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1. ABSTRACT 

Zirconia (ZrO2) has emerged as a promising technical ceramic, electrolyte for solid fuel cells, and 
as a topcoat for thermal barrier coatings at high temperatures, etc. in the past decades. The 
traditional synthesis of ZrO2 usually necessitates a sintering temperature as high as 1200°C. 
General interest in lowering the sintering temperature to reduce energy consumption and 
thermal stresses has led to many research works.  
 
In this thesis, a novel route of sintering ceramics at lower sinter temperatures named ‘Cold 
sintering’ was adopted to sinter Zirconia bulks. Sintering is performed with the Spark Plasma 
Sintering (SPS) technique through in-situ chemical conversion of Zirconium hydroxide [Zr(OH)4] 
precursors into Zirconium oxide. The sintering process is accelerated by the water vapor emission 
from the conversion reaction. For the commercial applications of Zirconia, its density, hardness, 
and the stabilization of favourable tetragonal phases Is necessary.  
 
Many methods were adopted to increase the densification of the powders. The applied 
mechanical pressure is increased, and sintering aids are used to densify the sintered bulks. 
Mechanical properties like hardness and thermal conductivity values are measured. The 
dependence of relative densities, hardness, and thermal conductivity on the sinter conditions 
such as sintering dwell pressure (range: 50 MPa – 300 MPa) and sintering dwell temperature 
(range 400 °C – 1200 °C) is mapped out as guidance for further material property design.  
 
In addition to the improved sintered density, the phase stabilization of tetragonal ZrO2 phases is 
also enhanced at sintering dwell temperature of 900°C and dwell pressure of 50 MPa using the 
aliovalent phase stabilizing compounds Yttrium oxide (Y2O3) and Bismuth oxide (Bi2O3).  
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2. THEORETICAL STUDY 

2.1 Thermal barrier coatings 
Thermal barrier coatings (TBC) were used for the very first time in the 1950s [1] introduced by 
the NASA Lewis research center. Since then, these coatings have performed well and have 
replaced the gas film cooling technology in many of the aero engines. The main motive of their 
application was to increase the service temperature of the aero engines way higher than their 
melting points. They were designed to reduce the failure of the aero-engines without 
compensating the thrust-to-weight ratio. Thermal barrier coatings deal with increasing the 
service life of the aircraft engine components by insulating [2][3] them against very high 
temperatures, thus allowing them to work beyond their melting point and to avoid thermal 
failure (hot corrosion, thermal stresses). They are usually 200–500μm thick [4] and constitute a 
protective, non-thermally conductive ceramic topcoat, and a metallic bond coat for adhesion to 
the substrate. 
 

 
Figure 1: Thermal Barrier Coating on a turbine blade of the engine with all the three components [4] 

The coating should have a coefficient of thermal expansion (CTE) such that there is no large 
difference with that of the substrate as it causes thermal stresses resulting in delamination of the 
coating. The properties and microstructures of these coatings are well dependent on the 
sintering/spraying technique used for deposition and on the feedstock composition. 
 

 
Figure 2: Variation of temperature among the different functional layers of Thermal Barrier Coating [2] 
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2.1.1 Topcoat 

The topcoat is the topmost component of the TBC system and is usually about 100-400μm in 
thickness [1][2]. It provides thermal insulation [2][3] against the exterior high temperature and 
protects the underlying bond coat and substrate against thermal stresses. A novel set of materials 
called the Ultra-high temperature ceramics (UHTC) [5] have very good insulating properties and 
are recently being used in rocketry for space reentry vehicles. One such UHTC - Zirconia is being 
used as a topcoat in the TBC of aircraft engine components. These Ceramic coatings are thus used 
as they are resistant to higher temperatures and are porous to an extent to let the convectional 
cooling to proceed as it is. 
 
The general requirements of the insulating topcoat material can be listed as having low thermal 
conductivity, high melting point, and good adhesive properties [1][2]. It should be thermally 
stable to have these properties even at very high temperatures. The coefficient of thermal 
expansion should be compatible with that of the substrate. Besides, it should be chemically inert 
towards the thermally grown oxide layer at the bond coat interface and should be resistive to 
corrosion from airborne fuel residues. Additionally, there should be no phase transformation 
between the room temperature and the operating temperature [2] to avoid residual stresses and 
delamination due to the transformation-induced strains.  
 
The topcoats are usually made up of Yttrium stabilized Zirconia (YSZ) which facilitates a 
temperature drop of about 150°C to 300°C depending on the thickness [2][6]. It has a thermal 
conductivity of about 0.8-1.2 W/mK [2] and is reported to provide properties such as low density, 
low thermal conductivity (high concentration of point defects), the ability of stress relaxation 
(compatible CTE), and strain tolerance [1]. TSZ (Tetragonal stabilized Zirconia) also known as 
‘ceramic steel’ is another pioneer material that is used as a thermal barrier coating. It exhibits 
the highest toughness for ceramics [7].  
 
2.1.2 Bond coat 

MCrAlY (where M = Ni/Co/both) [1][2][3][6][8] alloy is applied as the bond coat which is usually 
around 40-200μm[1][4]. The coefficient of thermal expansion should not have a large difference 
with respect to both the substrate and the ceramic coating; preferably it should be between that 
of the substrate and the ceramic coating [3]. The components of the alloy each have a function 
of their own. Aluminum oxidizes to form a passive Al2O3 layer which avoids further oxidation of 
the underlying substrate [2][6]. Indeed, it acts as a sacrificial layer which oxidizes outwards 
towards topcoat at the interface between the two layers and covers the substrate beneath. 
Chromium provides resistance against corrosion. Yttrium improves the adhesion of the TGO and 
also the thermal shock resistance [1].  
 
2.1.3 Thermally grown oxide layer 

Due to the presence of Al in the bond coat, a thin and dense Al2O3 is formed between the bond 
coat and the top ceramic coat during the preparation and service life due to heating. This layer is 
termed as “Thermally Grown Oxide” (TGO) layer. The Al2O3 layer acts as a protective layer in the 
long run and avoids further oxidation of the bond coat and the substrate below as it avoids the 
impregnation of contaminants into the substrate from the porous top coat.  
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2.2 Zirconia (ZrO2) 
Zirconium-di-oxide (Zirconia) is a functional ceramic which finds its application in various fields 
like aerospace, automotive, dental, medical, and other industries. Specific to the aerospace 
industry, it finds its application as the topcoat material for thermal barrier coatings. As required 
by the application as a TBC topcoat, this material qualifies for all the pre-requisite properties like 
high hardness, high flexural strength, compatible thermal co-efficient with the bond coat, low 
thermal conduction (0.8-1.2 W/mK) [2], high melting point (2700 °C)[9], etc. In most cases, the 
Yttrium oxide (Y2O3) stabilized Zirconia [YSZ] is used as the topcoat [1].  
 
2.2.1 Allotropy 

Zirconia like many ceramic counterparts exhibits allotropy. Three phases of the material exist at 
different ranges of temperature. Pure Zirconia exists in the monoclinic phase at lower 
temperatures up to 1170°C. The tetragonal phase exists between 1170°C and 2370°C. Beyond 
2370°C, cubic phases are dominant [9]. The lattice structures of the phases are shown below in 
figure 3. 

 
Figure 3: (a) Cubic, (b) Tetragonal, and (c) Monoclinic phases of Zirconia [10] 

The densification of the tetragonal phase of Zirconia is very essential during application as the 
other two phases; monoclinic and cubic are not as effective to be used as a topcoat material as 
the tetragonal phase.  The monoclinic phase at lower temperatures transforms into tetragonal 
or cubic phases when the high operating temperatures are reached, and stresses are induced in 
the system due to this transformation which results in failure of the coatings. 6-8mol% Yttria 
stabilized Zirconia is considered the most successful topcoat material [1] as it shows low density, 
low thermal conductivity with a more compatible thermal expansion coefficient with the bond 
coat. 
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Tetragonal to monoclinic phase transformation is studied as the direct consequence of the 
reduction of strain energy that favours Gibb’s free energy of conversion to the monoclinic phase. 
Equation 1 shown below [9] explains these dependencies:  
 

∆𝐺𝑡−𝑚 = ∆𝐺𝐶 + ∆𝑈𝑆𝐸 + ∆𝑈𝑆…(1) 
 
Where, 

• ∆𝐺(𝑡 − 𝑚) : Change of total free energy associated with tetragonal to monoclinic phase 
transformation. 

• ∆Gc : Change in chemical free energy between Monoclinic and Tetragonal phases (< 0 
below equilibrium temperature). 

• ∆USE : Change in strain energy due to transformation. 

• ∆US : Change in energy associated with the formation of new interfaces during 
transformation (cracks). 
 

The phase transformation from tetragonal to monoclinic phase can be avoided when ∆𝐺(𝑡 − 𝑚) > 
0. This is achievable only when |∆Gc| < ∆USE + ∆US. This is possible by increasing ∆USE by doping 
Zr4+ ion with aliovalent cations which induces strain energy in the lattice system. 
 
2.2.2 Phase stabilization 

The phase transformation of Zirconia from monoclinic to tetragonal phases and the 
disadvantages associated with it can be controlled by stabilizing the tetragonal phases of Zirconia 
at lower temperatures.  
 
The oxygen vacancies associated with the Zr4+ ions are responsible for the phase stabilization. 
The Zr4+ ions from tetragonal Zirconia phases have a 7-fold coordination with the oxygen atoms 
because of the presence of Oxygen vacancies. The oxygen vacancies can be created by doping 
Zirconia with aliovalent cations.  
 
Doping with undersized trivalent dopants like Cr3+ and Fe3+ having lower ionic radii than that of 
Zr4+ ion create oxygen vacancies in the system. Each oxygen vacancy is associated with two 
dopant ions which relaxes the nearest oxygen atoms and causes two outward oxygens to move 
away from their position. Thus, 6-fold coordination is associated with the dopants through the 
M-Vo-M (M: Dopant; Vo: Oxygen vacancy) model as shown in figure 4. This associates the Zr4+ 
ions with 7-fold coordination and stabilizes the tetragonal phase as shown in figure 5. 
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Figure 4: Oxygen relaxation by undersized trivalent dopants [11] 

Doping Zirconia with oversized trivalent dopants like Y3+, Sc3+ having higher ionic radii than that 
of Zr4+ ion replaces the Zr4+ ions at certain sites with the dopant ions and hence creates oxygen 
vacancies associated with the Zr ions through the Zr-Vo-Zr (Vo: Oxygen vacancy) model which 
relaxes the crystal structure thus stabilizing the tetragonal phases as shown in figure 5. 
 

 
Figure 5: Doping with (left) undersized trivalent cations and (right) oversized trivalent dopants [11] 

2.3 Sintering 
Sintering is a process in the field of powder metallurgy and ceramics where the fusion of powder 
particles occurs at their points of contact at high temperatures with or without the application of 
external pressure and usage of sintering aids. The thermodynamically favourable state of lower 
surface energy and mass transport due to particle movement towards the pores are the driving 
forces that accelerate the sintering process. The depiction of sintering is shown in figure 6. 
 

 
Figure 6: Graphical representation of the sintering process 
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2.4 Spark plasma sintering 
Sinterability of ultra-high-temperature-ceramics (UHTC) is hindered by their low diffusion 
coefficients, and higher sizes of the available commercial powders [12]. This disadvantage can be 
solved by sintering the UHTCs using Spark plasma sintering (SPS) technology. SPS is a field-
assisted sintering technique (FAST) that sinters  by the simultaneous application of both, a pulsed 
electric field, and a mechanical pressurizing system. 
 
Spark Plasma Sintering has been found advantageous compared to the other former methods of 
sintering. The combination of electric current, high temperatures, and pressure assist in the 
sintering of materials at relatively lower temperatures compared to other methods and at shorter 
dwell times. The densification time is generally some seconds to a few minutes [13]. The lower 
dwell times and lower sintering temperatures due to SPS help in controlling the microstructure 
of the sintered elements which possess better mechanical properties. The porosity of the spark 
plasma sintered samples decreases with an increase in the applied mechanical pressure. The 
reduction in porosity increases the hardness and strength of the sintered pellets [7]. Hence, it is 
necessary to have abundant mechanical pressure in the pursuit of reducing the sintering 
temperature. It compensates for the shortcomings of the limited thermodynamic effect in such 
experiments.  
 
