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Abstract 
This thesis is focused on possibility of microstructure tailoring of selected oxide advanced 
ceramic materials (alumina, cubic and tetragonal zirconia) by post-Hot isostatic pressing (post-
HIPing) method in order to produce samples with full density and minimal grain size. 
Considering that the post-HIPing is in majority of cases the finishing technique, the pre-
sintering (preparation of specimens in close porosity stage) was also heavily studied. Extensive 
theoretic and experimental research of pre-sintering advanced oxide materials resulted in 
several observations. It was found out, that pore closure is material characteristic governed by 
interfacial energies (pore closure ranging from 92 to 96% t.d. in dependence on used material), 
it is independent on green body processing and it is also independent on sintering history. 

In order to examine the microstructure via scanning electron microscope and to increase the 
efficiency of the microstructure analysis, the novel low temperature thermal etching method 
was developed. The low temperature 900 °C for 1 hour allows to thermally reveal 
microstructure for both partially sintered and fully dense specimens without thermal 
contamination (increase in the density and grain size) of the examined samples. 

The pre-sintered samples were post-HIPed at designed combinations of temperature (1200-
1400 °C), applied pressure (50 and 200 MPa) and dwell time (0.5-9 hours) in order to examine 
influence of these post-HIPing parameters on the microstructure of the samples. The most 
important observation was minimal influence of the applied pressure on the grain growth during 
post-HIPing, while it has significant densification capability. The sintering temperature and 
dwell time also exhibit densification potential, however with negative effect on the grain size 
inhibition after post-HIPing respecting kinetic grain growth reaction – exponential effect for 
temperature and parabolic for dwell time. 

Such observations were accompanied to prepare optimized post-HIPing cycles for observed 
materials, resulting into the specimens with density above 99.7 % t.d. and with only minimal 
(below 10 %) increase in the grain size compared to pre-sintered grain size. 

Obtained knowledge was applied for production of transparent alumina ceramics doped by 
erbium with photo luminescent properties. Obtained HV 10 hardness (26.9 GPa) and real inline 
transmittance (RIT 56 %) are the highest values among the rare-earth doped alumina published 
so far. 
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Abstrakt 

Táto práca sa zaoberá prispôsobením (tailoring) mikroštruktúry vybraných pokročilých 

keramických materiálov (oxid hlinitý, kubický a tetragonálny oxid zirkoničitý) metódou 

izostatického lisovania za tepla (post-HIPing) s cieľom pripraviť vzorky s teoretickou hustotou 

and minimálnou veľkosťou zŕn. Vzhľadom na to, že izostatické lisovanie je vo väčšine prípadov 

používané ako dokončovacia metóda, pred-slinovanie (príprava vzoriek v štádiu uzavretej 

pórovitosti) bolo tiež dopodrobna študované. Extenzívny teoretický a experimentálny výskum 

pred-sintrovania pokročilých keramických materiálov ukázal niekoľko výsledkov. Bolo 

zistené, že uzatváranie pórov je materiálová charakteristika riadená medzi-povrchovými 

energiami (uzatváranie pórov nastáva pri 92-96 % t.d. pre skúmané materiály), je nezávislé na 

technológii prípravy keramického polotovaru a je nezávislé na histórii sintrovacieho procesu. 

Pre analýzu mikroštruktúry skenovacím elektrónovým mikroskopom a výrazné zvýšenie 

efektivity mikroštruktúrnej analýzy, bola vyvinutá nízkoteplotná metóda termálneho leptania. 

Táto metóda umožňuje zviditeľnenie leštenej mikroštruktúry pri leptacej teplote 900 °C 

a výdrži 1 hodina čiastočne sintrovaných a plne hutných vzoriek bez teplotnej kontaminácie 

(zvýšenie hustoty a veľkosti zŕn).  

Pred-sintrované vzorky boli post-HIPované nadizajnovaným kombináciami teploty (1200-

1400 °C), aplikovaného tlaku (50 a 200 MPa) a času výdrže (0,5 až 9 hodín) s cieľom štúdia 

vplyvu týchto post-HIPovacích parametrov na mikroštruktúru vzoriek. Najdôležitejší výsledok 

experimentov je, že aplikovaný tlak vykazuje iba minimálny vplyv na rast zŕn v priebehu post-

HIPovania, pričom výrazne posilňuje zhutňovanie. Sintrovacia teplota a čas výdrže tiež 

vykazovali zhutňovací potenciál, avšak s negatívnym efektom na veľkosť zŕn počas post-

HIPovania rešpektujúc kinetickú rovnicu rastu zŕn – exponenciálny rast pre teplotu 

a parabolický rast pre čas. 

