








ABSTRACT

This thesis aims to evaluate the effect of soaking on the mechanical properties of
K1–xNaxNbO3 (KNN) to contribute to the general effort of improving KNN-based
implants in bone replacement.

The samples were processed by solid-state synthesis using K2CO3, Na2CO3
and Nb2O5 as precursors. Calcination and sintering were performed at respec-
tively 825°C and 1125°C. The resulting samples were pellets of stoichiometric
KNN presenting an average 93.6% relative density. Secondary phases composed
of layered tungsten-bronze type K4Nb6O17 and tungsten-bronze type K2Nb4O11
were reported. A 12-hour soaking took place in three liquids: ultra-pure wa-
ter, deionized water and saline solution. The saline solution was also used to
perform 6-hour, 24-hour and 72-hour soakings. The mechanical properties were
evaluated with nanoindentation using 8000 µN maximum load and microinden-
tation using a Vickers hardness test. The hardness before soaking was 12.28 GPa
on average with the nanoindentation and 3.48 GPa on average for the Vickers
hardness. The chemical properties were evaluated using Raman spectroscopy,
X-Ray Diffraction, Grazing Incindent X-Ray Diffraction and Scanning Electron
Microscopy with Energy Dispersive X-Ray Spectroscopy.

Independently of the soaking conditions, the soaking resulted in a release of
potassium into the solution and in a decrease in hardness of several orders of
magnitude in the secondary phases. An uneven Nb-rich crust formed on sam-
ples presenting secondary phases and on samples soaked for 6h in saline solution.
The Vickers hardness presented variations in the results: increases and decreases
that were a function of the amount of secondary phases and not of the soaking
conditions. The hygroscopicity of the secondary phases was highlighted and ex-
plained. It was concluded that, based on the absence of hygroscopic behavior in
the stoichiometric KNN, samples without secondary phases are able to sustain
soaking up to 72h in saline solution.
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SAMMENDRAG

Denne masteroppgaven har som mål å evaluere effekten av væske på de
mekaniske egenskapene til K1–xNaxNbO3 (KNN) for å bidra til utviklingen av
bedre KNN baserte ortopediske implantater.

Prøvene ble prosessert gjennom konvensjonell faststoff syntese med K2CO3,
Na2CO3 og Nb2O5 som utgangsstoff. Kalsinering og sintring ble gjennomført
på henholdsvis 825°C og 1125°C, som resulterte i støkiometriske KNN pelleter
men 93.6% relativ tetthet. Sekundærfaser i pelletene oppstod i form av wolfram-
bronse struktur med enten komposisjonen K4Nb6O17 eller K2Nb4O11. Prøver ble
lagt i tre forskjellige væsker over en tolvtimers periode, væskene var utrarent
vann, deionisert vann og saltløsning. Saltløsningen ble valgt til å utføre yt-
terligere forsøk hvor prøvene var i kontakt med løsningen over en periode på 6,
24 og 72 timer. Mekaniske egenskaper ble evaluert ved bruk av nanofordypning
med 8000 µm maksimum belastning og mikrofordypning i samspill med en Vick-
ers hardhetstest. Hardheten før kontakt med væske var i gjennomsnitt 12.28GPa
for nanofordypning og 3.48 GPa for Vickers hardhet. Kjemiske egenskaper ble et-
terforsket gjennom Raman spektroskopi, røntgen diffraksjon, «Grazing Incident»
rønten diffraksjon, skannende elektronmikroskopi og «Energy Dispersive» rønt-
gen spektroskopi.

Kontakt med væske resulterte i frigjøring av kalium fra prøvene til væsken
uavhengig av typen væske og kontakttid, dette medførte også en sterk reduk-
sjon i hardhet for sekundærfasene. En ujevn niob-rik skorpe oppstod på prøver
som innehold sekundærfaser og på prøver som hadde vært i saltløsning i seks
timer. Vickers hardhetsmålingene var variable, med økning eller reduksjon i
hardhet som et resultat av mengden sekundærfase. Mekanismen bak denne ef-
fekten foreslåes å være delvis basert på introduksjonen av sprekker/defekter fra
volumendringer i sekundærfasene når de kommer i kontakt med væske da de
er hygroskopiske. Hardheten var uavhengig av hvor lenge prøvene var i kon-
takt med væske over seks timer. Det konkluderes at støkiometrisk KNN uten
hygroskopiske sekundærfaser tåler forlenget kontakt med væske opptil 72 timer
uten signifikante reduksjoner i mekaniske egenskaper.
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CHAPTER

1

INTRODUCTION

This chapter introduces the topic of bone implants and presents a brief history
of piezoelectric materials for biomedical applications. The aims of this work are
given and justified. Ultimately the structure of the different chapters is shown.

1.1 Background and motivation

Different reasons may lead to the need of bone implants. It can be due to acci-
dents, malformations or diseases. A common cause is osteoporosis where bone
density decreases and induces a weakening of bones. Bone cancer, spine frac-
ture, hip replacement, dental surgery, all of these medical interventions require
bone implants. The orthopedic implants market is in constant growth and is ex-
pected to keep this trend in the following years mainly because of the ageing of
the population and lifestyle-related concerns [73].

Earliest traces of bone implants go back to Hindu, Egyptian, and Greek civiliza-
tions. Over the years, different techniques were developed. One of the first is
the implantation of mineral salts of calcium and potassium which can be traced
back to the late 19th century with the goal to improve bone regeneration. Later,
in 1963, a first bioceramic composed of aluminate ceramic and epoxy resin was
developed to act as bone substitute and revealed a strong attachment to the sur-
rounding bones. As the technology improved, more materials, with more com-
plex and active interactions with bones could be tested [84], with for example:
CaO · Al2O3 and CaO · TiO2, etc.

All these attempts share one common goal: to mimic the human body’s func-
tioning, or at least to get as close as possible to its original properties. In bone
replacement, ceramics are often used and serve as load bearing materials. As
they present a high hardness and low friction coefficient, they avoid the abrasion
of the material which could lead to inflammation.
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Bones are active organs: throughout their lives they grow, regenerate and heal.
Since the 1960s, it is known that bones present piezoelectric properties, and since
then this piezoelectricity is believed to be an important factor in their regenera-
tion by activating cells that regulate their behavior. Piezoelectric materials are
therefore preferred for implants. A third parameter is of importance for im-
plants: biocompatibility. A biocompatible material can be defined as a material
that doesn’t produce any immunological, inflammatory or allergic response, or
any other undesirable reaction when in contact with the body [19]. These three
requirements (ceramic, piezoelectricity and biocompatibility) lead to several op-
tions: Na0.5BiO0.5TiO3, BaTiO3 and K0.5Na0.5NbO3 are examples. A final prerequi-
site for implants is their long-term reliability. A surgical operation, with all that it
implies in terms of resources and rehabilitation, is required for the implantation.
The material therefore has to be reliable, with stable properties in time to avoid
another operation, or to, at least, postpone it as late as possible.

In early research, KNN, the abbreviation of K0.5Na0.5NbO3, showed attractive re-
sults thanks to its high Curie temperature, structure and biocompatibility [82]
but exhibited poor piezoelectric properties. It is in 2004, when a study on KNN
reported a high piezoelectric coefficient of 416 pC/N, this material became ex-
tensively studied [66]. One of the drawbacks of KNN was its porosity, but in
bone replacement porosity is an advantage as it gives bone some space for tissue
integration.

The community generally agrees that KNN will not replace PZT, a widely used
piezeoceramic, because the KNN ceramic will not reach as good piezoelectric
properties as the lead-based compound. Nevertheless, in the biomedical world,
prominent piezoelectric properties are not needed as the voltages required to ac-
tivate cells are low. This makes KNN a promising candidate for this type of ap-
plication.

1.2 Aim of this work

This work aims to contribute to the general effort of developing KNN-based ma-
terials for biomedical applications by evaluating their long-term reliability. It fo-
cuses on the evolution of the mechanical properties of the ceramic during soak-
ing in different liquids, starting with a simple solution (ultra-pure water) and
then increasing the chemical complexity to approach the composition of the liq-
uid present in the body (saline solution).

Different characterization techniques were followed to qualify and quantify the
changes in the mechanical and chemical properties of stoichiometric solid-bulk
KNN during soaking in ultra-pure water, deionized water and saline solution for
12h and in saline solution for different periods of time: 6h, 24h and 72h. The sam-
ples were obtained through solid-state synthesis before being soaked and charac-
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terized. As stated earlier, hardness is an important factor in ceramic implants. Its
evolution was measured through nanoindentation and microindentation to ob-
tain information on both the bulk and the surface of the samples. X-ray diffrac-
tion was used to appraise changes in crystalline structure of the samples and was
also performed both on the bulk and the surface. Raman spectroscopy allowed
to investigate the chemical structure. Finally, scanning electron microscopy and
energy-dispersive X-ray spectroscopy were used to explore the chemical compo-
sition and appearance of the samples.

1.3 Structure

The present thesis is structured as follows. Chapter 2 provides a description of
bones by highlighting their relevant properties with respect to this work and state
of the art on KNN. Chapter 3 describes in detail the methodology applied and
introduces the different characterization techniques used. Chapter 4 presents the
raw results obtained. Chapter 5 discusses the results and compares them. Finally,
Chapter 6 summarizes and concludes the work.
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CHAPTER

2

LITERATURE REVIEW

This chapter intends to provide the reader with state of the art concerning KNN
for biomedical applications. As this work is part of the general effort to make
KNN-based bone implants, it starts with an introduction on bones, their com-
position and noteworthy properties. It is then followed by the presentation of
KNN and an explanation of why this material is a suitable candidate for bone
replacement. A summary of the most recent studies on KNN is also provided.

2.1 Bones

Bones are part of the human skeleton, among cartilages, tendons and ligaments.
Their purpose is mainly to endure loads without undergoing extensive deforma-
tion to either be a shield for other organs or a load bearer for the whole body
[12, 79].

Bones appear in various sizes and shapes with variation in composition depend-
ing on their location in the body and the function they intend to fulfill. This
variability is related to their ability to adapt. Indeed, the biology of a bone i.e. the
composition and structure, is shaped by its mechanical demand [80, 35].

2.1.1 Structure and composition

Bones possess a complex structure, summarized in Figure 2.1. At different scales,
bones present composite material reinforced with fiber [80].

On the macroscale, bones fall into two categories: spongy or compact. The differ-
ence between these two types of bone lies in the density. Compact bones, as their
name suggests, have a higher density with only 5-10% porosity whereas spongy
bones present a porosity of 75-95% [80]. In this blending, the strength-to-mass
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ratio is optimized [35].

Spongy and compact
bone

Osteon Microfibrils Tropocollagen

Collagen
molecule

100µm
300nm

Hydroxyapatite

Compact

Spongy

Harvesian canal

Figure 2.1: Bone structure at different scales. Adapted from [21].

The microstructure is composed of osteons. These Harvesian systems, named
after the Harvesian canal containing blood vessels and nerves in the center, are
part of the structural unit of bones [92].

Continuing zooming into the structure of bones, arrives the nanoscale. The bone
matrix has both organic and inorganic components. The organic part is mainly
made of collagen. These proteins form tropocollagen that aggregate into fibrils.
This aggregation follows a precise structure and presents gap regions every 67 nm
that are filled by hydroxyapatite. Hydroxyapatite is associated to the inorganic
crystalline part of the matrix that serves two main functions: providing stiffness
and being a warehouse of ions for the body [92, 35].

Hydroxyapatite is a major constituent of bones as it accounts for 65% of the
elemental composition of bones. Its chemical formula is Ca10(OH)2(PO4)6. It
is present both around the collagen fibrils and inside. This inorganic ceramic
presents a hexagonal structure [83, 35].

2.1.2 The bone as an active organ

The human skeleton undergoes small as well as big changes on a continuous ba-
sis, and for different purposes. Bone remodeling is a process in which the bone is
renewed. The human body replaces old bones by new ones to avoid accumula-
tion of microcracks, to adjust to the mechanical stress it undergoes [38, 35] or to
control the concentration in minerals [100]. This process highly depends on the
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type of bone and the turnover may vary from 4 to 33.7% each year [38, 100]. This
process can be simplified by the three main steps shown in Figure 2.2:

• Resorption: the activated osteoclast are linked to the bone surface,

• Reversal: cells occupy the site,

• Formation: osteoblast are enrolled to synthesize the bone matrix that will
later be mineralized [38, 100].

Resorption Reversal Formation Mineralization

Osteoclast Cells Osteoblast

Figure 2.2: Main steps of bone remodeling. Adapted from [11].

Due to their function, osteoblasts can be called bone resorption cells and osteo-
clasts bone formation cells [39].

2.1.3 Piezoelectric behavior

Before presenting the piezoelectric properties of natural tissue such as bones, let’s
start with a definition of piezoeletricity and a commentary on its functioning.

V V

Figure 2.3: Piezoelectric effect. Adapted from [93].

The piezoelectric effect, depicted in Figure 2.3, relies on the capability of given
crystalline materials to engender voltage as a response to mechanical stress. This
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reversible effect, discovered in 1880, can be explained by the distribution of
charge inside the material. When the crystal does not undergo mechanical stress
or electrical stimulation, the positive and negative charges balance themselves.
This is also the case for non-piezoelectic materials. As exhibited in Figure 2.4,
when a piezeoelectric material is compressed, the charges will glide and move
their center, which eventually creates a dipole [88]. This effect can be quantified
with the piezoelectric coefficient, d33, expressed in Coulomb per Newton, [C/N].
PZT, known for its superior piezoelectric properties, has a piezoelectric coefficient
around 600 pC/N [74].

-+
-

+

Figure 2.4: Creation of a dipole in a piezoelectric crystal. Adapted from [93].

The materials able to exhibit a piezoelectric effect have to be dielectric. This trans-
lates to being a poor conductor with an efficient preservation of electrostatic field
and therefore a material able to store energy by an electrostatic field [22]. As illus-
trated in Figure 2.5 some piezoelectric materials have other significant properties.
Pyroelectric materials exhibit spontaneous polarization. The smallest category in-
cludes the ferroelectric: their dipole orientation can be re-oriented in space, which
gives rise to a hysteric behavior of polarization and strain.

Dielectric

Piezoelectric

Pyroelectric

Ferroelectric

Figure 2.5: Relationship between dielectric, piezoelectric, pyroelectric and ferro-
electric materials.

The piezoelectric behavior of bone was first characterized in the mid-fifties by
highlighting a linear correlation between stress and polarization and between
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electric field and strain [32]. Shamos et al. stated that, in order to exhibit piezeo-
electric behavior, living tissue needed "the presence of a well ordered asymmetric
fibrous molecule, cross-linked to form a uniaxial system which can be polarized by a shear-
ing stress." [78]. As stated earlier, collagen in bone in arranged in oriented fibrils,
which explains why collagen is the origin of the piezoelectric behavior of bones.
Other tissues indicate presence of piezoelectric effect, wood for example with its
cellulose [78, 45].

Still today, the role of the piezeoelectricity of bones is subject to debate. It is
believed to impact the regulation of several metabolic activities such as bone re-
modeling, growth, fracture healing, but to also influence cell metabolism by im-
pacting proliferation, differentiation, motility along with others [49]. Indeed, in
this theory, a compression (or tension) will create a dipole as shown in Figure 2.4,
that will result in a more electronegative or electropositive surface. Osteoclasts
are activated in positively polarized regions whereas osteoblasts are activated in
negatively polarized regions [39]. When walking for example, the bones will be
sometimes compressed, sometimes stretched. Hence some piezoelectric potential
is generated and will help the self-renewal activity of bones. This phenomenon
can be highlighted on astronauts after a long period of weightlessness. A loss
of bone mass can be observed and is linked to the absence of stimulation. The
fracture site of a bone will also become more electronegatively charged, which as
mentioned above activates the bone forming cells [39].

Orders of magnitude are a must when presenting a behavior. In the case of piezo-
electricity in bones some numbers can be given. The piezoelectric response in a
human tibia when walking is around 300 µV [45]. The piezoelectric strain coeffi-
cient of human bone is of around 7.5 to 9 pC/N [49].