2.4.1 Setup 

SPS consists of an electric pulse system connected to a two-electrode system which are 
embedded in pistons associated with a hydraulic pressurizing system. These electrode/piston 
systems are fixed to a detachable punch-mould system. The punch and mould materials are 
dependent on the maximum force that can be applied during the sintering process. They have an 
opening for thermocouple/pyrometer systems to measure the temperature at their interior. The 
powder systems to be sintered are filled in the moulds enclosed by spacers for uniform electric 
contact and to avoid the adhesion of powders to the interior of the mould and punches [13]. 
Graphite foils are used as spacers in most cases as they are electrically conductive. The powders 
are initially pressurized in an external pressing system before installation into the system. The 
typical SPS setup is shown in figure 7.  
 

 
Figure 7: SPS system assembly with associated parts 

Sintering is performed in a controlled environment under a vacuum or a protective gas. The 
system is cooled by a water/coolant chamber. The whole apparatus is under vacuum to avoid 
surface contamination and undesirable reactions with Nitrogen/Hydrogen/Oxygen.  
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2.4.2 Working 

Spark plasma sintering involves the simultaneous application of electric field and mechanical 
pressure which provide the necessary conditions required for the sintering to occur. The 
thermodynamic and kinetic requirement is fulfilled by the electric field and the applied 
mechanical pressure.  
 
effects of electric current: 
The heat energy required for the sintering is achieved by the conversion of electric energy into 
heat energy in the system by resistance to the electric current flow. In SPS, the resistance of the 
powders (mostly ceramics) to electric current flow is generally very high, and thus when the 
electric contact is made via the mould-punch system, the electric current is resisted resulting in 
high temperatures which assist in the sintering of the materials.  
 
The pre-sintered powder particles have a lot of defects and pores in their system. When the 
electric current flows through them during deformation, the local “hot spots” caused by the 
greater electron scattering at defects such as dislocations, voids, and grain boundaries largely 
enhance the lattice vibration energy in the defect vicinity. As a result, the dislocations can move 
more easily along the slip planes, thus enhancing the mobility of defects and in turn the mass 
transfer. Therefore, the stress required to move dislocations is reduced and sintering is favoured. 
This is termed ‘Joule heating’ [12][14][15]. 
 
The direct transfer of momentum from the electrons flowing through the substrate also makes 
the dislocations move in the lattice hence, increasing the mass transfer. This phenomenon is 
known as the ‘Electron wind effect’  [15] and is also one of the responsible factors for the highly-
dense SPS products. 
 
The ceramics which usually have brittle nature at lower temperatures have ductile properties at 
higher temperatures due to the flow of electric current and the associated effect of increasing 
the dislocation motion. This phenomenon is known as the ‘Electro-Plastic effect’ [15] and this 
induces ‘Electro-plasticity’ in the substrate. Hence combined, they all enhance the densification 
of the product under sintering. 
 
effects of mechanical Pressure: 
The mechanical loading that is applied along with the pulsating DC has two purposes [16]; 
breaking down of agglomerates and the re-arrangement of the grain. When the mechanical 
pressure in the apparatus reaches several hundred MPa, the powder agglomerates will break 
away and the packing of these will be increased [17] with a reduction in pore sizes. Applying 
quasi-static compressive pressure over the substrate in the SPS makes the pores disappear and 
ensure better coalescence of the grains enhancing the densification in the resulting product.  The 
grain coalescence takes place either by the rotation or sliding of grains over one another [12].  
 

  



9 
 

2.5 Cold sintering process 
Sintering is a process that involves high-temperature operations and subsequently requires high 
energy input. To reduce this, a novel sintering route named “Cold sintering” was introduced. The 
process is currently being applied to various ceramic systems including Zirconia systems. 
Consolidation of the ceramic particles via minimization of surface Gibb’s free energy is the 
working principle of the process [18]. The synergy between system kinetics and thermodynamics 
is very essential for the process to be successful. 
 
2.5.1 Method 

The method utilizes water vapour or other aqueous solution media as a sintering assist and 
consolidates the ceramic particles. A typical cold sintering route begins with an introduction of 
liquid media into the ceramic system. The liquid media dissolves the sharp edges of the ceramic 
powders forming a liquid phase, and renders a smooth curvature to the individual particles thus 
providing abundant space for particle sliding and rearrangement [18][19], lubricating the powder 
particles, and providing good fluidity. The next step involves pressurizing the system with an 
external pressure system which distributes the dissolved liquid phase all around the system into 
the pores and interstitials and initiates particle rearrangement. Increasing the temperature of 
the system concludes the process where the liquid phase evaporates leaving behind a 
consolidated dense ceramic system. 
 
2.5.2 Working principle 

Kinetics: Mass transport of the particles in the system is one of the two major driving forces for 
the consolidation of the particles in the cold sintering route. Mass transport occurs by three 
routes. Primarily, at the solid-solid interface, due to the applied external pressure, there is a 
difference in stresses between the grain particles which induces an enhanced dissolution at the 
particle-particle interface assisting the initial closure of pores by the dissolved particles. This is 
termed “liquid phase creep” [18][19]. In addition to this, there exist gradients related to 
concentration, surface tension, and temperature at the liquid-liquid interfaces which induce 
another set of mass transport via diffusion. This is termed “Marangoni flow” [19]. Finally, during 
the evaporation of the liquid system at higher temperatures, the concentration gradient in the 
liquid-solid interfaces at the evaporation sites induce mass transport. This is termed 
“Diffusiophoresis” [19]. All these diffusion processes reduce the surface area of the system, thus 
reducing Gibb’s free surface energy. 
 
Thermodynamics: The rise of temperature above the boiling temperature of the liquid medium 
results in a supersaturated state of the liquid phase formed by the dissolution of ceramic 
particles. This supersaturated system is responsible for the sintering of the ceramic system at 
lower temperatures. This occurs in one of the two following ways [18][20]: 

1. The particles (ionic species) in the liquid phase precipitate at the lower chemical potential 
sites like defects and pores reducing the surface area of the system which in turn reduces 
the surface Gibb’s energy at the surface which is thermodynamically favourable. 

2. The liquid from the supersaturated solution evaporates leaving behind a glassy state of 
the remaining solution which crystallizes upon the further increase in temperature which 
is thermodynamically favourable. 
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2.6 Sintering aids 
2.6.1 Ceramic systems 

Sintering aids are the compounds/elements that assist the sintering of powder particles either 
via strengthening of bonds or crosslinking or through liquid melt fusing. One such sintering aid is 
Bismuth oxide (Bi2O3) which was claimed to have melted and dissolved in the Zirconia bulk [21] 
at temperatures above its melting point of 817°C. The melting of Bi2O3 can be utilized to fuse the 
powder particles to form a well-sintered bulk with less porosity and higher densification. Also, 
Zirconium hydride (ZrH2) (density: 5.54g/cc) is used as one of the starting powders for the 
consolidation of ZrN-ZrB2 ceramic composites [22] through reactive spark plasma sintering. The 
process had a 4-step sintering process with the first step attributed to the decomposition of ZrH2. 
The atomic hydrogen is lost within a wide temperature range up to 1900°C with an onset at 
575°C. This sintering step from this literature is adopted in the ZrH2-Zr(OH)4 system sintering in 
the thesis to obtain better sintering at much lower temperatures. In the case of spark plasma 
sintering of metal oxides like Zirconia and alumina, mainly silica (SiO2) [23] is used as a binding 
agent. 
 
2.6.2 Polymeric systems  

There is an interesting set of experiments where dental ceramic brackets are made from zirconia 
toughened alumina through Powder injection moulding where a common set of binders are used. 
Here, the binder system is composed of polypropylene, linear low-density polyethylene, and 
paraffin wax (10:10:80 by mass). The surfactant added is stearic acid [24][25] to avoid 
agglomeration. The binders and powders are mixed in a wet ball machine for 24hr using water 
and ammonia as solvents. They are then dried in an oven and the resulting powders are sieved 
through a mesh. After sintering, the pores are connected making the ceramic almost monolithic 
after the binder is removed during heating [25]. In another set of experiments, the binder system 
to densify Yttria stabilized ZrO2 is composed of water-soluble polyethylene glycol (PEG) and 
Polyvinyl butyral (PVB) in the weight ratio of 80:20 [26]. Organic solvents were used in another 
experiment where PVB was used as a binder dissolved in a mixture of ethanol and toluene to 
consolidate NiO-Y-ZrO2 [27]. 
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3. EXPERIMENTS 

3.1 Motive: 
The results from the cold sintering experiments of various ceramics by researchers 
[28][18][29][30][31][20][19] paved the way to design the following experiments. The research on 
the cold sintering of ZrO2 could be realized through the usage of bimodal powders or by using 
ZrO2 precursors. Since the bimodal powder experiments involved the usage of nano powders 
which are challenging to handle without confined facilities, the other route of sintering via 
conversion from precursors is chosen. The hydroxides of  Zirconium are chosen as the precursors 
that will be converted in-situ into Zirconium oxide during spark plasma sintering. 
 
The research on such a method has already been done by Estournes et. al. [28] where the 
Zirconium hydroxides were sintered at temperatures below 400°C with the application of a 
mechanical pressure of 600 MPa. The phase composition data, hardness achieved were all 
reported. Some missing links in the research like effects of dwell temperature and dwell pressure 
on densification, and additional approaches in obtaining high-density sintered Zirconia along with 
the phase stabilization of tetragonal phases at room temperature are carried out in the present 
study. This is done by adopting various modifications in starting powders (agglomerate size), 
doping with phase-stabilizing dopants, and the addition of sintering aids as will be discussed in 
the following chapters. Additionally, some thermal and mechanical properties of the sintered 
samples viz; thermal conductivity and hardness will be reported and related to the sintering 
parameters (temperature and mechanical pressure). 
 

3.2 Spark Plasma Sintering 
The spark plasma sintering (SPS) is performed using the FCT Systeme Gmbh SPS machine at the 
Materials science department of the 3ME faculty, TU Delft. The sintering assembly consists of 
two tapered adapters for the uniform application of load on the punches which are in turn 
surrounded by the die that controls the diameter. Temperature, current, and pressure sensors 
assist in measuring the required values and control the system to perform sintering according to 
process parameters which can be programmed through an in-built system connected to a 
computer. The dies and punches have circular holes for pyrometer viewing and the insertion of 
thermocouple wire.  

 
Figure 8: Spark Plasma Sintering machine 
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Figure 9: SPS sintering assembly 

3.2.1 Sample preparation  

All the sintering experiments are performed following the same protocol as follows. First, the 
inner surface of the hollow cylindrical die is covered with thin Graphite foils to ensure uniform 
conduction of the electric current throughout the die. The Zr(OH)4 powders (from Sigma Aldrich) 
are then weighed and filled in the dies enclosed by thin Graphite discs at both the end surfaces 
of the powder filling (inner end surface of the dies) for uniform electrical conduction. The powder 
filling process is entirely done in a glove box with limited oxygen and water content to avoid 
contamination of the powders. The die assembly is then pressed under a hydraulic press up to 
1ton force (10kN) to prepare the cylindrical green body. The die is placed in the SPS machine and 
is locked in between the top and the bottom adapters which are in turn fixed to the plunger and 
the base respectively. The thermocouples are attached to the die/punch surfaces and the 
pyrometer is set up. The vessel enclosing the die is closed to create a sintering atmosphere, either 
vacuum or a noble gas. The heating and pressure ramps are then loaded into the SPS machine, 
and the process is started. 
 
3.2.2 SPS cycles 

An SPS cycle with a uniform heating rate (50°C/min) and the free cooling stage is applied to all 
the samples. The system is flushed and pressurized several times before heating/load application 
to ensure that the sintering atmosphere is not contaminated. The varied parameters are the 
mechanical pressure at dwell stage, temperature during the dwelling stage, and the dwell time. 
All the different dies used for the sintering have a diameter of 20mm are made of either 
Graphite/Stainless steel/Tungsten Carbide–Cobalt. The thermocouples were calibrated for each 
die before the first use. 
 

3.3 Density measurements 
The pellets prepared by the SPS have high porosity. Hence, the geometrical densities are 
considered for the calculation of their relative densities. The as-prepared samples were 
measured for their 2 dimensions; diameter and thickness to calculate their volume. The mass of 
the pellets was measured in air. The density was calculated by dividing the obtained mass by their 
geometric volume. The relative density was calculated by dividing the obtained density with that 
of the tetragonal Zirconia from literature i.e., 6.10g/cc [32] [33]. 
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3.4 Hardness testing 
Hardness is a mechanical property of a material that denotes how much a material resists the 
indentation loads without plastically deforming. It is a very important property for a coating as 
the coatings are prone to small impact loads and abrasion. 
 