Tieto výsledky boli použité pre optimalizáciu post-HIPovacích cyklov pre študované materiály. 

Výsledné vzorky boli zhutnené nad 99,7 % t.d. a s minimálnym (pod 10 %) nárastom veľkosti 

zŕn v porovnaní s pred-sintrovanou veľkosťou zŕn. 

Aplikáciou získaných znalostí bola pripravená transparentná korundová keramika dopovaná 

erbiom s fotoluminiscenčnými vlastnosťami. Pripravená vzorka s tvrdosťou HV 10 26,9 GPa 

a so skutočnou inline priepustnosťou RIT 56 % vykazuje najlepšie hodnoty tvrdosti 

a priepustnosti v doposiaľ publikovaných korundových keramických materiáloch dopovaných 

prvkami vzácnych zemín. 

Kľúčové slová 

Oxidová keramika, pred-sintrovanie, post-HIPovanie, optimalizácia mikroštruktúry 
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1. Introduction 
In a general way, a term tailoring comes from the fashion industry and it means the production 

of clothes, which exactly fit the customers’ size and demands. In the case of the advanced 

ceramic processing, the tailoring is understood as a way of controlling the microstructure of the 

material to achieve the properties fitting demands on a certain ceramic product. The example 

of ceramic microstructure tailoring can be demonstrated on alumina ceramics designed for two 

different purposes: ceramic filters and protective transparent shields. 

For the ceramic foam filters used in a metal casting industry high porosity (80-90 vol. %) is 

required to separate a molten metal from possible solid inclusions created during melting – the 

slag. The size of pores has to be designed in a certain way to respect viscosity of the metal, the 

size of inclusions, etc. If the pores are too tiny, the molten metal could not penetrate the filter 

due to the capillary forces, and on the contrary, if the pores are excessively large, the filter will 

not be effective in removing the inclusions. On the other hand, for the transparent protective 

shielding, the transparency in the visible spectra is required alongside with mechanical 

resistance against the impact of flying objects. Such properties could be achieved by producing 

the alumina ceramics with theoretical density (zero porosity) and grain size below 350 nm [1–

3]. In this particular combination of material (crystallographic structure) and grain size, the 

visible light will not be scattered on the grain boundaries or pores – which will create 

transparency in visible light. In addition, according to the empirical Hall-Petch equation [4], 

fine-grained microstructure also provides increased mechanical strength and hardness. 

The traditional sintering process (pressureless heating of ceramic green body) is unable to 

provide such dense and fine grained microstructure due to accelerated grain growth in the final 

stage of sintering [5, 6]. Therefore more advanced sintering methods have to be accompanied. 

One of the specialized sintering technologies is pressureless pre-sintering followed by hot 

isostatic pressing (so-called post-HIPing). The HIPing is technology, which profits from the 

combination of the thermal energy and the isostatic pressure of a gas, which provides an 

additional energy input to the system. This combination of energies allows decreasing the 

HIPing temperature below the pressureless sintering one, which will eventually lead to the 

smaller grain size with the comparable (or even higher) density after HIPing [7]. 

Unfortunately, because of present gas creates the isostatic pressure, there are strict requirements 

on the sample. Although the sample could be any shape, the sample surface has to be air-tight, 

which means that either all open pores (net of tubular pores in a ceramic body) have to be 

annihilated by pre-sintering, or the ceramic specimen has to be encapsulated into the container 

made of appropriate glass or metal to seal up the surface of the sample. Both approaches have 

difficult steps to master: pre-sintering requires an additional amount of time, experiments and 

material to determine the critical relative density of the pore closure [8]. On the other hand, the 

glass or metal coatings are difficult to find, because they have to respect the shrinkage of coated 

ceramics and after HIPing they have to be chemically or mechanically removable without 

affecting the sintered sample [9, 10]. 

