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Abstract 

The unique features of the Spark plasma sintering (SPS) technique were used 
to investigate the sintering and deformation behaviour of titanium and 
titanium–titanium diboride composites, and to control the sintering and grain 
growth of ferroelectric Na0.5K0.5NbO3 (NKN) and of bioactive 
hydroxyapatite (HAp). In the SPS unit the samples normally experience a 
temperature different from that recorded by the thermocouple (pyrometer) 
used, and this temperature difference has been estimated from in-situ 
measurements using a metallic sample (titanium) and a non-conducting 
sample (NKN).  

 
Sintering and deformation of titanium was investigated in SPS process. 
Increasing heating rate and/or pressure shifted the sintering to lower 
temperatures, and the sintering and deformation rates changed when the 
α→β phase transition temperature was passed. Titanium was added in order 
to prepare fully dense TiB2 composites. The Ti/TiB2 composites could be 
deformed at high temperatures, but the hardness decreased due to the 
formation of TiB.   
   
The kinetic windows within which it is possible to obtain fully dense NKN 
and HAp ceramics and simultaneously avoid grain growth are defined. Both 
materials have a threshold temperature above which rapid and abnormal 
grain growth takes place. The abnormal grain growth of NKN is associated 
with a small shift in the stoichiometry of the samples, which in turn impairs 
the ferroelectric properties. Fully transparent HAp nanoceramics have been 
prepared, and between 950 and 1050 oC elongated grains are formed, while 
above 1050 oC abnormal grain growth takes place.  

 
NKN samples containing grains of the sizes 0.35–0.6 µm yielded optimum 
ferroelectric properties, i.e. a high remanent polarization (Pr = 30 µC/cm2) 
and high piezoelectric constant (d33= 160 pC/N). The ferroelectric domain 
structure was studied, and all grains exhibited a multi-domain type of 
structure. 
 
The very rapid heating rates and high pressures used in this study made it 
possible to shorten the sintering process to 7–20 min, to avoid 
decomposition and/or deteriorating reactions during sintering and to prepare 
samples with fine-grained microstructures.  
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1 Introduction 

1.1 Spark Plasma Sintering (SPS) 

The Spark plasma sintering (SPS) technique (also named Field Assisted 
Sintering Technology (FAST), Pulsed Electric Current Sintering (PECS), 
and Electric Pulse Assisted Consolidation (EPAC)) was first developed in 
the 1930s in the USA, and when the original patent ran out in the 1980s the 
technique was commercialized and started to attract interest at various 
universities and industrial research laboratories, especially in Japan1, 2. 
Several different materials can be compacted by the SPS technique: metals, 
composites, and oxides, nitrates, carbides, mesoporous materials, polymers 
etc. Even materials which are considered to be difficult to sinter can be 
sintered in short times and at relatively low temperatures to full density. The 
SPS technique resembles hot pressing (HP) to a great extent as discussed 
below. The benefits of the SPS technique compared to the HP technique can 
be summarized as (i) Rapid heating/cooling rates and short sintering times 
can be applied (ii) Higher pressures can be used, which in turn yields higher 
densities at lower temperatures (iii) The presence of an electric current/field 
is said to enhance/activate the sintering (iv) Most materials can be densified 
at low temperatures using considerably shorter sintering times.  

 
 A schematic picture of an SPS unit is shown in Figure 1-1. It consists of a 
pressure device with water-cooled upper and lower rams, a water-cooled 
reaction chamber that can be evacuated, a DC generator that generates pulses 
and a computer-based process controller which also records the shrinkage, 
temperature, pressure, average voltage and current during the process. 

 
Figure 1-1 A schematic picture of an SPS unit 
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The SPS configuration is similar to the conventional HP setup. In both cases 
the precursor powder is loaded into a die, usually made of graphite, and a 
uniaxial pressure is applied. In the HP unit the die is heated by heating 
elements located in the reaction chamber. In SPS unit there is no external 
heating element but the die is heated by a pulsed DC current that goes 
through the conductive die, i.e. the die serves both as pressure die and 
heating element.  This means that the sample can be heated from both 
outside and inside. 

 As the pressure die is usually made of graphite, and due to its high 
conductivity, low voltage and high current are used. In our SPS unit (Dr 
Sinter 2050 SPS) the maximum voltage is 15 V and current 5500 A. The 
current is a pulsed DC current, and the time duration of a pulse is 3.3 ms. It 
is possible to program the pulses in such a way that you have a set of pulses, 
e.g. 12, followed by a set of time periods with no current, e.g. 2. This on–off 
sequence is named 12:2. The on pulses can be programmed from 1 to 99 
whereas consecutive off pulses are limited to a maximum of 9. The pulse 
sequence 12:2 is recommended by the manufacturer, though there is no 
scientific reason for that. The only limitation according to the manufacturer 
is that the off pulses should not exceed the number of the on pulses.  In this 
thesis a 12:2 pulse setting is used if not otherwise stated. A 12:2 on/off pulse 
sequence is presented in Figure 1-2; typically the first pulse is lower than the 
following ones. Furthermore, the height of the pulses varies and occasionally 
the number of pulses can differ from the programmed sequence. 3, 4  

 
Figure 1-2 A pulse sequence of 12:2.  

It is possible to use very high heating rates in the SPS (up to 1000 °C·min-1), 
though in our apparatus we have used maximum 600 °C·min-1. The highest 
possible temperature so far used is 2200 °C. Both maximum temperature and 
heating rate are limited by the size of the die; a larger die needs higher 
current than a small die to be heated to the same temperature. It is also 
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important to consider that the higher heating rates affect the temperature 
distribution in the die and sample, as discussed below. In our SPS we use 
two types of temperature measurements: a K-type thermocouple inserted 1–2 
mm into the die surface or a radiation pyrometer focused on the die surface. 
The thermocouple starts to work at room temperature, but is limited to 
temperatures below 1000 °C. The pyrometer works above 600 °C. 
 
The SPS configuration allows applying and releasing the pressure very fast, 
and very high pressures compared to conventional HP can be used. The 
quality of the graphite sets the upper limit for the pressure and the quality we 
are using makes it possible to use pressures up to 200 MPa. Anselmi-
Tamburini et al.5 have developed a high-pressure cell which can use 
pressures up to 1 GPa for a sample size of 5 mm. In our modification of the 
high-pressure die we can achieve 500 MPa for a sample size of 8 mm using 
WC and/or SiC punches. The high-pressure cell consists of an external 
graphite die, which is very similar to the normal die presented in Figure 1-3.  
The graphite punches of the outer die are separated from the punches of the 
inner die by plates that are made of either Sialon or WC. The inner graphite 
die fits tightly to the outer die, and the punches of the inner die are made of 
either SiC or WC. The choice of material depends on the wanted effect: 
conductive WC plates and punches are chosen when one wants current to 
pass through the sample, and non-conductive Sialon/SiC plates and punches 
when one wants to block the current. When the current is blocked by 
Sialon/SiC parts, the sintering process will be more like conventional HP 
than SPS. But when the current flows through the conductive die parts the 
sintering and temperature behaviour is similar to “normal” SPS sintering.   

 
Figure 1-3 Die settings for the normal die and high pressure die. The arrows point 

out the place for temperature measurements 
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At the very beginning of the SPS era it was claimed that plasma is formed 
between the particles but there is no experimental evidence that proves this 
statement. Vanmeensel et al. have also shown by simulation work that very 
little current is actually passing through non-conductive material, thus 
eliminating the possibility of plasma formation 6. Nevertheless, Groza et al. 
and Kim et al. showed in their experiments that the particles experienced a 
“cleaning” of the surface when the particles were exposed to high current 
densities, which in turn promoted the breakdown of the oxide layer on their 
surface and promoted neck growth and plastic deformation 7, 8.  

It has been shown that the presence of an electric current and/or field may 
give rise to changes in phase transformation temperatures, nucleation rates 
and grain growth rates, reactions patterns and deformation behaviours of 
different materials9-11. The proposed explanations invoke variations of 
dielectric and magnetic properties of materials 12, increased diffusion rates, 
enhanced annihilation of dislocations, and changes in mobility of 
dislocations and vacancies 10. Even though it is very difficult to separate the 
effect of current from that of temperature in SPS; it is quite certain that 
materials sintered in SPS are exposed to high electric and magnetic fields 
during sintering, which most probably has an effect on the sintering. 

1.1.1 Temperature  

As already mentioned above, the temperature is very important in SPS. 
Much experimental and simulation work has been done with the aim to 
reveal the temperature distribution in SPS. It is widely accepted that the 
actual temperature inside the sample is higher than the measured (control) 
temperature on the die surface, and the magnitude of the gradient depends on 
the properties of the sample, heating rate, thermal and electric conductivity 
of the die as well on the size and the shape of the die. Large temperature 
gradients increase the inhomogeneities in the sintered specimen and thus 
lead to inhomogeneities in properties. 

Zavaliangos et al. showed in early 2004 that the Joule heating in the 
punches is an important source of heat and that the cylindrical part of the die 
acts as a heat sink during sintering. They also pointed out the importance of 
thermal and electric contact resistance for temperature distribution during 
heating. According to their experience, the temperature gradient between the 
real and control temperature for a non-conductive material (Al2O3) is 10–
15% less than for a conductive material. This is further proved by 
Vanmeensel et al. when they sintered conducting TiN and non-conducting 
Y-ZrO2. The TiN experienced radial temperature gradient of 79 °C inside the 
sample compared to 25 °C in the case of Y-ZrO2. This was explained by 
their different electrical properties. Most of the current flows through the 
conducting TiN, and the die acts more as a heat sink, while in the case of 
zirconium the current is forced to flow through the graphite die, and the 
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sample is heated by heat flow from the die wall and punches. The 
inhomogeneous temperature distribution inside the sample in the case of TiN 
gave rise to poorer mechanical properties and an uneven microstructure. 

 Sometimes this can be used on purpose to achieve a desired gradient in 
microstructures and properties along the pressure direction. When the 
sample is displaced from its centrosymmetric position in the die, the 
temperature gradient over the sample is substantially increased. 13 

 Thermally induced changes in electric properties of the material to be 
sintered have an effect on the temperature gradient. ZrO2–TiN powder was 
sintered in SPS, and the effect of the change in conductivity was noticed 
when the percolation occurred. At 1200–1300 °C the composite became 
conducting and the temperature gradient (∆T) increased from less than 40 °C 
to 220 °C at 1500 °C 14. 

The die configuration is also important. The effect of the die 
configuration and heating rates were simulated for nanosized WC powder, 
and it was shown that an increase in heating rate by factor 10 increased the 
temperature gradient between the sample centre and the die by 40 °C; they 
also showed that increased height of the die could decrease the temperature 
gradient, and that the effect of the diameter of the die was not so large as that 
of the height 15.  

By experimental work it has been shown that the temperature differences 
between the sample and die surface can vary from 30 °C to over 300 °C. 
When the sintering temperature is lower than 1000 °C, the temperature 
gradient is relatively small. Zavaliangos et al. melted silicon and lithium 
silicate in order to determine the temperature gradient; using a 15 °C·min-1 
heating rate and a pressure of 15 MPa, ∆T increased from 65 °C at 650 °C to 
240 °C at 1180 °C 15.  

Salamon et al. used a similar method with gold, silver and platinum 
pieces embedded in the ceramic powder inside the sintering die to determine 
the real temperature in SPS. They sintered Sialon in SPS using a heating rate 
of 100 °C·min-1 up to 1600 and 1700 °C, and a die with an inner diameter of 
15 mm. The sample and die experienced an overshoot when the dwell 
temperature was reached. The ∆T caused by the overshoot was estimated to 
be 140–180 °C, decreasing at the dwell temperature to 40–80 °C. They 
pointed out the importance of the overshoot in SPS. The overshoot depends 
on the heating rate and can be totally avoided if the heating rate is decreased 
to 50 °C·min-1 some 50 °C below the dwell temperature 16. This overshoot 
can successfully be used in processing, especially if there is a small amount 
of liquid present in the sample.   

It is important to notice that the temperature gradient can be decreased by 
using an insulating blanket around the sintering die, and can be further 
decreased by selecting proper sintering cycles. It should be noticed that the 
temperatures given in the literature are not usually calibrated, and that ∆T is 
not determined. Extreme care should be taken when comparing different 
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sintering temperatures, even for the very same material using the same 
sintering cycle but sintered in different SPS (FAST) units. It goes without 
saying that if the sample size, pressure, heating rates and/or thermal 
insulation used are different, a comparison of temperatures is less 
meaningful. The temperature gradient is further discussed below.  