Sample preparation: 
The surface of the pellets is polished with meshed grinding papers of various grit sizes to prepare 
a smooth and flat surface for the hardness test. This is necessary for the indentation to be visible 
while measuring its dimensions.  
 
Testing: 
Leitz Durimet micro Vickers hardness testing machine was used to measure the hardness of the 
samples. A counterweight of 500P (0.5Kg=4.905N) was applied over the indenter and this load 
was applied for around 15 seconds on the sample surface. The magnified image of the 
indentation is available for viewing through a microscope attached to the intender which aids the 
measurement of the diagonals of the intender. The Vickers hardness number is calculated using 
the formula: 

𝐻𝑉 =
0.1891 ∗ 𝐹

𝑑2
 

Where;  
HV – Vickers hardness (N/mm2) 
F – Applied force (N) = 4.905N 
d – Avg. length of the diagonals (mm)  
 

 
              Figure 10: Vickers hardness tester 
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3.5 Ball milling 
The doped powders and the powders mixed with sintering aids are mixed in the required ratio in 
a planetary ball mill with 2-propanol as a disperser. The ‘ball mass: powder mass’ ratio is always 
taken to be 4:1. They are mixed for 3 hours at 300rpm rotation speed. The slurry is dried 
overnight in the fume hood. The powders are then ground using mortar and pestle before 
sintering. 

 
Figure 11: Ball milling procedure 

3.5 Characterization 
3.5.1 Scanning electron microscopy 

The extent of sintering in the sample can be examined by observing the microstructure. The 
conjoining of the grains at the edges signifies a well sintered sample. 
 
The microstructure of the sintered samples is examined qualitatively using the JEOL JSM7000F 
scanning electron microscope (SEM). The samples were prepared by slicing them with a diamond 
edge cutter to expose their cross-section. These are embedded in the Methyl methacrylate resin 
with the cross-section exposed for observation. The samples are then polished with grinding 
papers of different grit sizes to ensure flatness before observing them under the SEM. The 
embedded and polished samples are then sputtered with a 15nm Gold coating. 
 
The sputtered samples are clamped to the sample holder and are transported inside the vacuum 
chamber. Since the samples are ceramics, accelerating voltage as high as 15kV with an emission 
current of 10μA along with a probe current up to 12μA can be applied to obtain high 
magnification and high-resolution images. 
 

 
Figure 12: JEOL JSM-7000F Scanning electron microscope with Oxford instruments EDS system 
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3.5.2 Energy dispersive spectroscopy 

The chemical composition of the sintered samples is investigated by the Oxford instruments 
energy dispersive spectroscopy system integrated with the SEM system.  
 
Several sites were randomly chosen among the sample/powder surface for the investigation of 
the composition. The elemental ratio of Zr:O was used as the quantitative data to determine the 
conversion of hydroxides to oxides. The chemical composition at several randomly distributed 
sites is mapped onto an enlarged SEM image of the same site to observe the uniform mixture in 
doped powders, additive-rich powders, and mainly the conversion of hydroxides into oxides of 
Zirconium.  
 
3.5.3 XRD 

X-ray diffraction spectroscopy was used to identify the different phases present in the powders. 
Rigaku MiniFlex 600 XRD machine shown in figure 13 was used to measure the XRD peak data 
from the powder compositions.  
 
The sintered bodies are analyzed with XRD spectroscopy to identify the ZrO2 phases present in 
them. The as-formed pellets are ground using a mortar and pestle to break them into aggregates 
and then the aggregates are ground into fine powders. These free powders are filled in the 
sample holder and the powder surface is flattened before installation into the XRD system for 
the clear characterization of lattice structures. Cu-alpha X-rays are emitted and scanned after 
reflection from the surface with diffraction angle range 2ϴ = 10°-80°. From the literature, it is 
found that the tetragonal reflections are observed around 30.19°, and the monoclinic reflections 
are observed around 28.20° and 31.47° [34]. 
 

 
Figure 13:Rigaku MiniFlex600  X-ray diffraction machine 
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3.5.4 Thermogravimetric Analysis (TGA) 

The thermogravimetric analysis is performed on the pure Zr(OH)4 powders using the TGA 
machine at the faculty of aerospace engineering, TU Delft to check the mass loss associated with 
them at different temperatures. The powders were heated from ambient temperature up to 
900°C with a heating rate of 50°C/min to mimic the sintering cycle that will be used in the 
experiments. 
3.5.5 Differential Scanning Calorimetry (DSC) 

The Differential scanning calorimeter from the Material science department, TU Delft is used to 
measure the thermal behaviour of the pure Zr(OH)4 powders. The powders are heated from 
ambient temperature up to 600°C and back to ambient temperature with a heating and cooling 
rate of 5°C/min to closely measure their behaviour at each temperature step. A TGA machine 
associated with this DSC machine also measured the associated mass loss at each small 
temperature step (5°C/min).  

 
Figure 14: Differential scanning calorimeter/Thermogravimetric analyzer 

3.6 Thermal conduction testing 
The thermal conductivity measurements are performed using the Hot Disk TPS 2200 machine at 
the faculty of civil engineering and geosciences, TU Delft. Two sintered pellets are placed, one on 
each side of the measuring disc which is enclosed in a closed chamber. The disc is heated slowly 
and the temperature change at each end of the two samples is measured with the increase in 
time and thus the thermal conduction is calculated. 

 
Figure 15: HotDisk TPS 2200 thermal conduction measurement machine 
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4. PRELIMINARY RESEARCH 

To initialize the study, the Zr(OH)4 powders are sintered under SPS at different dwell 
temperatures from 200°C up to 1200°C. These experiments are designed to study the influence 
of the temperature on mass loss, chemical conversion to ZrO2, sintering, and densification. 
 

4.1 Pre-sintering analysis: 
4.1.1 Mass loss calculation: 

The decomposition of Zr(OH)4 to ZrO2 is accompanied by dehydration from the system as shown 
in equation 2 below.  

Zr(OH)4→ZrO2+2H2O …(2) 
 

Since water is the byproduct that will be eliminated during the reaction, the ideal mass loss on 
the complete conversion of Zr(OH)4 to ZrO2 is calculated as follows. 
 

• The molecular mass of Zr(OH)4 = 159.22g/mol 

• The molecular mass of ZrO2 = 123.22g/mol 

• The molecular mass of H2O = 18g/mol 
 

Zr(OH)4 → ZrO2+2H2O 
(1mol) → (1mol):(2mol) 

(159.22g) → (123.22g):(36g) 
 

∴ The ideal mass loss % for the complete reaction: 
36.00

159.22
∗  100 = 22.61% 
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Figure 16: Thermogravimetric analysis of the pure Zr(OH)4 powders 

The TGA analysis with 50°C/min heating ramp up to 950°C shown in figure 16 conformed with 
this result as the maximum mass loss was well below the predicted value signifying that the 
conversion to oxides is indeed by the dehydration of the precursor hydroxide powders. 
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4.1.2 Thermo-Gravimetric Analysis and Differential Scanning Calorimetry analysis: 

The DSC curve from figure 17 shows an endothermic peak at 176°C preceded and followed by a 
trough in the range 100°C-200°C. This can be attributed to the initial dehydration of the hydroxide 
powders after the boiling point of water is reached. The curve undergoes a major shift at 403°C 
where it reaches an exothermic peak corresponding to the crystallization of amorphous 
Zirconium hydroxide into crystalline zirconium oxide which is in line with the information from 
the literature [34]. Also, the slow heating rate rendered a new set of interesting data points from 
the TGA curve from figure 17 which depicts a large mass loss between 100°C and 200°C and a 
substantial mass loss between 200°C and 400°C after which it remains constant confirming the 
dehydration to be complete at around 400°C.  
 
The mass spectrometry embedded with the DSC/TGA machine measured the composition of the 
outlet gas from the system. The plot from figure 18 shows water liberation from the system being 
detected beginning from around 100°C which reached 2 peaks at 185.40°C and 405°C after which 
it decreased to remain almost constant. This signifies that the dehydration of the precursor 
powders is evident and the conversion into oxides is occurring up to around 400°C. 
 
These results suggest that further sintering experiments are to be conducted starting from 400°C 
onwards to ensure that the obtained sintered product is Zirconia and not Zirconium hydroxide. 
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Figure 17: Thermogravimetric and Differential scanning calorimetry analysis of the pure Zr(OH)4 powders 



19 
 

0 2000 4000 6000 8000 10000 12000

0

200

400

600

0 2000 4000 6000 8000 10000 12000
0.00E+000

5.00E-008

1.00E-007

1.50E-007

2.00E-007

2.50E-007

405°C

 Furnace Temperature

F
u

rn
a

c
e

 T
e

m
p

e
ra

tu
re

 °
C

 

time (s)

185.40°C

 Water detected

time (s)  
Figure 18: Mass spectrometry analysis of the pure Zr(OH)4 powders 

4.1.3 Cold Pressing 

All the samples, irrespective of their sinter parameters are pressed into a cylinder before loading 
into SPS through cold pressing. They are pressed while filled in the dies used for SPS under 1 ton-
force (10kN) using a hydraulic press. These cylindrical green bodies have a density of 1.73g/cc 
which corresponds to a relative density of 28.39%. 
 

Table 1: Green density measurement results 

Mass 
(g) 

Diameter 
(mm) 

Thickness 
(mm) 

Volume 
(cc) 

Density 
(g/cc) 

ZrO2 density 
(g/cc) 

Relative 
density (%) 

5.0 20 12 3.77 1.73 6.10 28.39 

 

 
Figure 19: Zr(OH)4 green body 
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4.2 Experimental setup 
The powders are loaded onto the SPS machine and heated to their dwell temperatures with a 
temperature ramp of 50°C/min. Simultaneously, the maximum mechanical loading of 50 MPa 
(16kN) is also reached through a simultaneous pressure ramp alongside the temperature ramp 
as shown in figure 20. The samples are dwelled for 10 minutes at the set dwell pressure and dwell 
temperature and are freely cooled after this step. To compare the results to a standard set, a 
paradigm sample with 3mol% Yttria stabilized ZrO2 (3YSZ) starting powders is sintered at 1200°C 
dwell temperature with the same parameters. The experimental parameters are listed in table 2 
and depicted graphically in figure 21.  
 

Table 2: Sintering parameters for the preliminary sintering experiments 

Sinter atmosphere Vacuum 

Mechanical Pressure at dwell stage 50 MPa (16kN) 

Heating rate 50°C/min 

Cooling rate Free Cooling 

Dwell time 10 minutes 

 

 
Figure 20: Pellets formed after SPS OF Zr(OH)4 powders 

 
Figure 21: SPS Pressure-Temperature profile for the initial experiments 
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4.3 Sintering 
After the sintering was performed by the SPS technique, the data regarding the piston travel and 
its speed corresponding to the temperatures and forces at every point is retrieved from the 
system and are plotted. The piston travel data provides an insight into the sintering profile of the 
hydroxide powders. The plots for the 1200°C dwell temperature, 50 MPa dwell pressure 
conditions for Zr(OH)4 and 3mol% Yttria stabilized ZrO2 samples are shown in figure 22 for 
comparison of piston displacement curves. It is seen clearly that the ZrO2 sinters with a typical S-
shaped sinter curve whereas the Zr(OH)4 sample sinters steeply first and then with a different 
slope.  
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Figure 22: SPS piston-displacement curve with the corresponding temperature and pressure changes for pure 

Zr(OH)4 [left] and 3mol% Yttria stabilized Zirconia (3YSZ) [right] 
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Figure 23: SPS piston displacement curve with projected sintering times, forces, and temperatures for 50 MPa dwell 

pressure sample of pure Zr(OH)4 sintered at 1200°C 
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From the Zr(OH)4 plot from figure 22, it is deduced that the piston movement occurs at two 
different rates: the first one from the initiation up to around 400°C-600°C (corresponding to 
complete mass loss and the advent of crystallization) followed by a less steep rate up to the dwell 
temperature. The slopes from both these curves are plotted and their conjoining point is 
regarded as the onset of the sintering process. The curve goes on to be a horizontal line after 
reaching the dwell conditions and the beginning of such a trend is regarded as the end of the 
sintering. This is shown graphically in figure 23. Similar plots for the rest of the sintering 
experiments can be found in Appendix A. The time, force, and temperature difference between 
these two points are calculated and tabulated in table 3. 
 