In addition, due to high equipment and operating costs, incomparable with the pressure-less 

sintering, HIPing is only justified for ceramic products with high additional value (transparent 

polycrystalline ceramics, biological implants, etc.), or in ceramics used in extreme conditions 

(turbines, bearings, cutting tools, etc.). In those cases either the product cannot be manufactured 

by any other technology or the investment of HIPing will provide longer life or additional 

functional and/or mechanical properties. 
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There are several articles in the relevant literature dealing with the influence of the HIPing 

variables on the densification either in the experimental or the theoretical way. However, 

according to the author’s best knowledge, there is not the complex study of the impact of the 

HIPing temperature, the applied pressure and the dwell time on the grain growth in the post-

HIPing process. Therefore, this empty space opens the window of opportunity for studying 

these phenomena. Such research could be beneficial for the optimization of already developed 

HIPing cycles and it also could reveal new facts about the post-HIPing process. 

Therefore, the main focus of this thesis, in order to study the microstructure development during 

post-HIPing, is to prepare pre-sintered specimens, introduce etching technique suitable for 

partially dense and fully dense samples, analyse the influence of HIPing parameters (applied 

pressure, temperature and dwell time) on the microstructure and eventually utilize the post-

HIPing observations in the proper application, where the post-HIPing provides enhanced 

results. 
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2. Theoretical Part 

2.1. Sintering Basics 

In the vast majority of ceramic processing techniques, it is required to densify the green body 

(shaped ceramic powder) by applying thermal energy to change weak connection realized by 

van der Waals forces to more durable connection by covalent, ion or ion-covalent bonding. 

Generally, when the green body particles are in point contact and thermal energy is applied 

(temperature in the furnace rises) there are several processes, which will simultaneously change 

the powder green body to the almost fully dense ceramic material. In general, the green body 

has 45-65 % of material theoretical density (t.d.) depending on the powder characteristics and 

the shaping technique (uniaxial pressing, cold isostatic pressing, slip casting, gel casting, 

injection moulding, etc.), therefore 55-35 % of green body is air, which has to be removed.  

The sintering is usually divided into 3 stages, which correspond to the geometry changes 

according to Coble’s model [5]. When the particles in point contact are heated, point contacts 

are enlarged and necks are formed. As temperature increases, the curvature gradients created 

by necks are smoothened by diffusion mechanisms, which can be densifying or non-densifying 

in their nature. The densifying mechanisms (the distance between particle centres is shortened) 

are welcomed and there is an aspiration to keep them online as long as possible. On the other 

hand, non-densifying (e.g. surface diffusion) mechanisms are contra-productive and there is a 

demand to restrict their influence to the minimum. With increasing temperature, necks will 

increase the contact area, which creates a tubular pore structure among particles connected with 

the outside atmosphere.  

During the densification, conditions for stability of the tubular voids start to diminish. As the 

density increases (particles advance to each other) diameter of the tubular voids decreases. It is 

important to notice, that the tubular pore structure is not smooth as a drinking straw, but rather 

wavy as electromagnetic waves with wavelength and amplitudes [11, 12]. Therefore, at certain 

conditions (pore length, diameter, amplitude, wavelength, etc.) tubular pore structure will break 

up into spherical (lenticular) pores accommodated on grain boundaries. 

2.2. Issues with Pressureless Sintering 

The simplest approach to sintering is to increase the sintering temperature and dwell time until 

the density is at the desired value. However, after the pore structure transforms into discrete 

individual pores, grain boundary motion is no longer retarded by pore structure, which leads to 

excessive grain growth in the ceramic volume. The direct impact of excessive grain growth 

(increased mobility of grain boundaries) is other disturbing phenomena – pores leave the grain 

boundaries and enter into grain volume. This basically prevents to fully densification of the 

material, unless extreme temperature and holding times are accompanied. 

Knowing these facts, several advanced techniques were developed to diminish those negative 

effects and produce ceramic products with fine grains and full density. The simplest way how 

to reduce the grain size during sintering is to lower the temperature after the closure of super-

critical pores and increase the dwell time (basically, temperature vs. time trade-off). Such 

sintering regime is known as two-step sintering [13, 14]. The advantage and simplicity of this 

technique are in the fact that there is no need to use any special furnace. The disadvantage, 

mainly for the industry, is too long time for sintering (tens of hours). 

