50 wt% �-BCZT/dentin - Debonding test
D�-50-4 50/50 wt% �-BCZT/dentin - Debonding test

Continued on next page
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Table 3.9 continued from previous page
ID Description Preparations Measurements
D�-50-5 50/50 wt% �-BCZT/dentin - Debonding test
D�-50-6 50/50 wt% �-BCZT/dentin - Debonding test
D�-50-7 50/50 wt% �-BCZT/dentin Cut, polish SEM, XRD
D�-50-8 50/50 wt% �-BCZT/dentin - Broken
D�-50-9 50/50 wt% �-BCZT/dentin - Piezo-test
D�-50-10 50/50 wt% �-BCZT/dentin - Piezo-test
D�-50-11 50/50 wt% �-BCZT/dentin - Piezo-test
D�-50-12 50/50 wt% �-BCZT/dentin - -

Figure 3.8: Flowchart of the di↵erent sets of samples made in this project.
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4 Results

4.1 Solid-State Synthesis of BCZT

In total, three di↵erent batches of (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 (BCZT) powder were
made. The first batch, ↵-BCZT was characterised but not used further for coatings
or pellets. All the characterisation results for this powder have therefore been placed
in Appendix C (SEM images), E (PSD measurements), and G (XRD analysis).
The second (�) and third batch (�) were both processed with solid-state synthesis
however, the �-BCZT powder has a longer total calcination time than the �-BCZT
powder. Some of the �-BCZT powder has been used to press and sinter pellets.

4.1.1 X-Ray Di↵raction Analysis of Powders

An XRD analysis of both �- and �-BCZT was performed to confirm their compos-
itions after calcination. The resulting di↵ractograms are given in Figure 4.1 and
Figure 4.2, respectively. The Di↵rac.EVA software was used to confirm whether
the powders had the desired composition of (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3. In the dif-
fractogram for �-BCZT a few peaks that do not match the PDF for
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 can be observed. These peaks are present at approxim-
ately 30°, 34°, 44°, 47°, 54° and 59°. They were matched with Ba0.8Ca0.2ZrO3 (PDF
04-010-6401) and Ca0.975Zr0.864Ti21.45O7 (PDF 01-074-0669). These compounds have
been named BCZO and CZTO in Figure 4.1. Note that the intensity values for
the PDFs have been normalized such that the intensities should not be compared
across the di↵erent PDFs. There are no such peaks present in the di↵ractogram for
�-BCZT, suggesting that the powder has the desired composition. All the charac-
teristic peaks for BCZT are present in both BCZT powders.

Figure 4.1: Di↵ractogram of �-BCZT powder, with the PDF for BCZT (PDF 01-086-
8334), Ba0.8Ca0.2ZrO3 (BCZO) (PDF 04-010-6401) and Ca0.975Zr0.864Ti21.45O7 (CZTO)
(PDF 01-074-0669).
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Figure 4.2: Di↵ractogram of �-BCZT powder, together with the PDF for BCZT (PDF
01-086-8334)

4.1.2 Particle Size Distribution of Powders

The goal of the synthesis was two BCZT powders with di↵erent particle sizes. The
particle size distribution was measured five times for each powder. All five measure-
ments can be found in Figure E.2b and Figure E.3 for �- and �-BCZT, respectively.
One representative measurement of each powder is shown in Figure 4.3. The �-
BCZT powder (Figure 4.3a) shows a broad particle size distribution, with particles
between approximately 1µm and 350µm. The mean particle size is around 200µm.
From the curve in Figure 4.3b, it can be seen that the �-BCZT powder has a more
narrow distribution with the mean particle size around 1µm. Some particles are up
to 10 µm in diameter.

(a) Measurement nr. 2 of the particle size
distribution of �-BCZT.

(b) Measurement nr. 2 of the particle size
distribution of �-BCZT.

Figure 4.3: Particle size distribution for both �-BCZT and �-BCZT. Multiple measure-
ments were done to ensure that they are reproducible, here one measurement is shown.
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4.1.3 BET Analysis of Powders

The surface area of the two BCZT powders was measured in a BET analysis. The
weight of the empty tubes, tubes with sample before and after degas, as well as
the mass of the sample are given in Table 4.1 for both the �- and the �-BCZT
powders. The results are given in Table 4.2 below. From this it is clear that the
�-BCZT powder has a significantly lower specific surface area than the �-BCZT
powder. This corresponds with the PSD measurements showing that the �-BCZT
has a larger particle size than the �-BCZT powder.

Table 4.1: Weight of both BCZT powders during BET analysis.

Powder mempty tube [g] mtube+sample [g] mdegas [g] msample [g]

�-BCZT 35.9563 38.6389 38.6152 2.6589
�-BCZT 36.2869 39.7877 39.7815 3.4946

Table 4.2: The specific surface area of �- and �-BCZT powder, measured in a BET
analysis.

Powder Specific surface area [m2/g]

�-BCZT 0.7939
�-BCZT 8.8371

4.1.4 Scanning Electron Microscope Imaging of Powders

The morphology and size of the BCZT particles were characterised using a FEG-
SEM. As stated previously, all images of the ↵-BCZT powder can be found in
Appendix C, in Figure C.1. SEM images of �-BCZT and �-BCZT are given in
Figure 4.4 and Figure 4.5, respectively. The images are taken with 10 000X and
22 000X magnification. Both powders have small and larger particles present, with
some of the larger particles looking more like chunks of a broken pellet rather than
an actual powder particle. The particles in the �-BCZT powder are more even in
size compared to the �-BCZT powder, but still with some agglomerates and chunks.
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(a) SEM image of �-BCZT, taken at 10 000X
magnification.

(b) SEM image of �-BCZT, taken at 22 000X
magnification.

Figure 4.4: SEM images of �-BCZT powder, taken at 10 000X and 22 000X magnifica-
tion.

(a) SEM image of �-BCZT, taken at 10 000X
magnification.

(b) SEM image of �-BCZT, taken at 22 000X
magnification.

Figure 4.5: SEM images of �-BCZT powder, taken at 10 000X and 22 000X magnifica-
tion.

4.1.5 X-Ray Di↵raction Analysis of Pellets

One of the pellets, P�-3 was analysed with XRD, resulting in the di↵ractogram given
in Figure 4.6. The di↵ractogram for the �-BCZT powder is also given in the same
figure, to compare the composition before and after sintering. Finally, the PDF of
BCZT (PDF 01-086-8334) is also given in the figure. The characteristic peaks for
BCZT are present in both the di↵ractograms. The peaks in the di↵ractogram for
the pellet are narrower than for the powder. There are no peaks present that do not
match with the PDF for BCZT.

4.1.6 Scanning Electron Microscope Imaging of Pellets

The as-sintered surface of the pellets have been imaged with SEM to get a better
understanding of the morphology, especially in terms of porosity. The SEM images
of P�-1, P�-2, P�-3 are given in Figure 4.7, 4.8, and 4.9, respectively. Additional
images of P�-1 and P�-2 are given in Figure C.9.
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Figure 4.6: Di↵ractogram of pellet P�-3, as well as the �-BCZT powder and the PDF
of BCZT (PDF 01-086-8334)

In both P�-1 and P�-2 there are larger pores on the surface where you can see the
grains below the pores. There seems to be some height di↵erences in the surface
topography, which is more visible in P�-2 than in P�-1. The two pellet have similar
sized grains, with some grain size variation within each pellet. There is some porosity
visible along the grain boundaries in both pellets.

It is more di�cult to say something about P�-3 due to the quality of the images.
From the images it looks like this pellet is less conductive than the other two pellets
even though they underwent the same preparations prior to SEM imaging. This
resulted in some very bright areas and some darker areas, as well as di�culty finding
focus. However, it is still possible to see that there are some height di↵erences on
the surface as well as some pores. There is one large pore going across the bottom
right corner of Figure 4.9a. The grains in P�-3 have similar shapes as the grains in
the other two pellets.

(a) Taken at 500X magnification. (b) Taken at 1000X magnification.

Figure 4.7: SEM images of pellet P�-1.
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(a) Taken at 500X magnification. (b) Taken at 1000X magnification.

Figure 4.8: SEM images of pellet P�-2.

(a) Taken at 500X magnification. (b) Taken at 1000X magnification.

Figure 4.9: SEM images of pellet P�-3.

4.1.7 Density Measurements of Pellets

The density and porosity of the as-sintered BCZT pellets have been measured both
using Archimedes’ method and by using a caliper and weight. The dimensions and
weight of the pellets are given in Table A.3 and Table A.4. In Table 4.3 the apparent
(⇢a), bulk (⇢b) and relative density (⇢rel) are given as well as the apparent (⇡a), true
(⇡t) and closed porosity (⇡c). The apparent porosity is often referred to as the open
porosity while the true porosity is referred to as the total porosity. Pellet P�-2 and
P�-3 have similar bulk densities while P�-1 has a slightly lower bulk density. The
majority of the porosity in pellet P�-2 and P�-3 is open, with almost no closed
porosity. Meanwhile, for P�-1 the closed porosity is more than half the porosity in
the pellet.
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Table 4.3: The theoretical and bulk density of the BCZT pellets, as well as their apparent,
true and closed porosity.

ID ⇢a [g/cm3] ⇢b [g/cm3] ⇢rel [%] ⇡a [vol%] ⇡t [vol%] ⇡c [vol%]

P�-1 4.644 4.497 80.74 7.968 19.260 11.293
P�-2 4.541 5.009 89.92 10.69 10.69 0
P�-3 4.638 5.000 89.77 9.974 10.232 0.258

4.2 BCZT/Porcelain Coatings

Seven sets of BCZT/porcelain coatings have been made based on the �- and �-
BCZT powders. There is one baseline set with only bonder and dentin porcelain,
then three sets with �-BCZT and three sets with �-BCZT mixed with the dentin
porcelain. For the sets with BCZT powder the dentin porcelain has been mixed
with the BCZT powder into the following compositions; 30/70 wt% BCZT/dentin,
40/60 wt% BCZT/dentin, and 50/50 wt% BCZT/dentin.

4.2.1 Bond Strength

The bond strength of the coatings was measured in a De-bonding/crack initation
test, done according to ISO 9693:2019. The testXpert III software measures the
force as a function of the deflection. The resulting deflection curves are given in
Appendix F. The sample ID, fracture force (Ffail) and bond strength (⌧b) of each
tested sample are given in Table 4.4. In Figure 4.10, the bond strengths of each
set of samples are shown as a boxplot. The weight percentage of BCZT is given
along the x-axis while the bond strength is given along the y-axis. In the figure, the
results for coatings made with �-BCZT are plotted to the left while they are plotted
to the right for the coatings made with �-BCZT. A horizontal line has been added
at 25 MPa to mark the bond strength criteria in ISO 9693:2019 for metal-ceramic
systems.
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Figure 4.10: Boxplot showing the distribution of bond strength for each set of samples.

There are four elements in the boxplot; the median line, the ”box” which is made up
of the first and third quartile, the whiskers, and lastly the outliers. The median line
is found within the ”box”, this represents the median value in the data set. The first
and third quartile make up the limits of the ”box”. These are determined by the
median value between the median value and the lowest or highest value of the data
set, respectively. The whiskers have here been set to include all values between 5%
and 95% of the data set. The outliers are present as dots either above or below the
whiskers. These represent the values in the data set that falls outside the whiskers.
The bond strength data has been plotted in a boxplot to better display the variation
within each set of samples.

From Figure 4.10 and Table 4.4 one can see that the D�-40 set has the highest bond
strength, but also the largest variation in measured values. The coatings made with
�-BCZT have a higher median bond strength for both 30wt% and 40 wt% BCZT,
while the median is nearly identical for the 50wt% BCZT compositions. However,
the maximum values for the coatings made with �-BCZT powder are higher for
all compositions compared to the same composition with �-BCZT powder. The
baseline coatings have a maximum bond strength just below 25 MPa. The median
value for this set of samples is also lower than for all other sets.
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Table 4.4: Fracture force and bond strength of each tested sample, together with any
notes written down during the testing.

Sample ID Ffail [N] ⌧b [MPa] Note
D-00-1 5.16 25.6
D-00-2 3.53 17.3
D-00-3 4.16 19.9
D-00-4 4.38 19.8
D-00-5 1.91 9.18
D-00-6 3.19 15.4
D-00-15 5.05 24.2
D-00-16 3.05 14.6 Fell o↵ completely after test
D-00-18 3.8 19.4

D�-30-1 5.11 24.0
D�-30-2 3.89 19.5
D�-30-4 3.41 16.3
D�-30-5 4.45 21.2
D�-30-6 4.26 20.0
D�-30-9 4.27 20.0
D�-30-16 - - Broke before force was measurable

D�-40-1 5.14 24.5
D�-40-2 5.11 24.7
D�-40-3 1.88 9.81 Unusual deflection curve
D�-40-4 5.54 26.1
D�-40-5 5.83 28.1
D�-40-6 5.64 27.4
D�-40-11 3.80 17.7 Small cracking sounds immediately

D�-50-1 4.44 21.0
D�-50-2 5.14 23.7
D�-50-3 3.92 19.1
D�-50-4 4.05 19.5
D�-50-5 4.61 22.7
D�-50-9 4.04 19.3

D�-30-1 6.10 31.2
D�-30-2 2.73 13.7 Broke almost immediately
D�-30-3 4.61 22.9
D�-30-4 4.14 20.2
D�-30-5 6.56 30.3
D�-30-6 4.67 21.6 Fell o↵ completely after test
D�-30-14 4.69 22.6
D�-30-17 4.49 21.2

D�-40-1 6.25 28.6
Continued on next page
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Table 4.4 continued from previous page
Sample ID Ffail [N] ⌧b [MPa] Note
D�-40-2 2.93 14.1 Cracking sounds immediately
D�-40-3 5.95 29.1
D�-40-4 6.87 33.7
D�-40-5 4.52 22.0
D�-40-6 2.27 11.3 Broke immediately
D�-40-12 5.74 28.5

D�-50-1 5.83 29.4 Small cracking sounds before fracture
D�-50-2 3.04 15.1
D�-50-3 3.62 17.5
D�-50-4 4.16 19.6
D�-50-5 5.14 24.6
D�-50-6 4.59 21.0

4.2.2 Energy Dispersive Spectroscopy of BCZT/Porcelain Coatings

An EDS analysis was performed on the cross section of sample D-00-8, D�-30-11,
and D�-30-7. The analyses were done on multiple points on each cross section as
well as a mapping analysis of one section. The analysis was done to confirm the
appearance of each phase of the coating, and to get a better understanding of the
composition of the dental porcelains.