1.2 Sintering of metals and ceramics 

Sintering is a process where thermal energy is used for obtaining products 
with controlled density. The driving force for sintering is the reduction of 
total interfacial energy. The reduction can be written 

∆(γA) = ∆γA + γ∆A   (1) 

where γ is interfacial energy which is reduced by densification, and A is the 
total interfacial area which is reduced by grain coarsening. The sintering is 
usually divided into four categories: solid state sintering, liquid state 
sintering, viscous flow sintering, and transient liquid phase sintering. The 
sintering in SPS usually belongs to the solid state, transient and/or liquid 
phase sintering categories. The total sintering cycle is usually divided into 
three overlapping parts, namely initial, intermediate and final. 17, 18 

During the initial stage, packing and necking of particles takes place, and 
it usually covers 2–3% (pressureless sintering) and 60–80% (pressure 
assisted sintering) of the total densification. Matter is transported to the 
necks via different mechanisms: surface diffusion, volume diffusion, grain 
boundary diffusion, viscous flow, plastic flow, and vapour transport from 
neighbouring particle surfaces. During the intermediate stage, most of the 
porosity is still open and the compact shrinks until ∼92% of the total 
densification is achieved. The mechanisms active during this stage are 
volume diffusion, grain boundary diffusion as well dislocation climb. During 
the final part of the sintering process the pores are isolated from each other 
and are in most cases located where three or more particles meet. The pores 
have now reached spherical shape, and the final densification occurs when 
the isolated pores are removed from the compact by diffusion. This is the 
slowest step in a complete sintering cycle.  

When pressure is applied during the sintering, additional mechanisms 
appear that contribute to the densification, e.g. plastic deformation, 
dislocation, and diffusional creep based on grain sliding. The different 
transport mechanisms are presented in Figure 1-4. 
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Figure 1-4 Transport mechanisms occurring during sintering of powders. 6-9 are 

additional mechanisms related to the use of external pressure, modified from ref 19.  

From the recorded shrinkage curves (Figure 1-5), three different stages can 
be distinguished: I) increased packing due to an externally applied load, II) 
initial stage and intermediate stages where increased neck formation, grain 
sliding and diffusion take place, III) final stage where isolated pores are 
removed by diffusion. During the initial stage the packing is increased and 
the effective pressure on the neck positions is increased, promoting grain 
sliding and diffusion. During the initial/intermediate stages of the 
densification the neck diameter increases, and thus the effective pressure 
decreases. 

  

 
Figure 1-5 A shrinkage curve with three different stages of densification: I) 

increased packing, II) initial stage and intermediate stage where increased neck 
formation, grain sliding and diffusion take place, III) final stage where isolated pores 

are removed by diffusion 

 The densification depends on many factors, e.g. the material, the shape and 
size of the particles, particle size distribution, pressure, temperature and 
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time. If the particle size distribution is too narrow, the packing becomes 
inefficient and thus the densification rate decreases. Proper particle size 
distribution enables more contact areas between the particles, which in turn 
promotes neck formation and densification. Smaller particles increase the 
total surface area in the compact, and thus the driving force for densification 
is increased. As mentioned above, the pressure has a positive effect on 
densification by increasing the contact area and introducing additional 
mechanisms for sintering. It goes without saying that increased temperature 
increases the sintering rate, but it also increases the cost of the process, so 
one should try to keep the temperature as low as possible. A low sintering 
temperature is also beneficial for obtaining a homogenous grain size 
distribution in the final compact, because grain growth increases at elevated 
temperatures. With high heating rates in SPS it is possible to traverse 
temperature regions very fast so as to minimize grain growth.  

 
The sintering kinetics i.e. the knowledge of densification and grain growth 
rates is important when it comes to the preparation of compacts with 
designed properties. The sintering mechanisms can be modelled, which has 
been done for hot isostatic pressing (HIP) by Ashby 20 and for HP by Coble 
21 and several others. Recently, Reis et al. introduced sintering maps for 
nanosized MgO sintered in SPS. They investigated the dominant sintering 
mechanisms for different pressures and temperatures and presented the 
findings in terms of densification maps where proper combinations of time, 
temperature and pressure are given for the production of fully dense 
samples, together with the dominating sintering mechanism. They based 
their model on densification by HIP, where particles experience hydrostatic 
pressure. The model considers plastic yield, power-law creep and diffusion 
as main mechanisms during sintering. They included grain coarsening and 
growth in the model, where this phenomenon is described by  

Gn
t – Gn

o = K·t,   (2) 

where Go and Gt are the particle/grain diameter at times = 0 and t, 
respectively, n is the grain coarsening/growth exponent, and K is a 
temperature-dependent coarsening/growth constant given by  

K = Ko·exp(-Q/RT)   (3) 

where Ko is the pre-exponential constant and Q is the activation energy. 
Their model yielded too slow densification rates compared to the 
experimental ones obtained in the SPS unit, and therefore the authors 
suggested that an additional sintering mechanism that yields faster sintering 
kinetics ought to be operative in the SPS process. 22 

  
Sintering maps are one way of trying to represent SPS sintering using 
different temperature, time and pressure combinations. In those maps, the 
estimation of sintering mechanisms and activation energies is important, and 
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that can be achieved with many different kinetic equations 18, 23. In an SPS 
experiment, the shrinkage curves are recorded in real time, and because the 
diameter and amount of sample are constant during the experiment the 
shrinkage can be transformed to relative density values and can be used in 
kinetic calculations. Bernard-Grange et al. used the shrinkage curves to 
estimate the stress exponent and the activation energy for yttrium stabilised 
zirconia sintered in SPS. They assumed that the matter transport with and 
without external pressure is similar to that occurring in high temperature 
creep, and used the equation for steady state creep24:   

1/µeff ·1/D·dD/dt = K·(e –Qd/RT)/T· (b/G)p· (σeff/µeff)
n (4) 

where µeff is the effective shear modulus of the compacted powder bed, σeff 
the instantaneous effective stress acting on the powder bed, D the 
instantaneous relative density, K is a constant, Qd the apparent activation 
energy of the mechanism controlling densification, T the absolute 
temperature, G the grain size, b the Burgers vector, p the grain size 
exponent, and n the stress exponent.  

After a several steps they got values for stress exponents and activation 
energies. The value of the stress exponent reveals which mechanism is 
dominating at a certain combination of temperature and pressure, and the 
activation energy describes the energy needed to activate that mechanism.  
For zirconia they proposed that the bulk diffusion is dominating at low 
temperatures and low effective pressures, while at intermediate temperatures 
as well as under intermediate effective pressure, the mechanism is changed 
to grain boundary sliding accompanied by interface reaction/lattice diffusion, 
and at high temperatures and/or under high stresses the mechanism is 
dislocation-climb controlled. 24  

1.2.1 Grain growth 

The grain growth is a temperature-activated process that takes place during 
sintering. It usually starts during the later part of the intermediate stage and 
continues during the final stage of sintering. Grain growth and pore 
movement are closely related to each other. If the pores can move with the 
same speed as grain boundaries, the diminishing of the pores will not be 
complicated, and they will simultaneously inhibit the grain growth. If the 
diminishing of pores is faster or slower than grain boundary migration, the 
pores will be trapped inside the grains, and the speed of grain growth 
increases. The trapped pores will effectively limit the final densification, 
especially those pores that contain gasses. Here also an initially small grain 
size is beneficial because it makes it easier to remove pores by promoting the 
diffusion processes. Grain size control is important in sintering processes, 
and the driving force for the grain growth is the decrease in surface energy. 
It can be modified by using additives that prevent grain boundary migration 
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and/or using a proper combination of temperature and pressure during 
sintering.  

Conventionally, it is said that pressure does not affect grain growth, but 
an early work has shown that the applied pressure cycle does have an effect 
on the grain size when alumina is sintered in SPS. When the pressure was 
applied at the dwell temperature they obtained a more fine-grained 
microstructure than when the pressure was applied already at room 
temperature 25. In SPS it is also easy to find a “kinetic window” where it is 
possible to prepare fully dense samples having fine-grain microstructures 26. 
The heating rate is also easily controlled in SPS, and is an important 
parameter when it comes to controlling the grain growth 3, 25. 

Normally the sintering yields a unimodal microstructure, but sometimes 
also a bimodal microstructure due to the unexpectedly fast formation of 
abnormally large grains in a matrix of small grains. The abnormal grain 
growth can be divided into three categories 27: (i) Materials that contain a 
second phase or other impurities or have a heavily agglomerated starting 
powder; (ii) The interfacial energies at the liquid/solid or solid/solid 
interfaces are anisotropic; (iii) The material is processed under highly non-
equilibrium conditions.  For single-phase systems the shapes of the grains 
have proved to be critical, i.e. nicely faceted grains increase the abnormal 
grain growth compared to atomically rough surfaces 28, 29. When the driving 
force of facet formation exceeds a critical value the mobility of the boundary 
is increased by a step growth mechanism, and abnormal grain growth then 
occurs 30.   

1.2.2 Plastic deformation of metals and ceramics 

Plastic deformation of metals is based on the movement of dislocations, 
twinning planes, and grain boundary sliding.  

The process where the plastic deformation occurs via the movement of 
the dislocations is called slipping. The slip occurs when a compressive or 
tensile force is applied to the slip directions and planes of the material. Slip 
planes are usually associated with close-packed planes of the crystal 
structure. The combination of direction and plane is called a slip system. 
Different crystal structures have different numbers of slip systems.  

The dislocations and slip systems explain the deformation of a single 
crystal very well, but the situation becomes more complicated when 
multigrain materials are considered. In material with thousands of grains, 
where each grain has its own orientation and own slip systems, the 
deformation of one grain is limited by the deformation simultaneously taking 
place in neighbouring grains. Usually a multigrain material needs a higher 
stress level to be deformed. The presence of grain boundaries limits the 
deformation because it is difficult for dislocations to cross the boundary. 
However, the dislocations might pile up near the boundaries and create such 
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a high stress field that new dislocations sometimes will be created in 
neighbouring grains, i.e. plastic deformation can continue across the grain 
boundaries.  

For materials with low amounts of slip systems, like hcp and bcc metals, 
there is another deformation mechanism called mechanical twinning. 
Twinning has only a local effect in the vicinity of the twinning planes, and 
its effect on the total deformation is very limited. Twinning is active 
especially at low temperatures and in the case of shock loading. The most 
important effect of the twinning is that new slip systems can be created.  

Grain boundary sliding is an important mechanism for plastic 
deformation. It is a relatively parallel movement of neighbouring grains, 
which is caused by an external force 31.  The sliding grains have to be 
plastically deformed, because otherwise the material will fracture. The 
contribution of grain-boundary sliding can range from a few percent up to 50 
% of the total strain. 32-34  

 
In ceramics the deformation via dislocation movement is limited, due to the 
fact that most ceramics have strong covalent bonds, dislocation movement 
and slipping are very difficult in ceramics. The slip is restricted by the 
repulsion of the like-charged ions that must be brought close to each other 
during slipping. This difficulty of deformation makes most ceramics hard 
and brittle, and they usually break before they start to deform.  

For some ceramics the deformation becomes possible through 
superplastic deformation, which is defined as “the ability of a polycrystalline 
material to exhibit, in generally isotropic manner, very high tensile 
elongation prior to failure.” 35 The requirements for superplastic deformation 
in materials are: small grain size < 20 µm (metals typically < 10 µm and 
ceramics less than 1 µm), high strain rates (0.1–1 s-1) with very low stresses 
36. The mechanism of superplastic deformation is grain boundary sliding in 
groups and diffusion of groups of atoms 37.  

1.3 Ferroelectricity 

A ferroelectric material has spontaneous polarization due to an electron, 
molecule or atom being displaced from its symmetry-defined position, thus 
forming a dipole in the structure. In perovskite-type ferroelectrics the 
spontaneous polarization occurs when they are cooled down through their 
para-electric to the ferroelectric phase transition temperature, called the 
Curie temperature (Tc). At the phase transition a group of aligned dipoles are 
formed, called ferroelectric domains. When an external electric field is 
applied, the domains switch their direction to the direction of the field. The 
domains can keep their alignment and maintain the polarization when the 
external field is removed; this is called remanent polarization. Ferroelectric 
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materials are also characterized by their high dielectric constant i.e. relative 
permittivity (BaTiO3, ε’=103–104). Based on their crystal structure, four 
types of ferroelectric materials can be identified: 1) the perovskite-type 
structure (ABO3), to which most common ferroelectric materials belong, e.g. 
barium titanate (BaTiO3) and lead zirconate titanate (PZT); 2) the tungsten-
bronze group; 3) the pyrochlore group and 4) the bismuth layer-structure 
oxides 38. Ferroelectric materials are used in many applications such as high 
dielectric constant capacitors, acoustic wave devices in telecommunications, 
ultrasonic medical diagnostic, and actuators, to mention but a few.39  

1.3.1 Characterization of ferroelectric material 
Ferroelectric materials are usually characterized by their remanent 
polarization, dielectric and piezoelectric properties, and by their 
ferroelectric-to-paraelectric  phase transformation temperatures, i.e. their 
Curie temperatures (Tc)40, 41. The Curie point is defined by following the 
change in the dielectric constant and loss during heating and cooling across 
the phase transition temperature.  