Another approach is to combine thermal energy with mechanical energy. The mechanical 

energy will introduce beneficial forces, which will help to densify the samples, decrease 
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sintering temperature and even decrease dwell time. The mechanical energy could be delivered 

to the system by punches in Spark Plasma Sintering and Hot Pressing, or by gas (usually inert, 

but it depends on the construction of the machine) in Hot Isostatic Pressing. 

2.3. Benefits of Sintering with Applied Pressure 

In the case of conventional (pressureless) sintering without chemical reaction, the driving force 

for densification (lowering the free surface energy) is provided by curvature gradients of the 

particles. At the start, particles are in unnatural, high energy state and the aim of the sintering 

is to lower this energetic state. The intensity of this energetic misbalance represents how 

effectively the particles will densify – the more free surface energy, the less temperature is 

needed to densification (simplified). An example could be 1 mole of powder consisting of 

spherical particles with radius 𝑟. Number of particles 𝑁 in the molar volume of the powder is 

𝑁 =
3𝑉𝑚

4𝜋𝑟3
 (1) 

where 𝑉𝑚 is molar volume defined as  

𝑉𝑚 =
𝑀

𝜌
 (2) 

where 𝑀 is molecular weight and 𝜌 is the density of the particle material. Therefore surface 

area 𝑆 of the particle system can be presented as  

𝑆 = 4𝜋𝑟2𝑁 =
3𝑉𝑚

𝑟
. (3) 

The surface free energy associated with the mentioned system is  

𝐸𝑆 =
3𝛾𝑠𝑉𝑚

𝑟
 (4) 

where 𝛾𝑠 is specific surface energy per unit area. 

𝐸𝑆 represents the decrease in surface free energy of the system if a fully dense material were to 

be formed from the particle compact [15]. In the case of used powders in the following 

experimental research Taimicron TM DAR (𝐴𝑙2𝑂3, 𝑟 = 75 𝑛𝑚, 𝛾𝑠 = 1 𝐽 𝑚2⁄ , 𝑉𝑚 = 2.56 ∙
10−5𝑚3/𝑚𝑜𝑙), the free energy would be around 1000 𝐽/𝑚𝑜𝑙, in the case of Tosoh TZ3Y 

(𝑍𝑟𝑂2, 𝑟 = 40 𝑛𝑚, 𝛾𝑠 = 1.5 𝐽 𝑚2⁄ , 𝑉𝑚 = 2.02 ∙ 10−5𝑚3/𝑚𝑜𝑙) the free energy would be 

around 2200 𝐽/𝑚𝑜𝑙. 

Additional energy which could be added to sintering particle system is mechanical pressure – 

that is why the name “pressure-assisted” sintering. The effectivity of such complementary 

process is presented in the following calculation. The external pressure applied on 1 mole of 

particles will do work on the system, which can be approximated as 

𝑊 = 𝑝𝑎𝑉𝑚 (5) 

where 𝑝𝑎 is applied pressure, 𝑊 represents the driving force for densification due to application 

of external pressure. As an example 𝑝𝑎 = 200 𝑀𝑃𝑎 normally used in HIPing process and molar 

volume of alumina 𝑉𝑚 = 2.56 ∙ 10−5 𝑚3/𝑚𝑜𝑙 gives work 5110 𝐽/𝑚𝑜𝑙. In the case of zirconia 

(𝑉𝑚 = 2.02 ∙ 10−5 𝑚3/𝑚𝑜𝑙) the work is 4050 𝐽/𝑚𝑜𝑙. From these basic, simple and 

approximate calculations it can be seen enormous potential in the densification capabilities 

when pressure is applied during sintering.  