First multiple points in each cross section were analysed. The points were spread
out throughout the di↵erent phases, i.e some points in what appeared to be the
dentin-phase, some in the bonder-layer, some in what looked like BCZT particles,
and some on the substrate. The elements found in each component of the coatings
are listed in Table 4.5. An overview image of the scanned points in each sample, as
well as tables with the amount of each element can be found in Appendix D.

60



Table 4.5: Elements found with EDS analysis of the di↵erent components of the coatings.

Substrate Bonder Dentin BCZT

Element D-00 D� D� D-00 D� D� D-00 d� D� D-00 D� D�

Al x x x x x x x x x
Ba x x x x x x
C x x
Ca x x x x x x x x x
F x x
K x x x x x x
La x x
Mg x x x
N x x x x x
Na x x x x x x x x
O x x x x x x x x
Si x x x x x x
Sr x x
Ti x x x x x x
V x x x x x x x
Zr x x x

A selection of the elemental map scans for D-00-8, D�-30-11, and D�-30-7 are given
in Figure 4.11, Figure 4.12 and Figure 4.13, respectively. These images show where
the di↵erent elements can be found in each sample. For sample D-00-8 one can see
that Si, K, Na and Ca are present in the same area and that this looks like the
dentin-phase in the coating based on the SEM image in Figure 4.11a. Ti and Al are
present in the substrate layer, and there seems to be areas where Al has gathered
more densely. V can be seen in the substrate layer as well as in the bonder layer.

In sample D�-30-11 the elements Si, K, Na, and Ca can be seen in the same areas.
However, Al is also present in the dentin-phase in this sample as well as in the
substrate layer. The segregation of Al close to the surface of the substrate can
be seen here also. Ba and Ti are present in both the substrate and in the BCZT
particles. The same applies for V, but V is also present in the bonder layer. Zr is
only found in one area, in what appears to be a larger BCZT-particle. The same
observations generally hold for sample D�-30-7 as well. However, Zr is visible in
more of the BCZT particles in this sample.
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(a) Overview of area mapped
with EDS in D-00-8.

(b) Elemental map of D-00-
8, showing Si.

(c) Elemental map of D-00-8,
showing K.

(d) Elemental map of D-00-
8, showing Na.

(e) Elemental map of D-00-8,
showing Ca.

(f) Elemental map of D-00-8,
showing Ti.

(g) Elemental map of D-00-8,
showing V.

(h) Elemental map of D-00-
8, showing Al.

Figure 4.11: Overview and elemental maps of D-00-8, from EDS analysis.
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(a) Overview of area mapped
with EDS in D�-30-11.

(b) Elemental map of D�-30-
11, showing Ba.

(c) Elemental map of D�-30-
11, showing Ca.

(d) Elemental map of D�-30-
11, showing Zr.

(e) Elemental map of D�-30-
11, showing Ti.

(f) Elemental map of D�-30-
11, showing Al.

(g) Elemental map of D�-30-
11, showing V.

(h) Elemental map of D�-30-
11, showing Si.

(i) Elemental map of D�-30-
11, showing Na.

(j) Elemental map of D�-30-
11, showing K.

Figure 4.12: Overview and elemental maps of D�-30-11, from EDS analysis.
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(a) Overview of area mapped
with EDS in D�-30-7.

(b) Elemental map of D�-30-
7, showing Ba.

(c) Elemental map of D�-30-
7, showing Ca.

(d) Elemental map of D�-30-
7, showing Zr.

(e) Elemental map of D�-30-
7, showing Ti.

(f) Elemental map of D�-30-
7, showing Al.

(g) Elemental map of D�-30-
7, showing V.

(h) Elemental map of D�-30-
7, showing Si.

(i) Elemental map of D�-30-
7, showing Na.

(j) Elemental map of D�-30-
7, showing K.

Figure 4.13: Overview and elemental maps of D�-30-7, from EDS analysis.
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4.2.3 X-Ray Di↵raction Analysis

One coated sample of each composition was analysed using XRD, the resulting
di↵ractograms are given in Figure 4.14. The PDF for BCZT (PDF 01-086-8334) and
for Ti-6Al-4V (PDF 04-020-7055) are also given in the same plot. The di↵ractograms
for the coatings with BCZT are very similar, both the Ti-6Al-4V and BCZT peaks
can be seen. This is expected due to the thickness of the coating. The BCZT peaks
are not present in the baseline sample. There is some noise and other peaks present
in the di↵ractograms, this is most likely caused by the amorphous nature of the
porcelain and by the di↵erent elements present in the porcelain.

Figure 4.14: Di↵ractogram of each of the di↵erent coating compositions.

4.2.4 Scanning Electron Microscope Imaging of Surface and Cross Sec-
tion

The surface and cross section of one sample from each set of coated samples were
imaged with SEM. The images of D-00-8 and D-00-1 are given in Figure 4.15. The
two porcelain layers are distinguishable in Figure 4.15b, and in Figure 4.15a some
pores are visible within the smooth glass phase of the dentin porcelain. A few
pores are visible on the surface in Figure 4.15c. There are some smaller particles
distributed over the whole surface but the glass phase in the porcelain makes up
the bulk of the surface. The glass phase looks like it has been able to flow into
the crevices on the substrate surface. The particles in the bonder layer have stayed
within the bonder-layer, and not spread into the BCZT/dentin layer. Any pores
begin above the bonder layer, not within or underneath it.

SEM images of the cross section and surface of sample D�-30-7 and D�-30-4 are
given in Figure 4.16. The BCZT particles are visible as lighter areas in the coating.
The distribution of the larger BCZT particles in the porcelain are visible as well as
the interface between the substrate, bonder and BCZT/Dentin layers. The particles
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(a) SEM image of the cross section of D-00-8,
taken at 100X magnification.

(b) SEM image of the cross section of D-00-8,
taken at 6 500X magnification.

(c) SEM image of the surface of D-00-1, taken
at 150X magnification.

(d) SEM image of the surface of D-00-1,
taken at 4 000X magnification.

Figure 4.15: SEM images of the cross section and surface of D-00-8 and D-00-1, respect-
ively.

are not entirely homogeneously distributed throughout the coating. There are some
pores visible in the cross-section and some on the surface of the coating. There also
seem to be some marks from polishing visible on the surface. Looking closer at the
interface between the layers, one can see that the glass phase in the porcelain has
been able to flow and fill any crevices on the substrate and around the particles in
the bonder-layer.

The SEM images of the cross section and surface of D�-40-7 and D�40-1 are given
in Figure 4.17. These look similar to the images of D�-30-7 and D�-30-4. However,
there is an increase in the amount of pores visible in the cross section. In this sample
some pores are also present in the bonder-layer. Otherwise the interfaces between
the layers are nice with no gaps. This suggest that the glass phase has been able to
flow around any particles in this area during firing. There are some larger BCZT
particles surrounded by pores in the bottom right corner of the coating. On the
surface both the BCZT particles and the glass phase of the porcelain are visible.

The SEM images of D�-50-7 and D�-50-1 are given in Figure 4.18. The amount
of pores visible in the cross section has increased from the previous samples, but
the interface between the substrate, bonder and BCZT/dentin layer still looks the
same. There are more visible pores close to the substrate, to the bottom left of the
cross section. Additionally, it can seem like some of the larger BCZT particles have
gathered in one area. Again, the BCZT particles and the glass phase are visible on
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(a) SEM image of the cross section of D�-30-
7, taken at 100X magnification.

(b) SEM image of the cross section of D�-30-
7, taken at 6 500X magnification.

(c) SEM image of the surface of D�-30-4,
taken at 150X magnification.

(d) SEM image of the surface of D�-30-4,
taken at 4 000X magnification.

Figure 4.16: SEM images of the cross section and surface of D�-30-7 and D�-30-4,
respectively.

the coating surface.

The SEM images of sample D�-30-11 and D�-30-1 are given in Figure 4.19. The
BCZT particles are visible as lighter areas in the coating, some pores are also visible
in the cross section. The SEM images of the surface show that there are pores there
as well, and in Figure 4.19d what appears to be BCZT particles are visible in a
pit on the surface. The particles are relatively evenly distributed, and some larger
agglomerates are present. The interface and the bonder-layer looks the same as for
the previous sample.

SEM images of D�-40-7 and D�-40-2 are given in Figure 4.20. These generally look
similar to those in Figure 4.19, but with more pores and more BCZT. Images of D�-
50-10 and D�-50-1 are given in Figure 4.21. In the cross section of D�-50-10 there
are more pores than in previously mentioned samples, these are larger and more
elongated. On the surface, larger areas of BCZT particles are visible. The interface
between the layers looks the same even though the amount of BCZT powder has
increased.
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(a) SEM image of the cross section of D�-40-
7, taken at 100X magnification.

(b) SEM image of the cross section of D�-40-
7, taken at 6 500X magnification.

(c) SEM image of the surface of D�-40-1,
taken at 150X magnification.

(d) SEM image of the surface of D�-40-1,
taken at 4 000X magnification.

Figure 4.17: SEM images of the cross section and surface of D�-40-7 and D�-40-1,
respectively.
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(a) SEM image of the cross section of D�-50-
7, taken at 100X magnification.

(b) SEM image of the cross section of D�-50-
7, taken at 6 500X magnification.

(c) SEM image of the surface of D�-50-1,
taken at 150X magnification.

(d) SEM image of the surface of D�-50-1,
taken at 4 000X magnification.

Figure 4.18: SEM images of the cross section and surface of D�-50-7 and D�-50-1,
respectively.
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(a) SEM image of the cross section of D�-30-
11, taken at 100X magnification.

(b) SEM image of the cross section of D�-30-
11, taken at 6 500X magnification.

(c) SEM image of the surface of D�-30-1,
taken at 150X magnification.

(d) SEM image of the surface of D�-30-1,
taken at 4 000X magnification.

Figure 4.19: SEM images of the cross section and surface of D�-30-11 and D�-30-1,
respectively.
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(a) SEM image of the cross section of D�-40-
7, taken at 100X magnification.

(b) SEM image of the cross section of D�-40-
7, taken at 6 500X magnification.

(c) SEM image of the surface of D�-40-2,
taken at 150X magnification.

(d) SEM image of the surface of D�-40-2,
taken at 4 000X magnification.

Figure 4.20: SEM images of the cross section and surface of D�-40-7 and D�-40-2,
respectively.
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(a) SEM image of the cross section of D�-50-
10, taken at 100X magnification.

(b) SEM image of the cross section of D�-50-
10, taken at 6 500X magnification.

(c) SEM image of the surface of D�-50-1,
taken at 150X magnification.

(d) SEM image of the surface of D�-50-1,
taken at 4 000X magnification.

Figure 4.21: SEM images of the cross section and surface of D�-50-10 and D�-50-1,
respectively.
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4.2.5 Scanning Electron Microscope Imaging of Fractured Samples

One of the fractured samples in each set were imaged using SEM to get a better
understanding of the fractures occurring in the Schwickerath adhesion test. Upon
comparing the SEM images it was found that all the samples fractured very simil-
arly. The fractures extends from one end of the coating to various lengths into the
coatings. It also looks like the coatings have lifted from the substrate. Due to the
similar fracture behaviour one set of images are shown in Figure 4.22, while more
images can be found in Appendix C. The SEM images in Figure 4.22 show the side
of sample D�-30-4.

(a) SEM image of the side of D�-30-4 show-
ing its fracture, taken at 150X magnification.

(b) SEM image of the side of D�-50-7 show-
ing its fracture, taken at 1 750X magnifica-
tion.

Figure 4.22: SEM images of the side profile of D�-30-4, showing the fracture resulting
from the Schwickerath adhesion test.

In order to further understand the fracture behaviour of these coatings SEM images
have been taken of the end of the metal substrate and where the coating has been
fastened on the substrate, as well as of the underside of the coating. This has been
done for sample D�-50-6, where the coating has broken completely o↵ from the
substrate. The images are given in Figure 4.23.

BCZT particles are visible on the underside of the coating in Figure 4.23a, which
means that they made up part of the interface between the broken o↵ coating and the
substrate. Here some pores or gaps are also visible, suggesting that there either were
pores prior to fracture or that parts of the coating is still adhered to the substrate.
There is a di↵erence between the images of the metal substrate and the substrate
where the coating previously was. In Figure 4.23d the glass phase from the porcelain
can be seen, this is not the case for the metal substrate in Figure 4.23f. These images
show that while the coating delaminates in one end, parts of the coating is still left
on the substrate.
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(a) SEM image of the underside of the coat-
ing on sample D�-50-6, taken at 500X mag-
nification.

(b) SEM image of the underside of the coat-
ing on sample D�-50-6, taken at 4000X mag-
nification.

(c) SEM image of the substrate where the
coating on sample D�-50-6 was, taken at
500X magnification.

(d) SEM image of the substrate where the
coating on sample D�-50-6 was, taken at
4000X magnification.

(e) SEM image of the substrate of sample
D�-50-6, taken at 500X magnification.

(f) SEM image of the substrate of sample D�-
50-6, taken at 500X magnification.

Figure 4.23: SEM images of the underside of the coating, the substrate with coating
residue, and the metal substrate of sample D�-50-6.
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4.3 Piezoelectric Properties of BCZT Pellets and Coatings

The strain, polarisation, permittivity and piezoelectric coe�cient (d33) of the pellets
and the coatings have been measured. The polarisation-electric field and strain-
electric field hysteresis loops of the three pellets are given in Figure 4.24. Pellet
P�-1 shows slightly di↵erent behaviour from the other two pellets, with a higher
saturation polarisation and a higher remnant polarisation. This is accompanied by
a higher degree of maximum strain. P�-2 and P�-3 show identical polarisation, but
P�-3 shows a slightly higher strain.