This previous section can be summarized by the fact that piezoelectricity is a sig-
nificant property of bones for healing and remodeling. Some studies suggested
that, in the case of impaired tissues, piezoelectric scaffolds lead to a faster recon-
struction of the tissue [49, 96]. Hence, both for biomimicry and utility reasons,
piezoelectric materials should be investigated for implants.

2.2 KNN

2.2.1 Crystallographic structure

Potassium sodium niobate, whose stoichiometric form is K0.5Na0.5NbO3, is com-
monly called KNN. This ceramic is composed of a crystalline structure called
perovskite. A perovskite has a general formula of ABX3 in which A and B are
cations and X anions. For KNN, A sites are occupied by K+ or Na+, B sites by
Nb5+ and finally X sites by O2– as shown in Figure 2.6. The crystalline lattice is
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composed of KNbO3 and NaNbO3 with a molar ratio of 1:1 [18].

K+ or Na+

O2�

Nb5+

Figure 2.6: Perovskite structure of KNN. Adapted from [18].

Perovskite are highly represented in solid-state chemistry because of their flexi-
bility. Indeed, these structures are able to sustain distortions and structural defor-
mations. A substantial amount of ions can assemble into this perovskite structure
[6].

The crystallographic plane occupied by KNN can be investigated by X-ray
diffraction. A typical pattern for KNN is shown in Figure 2.7. One peak cor-
responds to a crystal plane. Crystal planes are defined by the Miller indices.
These three numbers aim to indicate the orientation of a plane of atoms [25]. An
example is shown in Figure 2.8.

Figure 2.7: XRD pattern of the K0.5Na0.5NbO3 powders calcined at 850°C for 2h.
Monophasic KNN powders were obtained [23].
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{1 1 1}
{1 0 1}
{0 1 0}

y

x

z

Figure 2.8: Example of crystallographic planes and corresponding Miller indices.

As just mentioned, in the perovskite structure of KNN, a NbO –
6 octahedra is

present. This structure can be highlighted by Raman spectroscopy as it is respon-
sible for the main vibration [68]. Typical spectra for KNN are shown in Figure
2.9. The peak positions v5, v1 and v1 + v5 are located at a wavenumber of respec-
tively 255, 611 and 858 cm�1 [27]. The active mode v1 corresponds to a stretching
of the NbO6 octahedra while the v5 corresponds to a bending of this same oc-
tahedra [27]. At the shoulder of v1, another active mode can be found, v2, and
corresponds to the stretching of NbO –

6 .

Figure 2.9: Raman spectra for the KNN ceramics calcined at different tempera-
tures and sintered at 1000°C for 5 hours [64].

The relative density of bulk ceramic samples of KNN is provided to be around
94% [96]. However this value can vary according to the processing method.
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2.2.2 Phase diagram

KNN exhibits polymorphic phase boundaries, i.e. regions where structural phase
transitions are temperature-driven. An increase of temperature for KNN will
modify the structure as indicated in Figure 2.10: at low temperature the struc-
ture is rhombohedral, meaning that the three axes of the crystals have an equal
length but are not perpendicular to one another. Near 100°C, this structure be-
comes orthorhombic: the three axes have unequal length but are perpendicular
to one another. Around 200°C the material undergoes a transition to tetragonal
structure, in which two out of the three axes have an equal length. Near the Curie
temperature of KNN, the ceramic undergoes a cubic transition [81] and all three
axes have the same length and are perpendicular. The Curie temperature is a
parameter often highlighted in the literature as it represents the temperature at
which the modification of the structure of the material is such as it loses its piezo-
electric properties. Values may vary according to the literature: 217-307°C [42],
410°C [81], 418°C [14, 65].

-100 0 100 200 300 400 500

Rhombohedral Orthorhombic Tetragonal Cubic
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TC

Figure 2.10: Schematic representation of temperature dependence of real permit-
tivity on unmodified KNN. Adapted from [33, 26].

2.2.3 Piezoelectric behavior

In undoped and stoichiometric KNN, the piezoelectric coefficient d33 is bounded
between 78 and 98 pC/N [42], some studies reported a slightly lower coefficient
of 43±28 pC/N [74]. Other studies reported higher values (up to 300 or 400
pC/N) by improving KNN [99]. These values, considered to be too low for a
multitude of applications, are surpassing the value of human bones by at least
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one order of magnitude.

The dielectric behavior can be quantified with polarization hysteresis loops.
These hysteresis loops are visible when plotting the polarization as a function
of the electric field. The piezoelectric behavior is quantified by plotting the strain
as a function of the electric field. Typical graphs are exhibited in Figure 2.11.
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Figure 2.11: Typical P-E hysteresis loops for KNN at 10 Hz and typical bipolar
strain curves. Adapted from [97].

The piezoelectric response is influenced by the crystallographic structure. The
presence of the phase boundaries, presented in Figure 2.10, increases the piezo-
electric response as they contain phases with different polarization orientations
[33]. The polarization rotation was determined to be an important factor in the
piezoelectric properties and to be linked with the lattice strain [56, 29].

The drawback is that the piezoelectric properties of KNN are temperature-
dependent [33]. This is not an issue for biomedical applications where tempera-
ture is stable over time.

A noteworthy improvement for piezoelectric properties of KNN is the stabiliza-
tion of the rhombohedral–tetragonal phase boundary. This deviates the tran-
sitions rhombohedral–orthorhombic and orthorhombic–tetragonal to be around
room temperature [33].

2.2.4 Biocompatibility

When keeping in mind the final application of KNN, an important question to
be raised is the one of biocompatibility. As stated in the introduction (section
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1.1), a biocompatible material is a material that doesn’t produce any undesirable
reaction when in contact with the body. Several parameters can influence the
biocompatibility of a material with a given surface: the composition of the im-
plant, its structural properties, the presence of toxins or blood, the properties of
the implanted surface, etc. [19].

A way to quantify biocompatibility is by calculating the cell viability, this means
the percentage of cells that survived after being in contact with the implant. This
is done by measuring the cell density of the sample and dividing it by the cell
density of the negative control:

Cell viability =
Mean cell density of sample

Mean cell density of negative control
· 100%. (2.1)

The negative control is the sample containing cells but not the implant to be able
to account for unexplored variables.

The cytotoxicity of KNN was calculated notably in 2012 by incubating cells with
a solution in which powder KNN (made by solid-state synthesis) was soaked.
The results showed a low cytotoxicity with a cell viability of 84% [96]. The cell
viability of human lung carcinoma cell line was shown to not be impacted by the
presence of KNN powder [42]. This endorses the relevance of KNN in biomedical
applications. A patent was even attributed to KNN (NaxKyNbO3, wherein 0 
x  0.8, 0.2  y  1, and x + y = 1 more specifically) in 2003 as biocompatible
material for implants [61].

2.2.5 Processing

One of the first characteristics standing out when working on KNN-based sys-
tems is their poor reproductability. Indeed, the processing can be influenced by
many factors that may lead to a low density as well as the presence of secondary
phases [7].

Solid-state synthesis

A common processing route is the solid-state synthesis. This low-priced and
straightforward method, also called the ceramic method, consists in mixing solid
materials and achieving a chemical reaction leading to the formation of a new
solid:

K2CO3(s) + Na2CO3(s) + 2 Nb2O5(s) 4 K0.5Na0.5NbO3(s) + 2 CO2(g) (2.2)

The reaction is induced by the heating of the material under the melting point
[87]. The sintering builds upon three steps during which the pores change and
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the material is solidified. This process is driven by diffusion [10] and reduction
of the surface free energy [7, 10]:

• Initial stage. During this stage diffusion will occur from high chemical po-
tential regions (the contact region) to low chemical potential regions. These
potential differences can be explained by the difference in the curvature,
convex or concave. Two transformations will occur: densification resulting
from grain boundary diffusion and coarsening resulting from surface dif-
fusion, evaporation from the surface and condensation in the neck region.
This stage is illustrated in Figure 2.12.

• Intermediate stage. The densification is accelerating and tubular pores, lying
on the particles junctions, will shrink. This will lead to the determination of
the closed porosity.

• Final stage. The tubular pores being to shrink, they become unstable and
break to leave only isolated pores at the grain boundaries [10]. These pores
can generate two behaviors: disappear from shrinking more or grow from
merging.

Densification
Coarsening

Figure 2.12: Schematic of the initial stage of sintering. Adapted from [10].

Pore entrapment may occur if pores are trapped inside a grain. This can not
be reversed and is the result of a too rapid sintering because of abnormal grain
growth. A normal grain growth is a growth in which "the average grain size of the
material increases continuously and without changes in the grain-size distribution" [7]
according the definition of Malič et al.

For KNN specifically, some adversities need to be taken into account. The main
issue is the emergence of secondary phases during the sintering and the calcina-
tion due to alkali losses [42, 96]. Na2O and K2O volatilize because of their high
vapor pressure [96, 51]. Finding the optimal sintering temperature is therefore
the subject of many studies [36, 63]. The precursors tend to react with the humid-
ity present in the air. Therefore they need to be dried before being used and to be
kept dry. Indeed, when weighing them, they can humidify again and lead to a
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imprecise value and therefore a wrong stoichiometry. Small variations in the sto-
ichiometry can cause the appearance of secondary phases. For example KNbO3
is stable but with a small excess in potassium leads to hygroscopic phases [51].
Hygroscopicity defines the behavior of a material to absorb water, it can lead
to a swelling of the material and to some modified properties [40]. The precur-
sors commonly used in the solid-state synthesis are the carbonates (K2CO3 and
Na2CO3) and these alkalines present a high hygroscopicity [51].

Sustainability

On sustainability, even if KNN is lead-free and presented as environmental-friendly
in a large amount of papers, it was shown, through a life cycle assessment, to be
more hazardous to the environment than PZT, in the early stage of life at least.

This is mainly due to the mining of Nb2O5, one of the precursors. This mining
leads to discharges such as arsenic or nitrates that can impact aquatic life. It may
also severely cause a loss of biodiversity and impact air quality. Solutions exist to
reduce their impact on the environment but their economical cost often prevents
them from being applied [42, 43].

Alternative processes

Alternatives to the solid-state synthesis have been proposed such as hydrother-
mal reaction [65]. The authors reported non-stoichiometric KNN with potassium
excess after 6h of reaction. The grains were dodecahedra-shaped after 3h and the
characteristic cubic shape of KNN started to appear after 6h, to finish after 12h
with irregularly shaped aggregates of cubic grains. The main advantage of this
technique is the possibility to apply moderate temperature and therefore limit
the volatilization of the different compounds. However the difficulty to obtain
stoichiometric KNN was highlighted. Moreover, this method requires expensive
autoclaves [75].

Sol-gel reaction, with the same advantage of using lower temperature, was also
successfully performed. The authors reported a large amount of secondary
phases at 400°C which tend to disappear at 500°C to only show some polynio-
bate: K3Nb6O17. At 500°C, the particles sizes were in the order of 50 nm and
dropped to only 20 nm at 600°C. However the large cost of niobium alkoxides,
forced the authors to start with chelated Nb2O5. This additional step and the 54%
weight loss reported constitute non-negligible drawbacks of this technique [70].

The essence of these alternative processing routes is the search for a new, low-
temperature, cost- and time-effective method to create reliable KNN [86].
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2.2.6 Secondary phases

As just explained in section 2.2.5, secondary phases are an important factor in
the final quality of KNN. During the formation of the perovskite structure, the
following reactions occur:

2 Nb2O5 + 2 A+ + O –
2 A2Nb4O11 (2.3)

A2Nb4O4 + 2 A+ + O –
2 4 ANbO3 (2.4)

with A = K, Na. The wanted perovskite is then obtained at the interface of
(K,Na)2Nb4O11 and the carbonates. However, the different diffusion rates of the
cations K+ and Na+ or the heterogeneity in the carbonate distribution are believed
to be responsible for the presence of secondary phases [50]. When due to alkali
losses, these secondary phases were reported to present a tungsten-bronze struc-
ture inside the matrix and consist of K6Nb10.66O30 or K2Nb4O11 [7]. The latter is
consistent with Equation 2.3 and suggests a lack of potassium cations to continue
the reaction. Malič et al. [7] reported a white aspect for these tungsten-bronze
phases by taking a SEM backscattered electrons image, presented in Figure 2.13.

Figure 2.13: SEM image - white secondary tungsten-bronze type phase [7].

These white and sodium-deficient secondary phases were also reported by Jenko
et al. [47]. Their XRD pattern didn’t show the presence of these secondary phases
and they exposed two hypothesis: either the amount of these secondary phases
was too small to be detected or the secondary phases present the same structure
as the main matrix but with a different composition [47].

Another well known secondary phase is the polyniobate K4Nb6O17. Malič et
al. [50] stated that the reaction between the couples K2CO3/Nb2O5 and be-
tween (K2CO3 + Na2CO3)/Nb2O5 produces more than one product and oc-
curs at a speed lower, by one order of magnitude, than the reaction between
Na2CO3/Nb2O5. This difference of rate could explain why most of the secondary
phases are sodium-deficient.
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These secondary phases are to be avoided as they lead to unreproducible func-
tional properties by affecting the grain boundary mobility [53].

2.2.7 Chemical stability

Two main types of dissolution of a solid into an aqueous medium can occur:
congruent and incongruent dissolution. In the first case, the solid transitions to a
liquid of the same composition [16], therefore dissolves completely. While in the
second case the solid transitions to a solid with another phase [44], by leakage of
some species from the surface.

The reaction of cation release from a perovskite structure can be expressed with
the following equations:

ABX3 + H+ A+ + BX(s) + H2O (2.5)
ABX3 + H2O A+ + BX(s) + OH– (2.6)

Out of these, one may conclude that for this perovskite structure, the dissolution
is incongruent, A-site cations are released and a B-rich layer is formed over the
core [63].

The analysis of cation release after soaking, plotted in Figure 2.14, shows that the
release of K+ is larger than the one of Na+ by 2 or 3 times. The release of niobium
is the smallest [63, 96]. This can be correlated with the ionic field strength. The
ionic field is defined as the ratio of the valence ion to the ionic radius. An ionic
field is therefore high when the charge is high but the radius is small. A study
advanced a correlation between this ionic field (Z/r2) and the corrosion rate of
glass powders [15]. This paper showed that for a low field strength, cations had a
negative Gibbs free energy of hydration (DGhyd), implying a tendency to corrode
and therefore deterioration of the material; while it is positive for a higher field
strength. In the case of KNN, the relationship of the different ionic field strengths
are as follows [63]:

K+
FS < Na+FS < Nb5+

FS (2.7)

The Goldschmidt tolerance factor, t, indicating the stability of perovskite struc-
ture, is used to link the correlation between Z/r2 and the corrosion with the en-
thalpy of formation. A high t represents a high surface energy and therefore less
stability in an aqueous environment. t is function of the radii of the ions present
in the structure as expressed by the relationship

t =
RA + ROp
2(RB + RO)

(2.8)

where RA is the radius of the cation A, RB the radius of the cation B and RO the
one of the oxygen [6, 63]. In case of KNN, tKN > tNN [63] which is correlated
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Figure 2.14: Released cation concentration of 0.5wt% aqueous fine KNN suspen-
sions. Adapted from [63]

with the more exothermic formation enthalpy of KN (-207 kJ/mol) compared to
NN (-141 kJ/mol). Ozmen et al. [63] formulated therefore the hypothesis that
lowering the surface energy is done by the leaching of A-site cations to obtain a
more stable B-rich surface.

The rate of dissolution is a function of the alkalinity of the soaking media. Nio-
bium’s dissolution is promoted by the amount of OH– present in solution. This
was confirmed by experimental data: when the pH of the diluting solution in-
creases, the amount of Nb5+ released increases. The A-site cations have a higher
dissolution rate when the media is acidic [63].