Table 3: Total sintering time, temperature, and force for the 50 MPa dwell conditions 

Dwell 
temperature  

Sintering onset 
temperature 

Sintering 
saturation 

temperature 

Sintering 
time 

(mm:ss) 
in s 

Onset 
Force 

Sintering 
saturation 

force 

Sintering 
Force 

400°C 393.00 400.00 02:33 153.00 15.75 16.00 0.25 

500°C 385.00 500.00 04:16 256.00 13.00 16.00 3.00 

600°C 394.00 600.00 05:45 345.00 12.20 16.00 3.80 

800°C 573.00 800.00 10:20 620.00 12.50 16.00 3.50 

900°C 447.00 900.00 08:20 500.00 11.20 16.00 4.80 

1200°C 592.00 1200.00 13:39 799.00 10.00 16.00 6.00 

 

4.4 Densification and conversion 
The results of the preliminary experimental set are shown in table 4. The release of water as a 
byproduct during the conversion reaction influences the sintering of the powder grains. As 
depicted by the TGA curve earlier, it is seen that the water loss is complete and almost constant 
from 400°C onwards. The mass loss is shown in figure 24 also confirms this. In theory, the OH- 
ions from the Zr(OH)4 powders assist the mass transport by carrying the Zr4+ ions towards the 
vacancies hence accelerating the sintering process. The OH- ions are then combined and liberated 
as H2O. The liberated water can be considered as a default binder system that coagulates the 
powder grains together while it is evaporated from the system. This is evident from the 
microstructures of the sintered pellets. It can be observed visually from figure 26 that the 
sintering is evident once the dwell temperature is higher than 400°C and improves above this 
temperature. Thus, high densification of bulks via mass transport by water which is abundantly 
present in the system at and after 400°C is evident.  
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Figure 24: Mass loss of Zr(OH)4 during sintering at different dwell temperatures 

The density of a bulk signifies how good the packing of the constituents is done. In this case, the 
higher the density of the sintered bodies, the better is the sintering as the powder grains are 
being fused for better compaction in densely sintered bulks. Figure 25 shows the variation of 
relative density of the sintered pellets with their dwell temperatures. It is evident that the 
temperature indeed improves sintering as the densification increases with the increase in dwell 
temperature. Also, from table 3 it can be deduced that more sintering time available for higher 
dwell temperature samples is also responsible for higher densities.  
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Figure 25: Relative densification of sintered Zr(OH)4 at different dwell temperatures 
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Table 4: Mass loss and relative density of Zr(OH)4 at different dwell temperatures sintered with a dwell pressure of 
50 MPa and with 10 minutes dwell time. 

Dwell 
Temperature 

(°C) 

Initial 
mass 

(g) 

Final 
mass 

(g) 

Mass 
loss 
(%) 

Diameter 
(mm) 

Thickness 
(mm) 

Volume 
(cc) 

Density 
(g/cc) 

Relative 
density 

(%) 

200.00 5.10 4.48 12.12 20.30 7.30 2.36 1.90 31.11 

200.00 5.10 4.44 12.88 20.38 7.16 2.33 1.90 31.20 

300.00 5.10 4.19 17.92 20.27 6.63 2.14 1.96 32.09 

300.00 5.10 4.20 17.67 20.33 6.26 2.03 2.07 33.89 

400.00 5.10 4.08 20.04 20.39 5.69 1.86 2.20 36.00 

400.00 5.10 4.09 19.78 20.29 5.73 1.85 2.21 36.22 

500.00 5.10 4.05 20.67 20.23 5.57 1.79 2.26 37.07 

600.00 6.53 5.14 21.36 20.22 6.42 2.06 2.49 40.85 

600.00 6.53 5.18 20.61 20.46 5.80 1.91 2.72 44.59 

800.00 5.10 3.98 22.02 20.32 4.24 1.37 2.89 47.44 

900.00 6.53 4.40 32.68 20.26 4.21 1.36 3.24 53.12 

900.00 6.53 5.08 22.24 20.35 4.66 1.51 3.35 54.95 

1200.00 6.53 5.14 21.24 20.38 3.92 1.28 4.02 65.97 

1200.00 6.53 5.09 22.01 20.50 4.07 1.34 3.79 62.18 

1200 ZrO2 5.00 4.93 1.40 20.32 3.44 1.12 4.42 72.48 

 

 

 

a a 

b b 
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Figure 26: SEM micrographs of cross-sections of the sintered samples at different dwell temperatures (a) 200°C, (b) 

600°C, (c) 900°C, (d) 1200°C [top to bottom respectively] 

To confirm the uniform conversion of Zirconium hydroxide powders into Zirconia in the sintered 

body, Energy Dispersive Spectroscopy (EDS) is performed at random sites on the surface of the 

sample. To account for uniform accumulation of data across the surface, the cross-section was 

divided into 4 quadrants as shown in figure 26 and one site from each quadrant was selected 

for the analysis.  

 
Figure 27: Division of the cross-section of samples for EDS analysis 

The atomic percentage of Zirconium and Oxygen elements are quantified and the atomic % ratio 
of Zr:O atoms are used as comparison parameters. The ideal value of atomic % of Zr:O should be 
1:2 or 0.5 if the expected product is ZrO2. The obtained results are listed in table 2 below. 
 

Table 5: Atomic percentage ratios of Zr:O at quadrants of samples sintered at different dwell temperatures. 

c c 

d d 
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Temperature °C Quarter Zr: O Avg. Zr: O 

200°C 

1 0.36 

0.37 
2 0.36 

3 0.38 

4 0.37 

600°C 

1 0.6 

0.56 
2 0.5 

3 0.53 

4 0.59 

900°C 

1 0.58 

0.53 
2 0.56 

3 0.46 

4 0.59 

 
The atomic ratios of Zr:O suggest that the conversion is not yet complete at 200°C but has been 
completed at around 600°C. The atomic ratios confirm the conversion of Zirconium hydroxide 
into Zirconia after 400°C dwell. 
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4.5 Phase Transformation: Influence of temperature on the Zirconia phases formed 
The results from the analysis are plotted in figure 28. At 200°C, the powders are still amorphous 
implying the conversion to ZrO2 to be incomplete. At 400°C both the monoclinic and the 
tetragonal phases co-exist with the advent of crystallinity. Onwards, up to 1200°C, the monoclinic 
phases are more reflected, and the tetragonal phases start to diminish indicating that the 
monoclinic phases are more stable at room temperature for the samples sintered at 
temperatures above 400°C. The peak shifts in the graph denote the changes in the lattice 
dimensions occurring due to stress induced by the phase change from tetragonal to monoclinic 
phases after 400°C. 
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Figure 28: Phases of ZrO2 in samples cooled from different sintering temperatures 

From the plots, it can be determined that there are shifts in the lattice parameters when the 
dwell temperature increases from 600°C to 1200°C. These shifts in lattice parameters are 
identified after performing full pattern matching using the ‘Fullprof suite’ software. The results 
are tabulated in table 6 with lattice shifts depicted in red text. The refinements can be found in 
Appendix B. 
 
The lattice parameters remain the same for all the temperature dwell points except for 600°C 
and 800°C, where a shift in the XRD peaks is observed denoting changes in the lattice parameters. 
The XRD peak for the monoclinic phase shifts towards the left for the 600°C sample signifying a 
constraint in the crystal system, whereas the peak shifts towards the right for the 800°C sample 
signifying the relaxation in the crystal system. The changes in these values from table 6 show a 
decrease in lattice parameters for 600°C samples confirming the constraint in the crystal system 
and an increase in lattice parameters for 800°C samples confirming the relaxation in the crystal 
system. 
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Table 6: Lattice parameters of Zirconia phases for different dwell temperature samples sintered at 50 MPa 

Sample 
Monoclinic Tetragonal 

a b c α β γ a b c α β γ 

400°C  5.15101 5.20706 5.32099 90.00000 99.16990 90.00000 3.59480 3.59480 5.18240 90.00000 90.00000 90.00000 

600°C  5.14085 5.19209 5.30692 90.00000 99.10742 90.00000 3.59480 3.59480 5.18240 90.00000 90.00000 90.00000 

800°C  5.16623 5.21731 5.34224 90.00000 99.18029 90.00000 3.59672  3.59672  5.22128  90.00000 90.00000 90.00000 

900°C  5.15101 5.20706 5.32099 90.00000 99.16990 90.00000 3.59480 3.59480 5.18240 90.00000 90.00000 90.00000 

1200°C  5.15101 5.20706 5.32099 90.00000 99.16990 90.00000 3.59480 3.59480 5.18240 90.00000 90.00000 90.00000 

 
 
The main findings of the preliminary research can be enlisted as follows: 

• Sintering temperature should at least be 400°C since the conversion to oxide form is 
evident after this temperature. 

• Water is indeed being liberated during the sintering which can be utilized as a sintering 
aid to achieve better results. 

• The density of the samples should be increased to obtain sintered pellets with better 
mechanical properties. 

• Monoclinic phases are largely present in the system and hence the required tetragonal 
phases need to be stabilized. 

 
This initial study directs the further study towards achieving two major aspects: better 
densification and stabilization of tetragonal phases at room temperature. 
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5. IMPROVED DENSIFICATION 

Densification is a measure of packing and fusing of the sintered powder particles. It is quantified 
by the density of the bulk. Here, the geometrical densities of the sintered bodies are measured 
and compared with the ideal density value of ZrO2 corresponding to that of the tetragonal ZrO2 
from the literature [32]. Achieving better densification of the sintered pellets is one of the main 
concerns as the close packing and percolation of powders will improve many bulk properties. To 
achieve this, three parameters are modified: dwell time, powder size, and dwell pressure. 
Increased dwell time in an isothermal temperature condition is expected to enhance the sintering 
of powders as more time will be available for mass transport which will indeed assist the powders 
to fuse. Low grain size powders have high surface area and thus, high surface energy. As 
minimization of the surface energy is the main driving factor for sintering, the reduction in 
powder grain size is expected to trigger more powder contacts and thus shall improve sintering. 
Increasing the dwell pressure is expected to provide significant improvements in the densities of 
the samples as packing of powders and crushing of agglomerates will be possible. 
 

5.1 Dwell time dependency 
Sintering is performed with a dwell time of 10 minutes, 20 minutes, and 40 minutes at 1200°C 
dwell temperature. The sintering cycles were kept the same as the preliminary experiments with 
a 50°C/minute heating rate,  simultaneous pressure ramp-up to 50M Pa, and free cooling.  
 

Table 7: Sintering parameters for the dwell-time experiments 

Sinter atmosphere Vacuum 

Mechanical Pressure at dwell stage 50 MPa (16kN) 

Heating rate 50°C/min 

Cooling rate Free Cooling 

Dwell time 10, 20, 40 minutes 

 
The densification data obtained are shown in table 8. It is observed that the density is not 
affected by the dwell time. Also, it can be inferred from the microstructure comparisons from 
figures 29-31 that the sintering of powders is not affected by the increase in dwell time.  
 

Table 8: Relative densities of the sintered samples at different dwell times of 1200°C dwell sintering 

Dwell 
temperature (°C) 

Dwell 
time 

(min.) 

Relative density 
(%) 

1200°C 

10 68.80 

20 64.88 

40 61.02 
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Figure 29: Microstructure of 1200°C 10-minute dwell samples 

 
Figure 30: Microstructure of 1200°C 20-minute dwell samples 

 
Figure 31: Microstructure of 1200°C 40-minute dwell samples 

 

  



31 
 

5.2 Powder size dependency 
Reducing the powder sizes is expected to change the packing efficiency of sintered bodies and 
improve sintering. Also, minimization of the large surface energy of smaller grain size powders is 
expected to drive the sintering process. To investigate this, the powder grain size was reduced 
using sieves of different mesh sizes. The sieves with mesh sizes of 90μm, 50μm, and 25μm are 
used. The sintering cycles are kept the same with 50°C/minute heating rate, and free-cooling with 
a 40-minute dwelling at 900°C.  
 