(a) (b)

Figure 4.24: The (a) polarisation- and (b) strain-electric field loops for the three BCZT
pellets.

The same plots are given for the coatings with �-BCZT in Figure 4.26, and in
Figure 4.27 for the coatings with �-BCZT. The polarisation- and strain-electric
field loops for the baseline are given in Figure 4.25. The polarisation loops of the
baseline coatings show no hysteresis character, they are instead thin and almost
linear. The coatings with 30 wt% BCZT display very similar polarisation loops.
The strain loops for these coatings and for the baseline coatings are more di↵erent.

As the amount of �-BCZT powder is increased in the coatings, the polarisation loop
adapts more of a hysteresis character. In the coatings with �-BCZT the polarisation
loop is wider, however when the amount of BCZT is increased to 50 wt% the loops
revert back to a more narrow shape. None of the strain loops for the coatings have
the characteristic butterfly shape, which is present for the pellets.
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(a) (b)

Figure 4.25: (a) Polarisation- and (b) strain-electric field loops for the baseline coatings,
i.e. the coatings with no BCZT.
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(a) Polarization-electric field hysteresis loop
of coatings containing30 wt% �-BCZT.

(b) Strain-electric field hysteresis loop of
coatings containing30 wt% �-BCZT.

(c) Polarization-electric field hysteresis loop
of coatings containing 40 wt% �-BCZT.

(d) Strain-electric field hysteresis loop of
coatings containing 40 wt% �-BCZT.

(e) Polarization-electric field hysteresis loop
of coatings containing 50 wt% �-BCZT.

(f) Strain-electric field hysteresis loop of
coatings containing 50 wt% �-BCZT.

Figure 4.26: Polarization- and strain-electric field loops for coatings with �-BCZT.
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(a) Polarization-electric field hysteresis loop
of coatings containing 30 wt% �-BCZT.

(b) Strain-electric field hysteresis loop of
coatings containing 30 wt% �-BCZT.

(c) Polarization-electric field hysteresis loop
of coatings containing 40 wt% �-BCZT.

(d) Strain-electric field hysteresis loop of
coatings containing 40 wt% �-BCZT.

(e) Polarization-electric field hysteresis loop
of coatings containing 50 wt% �-BCZT.

(f) Strain-electric field hysteresis loop of
coatings containing 50 wt% �-BCZT.

Figure 4.27: Polarization- and strain-electric field loops for coatings with �-BCZT.

78



The piezoelectric coe�cient d33 of the coatings was measured both for the direct and
converse piezoelectric e↵ect, but only for the direct piezoelectric e↵ect for the pellets.
The results of these measurements are given in Table 4.6. A plot of the converse
d33 of the coatings is given in Figure 4.28. For the pellets, a piezoelectric coe�cient
between 90 and 142 pC/N was observed. Using the same measurement method on
the coatings resulted in d33 values around 0.8 - 1 pC/N, with no significant di↵erences
between the di↵erent compositions. Measuring d33 via the converse piezoelectric
e↵ect resulted in more varied values, however there is also more variation within
each composition and no clear trend between the compositions.

Table 4.6: d33 measured for the converse piezoelectric e↵ect and for the direct e↵ect.

Sample ID d33,converse [nm/V] d33,direct [pC/N]

P�-1 - 142.4
P�-2 - 106
P�-3 - 92.8
D-00-9 0.13 0.9
D-0011 -0.48 0.8
D-00-13 -0.26 0.84
D�-30-9 -0.03 0.92
D�-30-14 -0.39 0.9
D�-30-15 0.60 0.9
D�-40-8 0.18 0.92
D�-40-9 -0.26 0.9
D�-40-10 -0.30 0.84
D�-50-6 -0.25 0.9
D�-50-7 -0.32 0.96
D�-50-8 -0.07 0.86
D�-30-11 -0.13 0.96
D�-30-13 -0.19 0.88
D�-40-9 -0.20 0.86
D�-40-10 0.71 0.9
D�-40-11 0.05 0.94
D�-50-9 -0.11 0.94
D�-50-10 -0.10 0.88
D�-50-11 -0.27 0.88

The relative permittivity ✏r of the pellets and the coatings was measured in the
AIX PES set-up. The permittivities when no electric field was applied are given in
Table 4.7. The ✏r of the coatings have also been plotted in Figure 4.29 to give a
visual representation of the variation within each set of coatings. The lowest and
highest value for each set of coatings are represented by the boxes in the plot. The
pellets have a ✏r around 2200 - 2300 while the baseline coatings have ✏r ⇡ 5. The ✏r
of the coatings with BCZT varies between 60 to 120. The coatings with 30 and 50
wt% �-BCZT have higher permittivities than the same coatings with �-BCZT. The
highest ✏r value of the D�-40 - coatings is higher than the ✏r value for the D�-40 -
coatings.

79



Figure 4.28: Plot of the average value for d33 for each coating sample. The coe�cient
was measured with the AIX PES, i.e. for the converse piezoelectric e↵ect.

The change in ✏r and d33 for the pellets when an electric field is applied was also
measured in the same set-up. The results are given in Figure 4.30. The d33-electric
field loop of pellet P�-2 is representative for all the pellets. It displays some of the
same behaviour as the polarisation-electric field of the pellets. The ✏r-electric field
loops of the three pellets shows that the permittivity is lower for the highest applied
electric field. The ✏r of the pellets behaves similarly for all three pellets.
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Table 4.7: Relative permittivity, ✏r for coatings and pellets when no electric field is
applied.

Sample ID ✏r [-]

D-00-9 5.21
D-00-11 5.85
D-00-13 4.95
D�-30-11 121.0
D�-30-13 70.41
D�-40-9 89.39
D�-40-10 90.18
D�-40-11 89.26
D�-50-9 95.75
D�-50-10 109.97
D�-50-11 106.69
D�-30-9 61.67
D�-30-14 76.45
D�-30-15 65.99
D�-40-8 71.79
D�-40-9 96.61
D�-40-10 75.93
D�-50-6 82.96
D�-50-7 83.23
D�-50-8 92.29
P�-1 2372.2
P�-2 2274.5
P�-3 2217.8
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Figure 4.29: Relative permittivity, ✏r, of the coatings. The boxes stretch between the
highest and lowest ✏r-value for each set of coatings.

(a) (b)

Figure 4.30: (a) d33-electric field and (b) ✏r-electric field of the BCZT pellets under an
electric field.
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5 Discussion

First the results regarding the BCZT/porcelain coatings are discussed, followed by
a section on the synthesis of BCZT powders and pellets. Lastly, the piezoelectric
properties of both the pellets and coatings are discussed together.

5.1 BCZT/Porcelain Coatings

5.1.1 Chemical Composition

The chemical composition of the BCZT/porcelain coatings has been analysed us-
ing both XRD-analysis and EDS-analysis. The resulting di↵ractograms from the
XRD-analysis, given in Figure 4.14 are very similar, except for the di↵ractogram
for the baseline sample. As expected there are no characteristic peaks of BCZT
present there, since no BCZT powder was added to the baseline coatings. In all the
di↵ractograms there are peaks matching the characteristic peaks of the Ti-6Al-4V
substrate. The presence of peaks from the substrate show that the coatings are so
thin that the XRD instrument is not able to measure only the coatings.

There are peaks in the di↵ractograms that do not match either BCZT or Ti-6Al-
4V. These peaks are assumed to belong to the crystalline phases in the porcelains.
These peaks are also visible in the di↵ractogram for the baseline coating, showing
that they are not a result of adding BCZT to the coatings. The exact composition
of these porcelains is not known so no attempt has been made to identify the peaks.
The di↵ractograms curve upwards at higher 2✓ angles. This is probably caused by
the amorphous nature of the porcelain.

An EDS analysis was done on the cross section of three coating-samples to get a
better understanding of their chemical composition. When discussing results from
an EDS analysis it is important to note that some elements will have very close or
overlapping characteristic energies, making them di�cult to distinguish from each
other. This includes Ba and Ti, as well as La and Ti. By doing an analysis of a
specific point rather than a larger area there is also a larger uncertainty connected
to the results. The point analysis is dependent on the operator finding a good point
in the sample to measure. The placement of a point can mean measuring parts of
a particle or the surrounding matrix instead. Measuring multiple point in the same
area reduces the uncertainty somewhat.

The multipoint analysis in general found more elements in sample D-00-8 than in
D�-30-7 and D�-30-11, as seen in Table 2.4. This was the case for the substrate, the
bonder-layer and the dentin-phase, all of which should be the same for all samples.
Ca, Ba, K, Na and Si was found in the substrate of D-00-8 but not in the other two
samples. These elements are found in either the bonder or the dentin, suggesting
that there might have been a cross-contamination. This could have happened dur-
ing polishing of the cross section. If the sample was not cleaned enough between
polishing and EDS analysis, these elements could remain in the sample. However,
the same cleaning procedure was used for all samples.
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Mg is however only found in D-00-8, and not in any of the components of the
other samples. There is no known source for this contamination, especially since
all samples underwent the same procedure and this is only found in one of them.
The characteristic energy of Mg does not overlap with any of the other present
elements. The presence of Ba in the substrate of D-00-8 should be taken with a
grain of salt since Ba and Ti have overlapping energies, meaning that they cannot
be distinguished. It is therefore not unexpected to identify Ba in a titanium alloy
substrate.

The Ti-6Al-4V substrate has Al, C, N, Ti and V in all three samples. This is
corroborated by the elemental maps in Figure 4.11, 4.13 and 4.12. The three alloying
elements are expected, as well as the carbon due to carbon coating of the sample
prior to analysis. Nitrogen can be added to Ti-6Al-4V alloys as a stabilizer. [88] This
could be the source of the measured nitrogen.

The elemental maps of Al in all three samples show a concentration of Al close to
the surface of the substrate. As mentioned in section 2.6, di↵usion and segregation
of Al has been observed in titanium alloys, for temperatures as low as 400 °C. [78] In
this project the titanium alloy substrate has been heated to 780 °C and 810 °C for
6 and 1 minutes, respectively. These temperatures are well above the mentioned
400 °C, as well as higher than 750 °C which is where Lutz et al. [78] observed an
increase in segregation. This behaviour should therefore be expected when heating
these substrates.

Al, La and Sr are found in the bonder-layer of D�-30-7 and D�-30-11, but not in
D-00-8. There is however, F, K, Mg, N, Si and Ti present in the bonder-layer of
D-00-8 and not in the other two samples. There could be contamination from the
other components of the sample explaining these di↵erences, but it could also be
that the placement of analysed points lead to di↵erent results. This is especially
probable for the K and Si, as one would expect the presence of these in a porcelain.
It is di�cult to see, but the elemental maps of D�-30-7 and D�-30-11 in Figure 4.13
and 4.12 show that K is present in the bonder-layer. These maps also show that Si is
not present in significant amounts in this layer. This supports the theory that point
analysis is dependent on the placement of points versus the localization of elements.
This variation in composition dependent on which parts of the sample is analysed
suggests that the samples are not homogeneous.

Al, Ba, Ca, K, Na, O and Si were all found in the dentine-phase of the coatings.
Al, K, Na, O and Si are expected since dental porcelains often contain both potash
and sodium feldspar, quartz and alumina. Ca and Ba could be components of the
porcelain, added by the supplier to adjust the properties, or they could originate
from the BCZT powder. Based on the elemental maps Ca is a component of the
porcelain as it can be seen in the whole dentine-phase, including in sample D-00-8.
Ca is known to increase the coe�cient of thermal expansion [25]. The presence of Ba
in D-00-8 suggests that Ba is added to the porcelain as well.

The BCZT particles were confirmed as BCZT using EDS, but it seems like more of
the dentin phase was measured alongside the BCZT particles in sample D�-30-11
compared to D�-30-7. Elements stemming from the dentin phase were measured
in the BCZT particles of D�-30-11 but not in D�-30-7. The elemental maps of
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these samples show Ba, Zr and Ti in what appeared to be BCZT particles in the
corresponding SEM image. Ca is present in the whole dentin-phase, with no larger
concentrations in the area of these particles.

The EDS analysis shows that the bonder- and dentin-porcelains have di↵erent chem-
ical compositions. This is an expected result since the porcelains have di↵erent
purposes and therefore need di↵erent properties. While the bonder is supposed to
create good bonding between the layers, the dentin porcelain has to be able to be
built as thicker layers. This is because dentin is generally used to build the shape
of the dental restoration. The colour and translucency is more important in the
dentin porcelain compared to the bonder, since dentin is the main constituent of the
colour of the final restoration. Al could potentially be from the alumina, which is
usually added to the dentin and not the bonder because viscosity and strength are
more important in the main constituent of the porcelain body [25]. The di↵erence in
composition is also evident in SEM images of the coatings, where the two porcelains
have di↵erent microstructures.

The chemical composition of each layer/component of the coatings is summed up
in Table 5.1. All elements confirmed to be in each layer are listed under ”Elements
present”, while the elements that most likely are contamination are listed under
”Contamination elements”.

Table 5.1: Summary of the chemical composition of the coatings. For each
layer/component of the coatings, the present elements and contamination elements are
listed.

Layer Elements present Contamination elements

Substrate Al, N, Ti, V C, Ca, K, Mg, Na, Si
Bonder Al, Ca, K, Na, O, V F, La, Mg, N, Si, Sr, Ti
Dentin Al, Ba, Ca, K, Na, O, Si F, Mg, N, V, Zr
BCZT Ba, Ca, O, Ti, Zr Al, K, Na, Si

5.1.2 Microstructure in Cross Sections and Surfaces

The microstructure of the coatings, visible in for example Figure 4.16a, resemble
microstructure (b) ”crystal-liquid structure” in Figure 2.12. This is the expected
microstructure for viscous composite sintered porcelains where more than 20% of
the total material is liquid phase at high temperatures [34]. The coatings made in
this project contain at least 50 wt% porcelain, explaining why they have a similar
microstructure to the ”crystal-liquid structure”. Both BCZT particles and a glassy
phase are visible in the cross section of the coatings. The glassy phase is the darker,
matrix material while the BCZT particles are lighter in colour in the SEM images.
Only the glass phase is present in sample D-00-8 (Figure 4.15a) since no BCZT was
added to the porcelain.