2.2.8 Mechanical stability

Mechanical properties are of fundamental importance when keeping in mind the
final biomedical application of KNN. The hardness needs to be high for the ce-
ramic to serve as a load-bearing material and to ensure the longevity of the im-
plants. These mechanical properties have to be controlled upon soaking.

Table 2.1 shows the evolution of the biaxial strength of KNN upon soaking in
normal saline measured with one-ball-on-three-ball testing. The same authors
performed another soaking study on KNN one year later and observed the same
drop of 20% in strength after 7 days of soaking [96].

In the following paragraphs, mechanical properties of pure KNN and KNN-
based piezoceramics are presented.
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0 days 7 days 14 days 28 days
Biaxial strength (MPa) 161± 6 132± 6 131 ± 2 128 ± 12

Table 2.1: Change of biaxial strength of KNN after soaking in normal saline.
Adapted from [95]

The Young’s Modulus of KNN was reported to be 104 GPa [60] and is of the
same order of magnitude as the value reported for KNL-NTS: 101.9 ± 18.1 GPa
[69] from a Vickers hardness test. This method was also used to determine the
hardness of pure-KNN as 3.55 GPa [55] and varying from 1.4 to 3.8 GPa for Mn-
KNN as a function of the sintering temperature [98]. The hardness of KNL-NTS
was shown to be 6.4 ± 1.8 GPa [69].

Another paper investigated the evolution of the fracture toughness (KIC) on KNN
according to different dopings. The fracture toughness is a parameter with dif-
ferent definitions but its goal is to characterize the cracks formation in a material
[46]. This fracture toughness is affected by the hardness: a higher hardness is em-
pirically correlated with a lower fracture toughness. The values were obtained
with the single-edge-V-notched beam (SEVNB). KIC was determined as varying
from 0.48 to 1.06 MPa m1/2 when doped with lithium or LiTaSb [94]. KIC of
KNL-NTS was determined as 0.65 ± 0.087 MPa m1/2 [69] and the one of KNN-
BLT-6BZ as 0.95 MPa m1/2 (also with a SEVNB technique) [54]. Table 2.2 presents
these values in a more visual form.

Nanoindentation was often used to characterize thin films, a hardness of 4.5 GPa
was reported [13].

During Vickers hardness test, some authors reported cracks leaving from the
edges of the impress left by the indenter [98]. The lengths of these cracks were
used to measure the fracture toughness of materials, however, this method was
abandoned because different materials presented too different deformations [28]
and more reliable techniques such as SEVNB were used instead.

E [GPa] KIC[MPam1/2] H (Vickers)[GPa] Citation
KNN 104 3.55 [60, 55]

KNL-NTS 101.9 ± 18.1 6.4 ±1.8 [69]
Mn-KNN 1.4 - 3.8 [98]
KNN-Li 0.48 [94]

KNN-LiTaSb 1.06 [94]
KNN-BLT-6BZ 0.95 [54]

Table 2.2: Mechanical characterization of KNN-based piezoceramics.
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2.3 Measurement methods

2.3.1 Nanoindentation

Nanoindentation was first used in 1992 [62]. This technique is mainly applied to
determine the hardness and the elastic modulus of materials [77] even if other
characteristics can also be obtained [101, 77]. A known load is applied with an
indenter on the material, the corresponding displacement is measured and a load
displacement curve is obtained. Different indenters exist with different geomet-
rical parameters. A typical resulting curve can be seen in Figure 2.15. As high-
lighted by this Figure, the loading step consists of both elastic and plastic de-
formation. Upon unloading and accordingly to plastic deformation’s definition,
only the elastic deformation is recovered and an indentation with a depth of hr
remains visible on the surface [101].

Lo
ad

P

Depth h hmax

Pmax

hr

Figure 2.15: Typical load-displacement curve. Adapted from [101]

The two parameters of interest in this work are the hardness H and the elastic
modulus E. With the Oliver and Pharr method, they are defined as:

H =
Pmax

A
(2.9)

Er =
S
p

p

2b
p

A
(2.10)

where A is the projected contact area, S the contact stiffness (that depends on
the slope of the unloading at maximum displacement) and b a parameter which
depends on the type of indenter [85].

The elastic modulus of the sample can be determined by using the calculated
reduced modulus, Er, that combines the elastic behavior of both the sample and
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the indenter thanks to the formula

1
Er

=
1 � n2

E
+

1 � n2
i

Ei
(2.11)

where ni is the Poisson’s ratio of the indenter, Ei its Young modulus, n the Pois-
son’s ratio of the sample being tested, and E its Young modulus.

The area function is approached by a polynomial:

A = C0h2
c + C1hc + C2h1/2

c + C3h1/4
c + C4h1/8

c + C5h1/16
c (2.12)

The parameters of this equation can be determined empirically, by performing a
set of indents at different loads on fused quartz, a sample whose properties are
known [41].

2.3.2 Microindentation

Microindentation is equivalent to a Vickers hardness test: an indent of a given ge-
ometry applies a known load and leaves an imprint on the surface which depends
on the depth of penetration. This is shown in Figure 2.16 where the dimensions
of the indent are also illustrated.

136°
136°

d d

Figure 2.16: Vickers indenter (left) and influence of the depth on the size of the
indent (right). Adapted from [90]

The Vickers Pyramid Number (HV) is obtained by the formula

HV =
F
A

(2.13)

where F is the force applied and A the surface. This Vickers Pyramid Number
is expressed in kgf/mm2, a unit not part of the SI. The value therefore has to be
multiplied by 9.807·10�3 in order to be converted to GPa.
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The surface can be obtained by calculating the projected area of the indent. In the
next formula, a is the angle between two opposite faces of the indenter.

Projected area =
Z

A
cosadA (2.14)

= A · sin(
a

2
) (2.15)

From the geometry of the indent the expression

Projected area =
d2

2
(2.16)

is verified. In this equation, d is the diameter of the indent. It can be obtained
by measuring the diagonals as shown in Figure 2.17. These two diagonals are
measured on the microscope of the indenter.

d = d1 + d2
2

Figure 2.17: Diameter of the Vickers indent.

By equating equations 2.15 and 2.16 and considering a = 136° based on the geom-
etry of the indenter, the following equation of the surface A is obtained and can
be used in the Equation 2.13.

A =
d2

2sin(136°
2 )

(2.17)
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3

METHODOLOGY

This chapter aspires to provide the methodology applied during this work. It
starts with the solid-state synthesis, continues with a presentation of the charac-
terization method and finally provides the sample preparation and the soaking
procedure.

3.1 Chemicals and apparatus

The chemicals used for this work are listed in Table 3.1 while the apparatus can
be seen in Table 3.2.

Chemicals Manufacturer Purity
Na2CO3 Aldrich 99.999%
K2CO3 Aldrich 99.995%
Nb2O5 Aldrich 99.99%

Absolute ethanol vwr 100%
Isopropanol Supelco 100%

NaCl Aldrich 99.5%

Table 3.1: Chemicals used for the experimental work.

3.2 Sample synthesis

The procedure to produce the samples is based on the previous work of Angel-
ica Marie Maza Larsen [52]. This solid-state synthesis relies on four main steps,
illustrated in Figure 3.1 :

• milling of the precursors,
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• heat treatment (calcination),

• milling,

• heat treatment (sintering).

Apparatus Model Purpose
Drying oven Termaks TS 8056 Drying of precursors

and samples
Planetary ball mill RETSCH - PM 100 Milling
Rotary evaporator BUCHI - R-210 Evaporating the solvent
Mortar VWR Mortar with Pes-

tle agate
Grinding of the powder

Oven Nabertherm muffle fur-
nace

Heat treatments

Digital caliper Cocraft 0-150mm Measuring samples
Hydraulic press c-press Pressing the pellets
Uniaxial press Mäder pressen 25kN Pressing the pellets
CIP Autoclave Engineers Pressing the pellets
Digital indicator Burster Digilow Measuring the pressure

applied to samples
Analytical scale Sartorius Entris Weighting precursor

and samples
Ultrasonic cleaner Branson Bransonic 3800 Cleaning of samples
Environmental chamber Termaks Ccontrol environment

during soaking
Raman spectrometer WITec Alpha 300R Raman spectroscopy
X-ray Diffractometer Bruker D8 ADVANCE

DaVinci
XRD analysis

X-ray Diffractometer Bruker D8 ADVANCE
DaVinci

GIXRD analysis

Indenter TI 950 TriboIndenter Nanoindentation
Indenter Leica VMH MOT Vick-

ers
Microindentation

SEM Zeiss ULTRA 55 SEM imaging
pH-meter Mettler-Toledo pH measurement
Carbon-coated Cressington 208 carbon Sample coating

Table 3.2: Apparatus used for the experimental work.

The procedure described in the following section resulted in around 3.5 g of final
product and was repeated three times. The three precursors are Na2CO3, K2CO3
and Nb2O5. Respectively 2.3114 g, 3.0141 g and 11.5936 g are needed. The exact
amount used per batch is presented in appendix A. Because these precursors tend
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K 2C
O 3

Na2CO3

Nb2O5

Dried
Ethanol

ballsZrO2

Milling

3h ~ 125 rpm
ballsZrO2

60° ~ 175 mbar

Rotary evaporator

Grinding
Sieving 250 µm

25 mm ~ 5-10 MPa 825°C

CalcinationPressing

Grinding + Sieving
Milling
Rotary evaporator
Grinding + Sieving

10 mm:
Uniaxial 5-10 MPa
CIP: 29 psi

Pressing

1125°C

Sintering

Figure 3.1: Illustration of the different steps of the solid-state synthesis.

to react with humidity they are dried overnight in a drying oven (around 110°C)
before being weighed. They are then put in a milling jar of 250 mL with 190 g
of grinding balls (composed of ZrO2) and 80 g of ethanol absolute. The mixture
is then put in a planetary ball mill for 3 hours at a speed of 125 rpm with an
inversion time of 10 min and a break time of 30 seconds. This mixture is quickly
recovered when the milling is done and sieved. The sieve has only one goal: to
recover the grinding balls.

The liquid is put to dry in a rotary evaporator with the following parameters: bath
temperature: 60°C, solvent: ethanol, rotation speed: 2. The needed pressure is
calculated by the device and equals 175 mbar. The mixture stays in the evaporator
until it is fully evaporated (it took between 45 minutes and 1 hour). The dried
powder is then grinded in a mortar and sieved in a 250 µm sieve.

This powder is pressed with a uniaxial press and a pressing die of 25 mm diam-
eter using 5-10 MPa for 15 seconds. 3 g of powder are used per pellet. The five
pellets obtained are then put in an alumina crucible on top of each other with
some sacrificial powder on the bottom and on top to limit volatilization. The
crucible is closed at 85% by an alumina lid and put in an oven for calcination.
The temperature profile is depicted in Figure 3.2. The calcination follows an in-
crease temperature of 3°C/min until 825°C, a 4-hour plateau and a decrease of
10°C/min.
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Figure 3.2: Temperature evolution over time for calcination.

Once the calcination has finished, the pellets are grinded in a mortar and sieved
in a 250 µm sieve then mixed with 190 g of grinding balls and 80 g of absolute
ethanol. The treatment in the planetary ball mill lasts for 3 hours with the same
parameters as the first passage before calcination. The mixture is recovered and
placed into a rotary evaporator, once again with the same parameters as the pas-
sage before calcination. Once the powder is dry, it is recovered, grinded and
sieved (250 µm). Finally the powder is pressed in its final form: a pellet of around
0.3 g with a diameter of 10 mm. Two different presses are used one after the other.
First the pellets are pressed using a uniaxial press by applying again a load of 5-
10 MPa for around 15 seconds. Then these pellets go to a cold isostatic press up to
29 psi (1.99948 bar) for 2 minutes. The pellets from the batch c were pressed with
a different uniaxial pressed. One with a more precise measurement system and
also with a lower pressure of 4 MPa because the first results showed some defects
that could be pressing defects; this will be explained in section 4.2. The pellets
are, three by three and with sacrificial powder, sintered. The temperature pro-
file is shown in Figure 3.3: an increase in temperature of 5°C/min until 1125°C,
a 2-hour plateau, and a decrease of 10°C/min. As explained in the literature re-
view (section 2.2.5), sintering comes with a densification of the material. Some
mass losses are expected because of the volatilization. Figure 3.4 plots the mass
lost during sintering for the different pellets. Between all the different steps, the
samples are placed in a desiccator.

3.3 Sample preparation

Before undergoing the different characterization methods, the samples need to be
polished. Three grinding papers and two polishing cloths were used, the grid of
which gradually decreases until it reaches a quarter of a micron.

The procedure was the following. Ethanol absolute is poured on a grinding pa-
per, composed of SiC and with a size of 1200 (corresponding to 15 µm). By main-
taining the pellet with two fingers on the paper, the infinity symbols is drawn

Lise FAGNAN 26



CHAPTER 3. METHODOLOGY

0 2 4 6 8

Time (h)

0

500

1000

1500

T
e
m

p
e
ra

tu
re

 (
°C

)

Figure 3.3: Temperature curve for sintering
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Figure 3.4: Mass loss from sintering. Each column corresponds to three samples
that were sintered together. For some columns only two samples are present as
the mass of the third sample could not be measured after sintering.

around thirty times in each direction and on each side of the pellet. The sample
is then cleaned in absolute ethanol by using sonication before being visually in-
spected by an optical microscope. If the result isn’t satisfying, the step is repeated.
If the result is satisfying, a grinding paper of size 2000 (10.3 µm, also SiC) is used
with the same procedure followed with a 4000 (5 µm) grinding paper of SiC. For
the next step, using a 1 µm cloth with diamond paste, the procedure is the same
except that ethanol isn’t used on the paper but with a special spray composed of
polycrystalline diamonds and the amount of infinity symbols is increased to forty.
The last passage is performed with a 0.25 µm cloth and another spray containing
polycrystalline diamonds.
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3.3.1 Thermal etching

Before undergoing Scanning Electron Microscopy, a polished sample needs to be
thermally etched. The setup can be seen in Figure 3.5. This treatment consists in
heating the sample for 7 minutes at 1070°C, a slightly lower temperature than the
sintering temperature, with a heating and cooling rate of 600°C/h.

Figure 3.5: Setup for thermal etching

3.4 Characterization methods

Different characterization methods were applied during this work in order to
understand both the structure and the mechanical behavior of the samples after
soaking. The order in which they were applied was determined from the least to
the most destructive. The nanoindentation is placed before the microindentation
as the latter presents a higher chance of fracturing the sample. The SEM is the last
characterization method performed to be able to see the indentation and because
of the carbon coating. Figure 3.6 schematizes the typical route followed by the
samples.

3.4.1 Density measurement

Two different methods were applied to determine the density: geometrical and
Archimedes measurements. This was performed only before the soaking.

Geometrical measurement

The first method, applied to all samples, uses the fundamental definition of den-
sity: the mass per unit of volume. The pellets are weighed and this mass is di-

Lise FAGNAN 28



CHAPTER 3. METHODOLOGY
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Raman spectroscopy XRD GIXRD
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Nanoindentation Microindentation SEM

Figure 3.6: Schematic of the typical route followed by samples.

vided by the volume. The density r is calculated as

r =
m

pr2t
(3.1)

where m is the mass, r the radius and t the thickness.

The diameter and the thickness were obtained by using a digital caliper and av-
eraging 4 measurements.

The relative density was then obtained by dividing this density by the theoretical
density of KNN. This theoretical density is equal to 4.51 g/cm3 [14].

This method deems the pellet to be a flawless cylinder and underestimates the
actual density. Indeed, the sample is porous so its volume is bigger than it would
be if it were dense. Therefore, in Equation 3.1, the denominator is overestimated
which makes the density underestimated.

Archimedes measurement

This method is known to be robust and precise but also time consuming.

The bulk density rb is expressed as

rb =
m1

m3 � m2
· rliq (3.2)
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Figure 3.7: Schematic representation of the measurement of m2 for the
Archimedes method.

where the density of the liquid (rliq) follows the density-temperature correlation

rliq = �0.0009 · T + 0.8018 (3.3)

and m1, m2 and m3 are the masses of the sample at different stages that are ex-
plained in the following paragraphs.