 
In the crystal structure of ferroelectric ceramics, one atom is displaced a 
small distance (0.1 Å) from its centrosymmetric position, thus giving rise to 
an electrical dipole (spontaneous polarization). When an external electric 
field is applied to the material, the polarization follows the external field 
according to a hysteresis loop. A typical hysteresis loop together with the 
changes of the dipole alignments is shown in Figure 1-6. When saturation 
polarization (Ps) is reached, all the dipoles are aligned. When the field is 
removed, the material is still partly polarised, to an extent that is called 
remanent polarization (Pr), and the external field in the opposite direction 
needed to remove the polarization is called the coercive field (Ec). If the 
field is further increased, the polarization becomes saturated in the opposite 
direction. 
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Figure 1-6 Hysteresis loop for a ferroelectric material and the influence of the 

electric field on the alignment of the dipoles. Modified from ref. 41 

The dielectric constant describes the ability of the material to become 
polarised and store electrical charge, and it can be measured from the 
behaviour of the material in a parallel-plate capacitor: 

Ae

dC

•

•
=

0

'ε     (5) 

where ε’ is the dielectric constant, C is the capacitance, d is the distance 
between the plates of the capacitor, e0 is the permittivity of free space 
8.854·10-12 F·m-1, and A is the area of the plates 40. 

 
Ferroelectric materials are always piezoelectric. Piezoelectric materials 
develop an electrical charge on the surface when a mechanical stress is 
applied (direct effect), and when an electrical field is applied it induces a 
mechanical stress (indirect, converse effect). The electrical field induced is 
directly proportional to strain 

Di = dik·Tk               (6) 

Sk = d’ki·Ei                      (7) 

where Di is electric displacement (C·m-2), Ei an electric field component  
(V·m-1), Sij a strain component, Tij a stress component (N·m-2) and dijk a 
component of the piezoelectric charge or strain coefficient, usually called 
piezoelectric coefficient, and the units are C·N-1 and mV-142. The strain–field 
relation can be measured and described by the following diagram where the 
strain is plotted versus the electrical field. The strain in the piezoelectric 
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material follows the polarization behaviour, and thus the strain also shows 
hysteresis, similar to the polarization hysteresis loop of a ferroelectric 
material. This curve is often called a butterfly loop because of its 
characteristic shape, as shown in Figure 1-7.  

 
Figure 1-7 Strain–electric field diagram (butterfly loop) 

After sintering, the multigrained ferroelectric material has zero net 
polarization, and poling is thus necessary. During the poling the dipoles 
(domains) will be aligned with the external field. After poling, a 
piezoelectric constant (d) can be measured. Because of the symmetry of 
piezoelectric ceramics after poling it is convenient to describe the poling 
direction as “3” and all the other directions perpendicular to that  as direction 
”1”. So d33 indicates that the poling direction is 3 and that the direction of the 
induced mechanical response and field is parallel to the poling direction.  
Because of the symmetry conditions, the possible piezoelectric constants of 
the perovskite type of ferroelectrics are the following: d33, d31 = d32, and d15 
= d24 named longitudinal, transverse and shear piezoelectric coefficient, 
respectively. The polarization (P) and stress (σ) of the piezoelectric material 
are related to the piezoelectric constant (d) by40  

σdP =     (8) 

The ferroelectric behaviour is a low-temperature phenomenon. Below the 
Curie point (Tc) the material is ferroelectric, and above Tc the material 
becomes paraelectric. At higher temperatures the dipoles can rotate more 
easily, and the dielectric constant is thus increased in the vicinity of the 
Curie temperature (Tc). When the temperature is increased above Tc, the 
thermal vibration increases and the permanent displacement of the atoms 
disappears. The Curie temperature of BaTiO3 is 130 °C. The crystal 
structures of the low- and high-temperature modifications of Perovskite type 
(ABO3) BaTiO3 are given in Figure 1-8. The centrosymmetric 
paraferroelectric cubic phase is the high-temperature structure, and in the 
non-centrosymmetric tetragonal ferroelectric structure the Ti4+ ion in the 
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octahedral oxygen cage (B site) is displaced from its centrosymmetric 
position, and thereby a dipole is formed.  

 
Figure 1-8 The paraelectric cubic structure and the ferroelectric tetragonal structure 
of BaTiO3, showing one of the six possible displacements of the central atom in the 

oxygen octahedron. 

1.3.2 Domain structure 
When a ferroelectric material is cooled down through Tc, the paraelectric 
structure is changed to ferroelectric, and in order to minimize the 
electrostatic energy inside the crystal a number of domains are formed. Each 
domain is a set of parallel dipoles, and the domains are separated by domain 
walls with a thickness of 10–100 Å. In tetragonal structures there are either 
90° (strain induced) or 180° (not strain induced) domains. This is due to the 
symmetry of the tetragonal structure, where the polarization vector can be 
one of the (100) directions, and thus domains can lie on any {100} or {110} 
plane. 180° domain walls separate adjacent domains with an angle of 180° 
and lie on {100} planes, and 90° domain walls separate adjacent domain 
with a 90° angle and lie on {110} planes. The domain structure is beneficial 
for the ferroelectric properties, and two main contributions to the 
polarization are: i) domain wall contribution and ii) orientation effect.  

The domains in ceramics are switched to the same direction as the applied 
field during poling. The field affects the polarization through different 
processes: (i) Neighbouring domains align themselves via switching and 
reorientation; (ii) The magnitude of polarization inside a domain can be 
changed; (iii) Domain wall migration: the domains with preferred orientation 
grow and the other ones are reduced. 40   

Even though the multidomain structure is beneficial for the ferroelectric 
properties, it also has disadvantages. Domain wall movement might be a 
source of instability, especially when high fields are applied; and when the 
domain wall density becomes very high the phase transition temperature can 
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be lowered because the domain walls are natural nucleation points for a 
phase transition. 42  

1.3.3 The strain and grain size effect on the ferroelectricity  
During the phase transition, internal stresses arise caused by ceramic 
clamping. The strains are revealed by formation of 90 ° domain walls. These 
strains and relaxations can be manipulated by changing the grain size. When 
the grain size is decreased, the dielectric properties are first enhanced, but 
further decrease will impair the properties. Arlt et al. investigated BaTiO3 
and recorded an increase in dielectric constant, ε’, from 1700 for a compact 
with grain sizes > 10 µm to 5000 for a compact with grain sizes in the range 
of 0.7–1 µm. Further decrease in grain size yielded lower dielectric constant 
values. The authors associated the increase in dielectric constant for grain 
sizes around 1 µm with increased domain wall density/mobility. Further 
decrease in grain size caused a partial shift in crystal structure towards para–
ferroelectric cubic43. Finally, when the grain size reached a critical size (0.3 
µm for BaTiO3), the internal stresses induced by ceramic clamping could not 
be released by forming 90° domain walls, and then a single domain structure 
appeared. For lead-zirkonium titanate (PZT) ceramics the piezoelectric 
constant also decreased with decreasing grain size, and this was ascribed to a 
decrease in the ferroelectric/ferroelastic domain wall mobility caused by the 
clamping 44. By changing the grain size it thus seems to be possible to 
increase the domain wall density and thus to improve the dielectric 
properties up to a certain limit.  

The SPS is an excellent sintering apparatus for producing designed 
microstructures, and it has been successfully used to sinter ferroelectric 
materials with controlled grain sizes 45.  

1.4 Materials 

In this thesis several different types of materials have been used, with the 
aim of producing SPS compacts with controlled microstructures and 
properties. The material systems studied are shortly described below. 

1.4.1 Ti and the Ti–B system  

Titanium is an important industrial metal; it is stronger than aluminium, 
lighter than steel and it also possesses good corrosion properties. Titanium 
melts at 1667 ˚C and has an affinity for oxygen, hydrogen and nitrogen. 
Especially oxygen and nitrogen uptakes make the metal brittle and lower the 
ductility. Titanium alloys are commonly used in engines, aircraft frames, 
marine equipment and industrial plants; it is also used in medical 
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applications due to its excellent biocompatibility 46, 47. Titanium has two 
structural modifications: the α-phase has a hexagonal structure (hcp, D6h-
6/mmc symmetry, Z = 2) while the β-phase has a body centred cubic 
structure (bcc, Oh-Im3m, Z = 2). The phase transformation temperature is 
882 ˚C48. These two structures have different numbers of slip systems as 
seen in Table 1-1. The hcp structure has 12 slip systems and bcc 48 ones, 
and accordingly the β phase is more easily deformed than the α-phase. 

Table 1-1 Different slip systems in the bcc and hcp structures of Ti 32  

Structure 
Slip 
plane 

Slip 
direction 

Nr of 
Slip systems 

bcc {110} <-111> 12 
 {211} <-111> 12 
 {321} <-111> 24 

hcp {0001} <11-20> 3 
 {10-10} <11-20> 3 
 {10-11} <11-20> 6 

 
TiB2 has high hardness, good thermal shock resistance, a high melting point, 
chemical inertness and durability, good thermal and electrical conductivity. 
It is used in crucibles, electrode materials, protective coatings, armour 
materials, cutting tools and wear-resistant components 49.  It is however 
difficult to sinter because of its rather low self-diffusion coefficient, and a 
liquid-phase sintering process is usually applied by the addition of some 
metals. Pure TiB2 can be sintered at temperatures exceeding 2000 ˚C, 
resulting in considerable grain growth, which in turn yields microcracking 
and loss of mechanical properties 50, 51. The phase diagram of the Ti–B 
system is given in  
Figure 1-9. TiB2 has a very narrow stability region and can react with Ti to 
form TiB. The relevant reaction in a composite containing Ti, B and TiB2 
are: 

Ti + B → Ti                   (9) 

Ti + 2B → TiB2   (10) 

Ti + TiB2 → 2TiB   (11)  

At high temperatures, reaction (10) dominates because it has a high negative 
∆Go-value (-272 kJ/mol at 1500 ˚C), but it is also possible that some TiB is 
formed by reaction (3) as this reaction also has a negative ∆Go-value (-20 
kJ/mol at 1500 ˚C). 
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Figure 1-9 Phase diagram of the Ti–B system. 52 

1.4.2 NaNbO3–KNbO3 

Lead oxide-based ferroelectric materials are widely used in the electronic 
industry even though lead is a toxic element. The urge to find less toxic 
ferroelectric materials has increased the interest in the KNbO3–NaNbO3 
system. The phase diagram of the NaNbO3–KNbO3 system is given in Figure 
1-10.  

 
Figure 1-10 Phase diagram for NaNbO3-KNbO3 system.53 
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KNbO3 has the perovskite type of structure (ABO3) similar to BaTiO3 
described above. The ferroelectric Na05K0.5NbO3 (NKN) composition has a 
non-centrosymmetric tetragonal structure with Na+ and K+ ions located at the 
interstitial positions (A) created by the corner-linked oxygen octahedra that 
host the Nb5+ ions at the B position. The Nb5+ ions are displaced from their 
centrosymmetric positions in the same way as outlined for BaTiO3 in Figure 
1-8. The room-temperature crystal structure of ferroelectric Na05K0.5NbO3 is 
often presented as being orthorhombic, but it can also be presented with a 
monoclinic unit cell having a β angle very close to 90°.54, 55 A tabular 
summary of phase transitions is given in Table 1-2.  

Table 1-2 Phase transitions for NKN 

Structure Electric 
character 

Phase transition 
temperature (°C) 

Cubic Paraferroelectric > ~420 
Tetragonal Ferroelectric ~420 to ~200 
Orthorombic ferroelectric ~200 to -200 
Rhombohedral ferroelectric < ~ -200 

 
NKN possess a Curie temperature of ~420 °C, and good dielectric properties 
have been found at the morphotropic phase boundary, at the composition 
with 50 mol% of NaNbO3; Na05K0.5NbO3 

56-58.  It has been reported to have a 
very high piezoelectric constant (160 pC/N, sintered in a hot press at 1100 
°C) 59 although no-one has been able to repeat this experiment. Saito et al. 
found a very high dielectric constant by using a reactive-template grain-
growth method to facilitate the formation of textured ceramics, and achieved 
a d33 value higher than 416 pC/N 60.  