The SEM images of all the cross sections show two distinct porcelain layers, as
shown in Figure 4.15b. While the dentine-phase is more of a continuous glass phase,
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there are more particles present in the bonder layer. These could contribute to the
adhesive properties of the porcelain. The presence of these layers show that the
chosen approach of layering and firing multiple times is feasible to build structures
without mixing the layers.

The same images show that there are pores present in all coating samples, and that
the amount of pores increases with the amount of BCZT. There is some porosity
in D-00-8, probably stemming from the fabrication of the coating. Air bubbles can
be introduced to the porcelain slurry when the porcelain powder is mixed with its
corresponding modelling liquid. Removing excess liquid prior to firing and firing
under reduced pressure increases the removal rate of pores, but some pores can still
be left after firing [26]. The pores in D-00-8 are distributed throughout the coating,
but there are pores present along large sections of the bonder-dentin interface. This
suggests that some air was trapped between the porcelain layers during the coating
process. Pores are generally located in the BCZT/dentin-layer of the coatings, often
with the first pores being right above the bonder-layer.

The addition of 30 wt% of �-BCZT increases the porosity and the size of the pores.
This continues as the amount is increased to 40 wt% and 50 wt% �-BCZT powder.
As the amount of BCZT is increased the pores become more irregularly shaped. The
porosity is localised close to the BCZT particles. The same trend can be seen in
the samples with �-BCZT powder. However, there are more pores in these coatings
compared to those with �-BCZT. This is especially visible when comparing D�-50-7
and D�-50-10 in Figure 4.18a and 4.19a, respectively. The pores are larger and more
irregularly shaped in the coatings with �-BCZT as well.

The densification of porcelain coatings depends on the amount of air present prior to
firing, the porcelains ability to flow, and the porcelains ability to wet the particles.
Based on sample D-00-8, some porosity is to be expected in all coatings, originating
in the fabrication. However, the increase in porosity and the di↵erence in porosity
between the samples with BCZT indicates that both the presence of BCZT, the
amount and the particle size a↵ects the porosity.

There is an additional step in the fabrication procedure of the coatings when BCZT
is added; mixing of the porcelain powder with BCZT powder. This step could
result in more air in the porcelain body prior to firing. The powders have to be
weighed out, mixed with a mortar and pestle, and finally moved to a porcelain slab
before modelling liquid is added. The extra moving of the powders as well as the
mixing method could introduce more air to the powder mixture, and subsequently
to the final porcelain body. If this was the only source for the extra porosity, there
would not be such large di↵erences between the coatings. Therefore, more factors
contribute.

The resulting BCZT/dentin powder mixes have di↵erent particle size distributions,
as shown in Figure C.2e and C.2c. The �-BCZT powder is more similar in particle
size to the dentin powder than the �-BCZT powder is. The dentin powder does have
both smaller and larger particles. The di↵erence in particle size distribution between
the powder mixes could have contributed to the di↵erence in porosity. Di↵erent PSD
could result in di↵erent packing of the powders.
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The di↵erence in porosity-evolution between the coatings with �- and �-BCZT
powder suggest that the smaller particles of BCZT are more detrimental to the
density of the coatings than larger particles. The smaller �-BCZT particles seem to
be able to form (almost) connected networks throughout the coating, which means
that there is percolation in these coatings. Thus, the particles in coatings with
�-BCZT are further apart than in coatings with �-BCZT. This could result in the
�-BCZT hindering the flow of the glassy phase to a larger degree, as there is smaller
spaces to flow between and more particles acting as obstacles for the flow. The flow
will then be hindered more as the amount of BCZT powder is increased for both
powders since the amount of obstacles, i.e. particles, increases.

The densification rate is generally increased if the molten glass phase is able to wet
the solid particles [34]. Surfaces with high energies are easier to wet [26], and surfaces
with larger surface areas have higher surface energy. From the BET analysis it was
found that the smaller �-BCZT particles have a larger specific surface area than
the larger �-BCZT particles. There are some limitations to this method, namely
that it assumes spherical particles. However, due to the large di↵erences in particle
size it can be assumed that �-BCZT has a larger surface area, even if the exact
area is uncertain. Based on this, the molten glass phase should wet the �-BCZT
particles better than the �-BCZT particles. However, the observed percolation
and agglomeration of �-BCZT powder will reduce the e↵ective surface area of the
particles.

However, the SEM images show more porosity in the coatings with �-BCZT powder.
The wettability of the porcelain on the BCZT can therefore not be the most im-
portant factor for the densification of the coatings. The di↵erence in surface area
is at least not that important to the final wetting of the particles. Poor wetting
combined with reduced and hindered flow could be an explanation of the change in
porosity in the coatings.

The bonder-dentin interface and the substrate-porcelain interface are nice for all
samples and generally look like the interfaces in sample D�-40-7, shown in Fig-
ure 4.20b. There are no gaps or pores between the layers. From these SEM images
it seems like the glassy phase of the porcelains are able to flow and fill the crevices
on the substrate and on the bonder-layer. This shows that the flow of porcelain was
good at the firing temperatures. The firing temperatures were higher than the glass
transition temperature for both the bonder- and the dentin-porcelain, which means
that the glass phase should be able to flow [26].

During fabrication of these coatings it was however observed that a firing time of
1 minute, which is what the porcelain manufacturer recommends, was not su�-
cient for densification of the porcelains. Initial testing of coatings held at maximum
temperature (Tmax) for 1 minute showed that the porcelain had not been able to
flow around the BCZT particles. Good flow of the molten glass phase was observed
when the hold time at Tmax was increased to 6 minutes. These observations sug-
gest that the BCZT particles take up some of the energy applied through firing,
making a longer holding time at Tmax necessary. The heat capacity of the BCZT
could therefore be another reason why the presence of BCZT hinders flow, and thus
densification, of the coatings. One would expect that the increased firing time would
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result in further densification.

As stated previously, little to no porosity is found within the bonder-layer of the
coatings. There is no BCZT present in the bonder-layer, thus this porcelain will not
be a↵ected by BCZT. The handling of the bonder-porcelain is also di↵erent from
that of the dentin-porcelain. The bonder is applied as a thin wash, while dentin
is applied in a thicker layer. There is less space for air bubbles in the thin wash.
Excess liquid will also evaporate quicker from the bonder since the layer is thinner
and the total amount of liquid is smaller. These factors could have contributed to
the lack of pores in this layer. Vibration was used on all samples prior to firing the
BCZT/dentin layer. This was done to increase the consolidation of the porcelain
green body. Increased consolidation should also be beneficial for reducing porosity.

The BCZT particles are relatively well distributed throughout the coating, but not
completely homogeneously. This probably stems from the mixing of BCZT powder
with dentin powder. The SEM images (Figure C.2) of the powder mixes corrob-
orate this as the distribution is inhomogeneous there as well. The powder distri-
bution was only checked with SEM once for 50/50 �-BCZT/dentin and for 30/70
�-BCZT/dentin to evaluate whether mixing with a pestle and mortar was a possib-
ility. The distribution was deemed good enough, so the method was implemented
into the process but the distribution was not checked for subsequent powder mixes.
The powder mixes used for the coatings were mixed until the powders looked like
they had combined well. There is therefore an uncertainty in the homogeneity of
the distributions of the powder mixes. However, based on the imaged powder mixes
the distribution of BCZT and dentin in the fired coatings can be expected to vary
between coatings, in terms of placement of the BCZT particles. An inhomogeneous
powder mixture can also result in inhomogeneity within coatings made from the
same powder mix. This contributes to variation within a set of samples.

The surfaces of the coatings show both glass phase and BCZT particles. There are
also markings which appear to be from the sanding process. All samples underwent
the same sanding procedure. The porosity present on the surfaces could be pores
from air bubbles, but there could also be craters left from BCZT particles that have
been removed from the surface during the sanding process.

5.1.3 Bond Strength

The coatings with 40 wt% �-BCZT had the highest values for bond strength, fol-
lowed by the coatings with 40 wt% �-BCZT. The coatings with �-BCZT powder
in general performed better than those with �-BCZT powder. The higher poros-
ity in coatings with �-BCZT could have contributed to this result. However, the
substrate-porcelain interface is nearly identical in all imaged samples independent
of particle size. The porcelain has therefore been able to flow properly and wet
the substrate, which should provide good adhesion. It should be noted that only
12 of 49 samples measured bond strengths above the 25 MPa requirement in ISO
9693:2019. The highest measured bond strength was 33.7 MPa (sample D�-40-4).

There is some variation in measured bond strength within each set of samples.
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Additionally, there were coatings that broke during the sanding process. These
either broke in two or, in most cases, broke o↵ from the substrate. This indicates
that the fabrication process has been unable to produce uniform samples, and the
actual bond strength variation is bigger than what was able to be measured.

As discussed previously, there are microstructural di↵erences in the coatings such
as distribution of BCZT particles and porosity. In addition to these, the fabrication
process in itself can lead to inhomogeneity between the coatings within the same set
of samples. The fabrication process up to firing is done completely by hand, thus
there is a human factor contributing to variation. Establishing a good technique
and procedure is therefore important.

The thickness of the oxidation layer on the substrate is important for the bond
strength of the final coating. [25] The oxidation layer was not observed during SEM
imaging of the cross sections of the coatings. The oxide layer thickness will be
a↵ected by the sandblasting of the substrate as well as the time from sandblasting
to application of porcelain. Sandblasting is done at a 45° angle until the substrate
is visibly matted in colour. The angle can vary between each substrate, as well as
the time spent sandblasting. This will depend on the operator.

The time between sandblasting and application of porcelain is also the time in which
the new oxidation layer is allowed to form. This should not exceed 15 to 20 minutes.
In order to reduce the oxidation time, and to be as consistent as possible between
samples, only 3 to 4 samples were made at a time. The bonder-layer was applied as a
thin wash and minimal shaping of the porcelain was necessary after application. This
meant that a short time was spent on each sample, further minimizing the allowed
oxidation time and the variation between the samples. These two steps, and the
previously discussed powder mixing, show that the coating process is dependent on
the operator and their technique and experience.

The variation is biggest is the coatings with �-BCZT. There are fewer and smaller
pores here, so the larger variation could indicate that the distribution of particles
has a greater impact on the bond strength for larger particles. The SEM images of
the underside of the fractured coatings (see Figure 4.23b) show that some BCZT
particles have been present in the layer where the coating has fractured. The por-
celain creates the adhesion between the layers. Thus, BCZT particles reduce the
surface area where the layers are connected, potentially reducing the overall bond
strength of the coating. The larger particles will result in larger, concentrated areas
where there is no adhesion, compared to the smaller areas caused by the small �-
BCZT particles. This could explain why coatings with �-BCZT have larger variation
in bond strength.

From the SEM images of the fractured samples (Figure C.3a) one can see that the
coatings have fractured in an ”End of ceramic”-type of fracture. This means that the
coatings delaminate from the substrate rather than fracturing. However, the images
of a completely broken o↵ coating in Figure 4.23 indicate that the fracture has gone
through the the bonder-dentin interface rather than between the substrate and the
bonder layer. The same type of particles that are present in the bonder-layer in the
cross sections are still left on the substrate where the coating was. The underside of
the porcelain also shows BCZT particles, which means that the fracture has been
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close to the dentin-layer. So, the coatings have actually delaminated in the porcelain
rather than from the substrate. The presence of BCZT particles this close to the
fracture could help explain why the fracture happened here. The BCZT particles
reduce the available surface area for porcelain-adhesion, as discussed previously.
This could weaken the bond between the porcelain layers. The presence of pores at
or above the bonder-layer could also contribute to the placement of the fractures.

The coe�cient of thermal expansion (CTE) of the di↵erent materials will a↵ect the
strength and compression of the system. The di↵erence in CTE is less than 10�1

K�1 for the porcelain and Ti-6Al-4V, with Ti-6Al-4V having the higher CTE (see
Table 2.1, 2.2 and 2.3). The thermal expansion of the porcelain and metal sub-
strate should therefore a↵ect the bond strength to a small degree. At the substrate-
porcelain interface the porcelain is in compression, which is beneficial for the strength
of the coatings. However, the CTE of the filler BCZT particles also has to be con-
sidered. BCZT has a lower CTE than the porcelains, meaning that BCZT is under
compression while the porcelain is under tension close to the particles. This in-
creases the stress and the chance of fracture in the porcelain around the particles.
Still, there is only a small mismatch between BCZT and the porcelains of ⇡ 0.6·10�6

K�1, suggesting that the e↵ect of thermal expansion mismatch between these two
materials is minimal.

The estimated coe�cient of thermal expansion of BCZT is more than 10�1 K�1 lower
than the CTE of Ti-6Al-4V. However, other compositions of BCZT have slightly
higher coe�cients, thus the actual di↵erence might be lower. Still, the di↵erence is
largest for BCZT and Ti-6Al-4V. The thermal expansion mismatch between these
two materials will therefore a↵ect the overall coating the most close to the BCZT
particles that are closer to the substrate.

5.2 Solid-State Synthesis of BCZT

5.2.1 Chemical Composition

The XRD analysis of the �-BCZT powder in Figure 4.1 show that the synthesis
resulted in (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 as well as some additional, unwanted com-
pounds. The XRD analysis of �-BCZT powder show that this powder had the
desired (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 composition. However, from Table B.3 it is clear
that an excess of CaCO3 precursor was added to both powders. The excess is greater
in �-BCZT, which might be why the additional compounds were only measured in
this powder. The calcium-excess can have a↵ected the mechanical, thermal and
piezoelectric properties of the BCZT powder used in this project. The XRD ana-
lysis of the pellets made with �-BCZT powder showed no significant changes in
composition from the analysis of the powder. This is as expected from the sintering
process.
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5.2.2 Morphology and Size of Powders

The particle size distributions (PSD) of �-BCZT and �-BCZT powder in Figure 4.3
show that the synthesis resulted in two di↵erent particle sizes, which was the goal.
The mean particle size of the �-BCZT powder did not change much from the first
calcination to the recalcination, but the PSD became broader. The recalcination
was done on loose powder, which was not milled afterwards. A certain coarsening
from the recalcination is expected. Without milling afterwards the broader PSD is
also expected. The SEM images of the powders support these results.