The samples need to be dried overnight in a drying oven. m1 is the mass of the
dried sample.

The aim of the next stage is to fill all the pores with isopropanol. This alcohol is
chosen because of its non-reactivity with respect to KNN and its low volatility
compared to ethanol. The first step is to place the sample in a desiccator in which
the air is pumped out to obtain vacuum and maintain it for 20 min. The goal of
this step is to take all the air out of the pores of the sample. Isopropanol is then
added in this container (without breaking the vacuum) and the samples are let to
soak for 30 min. m2 can be obtained by measuring the mass of the sample still
immersed. The setup can be seen in Figure 3.7. A basket is immersed in the liquid
and attached to the scale and the sample is placed on the basket without leaving
the liquid. At this stage, the temperature of the immersion liquid is measured.

The last mass to measure, m3, is the one of the samples sponged with a wet tissue
impregnated by isopropanol so that all the pores are still filled by the liquid while
making sure there is no excess of liquid around the sample.

3.4.2 Raman spectroscopy

The goal of a Raman spectroscopy is to measure the vibrational structure of a
sample and therefore to retrieve information about its composition. The bond
between atoms inside a molecule are elastic and can be represented as springs.
Upon any perturbation, these bonds will oscillate at a given frequency that de-
pends on the molecule [30]. The set of molecular vibrations represents the chem-
ical fingerprint of a molecule and this fingerprint is what Raman spectroscopy
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aims to obtain as it allows to identify which functional groups are present [5, 58].

The purpose of Raman spectroscopy in this work is to locally measure the finger-
prints of structures that are present before and appearing after soaking.

The result of a Raman spectroscopy is a spectrum of the intensity of the scattered
light as function of the Raman shift which is the energy difference between the
incident beam and the scattered one. The Raman shift can be expressed as a wave-
length or as a wavenumber defined as the inverse of the wavelength. The intensity
of a Raman band will increase with the polarity of the bond. The bands can be
qualified as strong, medium or weak depending on the intensity and qualified as
broad or sharp depending on the broadness on the x-axis [58].

During this work the samples were analyzed using the following parameters: the
laser had a 532 nm wavelength, and 66 mW power. The latter value was de-
termined as a trade-off: the higher the power, the higher the signal but also the
higher the risk to burn the sample. With these parameters, the depth of measure-
ment equals 0.7 µm [3].

Two types of measurement were performed using the optical microscope with an
objective of 50x:

• Local scan to focus on a visible defect, where the integration time was 1
second,

• Large area scan to average the measurement on a larger surface. The inte-
gration time was 0.5 seconds. 25 points were measured per line and 25 lines
per image on a 25x25 µm2 surface.

This was kept consistent for every sample.

3.4.3 X-ray diffraction

Two different types of X-ray diffraction measurements were performed to ana-
lyze both the bulk and the surface of the samples. These techniques are non-
destructive.

X-ray diffraction

The goal of XRD is to analyze the bulk atomic or molecular structure of a material.
The sample to analyze is irradiated with X-rays that will scatter. An XRD analysis
results in a pattern representing the intensity of these scattered X-rays as a func-
tion of the scattering angle [48]. A peak on the XRD pattern reflects the presence
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of a certain type of crystalline structure as presented in the previous chapter, sec-
tion 2.2.1. Comparing the present crystal plane to a database containing reference
patterns will allow to identify the composition of the sample analyzed.

During this work the samples were analyzed with the angle between the trans-
mitted and reflected beam, 2q, ranging from 15 to 75 degrees. Each of the 4512
steps lasted 1.52 seconds. This was kept consistent for every sample.

Grazing incidence X-ray diffraction

The second X-ray diffraction method, grazing incident X-ray diffraction, GIXRD
for short, uses the same principle as XRD but with a fixed grazing angle of in-
cidence of the X-ray beam with aim to restrain penetration within the bulk. It
therefore serves as a surface-sensitive characterization method. The principle is
schematized in Figure 3.8 where a is kept constant. In the XRD, the angle between
the sample and the scattered beam was equal to q, for the grazing incident XRD,
this angle equals 2q � a [9].

2q � a

Detector
X-ray tube

a

Figure 3.8: Configuration of the GIXRD. Adapted from [9].

During this work the samples were analyzed using the following parameters:
two-theta scan type between 20° and 78° with 2901 steps each lasting 4 seconds.
The incident angle is set to 0.5°, the lowest possible to ensure that the sample is
seen and without having to determine the critical angle of the material. This was
kept consistent for every sample.

The depth of penetration of the beam in the sample depends on several parame-
ters and it was determined with a specific software from Bruker, AbsorbDX. Con-
sidering a composition of K0.5Na0.5NbO3, a density of 4.51 g/cm3 (the theoretical
density of KNN), the incident angle of 0.5° and the parameter of the anode, the
depth was determined to vary from 0.436 µm to 0.443 µm for 2q varying from 20°
to 78°.
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3.4.4 Nanoindentation

In the scope of this work, a calibration was performed once on a fused quartz
sample, following the methodology found in the user manual [41] in order to ob-
tain the area function and therefore the hardness as presented in the literature
review (section 2.3.1). The load function had a load time of 5 seconds followed
by a hold time of 3 seconds and then a 5-second unload time. The range of load
increased from 100 µN to 10000 µN on a 7-by-7 array (therefore 49 indents). No
outlier curves were observed during this calibration. The area function was ap-
proached with 3 parameters as it gave a satisfying fit for the curve.

A Berkovich indenter was used as this geometry (Figure 3.9) is the best fit for
the measurement of hardness and elastic modulus [101], ideal for ceramics and
hard materials [41] and that other geometries such as cylinder and wedge-shape
are best suited for soft materials [101]. The load function has a maximum peak
value of 8000 µN with a rate of 800 µN/s (both for the loading and unloading)
and a total of 4000 data points. This was kept consistent for all the measurements.
The instrument was placed in a lab equipped with ground vibration reduction to
ensure isolation from surrounding noise.

65.3°

77.05°

Figure 3.9: Berkovich indenter. Adapted from [101], not at scale.

3.4.5 Microindentation

The goal of this characterization technique is to measure the bulk hardness. As
presented in the literature review, section 2.3.2, it consists of a Vickers hardness
measurement. The load, chosen between 500 g and 2 kg, was maintained for 10
seconds.

This technique presents some limitations as the measurement of the diameter is
made manually and depends on the person performing the measurement. This
drawback can be scaled down by having the same operator performing the mea-
surement every time and measuring several times one indent.
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3.4.6 SEM/EDX

SEM stands for Scanning Electron Microscope and EDX for Energy Dispersive
X-ray spectroscopy. This high spatial resolution microscope (⇠ 1 nm) uses the
interaction between an incident beam of electrons and the sample to determine
the morphology, topography and grain orientation of the sample. The incident
beam of electron is accelerated with a voltage that can be setup to 30 kV. EDX can
be performed on an area and gives a map, or on a line, or on a specific point. This
technique is semi-quantitative [89].

Samples need to be prepared to undergo SEM analysis. They need to be placed
on a carbon tape and recovered with a conductive layer to avoid overcharging
[4]. In this work the samples were carbon-coated using 2 rounds of 8 seconds at
4.8 V.

When observed with SEM, KNN exhibits cubic grains. Intragranular grains are
repeatedly observed and can be linked to abnormal grain growth.

Two different SEM were used: Zeiss ULTRA 55 for imaging and the one from the
NTNU NanoLab for the EDX measurements.

3.5 Soaking

The soaking was performed following the ISO 23317 international standard about
the in vitro evaluation for apatite-forming ability of implant materials [1].

The volume of liquid Vs required for the soaking was calculated based on the
international standard:

Vs = 100 · Sa (3.4)

where Sa is the apparent surface of the specimen. As the samples used in this
work are pellets, the apparent surface can be calculated using:

Sa = 2p · (r2 + rt) (3.5)

with r the radius and t the thickness of the sample. These measurements were
obtained by averaging four measurements obtained with a digital caliper.

The samples were placed in a plastic bottle as shown in the picture of Figure 3.10.
It was then placed into a environmental chamber with a controlled temperature
fixed at 37°C. A thermometer was used to monitor the temperature.

After the soaking the samples were recovered with plastic tweezers and rinsed
with the liquid they were soaked in. They were wiped with virgin fiber tissue
wipers, put in a glass container and placed in a desiccator overnight.
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Figure 3.10: Setup for soaking

Liquids used

The different liquids used are:

• Ultra pure water.

• Deionized water.

• Saline solution which was obtained by mixing sodium chloride and water.
A concentration of 0.9% NaCl was used as it represents a widely used stan-
dard.

They were used to improve the complexity and the presence of ions in the solu-
tion step by step and study their impact on the properties of the samples.

For each liquid, the samples were soaked for 12h. This decision was based on
the first results observed. For saline solution, samples were also soaked for 6,
24 and 72h. In order to retrieve more information about the mechanism in place
during soaking, the mass of the samples was measured before and after soaking,
in both cases after a night in a desiccator. As presented in Figure 3.11, the pH of
the solution in which the samples were soaked was also measured and compared
to a control solution: the same saline solution also present in the environmental
chamber but without any samples soaked in it in order to account for the evolu-
tion of the pH with the air. This was done for the soaking in saline solution for 6,
24 and 72h.

Four samples were used for each soaking condition. This number was deter-
mined as a trade-off between a reasonable amount of experiments to conduct
and a sufficiently large dataset.
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6h
Measure pH of 5 solutions

24h
Measure pH of 5 solutions

72h
Measure pH of 5 solutions

Deio
nized

water
NaCl

Sample Control solution

Figure 3.11: Illustration of the methodology applied for the pH measurement
after soaking in saline solution.

3.6 Sample tracker

Table 3.3 summarizes the treatment that every sample went through. Orange
corresponds to the characterization before soaking while blue corresponds to the
method applied after soaking. The letter in the name of the sample corresponds
to the batch in which it was produced (a, b or c for the three batches).
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Raman XRD GIXRD Nanoind Microind SEM Soaking media Time
a-01 3
a-02 3 3
a-03 3 3 3
a-04 3 3 33 3 3 Ultra pure water 12h
a-05 3 3 3 33 3 3 Ultra pure water 12h
a-06 3 33 3 33 3 Ultra pure water 12h
a-07 3 3 33 3 Ultra pure water 12h
a-08 3 3 3 33 3 3 Deionized water 12h
a-09 3 3 33 3 3 Deionized water 12h
a-10 3 3 3 33 3 Saline solution 12h
a-11 3 3 33 3 3 Saline solution 12h
a-12 3 3 3 3
a-13
a-14 3 3 3 3

b-02 3 3 3 3 3
b-03 3 3 33 3 3 Saline solution 6h
b-04 3 3 3 33 3 3 Saline solution 72h
b-06 3 3 3 33 3 Saline solution 24h
b-07 3 3 33 3 3 Saline solution 24h
b-08 3 3 3 33 3 Saline solution 6h
b-11 3 3 33 3 Saline solution 72h
b-12 3 3 3 3 3

c-01 3 3 3 33 3 3 Deionized water 12h
c-02 3 3 33 3 Deionized water 12h
c-03 3 3 33 33 3 Saline solution 6h
c-04 3 3 3 3 3 Saline solution 12h
c-05 3 3 3 3 3 Saline solution 12h
c-06 3 3 3 3
c-07 3 3
c-08 3 3 33 3 3 Saline solution 6h
c-09 3 3 3 33 3 3 Saline solution 24h
c-10 3 3 3 3 Saline solution 24h
c-11 3 3 3 3 3 Saline solution 72h
c-12 3 3 3 3 Saline solution 72h

Table 3.3: Sample tracker
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RESULTS

This chapter exhibits the raw results obtained for the different characterization
methods presented in section 3.4. For each of these methods, the results are dis-
played and compared. To ease the understanding of the reader and to highlight
the different soaking conditions, a color code was followed for all the Figures
containing data after soaking. It is given in Figure 4.1: 12h in ultra-pure water is
represented in blue, 12h in deionized water in pink, green for 12h in saline solu-
tion, black for 6h in saline solution, purple for the 24h soaking and finally yellow
for the 72h soaking. Four shades are used per soaking condition as it represents
the amount of samples soaked.

Ultra-pure water 12h Deionized water 12h Saline solution 12h Saline solution 6h Saline solution 24h Saline solution 72h

Figure 4.1: Colors used in the different Figures according to the soaking media
and the soaking time.
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4.1 Density measurement

4.1.1 Geometrical measurement

Figure 4.2 contains the density of the different samples measured with the geo-
metrical method as presented in section 3.4.1. Note that the full dots correspond
to samples with a small chip on corner. The method is less precise for them
and the relative density could be underestimated. The corners were not highly
chipped and this shouldn’t lead to big differences in relative density. The differ-
ent measurements for the dimensions are presented in Appendix B. The average
relative densities are 93.22%, 92.18% and 95.60% for respectively batch a, b and c.
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Figure 4.2: Relative density of the samples calculated with geometrical measure-
ment

4.1.2 Archimedes measurement

This method was applied on eight samples, with the procedure described in sec-
tion 3.4.1. The results are presented in Table 4.1 and compared to the value
obtained by the geometrical measurement method. The values obtained with
Archimedes are sometimes bigger and sometimes smaller. Some values are ques-
tionable, for example the one of 82% that is low compared to the rest and the
value of 101% which is surprising. These results are discussed in the next chapter
(5.1.1).

a-05 a-10 a-12 a-14 b-02 b-09 b-11 c-03
Geometrical [%] 93.05 93.27 93.47 92.02 94.49 88.15 90.87 94.13
Archimedes [%] 89.93 91.11 82.25 101.31 95.64 91.67 93.04 92.93

Table 4.1: Comparison between the relative densities calculated by geometrical
measurement and the ones obtained using Archimedes measurement.
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4.2 Observation after soaking

4.2.1 After 12h soaking

Table 4.2 presents the visual appearance of all samples after 12h of soaking in the
different solutions.

It can be seen that for soaking in ultra pure water, the samples exhibited different
behaviors. Sample a-04 broke during soaking but the rest of its surface seemed
untouched. Samples a-05 and a-07 presented a big crack and a shiny surface. The
last sample, a-06, presented a normal-looking surface with the presence of dots
evenly distributed.

After soaking in deionized water, sample a-08 exhibited several cracks and the
same shiny surface as for some samples soaked in ultra-pure water. The second
sample from batch a, a-09, presented a normal-looking surface with the presence
of dots evenly distributed on the surface. Samples c-01 and c-02 from batch c
seemed flawless.

The soaking on saline solution also presented two different behaviors based on
the batch the samples originated from. Samples a-10 and a-11 broke and one of
the pieces exhibited a shiny surface while no flaws could be observed on samples
c-04 and c-05.

4.2.2 After different periods of time in saline solution

After soaking for 6h and 24h in saline solution, the eight samples appeared flaw-
less. On some samples soaked for 72h in saline solution, some defects could be
spotted: c-11 presented a shallow crack on the edge, b-04 presented dots dis-
tributed on the surface and b-11 presented an embossed area. One out of the four
sample appeared flawless. They can be seen in Table 4.2.
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Ultra-pure water Deionized water 12h Saline solution 72h Saline solution

a-04
a-08 a-10 c-11

a-05
a-09 a-11

c-12

a-06 c-01 c-04 b-04

a-07 c-02 c-05 b-11

Table 4.2: Visual aspect of the samples after soaking

The evolution of the mass and the pH upon soaking is presented in Figure 4.3.
The first observation is that all samples from batch c present either a small loss
in mass in the order of 0.1% or no changes. For batch b, the samples soaked for
24h presented the same behavior as batch c. The samples soaked for 6 and 72h
however presented an increase in mass between 0.1% and 0.3%.