Table 9: Sintering parameters for the powder size experiments 

Sinter atmosphere Vacuum 

Mechanical Pressure at dwell stage 50 MPa (16kN) 

Heating rate 50°C/min 

Cooling rate Free Cooling 

Dwell time 40 minutes 
 

Table 10: Relative density measurements for the varied grain size samples 

Sieve mesh 
size 

Diameter 
(mm) 

Thickness 
(mm) 

Volume 
(cc) 

Density 
(g/cc) 

ZrO2 density 
(g/cc) 

Relative 
density (%) 

90μm 20.42 3.5 1.15 3.31 6.1 54.28 

50μm 20.68 4.16 1.4 3.39 6.1 55.6 

25μm 20.46 2.16 0.71 3.22 6.1 52.73 

Unsieved 20.35 3.64 1.18 3.24 6.1 53.06 

 

 
Figure 32: Free powders and sintered surface - 90μm sieved Zr(OH)4 powders 
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Figure 33: Sintered surface - 50μm sieved Zr(OH)4 powders 

 
Figure 34: Free powders and the sintered surface - 25μm sieved Zr(OH)4 powders 

 
Figure 35: Magnified images showing the sintering of powder particles sieved using (a) 90μm, (b) 50μm, (c) and 

25μm sieves before SPS 

The relative density results are tabulated in table 10. Even though the results depict similar 
densities, the samples show improvements in the sintering can be seen in the microstructure 
images of their cross-sections from figures 32 to 35. 

a b c 
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The Vickers hardness for the samples is measured and the values are tabulated in table 11 and 
the indentations are shown in figure 36. The calculations of hardness for all the samples can be 
found in Appendix C. The hardness values do not show any dependency to the sieve used to 
reduce the powder sizes and vary within the range of 0.6-0.9GPa. This may be due to the large 
agglomeration of powders during the pressing which negates the effect of powder sizes on 
sintering. 
 

Table 11: Vickers hardness values for the samples from sieved pure Zr(OH)4 systems 

Sample 
Average 

Hardness 
Hardness 

(GPa) 
Porosity 

(%) 

25 micrometer 
mesh sieved 

65.35 0.64 47.27 

50 micrometer 
mesh sieved 

53.91 0.53 44.40 

90 micrometer 
mesh sieved 

88.59 0.87 45.72 

 

 
Figure 36: Vickers indentation images  for (a) 90μm, (b) 50 μm, and (c) 25 μm mesh sieved (left to right samples) 

  

a b c 
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5.3 Influence of Mechanical pressure on densification 
The Zr(OH)4 powders are sintered with the application of different mechanical loadings to study 
their effect on the relative density of the products. The sintering cycles are kept the same as the 
preliminary experiments i.e., 50°C/minute heating rate, simultaneous loading ramp, 10-minute 
dwell time, and free-cooling. The samples are sintered at dwell temperatures 400°C, 600°C, and 
900°C at two different mechanical loadings; 150 MPa and 300 MPa with dies made up of Stainless 
steel (20mm SS die, FCT Systeme Gmbh.) and Tungsten carbide – Cobalt (20mm WC-Co die, FCT 
Systeme Gmbh.), respectively. The results were compared to the preliminary experiment results 
with 50 MPa dwell pressure using the Graphite dies. 
 

Table 12: Sintering parameters for the varied mechanical pressure experiments 

Sinter atmosphere Vacuum 

Mechanical Pressure at dwell stage 50MPa (16kN)/150MPa(47kN)/300MPa (94kN) 

Heating rate 50°C/min 

Cooling rate Free Cooling 

Dwell time 10 minutes 
 

Table 13: Relative density measurements of Zr(OH)4 at different dwell temperatures sintered at different 
mechanical pressures under SPS 

Dwell 
Temperature 

(°C) 

Dwell time 
(minutes) 

Dwell 
Pressure 

(MPa) 

Diameter 
(mm) 

Thickness 
(mm) 

Volume 
(cc) 

Density 
(g/cc) 

Relative 
density 

(%) 

400 

10 50 20.29 5.73 1.85 2.21 36.22 

10 50 20.25 7.09 2.28 2.27 37.16 

10 50 20.45 7.04 2.31 2.27 37.21 

600 

10 50 20.16 5.10 1.63 2.47 40.46 

10 50 20.22 6.42 2.06 2.49 40.85 

10 50 20.46 5.80 1.91 2.72 44.59 

900 
10 50 20.26 4.21 1.36 3.24 53.12 

10 50 20.35 4.66 1.51 3.35 54.95 

1200 

10 50 20.50 2.90 0.96 4.20 68.80 

10 50 20.38 3.92 1.28 4.02 65.97 

10 50 20.50 4.07 1.34 3.79 62.18 

-- -- -- -- -- -- -- -- 

400 

10 150 20.51 5.79 1.91 2.69 44.08 

10 150 20.72 5.76 1.94 2.70 44.33 

10 150 20.57 5.62 1.87 2.72 44.59 

600 

10 150 20.52 5.02 1.66 3.11 50.95 

10 150 20.80 5.05 1.72 3.01 49.40 

10 150 20.78 4.80 1.63 3.18 52.15 
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900 

10 150 20.92 3.56 1.22 4.19 68.73 

10 150 20.77 3.53 1.20 4.27 70.05 

10 150 20.91 3.53 1.21 4.21 69.09 

-- -- -- -- -- -- -- -- 

400 
10 300 20.61 5.01 1.67 3.10 50.89 

10 300 20.06 4.11 1.30 3.77 61.85 

600 
10 300 20.66 3.19 1.07 4.54 74.36 

10 300 21.06 3.41 1.19 3.99 65.43 

900 10 300 20.00 3.00 0.94 5.31 86.97 

 
The results are tabulated in table 13 and the relative densities are plotted against temperature 
in figure 37. The increase in densities can be attributed to the mechanical pressure changing the 
morphology of the powders and their contacts by breaking down the powder aggregates into 
individual grains. The microstructures of the cross-sections of the samples sintered at 150 MPa 
and 300 MPa dwell pressures shown in figures 39 and 40 show better sintered microstructures 
than the samples sintered at 50 MPa samples. 
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Figure 37: Relative density dependency upon mechanical pressure applied  

An ideal graph of relative density is plotted against the dwell temperatures sintered at different 
dwell pressures considering the maximum densifications achieved with traditional SPS from 
literature. The plot is shown in figure 38. 
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Figure 38: A depiction of the relative density  trend for the low-temperature SPS at different mechanical loadings 

during the dwell 

 
Figure 39: Microstructures of Zr(OH)4  sintered at (a) 400°C, (b) 600°C, and (c) 900°C at 150 MPa dwell pressure 

 
Figure 40:Microstructures of Zr(OH)4 samples sintered at (a) 400°C, (b) 600°C, and (c) 900°C at 300 MPa dwell 

pressure 

Table 14 depicts the hardness measured from samples sintered at different dwell pressures. 
Figures 41-43 depict the Vickers hardness indentations on the samples sintered at 50 MPa, 150 
MPa, and 300 MPa. The calculations for the hardness are shown in Appendix C. The hardness of 
the samples increases with the increase in the applied mechanical pressure at the same dwell 
temperature condition. The trend varies for the sample sintered at 900°C dwell temperature and 
300 MPa dwell pressure and this can be attributed to the large cracks formed in the sintered 
plane as can be observed from figure 40. The hardness values are also compared to the 3YSZ 
sample’s hardness in figure 44. 
 
 

a b c 

a b c 
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Table 14: Vickers hardness values of samples sintered at various dwell temperatures and mechanical pressures 

Sample 
Avg. Vickers 

Hardness (HV) 
Hardness 

(GPa) 
Rel. density 

(%) 
Porosity 

(%) 

900°C-50 MPa 29.04 0.28 53.74 46.26 

400°C-150 MPa 26.85 0.26 44.33 55.67 

600°C-150 MPa 98.29 0.96 50.83 49.17 

900°C-150 MPa 321.37 3.15 69.3 30.7 

400°C-300 MPa 229.32 2.25 56.37 43.63 

600°C-300 MPa 348.22 3.42 69.9 30.1 

900°C-300 MPa 301.88 2.96 86.97 13.03 

3mol% Yttria stabilized ZrO2 
1200°C-50 MPa 

961.98 9.43 72.48 27.52 

 

 
Figure 41: Vickers indentation images  for (a) Zr(OH)4 900°C and (b) ZrO2 1200°C dwell temperature samples 

sintered with 50 MPa pressure at the same magnification 

 
Figure 42: Vickers indentation images  for (a) 400°C, (b) 600°C, and (c) 900°C dwell temperature samples sintered 

with 150 MPa pressure at the same magnification 

 
Figure 43: Vickers indentation images  for (a) 400°C, (b) 600°C, and (c) 900°C dwell temperature samples sintered 

with 300 MPa pressure at the same magnification 

a b 

a b c 

a b c 
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Figure 44: Comparison of Vickers hardness values for the samples with increased applied mechanical pressure 

Table 15: Sintering time, sintering onset temperature, and force calculated from the SPS piston-displacement plots 
for the pure Zr(OH)4 system sintered at 50 MPa dwell pressure 

Dwell 
temperature  

Sintering 
onset 

temperature 

Sintering 
saturation 

temperature 

Sintering 
onset 
time 

(mm:ss) 

Sintering 
saturation 

time 
(mm:ss) 

Sintering 
time (s) 

Onset 
Force 
(kN) 

Sintering 
saturation 
force (kN) 

Sintering 
Force 
(kN) 

400°C 393.00 400.00 18:22 20:55 153.00 15.75 16.00 0.25 

500°C 385.00 500.00 18:14 22:30 256.00 13.00 16.00 3.00 

600°C 394.00 600.00 18:20 24:05 345.00 12.20 16.00 3.80 

800°C 573.00 800.00 24:25 34:45 620.00 12.50 16.00 3.50 

900°C 447.00 900.00 18:15 26:35 500.00 11.20 16.00 4.80 

1200°C 592.00 1200.00 25:14 38:53 799.00 10.00 16.00 6.00 

 
Table 16: Sintering time, sintering onset temperature, and force calculated from the SPS piston-displacement plots 

for the pure Zr(OH)4 system sintered at 150 MPa dwell pressure 

Dwell 
temperature  

Sintering 
onset 

temperature 

Sintering 
saturation 

temperature 

Sintering 
onset 
time 

(mm:ss) 

Sintering 
saturation 

time 
(mm:ss) 

Sintering 
time (in s) 

Onset 
Force 
(kN) 

Sintering 
saturation 
force (kN) 

Sintering 
Force 
(kN) 

400°C 346.00 400.00 14:30 16:00 90.00 42.00 47.00 5.00 

600°C 395.00 600.00 14:50 19:52 302.00 31.00 47.00 16.00 

900°C 443.00 900.00 15:35 26:25 650.00 22.00 47.00 25.00 

 
Table 17: Sintering time, sintering onset temperature, and force calculated from the SPS piston-displacement plots 

for the pure Zr(OH)4 system sintered at 300 MPa dwell pressure 

Dwell 
temperature  

Sintering 
onset 

temperature 

Sintering 
saturation 

temperature 

Sintering 
onset 
time 

(mm:ss) 

Sintering 
saturation 

time 
(mm:ss) 

Sintering 
time (s) 

Onset 
Force 
(kN) 

Sintering 
saturation 
force (kN) 

Sintering 
Force 
(kN) 

400°C 365.00 400.00 14:15 15:30 75.00 85.50 94.00 8.50 

600°C 310.00 600.00 13:20 20:25 455.00 47.00 94.00 47.00 

900°C 415.00 900.00 13:25 28:00 875.00 37.00 94.00 57.00 
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It is seen from the results from tables 15-17 and plots from figures 45 and 46 that for the pure 
Zr(OH)4 composition irrespective of the applied mechanical pressure, the sintering onset 
temperature remains in the region 300°C to 500°C where the dehydration and conversion to 
oxides are in progress, but the sintering time is much higher for the 150 MPa and 300 MPa 
samples as the sintering begins earlier due to higher forces, and sintering occurs for a much larger 
period than the 50 MPa samples which also accounts for the better densification. 
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Figure 45: Comparison of sintering onset temperature for the samples sintered at different dwell pressures 
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Figure 46: Comparison of sintering time for the samples sintered at different dwell pressures 
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5.4 Sintering aids 
5.4.1 Bismuth Oxide 

The sintering cycles were kept the same with 50°C/minute heating rate, 10-minute dwell time, 
and free-cooling. The highest densification with 50 MPa mechanical pressure at 900°C SPS is 
achieved by the 10wt% Bi2O3 system. The results are tabulated in table 19 plotted along with the 
preliminary (50 MPa) results in figure 47 for comparison. 
 