The PSD of the �-BCZT powder changed as it was measured. This change can
be seen in Figure E.2. Some of the measurements done after the first calcination
shift to the right while others shift to the left. There is an increase in the quantity
of particles with a particle diameter of approximately 200 µm in all measurements
after the first one. There is some unsteadiness present in the measurement of the
recalcined powder as well. This could have been caused by agglomerates of the
powder forming, thus resulting in the observed increased quantity of larger particles.
The distribution after recalcination shifts along the x-axis as more measurements
are performed, further suggesting that there is some agglomeration happening.

The first measurement of the PSD of �-BCZT powder deviates from the next four
measurements. The first measurement shows more particles above 3 µm, and fewer
particles around 1µm. The stability in the next measurements suggest that this
might be an artefact, or that the first measurement was done before the solution
was able to stabilize properly.

The powders have similar morphologies. The particles are more angular than spher-
ical. There are more particles that look like broken chunks of a pellet in the �-BCZT
powder compared to the �-BCZT. Recalcination of �-BCZT as a loose powder, and
the subsequent coarsening, could be the reason for why there appear to be fewer
of these chunks. The particles were able to grow, while the �-BCZT particles have
only been milled and then imaged.

5.2.3 Microstructure of Pellets

Pellets for sintering were pressed using only �-BCZT powder. It was not possible
to press pellets from the �-BCZT powder, even after testing with a wide range of
pressing forces. The large particle size of this powder could have made it di�cult
to press pellets that held together.

From the porosity measurements and the SEM images it seems like the sintering of
the pellets did not move past the intermediate sintering stage. There is between 8
and 10 % open porosity in all pellets. From the as-sintered surfaces in Figure 4.7 and
4.8 one can see small pores at the grain boundaries, as well as larger, continuous
pores going along multiple grains. The evolution in porosity during solid state
sintering is illustrated in Figure 2.11, which also shows that the intermediate stage
of sintering continues until the pores no longer are connected [34].
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Pellet P�-1 is the most porous pellet, but it is also the pellet with the most closed
porosity. All the porosity in P�-2 is open, while only 0.26 vol% of the porosity in
P�-3 is closed. This suggests that the pellets reached di↵erent stages of the sintering
even though they were sintered together, in one crucible. The same temperature
program has previously been used to make bulk samples of the same composition,
which resulted in a relative density of 99 % [13]. The particle size distribution is
relatively narrow, but there are particles ranging from sub-micron diameter to ap-
proximately 10µm. This should improve packing of the powder, and contribute to
a higher density. Still, the density of the pellets is lower than expected for this
composition.

However, there is a calcium-excess in the powder that was not present in the previ-
ously mentioned bulk samples of 99 % relative density. This excess could influence
the sintering process and thus the final density of the pellets. During sintering the
pellets changed from a white-ish colour to a dark grey, as shown in Figure 5.1.
This colour change was unexpected and could also potentially be attributed to the
calcium-excess in the powder.

Figure 5.1: Pellets after sintering.

5.3 Piezoelectric Properties

The piezoelectric properties of the pellets and coatings were tested to better un-
derstand the e↵ect of adding BCZT particles to a porcelain matrix. The pellets
all displayed the expected behaviour in terms of polarisation and strain when an
electric field was applied. The polarisation loop of the pellets, in Figure 4.24, dis-
play hysteresis behaviour associated with piezoelectric materials. Pellet P�-1 shows
higher saturation polarisation, Ps, and remnant polarisation, Pr, compared to P�-2
and P�-3. P�-2 and P�-3 show identical polarisation-behaviour. From the poros-
ity values in Table 4.3 one would expect P�-1 to show lower Ps and Pr, as higher
porosity generally is associated with lower piezoelectric properties [51] [55]. Irregular
pores a↵ects the Ps and Pr more than spherical pores, which could explain why P�-1
shows higher Ps and Pr.

P�-1 also shows higher degree of strain compared to P�-2 and P�-3. This corres-
ponds to the higher Ps and Pr values. The strain-electric field hysteresis loop has a
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butterfly-shape for all three pellets. This is expected for bulk piezoelectric materi-
als. The d33 values measured with the Berlincourt-meter, given in Table 4.6, show
that the poling process of the pellets has been successful. The highest value of 142
pC/N is however significantly lower than the 527 pC/N and 620 pC/N that have
been reported previously [61] [62]. The porosity and composition of the pellets prob-
ably contribute to the lower piezoelectric coe�cient. The excess of calcium could
also have an e↵ect on this. Figure 4.30a shows that the piezoelectric coe�cient of
the pellets also has a hysteresis-loop when an electric field is applied. The shape of
this loop follows that of the polarisation-electric field loop.

The polarisation- and strain-electric field loops of the baseline coatings in Figure 4.25
show that the porcelain is a dielectric material, while the strain is so small that it
is mostly noise. The polarisation-loops are very similar for all three coatings. The
microstructure can have an e↵ect on these loops, the similar shape indicates that
the microstructure of these coatings is similar as well. The dielectric behaviour is
expected as these coatings contain no BCZT.

The coatings with 30 wt% �-BCZT display the same thin polarisation loops in-
dicating dielectric behaviour. The addition of 40 wt% �-BCZT results in a wider
polarisation-loop, with a higher remnant polarisation. This shows that adding BCZT
increases the piezoelectric behaviour of the coating. However, the addition of 50 wt%
�-BCZT reduces the remnant polarisation, indicating a decline in piezoelectric be-
haviour. The coatings with the smaller �-BCZT particles see the same increase in
piezoelectric behaviour, and it continues to increase with the addition of 50 wt%
�-BCZT.

Porosity will reduce the piezoelectric behaviour, partially because of the reduced
amount of piezoelectric material. In these coatings the mass of piezoelectric material
is controlled and the same within each set of samples. The porosity is found in the
dentin-phase of the coatings and not within the BCZT particles. This means that the
pores only to a small degree replaces BCZT. Thus, the e↵ect of reduced piezoelectric
material is not the main contributor to the reduced polarisation behaviour in the
coatings with 50 wt% �-BCZT.

The lower permittivity of pores can result in inhomogeneous distribution of the elec-
tric field during the poling process [51] [55]. The increased porosity in D�-50 - coatings
will give a more inhomogeneous electric field distribution, with a concentration of
the field around the pores. This means that the BCZT particles will feel a lower elec-
tric field, which could result in fewer particles being successfully poled even though
the applied electric field is higher than the coercive field.

The permittivity measurements showed that the baseline coatings have a signific-
antly lower permittivity than the BCZT pellets. This means that the glass phase in
the BCZT/porcelain coatings will have a similar e↵ect as the pores on the overall
electric field distribution. The electric field will concentrate in the glassy phase-
matrix as well, resulting in the BCZT particles feeling even less of the electric field.
This concentration of electric field around the interfaces of phases with di↵erent per-
mittivity has been observed in composites of hydroxyapatite and barium titanate
which, while they are not the same material system as the coatings, have a similar
structure [56] [59]. These composites can therefore give an insight into the expected
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behaviour of the BCZT/porcelain coatings.

The reduction in permittivity in composites compared to bulk samples seen for
hydroxyapatite/barium titanate composites, is observed in these BCZT/porcelain
coatings as well. The relative permittivity of each coating was measured, as shown
in Figure 4.29. The BCZT pellets had permittivities around 2200 - 2300, which
is quite a bit higher than the relative permittivity of 5 for the baseline coatings.
The BCZT/porcelain coatings have permittivities between 60 and 120, which is a
significant reduction from the permittivity of the pellets. The permittivity of the
D�-30 and D�-50 - coatings are higher than their �-BCZT counterparts.

If the porosity was solely responsible for the reduction in polarisation behaviour of
the coatings one would expect the D�-50 - coatings to display the poorest behaviour
as these have more pores, and the pores are less spherical compared to the D�-50
- coatings. [53] [54] The D�-50 - coatings actually have the highest values for Ps and
Pr. This could be due to percolation of the BCZT particles. If the particles are
able to form a network the poling process could be improved since the connected
particles will a↵ect each other. The placement and size of the BCZT particles
will therefore influence the degree of percolation. Percolation combined with more
piezoelectric material in the D�-50 - coatings could be why these coatings show the
best polarisation-electric field loops.

The placement and size of BCZT particles will in general a↵ect the hysteresis-
curves of a coating. The polarisation-electric field loops of D�-30-13 and D�-30-
13 in Figure 4.27a have di↵erent slopes. This could be caused by di↵erences in
microstructure. The microstructure can, as previously discussed, vary within a set
of coatings since the BCZT/dentin powder mixes are not completely homogeneous.
The polarisation loop of D�-50-8 deviates from the polarisation loop of D�-50-6 and
D�-50-7. This deviation could also be caused by microstructural di↵erences between
the coatings.

The amount of BCZT particles and their placement, as well as the overall porosity,
electric field distribution and degree of percolation will all a↵ect the final poling of
the coatings. The polarisation-electric field loops of the BCZT/porcelain coatings
show that these factors are important, and that they vary between the samples.

The measured strain is very low for all coatings. The measurements of displace-
ment were done using a 0.63 µm calibration factor in the aixPlorer software, while
the output from the software was displacement values on the nanometer-scale. The
calibration factor combined with the very low strain-values suggest that the plotted
strain-loops are mostly noise. Still, this means that the overall strain of the coat-
ings was small. The small strain could be explained by two theories. One theory
is that the inhomogeneous electric field distribution caused by low permittivity in
the porcelain-matrix and pores, results in incomplete poling of the coatings. An-
other is that the poling process has been successful, but that the porcelain-matrix
compensates for or conceals the strain in the BCZT particles. If this happens, the
instrument will not measure strain in the whole coating.

When measuring the piezoelectric coe�cient in the AIX PES instrument, it is the
indirect piezoelectric coe�cient that is measured with the unit nm/V. This measure-
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ment depends on the instrument being able to measure strain in the sample. Thus,
if the strain is so low in the whole coating that it is not measured, low values of the
indirect piezoelectric coe�cient will be measured. This can be seen in Table 4.6,
where the values for indirect piezoelectric coe�cient are close to 0 for all coatings.

The direct piezoelectric coe�cient was measured for the coatings as well, this was
done using a Berlincourt-meter. These measurements resulted in average d33 values
for all coatings between 0.8 - 1 pC/N. This might indicate that the poling of the
coatings has been unsuccessful. The piezoelectric coe�cient of these coatings cannot
be determined from these results. Adding more BCZT particles could be necessary to
be able to measure the piezoelectric coe�cient. Pisitpipathsin et al. [70] were unable
to measure the d33 of composites of BCZT and 45S5 bioglass for compositions with
less than 80 % BCZT. This is a di↵erent material system than the BCZT/porcelain
coatings, but an increased amount of BCZT particles might be necessary for these
coatings as well.

Reducing the porosity and improving the homogeneity of the coatings would also
improve the piezoelectric properties and reduce the variation in results between the
samples.
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6 Conclusion

The present study has investigated the e↵ect of adding BCZT to dental porcelain
on the piezoelectric properties and bond strength of these coatings.
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 (BCZT)/porcelain coatings on Ti-6Al-4V substrates were
successfully prepared using a coating procedure based on procedures for porcelain
dental restorations. The piezoelectric composite coatings were created by layering
a bonder porcelain with a BCZT/dentin porcelain mixture.

X-ray di↵ractograms and calculations based on precursor amounts of the two BCZT
powders �-BCZT and �-BCZT showed that there were other compounds present
in addition to the the (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 composition. The sintered �-
BCZT pellets all had lower relative densities than expected, ranging from ⇡ 80 - 90
%. The remaining porosity in these coatings was largely open porosity. This was
also observed on the as-sintered surface of the pellets. The additional compounds
and reduced density were attributed to the Ca-excess in the powder, which could
negatively a↵ect the density and piezoelectric properties of the coatings and BCZT
pellets.

The porosity of the coatings increased with the amount of BCZT powder. The smal-
ler particles of �-BCZT, relative to �-BCZT, resulted in higher porosity with more
irregularly shaped pores. The microstructure of the coatings demonstrated some
inhomogeneous features. The bonder-dentin interface and the substrate-porcelain
interface do however look almost identical in all samples. This shows that the use of
an initial bonder-layer for improved adhesion resulted in consistent interfaces across
the coatings.

The coatings with 40 wt% BCZT had the highest bond strength, with the larger �-
BCZT particles performing better than the smaller �-BCZT particles. The baseline
coatings showed the lowest bond strength, indicating a positive e↵ect of adding
BCZT. Only 12 of the samples exhibited a bond strength above the requirements
of ISO 9693:2019, where the highest bond strength of 33.7 MPa was observed for
D�-40-4. All the fractures were of the ”End of ceramic”-type, which means that the
bond strength results are valid.

The BCZT pellets displayed the expected piezoelectric response to an electric field.
The highest measured d33 value was 142 pC/N, which is lower than previously
reported values of 620 pC/N. This could be caused by the porosity of the pellets as
well as the Ca-excess in the BCZT powder.

The baseline coatings displayed dielectric behaviour. This was also observed for the
coatings with 30 wt% BCZT, indicating that 30 wt% was not su�cient to elicit a
piezoelectric response. The saturation polarisation and remnant polarisation of the
coatings increased for coatings with 40 wt% BCZT. The best piezoelectric properties
were observed in the coatings with 50 wt% �-BCZT, while a reduction was observed
for 50 wt% �-BCZT. This was probably due to percolation of the �-BCZT particles.

The piezoelectric properties of the coatings were a↵ected by porosity and distribu-
tion of particles within the coating. This, and the permittivity of the materials af-
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fected the distribution of the electric field. The permittivity of the BCZT/porcelain
coatings was significantly lower than for the BCZT pellets, in line with observa-
tions done on hydroxyapatite/barium titanate composites [56] [57] [58]. This reduced
the piezoelectric properties of the BCZT/porcelain coatings.

The strain of the coatings was very low. This is most likely either caused by un-
successful poling of all the BCZT particles in the coatings, or due to the porcelain
concealing and/or compensating for the strain in the BCZT particles. The same
applies to the piezoelectric coe�cient of the coatings.