Looking at the pH, the one of the control solution increases with time. For the
samples soaked for 6h, their corresponding pH increased compared to the control
solution. Samples from batch c, even if they presented less change in the mass
differences, showed a larger increase of the pH. Regarding samples soaked for
24h, the pH increased with soaking but this increase is larger for samples from

Lise FAGNAN 41



CHAPTER 4. RESULTS

batch b than for batch c. The pH of samples soaked for 72h is steady, although
a slight decrease can be observed for samples from batch c. One will notice that
samples from batch b soaked for 6 an increase in mass while the ones soaked
24h presented either an increase or no change. They, however, both presented an
increase in pH. The same can be observed with samples from batch c soaked for
6 and 72h, the first one presenting a decrease in mass but an increase in pH while
the second presented the same decrease in mass but with an decrease in pH.

0
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0.4

 m
 (

%
)

Evolution of the mass and the pH upon soaking in saline solution

Batch b
Batch c

6h 24h 72h

Sample

5

5.5

6

6.5

p
H

Control solution

Figure 4.3: Evolution of the mass and the pH upon soaking in saline solution for
6, 24 and 72h.

When left in contact with air and because of the CO2 present, the pH of the solu-
tions is expected to slightly drop or to stay constant [72]. As the opposite behavior
was observed in this work with an increase with time, another saline solution was
prepared and put in an environmental chamber to measure the pH after 24h. The
results showed a constant pH, measured before and after the 24h as 5.68 and 5.67.
The increase in pH observed on the control solution is therefore dubitable.

After soaking in every solution, bubbles could be observed mainly around the
sample but also in the solution, see Figure 4.4. Their amount wasn’t constant
and seemed to increase when cracks were present. They were also located on the
container walls.

(a) In ultra-pure water (b) In deionized water (c) In saline solution

Figure 4.4: Amount of bubbles in the solutions after 12h soaking in different liq-
uids.
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4.3 Raman spectroscopy

Several samples were analyzed before and after soaking. In the Figures of this
section, the spectra are scaled by dividing the intensity by the maximum inten-
sity. The pictures that are presented were taken from the microscope on the spec-
trometer. The analyzed area is located at the center of the provided pictures.

4.3.1 Before soaking

Figure 4.5 presents spectra obtained before soaking on samples from batch a.
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Samples from batch a before soaking
KNN-a-12 - Normal looking surface
KNN-a-14 - Normal looking surface
KNN-a-12 - See Picture 1
KNN-a-14 - See Picture 2
KNN-a-14 - See Picture 3

(a) Picture 1 (b) Picture 2 (c) Picture 3

Figure 4.5: Raman spectroscopy at different locations on two samples from batch
a (top) and the corresponding pictures of the surface (bottom)

For this batch the main observation is the presence of different structures at the
surface that isn’t homogeneous. Different gray spots are visible and present dif-
ferent sizes and shapes. As shown by the purple curve, some of these spots
present the same spectra as the normal-looking parts of the sample and corre-
spond to what is expected from KNN: the active modes v1, v5 and v1 + v5, pre-
sented in the literature review, section 2.2.1, are located at 256, 613 and 861 cm�1.
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For the other spots, the curves show more differences. Even if the global shape is
the same, a lot of Raman bands are divided into smaller ones. Around a Raman
shift of 400 cm�1, a band appears on the curves representing the gray spot. An-
other difference lies in the v1 + v5 mode located at 861 cm�1, which has a small
intensity for the normal-looking surfaces and presents a splitting into two peaks,
one with an increase in wavenumber (877 cm�1) and one with a decrease (842
cm�1). The meaning of these bands is discussed in the next chapter, section 5.2.

The surface from the samples chosen out of batch b are more homogeneous. None
of the gray spots visible on the samples from batch a are visible. However some
dark spots are present. They are small and evenly distributed on the surface. The
spectra all have the same aspect as the blue curve from Figure 4.5, with active
modes located at 256, 613 and 861 cm�1. The spectra are presented in Appendix
C.1. Batch c presented more similarities with batch b: no gray spots could be
found, only small and evenly distributed black spots that didn’t present a differ-
ent spectrum in the range of interest. The spectra are also presented in Appendix
C.1.

4.3.2 Layered structures

As the previous section highlighted, a layered structure appears for the samples
from the first batch. These structures were also visible on the samples from the
same batch after soaking. Their Raman spectra are presented in Figure 4.6.
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a-14 - before soaking
a-06 - after soaking
a-07 - after soaking
a-08 - after soaking
a-09 - after soaking
a-11 - after soaking

(a) a-14 (b) a-6 (c) a-07

(d) a-08 (e) a-09 (f) a-11

Figure 4.6: Raman spectroscopy of the layered structure before and after soaking
in different liquids (top) and their visual aspect (bottom).

4.3.3 Shiny structures

Another structure appearing after soaking is one presenting a shiny color. Their
amount was not constant as they were more present on the samples from batch
a. They were visible before measurement and as can be seen in Figure 4.7, they
present a variety of aspects and spectra. Three out of the four samples presented
on the left graph exhibited a clear cubic shape that seems to be on top of a dark
area. These three spectra present the same general trend of bimodal band around
860 cm�1, a peak at 400 cm�1 and several peaks in between 100-300 cm�1. In other
cases, the difference in aspect was less highlighted and this is also translated by
Raman spectra being similar to KNN. The only visible difference is, in some cases,
the presence of a Raman peak located around 138 cm�1 according to the samples
(Figure 4.7, samples b-05 and b-11).
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(a) a-06 (b) a-07 (c) a-08 (d) a-09

(e) b-03 (f) b-08 (g) b-11 (h) c-08

(i) c-08

Figure 4.7: Raman spectroscopy of the shiny structures after soaking in all the
different soaking conditions (top) and their corresponding visual aspect (bottom).

4.3.4 Soaking effect

Some structures were not visible before soaking but well after. Their Raman spec-
tra are presented in Figures 4.8, 4.9 and 4.10. As these Figures highlight, the ma-
jority of the new structures are large and black spots, with mainly unchanged
spectra compared to KNN.

One spot, located on a sample soaked in ultra-pure water, presented a different
spectrum than the one of KNN, and was located next to a sheet-like structure.
This behavior of dark area appearing next to a sheet-like structure was observed
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on several samples.
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a-06
a-08-1
a-08-2
c-01

(a) a-06 (b) a-08-1 (c) a-08-2 (d) c-01

Figure 4.8: Raman spectroscopy of the structures appearing after soaking in ultra-
pure water and deionized water (top) and their corresponding visual aspect (bot-
tom).
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a-10
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b-04-1
b-04-2
c-11

(a) a-10 (b) b-03 (c) b-04-1 (d) b-04-2

(e) c-11

Figure 4.9: Raman spectroscopy of the structures appearing after soaking in saline
solution for 6, 12 and 72h (top) and their corresponding visual aspect (bottom).
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(a) b-06 (b) c-09-1 (c) c-09-2 (d) c-10-1

(e) c-10-2

Figure 4.10: Raman spectroscopy of the structures appearing after soaking in
saline solution for 24h (top) and their corresponding visual aspect (bottom).

4.3.5 Unchanged structures

The last structures highlighted with the Raman spectroscopy are the small, evenly
distributed black spots with different shapes. They were already visible before
soaking. Their spectra are presented in Figures 4.11 and 4.12. The main obser-
vation is that these structures either present a similar spectrum to KNN or small
modifications, mainly a new peak around 400 cm�1 and sometimes a bimodal
around 860 cm�1. Overall, the visual characteristics are preserved.
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(a) a-09 (b) c-02 (c) c-05 (d) b-04 (e) b-11

(f) c-11

Figure 4.11: Raman spectroscopy after soaking in deionized water and saline so-
lution (12 and 72h) of the structures already present before soaking (top) and their
corresponding visual aspects (bottom).
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Figure 4.12: Raman spectroscopy after soaking in saline solution (6 and 24h) of
the structures already present before soaking (top) and their corresponding visual
aspects (bottom).
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4.4 Bulk XRD

4.4.1 Calcination and sintering

The XRD pattern of the three batches after calcination are presented in Figure
4.13. It can be seen that the spectra don’t correspond to stoichiometric KNN but
are all more close to a stoichiometry with a lack of sodium (PDF 01-085-2528).
However the remaining peak can be attributed to NaNbO3 (PDF 04-023-1697). In
batch c, some K2Nb4O11 are found especially around 2q < 30° (PDF 00-031-1059).

During sintering, a lot of changes occurred. These are observable in Figure 4.14.
Stoichiometric KNN can be noticed in batches b and c (PDF 00-061-0315). In batch
a, the pattern presents a shift compared to the stoichiometric KNN, sometimes to
the right sometimes to the left according to the peaks. Batch c also presents some
secondary phases that can be attributed to K2Nb4O11.
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Figure 4.13: XRD patterns after calcination.

20 30 40 50 60 70
0

1

2
Batch a

20 30 40 50 60 70
0

1

2
Batch b

20 30 40 50 60 70

2  (°)

0

1

2

In
te

n
si

ty

Batch c

Before sintering
After sintering
Potassium sodium niobate
K2Nb4O11

Figure 4.14: XRD patterns after sintering.
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4.4.2 After 12h soaking

Figure 4.15a compares an unsoaked sample with 4 samples soaked in ultra-pure
water. All the peaks were scaled based on the maximum value. Figures 4.15b and
4.15c expose the patterns for respectively deionized water and saline solution.

After soaking in ultra-pure water, a slight shifting can be observed. Sample a-
06, which underwent XRD before and after soaking, presents a shifting to the
right. Peaks corresponding to the crystal planes (100) and (200), (110) and (210)
are shifted by 0.23°; peaks for the crystal planes (020) and (201) by 0.20° and
finally the one for the crystal plane (121) is shifted by 0.18°. The same behavior
can be observed for samples a-04 and a-07 after soaking, compared to KNN-a-
06 before soaking except that the values are not exactly the same, although they
all share the same order of magnitude. Sample KNN-a-05 presented a deviating
behavior after soaking: the peak corresponding to the crystal plane (100) is almost
not present anymore. The other peaks are shifted to the left by higher values than
for the other samples. The intensities in the measurements of this sample are also
non constant: the intensity of the peak (211), located at 2q ' 56° increases and
becomes comparable to the one of crystal plane (121).

After soaking in ultra-pure water the only new behavior is observed on sample
c-01. The peaks are broader on this sample that they are on any other one.

The soaking in saline solution didn’t present any modification of the crystal struc-
ture as all the spectra are constant. This observation is valid for all the other
soaking conditions as shown in Figure 4.16.
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(a) 12h soaking in ultra-pure water
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(b) 12h soaking in deionized water
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(c) 12h soaking in saline solution

Figure 4.15: XRD patterns comparing samples soaked 12h in different liquids
with unsoaked samples.
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(b) 24h soaking in saline solution
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(c) 72h soaking in saline solution

Figure 4.16: XRD patterns comparing samples soaked in saline solution for dif-
ferent times with unsoaked samples.
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4.5 Grazing incident XRD

4.5.1 After 12h soaking

Figure 4.17 compares the GIXRD results of unsoaked with soaked samples in the
different solutions. Half of the samples were analyzed by this method and the
results are presented in this section.

A first and general observation is the smoothness of all the curves. The noise is
not too present. On unsoaked samples this translates the efficiency of the pol-
ishing to a quarter of a micron. On soaked samples this can be interpreted as a
modest modification of surface roughness. An important factor to highlight is the
presence of the peak corresponding to the crystal plane (100) for the sample a-05.
As presented in the previous section, this peak could not be observed on the XRD
pattern.

After soaking in ultra-pure water, no difference was observed. All the peaks
present before soaking are still there, at the same position and with the same
relative intensity compared with one another.

Soaking in deionized water also didn’t deeply modify the sample. No differ-
ence could be highlighted except for the sample from batch c that presented an
unwanted peak at 2q = 47° (after the bimodal peak located at 2q = 45°). This
peak isn’t present on the sample after soaking and is therefore supposed to be a
secondary phase.

The observations for Figure 4.17c representing the comparison before and after
soaking in saline solution are the same as the one for soaking in deionized water:
no difference is highlighted and the extra peak present for the sample from batch
c isn’t present on the sample after soaking. The same goes for the 24- and 72-hour
soaking in saline solution.

The only sample presenting a different behavior is c-03, presented in Figure 4.18a.
The peaks are still well represented but the noise is higher.
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(a) 12h soaking in ultra-pure water.
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(b) 12h soaking in deionized water.
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(c) 12h soaking in saline solution.

Figure 4.17: GIXRD patterns comparing samples soaked for 12h in different liq-
uids with unsoaked samples.
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4.5.2 Soaking in saline solution for different times
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(a) 6h soaking in saline solution.
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(b) 24h soaking in saline solution.
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(c) 72h soaking in saline solution.

Figure 4.18: GIXRD patterns comparing samples soaked in saline solution for
different times with unsoaked samples.
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4.6 Nanoindentation

Nanoindentation was performed on every sample before and after soaking. Af-
ter soaking different types of structures were analyzed based on what could be
observed. The indent was taken in the middle of the picture presented with the
measurements.

4.6.1 After 12h soaking

Figure 4.19 presents the curves obtained with the nanoindenter on a sample from
batch a soaked in ultra-pure water. The curves from the other sample are given in
Appendix D.1 as they present a similar behavior. Figure 4.19 highlights the fact
that the different spots that can be found on the surface present different mechan-
ical properties. For a same load they underwent a larger displacement by one
order of magnitude for some and by two orders for other. The load-displacement
curve before and after soaking measured on the normal-looking surface seem
comparable. However, when looking at the corresponding hardness, plotted in
Figure 4.20a, all the values are in the lower end. The three other samples present
a clear decrease in hardness with the majority of the different surfaces leading to
a lower hardness by orders of magnitude.

For the soaking in deionized water, the samples presented different behavior de-
pending on whether they originated from batch a or c. In batch a, a lot of these
different structures could be seen. In Figure 4.21 these structures presented larger
displacements for a given load compared to before soaking. Samples from batch
c, however, exhibited normal-looking surfaces and the only defect that could be
found didn’t show any significant difference in displacement; this is shown in
Figure 4.22 for one sample while the data for the second sample is presented in
Appendix D.9. The evolution of the hardness is presented in Figure 4.20b. As for
the soaking in ultra-pure water, the different structures on the surface of samples
from the first batch presented a low hardness. Two samples, one from batch a
and one from batch c, present a clear modification of the hardness upon soaking,
a decrease for the former, and an increase for the latter. However for the two
other samples no clear conclusion can be drawn.

In saline solution, the behavior was considerably more stable. Less different
structures could be seen on the surface, both for samples from batch a and from
batch c. Figure 4.23 presents curves for a sample from batch a soaked 12h in
saline solution, while the data for the three other samples are presented in Ap-
pendix D.5, D.10 and D.11 as they all present the same behavior. In terms of
hardness, the two samples from batch c couldn’t be measured before soaking due
to technical difficulties; the two samples from batch a present a general decrease
in hardness.
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Nanoindentation on KNN-a-07 before and after soaking

Before soaking
After soaking. Picture 1. Black spot
After soaking. Picture 2. Grey spot
After soaking. Picture 3. Shiny spot
After soaking. Picture 4. Normal looking surface

(a) Nanoindendation curves. A zoom of the area corresponding to a displacement of 140-
220 nm is presented in Appendix D.2

(b) Black spots. Pic-
ture 1

(c) Gray spots. Pic-
ture 2

(d) Shiny spots. Pic-
ture 3.

(e) Normal looking
surface. Picture 4

Figure 4.19: Nanoindentation on a sample soaked for 12h in ultra-pure water and
the corresponding pictures of the surface. The indent was taken in the middle of
the picture, except for picture 4 where it was taken on the shiny surface.
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(a) Ultra-pure water.
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(b) Deionized water.
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(c) Saline solution.

Figure 4.20: Comparison of the hardness obtained through nanoidentation before
and after soaking for 12h in different solutions.
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Nanoindentation on KNN-a-08 before and after soaking

Before soaking
After soaking. Picture 1. Black spot
After soaking. Picture 2. Grey spot
After soaking. Picture 3. Shiny spot
After soaking. Picture 4. Normal looking surface

(a) Nanoindendation curves. A zoom of the area corresponding to a displacement of 140-
220 nm is presented in Appendix D.3

(b) Black spots. Picture 1 (c) Grey spots. Picture 2 (d) Shiny spots. Picture 3.