Table 18: Sintering parameters for Bi2O3 sintering aid experiments 

Sinter atmosphere Vacuum 

Mechanical Pressure at dwell stage 50 MPa (16kN) 

Heating rate 50°C/min 

Cooling rate Free Cooling 

Dwell time 10 minutes 

 
Table 19: Relative density of 10wt% Bi2O3 doped Zr(OH)4 sample 

Sample 
Initial 
mass 

(g) 

Final 
mass 

(g) 

Diameter 
(mm) 

Thickness 
(mm) 

Volume 
(cc) 

Density 
(g/cc) 

ZrO2+ X 
wt%Bi2O3 

density 
(g/cc) 

Relative 
density 

(%) 

5wt% 
Bi2O3 

5.00 4.07 20,36 4,62   1,50 2,71   6,16 43,99  

5.00 3.87  20,24 4,17  1,34  2,88  6,16 46,75  

10wt% 
Bi2O3 

5.00 3.82 20.79 2.46 0.83 4.57 6.30 72.63 
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Figure 47: Improved densification at 50 MPa pressure sintering due to the addition of 10wt% Bi2O3 
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When Bismuth Oxide is mixed with  Zr(OH)4 and sintered at temperatures above its melting point 
of 817°C, the Bi2O3 melts and clogs the pores of the sintered sample and increases the density of 
the material as a whole by filling in the pores of the ZrO2 pellets. The melt also lubricates the 
grains and facilitates liquid phase sintering of the Zr(OH)4 powders.  
 
The microstructure of the 10wt% Bi2O3 sintered sample from figure 48 shows sintered grains. It 
can be inferred that indeed the sintering is better which is increasing the density. The sintering 
curve is shown in figure 49 and the sintering time, onset temperature is calculated in Appendix 
A. The values are tabulated in table 20 and plotted in figures 60 and 61 along with other results 
for comparison. 
 

 
Figure 48: Microstructure of sintered Zr(OH)4 samples mixed with Bi2O3 sintering additive 
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Figure 49: SPS piston-displacement curve with corresponding temperature and pressure changes for 10wt%Bi2O3-

Zr(OH)4 system 
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Table 20: Sintering time, sintering onset temperature and force calculated from the SPS piston-diplacement plots 
for the 10wt%Bi2O3-Zr(OH)4 system 

Sample 
Sintering 

onset 
temperature 

Sintering 
saturation 

temperature 

Sintering 
onset 
time 

(mm:ss) 

Sintering 
saturation 

time 
(mm:ss) 

Sintering 
time (s) 

Onset 
Force 
(kN) 

Sintering 
saturation 
force (kN) 

Sintering 
Force 
(kN) 

10wt%Bi2O3-
Zr(OH)4 

770.00 900.00 22:40 25:45 185.00 14.00 16.00 2.00 

The hardness values are tabulated in table 21 and plotted in figure 50 along with other samples 

sintered until now. The hardness achieved by 10wt% Bi2O3 (6.59 GPa) is the highest in the sample 

set. 

Table 21: Vickers hardness values for the samples from Bi2O3-Zr(OH)4 systems 

Sample Average Hardness HV Hardness (GPa) Porosity (%) 

5wt% Bi2O3-Zr(OH)4 9.31 0.091331 54.63  

10wt% Bi2O3-Zr(OH)4 672.27 6.594969 27.37 

 

 
Figure 50: Vickers indentation images  for (a) 5wt% Bi2O3-Zr(OH)4  and (b) 10wt% Bi2O3-Zr(OH)4 systems at the same 

magnification 
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Figure 51: Comparison of Vickers hardness values for the Bi2O3-Zr(OH)4 samples with those of increased applied 

mechanical pressure 
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5.4.2 Zirconium Hydride 

The ZrH2 powders are ball-mixed with the Zr(OH)4 powders in the weight ratios 25wt% and 50wt% 
and are sintered by the SPS technique. The sintering cycles are kept the same with 50°C/minute 
heating rate, 10-minute dwell time at 900°C, and free-cooling. The pure ZrH2 powders are also 
sintered with the same parameters for comparison. 
 

Table 22: Sintering parameters for ZrH2 sintering aid experiments 

Sinter atmosphere Vacuum 

Mechanical Pressure at dwell stage 50 MPa (16kN) 

Heating rate 50°C/min 

Cooling rate Free Cooling 

Dwell time 10 minutes 

Dwell temperature 900°C 

 
The results from the SPS are tabulated in table 23. The sintering of pure ZrH2 had no mass loss 
associated with it and had a better density. The microstructure of the sintered pure ZrH2 sample 
shown in figure 54 shows sintered spherical aggregates with porosities. It can be seen from 
figures 52 and 53 that the mass loss associated with sintering decreases with the increase in ZrH2 
content in the system. Simultaneously, the density also increases with the increase in the ZrH2 
content in the system. The microstructures from figure 55 depict a similar level of sintering for 
both systems. 
 

Table 23: Mass loss% and relative densities of Zr(OH)4- ZrH2 systems 

ZrH2 
wt% 

Zr(OH)4 

wt% 
Initial 

mass(g) 

Final 
mass 

(g) 

Mass 
loss 
% 

Diameter 
(mm) 

Thickness(mm) 
Volume 

(cc) 
Density 
(g/cc) 

Ideal 
density 
(g/cc) 

Relative 
density 

% 

0 100 6.53 4.40 32.68 20.26 4.21 1.36 3.24 6.10 53.12 

0 100 6.53 5.08 22.24 20.35 4.66 1.51 3.35 6.10 54.95 

25 75 5.00 4.24 15.12 20.47 3.73 1.23 3.46 5.94 58.29 

25 75 5.00 4.25 15.06 20.55 3.43 1.14 3.74 5.94 62.94 

50 50 5.00 4.61 7.86 20.41 3.59 1.17 3.93 5.81 67.59 

50 50 5.00 4.48 10.50 20.37 3.39 1.11 4.05 5.81 69.68 

100 0 5.00 5.00 0.00 20.58 3.36 1.12 4.48 5.54 80.90 

100 0 5.00 5.00 0.00 20.69 3.61 1.21 4.12 5.54 74.40 
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Figure 52: Mass loss% vs Zr(OH)4-ZrH2 system composition 
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Figure 53: Relative densities of  Zr(OH)4-ZrH2 system composition 

 
Figure 54: Microstructure of pure ZrH2 sintered at 900°C under 50 MPa pressure 
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Figure 55: Microstructure of (a) 25wt% ZrH2-Zr(OH)4 system and (b) 50wt% ZrH2-Zr(OH)4 system sintered at 900°C 

under 50 MPa pressure 

The piston displacement curve for the pure ZrH2 system from figure 56 shows an S-shaped 
sintering curve with an onset at 558°C closer to the value from the literature (575°C) [22]. The 
curves for the 25wt% and 50wt% ZrH2 systems shown in figure 57 show a two-fold sintering curve. 
The former is from the densification of Zr(OH)4 and the latter is similar to the sintering curve from 
ZrH2 sintering due to the dehydrogenation of ZrH2. The two-fold sintering provides enhanced 
densification to the powder particles. The sintering time, onset temperature is calculated in 
Appendix A. The values are tabulated in table 24 and plotted in figures 60 and 61 along with other 
results for comparison. 
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Figure 56: SPS piston-displacement curve with corresponding temperature and pressure changes for pure ZrH2  
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Figure 57: SPS piston-displacement curve with corresponding temperature and pressure changes for ZrH2:Zr(OH)4 

system: [left] 25wt% ZrH2-Zr(OH)4 and [right] 50wt% ZrH2-Zr(OH)4 

Table 24: Sintering time, sintering onset temperature, and force calculated from the SPS piston-displacement plots 
for the ZrH2-Zr(OH)4 system 

Sample 
Sintering 

onset 
temperature 

Sintering 
saturation 

temperature 

Sintering 
onset 
time 

(mm:ss) 

Sintering 
saturation 

time 
(mm:ss) 

Sintering 
time (s) 

Onset 
Force 
(kN) 

Sintering 
saturation 
force (kN) 

Sintering 
Force 
(kN) 

75wt%Zr(OH)4+25wt%ZrH2 762.00 900.00 22:05 30:10 485.00 14.60 16.00 1.40 

50wt%Zr(OH)4+50wt%ZrH2 770.00 900.00 22:30 29:20 410.00 14.30 16.00 1.70 

 
The Vickers hardness for the ZrH2-Zr(OH)4 systems is tabulated in table 25 and plotted in figure 
59 with other results for comparison. It is seen from them that the hardness of the ZrH2 sintering 
aid systems is better than the values for pure Zr(OH)4 pellets but lower than the values from 
increased dwell pressure systems. 
 

Table 25: Vickers hardness values for the samples from ZrH2-Zr(OH)4 system 

Sample Average Hardness Hardness (GPa) Porosity (%) 

Pure Zr(OH)4  29.04 0.284882 45.96 

Zr(OH)4-75wt% + ZrH2-25wt% 46.53 0.456459 39.39 

Zr(OH)4-50wt% + ZrH2-50wt% 76.94 0.754781 31.36 

Pure ZrH2 228.39 2.240506 22.35 
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Figure 58: Vickers indentation images  for (a) 25wt% ZrH2 -Zr(OH)4 and (b) 50wt% ZrH2-Zr(OH)4 systems and (c) pure 

ZrH2 sintered at 900°C and 50 MPa (at the same magnification) 
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Figure 59: Comparison of Vickers hardness values for the ZrH2-Zr(OH)4 samples with those of increased applied 

mechanical pressure 
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5.4.3 Comparison of the Bi2O3 system Vs the ZrH2 system as sintering aids 

The plots from figures 60 and 61 depict the onset sintering temperature and sintering time for 
each of the different conditions applied for better densification of the Zr(OH)4 powders. The ZrH2-
Zr(OH)4 systems start sintering at around 760°C and take a much smaller time than the pure 
Zr(OH)4 powders and are also denser than the pure powders. The 10wt% Bi2O3-Zr(OH)4 system 
sintered the best at 900°C with 50 MPa mechanical pressure with the smallest sintering time. 
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Figure 60: Comparison of sintering onset temperature of all the densified samples 
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Figure 61: Comparison of sintering time of all the densified samples 
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The plots from Figures 62 and 63 depict the variation of relative densities and hardness of all the 
sintered systems. Also, the value from experiments conducted by Estournès et. al. [28] is added 
for comparison. The results depict that the 10wt% Bi2O3 system, 50wt% ZrH2 system, and the 150 
MPa & 300 MPa pure Zr(OH)4 systems all sintered at 900°C dwell temperatures have the relative 
densities in the proximity of the results from the mentioned literature. Also, comparing the 
hardness values, it can be said that the pure Zr(OH)4 sample sintered at 300 MPa dwell pressure 
and 900°C dwell temperature had a similar hardness value as the one from the literature and the 
hardness of 10wt% Bi2O3 sample (6.59GPa) sintered at 900°C dwell temperature surpassed the 
value from literature (3.805GPa). 
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Figure 62: Comparison of relative densities of all the sintered samples 
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Figure 63: Comparison of hardness values of all the sintered samples 
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6. PHASE STABILIZATION  

6.1 Doping with Yttrium oxide 

It is known from previous studies [35][11] that undersized trivalent dopants state can stabilize 

the tetragonal phases of Zirconia. The most popular undersized dopant used to stabilize ZrO2 is 

Yttrium oxide (Y2O3). The most used dopants to avoid monoclinic conversion are 2-3 mol% and 8 

mol% Y2O3. The creation of Oxygen vacancies around the Zr4+ ion relaxes the crystal structure and 

stabilizes the tetragonal phases.  
 

In this experiment, the Zr(OH)4 powders are doped with 3mol% Y2O3 and 8mol% Y2O3 to stabilize 
the tetragonal phases in ZrO2 formed after conversion during the sintering process. The sintering 
cycles were kept the same with 50°C/minute heating rate, 10-minute dwell time, and free-
cooling. 