Previous calculations were focused on the moment when powder compact is sintered with or 

without pressure from the start. However, when sintering approaches the final stage (pores are 



6 

 

closed) situation with pressure in the pores is different. When powder compact enters into the 

final stage of sintering, gas is entrapped into the isolated pores with the pressure of sintering 

atmosphere (for conventional sintering it will be air with a pressure of 1 𝑏𝑎𝑟). During further 

densification spherical pores will shrink until they reach equilibrium between sintering pressure 

and pressure emitted from pressurized gas inside the pore (Equation (6)) [16]: 

𝑃𝑖 [(
𝑟𝑖

𝑟𝑓
)

3

− 1] =
2𝛾𝑠

𝑟𝑓
 (6) 

where 𝑃𝑖 is the initial pressure of the gas, 𝑟𝑖 is the radius of pore just after closure (initial) and 

𝑟𝑓 is the final radius of isolated pore. When this equilibrium is attained, basically no 

shrinkage/densification will longer occur unless coalescence of pores occurs. Kang and Yoon 

[17] studied such phenomena and in Figure 1A it can be seen that large pores have significant 

stopping power for densification. However, as the pore radius decreases influence of the pore 

on final density also decreases – entrapped gas in a pore with radius under 0.5 μm has almost 

no effect. On the other hand, when pressure is applied to the material with isolated pores even 

several tens bars could drastically improve the ability to densify – as can be seen in Figure 1B 

[18].  

 
Figure 1: Presence of pores during the final stage of sintering. A – Influence of pore size on 

densification during pressureless sintering, the larger the pore, the less maximum achievable 

density [17].Parameter 𝐴 = 𝑃𝑖/2𝛾𝑠 𝜇𝑚. B – Influence of pressure during the densification. 

The higher the pressure, the denser the final product is, even with large pores [18]. 

Parameter B is pressure in atm. 

Considering the previously mentioned theory, there are several reasons why to use pressure 

during sintering. Pressure assisted sintering primarily introduces additional force acting as a 

driving force for densification. An impact of this additional force is tremendous: 

 Densification (sintering) can be performed at lower temperature to achieve similar or 

even better final density.  

 Dwell times of sintering cycles could be shortened.  

 The decrease in the sintering temperature could prevent activation of grain growth 

mechanisms and therefore produce finer microstructure.  

 Densification of complex or materials difficult to densify is now possible because of 

additional energy. 

  



7 

 

2.4. Hot Isostatic Pressing Basics 

A hot isostatic press (HIP) machine (Figure 2) can be described as a furnace with the ability to 

hold high gas pressure during the sintering. It has to be pointed out, that there are no dies 

present, which are otherwise needed to transmit pressure to the sample’s body (like graphite 

tools in Hot Press or SPS).  

 
Figure 2: Hot isostatic press. At the beginning of the HIPing cycle, the furnace is evacuated 

and purged with argon several times. At first, only by the pressure gradient between the 

furnace and the gas storage, followed by pressurizing by compressors to the desired value. 

After completing the HIPing cycle, the majority of used argon is pumped from the furnace 

back to the gas storage.  

Although the configuration of the hot isostatic press is similar for every machine, the procedures 

of the hot isostatic pressing are different and they can be divided accordingly to how they 

prevent the gas from entering to the pores of the powder body. This thesis will follow the 

terminology from the work of Larker & Larker [7], which grouped HIPing methods into two 

categories: 

 Direct HIPing (also known as an encapsulated HIP, glass encapsulated HIP, glass 

HIP, capsule HIP or container HIP) – the core technique in this approach is to 

establish continuous gas impermeable barrier around the evacuated porous body 

before the HIPing starts. Only suitable glasses and metals have to be used for the 

encapsulation purpose.  

 Post-HIPing (also known as cladless HIP, sinter-HIP or sinter plus HIP) – in this 

method a green body is sintered to a state with no surface connected porosity before 

pressurization. 
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2.4.1. Post-HIPing of Pre-sintered Green Bodies 

Post-HIPing [19] of partially sintered ceramics (Figure 3) is an alternative to direct HIPing, 

which does not use the encapsulation procedure. A ceramic specimen is sintered to the state of 

closed porosity, which creates airtight surface and post-HIPing can be successfully applied. 

This technique is used in the experimental part of this thesis. 

 
Figure 3: Post-HIPing of the partially sintered body. 

A - The green body is shaped by the chosen technology. B - The green body is subsequently 

sintered to closed porosity stage. After HIPing the closed pores are removed resulting with 

the fully dense specimen, without the necessity of removing any envelope - C. 