(e) Normal-looking surface spot. Picture 4

Figure 4.21: Nanoindentation on a sample soaked for 12h in deionized water and
the corresponding pictures of the surface.
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Nanoindentation on KNN-c-01 before and after soaking

Before soaking
After soaking. Picture 1. Normal surface
After soaking. Picture 2. Grey spot

(a) Nanoindendation curves.

(b) Normal looking surface spot. Picture 1 (c) Grey spots. Picture 2.

Figure 4.22: Nanoindentation on a sample soaked for 12h in deionized water and
the corresponding pictures of the surface.
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Nanoindentation on KNN-a-10 before and after soaking

Before soaking
After soaking. Picture 1. Black spot
After soaking. Picture 2. Normal looking surface

(a) Nanoindendation curves.

(b) Black spots.
Picture 1

(c) Normal looking surface.
Picture 2

Figure 4.23: Nanoindentation on a sample soaked for 12h in saline solution and
the corresponding pictures of the surface. One curve taken on a black spot isn’t
displayed as the displacement during measurement exceeded the limit of 5000
nm.

4.6.2 After different periods of time in saline solution

After soaking for 6h in saline solution, two samples presented the same behavior
as previously presented. One of them is shown in Figure 4.24. As can be seen
in this Figure, a dark spot, that seems to have appeared from soaking, presents a
clear different mechanical behavior. The displacement corresponding to a given
load is different but the shape of the curve too: the displacement continues to
increase even during the unloading. The corresponding hardness presented in
Figure 4.28a shows a lower hardness for the different surfaces while the other
values don’t present a clear decrease or increase in hardness. A sample soaked for

Lise FAGNAN 62



CHAPTER 4. RESULTS

6h in saline solution presented a different behavior. As presented in Figure 4.25,
all the curves on the normal looking surfaces present an increase in displacement
during the unloading. As discussed later, in section 5.4.1, this leads to incorrect
measurements of the hardness.

The 24- and 72-hour soaking gave consistent results, one sample from each are
presented in Figure 4.26 and 4.27 respectively while the others are provided in the
Appendix D.6 and D.12 to D.15. The results are the same as previously observed:
only the different structures present a different mechanical behavior.
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(a) Nanoindendation curves.
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Figure 4.24: Nanoindentation on a sample soaked for 6h in saline solution and
the corresponding pictures of the surface.
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Nanoindentation on KNN-c-08 before and after soaking

Before soaking
After soaking. Picture 1. Normal
After soaking. Picture 2. Black spot

(a) Nanoindendation curves.

(b) Normal surface. Pic 1 (c) Black spot. Pic 2

Figure 4.25: Nanoindentation on a sample soaked for 6h in Saline solution and
the corresponding pictures of the surface.
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Nanoindentation on KNN-b-06 before and after soaking

Before soaking

After soaking. Picture 1. Normal

After soaking. Picture 2. Shiny

After soaking. Picture 3. Black spot

(a) Nanoindendation curves.

(b) Normal surface. Pic 1 (c) Shiny spot. Pic 2 (d) Black spot. Pic 2

Figure 4.26: Nanoindentation on a sample soaked for 6h in saline solution and
the corresponding pictures of the surface.
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Nanoindentation on KNN-b-04 before and after soaking

Before soaking
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After soaking. Picture 2. Black spot

(a) Nanoindendation curves.

(b) Normal surface. Pic 1 (c) Shiny spot. Pic 2 (d) Black spot. Pic 2

Figure 4.27: Nanoindentation on a sample soaked for 6h in Saline solution and
the corresponding pictures of the surface.
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(a) 6h in saline solution for four different samples.
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(b) 24h in saline solution for four different samples.
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(c) 72h in saline solution for four different samples.

Figure 4.28: Comparison of the hardness obtained through nanoindentation be-
fore and after soaking in saline solution for different times. The results from
sample c-08 can not be trusted.
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4.7 Microindentation

This section presents summarized data. Graphs containing the seven measure-
ments performed on each sample are presented in Appendix E.

4.7.1 Before soaking

The hardness of unsoaked samples was measured on two samples from each
batch, with seven indents on each of them. The results, summarized in Table
4.3, show a hardness of 3.2156 Gpa for batch a, 3.2205 GPa for batch b and 4.0190
GPa for batch c. Batch c has then a higher hardness than the first two batches by
0.8GPa. It also has the highest standard deviation with a variation of 4.83% from
the mean while it is 4.54% for samples from batch a. Batch b has a mean hardness
comparable to the batch a but the lowest standard deviation, with a deviation of
1.93%.

Mean value [GPa] Standard deviation [GPa]
Batch a 3.2156 0.1459
Batch b 3.2205 0.0621
Batch c 4.0190 0.1941

Table 4.3: Vickers hardness of unsoaked samples from batches a, b and c.

4.7.2 After 12h soaking

Figure 4.29 presents the evolution of the hardness upon soaking for 12h in differ-
ent liquids by comparing the results of the Vickers hardness test on the soaked
samples with the unsoaked samples from the same batch. It also highlights the
standard deviation of the seven indents performed per sample.

After soaking in ultra-pure water, the four samples exhibited a higher standard
deviation. This can be linked with the higher heterogeneity that was observable
on the samples. The deviation around the mean value equaled 4.66%, 8.10%,
4.98% and 6.44% for samples a-04 to a-07. One of the four samples presented
a higher hardness than the values before soaking with a mean value of 3.5915
GPa, which represents an increase of 11.69% compared to before soaking. The
three other samples showed a decrease in hardness of 2.08%, 7.07% and 3.64%
compared to before soaking.

After soaking in deionized water, samples from batch a presented a higher stan-
dard deviation, with a deviation of 7.18% and 7.98%, than the samples from batch
c. This, once again, emphasizes the observable heterogeneity on the samples. In
samples from batch c, the deviation is lower than before soaking, with 3.04% and
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2.23%. In terms of values of hardness, one sample from batch a showed an in-
crease of 6.02% and one exhibited a decrease of 10.02%. In batch c, one sample
showed an increase of 1.22%; but this increase is not significant as the average
value for the soaked sample in comprised between the averages from the two
samples measured. The second soaked sample revealed a decrease of 3.26%.

After soaking in saline solution the general trend is an increase of the hardness.
For samples from batch a the increase is of 20.23% and 15.69% while it is lower
for the samples from batch c with an increase of 3.84% and 4.59%. All the samples
present a low standard deviation, around 3.3% and even 1.29% for one sample.
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Figure 4.29: Variation and standard deviation of the hardness in comparison with
unsoaked samples in different liquids.

4.7.3 After different periods of time in saline solution

Figure 4.30 presents the same evolution of the hardness but upon soaking in
saline solution for different times. One may notice that the results for the 12-
hour soaking, already presented in the previous section, are reproduced in this
Figure. This is to gather all the data for the soaking in saline solution.
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Figure 4.30: Variation and standard deviation of the hardness upon soaking in
different times in saline solution.

The standard deviation is quite constant among the different samples, except for
one sample where an extreme value was obtained.

The 6-hour soaking led to a decrease in hardness of 3.83%, 6.89% and 1.64% for
three samples and an increase of 2.38% for the fourth sample. The 24-hour soak-
ing led to more compact results: the samples from batch b presented respectively
an increase of 3.58% and a decrease of 3.70%. The same behavior can be observed
in samples from batch c with an increase in hardness of 2.11% and a decrease of
2.60%. Finally the longest soaking lead to a decrease of 2.36%, 4.19% and 3.74%
while the last sample presented a slight increase in hardness of 1.05%.

4.8 SEM/EDX

SEM images of samples before and after soaking were taken and will be pre-
sented in this section. The EDX measurements and the SEM images from the
NorFab/NTNU NanoLab were obtained by Caitlin GUZZO as specified in the cap-
tion of the relevant figures.

Some low-magnification pictures, presented in Figure 4.31, allowed to compare
the general aspect of the surfaces of the samples after soaking. The samples from
batch a, soaked in deionized water, presented a different behavior than the other
ones: a lot of defects of different sizes and shapes were visible while the other
surfaces presented less pores and mainly darker areas.
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(a) a-09. 12h in deionized
water

(b) b-03. 6h in saline solu-
tion

(c) c-08. 6h in saline
solution

(d) b-07. 24h in saline solu-
tion

(e) c-09. 24h in saline solu-
tion

Figure 4.31: Comparison of the surfaces after soaking with SEM.

A slight zoom on samples from batch a allowed to see the general behavior: the
surface presents cracks and flakes at several different places. This behavior is vis-
ible in Figure 4.32 which displays an image taken with SEM on a sample soaked
for 12h in saline solution.

Figure 4.32: SEM image of sample a-11 after soaking for 12h in saline solution.
Obtained by Caitlin GUZZO.

Grain sizes can be investigated by comparing SEM results. Figure 4.33 compares
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three samples: b-07 and c-01 after soaking and c-06 before soaking. It can be
observed that the grains present similar sizes in the order of the micron. Sample
c-01 seems however to present slightly smaller grains.

(a) b-07 (b) c-01 (c) c-06

Figure 4.33: SEM comparing the grain sizes on two soaked samples and on a
thermally etched one.

An important result is the presence of sheet-like structures, displayed in Figure
4.34a. The EDX map reported that these structures are sodium-deficient com-
pared to the surroundings, without presenting an excess in potassium; niobium
and oxygen are also constant. An uncracked grain is visible in the middle of the
sheet-like structure and this grain does not present the sodium deficiency. An
excess of potassium, without any change for the other elements, can be seen in
the south-west corner and is linked to the pores present at this location. This
phenomenon of potassium in the pores after soaking is also highlighted in Fig-
ure 4.35b and compared to the situation before soaking (Figure 4.35a) where the
pores are not filled with an excess of potassium. The latter Figure also shows an
entrapped pore, introduced in Section 2.2.5. They are characteristic of abnormal
grain growth.
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(a) SEM image (b) EDX map - Potassium

(c) EDX map - Sodium (d) EDX map - Niobium

(e) EDX map - Oxygen

Figure 4.34: EDX map-scan on sample a-11 after soaking for 12h in saline solution.
Obtained by Caitlin GUZZO.
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(a) b-12 before soaking

(b) a-04 after soaking for 12h in ultra-pure water

Figure 4.35: EDX map-scan on samples before and after soaking. Highlighting of
the potassium excess in the pores after soaking. Obtained by Caitlin GUZZO.

Figure 4.36b presents a sodium-deficient region that corresponds to a lighter grey
spot on the SEM. This structure was observed on different samples, they pre-
sented different sizes and numbers. In batch c these secondary phases were
smaller but present in a higher amount than in batch a. These secondary phases
were also visible before soaking as exhibited in Figure 4.36a. To evaluate and
confirm the sodium deficiency, a line-scan was performed and the results are pre-
sented in Figure 4.37. They show a clear variation in sodium on the light-grey
region while all the other elements remain constant. Figure 4.38 represents a
crack, originating from a Vickers hardness test, being deflected by one of these
structures.
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(a) b-12 before soaking.

(b) a-11 after soaking for 12h in saline solution.

Figure 4.36: EDX map-scan on samples before and after soaking. Highlighting of
the sodium deficiency. Obtained by Caitlin GUZZO.
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Figure 4.37: EDX line-scan on the sample a-04 after soaking for 12h in ultra-pure
water. Obtained by Caitlin GUZZO.

Another line-scan was performed on a distinct sample soaked under the same
conditions. The results, presented in Figure 4.39, show a modification of the
potassium this time (and a slight variation in the oxygen) while the amount of
sodium remains constant. This modification of amount of potassium on surface
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Figure 4.38: SEM image of sample b-04 after soaking for 72h in saline solution.
Obtained by Caitlin GUZZO.

with different colors is also highlighted in Figure 4.40b. The pores present an
excess in potassium as already presented but the darker areas around it also sug-
gest an excess in potassium. Figure 4.41 show that for an unsoaked but thermally
etched sample these dark and potassium enriched areas are present.
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Figure 4.39: EDX line-scan on sample a-05 after soaking for 12h in ultra-pure
water. Obtained by Caitlin GUZZO.
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(a) SEM image (b) EDX map - Potassium

Figure 4.40: EDX map-scan on sample c-01 after soaking for 12h in deionized
water. Highlighting of the potassium excess. Obtained by Caitlin GUZZO.

(a) SEM image (b) EDX map - Potassium

Figure 4.41: EDX map-scan on sample b-12 unsoaked. Highlighting of the potas-
sium excess. Obtained by Caitlin GUZZO.
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DISCUSSION

This chapter provides a discussion of the results presented in chapter 4. It starts
with an evaluation of the appearance of the samples both before and after soaking
and continues with a critique on the density measurements. This is followed by
a discussion on the micro- and crystallographic structures where the secondary
phases are emphasized. The evolution of the mechanical properties upon soaking
are examined and finally a model for hydration is proposed.

5.1 Appearance and density

After sintering, the samples showed a homogeneous shape and color. They didn’t
appear brittle and no cracks were visible. After polishing the samples dimensions
were also constant in diameter and thickness. Batch c presented smaller but con-
stant diameters: between 7.80 mm and 8.03 mm while it was between 7.97 mm
and 8.26 mm for the two other batches. During sintering, as expected, the sam-
ples lost some mass. The maximum mass loss was of 1% but the average mass
loss was around 0.23%. As shown in Figure 3.4, in batches a and c this mass loss
was consistent, whereas a higher variation can be seen in batch b. These low
values support a good sintering and not too many alkali losses.

5.1.1 Density measurement

The values obtained with the Archimedes method were presented in Table 4.1
and are between 82.25 and 101.31% with an average value of 92.23%. The unusual
variations in measured density can be explained by the sensitivity of certain pa-
rameters of the Archimedes method. To illustrate this, 0.0005 g of weight is added
to either m1, m2 or m3 used to calculate the relative density of the bulk samples.
The corresponding relative density is presented in Table 5.1. This highlights the
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ease to obtain a variation of 2% in the resulting density. Even though a high pre-
cision scale was used, the continuous change in mass due to the evaporation of
the isopropanol when measuring m3 could explain the variation. Therefore, more
trust is placed in the values obtained with the geometrical method.

m1 [g] m2 [g] m3[g] Relative density [%]
0.2170 0.1776 0.2183 92.9264

0.2170 + 0.0005 0.1776 0.2183 93.1405
0.2170 0.1776 + 0.0005 0.2183 94.0822
0.2170 0.1776 0.2183 + 0.0005 91.7986

Table 5.1: Effect of small modifications in mass measurement on the relative den-
sity obtained with Archimedes method.

The average densities measured with the geometrical method were given in sec-
tion 4.1 as 93.22%, 92.18% and 95.60% for the three batches. This is in line with
values reported in the literature: over 94% for Yu et al. [95], 95% for Li et al. [54].

5.1.2 Observation after soaking

After soaking, regardless of the soaking conditions, a lot of bubbles were visible
as mentioned in section 4.2.2 (Figure 4.4).

Three hypothesis were drawn, all driven by the fact that more bubbles could be
seen around cracked samples.

• The presence of a reaction between the liquid and the material liberating
gas.

• The release of the air trapped in the pores of the material. As calculated,
the average density of the samples was around 93% for the first batch, the
one were the bubbles were first observed. This leaves some pores with air
entrapped.

• The saturation of the solution by air.