The results of this study could be improved by working with pure
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 powder, sintering denser BCZT pellets, and achieving
less porous coatings. It could be interesting to test the wettability of the porcelain
on the BCZT particles to better understand the wetting mechanisms in the coatings,
and as a way of improving the coatings. Further testing is required before these
coatings can be used for biomedical applications, but this study shows promising
results for mixing BCZT with dental porcelains.
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7 Further Work

The porosity of these coatings seem to have a detrimental e↵ect on their bond
strength and piezoelectric properties. The coating procedure should therefore be
optimised to reduce the porosity as well as increase the homogeneity across di↵er-
ent samples. A more homogeneous powder mixture of BCZT and dentin porcelain
could for example improve the homogeneity of the coatings. A more narrow particle
size distribution of this powder mixture could potentially also help, as this could be
thought to improve the distribution of BCZT particles in the coatings. Both the
homogeneity and particle size distribution could be improved by using a di↵erent
method for mixing the powders, for example ball milling. Studying the wettabil-
ity of porcelain on the particles could further increase our understanding of this
system. The results indicate that the coatings are very sensitive to the procedure
and the technique of the operator. Automation of parts of or the whole process
should therefore be looked into. This could potentially reduce the variation between
coatings.

The bond strength of the coatings can be improved in other ways in addition to
improving the overall microstructure. Dental porcelains have di↵erent compositions
based on their function, as well as di↵erences between the manufacturers. It could
therefore be beneficial to evaluate coatings with di↵erent dental porcelains to see
whether they are more compatible with the BCZT powder. Other materials for
the initial, adhesive layer could also be investigated. It can be di�cult to obtain
good adhesion between dental porcelains and titanium substrates. Because of this
di�culty it is also possible to consider other metal substrate materials, and study
how the adhesion of the coatings changes with the substrate material. Alternative
metals include stainless steels and CoCr-alloys.

The piezoelectric properties of these coatings can be further improved. To get a
better understanding of the e↵ect the BCZT powder has on the porcelain in terms
of piezoelectric properties, a study should be done using a phase pure
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 powder. Based on this study, increased amounts of
BCZT could be of interest to test. This is however dependent on a better pro-
cedure that is able to prepare less porous coatings. In addition to this, it would
be interesting to look into the e↵ect of poling at higher electric fields. An altern-
ative to increasing the amount of BCZT in the coatings would be to utilise other
piezoelectric ceramics with an intrinsically higher piezoelectric coe�cient.

If the piezoelectric properties are found to be acceptable, further testing of the coat-
ings is necessary before they can be used for their intended biomedical applications.
The mechanical properties of the coatings have to be further evaluated. It would
for example be interesting to see how the coatings behave when they are exposed
to repeated loads. The intended purpose in biomedical applications means that the
coatings will be exposed to the environment in the human body. Thus, tests should
therefore be done where the coatings are exposed to similar environments. A natural
starting point for this would be soaking studies in for example simulated body fluid
(SBF).

Lastly, this study has looked at the bond strength and piezoelectric properties when
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the coatings are applied to a rectangular, flat substrate. The coatings should be
applied on substrates with the same geometry as the intended purpose of the coat-
ings, to understand how the change in geometry a↵ects the coatings and whether
the coating procedure has to be adapted for curved surfaces.
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Appendices

A Tables

In Table A.1 the weight and diameter before and after calcination of the pellets in
the solid state synthesis of BCZT are given. ↵, �, and � refers to the name of the
powder batch.

Table A.1: Here all calcined pellets are listed with ID, weight before and after calcination
(bc and ac), as well as diameter before and after calcination. A ”-” is stated as the diameter
after calcination when the pellet was broken after calcination.

Pellet ID mbc [g] Dbc [mm] mac [g] Dac [mm]

↵-1 0.9870 25 0.7041 22.86
↵-2 1.1111 25 0.8126 22.94
↵-3 1.0181 25 0.8441 22.91
↵-4 0.8548 25 0.8387 22.98
↵-5 0.8525 25 0.7989 22.78
↵-6 1.0462 25 0.8605 23.06
↵-7 0.9694 25 0.7026 23.03
↵-8 0.9749 25 0.7985 -

�-1 0.9445 25 0.7714 23.42
�-2 0.9490 25 0.7156 22.90
�-3 0.9338 25 0.7594 23.22
�-4 0.9367 25 0.7640 23.11
�-5 0.9185 25 0.7642 22.96
�-6 0.9255 25 0.7558 22.80
�-7 0.9384 25 0.7505 22.85
�-8 0.9117 25 0.7541 23.05
�-9 0.9185 25 0.7450 22.92
�-10 0.9295 25 0.7608 22.93

�-1 0.9183 25 0.7481 17.53
�-2 0.9159 25 0.7427 16.24
�-3 0.9200 25 0.7542 16.00
�-4 0.9035 25 0.7445 16.01
�-5 0.9191 25 0.7467 15.53
�-6 0.9048 25 0.7467 16.39
�-7 0.9104 25 0.7426 16.10
�-8 0.9072 25 0.7455 16.49
�-9 0.9106 25 0.7418 16.49
�-10 0.9018 25 0.7539 -

The �-BCZT powder was recalcined as a loose powder to achieve the correct com-
position. The recalcination was done twice, and in each recalcination the powder
was divided into two platinum crucibles. The weight of the powder in each crucible

110



before and after recalcination are given in Table A.2. In the ID-column the 1 and 2
refers to first and second recalcination while A and B refers to the two crucibles.

Table A.2: Weight of �-BCZT powder before and after recalcination.

ID mbc [g] mac [g]

�-1A 3.9110 3.7966
�-1B 3.0850 3.0069
�-2A 3.3505 3.3435
�-2B 3.0661 3.0570

As a part of the solid state synthesis 3 pellets of �-BCZT powder was pressed and
sintered. The weight, diameter and thickness of each pellet was recorded before and
after sintering. These values are listed in Table A.3.

Table A.3: Dimensions of sintered pellets before and after sintering. Here the pellet ID,
mass, diameter and thickness before sintering (bs), as well as mass, diameter and thickness
after sintering (as) are listed.

Pellet ID mbs [g] Dbs [mm] tbs [mm] mas [g] Das [mm] tas [mm]

P�-1 0.5068 10 2.37 0.4966 8.19 2.03
P�-2 0.5045 10 2.43 0.4988 8.22 2.07
P�-3 0.5017 10 2.26 0.4922 8.24 1.99

The density of the three pellets were measured using Archimedes’ method. This
method requires the mass of the dry pellet (m1), mass of the pellet submerged in
isopropanol (m2), the weight of the wet pellet (m3) and the temperature of the
isopropanol. These values are listed for each of the pellets in Table A.4 below.

Table A.4: Here the pellet ID along with the weight of the dry pellet, the pellet submerged
in isopropanol, and the wet pellet are listed. The temperature of the isopropanol was also
recorded.

Pellet ID m1 [g] m2 [g] m3 [g] Tliq [°C]

P�-1 0.4966 0.4169 0.5035 19.5
P�-2 0.4988 0.4286 0.5072 20
P�-3 0.4922 0.4227 0.4999 20

In Table A.5 the thickness (D) of the metal substrate, of the bonder layer, and
of the dentine layer are listed together with the sample ID, total sample thickness
and the width of each sample. Each value is given with its standard deviation as
the thickness was measured in three points. For some samples the thickness of the
bonder layer is recorded as ”-”. This is because by mistake the thickness was not
measured. When ”-” is listed as the dentine thickness, total thickness or width the
coating broke during the polishing and the dimensions were not measured.

111



Table A.5: Overview of all coating samples used in the project, together with the thick-
ness of the substrate and the bonder layer, the total sample thickness and the width. The
standard deviation of each thickness is also given.

ID Dmetal [mm] Dbonder [mm] Dtotal [mm] Width [mm]
D-00-1 0.489 ± 0.006 0.033 ± 0.011 1.542 ± 0.029 3.000 ± 0.012
D-00-2 0.488 ± 0.005 0.048 ± 0.025 1.505 ± 0.010 2.992 ± 0.012
D-00-3 0.491 ± 0.002 0.058 ± 0.012 1.490 ± 0.027 3.027 ± 0.007
D-00-4 0.504 ± 0.002 0.014 ± 0.005 1.484 ± 0.017 3.049 ± 0.028
D-00-5 0.491 ± 0.004 0.036 ± 0.006 1.446 ± 0.010 3.019 ± 0.004
D-00-6 0.493 ± 0.004 0.043 ± 0.002 1.499 ± 0.014 2.994 ± 0.001
D-00-7 0.482 ± 0.003 0.026 ± 0.006 - 3.026 ± 0.015
D-00-8 0.500 ± 0.004 0.064 ± 0.026 1.463 ± 0.029 2.996 ± 0.003
D-00-9 0.496 ± 0.005 0.048 ± 0.007 1.475 ± 0.026 3.027 ± 0.010
D-00-10 0.492 ± 0.002 0.071 ± 0.018 - 3.034 ± 0.013
D-00-11 0.494 ± 0.003 0.020 ± 0.009 1.456 ± 0.030 3.038 ± 0.010
D-00-12 0.492 ± 0.002 0.027 ± 0.002 - -
D-00-13 0.488 ± 0.003 0.027 ± 0.006 1.472 ± 0.012 2.958 ± 0.018
D-00-14 0.492 ± 0.004 0.027 ± 0.008 - -
D-00-15 0.497 ± 0.005 0.038 ± 0.004 1.514 ± 0.006 2.952 ± 0.002
D-00-16 0.495 ± 0.003 0.035 ± 0.008 1.490 ± 0.012 2.973 ± 0.005
D-00-17 0.498 ± 0.004 0.023 ± 0.003 - -
D-00-18 0.477 ± 0.004 0.035 ± 0.005 1.500 ± 0.004 2.999 ± 0.014

D�-30-1 0.499 ± 0.002 - 1.507 ± 0.004 2.994 ± 0.023
D�-30-2 0.487 ± 0.002 - 1.492 ± 0.020 2.943 ± 0.020
D�-30-3 0.493 ± 0.002 - 1.528 ± 0.018 3.016 ± 0.023
D�-30-4 0.495 ± 0.004 - 1.461 ± 0.020 2.982 ± 0.011
D�-30-5 0.494 ± 0.004 - 1.509 ± 0.006 3.013 ± 0.030
D�-30-6 0.501 ± 0.003 - 1.509 ± 0.006 3.013 ± 0.030
D�-30-7 0.500 ± 0.007 - - -
D�-30-8 0.490 ± 0.003 - - -
D�-30-9 0.496 ± 0.007 - 1.501 ± 0.021 3.038 ± 0.024
D�-30-10 0.510 ± 0.003 - 1.473 ± 0.012 2.995 ± 0.038
D�-30-11 0.492 ± 0.004 0.020 ± 0.002 1.489 ± 0.009 2.985 ± 0.028
D�-30-12 0.492 ± 0.007 0.020 ± 0.001 - -
D�-30-13 0.483 ± 0.003 0.023 ± 0.005 - -
D�-30-14 0.487 ± 0.005 0.034 ± 0.006 1.513 ± 0.003 3.379 ± 0.578
D�-30-15 0.480 ± 0.004 0.019 ± 0.002 1.515 ± 0.004 2.992 ± 0.024
D�-30-16 0.489 ± 0.005 0.017 ± 0.001 1.496 ± 0.003 3.016 ± 0.032

D�-40-1 0.495 ± 0.004 0.034 ± 0.005 1.506 ± 0.007 2.996 ± 0.006
D�-40-2 0.490 ± 0.005 0.037 ± 0.009 1.514 ± 0.008 3.013 ± 0.016
D�-40-3 0.472 ± 0.011 0.031 ± 0.007 1.500 ± 0.006 3.009 ± 0.010
D�-40-4 0.495 ± 0.002 0.028 ± 0.002 1.495 ± 0.005 3.028 ± 0.009
D�-40-5 0.490 ± 0.005 0.024 ± 0.002 1.448 ± 0.024 3.024 ± 0.002
D�-40-6 0.487 ± 0.005 0.024 ± 0.007 1.486 ± 0.015 3.036 ± 0.007

Continued on next page
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Table A.5 continued from previous page
ID Dmetal [mm] Dbonder [mm] Dtotal [mm] Width [mm]
D�-40-7 0.496 ± 0.002 0.038 ± 0.003 1.478 ± 0.033 3.005 ± 0.006
D�-40-8 0.491 ± 0.007 0.022 ± 0.009 1.499 ± 0.003 3.029 ± 0.013
D�-40-9 0.493 ± 0.001 0.022 ± 0.008 1.493 ± 0.005 3.039 ± 0.015
D�-40-10 0.501 ± 0.002 0.021 ± 0.007 1.487 ± 0.003 3.054 ± 0.016
D�-40-11 0.500 ± 0.002 0.025 ± 0.004 1.504 ± 0.004 3.008 ± 0.016
D�-40-12 0.494 ± 0.003 0.025 ± 0.008 - -
D�-40-13 0.497 ± 0.005 0.025 ± 0.001 - -

D�-50-1 0.496 ± 0.005 0.018 ± 0.002 1.471 ± 0.010 3.013 ± 0.004
D�-50-2 0.501 ± 0.005 0.031 ± 0.008 1.471 ± 0.025 3.025 ± 0.012
D�-50-3 0.486 ± 0.005 0.031 ± 0.018 1.443 ± 0.022 3.040 ± 0.006
D�-50-4 0.489 ± 0.006 0.025 ± 0.006 1.486 ± 0.020 3.038 ± 0.012
D�-50-5 0.487 ± 0.006 0.20 ± 0.005 1.473 ± 0.024 2.996 ± 0.000
D�-50-6 0.501 ± 0.007 -0.004 ± 0.057 1.406 ± 0.011 2.964 ± 0.005
D�-50-7 0.491 ± 0.006 0.045 ± 0.010 1.394 ± 0.030 3.012 ± 0.003
D�-50-8 0.489 ± 0.002 0.027 ± 0.004 1.468 ± 0.019 3.012 ± 0.009
D�-50-9 0.491 ± 0.002 0.026 ± 0.003 1.501 ± 0.008 3.045 ± 0.006
D�-50-10 0.469 ± 0.008 0.021 ± 0.007 1.474 ± 0.030 3.009 ± 0.004