The low density and possible biocompatible properties together with good 
piezoelectric properties make the system very interesting, although it is 
difficult to process to full density 61. The sintering of NKN using 
conventional methods is difficult because the alkali metals, especially the K 
atoms, are easily evaporated, giving rise to a deviation of the Na/K ratio 
from 1, which in turn leads to  formation of impurity phases and loss of 
ferroelectric properties. In addition, some of the KNbO3-rich compositions 
are moisture sensitive, which deteriorates the properties when the material is 
exposed to humidity 57, 59, 62-66. Various methods have been used to overcome 
these problems, such as doping 55, 67, 68, high-energy attrition milling 69 and/or 
pressure-assisted sintering 57, 59, 64, 65, 69.  NKN has been sintered with SPS 
using a pressure of 50 MPa at 920 °C, which led to a high d33 value (148 
pC/N) but a low remanent ferroelectric polarization (< 8 µC/cm2)64 . 
Comparison between the different methods and results are presented in 
article III, appended to this thesis.  
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1.4.3 Hydroxyapatite (Ca10(PO4)6(OH)2)  
Hydroxyapatite has the chemical formula Ca10(PO4)6(OH)2, and it is very 
interesting as a bone replacement material due to its excellent 
osteoconductivity i.e. ability to bond with bone and to support bone growth. 
70. The biocompatibility of HAp makes it a good material for dental 
implants, middle-ear implants, artificial eyes etc., but the applications are 
limited because of its inferior mechanical properties compared to natural 
bone and teeth 71-73. The sintering of hydroxyapatite can easily be hindered 
by dehydroxylation and decomposition of HAp into β-triphosphates 
according to the formula 74, 75: 

Ca10(PO4)6(OH)2 → Ca10(PO4)6(OH)2-2x Ox□x + xH2O (12) 

Where Ca10(PO4)6(OH)2-2x Ox□x is oxohydroxyapatite (□ represents a 
vacancy; x < 1) 

Ca10(PO4)6(OH)2 → 2Ca3(PO4)2 + Ca4P2O9 + H2O (13) 

 
The decomposition impairs the mechanical properties but makes the material 
bioresorbable, i.e. it can be replaced by new natural bone in a physiological 
environment.77-79. In conventional sintering the decomposition is reported to 
start at 1350 °C, and the best temperature–hardness combination was 
achieved by sintering at 1250 °C when the grain size remained close to 
2 µm. 79. When sintering in vacuum, the dehydroxylation starts earlier, 
already at 850 °C, and decomposition at 1000 °C 75. Alternative sintering 
methods have been used in order to achieve nano-grained HAp compacts. 
Using HP, the grain size was kept below 1 µm, and the sintering temperature 
could be decreased below that used in pressureless sintering procedures 80. 
Even though the SPS process is usually performed in vacuum, the use of 
rapid heating rates in SPS has shown that the dehydroxylation and 
decomposition processes of HAp can be avoided. With SPS, nanograined 
HAp compacts can be produced that possess somewhat better mechanical 
properties than conventionally sintered samples. 76, 81  

Dense transparent HAp ceramics could be used as prototype materials to 
investigate the interactions between bioceramics and proteins and/or cells on 
different length scales 82. Optical transparency is readily achievable in HAp 
ceramics despite its non-cubic symmetry character of crystal structure. 
Already at 1976 Jarcho et al reported the preparation of transplucent HAp 
ceramics by pressure-less sintering (PLS) of filter-cakes 83. More transparent 
HAp nanoceramics has so far only been successfully prepared by a 
comparably complicated process like hot isostatic pressing of filter-cakes 
formed by a sophisticated wet-chemistry route84. The transparency has been 
achieved in HAp by more straightforward processes, i.e. microwave 
sintering and SPSing of dry powders but none has reported the success in 
preparing transparent HAp nanoceramics with such methods. 
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2 Experiments 

2.1 Sintering 

All SPS experiments described here have been performed in a unit made by 
SPS Syntex Inc. Japan (Dr. Sinter 2050). The used DC pulse sequence is 
12:2 if not otherwise stated. A thermocouple inserted a few mm inside the 
sintering die or a pyrometer focused on the sintering die has been used to 
monitor the temperature. The upper temperature limit of the K-type 
thermocouple is 1000 ˚C, and the temperature range for the pyrometer is 
T > 600 ˚C. In the latter case, the energy output is automatically increased, 
and when the temperature reaches 600 ˚C the temperature is regulated via 
the output from the pyrometer. In order to avoid overshoot it is possible to 
limit the energy output. The recorded shrinkage values (∆L) can be 
converted to density values, as the sample has constant mass and diameter. 
The linear shrinkage and shrinkage rate are defined as -∆L/L0 and d(-
∆L/L0)/dt, respectively, where L0 is the initial height of the specimen.  All 
the density and deformation curves presented have been corrected for the 
graphite expansion. Two types of dies have been used, namely a normal die 
and a high-pressure cell, see above. Normal dies with different inner 
diameters have been used: 12, 15 and 20 mm for normal dies and 8 mm in 
connection with the high-pressure experiments. In the case of high-
temperature experiments the dies were thermally insulated in order to 
minimize the temperature gradient. In deformation experiments a pre-
sintered sample with a diameter of 12 mm and a height of ~5 mm was 
compressed in a die with inner diameter of 20 mm, implying that a 
maximum compression strain of 60% could be achieved. 

The hot-pressing (HP) experiments were carried out in a conventional 
hot-pressing setup (Thermal Technology, USA), using argon flow. In the 
compression tests a die with an inner diameter of 18 mm was used, 
corresponding to a maximum compression strain of 58%. 

2.2 Titanium  

The coarse-grained titanium powder (Alfa Aesar, 2N, 45 µm) was sintered 
and compressed in the SPS, and in some cases also in the HP. The prepared 
samples and the used sintering/compression parameters are compiled in 
Table 2-1.  

Samples with a diameter of 20 mm and a final height of 5 mm were 
sintered. Two different dies, with wall thicknesses of 10 mm and 15 mm, 
have been used. Heating rates ranging from 25 to 200 °Cmin-1 and pressures 
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ranging from 10 to 100 MPa were applied.  In order to study the evolution of 
the microstructure as a function of temperature, the densification process 
was interrupted at 200°C, 400 °C, 500 °C and 600 °C.  

 
The compressive deformation tests were performed with fully dense pre-
sintered samples. The pre-sintered body, with a diameter of 12 mm and a 
height of ~5 mm, was put into a die with an inner diameter of 20 mm and a 
die wall thickness of 15 mm. The pressure was applied at room temperature, 
and compressive loads of 25, 30, 50 and 75 MPa were used. The load was 
kept constant during the entire deformation cycle, implying that the applied 
stress decreased as the deformation proceeded. Most of the deformation 
experiments were performed without holding time, i.e. the experiments were 
stopped when the dilatometer indicated a constant value. However, the 
deformation experiments where different heating rates were used had dwell 
times of 4–5 min at 850 ˚C.  

 
In order to compare the results with those obtained for samples prepared in 
the HP, some experiments were performed with lower heating rates and at 
lower temperatures in order to keep the process in the α-phase region, as 
marked in Table 2-1. 

In HP, flowing argon gas was used during the sintering and compression 
tests. Because of the larger heating volume in the HP, slower heating rates 
were used than in SPS.  
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Table 2-1 SPS parameters for Ti experiments 

Process 

Temperature 

(°C) 

Dwell 

time (min) 

Heating 

rate 

(°C/min) 

Pressure 

(MPa) 

Die wall thickness 

(mm) 

SPS       
Sintering       

  950  25 50 10 and 15 
  950  50 50 10 and 15 
  950  100 50 10 and 15 
  950  200 50 10 and 15 
       
  950  50 10 10 and 15 
  950  50 20 10 and 15 
  950  50 30 10 and 15 
  950  50 50 10 and 15 
  950  50 75 10 and 15 
  950  50 100 10 and 15 

* 950  50 50 15 
        
  200  50 50 15 
  400  50 50 15 
  500  50 50 15 
  600  50 50 15 

** 700 10 25 30 15 
 * ON:OFF ratio 10:9  

Compression       
  950  50 25 15 
  950  50 30 15 
  950  50 50 15 
  950  50 75 15 
        
  950  25 50 15 
  950 4 50 50 15 
  950  100 50 15 
        

 ** 650 20 25 72 15 
 ** 700 20 25 30 15 

 ** Comparison with HP 

HP           
Sintering       

  950 60 50 30   
  800 20 25 30   

Compression       
  950 0 25 30   
  900 40 25 72   
  800 20 25 72   

  800 20 25 30   
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2.3 Ti–TiB2 

Appropriate amounts of titanium (Alfa Aesar, 2N, 45 µm) and TiB2 powders 
(45 µm) were mixed in a planetary mill for four hours, using iron balls as 
milling media, to yield powders of the composition (Ti)x(TiB2)1-x with 
x = 0.05, 0.10 and 0.20. The following sintering procedure was used to 
obtain fully dense cylindrical compacts with a diameter of 12 mm and a 
height of ~6 mm: The temperature was stabilised at  600 °C for 2 min, and 
from  600 ˚C to 1450 ˚C the sample was heated at a rate of  100 oC·min-1, 
from 1450 °C to 1500 °C at a rate of 25 oC·min-1; the samples were held at 
this temperature for 3 min. A pressure of 50 MPa was applied at ambient 
temperature.  

 
The pre-sintered samples were compressed in dies with inner diameters of 15 
mm or 20 mm. The heating rate of 100 oC·min-1 was used up to 1500 ˚C, 
where the heating rate was reduced to 25 oC·min-1

 up to 1550 ˚C in order to 
avoid overshoot at that temperature, see also above. A load corresponding to 
an initial compressive stress ranging from 10 and 50 MPa was applied at 
room temperature and held constant during the entire experiment. Most of 
the experiments were stopped when d(-∆L/L0)/dt became ~0. In addition, a 
few samples were heated to 1700 ˚C using a heating rate of 100 oC·min-1 

with dwell times in the range 2–3 min. 

2.4 Na0.5K0.5NbO3   

A commercial Na0.5K0.5NbO3 powder (Ferroperm, Denmark provided by St 
Jude Medical AB, Järfälla, Sweden) with an initial particle size of ∼200 nm 
was sintered both in normal dies with inner diameters of 12 and 15  mm, 
respectively, and in the high pressure cell with an inner diameter of 8 mm, 
using SiC/Sialon punches. The sintering conditions together with the die 
settings are given in Table 2-2. The sintering temperature varied from 850 to 
1000 °C and the pressure from 50 to 100 MPa in the experiments where 
normal dies were used; when the high pressure cell was used, the 
temperatures varied from 750 to 975 °C and the pressures from 100 to 500 
MPa. 

The sintering was controlled by a pyrometer focused on the surface of the 
die. An additional set of experiments was performed with the aim of 
studying the grain growth as a function of dwell time. The normal die with 
12 mm inner diameter was used, and dwell times of 5, 10 and 20 min at 850 
°C, and 0 and 3 min at 1000 °C, were used.  

After sintering the NKN became bluish, most probably due to partial 
reduction of Nb5+ to Nb4+. The white colour could be recovered totally after 
annealing the samples in air at 700–750 °C and 900 °C for samples prepared 
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below 1000 °C and at 1000 °C, respectively, for 4–8 hours. Low annealing 
temperatures were used to avoid additional grain growth during annealing. 

Table 2-2 The sintering condition for NKN in SPS 

Die*  
(die, inner diam. 

mm,) 

Reg. T 
(°C) 

Dwell 
time (min) 

Pressure 
(MPa) 

Heating 
rate  

(°C·min-1) 

H (8) 750 10 500 50 

H (8) 800 10 200 50 

N (12) 850 5 100 83 

H (8) 850 5 400 50 

N (12) 850 5 100 83 

N (12) 850 5 100 83 

N (12) 850 10 100 83 

N (12) 850 20 100 83 

N (15) 900 5 85 75 

H (8) 950 3 100 50 

H (8) 975 5 100 50 

N (12) 1000 0 50 50 

N (12) 1000 3 50 50 

Remarks: * H high pressure die, N normal die 

2.5 Hydroxyapatite  

A lab-made bulky powder prepared by a hydrothermally process was used. It 
is composed of loosely aggregated nanorods with average width and length 
of ∼34 and ∼77 nm, respectively. The particle size and morphology of the 
powder processed in the manner are sensitive to two critical processing 
parameters, i.e. hydrothermally temperature and calcination temperature. 
The powder was sintered both in a normal die with an inner diameter of 12 
mm and in the high pressure cell (8 mm inner diameter and with inner WC 
punches). The temperature was controlled by a pyrometer focused on the die 
surface in the former experiments, while a thermocouple was used in the 
high pressure cell experiments. 