Despite being possible, the two first hypothesis are questionable. The first one
because the reaction of KNN with ultra-pure water should not release some gas.
The second one because even if some of these pores are open pores, others are
closed ones, so the amount of air trapped but capable of being released is proba-
bly too small to explain the amount of visible bubbles. The presence of bubbles
on the container walls is also inconsistent with this last hypothesis. The third
one, however, explains the presence of bubbles on the walls. Indeed, it is based
on Henry’s law that expresses the concentration of gas dissolved in a liquid at
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equilibrium through H, Henry’s constant [31]. The liquids used for soaking were
stored at room temperature, and at this temperature, H has a given value. A
given amount of air is therefore dissolved into the water. When the soaking
starts, the experimental setup is put inside an environmental chamber at 37°C,
a higher temperature than the room temperature. With an increase of temper-
ature, H increases1. The liquid is then saturated and bubbles appear. As their
formation is eased by imperfections on surfaces, it explains why these bubbles
were mostly visible on cracks (where the apparent surface is larger) and on the
container’s walls. This hypothesis considers that the presence of a material inside
the liquid is not the reason of the emergence of bubbles, and this was confirmed
by using a control solution. Indeed, bubbles were also visible in the solution put
in the environmental chamber without KNN. This hypothesis is thus the most
plausible.

5.1.3 Evolution of the mass and the pH upon soaking

As presented in Figure 4.3, the mass of the samples from batch b increased after
soaking while batch c didn’t show this increase. After soaking, all samples were
dried one night in a desiccator to remove all moisture trapped on the surface and
in the pores. From the density measurements (section 4.1) one can see that batch
b has a higher porosity than batch c. In one night, the samples from batch b could
conceivably not have the time to fully dry. The water present in the pores could
explain this increase in mass.

5.1.4 Microstructure

A way to evaluate the sintering is by inspecting the amount of entrapped pores
visible with the SEM. As discussed in section 2.2.5, these pores are to be avoided.
One example was shown in Figure 4.35a. The pores were found equally in sam-
ples from the three batches.

5.2 Crystallographic structure

The quality of the sintering and the calcination can be analyzed through the XRD
results, comparing the calcined powder and the sintered pellets (Figure 4.14). The
calcination was not perfect as shown by the presence of NaNbO3 in Figure 4.13.
This treatment uses temperature up to only 825°C. It was thus decided to not
re-mill and redo the calcination even with the presence of these phases and to

1This statement is true for temperature values under around 100°C, where H starts to decrease
as T increases [8].
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directly proceed to the sintering at 1125°C to complete the reaction. This choice
was profitable as the XRD pattern after sintering showed stoichiometric KNN for
batch b and c (Figure 4.14). The first batch presented variations in the peaks loca-
tions compared to the expected 2q locations of the stoichiometric KNN. The hy-
pothesis to explain this phenomenon is the amount of sacrificial powder that was
used during sintering. Indeed, for this first batch, less powder was used which
can lead to more alkalin losses. The third batch also presented some secondary
phases that can be linked to potassium niobates.

In terms of Raman spectroscopy, the majority of the spectra showed the pres-
ence of KNN through the active modes v1, v2, v5 and v1 + v5, characteristic of
KNN. However, the first batch presented a lot of different structures with dif-
ferent spectra (Figure 4.5) which can be explained as follows. The splitting into
two peaks, observed at a wavenumber of 861cm �1, can be related to the distor-
tion of NbO6 that occurs when the sodium and potassium ions are not present in
stoichiometric amount [27]. Liu et al. [57] presented a FT-Raman spectrum for
K4Nb6O17, a known secondary phase of KNN, with these two bands located at
these wavenumber. This structure presents a shorter Nb-O bond which distorts
the octoahedra.

The soaking did not impact the bulk crystallographic structure as, no matter the
soaking condition, the pattern didn’t present notable differences, see Figures 4.15
and 4.16. The crystallographic structure of the surface was also unmodified as
exhibited by the GIXRD (Figures 4.17 and 4.18).

5.3 Secondary phases

Raman spectroscopy and EDX measurements allowed to highlight the presence
of different secondary phases. Some could be seen before soaking, others ap-
peared after.

5.3.1 Layered structures

A first structure that could be observed is the layered structure (Figure 4.34a)
which is sodium deficient. A literature review allowed to identify this structure
as being K4Nb6O17, a layered tungsten bronze type structure [2, 59].

This K4Nb6O17 presents sheets that are cleavable and flexible [34]. This cor-
responds to what was observed in the SEM, as some of the layered appeared
bended in Figure 4.34a.

The Raman spectra of this structure are presented in Figure 4.6. A comparison
with what was found in the literature is presented in Figure 5.1. The spectra pre-
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sented in Figure 5.1b were obtained by Liu et al. [57], while Figure 5.1a takes
the spectra previously presented and adds the Raman shifts associated with the
different peaks. It can be highlighted that the peaks are located at the same Ra-
man shift even if the relative intensities are sometimes different. This allows to
conclude that these secondary phases are indeed a polyniobate: K4Nb6O17.
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(a) Raman spectra of layered structure on three different samples.

(b) FT-Raman spectra of the samples: (a) KNbO3, (b) KNb3O8, and (c) K4Nb6O17 [57]

Figure 5.1: Comparison of the layered structures with K4Nb6O17.

It could be said that for some of these layered structures the Raman spectra shares
similarities with both stoichiometric KNN and K4Nb6O17. This is highlighted in
Figure 5.2. This can be explained by the combination of two phenomena: the
depth of the layered structure can be smaller than the one of the Raman spec-
troscopy, and a grain of stoichiometric KNN could be present in the middle of
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Figure 5.2: Comparison of the Raman spectra measured on a layered structure
with KNN and K4Nb6O17.

the polyniobate. Indeed, Figure 4.34a proved this was possible.

5.3.2 Light-grey structures

As shown in Figure 2.13, SEM revealed the presence of light-grey structures. They
were reported to be tungsten-bronze type phase, K2Nb4O11 or K6Nb10.88O33 [7].

Structures with the same appearance were observed in this work (Figure 4.36b)
and EDX allowed to measure their sodium deficiency compared to stoichiometric
KNN. Another correlation with the presence of these K2Nb4O11 is reported in the
XRD results. Indeed, Figure 4.14, presenting XRD pattern before soaking of the
different batches, shows peaks corresponding to this phase in batch c. It was in
this batch that the light-grey structures were the most present. These polynio-
bates were already present before soaking as highlighted by Figure 4.36.

These light-grey structures could not be linked to any of the other structures
found with Raman spectroscopy or nanoidentation. Shape-wise they could be
the small darker area observed in Figures 4.11 and 4.12. However neither their
amount nor their mechanical properties are correlated. Indeed, Figure 4.38 shows
one of the light-grey structures deflecting a crack, while the hardness of the small
darker area obtained through nanoindentation was lower compared to the rest
of the sample. This mismatch in hardness prevents these structures from being
linked.

5.3.3 Shiny structures

The shiny structures, highlighted with the Raman spectroscopy (Figure 4.7) and
the nanoindentation, could not be observed with the SEM. This was expected
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as refracted light can be measured with the optical microscope but not with the
scanning electron microscope.

The appearance of the shiny structures can be compared to the one of niobium, a
silvery grey metal [17]. The presence of these supposed niobium-rich areas cor-
relates with the work of Ozmen et al. [63]. Indeed, they presented the formation
of a Nb-rich crust after 100-hour aging in ultra-pure water based suspensions
with an adjusted pH at 4. A part of their work was presented in the literature
review (section 2.2.7): the rates of dissolution of the different cations of KNN
are different and depend on the pH. They presented niobium as the most stable
cation and this stability was increased with an acidic medium. This adapts to this
work as follows: the different soaking conditions presented an acidic medium,
the saline solution being the most acidic with a pH around 5.5, the deionized wa-
ter is known to have a pH around 6 while the ultra-pure water is expected to have
a pH just below 7. Under these conditions the release of potassium and sodium
is larger than the one of niobium and the formation of a Nb-rich crust is possible.

The link between the pH and niobium stability can be highlighted with the pres-
ence of these silvery structures after 6h in saline solution, and their absence after
12, 24 and 72 hours 2. As shown in Figure 4.3, the pH of the saline solution in-
creases with time, this is due to the release of alkali. The small thickness of any
Nb-crust would be undetectable by Raman due to the interaction depth of the
technique. Indeed the thickness of the Nb-rich crust was calculated to be 0.01184
µm by Ozmen et al. after a 100-hour soaking while the depth of the beam used
in Raman spectroscopy is around 0.7 µm and the soaking lasted shorter in this
work. This considerable difference could explain why the spectra are mostly
comparable to KNN: it indeed measured the KNN underneath. Mostly as half
of the spectra presented in Figure 4.7 represented stoichiometric KNN, while the
other half, corresponding to samples soaked in ultra-pure water and deionized
water, can be attributed to K2Nb4O11.

However, ultra-pure water and deionized water have a higher pH than saline so-
lution and therefore niobium should be less stable. This is inconsistent with the
fact that samples soaked under these conditions presented the highest amount of
these structures. To clarify this, it has to be highlighted that these shiny struc-
tures were visible after soaking in these two liquids only on samples from batch
a. And this batch contained a lot of potassium-rich area with the secondary
phases K4Nb6O17, K2Nb4O11 and K6Nb10.88O33. As potassium is released three
times faster than niobium: all these large K-rich areas could be transformed into
Nb-rich crust during soaking. In batch c, no sheet-like structures were visible
but the K-rich regions were present. However they were smaller and the Nb-rich
layer resulting from the leakage of potassium could be too small to be seen. This
is also supported by the fact than the different spectra of the silvery structures on
samples soaked in ultra-pure water and deionized water (shown in Figure 4.7)

2Only one small area was visible after 72h.
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presented the characteristic peaks of potassium niobate.

5.4 Mechanical properties

5.4.1 Nanoindentation

The nanoindentation result showed that, on the surfaces whose look didn’t
change after soaking and on average, the hardness had a slight tendency to de-
crease for samples soaked, regardless of the soaking conditions (Figures 4.20a and
4.28a). However, on some samples, the hardness presented an increase, this is vis-
ible for sample c-01 soaked in denionized water (Figure 4.20b) and b-04 soaked
72h in saline solution (4.28c)

Some of the nanoindentation curves on the surface looking unchanged after soak-
ing present a slight stepped shape on the loading part. This is the case in Figure
4.26. This could be the trace of different behaviors of the surface, i.e. a differ-
ent structure to go through before going back to the behavior corresponding to
the bulk. This situation is illustrated in Figure 5.3 where h1 is the depth of the
secondary phases. This behavior was also observed on samples before soaking
(Figure 4.23) and is too inconsistent with the rest of the dataset to draw any con-
clusion. However, on the different structures present on the surface, this behavior
was more emphasized as the slope of the curve increased sharply after a given
displacement higher than 800 nm in certain samples, 600 nm in others or even
higher (see also Figure 4.23). As a comparison, the depth of the Raman is 0.7 µm
(700 nm) and was able to measure the different spectra of the structure. This be-
havior could mean that the material is impacted by the soaking only to a depth
less than these hundreds of nanometers and that the bulk of the material wasn’t
weakened.

Some measurements out of samples soaked for 6h in saline solution presented a
curve with a different shape than the rest (Figure 4.24 and 4.25). This behavior
is called the nose effect. It is the result of a creep effect in the material and could
be avoided by applying a dwell time before the unloading [76]. This nose effect
leads to a negative contact stiffness, used to calculate the hardness. Therefore the
hardness can’t be confidently measured with the Oliver and Pharr method used
in this work.

Secondary phases

The secondary phases identified as layered tungsten-bronze K4Nb6O17 and Nb-
crust presented lower values of hardness than the rest of the material. This was
shown in Figures 4.19 and 4.21 by a maximum displacement at respectively 1500
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Figure 5.3: Schematic representation of the measurement of a soft secondary
phase with the nanoindenter.

and 2900 nm. As a comparison the maximum displacement measured on the rest
of the surface was 200 nm. This is translated to a loss of hardness by three orders
of magnitude.

Figure 4.34a featured cracks on the layered tungsten-bronze phase appearing af-
ter soaking. Because of the poor hardness observed, the cracks are believed to
start from one of the cracks between the sheets.

A hypothesis for the low hardness of the Nb-crust lies in the ductility of niobium.
This metal presents a Vickers hardness of 1.47 GPa [17] which correlates with
the low value observed in Figure 4.20a. However, the thickness of this crust was
presented (in section 5.3.3) to be lower than 10 nm. Hence, the results suggest that
the thickness impacted by the presence of the crust is larger than the thickness of
the actual crust.

5.4.2 Hardness variation

The Vickers hardness of samples before soaking was measured, in average, to be
between 3.2 GPa for the batch a and 4.01 GPa for the batch c. This is in the range
of the 3.55 GPa reported for KNN by another study [55] and also presented in the
literature review, section 2.2.8.

As presented in Figures 4.29 and 4.30, the variation of the Vickers hardness
showed sometimes an increase and sometimes a decrease upon soaking. The
samples from batch a, soaked for 12h, had the most inconsistent results with the
highest increase and the highest decrease in hardness. Out of the eight samples
tested from this batch, four presented an increase in hardness, and these four sam-
ples were broken during soaking. Out of the four samples presenting a decrease
in hardness, three presented an unchanged surface after soaking. The hypothesis
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of the survivorship bias can therefore be drawn: the broken, and therefore un-
measured surfaces, presented probably the lowest hardness as they broke; only
the remaining parts, probably the hardest were measured and this could explain
the general impression of increase in hardness. Figure 5.4 presents the two sam-
ples that presented the highest increase in hardness, they were both soaked for
12h in saline solution and they both lost a large portion upon soaking.

(a) a-10
.

(b) a-11. The measurement were performed
on the piece on the right.

Figure 5.4: Appearance of the two samples presenting the highest increase in
Vickers hardness.

Looking in more details at the results from the soaking of the other batches, the
samples from batch b presented a behavior independent from the soaking condi-
tion, shown in Figures 4.29 and 4.30. After 6h the two samples presented some-
times higher sometimes lower values. After 24h one sample presented a clear
increase in hardness while the second one presented some decrease. Finally after
72h one sample presented a clear decrease while the other showed no differences.
All the samples from batch c, no matter the soaking conditions, presented their
seven measurements in between the measurements of the two unsoaked samples.
So even if the average hardness presents a variation from �3.47% to +4.59%, the
individual data points don’t show any clear modification. It can be concluded
that, for this batch, the soaking didn’t impact the Vickers hardness.

One sample marks an exception to this observation. c-03, soaked for 6 hours
in saline solution presented a clear decrease in hardness as its highest hardness
corresponded to the lowest value of one of the unsoaked sample and to the av-
erage of the second unsoaked sample. This is also the only sample presenting a
change in the GIXRD pattern (Figure 4.18a). The characteristic peaks of KNN rep-
resentative of the crystallographic structure were visible but the noise was higher
than compared to the other samples. However, the nanoindentation results didn’t
present this decrease in hardness as show in Figure 4.28a.

Some of the indents performed were image with SEM, which means that the cor-
responding hardness could be traced back. A notable result is presented in Figure
5.5. This indent presents a dark outline, especially on the top-part of the indent,
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characteristic of what was found after soaking. However the obtained hardness
was 400.5 GPa while the average for this sample was 399.14 GPa. This apparently
different surface didn’t give a different hardness. This result is not unforeseen
as the goal of the Vickers hardness measurement is to obtain an average hard-
ness of a representative part of the sample. However, it can be said that the new
structures appearing on the surface are not contributing to a large decrease of the
Vickers hardness. It should be noted that this dark outline was not observed in
other indents.

Figure 5.5: SEM images of an indent performed on c-09 after soaking

5.5 Hydration

5.5.1 Layered structure

Gasparin et al. [34] studied the impact of the humidity on this structure. Their
results showed the formation of a trihydrate compound where the sheets would
glide along a vector contained in the (100) plane. This gliding leads to an increase
of the distance |b|, while the two other dimensions, |a| and |c|, characteristic of the
NbO6 octahedra, were constant upon hydration. Their results being for exposure
to humidity present in the air, it can be said that by immersing the compound in
water, this phenomenon accelerates. Therefore when soaking, this hygroscopic
secondary phase will increase in volume. This increase in volume explains why
some surfaces after soaking presented cracking and flaking as seen in Figure 4.32.