In this case gas (mostly inert argon) is allowed to act directly on the surface of the sample 

ending with fully dense material (after application of proper temperature /pressure/ time 

regime). The necessity of pre-sintering to high density (92+ % t.d.) limits the materials suitable 

for this method. Such materials have to be able to sinter to require densities without 

unacceptable deterioration of microstructure, phase composition, shape etc. For many ceramic 

materials with high strength at high temperatures, other limitations can occur. For example in 

the pre-sintering of silicon nitride elongated beta silicon nitride grains are formed and often 

create a very rigid and interlocking structure [7]. 

As it was mentioned in the Introduction, the limitation of utilisation of the full potential of this 

hot isostatic pressing method is the precise determination the conditions when the specimen 

reaches the close porosity stage. The importance of pre-sintering process optimization can be 

demonstrated on results of Maca et al. [20]. The work is dealing with the optimization of 

pre-sintering regime of alumina magnesia spinel (MgAl2O4) prior to the post-HIPing 

(1500 °C, 200 MPa, 1 h), in order to prepare transparent ceramics suitable for ballistic 

protection. Due to cubic lattice, conditions for spinel transparency are only impurities-free 

and pore-free structure with no limitation in grain size. As can be seen in Figure 4, there is a 

visible relationship between pre-sintering density and transparency after post-HIPing. The 

sample on the left was pre-sintered at ideal density (94.9 % t.d.) and the result is a fully dense 

specimen with high real in-line transparency (RIT 60 %). On the other hand, the sample on 

the right was pre-sintered to unnecessary high density (99.5 % t.d.), which caused decrease of 

the final transparency (RIT 7.3 %). This drop in the transparencies authors relates to trapped 

pores in the grains’ interior due to extensive grain growth during excessive pre-sintering [20]. 
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Figure 4: The optical transparency of spinel ceramics (thickness 1.1mm) prepared with 

different pre-sintered densities (from left: 94.9, 97.9 and 99.5 % t.d.). In the upper image, the 

samples are lying immediately on the sheet of paper bearing the text; in the lower one, they 

are 5 cm above it [20]. 

2.5. Hot Isostatic Pressing Maps – Theoretical Models 

Hot isostatic pressing maps, firstly created by Swinkels, Ashby and Arzt [21–23], represent a 

theoretical approach with the ambition to determine the dominant densifying mechanism during 

hot isostatic pressing. 

 
Figure 5: Various HIPing maps of the influence of HIPing variables on densification of the 

alumina [22]. A – Influence of the used pressure on the HIPing time, B – Influence of the 

temperature on the HIPing time, C – Relation between pressure and temperature used in 

HIPing cycle for metals and alumina ceramic. 

Presented results (Figure 5) focused on the HIPing of alumina reveal a unique set of information 

valuable for optimization the HIPing cycle. Figure 5A demonstrates that the increase in the 

sintering pressure will lead to the reduction of sintering time required to achieve the full density. 

Increasing the sintering temperature (Figure 5B) will also reduce the sintering time needed to 

fully densified sample. Figure 5C illustrates trading mechanical energy for thermal energy 

required for densification.  

Such theoretical models are highly appreciated because according to this relation (or trading) it 

should be possible to sinter the powder material into the fully dense specimen without entering 

the stage where exaggerated (uncontrolled) grain growth is present. 

2.6. Hot Isostatic Pressing – Experimental Observations 

As it was mentioned before, accommodating HIPing as a technique for ceramic processing in 

the academic and industrial applications is relatively limited. Sample preparation, coating/pre-

sintering, equipment costs, experiment running costs, maintenance costs, etc. predetermine 
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HIPing usage only for applications with the high added value acquired after HIPing (transparent 

ceramics, joint/bone replacements, etc.). Therefore, after HIPing boom in the 1980s, where the 

number of articles had exponentially rising tendency, after mid-1990s number of articles 

dealing with issues concerning HIPing ceramics saturated (Figure 6). The reasons for such 

development could be that scientists discovered benefits and limitations of HIPing fairly 

quickly and implemented such observations into ceramic industry, although they were limited 

by technology of that time. On the other hand, there are still undiscovered/unexplained issues 

concerning HIPing requiring modern equipment or methods (unavailable in 1980s) and that is 

the reason of continuous research and article publication in the field of Hot Isostatic Pressing 

of ceramic materials. 
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Figure 6: Number of articles through the time concerning the HIPing process with ceramics 

according to Web of Science [24]. 