D�-30-1 0.471 ± 0.002 - 1.485 ± 0.007 3.075 ± 0.016
D�-30-2 0.483 ± 0.002 - 1.503 ± 0.005 2.995 ± 0.046
D�-30-3 0.484 ± 0.003 - 1.503 ± 0.006 2.997 ± 0.022
D�-30-4 0.487 ± 0.002 0.021 ± 0.004 1.500 ± 0.001 3.018 ± 0.033
D�-30-5 0.500 ± 0.005 0.023 ± 0.010 1.503 ± 0.003 3.025 ± 0.004
D�-30-6 0.486 ± 0.005 0.071 ± 0.038 1.502 ± 0.003 2.967 ± 0.009
D�-30-7 0.485 ± 0.002 0.012 ± 0.004 1.507 ± 0.003 3.009 ± 0.001
D�-30-8 0.493 ± 0.005 0.021 ± 0.006 - -
D�-30-9 0.497 ± 0.008 0.018 ± 0.002 - -
D�-30-10 0.500 ± 0.004 0.033 ± 0.005 - -
D�-30-11 0.489 ± 0.008 0.011 ± 0.001 1.483 ± 0.014 3.039 ± 0.007
D�-30-12 0.501 ± 0.001 0.011 ± 0.004 - -
D�-30-13 0.484 ± 0.005 0.019 ± 0.011 1.491 ± 0.009 2.952 ± 0.029
D�-30-14 0.491 ± 0.004 0.033 ± 0.014 1.512 ± 0.003 3.006 ± 0.002
D�-30-15 0.479 ± 0.000 0.025 ± 0.003 - -
D�-30-16 0.480 ± 0.003 0.030 ± 0.002 - -
D�-30-17 0.501 ± 0.001 0.019 ± 0.002 1.512 ± 0.003 2.956 ± 0.006

D�-40-1 0.503 ± 0.003 0.009 ± 0.001 1.508 ± 0.005 3.026 ± 0.024
D�-40-2 0.488 ± 0.010 0.019 ± 0.015 1.503 ± 0.007 3.015 ± 0.037
D�-40-3 0.487 ± 0.000 0.015 ± 0.002 1.495 ± 0.009 3.011 ± 0.058
D�-40-4 0.485 ± 0.001 0.032 ± 0.014 1.504 ± 0.003 3.030 ± 0.027
D�-40-5 0.486 ± 0.004 0.019 ± 0.006 1.496 ± 0.016 3.036 ± 0.019
D�-40-6 0.482 ± 0.002 0.028 ± 0.008 1.488 ± 0.012 3.014 ± 0.009
D�-40-7 0.500 ± 0.005 0.029 ± 0.010 1.506 ± 0.006 3.000 ± 0.005
D�-40-8 0.486 ± 0.004 0.023 ± 0.009 - -

Continued on next page
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Table A.5 continued from previous page
ID Dmetal [mm] Dbonder [mm] Dtotal [mm] Width [mm]
D�-40-9 0.501 ± 0.003 0.012 ± 0.002 1.507 ± 0.008 3.022 ± 0.010
D�-40-10 0.495 ± 0.002 0.024 ± 0.005 1.504 ± 0.007 3.027 ± 0.001
D�-40-11 0.498 ± 0.004 0.033 ± 0.005 1.498 ± 0.002 3.022 ± 0.020
D�-40-12 0.484 ± 0.006 0.041 ± 0.015 1.501 ± 0.011 3.011 ± 0.041

D�-50-1 0.484 ± 0.001 0.021 ± 0.002 1.501 ± 0.004 2.959 ± 0.006
D�-50-2 0.486 ± 0.002 0.019 ± 0.003 1.500 ± 0.009 2.991 ± 0.006
D�-50-3 0.494 ± 0.003 0.026 ± 0.001 1.507 ± 0.003 2.971 ± 0.029
D�-50-4 0.498 ± 0.003 0.031 ± 0.002 1.507 ± 0.003 2.990 ± 0.021
D�-50-5 0.494 ± 0.003 0.024 ± 0.001 1.501 ± 0.002 2.996 ± 0.011
D�-50-6 0.505 ± 0.004 0.030 ± 0.004 1.502 ± 0.012 2.993 ± 0.026
D�-50-7 0.499 ± 0.005 0.034 ± 0.003 1.489 ± 0.011 2.980 ± 0.003
D�-50-8 0.486 ± 0.001 0.029 ± 0.004 - -
D�-50-9 0.496 ± 0.003 0.026 ± 0.007 1.497 ± 0.011 2.951 ± 0.016
D�-50-10 0.479 ± 0.004 0.026 ± 0.007 1.496 ± 0.006 2.977 ± 0.017
D�-50-11 0.489 ± 0.005 0.030 ± 0.004 1.504 ± 0.005 2.967 ± 0.025
D�-50-12 0.489 ± 0.003 0.025 ± 0.005 1.503 ± 0.008 2.994 ± 0.005
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B Calculations

B.1 Precursor Amounts

The aim of the solid state synthesis of BCZT was to obtain a powder with the
following composition: (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3. It was therefore necessary to
calculate the needed amount of each precursor. The molar mass of the precursors
and the final composition are given in Table B.1. Here an example calculation where
the aim was 12 g of BCZT is shown.

Table B.1: Molar mass of the precursors and the wanted composition.

Compound M [g/mol]

BaCO3 197.34
CaCO3 100.09
ZrO2 123.22
TiO2 79.87
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 222.94

First it is necessary to calculate the number of moles that 12 g of BCZT constitutes,

nBCZT =
m

M
=

12

222.94
= 0.0538mol (B.1)

where m is the mass and M is the molar mass. Based on this and the final compos-
ition it is possible to calculate the needed moles and mass of each precursor. The
calculation of needed BaCO3 is shown in Equation B.2 and Equation B.3, the same
method applies to the remaining precursors. First the moles of BaCO3, nBaCO3 , is
calculated using the result from Equation B.1 and that 85% of the cations in the
final composition should be Ba.

nBaCO3 = 0.85 · nBCZT = 0.85 · 0.0538mol = 0.0458mol (B.2)

Then the mass of BaCO3 can be calculated as shown in Equation B.3,

mBaCO3 = nBaCO3 ·MBaCO3 = 0.0458mol · 197.34g/mol = 9.0305 g (B.3)

The same calculations can then be done for the other three precursors. The results
of these calculations are given in Table B.2.

B.2 Final Composition of BCZT Powders

The final composition of the BCZT powders has been calculated based on the pre-
cursor amounts. The actual mass that was used of each precursor for the synthesis
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Table B.2: Calculated moles and mass of the precursors.

Compound n [mol] m [g]

BaCO3 0.0458 9.0305
CaCO3 0.0081 0.8163
ZrO2 0.0054 0.6634
TiO2 0.0484 3.8769

are listed in Table B.3 together with the moles, and the resulting percentages each
ion makes up in the final product. Since the calculations are the same for each
precursor, an example calculation of BaCO3 in the �-BCZT powder is shown in the
following equations. First the used moles of BaCO3 is calculated based on the molar
mass and the used mass of BaCO3,

nBaCO3 =
mBaCO3

MBaCO3

=
8.9572

197.34
= 0.0454mol (B.4)

The same calculation for CaCO3 for the �-BCZT powder results in nCaCO3 =
0.0081mol. The Ba-ions and Ca-ions add up to 100% of the cations, thus the ratio
of the two cations can be calculated using the moles of each cation. First the total
moles of cations is calculated,

ncations = nBaCO3 + nCaCO3 = 0.0454mol + 0.0081mol = 0.0535mol (B.5)

Then the ratio of the cations can be calculated, here the calculation for fraction of
BaCO3, fBaCO3 is shown.

fBaCO3 =
nBaCO3

ncations

=
0.0454

0.0535
= 0.8479 (B.6)

The same method has been applied to all 4 precursors for both the �-BCZT and the
�-BCZT powder. The results are listed in Table B.3. This shows that the �-BCZT
powder has the following composition: (Ba0.8487Ca0.1513)(Zr0.0999Ti0.9001)O3 and the
�-BCZT has this composition: (Ba0.8479Ca0.1521)(Zr0.1Ti0.9)O3

Table B.3: List of all used precursors, the mass used and calculated moles used for each
powder. The fraction of each precursor in each of the BCZT powders is also listed.

Compound m� [g] n� [mol] X,� [-] m� [g] n� [mol] X,� [-]

BaCO3 7.4697 0.0379 0.8487 8.9572 0.0454 0.8479
CaCO3 0.6755 0.0067 0.1513 0.8150 0.0081 0.1521
ZrO2 0.5492 0.0045 0.0999 0.6643 0.0054 0.1000
TiO2 3.2069 0.0402 0.9001 3.8769 0.0485 0.900
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B.3 Force for Pressing Pellets - Conversion from MPa to
kN

Pellets were pressed for both calcination and sintering in the solid state synthesis of
BCZT. In both cases the pellets were pressed using a force of 10 MPa, however the
digital reader connected to the uniaxial press only showed force in kN. Therefore
the force had to be converted from MPa to kN. The pellets prepared for calcination
had a diameter of 25 mm while the pellets for sintering had a diameter of 10 mm.
The conversions for both these sizes are shown in Equation B.7 and Equation B.8,
respectively.

F =
⇡D2[mm] ·MPa

4000
=

⇡ · 252 · 10
4000

= 4.9087 kN (B.7)

F =
⇡D2[mm] ·MPa

4000
=

⇡ · 102 · 10
4000

= 0.79 kN (B.8)

B.4 Density and Porosity of Pellets

The densities and porosities of the BCZT pellets were measured geometrically and
using Archimedes’ method. The theoretical density is based on the mass and the
volume of the pellet, and is calculated as

⇢t =
m

V
(B.9)

, where m is the mass and V is the volume. The volume of of the pellet is calculated
as

V = ⇡ · r2 · h = ⇡ ·
✓
d

2

◆2

· h (B.10)

For pellet P�-1 the apparent density is

⇢a,1 =
m

⇡ ·
�
d
2

�2 · h
=

0.4966g

⇡ ·
�
0.819cm

2

�2 · 0.203cm
= 4.644g/cm3 (B.11)

The density of the immersion liquid, in this case isopropanol, needs to be calculated
before the bulk density can be calculated. The density of the isopropanol can be
found from the following correlation between density and temperature;

⇢liq = �0.0009T + 0.80018 (B.12)

where T [�] is the temperature of the isopropanol. For T = 19.5 °C, the density is
⇢liq = 0.7843 g/cm3 The bulk density is calculated based on the weight of the dry
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pellet (m1), the pellet submerged in isopropanol (m2), and the wet pellet (m3) as
well as the density of the isopropanol.

⇢b =
m1

m3 �m2

· ⇢liq (B.13)

The bulk density of P�-1 is then

⇢b,1 =
0.4966g

0.5035g � 0.4169g
· 0.7843 g/cm3 = 4.497 g/cm3 (B.14)

The apparent porosity, ⇡a is calculated from the three weight measurements of each
pellet,

⇡a =
m3 �m1

m3 �m1

· 100 (B.15)

The apparent porosity, also referred to as the open porosity, of P�-1 is

⇡a,1 =
0.5035 g � 0.4966 g

0.5035 g � 0.4169 g
· 100 = 7.968 vol% (B.16)

Finally, the true porosity, ⇡t is calculated from the theoretical and bulk density of
the pellet. The true porosity is also known as the total porosity.

⇡t =
⇢t � ⇢b

⇢t
· 100 (B.17)

The true porosity of P�-1 is then

⇡t1 =
5.57 g/cm3 � 4.497 g/cm3

5.57 g/cm3
· 100 = 19.26 vol% (B.18)

Finally, the closed porosity (⇡c) can be calculated based on the true and the apparent
porosity.

⇡c = ⇡t � ⇡a = 19.260%� 7.968% = 11.293% (B.19)

B.5 ISO 9693:2019 - De-bonding/Crack Initiation test

The bond strength of the coatings was measured in the de-bonding/crack initiation
test as described in ISO 9693:2019. The TestExpert III software that was used to
conduct these measurements measures the force and the deflection, in Newton and
millimeter respectively. In order to get the bond strength in MPa it is therefore
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necessary to calculate the bond strength from the fracture force, Ffail [N]. The ISO-
standard lists two methods for this calculation, here the numerical calculation has
been used. The main equation for this calculation is

⌧b = k · Ffail (B.20)

, where ⌧b is the bond strength, k is a coe�cient and Ffail is the fracture force. The
coe�cient k is based on the Young’s modulus EZ [GPa] and the thickness dZ [mm]
of the metal substrate. k can be read of a graph but in the numerical calculation-
method k is calculated for three thicknesses and for Young’s modulus. From this
one gets three coe�cients k1, k2 and k3. The general equation for these are given in
the following three equations. k1 is based on dZ,1 = 0.44 mm, k2 is based on dZ,2 =
0.5 mm and k3 is based on dZ,3 = 0.56 mm.

k(1) = 1.818 · 10�5 · E2

Z � 1.873 · 10�2 · EZ + 7.802 (B.21)

k(2) = 1.695 · 10�5 · E2

Z � 1.521 · 10�2 · EZ + 6.131 (B.22)

k(3) = 1.614 · 10�5 · E2

Z � 1.3 · 10�2 · EZ + 4.986 (B.23)

A parabola with coe�cients A, B, and C is used to approximate the relationship
between k and dZ . The equations for coe�cients A, B, and C are given below. In
these equations k1, k2, k3, dZ,1, dZ,2 and dZ,3 are redefined as S1, S2, S3, D1, D2 and
D3, respectively.

A =
1

DET
· (D3 · S2�D2 · S3 +D1 · S3�D3 · S1 +D2 · S1�D1 · S2) (B.24)

B =
1

DET
· (D22 ·S3�D32 ·S2+D32 ·S1�D12 ·S3+D12 ·S2�D22 ·S1) (B.25)

C =
1

DET
·(S1·D2·D3·(D2�D3)+S2·D3·D1·(D3�D1)+S3·D1·D2·(D1�D2))

(B.26)

, where DET is given by Equation B.27:

DET = D2 ·D3 · (D2�D3) +D3 ·D1 · (D3�D1) +D1 ·D2 · (D1�D2) (B.27)

The bond strength can then be calculated as
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⌧b = Ffail · (A · d2Z +B · dZ + C) (B.28)

As an example the bond strength of DY-40-4 has been calculated using this method.
All the coe�cients are listed in Table B.4. Young’s modulus for the substrate is taken
from Table 2.3, the substrate thickness is listed in Table A.5, and the fracture force
is listed in Table 4.4.