The insertion of water molecules in between the sheets breaks some bonds, as
can be seen in Figure 5.6, where the dotted lines represent the bonds that break
during the formation of the trihydrate compound. This eases the separation of
the sheets under mechanical stress and the presence of these structures should
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decrease the hardness of the material. This corresponds to what was observed
in the nanoindenation results and discussed in section 5.4.1 as the curves mea-
sured on these structures showed higher displacement for a given load and a
hardness decreased by orders of magnitude. The role of these layered structures
in the mechanical stability of the sample upon soaking is supported by the fact
that, before soaking, significantly more of these structures could be observed on
samples of batch a compared to batch c and after soaking in the different liquids
for 12 hours, almost all the samples from batch a presented cracks or were bro-
ken, while samples from batch c appeared mostly flawless. Based on this finding
it can be concluded that the cracks observed after soaking (Figures 4.34a, 4.32)
originated from these structures.

Figure 5.6: Hydration mechanism of K4Nb6O17 [34]

5.5.2 Potassium leakage

As presented in the literature review, section 2.2.7, potassium is expected to be
the first alkalin to leave the pellet upon soaking. This was confirmed by the EDX
map showing potassium in the pores after soaking but not before soaking. This
would mean that during the rinsing of the surface after soaking, the potassium
entrapped in the pores is not fully rinsed and accumulates.

With the cracks originating from the hydration of the layered structures, more
surface is exposed which could increase this leakage.
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The effect of soaking is believed to be a desorption of cations from the surface
after a reaction between H+, OH– and the surface. However, as shown in Figure
4.41, an enrichment of potassium on the surface was seen on an unsoaked sample.
Two reasons can explain this without jeopardizing the described effect of soaking:

• The study of Gasparin [34] showed that hydration of the layered structure
happened with the humidity of the air. The unsoaked samples, even if they
were kept in a desiccator, spent some time in contact with the air.

• The sample on which the phenomenon was observed was thermally etched.
This means it received a lot of thermal energy. This energy could be suffi-
cient to start the reaction of releasing potassium and therefore explain the
results.
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CONCLUSION

The aim of this thesis was to contribute to the general effort of developing KNN-
based materials for biomedical applications. To fulfill this objective, it was de-
cided to focus on the impact of soaking on the mechanical properties of KNN as
their control over time is of great importance for implant materials. In practice,
this translates by using three liquids of different chemical complexity for soak-
ing and measuring their impact on the material though different mechanical and
chemical characterization methods.

In a first step, state of the art of KNN has been studied. This allowed to high-
light the benefits of this material as a bone implant and to predict the challenges
that could arise during the work. The main qualities of KNN are its biocompat-
ibility and its mechanical and piezoelectric properties aligned with the function
it intends to fulfill. While the main challenge is the reproductability due to the
presence of secondary phases.

Then, a solid-state synthesis was carried out to synthesize three batches of sto-
ichiometric KNN for a total of 42 pellets. The soaking took place in ultra-pure
water and deionized water for 12h and in saline solution for different periods of
time: 6h, 12h, 24h and 72h.

Different characterization methods, each of them with their own goal, were used.
Nanoindentation and microindentation allowed to control the evolution of the
hardness of the surface and the bulk respectively. X-ray diffraction was also per-
formed on the bulk and on the surface to monitor change in the crystallographic
structure. Raman spectroscopy was used to investigate the chemical structure at
the surface. Finally SEM and EDX were used to investigate the chemical compo-
sition and appearance of the samples.

Analysis performed on samples before soaking reported an average hardness of
12.28 GPa and an average Vickers hardness of 3.48 GPa. Raman spectroscopy
identified layered tungsten-bronze K4Nb6O17 secondary phase by comparing the
results with previously reported results. Tungsten-bronze K2Nb4O11 secondary
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phase were identified both with SEM and XRD.

The two main conclusions that emerged from this thesis are that no clear dif-
ference in behavior was measured based on the soaking conditions and that
secondary phases can be detrimental to the material. Indeed, the hardness
showed only notable differences when measured on the secondary phases with
the nanoindentation. The hygroscopicity of layered tungsten-bronze K4Nb6O17
was determined to be the main factor of failure of the samples by the formation
of a trihydrate compounds whose mechanical properties are prone to fracture.
The formation of a Nb-crust was suggested by the presence of shallow niobium-
rich areas. They can be prejudicial for the mechanical stability of the material due
to the low hardness of niobium. The presence of this crust decreased with the in-
crease of the pH of the saline solution. This is encouraging when keeping in mind
the final biomedical applications as human blood and interstitial fluids present a
pH of 7.35-7.45 [67], a more basic value than what was used in this work, and
also a value for which the niobium is less susceptible to form a crust. A des-
orption of potassium from the surface during soaking was highlighted with EDX
but was not linked to any modification of the mechanical stability of the material
as the Vickers hardness presented low variations. The crystallographic structure
remained constant through soaking as exhibited by the GIXRD results.

It is concluded that, in the absence of layered tungsten-bronze K4Nb6O17 sec-
ondary phases, pellets of stoichiometric KNN are able to sustain 72-hour soaking
in saline solution. This result is encouraging in the pursuit of making KNN an
efficient material for bone implant. However, further work is required to reach
this goal.

Further work

As the results showed no difference in the bulk of the material, next studies
should focus on longer soaking time to both accentuate the modifications at the
surface and to investigate whether the bulk undergoes any modification.

Because of their impact on the material, layered tungsten bronze K4Nb6O17
should be avoided in future work. In this work it was due to a poor amount
of sacrificial powder during sintering. Therefore this parameter should be more
precisely controlled.

Nanoindentation could be performed with different loads on a same sample. This
would allow to investigate the variation of the surface properties and to measure
the thickness of the impacted layer. Different parameters for the Raman spec-
troscopy would also help decreasing the penetration depth.

As the samples sustained soaking in saline solution, this liquid could be used for
a longer soaking. However, different and more complex, liquids can be used. The
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pH was shown to be an important factor, therefore it should be more controlled
in future work. Phosphate-buffered saline, with its pH at 7.4 is a good candidate
for the next solution to use.
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APPENDIX

A Precursor used

Chemicals In batch a (g) In batch b (g) In batch c (g)
Na2CO3 2.3114 2.3119 2.3117
K2CO3 3.0145 3.0152 3.0147
Nb2O5 11.5938 11.5938 11.5934

Table 1: Amount of precursor used for the three different batches.

B Geometrical measurement of the samples

Mass [g] Diameter [mm] Thickness [mm]

a-04 0.2307

8.04
8.04
8.01
8.01

1.13
1.12
1.09
1.10

a-05 0.2305

8.05
8.09
8.07
8.09

1.07
1.05
1.12
1.05

a-06 0.2292

8.14
8.15
8.15
8.16

1.03
1.05
1.04
1.05

a-07 0.2483

8.15
8.12
8.15
8.12

1.13
1.14
1.13
1.13

Continued on next page . . .
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. . . continued from previous page
Mass [g] Diameter [mm] Thickness [mm]

a-08 0.2569

8.05
8.09
8.07
8.10

1.18
1.18
1.19
1.18

a-09 0.2529

8.05
8.06
8.07
8.10

1.18
1.25
1.24
1.24

a-10 0.2375

8.05
8.06
8.05
8.03

1.10
1.10
1.11
1.13

a-11 0.2394

8.00
8.02
8.07
8.06

1.07
1.04
1.08
1.09

a-12 0.2183

8.10
8.03
8.03
7.97

1.02
1.04
1.03
0.99

a-13 0.2537

8.12
8.16
8.14
8.12

1.20
1.18
1.13
1.13

a-14 0.2182

8.01
8.06
8.04
8.06

1.00
1.05
1.03
1.05

b-02 0.2572

8.05
8.08
8.10
8.05

1.20
1.20
1.17
1.15

b-03 0.2472

8.09
8.14
8.06
8.11

1.13
1.10
1.12
1.12

Continued on next page . . .
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. . . continued from previous page
Mass [g] Diameter [mm] Thickness [mm]

b-04 0.2535

8.04
8.07
8.08
8.09

1.22
1.24
1.18
1.18

b-05 0.2553

8.26
8.06
8.14
8.06

1.17
1.18
1.19
1.22

b-06 0.2606

8.04
8.07
8.06
8.10

1.16
1.18
1.19
1.21

b-07 0.2571

8.01
8.01
8.04
8.03

1.23
1.23
1.26
1.23

b-08 0.2580

8.00
8.03
8.05
8.08

1.23
1.22
1.24
1.30

b-10 0.2614

8.00
8.01
8.03
8.05

1.21
1.22
1.25
1.27

b-11 0.2420

8.07
8.13
8.14
8.18

1.12
1.13
1.14
1.16

b-12 0.2684

8.01
8.04
8.05
8.05

1.25
1.30
1.26
1.33

c-01 0.2350

7.89
7.90
7.87
7.90

1.13
1.09
1.11
1.12

Continued on next page . . .
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. . . continued from previous page
Mass [g] Diameter [mm] Thickness [mm]

c-02 0.2220

7.85
7.93
7.85
7.90

1.03
1.09
1.11
1.06

c-03 0.2168

7.94
7.96
7.96
7.96

1.02
1.02
1.02
1.05

c-04 0.2455

7.88
7.89
7.89
7.91

1.12
1.11
1.16
1.15

c-05 0.2364

7.88
7.83
7.88
7.90

1.10
1.07
1.11
1.11

c-06 0.2475

7.88
7.90
7.95
7.90

1.14
1.17
1.13
1.15

c-07 0.2449

7.87
7.95
8.00
7.96

1.12
1.13
1.15
1.12

c-08 0.2257

7.89
7.90
7.88
7.92

1.08
1.06
1.11
1.03

c-09 0.2196

7.89
7.90
7.88
7.80

1.03
1.06
1.02
1.02

c-10 0.2212

7.85
7.93
7.86
7.87

1.03
1.12
1.10
0.96

Continued on next page . . .
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. . . continued from previous page
Mass [g] Diameter [mm] Thickness [mm]

c-11 0.2091

7.94
7.91
7.99
8.00

1.01
1.04
1.02
1.04

c-12 0.2121

7.94
7.97
7.99
8.03

1.00
1.01
1.02
0.99

Table 2: Geometrical measurement of all the samples

C Raman

C.1 Before soaking
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Samples from batch b before soaking
KNN-b-02 - Normal looking surface
KNN-b-12 - Normal looking surface
KNN-b-02 - See Picture 1
KNN-b-12 - See Picture 2

(a) Raman spectroscopy

(b) Picture 1 (c) Picture 2

Figure 1: Raman spectroscopy on two samples from batch b and the correspond-
ing pictures of the surface.
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Sample from batch c before soaking

KNN-c-06 - Normal looking surface
KNN-c-06 - See Picture 1
KNN-c-06 - See Picture 2

(a) Raman spectroscopy

(b) Picture 1 (c) Picture 2

Figure 2: Raman spectroscopy on one sample from batch c and the corresponding
pictures of the surface

D Nanoindentation

D.1 KNN-a-06

One curve taken on a black spot isn’t displayed as the displacement during mea-
surement exceeded the limit of 5000nm.
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Nanoindentation on KNN-a-06 before and after soaking

Before soaking
After soaking. Picture 1. Black spot
After soaking. Picture 2. Grey spot
After soaking. Picture 3. Normal looking surface

(a) Nanoindendation curves

(b) Black spots. Picture 1 (c) Gray spots. Picture 2

(d) Normal looking surface spot. Picture 3

Figure 3: Nanoindentation on a sample soaked for 12h in ultra-pure water and
the corresponding pictures of the surface.
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D.2 KNN-a-07
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Nanoindentation on KNN-a-07

Before soaking
After soaking. Picture 1. Black spot
After soaking. Picture 2. Gray spot
After soaking. Picture 3. Shiny spot
After soaking. Picture 4. Normal looking surface

Figure 4: Nanoindentation on KNN-a-07 before and after soaking. Zoom from
Figure 4.19a.

D.3 KNN-a-08
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Nanoindentation on KNN-a-08 before and after soaking

Before soaking
After soaking. Picture 1. Black spot
After soaking. Picture 2. Grey spot
After soaking. Picture 3. Shiny spot
After soaking. Picture 4. Normal looking surface

Figure 5: Nanoindentation on KNN-a-08 before and after soaking. Zoom from
Figure 4.21a.
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D.4 KNN-a-09
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Nanoindentation on KNN-a-09 before and after soaking

Before soaking
After soaking. Picture 2. Grey spot
After soaking. Picture 3. Shiny spot
After soaking. Picture 4. Normal looking surface

(a) Nanoindendation curves.

(b) Grey spots. Picture 2 (c) Shiny spots. Picture 3.

(d) Normal looking surface. Picture 3

Figure 6: Nanoindentation on a sample soaked for 12h in deionized water and
the corresponding pictures of the surface. The indent was taken in the middle of
the picture.
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(a) Nanoindendation curves. A zoom out of Figure 6a

(b) Black spots. Picture 1

Figure 7: Nanoindentation on a sample soaked for 12h in Deionized water and
the corresponding pictures of the surface. The indent was taken in the middle of
the picture.
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D.5 KNN-a-11

(a) Nanoindendation curves.

(b) Black spot. Pic1 (c) Normal looking surface. Picture 2

Figure 8: Nanoindentation on a sample soaked for 12h in Saline solution and the
corresponding pictures of the surface.
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D.6 KNN-b-07

Figure 9: Nanoindendation on a sample soaked for 24h in saline solution.
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D.7 KNN-b-08

(a) Nanoindendation curves.

(b) Normal surface. Pic 1 (c) Black spot. Pic 2

Figure 10: Nanoindentation on a sample soaked for 6h in Saline solution and the
corresponding pictures of the surface.
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D.8 KNN-b-11

Figure 11: Nanoindendation on a sample soaked for 72h in saline solution.
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D.9 KNN-c-02
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(a) Nanoindendation curves.

(b) Normal looking surface.
Picture 1

(c) Black spot.
Picture 2.

Figure 12: Nanoindentation on a sample soaked for 12h in deionized water and
the corresponding pictures of the surface.
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D.10 KNN-c-04
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(a) Nanoindendation curves.

(b) Normal surface. Pic-
ture 1

(c) Shiny spot.
Picture 2

Figure 13: Nanoindentation on a sample soaked for 12h in saline solution and the
corresponding pictures of the surface.
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D.11 KNN-c-05
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(a) Nanoindendation curves.

(b) Normal surface. Picture 1 (c) Stripes. Picture 2

Figure 14: Nanoindentation on a sample soaked for 12h in saline solution and the
corresponding pictures of the surface.

D.12 KNN-c-09

0 100 200 300 400 500 600 700 800 900 1000

Displacement (nm)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

L
o
a
d
 (

N
)

Nanoindentation on KNN-c-09 before and after soaking

Before soaking
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Figure 15: Nanoindendation on a sample soaked for 24h in saline solution.

Lise FAGNAN 120



APPENDIX . APPENDIX

D.13 KNN-c-10
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Figure 16: Nanoindendation on a sample soaked for 24h in saline solution.

D.14 KNN-c-11

Due to technical difficulties, nanoindentation could not be performed on this
sample before soaking.
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Figure 17: Nanoindendation on a sample soaked for 72h in saline solution.
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D.15 KNN-c-12

Due to technical difficulties, nanoindentation could not be performed on this
sample before soaking.
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Figure 18: Nanoindendation on a sample soaked for 72h in saline solution.
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E Microindentation

E.1 Soaking 12h in different liquids
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Figure 19: Vickers hardness obtained on different samples, before and after soak-
ing for 12h in different solutions
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E.2 Soaking in saline solution for different times
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(a) 6h in saline solution

Batch b before soaking b-06 b-07 Batch c before soaking c-09 c-10

Sample

3

3.2

3.4

3.6

3.8

4

4.2

4.4

H
a

rd
n

e
s 

[G
P

a
]

Vickers hardness before and after soaking in saline solution for 6h

Average

(b) 24h in saline solution
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Figure 20: Vickers hardness obtained on different samples, before and after soak-
ing in saline solution for different times
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