 
In order to study the grain growth behaviour of HAp, different sintering 
temperatures (750, 800, 850, 900, 950, 100, 1050 and 1100 °C) were 
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applied, using a constant pressure of 75 MPa, a heating rate of 100°C/min 
and a dwell time of 5 min. A series of experiment was performed with the 
aim of studying how the microstructure varied with; (i) Different heating 
rates (50, 100 and 300 °C·min-1 up to 1100°C, no holding time); (ii) Holding 
time (1, 5 and 10 min at 1050 °C); (iii) Pressure (30, 50 and 75 MPa, using a 
heating rate of 100°C/min up to 1000 °C, no holding time). 

HAp was also sintered in the high pressure cell. This series of experiment 
was designed to determine the minimized sintering temperature for 
achieving full densification. The pressure was varied between 100 and 500 
MPa and the sintering temperature was varied from 675 °C to 750 °C in 
steps of 25 °C. In these experiments a heating rate of 50 °C min-1 was used, 
and holding times of 3 and 5 min. 

Another experiment was performed as follows: First the material was 
heated to 1100 °C, using a heating rate of 100 °C/min, then cooled down to 
800 °C and then heated up to 1100 °C again with a heating rate of 
100 °C/min. In this experiment a pressure of 75 MPa was applied at room 
temperature.  

An additional experiment was performed in which two Al2O3 plates, 
placed above and below the sample, blocked the current from passing 
through the sample. The sample was heated to 1100 °C, using a heating rate 
of 100 °C/min and a constant pressure of 75 MPa applied at room 
temperature. 

2.6 Temperature evaluation  

As mentioned above, the temperature in a sample is higher than the recorded 
one. A set of experiments were thus performed to estimate the size of this 
temperature difference (∆T) during deformation of Ti and during sintering of 
NKN. 

 
In the Ti case one thermocouple was inserted directly into a pre-sintered Ti 
sample with a diameter of  ~12 mm via a hole in the die with an inner 
diameter of 20 mm (Figure 2-1), and the temperature difference between this 
thermocouple (a) and the one positioned close to the surface of the die (b) 
was recorded during the deformation. A pyrometer was also focused on the 
die surface (close to place b). The experiment was programmed to go to 
 900 °C using a heating rate of 50 °C ·min-1 and a pressure of 50 MPa, but 
the test had to be stopped at 776 °C (as measured by b) because the 
thermocouple placed on the sample exceeded 1000 °C, which is the survival 
limit for a K-type thermocouple. 

 
One experiment was performed with two alumina discs placed above and 
below the pre-sintered sample, i.e. without current flowing through the 
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sample. In this case the sample was heated to 800 ˚C using a heating rate of 
50 °C·min-1, a pressure of 50 MPa and a dwell time of 4 minutes at 800 °C. 
The experiment was repeated without the alumina blockers. 

 
Figure 2-1 Location of thermocouples in the ∆T experiments  

In the NKN experiments three different die configurations were used, 
namely normal dies with inner wall diameters of 12 and 15 mm, and a high-
pressure die, using SiC as punches and Sialon as plates. One pyrometer was 
focused on the surface of the sample through a hole in the die wall, i.e. a 
position such as (a) in Figure 2-1, and one pyrometer was focused on the 
surface of the die (a position such as (b) in Figure 2-1). A pre-sintered NKN 
sample with the same size as the inner diameter of the sintering die was 
inserted into the die, and heating rates of  100 °C·min-1 and 50 °C·min-1 were 
used for the normal die and the high pressure cell, respectively. ∆T was 
measured at the isothermal temperatures of 800, 850, 900, 950 and 1000 °C 
when ∆T had stabilized.  

Two types of load-bearing parts can be used in the high-pressure die. 
Even though in NKN experiments only non-conducting material was used, 
some experiments were performed to find out the difference in ∆T when 
conducting WC load-bearing parts were used instead of non-conducting 
SiC/Sialon. In the former case a solid graphite piece was used as sample and 
∆T was recorded at 800, 850, 900, 950 °C.  

2.7 Characterization  

Various characterization methods have been used. They are briefly presented 
below. 
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2.7.1 The density measurements 

Four types of density measurements have been used. In most cases density 
was measured by i) Archimedes’ principle using water as a medium. 

ρ = (md·ρH2O) / (md - mw)   (14) 

where md and mw are the dry and wet weight of the sample, respectively, and 
ρH2O is the density of the water. i) Prior the measurements, all the samples 
were cleaned by mechanical grinding from the graphite paper used in the 
sintering. ii) When the sample had open porosity, a physical measurement of 
the dimensions of the sample together with its weight was used to calculate 
the density or iii) when the sample had open porosity, Archimedes principle 
was applied in the following way: three weights were measured: dry, soaked 
with the water for one day before weight measurement and finally wet–wet 
weight in the water. iv)The porosity was estimated from polished cross 
section surfaces by SEM and image analysis. 

2.7.2 Microstructure studies 

The following scanning electron microscopes have been used to reveal the 
microstructure of the samples:  SEM 820 and 880, JEOL, Japan; field 
emission gun JEOL JSM 6300F; and JEOL JSM 7000, equipped with a 
wavelength dispersive spectrometer (WDS). The microstructures were 
recorded from both fractured and polished surfaces. In appropriate cases, the 
polished surfaces were furnished with a carbon coating to minimize charge 
effects.  

The polished samples were prepared by standard mechanical polishing 
down to 1 µm or 0.5 µm fine surface, using diamond and Al2O3 polishing 
suspensions, respectively. Titanium samples were etched prior the 
investigation, using a standard Kroll’s reagent, HAp samples were etched 
using 0.65 g/ml HCl solution. The Ti/TiB2 structure was best revealed from 
the backscatter pictures of the polished samples. Backscatter pictures were 
also used when the domain structure of the NKN samples was investigated. 
For the domain structure investigation the pre-polished NKN samples were 
Ar-ion milled for 12 h under an accelerating voltage of 5 kV and an ion 
beam current of 0.1 mA in a JEOL SM-09010 cross section polisher (Jeol, 
Ltd., Tokyo, Japan) 85.  

Energy dispersive x-ray analysis (EDS) measurements were done in order 
to estimate the Na/K and (Na+K)/Nb ratios in NKN ceramics sintered in a 
normal die at  850 ˚C and 1000 ˚C.  

 
The grain sizes have been measured using the image analysis program Image 
tool UTHSCSA 86, by a linear intercept method involving at least 200 grains 
from both polished and fractured surfaces. The grain size distribution as well 
the length-to-width ratios have been calculated from measurements on 
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individual grains. The domain sizes have been found by measuring the 
diameter of the grain divided by the number of the domains inside that grain. 

2.7.3 X-ray powder diffraction (XRPD) 
X-ray powder diffraction has been used to identify phases present in starting 
powders and in selected sintered samples. The diffraction patterns have been 
recorded using a Guiner-Hägg camera with CuKα1 radiation and Si as 
internal standard, or with a Panalytical MPD PRO X-ray powder 
diffractomer equipped with a monochromator and a PIXEL detector, with 
CuKα1 radiation but without an internal standard. Rietveld refinement of the 
patterns has been used to determine cell parameters. 

2.7.4 Hardness measurements 

Hardness tests have been performed using the Vickers’s indentation method 
with a load of 10 kg; at least 10 indentations were done for each sample. 
Prior the measurement the samples were polished with a standard 
mechanical polishing method down to 1 µm surface with diamond 
suspension. The diagonals of the pyramidal indentation mark are measured 
and the average value is inserted to the equation 

HV = (2P·sin(θ/2))/D2  = (1854 kgf·µm2 / gf·mm2)·P/D2         (15) 

Where P is the used force (kgf), D is the average diagonal length, θ is the 
angle between the sides of the indentation diamond, 136°.  

2.7.5 Electrical properties measurements 

Electrical properties of the ferroelectric NKN samples were studied. Prior to 
measurements the samples were oxidized in a muffle furnace at 700– 750 °C 
and  900 °C for samples sintered at low temperature and at 1000 °C, 
respectively, for 4-8 hours. They were then coated with silver paste-based 
electrodes (E1100, Johnson Matthey, London, UK) burned off at  650 °C for 
30 min. The dielectric constants and loss were measured with an LCR meter 
(4284A, Agilent, CA, UAS). The room-temperature frequency dependence 
was measured with a precision impendance analyzer (4294A, Agilent, CA, 
UAS). The hysteresis loops for ferroelectric polarization–strain electrical 
loops were measured using a ferroelectric hysteresis measurement tester 
(NPL, Teddington, UK) at room temperature. The piezoelectric constant d33 
was measured using a piezo d33 meter (ZJ-3B, Institute of Acoustics, 
Academia Sinica, Beijing, China) before and after poling. Poling was done 
at 150 ˚C for 10–15 minutes in silicon oil, applying a DC electrical field of 
1–3 kV/mm. Thermal depoling series were measured for samples. The d33 
value was measured after each poling–heat treatment. Poling lasted for 2 h at 
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each temperature, and the series covered temperatures between room 
temperature and the Curie temperature.  

The overall chemical composition of the initial NKN powder was 
analyzed by atomic absorption spectroscopy with with an estimated 
measurement error of ±0.5% of the reported data.  

2.7.6 Light absorption measurements 

The UV/VIS absorption spectra of transparent and polished HAp samples 
were recorded with unpolarized light in a wavelength range of 250–800 nm 
using a Zeiss MPM800 single-beam microscope–spectrometer. The 
transmittance from 400 to 4000 cm-1 was measured with a Fourier transform 
infrared spectrometer (FTIR Varian 670-IR) equipped with a single-
reflection Golden Gate ATR accessory with a diamond ATR element. 
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3 Results and discussion 

3.1 Temperature measurements 

As discussed above the sample experiences a higher temperature than that 
recorded by the pyrometer and/or thermocouple. We have tried to estimate 
this temperature difference using one conducting component, Ti, and one 
non-conducting component, NKN.  

 
In titanium the α→β phase transition takes place at 882 °C; this 
transformation is exothermal and the ductility of the β phase is substantially 
higher than that of the α phase. These two phenomena were used to estimate 
the temperature difference: the recorded (thermocouple) temperature was 
~ 730 °C at the phase transition, yielding a ∆T of ~150 °C.  

 
In another experiment we used two thermocouples, the first one located 
close to the surface of the die and the second one touching the pre-sintered 
Ti sample located inside the die, which was deformed during the experiment 
as shown in Figure 2-1. Τhe temperatures measured during compression are 
presented in Figure 3-1.  

The ∆T value increased linearly with the temperature, and the slope of the 
∆T–T graph changed when the deformation of titanium started. The area of 
the sample increases, and thus a stronger current passes through the sample. 
It can be noted that at Tb = 700 °C  ∆T reads a value of 167 °C, which is very 
close to that mentioned above.  

 
In parallel, the temperature was measured with the pyrometer focused on the 
die surface (Tb), and the recorded temperatures yielded a much smaller ∆T = 
Ta - Tb, which can be ascribed to the fact that the time constant of the 
pyrometer is much faster than that of the thermocouple.  
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Figure 3-1 The temperature as measured by a thermocouple placed in the vicinity of 

the sample and by a thermocouple/pyrometer at the surface of the pressure die, 
plotted versus time. 

In yet another experiment the current was blocked from passing the Ti 
sample via two alumina disks located below and above the Ti sample. In this 
case, which resembles an experiment with a non-conducting sample, the 
onset of deformation was delayed by ~90˚C as seen in Figure 3-2. The 
deformation curves are also different: the one without alumina discs exhibits 
a two-step deformation behaviour, while the one with alumina discs only 
contains one deformation step. This suggests that the deformation in the 
latter case occurs within the α-phase region, while in the former case the 
deformation takes place both in the α-and β- phase regions.   