Table B.4: Here the measured and calculated values that are used in the final calculation
of bond strength for sample D�-40-4 are listed. In the first row Young’s modulus, the
substrate thickness and the measured fracture force are given. In the second row the three
k coe�cients are listed. In the third row the calculated value of DET, coe�cient A, B and
C are listed.

EZ [GPa] dZ [mm] F fail [N]

114 0.495 5.54

k(1) k (2) k(3)

5.903 4.617 3.714

DET A B C

-0.000432 53.07 -71.32 27.01

Based on these coe�cients and constants, the bond strength of DY-40-4 can be
calculated as

⌧b = Ffail ·(A·d2Z+B ·dZ+C) = 5.54·(53.07·0.4952�71.32·0.495+27.01) = 26.1MPa
(B.29)
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C SEM Images

C.1 Solid-State Synthesis of ↵-BCZT

During the solid-state synthesis of BCZT powder the first batch, ↵, was scrapped
due to wrong composition, particle size and mechanical losses. When the particle
size of the powder was within the desired size range the total loss of powder resulted
in not enough ↵-BCZT left for both characterisation, coatings and pellets. The SEM
images taken of the powder during the synthesis are given in Figure C.1. The powder
was imaged to confirm particle size distribution and to look at the morphology of
the powder. The powder was first imaged after the first calcination, then again after
the second calcination, and finally after an additional round of ball milling.

For the first four images the powder was added to a piece of carbon tape placed on
a stub by carefully placing the tape-covered side into a small pile of powder. Any
excess powder was then brushed o↵. This method might have broken some of the
soft agglomerates. For the final images the powder was suspended in ethanol and
a droplet was added to the carbon tape. This method probably resulted in more
representative images.

In Figure C.1a, Figure C.1c and Figure C.1e larger agglomerates and chunks from
broken pellets can be seen. These are mixed with a finer powder. In Figure C.1f
the small particles are smaller than 1 µm.

C.2 Mixing of Porcelain Powder and BCZT

SEM images were taken of the BCZT/Dentin powder mixes and of dentin while
at NIOM to confirm whether the mixing method resulted in a fairly homogen-
eous powder mixture or not. The images are shown in Figure C.2, where Fig-
ure C.2a and Figure C.2b show the dentin porcelain powder as it is delivered from
the supplier. Figure C.2c and Figure C.2d show the distribution between 30/70
wt% �-BCZT/dentin powder when mixed with a mortar and pestle. The distri-
bution between 50/50 wt% �-BCZT/dentin powder is shown in Figure C.2e and
Figure C.2f. The powders were applied to carbon tape by placing the tape covered
side of the stub into a pile of powder. The excess powder was blown o↵ with com-
pressed air.

The di↵erence in particle size between the �-BCZT and �-BCZT powders is very
apparent in Figure C.2c and Figure C.2e. The ligther particles in these images are
BCZT. It is easy to see that the �-BCZT has a smaller particle size than the �-
BCZT powder. The dentin powder is more similar in particle size to the �-BCZT
than the �-BCZT. The dentin powder consists of both small and large particles,
which is visible in Figure C.2a . From these images one can also see that the powder
mixes are not entirely homogeneous.
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(a) SEM image of ↵-BCZT powder after the
first calcination, taken at 1 000X magnifica-
tion.

(b) SEM image of ↵-BCZT powder after the
first calcination, taken at 10 000X magnifica-
tion.

(c) SEM image of ↵-BCZT powder after the
second calcination, taken at 1 000X magnific-
ation.

(d) SEM image of ↵-BCZT powder after the
second calcination, taken at 1 000X magnific-
ation.

(e) SEM image of ↵-BCZT powder after the
second calcination and an additional 4 hours
of milling, taken at 1 000X magnification.

(f) SEM image of ↵-BCZT powder after the
second calcination and an additional 4 hours
of milling, taken at 10 000X magnification.

Figure C.1: SEM images of ↵-BCZT, taken at 1 000X and 10 000X magnification. The
images were taken after the first calcination, after the second calcination and after an
additional 4 hours of milling.
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(a) SEM image of the dentin porcelain
powder, taken at 100X magnification.

(b) SEM image of the dentin porcelain
powder, taken at 1 000X magnification.

(c) SEM image of the 30/70 wt% �-
BCZT/Dentin powder mix, taken at 100X
magnification.

(d) SEM image of the 30/70 wt% �-
BCZT/Dentin powder mix, taken at 1 000X
magnification.

(e) SEM image of the 50/50 wt% �-
BCZT/Dentin powder mix, taken at 100X
magnification.

(f) SEM image of the 50/50 wt% �-
BCZT/Dentin powder mix, taken at 1 000X
magnification.

Figure C.2: SEM images of dentin porcelain powder, of 30/70 wt% �-BCZT/Dentin
powder mix, and of 50/50 wt% �-BCZT/Dentin powder mix.

123



C.3 Fractured Samples

In this section the SEM images of the fractured samples are given. The imaged
samples are D-00-1 (Figure C.3), D�-40-1 (Figure C.4), D�-50-1 (Figure C.5), D�-
30-1 (Figure C.6), D�-40-2 (Figure C.7), and D�-50-1 (Figure C.8). Additionally,
D�-30-4 was imaged. These images can be found in Figure 4.22.

All the fractures are very similar, going from one end of the coating and various dis-
tances into the coating. There is a gap between the lifted coating and the remaining
substrate. In most images it is also possible to see that some of the coating is left
on the substrate. In Figure C.5b some plastic deformation is visible. It looks like a
strand of porcelain has been pulled on and broken during the fracturing process.

(a) Taken at 150X magnification. (b) Taken at 1 750X magnification.

Figure C.3: SEM images of the side profile of D-00-1, showing the fracture resulting
from the de-bonding test.

(a) Taken at 150X magnification. (b) Taken at 1 750X magnification.

Figure C.4: SEM images of the side profile of D�-40-1, showing the fracture resulting
from the de-bonding test.
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(a) Taken at 150X magnification. (b) Taken at 1 750X magnification.

Figure C.5: SEM images of the side profile of D�-50-1, showing the fracture resulting
from the de-bonding test.

(a) Taken at 150X magnification. (b) Taken at 1 750X magnification.

Figure C.6: SEM images of the side profile of D�-30-1, showing the fracture resulting
from the de-bonding test.

(a) Taken at 150X magnification. (b) Taken at 1 750X magnification.

Figure C.7: SEM images of the side profile of D�-40-2, showing the fracture resulting
from the de-bonding test.
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(a) Taken at 150X magnification. (b) Taken at 1 750X magnification.

Figure C.8: SEM images of the side profile of D�-50-1, showing the fracture resulting
from the de-bonding test.

C.4 BCZT Pellets

SEM images of P�-1 and P�-2 are given in Figure C.9. These images better show
the topography of the grains on the surface of the pellets. The grains have a wave-
like pattern going in di↵erent directions. The patterns are not as visible on every
grain. There are also small gaps along some of the grain boundaries. The grains
are of di↵erent sizes and shapes in both pellets, but the pellets overall look quite
similar in these images.

(a) SEM image of P�-1, taken at 4000X mag-
nification.

(b) SEM image of P�-2, taken at 4000X mag-
nification.

Figure C.9: SEM images of P�-1 and P�-2, taken at 4000X magnification.
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D EDS Analysis

Representative results from the multipoint EDS analysis are given in this appendix.
For each sample a multipoint analysis was performed with at least one point in
each of the components of the samples. These components are the substrate, the
bonder-layer, the BCZT and the dentin phase. SEM images showing the placement
of the di↵erent points are given in Figure D.1 - D.5 for sample D-00-8, D�-30-7 and
D�-30-11, respectively. The tables generated by the EDS software for these samples
are given in Figure D.2, D.4 and D.6, respectively.

Figure D.1: SEM image showing the points analysed with EDS on sample D-00-8.
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(a) Quantitative measurement of the dentine
phase (point 10) in sample D-00-8.

(b) Quantitative measurement of the bonder
layer (point 11) in sample D-00-8

(c) Quantitative measurement of the sub-
strate (point 12) in sample D-00-8.

Figure D.2: Selected quantitative results from EDS analysis of D-00-8. The analysed
points are from (a) the dentine phase, (b) the bonder layer, and (c) the metal substrate.

Figure D.3: SEM image showing the points analysed with EDS on sample D�-30-7.
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(a) Quantitative measurement of BCZT
particles (point 23) in sample D�-30-7.

(b) Quantitative measurement of the dentine
phase (point 32) in sample D�-30-7.

(c) Quantitative measurement of the bonder
layer (point 26) in sample D�-30-7.

(d) Quantitative measurement of the sub-
strate (point 29) in sample D�-30-7.

Figure D.4: Selected quantitative results from EDS analysis of D�-30-7. The analysed
points are from (a) BCZT particles, (b) the dentine phase, (c) the bonder layer, and (d)
the metal substrate.

Figure D.5: SEM image showing the points analysed with EDS on sample D�-30-11.
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(a) Quantitative measurement of BCZT
particles (point 16) in sample D�-30-11.

(b) Quantitative measurement of the dentine
phase (point 18) in sample D�-30-11.

(c) Quantitative measurement of the bonder
layer (point 20) in sample D�-30-11.

(d) Quantitative measurement of the sub-
strate (point 22) in sample D�-30-11.

Figure D.6: Selected quantitative results from EDS analysis of D�-30-11. The analysed
points are from (a) BCZT particles, (b) the dentine phase, (c) the bonder layer, and (d)
the metal substrate.
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E Particle Size Analysis Results

The particle size distribution (PSD) of ↵-BCZT was measured three separate times.
Once after the first calcination (Figure E.1a), then after the second calcination
(Figure E.1b), and finally after the final ball milling (Figure E.1c). Each time five
measurement were made in rapid succession to ensure reproducible results. All the
PSD measurements can be seen in Figure E.1.

In Figure E.1a there is one peak around 1 µm and one broader peak around 200 µm.
The latter decreases in vol% as the number of measurements increases. This might
have been caused by agglomerates sinking to the bottom of the testing chamber and
not being measured as the times increases. After the second calcination the PSD
is broader and bimodal. In this case the distribution also changes as time passes.
Lastly, the PSD after the final ball milling is more narrow, with a mean particle size
less than 1 µm. These measurements are also more stable.

(a) The particle size distribu-
tion of ↵-BCZT powder after
the first calcination.

(b) The particle size distribu-
tion of ↵-BCZT powder after
the second calcination.

(c) The particle size distribu-
tion of ↵-BCZT powder after
the final ball milling.

Figure E.1: The particle size distribution of ↵-BCZT after the first calcination, the
second calcination, and the final ball milling.

The particle size distribution of �-BCZT was measured twice, once after the first
calcination and then after the final recalcination. The results of these measurements
are given in Figure E.2. The first calcination resulted in a mean particle size around
200 µm, with some unsteadiness in the measurements. After the final calcination
the distribution became broader, now including even smaller particles than before.
The mean particle size is still around 200 µm.

All five measurements of the PSD of �-BCZT are given in Figure E.3. The mean
particle size is around 1 µm, with some particles as big as 10µm in diameter.
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(a) The particle size distribution of �-BCZT
powder after the first calcination.

(b) The particle size distribution of �-BCZT
powder after the final recalcination.

Figure E.2: The particle size distribution of �-BCZT powder after the first calcination
and after the final recalcination.

Figure E.3: Particle size distribution of �-BCZT powder.
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F De-Bonding/Crack Initiation Testing

In Figure F.1, F.2 and F.3 the deflection curves from the de-bonding testing are
given for each sample. A fracture was measured by the software when there was a
5% decline in force. Where the deflection curve has no such decline the test was
manually stopped and the bond strength was not calculated for the sample.

Figure F.1: The deflection curves for coatings with 0 wt% BCZT from the de-
bonding/crack initiation test.
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(a) Deflection curves for samples with 30 wt% �-BCZT.

(b) Deflection curves for samples with 40 wt% �-BCZT.

(c) Deflection curves for samples with 50 wt% �-BCZT.

Figure F.2: The deflection curves for coatings with �-BCZT from the de-bonding/crack
initiation test.
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(a) Deflection curves for samples with 30 wt% �-BCZT.

(b) Deflection curves for samples with 40 wt% �-BCZT.

(c) Deflection curves for samples with 50 wt% �-BCZT.

Figure F.3: The deflection curves for coatings with �-BCZT from the de-bonding/crack
initiation test.
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G XRD Analysis

G.1 ↵-BCZT Powder

A XRD analysis was done on the ↵-BCZT powder after the first and second calcin-
ation to characterise the composition of the powders. The resulting di↵ractograms
are shown in Figure G.1. After the first calcination there are multiple peaks that
do not match with the BCZT (PDF) and multiple peaks show peak splitting. After
the second calcination a lot of the unwanted peaks are gone, there is also less peak
splitting. However, there are still some peaks present that do not belong to BCZT
showing that the powder is not pure BCZT.

Figure G.1: Di↵ractograms from XRD analysis of ↵-BCZT powder after the first and
second calcination.

G.2 Precursor Analysis

Because of the unknown peaks in the di↵ractogram for �-BCZT a XRD analysis was
performed on each of the precursor powders used in the solid-state synthesis. This
was done to determine whether the peaks originated from the precursors or from
secondary, unwanted reactions. In Figure G.2 the di↵ractograms for the precursors
are plotted together with the di↵ractogram for the final composition of �-BCZT to
better compare the di↵erent peaks.

None of the precursors match with the unidentified peaks, suggesting that the pre-
cursors have either reacted completely during the calcination or they are present in
smaller amounts than the instrument is able to measure.
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Figure G.2: Di↵ractograms from XRD analysis of the precursors and �-BCZT.
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