Table 26: Sintering parameters for Y2O3-Zr(OH)4 experiments 

Sinter atmosphere Vacuum 

Mechanical Pressure at dwell stage 50 MPa (16kN) 

Heating rate 50°C/min 

Cooling rate Free Cooling 

Dwell time 10 minutes 

Dwell temperature 900°C 

 
The XRD analysis is performed on the sintered powders (from pellets) and the results are shown 
in figure 65. Upon sintering, the 8mol% Y2O3 system had a higher tetragonal phase stabilization 
effect as compared to the 3mol% Y2O3 system. The doped systems had more tetragonal phases 
compared to the pure Zr(OH)4 sintered powders. 
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Figure 64: XRD plots of sintered pure Zr(OH)4 (bottom), sintered 3mol% Y2O3 doped Zr(OH)4  (centre), and sintered 

8mol% Y2O3 doped Zr(OH)4 (top) samples along with maximized characteristic peaks (on the right side) 
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6.2 Doping with Bi2O3 
Similar to Y2O3, the oversized trivalent dopant Bi2O3 is also expected to stabilize the tetragonal 
phases of the Zirconia [36][21]. In this experiment, the Zr(OH)4 powders are doped with 5wt% 
and 10wt% Bi2O3 to stabilize the tetragonal phases in the sinter-formed ZrO2 at room 
temperature. The sintering cycles were kept the same with a 50°C/minute heating rate, a 10-
minute dwell time at 900°C, and free-cooling. 
 

Table 27: Sintering parameters for Bi2O3-Zr(OH)4 experiments 

Sinter atmosphere Vacuum 

Mechanical Pressure at dwell stage 50 MPa (16kN) 

Heating rate 50°C/min 

Cooling rate Free Cooling 

Dwell time 10 minutes 

Dwell temperature 900°C 

 
The XRD analysis was performed on the sintered powders (from pellets) and the results are as 
shown in figure 66. Upon sintering, the 10wt% Bi2O3 system had a higher tetragonal phase 
stabilization effect as compared to the 5wt% Bi2O3 system. The doped systems had more 
tetragonal phases compared to the pure Zr(OH)4 sintered powders. 
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Figure 65: XRD plots of sintered pure Zr(OH)4 (bottom), sintered 10wt% Bi2O3 doped Zr(OH)4  (centre), and sintered 

5wt% Bi2O3 doped Zr(OH)4 (top) samples along with maximized characteristic peaks (on the right side) 
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6.3 Doping with ZrH2 
In this experiment, the Zr(OH)4 powders are doped with 25wt% and 50wt% ZrH2 to see if they 
still stabilize the tetragonal phases of the sinter formed ZrO2 at room temperature. The sintering 
cycles were kept the same with 50°C/minute heating rate, 10-minute dwell time, and free-
cooling. 

Table 28: Sintering parameters for ZrH2-Zr(OH)4 experiments 

Sinter atmosphere Vacuum 

Mechanical Pressure at dwell stage 50 MPa (16kN) 

Heating rate 50°C/min 

Cooling rate Free Cooling 

Dwell time 10 minutes 

Dwell temperature 900°C 

 
The XRD analysis was performed on sintered powders (from pellets) and the results as shown in 
figure 57. Upon sintering, both the ZrH2 systems had lower tetragonal phase stabilization effects 
compared to the pure Zr(OH)4 sintered powders. 
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Figure 66: XRD plots of sintered pure Zr(OH)4 (bottom), sintered 25wt% ZrH2-Zr(OH)4  (centre), and sintered 50wt% 

ZrH2-Zr(OH)4 (top) samples along with maximized characteristic peaks (on the right side)  
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6.4 Comparison of the Y2O3-Zr(OH)4 system, Bi2O3-Zr(OH)4  system, and ZrH2-Zr(OH)4  
system as tetragonal phase stabilizers 
The complete set of phase stabilization results from the XRD analysis are normalized and plotted 
for comparison in figure 68 which depicts that the 8mol% Y2O3 systems followed by the 10wt% 
Bi2O3 systems had the best stabilization effect among the doped and pure Zr(OH)4 systems. The 
3mol% Y2O3 system also stabilized the tetragonal phases better than the pure powders. 5wt% 
Bi2O3 and 25wt%ZrH2-Zr(OH)4  showed a similar stabilization as that of the pure Zr(OH)4 powders. 
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Figure 67: XRD plots of all the phase stabilization systems along with that of pure powders with normalized peaks 
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7. THERMAL CONDUCTIVITY 

The thermal conductivity values are measured using the Hot Disk TPS 2200 machine are tabulated 
in table 29 and plotted in figure 69. The results suggest that the thermal conductivity values are 
dependent on the porosity of the samples and reached a maximum when the porosity is around 
50%. This is due to the large contribution to thermal conduction via both conduction and 
radiation whereas it remained lower for porosities on either side of the 50% porosity as the 
thermal conductivity is mainly attributed to conduction in the case of low porous (high density) 
samples and radiation in the case of high porous (low density) samples. 
 

Table 29: Thermal conductivity of samples sintered at various dwell temperatures and mechanical pressures. 
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Figure 68: Thermal conductivity of samples sintered at various dwell temperatures and mechanical pressures. 

Sample Dwell temperature Dwell Mech. press. Thermal conductivity (W/mK)

Zr(OH)4 400 50 0.6113

Zr(OH)4 400 50 0.6254

Zr(OH)4 600 50 0.8783

Zr(OH)4 600 50 0.7036

Zr(OH)4 900 50 1.611

Zr(OH)4 900 50 1.271

Zr(OH)4 1200 50 0.4215

Zr(OH)4 1200 50 0.4643

Zr(OH)4 400 150 0.608

Zr(OH)4 400 150 0.6131

Zr(OH)4 600 150 1.074

Zr(OH)4 600 150 1.009

Zr(OH)4 900 150 0.506

Zr(OH)4 900 150 0.4575
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8.CONCLUSION 

 Zirconium oxide - ZrO2 (a.k.a Zirconia) is a very essential material in the ceramic family of 
materials and is a major component of many applications in the field of aerospace engineering, 
biomedical, solid-fuel, and many other industries. The production of the components made from 
Zirconia is either sprayed as a coating or sintered through traditional and non-traditional ways. 
With the advent of field-assisted sintering techniques like ‘Spark Plasma Sintering’, the 
compaction of ceramics and metal powders has reached new levels of densification with quicker 
sintering times. Nevertheless, the sintering temperatures for densifying pure Zirconia remain 
higher in the range - 1200°C to 1400°C which is expensive. The sintering temperature can be 
brought to lower values by adopting the novel ‘Cold sintering process’ which involves lowering 
the temperature at which the material sinters by making the conditions favourable for the 
reduction in surface areas of the materials by reducing Gibb’s surface energy at lower 
temperatures. One such attempt at sintering Zirconia through cold sintering of precursor 
Zirconium hydroxide powders is performed in this thesis work. Also, the stabilization of 
tetragonal phases of Zirconia is essential for its application in various high-temperature 
applications to avoid the phase transformation from monoclinic phase is performed, neglecting 
which may result in failures due to stresses accumulated in the bulks by this transformation. 
 
Preliminary sintering was performed on the amorphous pure Zirconium hydroxide powders at 
different dwell temperatures and a dwell pressure of 50 MPa. The results from this experiment 
helped determine the crystallization temperature, oxide conversion temperature, sintering 
profiles at different dwell temperatures, and the phases formed at those dwell temperatures.  
 
The information from the preliminary experiments and the extensive literature study helped 
design various sintering experiments to densify the samples at lower temperatures. Parameters 
like dwell time and powder sizes were varied which incurred very less/no changes in the 
densification of the bulks. The applied mechanical pressures increased from 50 MPa to 150 MPa 
and 300 MPa using higher strength mould-punch systems showed a substantial increase in the 
relative densities and hardness of the materials even at low temperatures like 400°C and 600°C. 
Sintering aids like Bi2O3, ZrH2 are also added in substantial quantities to improve the sintering 
which indeed showed better results than the preliminary experiments. The 10wt% Bi2O3-Zr(OH)4 
system had a density of 72.63% with a hardness value of 6.59GPa which is the highest in the 
whole sample set. The pure Zr(OH)4 sample sintered at 900°C and 300 MPa dwell conditions had 
the highest relative density of 86.97%.  
 
Additionally, the tetragonal phases of the Zirconia are stabilized at room temperatures by doping 
the samples with trivalent compounds like Yttrium oxide Y2O3, Bismuth oxide Bi2O3, and 
additionally with Zirconium hydride ZrH2. The results obtained showed that the 5wt% Bi2O3 and 
25wt% Zr(OH)4 showed the same level of stabilization as the pure Zr(OH)4 powders whereas, the 
10wt% Bi2O3-Zr(OH)4, 8mol% Y2O3-Zr(OH)4, and 3mol% Y2O3-Zr(OH)4 systems showed higher 
levels of tetragonal phase stabilization in the order: 
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8mol% Y2O3-Zr(OH)4 > 10wt% Bi2O3-Zr(OH)4 > 3mol% Y2O3-Zr(OH)4 
 
Finally, it can be concluded that by adopting higher mechanical dwell pressures and with the 
addition of sintering aids like ZrH2 and Bi2O3, the densities of the samples can be improved, and 
the stabilization of tetragonal phases can be achieved by doping with trivalent compounds like 
Y2O3 and Bi2O3 even at lower temperatures like 600°C and 900°C. 
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9. FURTHER STUDIES 

1. Like trivalent cations, even the tetravalent cations like GeO2 and CeO2 also stabilize the 
tetragonal phases of the ZrO2 by relaxation of the oxygen bonds with the dopant [35], 
Hence, these powders can be used as dopants to the pure Zr(OH)4 powders for stabilizing 
the ZrO2 tetragonal phases in the end product after sintering. 
 

2. Doping of pure Zr(OH)4 powders with pentavalent cations like Ta2O5 to check the phase 
stabilization with respect to tetragonal and cubic phases of ZrO2 could be performed 

 
3. Use of polymeric sintering aids like Polyvinyl butyrate, Polyethylene glycol, etc. to densify 

the end products from SPS 
 

4. Use of other ceramic systems like Fe2O3, SiO2 as sintering aids to densify the end products 
from SPS 

 
5. Another way of achieving highly dense ZrO2 sintered products at lower temperatures is 

to start with an optimally packed powder system. This could be achieved using bimodal 
powder systems [Zr(OH)4 nano powders mixed with Zr(OH)4 micro powders in certain 
ratios] and sintering them using SPS  

 
6. Since, ZrH2 shows a promising sintering under SPS, research could be done on Spark 

Plasma Sintering of ZrH2 powders 
 

7. The sintering profiles of ZrH2-Zr(OH)4 systems seems interesting and hence, optimization 
of the sintering parameters for ZrH2-Zr(OH)4 systems for producing high density systems 
could be researched 

 
8. The melt fusion sintering from the Bi2O3-Zr(OH)4 system can be optimized to obtain 

samples with high density and high hardness and further optimization can be done to 
obtain cubic or tetragonal phase stabilization by Bi2O3 
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APPENDICES 

Appendix – A 
• Sintering profiles and sinter parameters for calculated for all the sintered samples 
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Figure 69: SPS piston displacement curves with projected sintering times, forces, and temperatures for 50 MPa 

dwell pressure samples of pure Zr(OH)4 

ZrO2-50 MPa: 
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Figure 70: SPS piston displacement curves with projected sintering times, forces, and temperatures for 50 MPa 

dwell pressure sample of 3mol% Yttria stabilized ZrO2 
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Zr(OH)4 150 MPa: 
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Figure 71: SPS piston displacement curves with projected sintering times, forces, and temperatures for 150 MPa 

dwell pressure samples of pure Zr(OH)4 

Zr(OH)4 300 MPa: 

00:00 00:10 00:20 00:30

0

100

200

300

400
Ts = 400°C

To = 365°C

Time (minutes)

0

15

30

45

60

75

90

105

120

 

0

1

2

3

4

5

6

7

8

9

10

 

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

to=00:14:15

ts=00:15:30

Fo=85.50kN

Fs=94.00kN

 

 A
v
g
. 
s
p
e
e
d
 (

m
m

/m
in

.)

 A
v
g
. 
R

e
la

ti
v
e
 P

is
to

n
 T

ra
v
e
l 
(m

m
)

 F
o
rc

e
 (

k
N

)

 T
e
m

p
e
ra

tu
re

 (
°C

)

SPS - Zr(OH)4

Heating rate: 50°C/min

Dwell Pressure: 300MPa

Dwell Temperature: 400°C

Dwell time: 10min

Cooling rate: Free cooling

 Temperature (°C)

 Force (kN)

 Piston Speed (mm/min)

 Rel. Piston travel (mm)

 

00:00 00:10 00:20 00:30

0

100

200

300

400

500

600
Tf=600°C

Ti=310°C

Fi=47.00kN

Fs=94.00kN

Time (minutes)

 A
v
g
. 
s
p
e
e
d
 (

m
m

/m
in

.)