 
Figure 3-2 Compressive strain curves of Ti when the current was blocked by Al2O3 

discs from passing through the Ti sample; and of the sample without the Al2O3 discs. 
SPS conditions: heating rate 50 oC·min-1, pressure 50 MPa, dwell time 4 minutes at 

800 ˚C.  
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In the case of NKN, temperature gradient experiments were performed using 
two types of normal dies, with inner diameters of 12 and 15 mm, and using 
the high pressure cell with Sialon/SiC load-bearing parts. Two pyrometers 
were used: one was focused on the sample surface through a hole (Ta), and 
the other was focused on the die surface (Tb). The ∆T (Ta-Tb) values were 
measured at the several isothermal temperatures, and are presented in Figure 
3-3. As expected, ∆T shows an almost linear increase with increasing 
temperature.  

The highest ∆T (~40 °C) is recorded for the normal dies with an inner 
diameter of 12 mm, and the maximum ∆T for the die with an inner diameter 
of 15 mm is only ~18 °C, giving the impression that the heat loss by 
radiation from the die surface is higher in the smaller die. 
With the high pressure cell ∆T is almost zero, indicating that the heat is 
transferred by heat conduction from the outer die wall into the sample as in 
the case of conventional hot pressing, as discussed above. However, when 
WC load-bearing parts were used together with a conducting sample, ∆T 
increased to ~32 at 950 °C.  

 
The temperature gradients measured in this thesis lie well in the region 
discussed in the literature and, as mentioned earlier, the temperature 
differences between different SPS units, as well between materials and 
sintering processes, should be carefully considered when comparing results.  

 

 
Figure 3-3 Temperature gradients at different isothermal temperatures measured 

with a pyrometer focused on the sample surface (Ta) and with pyrometer focused on 
the die surface (Tb, normal position). Four different die settings are used: normal die 
with inner diameters of 12 and 15 mm, and one high-pressure cell with Sialon parts 

and with a solid NKN sample, and a high pressure die with conducting WC parts 
and with a solid graphite piece as a sample.  
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3.2 Sintering and compression: plastic deformation and grain 

sliding 

In pressure assisted sintering, the pressure increases the initial packing 
density, and the total pressure on the connection points between the particles 
thus increases the sintering rate. The shrinkage curves in all materials 
systems in this thesis can be divided into three stages, as presented in Figure 
3-4. The first stage is characterized by increased packing density; the second 
stage by increased grain sliding and diffusion, and the final stage by removal 
of the pores via diffusional creep. 

 
Figure 3-4 Three sintering stages observed in the SPS processing of HAp sintered to 

1100 °C for 5 min under 50 MPa. I) increased packing density; II sintering with 
increased grain sliding and diffusion; and III) removal of the pores via diffusional 

creep 

3.2.1 Sintering of titanium 
The sintering experiments with titanium were done with various heating 
rates and pressures. All sintered samples were fully dense (> 99 TD%) and 
the sintering curves for titanium are presented in Figure 3-5. The 
experiments with different heating rates were done up to 950 °C without 
dwell time, using a constant pressure of 50 MPa. In order to achieve fully 
dense samples they had to be heated close to 950 °C. The sintering curves 
for the 100 and 50 °C·min-1 heating rates were similar, and the sintering 
started at ~480 °C. The sintering with a heating rate of 200 °C·min-1 started 
at lower temperature and the shift is most probably due to high heating rates 
generating higher temperature gradients. 

 
The experiments at different pressures were performed with a constant 
heating rate of 50 °C·min-1 up to 950 °C (no dwell time). The increase in 
sintering pressure from 10 to 100 MPa resulted in an increase of the packing 
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density from 45% to 62% of the theoretical density (TD). The sintering 
started at 480 °C, as with different heating rates, but there was an additional 
increase in sintering rate at ~730 °C for samples sintered at 10, 20 and 30 
MPa.  The samples sintered above 30 MPa were almost dense at that 
temperature, as seen in Figure 3-5b. The increase in sintering rate is 
associated with the α/β phase transformation. 

The change to a thinner die wall in the sintering with different heating 
rates shifted the shrinkage curves to lower temperatures (~ 50 °C), indicating 
that the sample experiences a higher temperature inside the thinner die, that a 
relatively stronger current is passing through the Ti metal, and that the 
cylinder acts as a heat sink. 

 

 
Figure 3-5 Sintering curves of titanium a) with different heating rates using a 

constant 50 MPa pressure up to 950 °C without dwell time, b) at different pressures 
with a constant heating rate of 50° C·min-1 up to 950°C without dwell time. 

The evolution of the microstructure during the sintering process was 
investigated by interrupting the sintering experiments at various 
temperatures. The microstructures of the samples sintered at 200, 500 and 
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600 °C are presented in Figure 3-6. The microstructures revealed the 
occurrence of grain deformation together with intergranular microcracking 
(Figure 3-6c), but no features of necking, micro-welding or/and local 
melting at the grain boundaries were seen. At 600 °C the necking features 
appear, this is similar to the HP samples exhibiting densities higher than 
90%. The microstructures of samples prepared in the SPS and in the HP 
using comparable conditions were very similar as seen in Figure 3-6e and f.   

 

 

 
Figure 3-6 SEM microstructure images of the samples heated up to a) 200 °C; b and 

c) 500 °C and d) 600 °C, using a heating rate of 50 °C/min and a pressure of 50 
MPa, e) SPSed  at 700 °C for 10 min, f) HPed at 800 °C for 20 min, the heating rate 

in e) and f) were 25 ˚C·min-1 and pressure of 30 MPa.  
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3.2.2 The compressive deformation experiments with titanium 
The compressive strain and strain-rate curves for Ti, using different heating 
rates and a pressure of 50 MPa are presented in Figure 3-7. The curves 
clearly reveal two onset temperatures: the first one where the deformation 
starts (~600– 650 °C) and the second one at the α to β phase transition 
(~700–750 °C). The shift of the compression strain curve to lower 
temperatures with higher heating rates is associated with increased 
temperature gradients and the fact that more current is passing through the 
sample when higher heating rates are used. The same reason is valid for the 
increased strain rates with higher heating rates. The compressive strain did 
not vary substantially with the heating rate used, i.e. the heating rates 100 
and 50 oC·min-1 yielded a compression strain of 60.9%, while the 25 oC·min-1 
rate yielded only slightly lower strain (58.3%). 

 

 
Figure 3-7 Compression strain and compression strain-rate curves for deformation of 
Ti in the SPS, using different heating rates, a pressure of 50 MPa and a dwell time of 

4–5 min at 850 °C. 
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The compressive strain and strain-rate curves for the experiments where 
different pressures were used with a heating rate of 50 °C·min-1 are shown in 
Figure 3-8. The onset temperature for the deformation increases from 
~480 C to ~800  C when the pressure is decreased from 75 MPa to 25 MPa. 
Under high pressure (75 MPa) the deformation occurs in the α-phase region, 
and the compressive strain-rate curve is comparatively broad. When the 
pressure is decreased (20 and 30 MPa) the deformation shifts to higher 
temperatures, implying that the main part of the deformation takes place 
within the β-phase region, and the compressive strain rate curves become 
more confined. When a pressure of 50 MPa is used the deformation takes 
place within both the α- and β-phase regions, and the compressive strain 
curve exhibits two separate maximum values, one located within the α-phase 
region the other within the β-phase region.  

 

 
Figure 3-8 Compression strain and compression strain-rate curves for deformation of 

Ti in the SPS, using different pressures and a heating rate of 50 °C·min-1. The 
experiments were stopped when the dilatometer reached a constant value, expect in 

the 50 MPa experiment where a dwell time of 4 min was applied at 850°C.  
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3.2.3 Improved plastic deformation in SPS compared with HP 
for titanium 

 
The benefit of using SPS, compared to HP, in the sintering of titanium was 
most evident at low temperatures because the ductile β-phase is formed at 
high temperatures, implying that fully dense samples could be obtained both 
in the SPS and HP units. Within the phase region of α-titanium one could 
obtain somewhat higher densities in the SPS unit (~98%) compared to ~92% 
in HP. The difference is not large, and might be explained by the different 
ways of recording the temperature. However, if the densification is promoted 
by increased plastic deformation and creep in the SPS at low temperatures, 
one would expect that the compression strain should be higher in the SPS 
set-up than that recorded with HP. To compare the deformation behaviour in 
the SPS and HP units, isothermal deformation tests were performed. The 
compression strains of SPSed and HPed samples are presented in Table 3-1. 
Indeed the deformation in SPS goes faster, and slightly larger strains are 
achieved, especially under low pressure. In HP at high temperature and high 
pressure the maximum compression strain for the die setting is achieved and 
the time needed for total compression might be even shorter than 40 min, 
indicating that the deformation in HP is also fast in the β-phase region.  

Table 3-1 Compression strains and compression conditions used in the HP and SPS 
units during deformation of Ti. A heating rate of 25 °C·min-1 was used in all 

experiments 

Compressive 
pressure 

Phase 
region 

SPS 
strain 
(%) 

HP 
strain 
(%) 

SPS conditions HP conditions 

30 MPa α 25.5 6.1 700 ˚C/ 20 min 800 ˚C/ 20min 

72 MPa α 52 48 650 ˚C/ 20 min 800 ˚C/ 20 min 

72 MPa β  57  900 ˚C/ 40 min 

 
As mentioned above, the microstructures of the samples sintered both in SPS 
and HP were very similar. Even the microstructure of the compressed 
samples in SPS and HP were similar, and the microstructures of an SPS 
sintered and an SPS compressed titanium sample are presented in Figure 3-9. 
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Figure 3-9 Microstructures of samples heated to 950 °C using a heating rate of 

50 °C·min-1; a) sintered in the SPS using a pressure of 10 MPa; b) deformed in SPS 
using a pressure of 25 MPa.  

3.2.4 The sintering and compression of Ti/TiB2 
Ti/TiB2 composites were sintered to full density at 1500 °C using a holding 
time of 3 min and a pressure of 50 MPa. The sintering and deformation 
conditions used in the present study together with the outcome of the XRD 
and mechanical property studies are presented in Table 3-2 

 
The sintering curve of the (Ti)x(TiB2)1-x composite with x = 0.05 is presented 
in Figure 3-10a. The initial sintering started already at a very low 
temperature and is associated with the deformation of Ti (see above), and 
this sintering step increased with increasing titanium content. The second 
step started close to 1000 °C, when the softer β-titanium started to penetrate 
the spaces between TiB2 grains. In that way the grain sliding in the Ti/TiB2 
composite was enhanced during sintering, making it possible to sinter the 
composite to full density at 1500 °C. The samples with x = 0.05 and 0.1 
became fully dense, but further increase of Ti content decreased the density 
due to the reaction Ti+ TiB2 → 2TiB. 



 51 

 

Table 3-2  A tabular summary of the experimental conditions used in the 
densification and deformation of (Ti)x(TiB2)1-x composites, and obtained strain and 

mechanical properties. 

Experimental Sample 

x-value 

SPS  

Conditions* 

Density 

%TD 

Phase 

 

Strain 

% 

Hv 

GPa 

Remarks 

Densification 0.05 1500/3/50 99.9 TiB2, (Ti)  25  

 0.10 1500/3/50 100 TiB2, (Ti)    

 0.20 1500/3/50 97.0 TiB2, (Ti),  (TiB)    

Deformation 0.05 1550/2/30 95.7 TiB2, (Ti), (TiB) 48.3  Cracks 

 0.05 1700/0/40 91.6  32  Cracks 

 0.05 1700/2/50 98.5 TiB2, TiB, (Ti3B4) 48.4 15.6 no cracks 

 0.10 1550/0/40 87.8 TiB2, (Ti), (TiB) 55.4  Cracks 

 0.10 1700/3/10 97.3  58.6  Cracks 

 0.10 1700/2/50 100  51 13 no cracks 

 0.20 1450/0/50 93.2 TiB2, TiB 57.1  no cracks 

 0.20 1700/1/50 96.8  58  no cracks 

Remark *1500/3/50 = 1500 ˚C, 3 min, 50 MPa 

 
A compression strain curve for the (Ti)x(TiB2)1-x composite with x = 0.05 is 
presented in Figure 3-10b. It is clear that the deformation is determined by 
the softening of the intergranular titanium. The initial deformation of the 
Ti/TiB2 composites occurs at a low temperature, approximately where pure 
Ti starts to deform, and the second step of deformation starts at much higher 
temperature, ~1300 ˚C. This indicates that the softening of Ti at the α/β 
phase transformation temperature is not sufficient for complete deformation.  
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Figure 3-10 Sintering and compression curves for the (Ti)x(TiB2)1-x composite with 
x = 0.05. a) The sintered sample was heated at a rate of 100 °C·min-1 to 1450 °C and 

then heated to 1500 °C at a rate of 25 °C·min-1 using a pressure of 50 MPa. The 
dwell time at 1500 °C was 3 min. (b) The deformation was carried out at 1550 ˚C 

under a constant load corresponding to an initial compressive stress of 30 MPa with 
a holding time of 2 min. The sample was heated at a rate of 100 °C·min-1 to 1500 °C 

and then to 1550 °C at a rate of 25 °C·min-1 

The density measurements and microstructures indicate that the deformed 
samples were not fully dense, see Table 3-2 and Figure 3-11, contrary to the 
pre-sintered sample, due to formation of cracks and TiB. The formation of 
TiB was only noticed in pre-sintered samples for the composition with 
x = 0.2, but according to XRD investigations all the deformed compositions 
showed the formation of TiB. TiB has orthorhombic symmetry and is softer 
than the hexagonal TiB2, implying that the hardness of the deformed sample 
is also lower, see Table 3-3. The cracks were initiated during the 
deformation at low temperatures and/or under low pressures and are related 
to the volume change of titanium at the phase transformation (882 °C) 
during cooling. The largest cracks were mainly found at the edges of the 
deformed samples but could also be found in the interior of the sample, see 
Figure 3-11b. The tendency to form cracks decreased with increasing 
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deformation temperature and/or the pressure for a given x-value. TiB2 doped 
with 20% Ti did not show any signs of cracking even at low temperatures, 
see Table 3-2. There is no obvious correlation between applied pressure and 
obtained density, indicating that crack formation is not the only mechanism 
that affects the density.  

Table 3-3 Densities of (Ti)x(TiB2)1-x before and after deformation. 

x ρ1 (%) max ε 
(%) 

deformation 
conditions 

ρ2 (%) 

0.05 99 31 1500/3/30 95 

0.1 99 46 1417/0/50 92 

0.2 99 57 1433/0/50 93 

Remarks: ρ1 presents the density of the as-sintered samples, ε is the strain obtained 
and ρ2 is the density after deformation. Samples are pre-sintered 1500/3/50, and 
deformation conditions are given in the table. These samples did not exhibit visible 
cracks 

 
At high temperature (1700 ˚C) it was possible to deform all of the 
compositions with high values of strain, without crack formation and with 
similar densities. The obtained strains varied with the composition: 48% 
(x = 0.05), 51% (x = 0.1) and 58% (x = 0.2). It can also be noticed that the 
pressure needed for crack-free deformation at high temperatures is 
comparatively high (50 MPa) and that no significant grain growth took place 
during the deformation  

 
At 1700 ˚C a Ti based liquid phase is formed, which improves grain sliding 
in the composite and accordingly facilitates the deformation. Simultaneously 
with compression the liquid Ti reacts with TiB2 to form softer TiB and 
Ti3B4. This reaction will diminish the amount of Ti in the composite, and it 
shortens the deformation time of the sample. A fast deformation is needed in 
order to get a maximal strain, i.e. a high pressure is needed. Even though 
high-density samples were obtained at high temperature, the formation of 
TiB and Ti3B4 decreased the hardness of the composite from 25 to 15.6 GPa. 
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Figure 3-11 Backscatter pictures of a Tix(TiB2)(1-x) composite with x = 0.05, a) 
sintered at 1500°C, 3 min, 50 MPa, b) deformed at 1500°C, 0 min, 50 MPa, c) 

deformed at 1700°C, 2 min, 50 MPa.  

3.3 Sintering, grain growth and its control in SPS 

The unique features of SPS: fast heating and a possibility to use high 
uniaxial pressure were successfully used to control grain growth in the NKN 
and HAp systems. 
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3.3.1 Sintering of ferroelectric Na0.5K0.5NbO3 
The sintering conditions and characteristics of sintered NKN ceramics are 
presented in Table 3-4.  

Table 3-4 Sintered NKN samples and their properties 

Sintering Conditions   

 

 

Label* 

Tempera
ture 
°C 

Pressure 
MPa 

Dwell 
time 
min 

Relative 
density 

% 

Grain 
size 
µm 

Domain 
sizes 
µm 

Remanent 
polarization 

µC/cm2 

NKN750 750 500 10 77.4** 0.2 ***   

NKN800 800 200 10 76.6** 0.27 ***   

NKN850 850 400 5 99.6 0.35 0.07 12 
NKN850N2 850 100 5 99.3 0.6 0.04  25 
NKN850N2 850 100 10 100 

0.56 
  

  
NKN850N2 850 100 20 100 0.55     
NKN900N5 900 100 5 99.8 0.52     

NKN950 950 100 3 99.8 0.79 0.08   

NKN975 975 100 5 99.5 0.98 0.11 6.2 
NKN1000N2 1000 50 0 98 

9.4 (0.9) 
bimodal     

NKN1000N2 1000 50 3 99,6 

14.6 
(0.8) 

bimodal 

2 
(large) 

0.1 
(small) 

 
 
 

Remarks:  
*NKN850N2 is the NKN ceramic sintered at 850 °C in a normal die with inner diameter 12    
mm 
NKN900N5 is the NKN ceramic sintered at 900 °C in a normal die with inner diameter 15 mm 
NKN850 is sintered at 850 °C in a high-pressure cell 
** Density estimated from a polished cross-section surface with image analysis 
*** Ceramics are too porous to reveal the domain structure 

 
All the samples sintered at 850 °C or above were fully dense. The sintering 
curve of an NKN ceramic, heated to 1000 °C using a pressure of 50 MPa and 
a dwell time of 5 min, is presented in Figure 3-12 As seen, the densification 
started at ~720 °C and was finished at ~940 °C. 
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Figure 3-12 The relative density and temperature curves for NKN heated to 1000 °C, 

using a holding time of 3 min and a pressure of 50 MPa. 

3.3.1.1 The decomposition of NKN at elevated temperatures  

As mentioned above, volatilization of alkaline metals can occur during 
sintering of NKN at high temperatures. To test this possibility the 
compositions of the NKN850N2 and NKN1000N2 samples and of the 
starting powder were determined by means of XRPD and EDX. The XRDP 
of the powder and the samples could be refined with a monoclinic unit cell54, 
and the obtained cell parameters are presented in  Table 3-5. The b and c 
lattice parameters of the sample sintered at 1000 °C were found to be slightly 
larger than those of the starting powder, which may indicate a minor shift of 
the composition. The Na/K and (Na+K)/Nb ratios of the same samples were 
measured by EDX and found to be slightly larger than those of the samples 
prepared at 850 °C, again indicating a minor shift of the composition. In 
addition, the spatial variations of these ratios were larger in the former 
samples than the latter ones.  

The EDX and XRPD results thus suggest that sintering of NKN at high 
temperatures, e.g. 1000 °C, give rise to a shift of the composition in such a 
way that a more sodium rich composition is formed, and most probably 
minor amounts of liquid (see also below).  

Table 3-5 Rietveld-refined NKN cell parameters based on the space group Pm. 

  a(Å) b c β V 
Powder 8.011(1) 7.900(1) 7.99(1) 90.2801(1) 506.10 
850 °C 8.009(1) 7.8989(1) 7.9983(1) 90.295(1) 505.98 

1000 °C 8.011(1) 7.967(1) 8.0039(1) 90.321(1) 505.67 
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3.3.2 The microstructure development of NKN 
The microstructures of the NKN750, NKN850, NKN850N2 and 
NKN1000N2 samples are presented in Figure 3-13, and the average values 
of the grain sizes are listed inTable 3-4. The grain sizes increased with 
sintering temperature. The difference in average grain size between NKN850 
(0.35 µm) and NKN850N2 (0.6 µm) is explained by the observation that 
differently shaped dies have different ∆T values, see above. NKN850 was 
sintered in the high-pressure die with zero ∆T, while NKN850N2 had a ∆T 
of ~40 °C. The real temperature in the NKN850N2 case is probably closer to 
experienced by sample NKN900 in the high-pressure die at 900 oC, and 
indeed their average grain sizes are similar.  

It was possible to define a “kinetic window” within which it is possible to 
prepare dense samples and simultaneously avoid grain growth, see Figure 
3-14. Within this temperature interval densification is aided by enhanced 
grain sliding. Grain growth is, however, strongly temperature dependent and 
takes place above a threshold temperature. In this case, abnormal grain 
growth starts to takes place at 975 ˚C with few larger grains resulting to a 
bimodal microstructure at 1000 °C with large grains (up to 15 µm) 
embedded in the matrix of fine grains (~1 µm). 

 

 
 

 
Figure 3-13 Microstructure pictures of the fracture surfaces of samples sintered at a) 
750 °C using the  high-pressure die, b) 850 °C using the high-pressure die, c) 850 °C 

using a normal die (12 mm), d)1000 °C using a normal die (12 mm). Note that 
different scales are used in c) and d) 
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Figure 3-14 Relative density and grain size plotted versus sintering temperature. 

 The variation of grain size with increasing dwell time was investigated at 
850 and 1000 °C sintered in normal die, using dwell times of 5, 10, and 20 
minutes at the former temperature and 3 and 5 minutes at the latter one. At 
low temperatures no variation with holding time could be discerned, while at 
1000 °C the grains grew larger with longer dwell time, see Figure 3-15. As 
discussed above at 1000 °C minor amounts of liquid might be present, which 
in turn promotes the grain growth. 

 
Figure 3-15 The effect of dwell time on grain size at sintering temperatures of 850 
°C and 1000 °C, where pressures of 100 MPa and 50 MPa, respectively, were used. 
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3.3.3 Sintering of HAp in SPS  
A series of experiments with different sintering conditions was performed to 
determine the grain growth behaviour.  
In the series with constant heating rate of 100 °C·min-1 and under a pressure 
of 75 MPa the densification started at ~690 ˚C and the density increased with 
the sintering temperature. In an early dilatometry study carried with a 
heating rate of 5 °C·min-1 it was revealed that the sintering of a 
hydrothermally synthesized HAp powder, similar to the present powder, 
begins at around 670°C 87. This temperature can be regarded as the minimum 
temperature required to activate the interfacial diffusion of the HAp 
nanoparticles that is required for densification and that the sintering 
temperatures in this study is reaching that limit; even when the ∆T is 
considered.  A density of 95 TD% was reached at 940 °C,  above which the 
densification rate decreased, as revealed by the plot of time (temp)-
dependence of density in Figure 3-16.  
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Figure 3-16 The shrinkage curve recorded in real time when a constant heating rate 
of 100˚C·min-1 and a compressive pressure of 75 MPa were applied. The heating 

was performed with two holding stages, namely at 800 °C for 5 min and at 1100 °C 
for 5 min. Rapid densification was observed immediately above 800 °C, which was 

then followed by densification with gradually reduced speed above ~940 °C. 

Almost simultaneously with the change in shrinkage rate, a sudden drop in 
the current and voltage needed to heat the die set was noticed, as shown in 
Figure 3-17. Such momentary drops of current and voltage disappeared 
when a slower heating rate of 50 ˚C·min-1 was used, or when the sample was 
electrically insulated from the DC current by inserting Al2O3 plates above 
and below the HAp sample. It can also be noticed that the total power 
consumption increased when alumina plates were used. In the experiment 
where the sample was initially heated to 1100 °C, then cooled to 800 °C, and 
subsequently reheated to 1100 °C, such a change in power consumption was 
seen in the first heating cycle up to 1100 °C but not during the second 
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heating cycle. It can be speculated whether some type of reaction and/or 
phase transformation can give rise to such changes via a change of the 
electrical properties of the sample. One possibility, when sintering HAp, 
might be that a dehydroxylation process momentarily induces changes in the 
electrical properties of the sample. The efficient temperature response of the 
SPS unit makes it possible to compensate for the increased temperature by 
decreasing the power supply. It seems that when a slow heating rate, e.g. 50 
˚C·min-1, was used, the temperature gradient between the measured 
temperature and the real sample temperature is too small to be registered. 
When the current through the sample is blocked, a variation of the sample 
properties will obviously have no noticeable influence on the heating profile.  
In the experiment with two heating cycles, no drop in voltage was recorded 
during the second heating cycle, as the hydroxyl groups had already been 
partially removed from the sample during the first heating cycle. 