 A
v
g
. 
R

e
la

ti
v
e
 P

is
to

n
 T

ra
v
e
l 
(m

m
)

 F
o
rc

e
 (

k
N

)

 T
e
m

p
e
ra

tu
re

 (
°C

)

SPS - Zr(OH)4

Heating rate: 50°C/min

Dwell Pressure: 300MPa

Dwell Temperature: 600°C

Dwell time: 10min

Cooling rate: Free cooling

 Temperature (°C)

 Force (kN)

 Piston Speed (mm/min)

 Rel. Piston travel (mm)

0

15

30

45

60

75

90

105

120

 

0

1

2

3

4

5

6

7

8

9

10

 

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

to=00:13:20

ts=00:20:25

 

 



64 
 

00:00 00:10 00:20 00:30 00:40

0

100

200

300

400

500

600

700

800

900

Fi=37.00kN

F
f
=94.00kN

Time (minutes)

 A
v
g
. 
s
p
e
e
d
 (

m
m

/m
in

.)

 A
v
g
. 
R

e
la

ti
v
e
 P

is
to

n
 T

ra
v
e
l 
(m

m
)

 F
o
rc

e
 (

k
N

)

 T
e
m

p
e
ra

tu
re

 (
°C

)

SPS - Zr(OH)4

Heating rate: 50°C/min

Dwell Pressure: 300MPa

Dwell Temperature: 900°C

Dwell time: 10min

Cooling rate: Free cooling

 Temperature (°C)

 Force (kN)

 Piston Speed (mm/min)

 Rel. Piston travel (mm)

To=415°C

Ts=900°C

0

15

30

45

60

75

90

105

120

to=00:13:25

ts=00:28:00

 

0

1

2

3

4

5

6

7

8

9

10

 

-1

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

 

 
Figure 72: SPS piston displacement curves with projected sintering times, forces, and temperatures for 50 MPa 

dwell pressure samples of pure Zr(OH)4 

10wt%Bi2O3-Zr(OH)4: 
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Figure 73: PS piston displacement curves with projected sintering times, forces, and temperatures for 50 MPa dwell 

pressure samples of 10wt% Bi2O3-Zr(OH)4 
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ZrH2-Zr(OH)4 systems: 
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Figure 74: SPS piston displacement curves with projected sintering times, forces, and temperatures for 50 MPa 

dwell pressure samples of 25wt% ZrH2-Zr(OH)4, 50wt% ZrH2-Zr(OH)4, and pure ZrH2 
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Appendix – B 
• X-ray diffraction curves after full pattern matching with monoclinic and tetragonal phases 

of ZrO2 
Zr(OH)4-50 MPa: 
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Figure 75: Full pattern matched XRD plots of pure Zr(OH)4 system sintered at 400°C, 600°C, 800°C, 900°C, and 

1200°C with a dwell pressure of 50 MPa 

 
Table 30: R-Bragg factor of the curve fittings done by full pattern matching for pure Zr(OH)4 systems 

Sample 
Bragg R factor 

Monoclinic 
Bragg R factor 

Tetragonal 

400°C – 50 MPa Zr(OH)4 12.90000 2.18000 

600°C – 50 MPa Zr(OH)4 0.68500 1.22000 

800°C – 50 MPa Zr(OH)4 1.39000 2.79000 

900°C – 50 MPa Zr(OH)4 1.94000 2.39000 

1200°C – 50 MPa Zr(OH)4 0.78900 1.97000 
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Yttria doped Zr(OH)4 systems: 
 

 

 
Figure 76: Full pattern matched XRD plots of Y2O3 doped Zr(OH)4 systems sintered 900°C with a dwell pressure of 50 

MPa 
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Bismuth oxide doped Zr(OH)4 systems: 
 

 

 
Figure 77: Full pattern matched XRD plots of Bi2O3 doped Zr(OH)4 systems sintered 900°C with a dwell pressure of 

50 MPa 
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Zirconium Hydride systems: 
 

 

 
Figure 78: Full pattern matched XRD plots of ZrH2-Zr(OH)4 systems sintered 900°C with a dwell pressure of 50 MPa 

 
Table 31: R-Bragg factor of the curve fittings done by full pattern matching for doped Zr(OH)4 systems 

Sample 
Bragg R factor 

Monoclinic 
Bragg R factor 

Tetragonal 

3mol% Y2O3-Zr(OH)4 2.02000 1.75000 

8mol% Y2O3-Zr(OH)4 4.16000 2.56000 

5wt% Bi2O3-Zr(OH)4 2.67000 1.97000 

10wt% Bi2O3-Zr(OH)4 4.62000 4.42000 

25wt% ZrH2-Zr(OH)4 28.40000 17.40000 

50wt% ZrH2-Zr(OH)4 8.42000 3.36000 
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Appendix – C 
• Hardness values calculated from Vickers hardness method 

• The Vickers hardness is measured using the formula: 

o 𝐻𝑣 =
0.1891∗𝐹

𝑑2  

 
Where;  
HV – Vickers hardness (N/mm2) 
F – Applied force (N) = 4.905N 
d – Avg. length of the diagonals (mm) 

 

• The hardness value in GPa is calculated by multiplying the Vickers hardness value by 
0.009807 
 

Pure Zr(OH)4: 
 
Zr(OH)4-900°C-50 MPa: 
 

 
Figure 79: Diagonals of Vickers hardness indentations measured from 50 MPa dwell pressure pure Zr(OH)4 samples 

sintered at 900°C 

 
ZrO2-1200°C-50 MPa: 
 

 
Figure 80: Diagonals of Vickers hardness indentations measured from  ZrO2 sample sintered with 1200°C dwell 

temperature and 50 MPa dwell pressure 
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Zr(OH)4-150 MPa: 
 

 

 

 
Figure 81: Diagonals of Vickers hardness indentations measured from 150 MPa dwell pressure pure Zr(OH)4 

samples sintered at 400°C, 600°C, and 900°C 

 
Zr(OH)4-300 MPa: 
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Figure 82: Diagonals of Vickers hardness indentations measured from 300 MPa dwell pressure pure Zr(OH)4 

samples sintered at 400°C, 600°C, and 900°C 

 
Table 32: Hardness calculations for the pure Zr(OH)4 samples sintered at various dwell pressures and temperatures 

Sample 
Diagonal 
1 (mm) 

Diagonal 
2 (mm) 

Avg. 
diagonal 

(mm) 

Vickers 
Hardness 

(HV) 

Avg. 
Vickers 

Hardness 
(HV) 

Hardness 
(GPa) 

Rel. 
density 

(%) 

Porosity 
(%) 

 
Zr(OH)4 

900°C-
50MPa 

0.203 0.203 0.203 22.52 

29.04 0.28479071 53.74 46.26 

 

0.187 0.168 0.177 29.44  

0.163 0.162 0.162 35.16  

Zr(OH)4 

400°C-
150MPa 

0.179 0.193 0.186 26.88 

26.85 0.26335188 44.33 55.67 

 

0.183 0.188 0.186 26.86  

0.190 0.182 0.186 26.82  

Zr(OH)4 

600°C-
150MPa 

0.100 0.102 0.101 90.66 

98.29 0.96396801 50.83 49.17 

 

0.099 0.100 0.099 93.89  

0.090 0.094 0.092 110.34  

Zr(OH)4 

900°C-
150MPa 

0.053 0.054 0.054 322.69 

321.37 3.15165946 69.30 30.70 

 

0.059 0.056 0.057 281.46  

0.053 0.048 0.051 359.95  

Zr(OH)4 

400°C-
300MPa 

0.073 0.063 0.068 200.87 

229.32 2.2489736 56.37 43.63 

 

0.063 0.064 0.063 230.16  

0.060 0.060 0.060 256.94  

Zr(OH)4 

600°C-
300MPa 

0.067 0.066 0.066 210.47 

348.22 3.41500163 69.90 30.10 

 

0.045 0.047 0.046 432.78  

0.048 0.048 0.048 401.40  

Zr(OH)4 

900°C-
300MPa 

0.056 0.061 0.058 271.69 

301.88 2.96050938 86.97 13.03 

 

0.058 0.053 0.056 300.34  

0.053 0.052 0.053 333.60  

3YSZ 
1200°C-
50MPa 

0.032 0.031 0.032 914.64 

961.98 9.43411401 72.48 27.52 

 

0.030 0.029 0.030 1049.79  

0.031 0.032 0.032 921.51  
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900C_1

300MPa 

900C_2

300MPa 

900C_3
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Bi2O3-Zr(OH)4 systems: 
 
5wt% Bi2O3-Zr(OH)4-50 MPa: 
 

 
Figure 83: Diagonals of Vickers hardness indentations measured from 5wt% Bi2O3-Zr(OH)4 sample sintered with 

900°C dwell temperature and 50 MPa dwell pressure 

 
10wt% Bi2O3-Zr(OH)4-50 MPa: 
 

 
Figure 84: Diagonals of Vickers hardness indentations measured from 10wt% Bi2O3-Zr(OH)4 sample sintered with 

900°C dwell temperature and 50 MPa dwell pressure 

Table 33: Hardness calculations for the Bi2O3-Zr(OH)4 samples sintered at 50 MPa dwell pressure and 900°C dwell 
temperatures 

Sample 
Diagonal 1 

(mm) 
Diagonal 2 

(mm) 

Average 
diagonal 

(mm) 

Vickers 
Hardness 

HV 

Average 
Hardness 

HV 

Hardness 
(GPa) 

Porosity 
(%) 

5wt% 
Bi2O3 

0.289 0.284 0.287 11.28 

9.31 0.091331 54.63  0.32 0.366 0.343 7.9 

0.328 0.324 0.326 8.74 

10wt% 
Bi2O3 

0.037 0.037 0.037 676.8 

672.27 6.594969 27.37 0.038 0.036 0.037 681.48 

0.037 0.038 0.038 658.53 

 
  

5wt% 

BI2O3 + 

Zr(OH)4 1

5wt% 

BI2O3 + 

Zr(OH)4 2

5wt% 

BI2O3 + 

Zr(OH)4 3

10wt% 

BI2O3 + 

Zr(OH)4 1

10wt% 

BI2O3 + 

Zr(OH)4 2

10wt% 

BI2O3 + 

Zr(OH)4 3
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ZrH2-Zr(OH)4 system: 
 
25wt% ZrH2-Zr(OH)4 – 50 MPa: 
 

 
Figure 85: Diagonals of Vickers hardness indentations measured from 25wt% ZrH2-Zr(OH)4 sample sintered with 

900°C dwell temperature and 50 MPa dwell pressure 

50wt% ZrH2-Zr(OH)4 – 50 MPa: 
 

 
Figure 86: Diagonals of Vickers hardness indentations measured from 50wt% ZrH2-Zr(OH)4 sample sintered with 

900°C dwell temperature and 50 MPa dwell pressure 

Pure ZrH2 – 50 MPa: 
 

 
Figure 87: Diagonals of Vickers hardness indentations measured from pure ZrH2 sample sintered with 900°C dwell 

temperature and 50 MPa dwell pressure 
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Table 34: Hardness calculations for the ZrH2-Zr(OH)4 samples sintered at 50 MPa dwell pressure and 900°C dwell 
temperatures 

Sample 
Diagonal 
1 (mm) 

Diagonal 
2 (mm) 

Average 
diagonal 

(mm) 

Vickers 
Hardness 

HV 

Average 
Hardness 

Hardness 
(GPa) 

Porosity 
(%) 

Zr(OH)4-
100wt%  

0.203 0.203 0.203 22.52 

29.04 0.284882 45.96 0.168 0.187 0.177 29.44 

0.162 0.163 0.162 35.16 

Zr(OH)4-
75wt% + 

ZrH2-25wt% 

0.146 0.156 0.151 40.59 

46.53 0.456459 39.39 0.144 0.139 0.142 46.25 

0.132 0.133 0.133 52.74 

Zr(OH)4-
50wt% + 

ZrH2-50wt% 

0.13 0.137 0.133 52.1 

76.94 0.754781 31.36 0.12 0.121 0.121 63.54 

0.092 0.087 0.09 115.17 

ZrH2-
100wt%  

0.065 0.065 0.065 219.9 

228.39 2.240506 22.35 0.06 0.062 0.061 252.03 

0.067 0.065 0.066 213.25 

 
 
 