 
Figure 3-17 A sudden decrease in the current was recorded at ~940 °C when a high 

heating rate of 100 °C·min-1 was applied 

A series of experiments under different pressures showed that the achieved 
density was strongly pressure-dependent for the samples consolidated at 
lower temperatures, whereas it had no noticeable relation with the applied 
pressure for the samples consolidated at higher temperatures. Thus, the 
sintering performed in the high-pressure cell resulted in fully dense 
transparent HAp nanoceramics when a high pressure, exceeding 100 MPa, 
was used in the temperatures interval 700–750 °C. When the pressure was 
increased from 30 to 75 MPa in the sintering with a normal die at a high 
temperature, 1000 °C for 5 min, only a slight increase in density was 
observed, namely from 98.3% to 99.1%,. Though it is obvious that high 
pressure favours the densification at lower temperature, it was observed that 
the application of a pressure higher than 300 MPa often yielded cracked 
samples, most probably due to increased internal stresses during sintering.  
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3.3.4 Microstructure development in the sintering of HAp 
Studies of the microstructure of samples sintered at different temperatures 
revealed that no significant grain growth took place below approximately 
∼950 ˚C as shown in the Figure 3-18. It is obvious that the increase in the 
pressure increased the density while nanosize microstructure could be kept. 
SEM images taken on fracture surfaces of two HAp samples, consolidated at 
700 °C and at 1100 °C, are presented in Figure 3-19. The former has a 
homogeneous nanograined microstructure, whereas the latter exhibits a 
bimodal grain structure containing very large grains embedded in a finer 
grain matrix. The increase in grain size with increasing sintering temperature 
is presented in Figure 3-20. At 950 °C and 1050 °C the achieved 
microstructures still are quite homogeneous, even though most grains have 
developed an elongated morphology with the elongated direction 
perpendicular to pressure direction. At 1050 °C abnormal grain growth 
occurred, yielding the formation of very large elongated grains, up to 180 
µm in length and 20 µm width, within minutes.  The length/width ratio of 
these grains could be up to 11. 

 
Figure 3-18 The grain size and density with solid lines are sintered with 75 MPa 
using 100 °C·min-1  heating rate in normal die of 12 mm and dwell time of 3 min. 

The two dense nano grained ceramics (marked with stars) are sintered at 700 and at 
725 ˚C for 3min using 200 MPa and   heating rate of 50 °C·min-1 
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Figure 3-19 SEM image taken on polished surface, revealing the microstructure of a 
transparent HAp nanoceramic consolidated at 700 °C for 3 min under 300 MPa by 
using a high-pressure die and a heating rate of 50 °C·min-1 (a), and on the fracture 

surface of a sample with a bimodal grain structure consolidated at 1100 ˚C for 3 min 
under 75 MPa in a normal die with a heating rate of 100 °C·min-1 (b). 

 

 
Figure 3-20 Grain size plotted versus sintering temperature for HAp ceramics. 

In general, an increase in holding time at elevated temperature increased the 
amount of abnormally large grains. Applying a holding time of 1 min at 
1050 °C did not yield formation of any such grains, but increasing the 
holding time to 5 and 10 min increased both the number and size of 
abnormally large grains. A similar tendency was observed when increasing 
the heating rate from 50 °C·min-1 to 300 °C·min-1, see Figure 3-21. The rapid 
grain growth occurring at elevated temperatures, enhanced by prolonged 
dwelling, is a common phenomenon often observed during spark plasma 
sintering 25.  Increasing the heating rate increases the temperature gradient as 
well as the temperature inside the sample, thus enhancing the grain growth 
via a mechanism termed dynamic ripening 88, 89.   
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Directional XRD patterns were used to confirm the preferred orientation of 
elongated HAp grains. Patterns were recorded on the surfaces of a bulk 
ceramic consolidated at 1100 °C, both parallel and perpendicular to pressure 
directions. The [002] peak of the sample oriented perpendicular to the 
pressure direction disappeared almost totally, but the intensity of that peak in 
the sample oriented parallel to the pressure direction was very strong. This 
indicates that (1) the grains grow faster in the c direction and (2) the 
elongated grains tend to align themselves under the applied pressure. 

 

 
Figure 3-21 SEM images taken on polished surfaces, revealing the effect of dwell 

time and heating rate on the growth of abnormal grains when a constant pressure of 
75 MPa was used. (a) and (b): dwelling times of 1 and 10 min, respectively, were 

used at 1050 °C with a heating rate of 100 °C·min-1; (c) and (d): heating rates of 50 
and 300 °C· min-1, respectively, were used in association with a dwelling time of 3 

min at 1050 °C. 

3.3.5 Possible dehydroxylation and decomposition of HAp 
X-ray diffraction was used to detect if any dehydroxylation and/or 
decomposition reactions occurred during sintering. The XRD patterns did 
not show any formation of β-tricalcium phosphate (β-TCP) or any other 
phosphates, and the cell parameters of HAp were similar in all of the 
samples and are presented in Table 3-6. This result agrees with that reported 
by Nakahira et al. 81. Although the cell structure remained the same during 
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SPS sintering the inspection of changes in OH band absorption in IR 
spectrum revealed a partly dehydroxylation of the ceramics sintered above 
800 ˚C. 

Table 3-6 Refined cell parameters of HAp at different sintering temperatures 

Sintering T 
(°C) 

a,b c 

powder 9.418(1) 6.883(5) 
900 9.422(1) 6.881(5) 
1000 9.423(9) 6.883(1) 
1100 9.422(9) 6.883(4) 

 

3.4 Improved ferroelectric properties and transparency with 

controlled grain size 

3.4.1 Transparency of HAp 
The hydroxyapatite samples sintered to full density at low temperature with 
minimum grain growth were optically transparent, with a transmittance of 
more than 70% in the entire region of visible light, as confirmed by a 
transmittance measurement performed with a UV- visible spectrometer. The 
transmittance gradually decreased into the UV region, as seen in Figure 
3-22a. This kind of UV-blocking property is strongly determined by the 
atomic defects, accommodated most probably in grain boundaries.  

The absorbance in the infrared region was also measured. An absorption 
spectrum obtained for the sample sintered at 700 °C using 300 MPa pressure 
is shown in Figure 3-22b. The absorption band at 3570 cm-1 is ascribed to 
OH- stretching, and its strong intensity suggests that no dehydroxylation has 
occurred in the sample, as expected because of the low sintering temperature 
78. The absorptions at 460–630 cm-1 are the O-P-O bending modes of the 
PO4

3- unit in HAp, and absorptions at 962–1135 and 1990–2138 cm-1 are 
asymmetric P-O stretching modes and combination bands of PO4

-3 in HAp, 
respectively. The absorption spectrum also reveals carbonate impurity in the 
samples. The absorptions at 1457 and at 873 cm-1 are ascribed to C-O 
stretching and bending modes for CO3

-2, respectively. The presence of 
carbonate in SPSed HAp samples has previously been observed Li et al 90. 
They connected the impurity to the SPS process. In our case the carbonate 
absorption was seen already in the powder caused by the presence of a small 
amount of carbonate in the as-precipitated HAp powder 91. Due to a rapid 
and low temperature process it is most likely that the decomposition of this 
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carbonate is not completed. Though it is not impossible that during the SPS 
sintering a small amount of CO2 gas is trapped inside the closed pores in 
HAp ceramics. This gas is formed by oxidation graphite during SPS process 
when a graphite die is used in a not so high vacuum condition. 

 

 
Figure 3-22 Transmittance in the UV-visible light region, sample thickness 673 µm 
(a); and the IR spectrum (b) of an HAp nanoceramic consolidated at 700 °C for 3 

min using 300 MPa pressure. 

Due to the high efficiency of pores as light scattering source, it is noticed 
that porosity and the pore size are two most critical structural parameters that 
influence the transparency of HAp ceramics in nano-grain regime. Applying 
a high pressure at minimized sintering temperature in SPS is helpful for 
reducing porosity and pore size through enhanced diffusional creep thus 
improving transparency. 
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3.4.2 The effect of grain size on domain size in ferroelectric 
NKN 

The ferroelectric domain structures of NKN prepared at different 
temperatures were investigated from polished cross section samples as 
presented in Figure 3-23. The domain structure varies with the grain size. 
The sample prepared at the lower temperature had grain sizes below 2 µm 
and exhibited multi-domain structures with 90 ° or both 90 ° and 180 ° 
domains, while the sample prepared at 1000 °C contained grains with sizes ≥ 
10 µm, which exhibited a herringbone type of domain structure, see Figure 
3-23c. 

 

 
Figure 3-23 Domain structures for NKN sintered a) at 850 °C using 400 MPa and 5 
min dwell time (NKN850) and b) at 1000 °C using 50 MPa and dwell time of 3 min 

(NKN1000N2), c) a herringbone type of domain structure in large grain 

The average domain size (width) is plotted versus average grain size in 
Figure 3-24. The domain width decreases with decreasing grain size, but 
from the data it is not possible to estimate the critical size for single-domain 
structure. The reported critical size for BaTiO3 is below 0.3 µm 43, 92 but it 
seems to be smaller for NKN as we have found grains of 200 nm size 
containing several domains, as shown in Figure 3-23a.  
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Figure 3-24 Average domain size vs average grain size. 

3.4.3 Grain and domain size effect on the dielectric properties 
in NKN 

The temperature dependency of permittivity and dielectric varies with grain 
size, as presented in Figure 3-25. The plots exhibit two permittivity peaks 
that can be ascribed to phase transitions. The phase transition in the sample 
containing small grains (0.2–0.27 µm) is broader than in the other ones that 
contain larger grains. A similar effect has been observed in BaTiO3 and PZT, 
and it has been ascribed both to the intrinsic defect of crystal structure and 
extrinsic defect with domains being more easily clamped in small grains, 
which impedes the domain wall mobility/switching 43, 44.   
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Figure 3-25 The temperature dependence of the dielectric constant and loss in NKN 
ceramics for different sintering temperatures and grain sizes: a)750 °C, 0.2 µm, b) 

850 °C, 0.35 µm, c) 850 °C, 0.6 µm, and d) 1000 °C, bimodal 15(0.8) µm   
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The polarization–electrical field (P-E loop) and strain–electrical field 
(butterfly loop)) loops for the NKN850 (0.35 µm) and NKN1000N2 
(bimodal) ceramics are presented in Figure 3-26. It can be seen that the 
coercive field decreases with increasing grain size. This is ascribed to lower 
internal stresses in the large grains, and increased grain-boundary volume in 
fine-grained ceramics. In the former, the domain switching is hampered by 
neighbouring grains that are simultaneously on their way to switching. The 
butterfly loops for fine grained ceramics are symmetrical. Increasing the 
sintering temperature gave asymmetric loops, as shown in Figure 3-26d. 
These types of asymmetric loops have been associated with the presence of 
oxygen vacancies 93.  
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Figure 3-26 P-E and butterfly loops for NKN ceramics. a) P-E loop and b) butterfly 

loop for NKN sintered at 850 °C for 5 min in a high-pressure die at 400 MPa 
pressure; average grain size 0.35 µm. c) P-E loop and d) butterfly loop for NKN 
sintered at 1000 °C for 3 min in a normal die at 50 MPa, with bimodal grain size 

distribution, 15 µm (0.8 µm) 

The highest piezoelectric constant d33, 160 pC/N, was found for the NKN 
ceramic sintered at 850 °C under 400 MPa and having a grain size of 0.35 
µm. This value is of the same order of magnitude as that presented by Jaeger 
et al. 59 some 50 years ago. In this connection it should be noted that no one 
has been able to reproduce the experiment performed by Jaeger et al.  

 
It conclusion the best ferroelectrical properties of NKN ceramics are found 
for ceramics having grain sizes in the region 0.35–0.6 µm. The critical grain 
size for single-domain structure should be less than 0.2 µm.   
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4 Concluding remarks 
The common phenomena discovered in this thesis can be summarized as: 
  

1. The importance of ∆T in SPS experiments. In-situ temperature 
measurements revealed three types of temperature differences: (i) The 
sample experiences a higher temperature than measured by the 
monitoring thermocouple/pyrometer; (ii) The temperature on die surface 
measured by a pyrometer is higher than that measured by the 
thermocouple, due to different time constants: (iii) The temperature 
difference in the high-pressure die is almost zero when non-conducting 
load-bearing parts are used. 
 
2. High densities and compression strains can be achieved at 
comparatively low temperatures, as exemplified by densification and 
deformation of Ti and Ti/TiB2 composites.  
 
3. The grain size can be controlled by applying appropriate temperature 
and pressure cycles to stimulate the grain sliding as exemplified by the 
preparation of fully transparent HAp nanoceramics and fine grained NKN 
ceramics.  
 
4. Grain growth is temperature dependent. Above a threshold temperature 
rapid grain growth may take place. This temperature was found to be 975 
and 900 oC for NKN and HAp, respectively. 
 
5. The chemical reactions can be kinetically retarded during SPS process. 
Accordingly, the possibilities were demonstrated to sinter Ti/TiB2, NKN 
and HAp to full densities with tailored microstructure but without any 
side reactions occurring. 
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