As it was pointed out at the end of the previous chapter, HIPing variables have a significant 

impact on the results of the HIPing procedure in terms of achieving density and cutting off the 

sintering time. Härdtl (1975) [19] described the influence of HIPing parameters (temperature, 

pressure and time) on the densification of various pre-sintered ceramic materials – mainly 

BaTiO3 and SrTiO3. Unfortunately, the density of pre-sintered ceramic bodies is quite high 

(97.5 % for BaTiO3 and 98.5 % for SrTiO3) therefore only very little of HIPing potential could 

be accompanied. 

 
Figure 7: The influence of the temperature, pressure and time on the densification of BaTiO3 

during the post-HIPing process [19]. A – Increasing the temperature at constant pressure. 

The higher the temperature, the less time is needed to full densification. B – Increasing the 

pressure at a constant temperature. The higher pressure at a given temperature, the less time 

is needed to reach full density.  
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Figure 7 (post-HIPing of BaTiO3, pre-sintered at 4 hours, at 1315 °C in oxygen atmosphere) 

shows that according to fundamental expectations, increasing temperature (Figure 7A), time 

and pressure (Figure 7B) increase density of post-HIPed specimens. The author also presented 

interesting simplified idea, that “in general, doubling the pressure has the approximately same 

effect as increasing the temperature by 50 °C”. Another important observation is that according 

to author there is no change in grain size during HIPing in the studied temperature range. 

Interesting observations concerning the porosity remaining in the ceramic volume after 

pre-sintering cycle in connection with sintering temperature and trapped isolated pores in grain 

volume published Kwon in1987 [25]. According to his observations, alumina specimens which 

were introduced to the HIPing process containing open pores increased in weight by 0.4-0.6 %. 

This is enormously disturbing, because it means that HIPing gas at high pressure (in this case 

Argon at 150 MPa) could be enclosed into pores even during HIPing. Entrapped gas after 

HIPing, which estimated pressure is 25 MPa after cooling to room temperature, will cause 

massive problems in the use of such components at high working temperatures. 

Kim et al. (1990) [26] studied densification of several kinds of Y-TZP (yttria-stabilized 

tetragonal zirconia made by various producers) pre-sintered at 1200 – 1500 °C and post-HIPed 

at various conditions: HIPing temperature: 1100 – 1400 °C, pressure: 5 – 200 MPa and dwell 

time: 0.5 – 4 h. 

In this work, it is easy to demonstrate the theoretical assumptions from HIPing maps (Chapter 

2.5) about trading one HIPing parameter for another one. Specimen A (orange colour) has 0 % 

open porosity at 1300 °C (Figure 8A) at 94.5 % t.d. – therefore it is a suitable candidate for 

post-HIPing process. Almost full density after HIPing can be achieved by: 

 Increasing HIPing temperature to 1300 °C/ 50 MPa/ 1 h (Figure 8B). This is not the 

perspective way, because increasing the HIPing temperature close to the pre-

sintering one could have a negative effect on grain size in fully dense product. 

 Increasing time to 1200 °C/50 MPa/4 h (Figure 8C). This could be the possible way 

for densification as it resembles the two-step sintering mechanism – lowering 

sintering temperature and increasing sintering time [13]. 

 Increasing pressure to 1200 °C/200 MPa/1 h (Figure 8D). This way accompanies 

most of the gas pressure capabilities of HIP and decreases the final time of the 

sintering process. Such optimization could lead to ideal post-HIPing treatment with 

maximum density and minimum grain growth after pre-sintering. 
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Figure 8: The influence of HIPing variables on post-HIPing of tetragonal zirconia 

(colourized) [26]. Samples were pre-sintered at various temperatures to achieve closed 

porosity stage – A, characterized by d (grain size) and Do (relative density). It was 

demonstrated the influence of post-HIPing temperature at 50 MPa for 1 h - B, time at 

1200 °C and 50 MPa - C and pressure at 1200 °C for 1 h - D on densification. 

Kim et al. [26] also observed grain growth during HIPing, which indicates the logarithmical 

dependence of porosity reduction versus grain growth (Figure 9A). Unfortunately, the results 

are quite strict concerning the amount of data. There is missing information about which of 

HIPing approach was used to achieve certain grain size because in the results they are mixed 

together, therefore there is no possible way, how to evaluate which of HIPing setting produce 

“the best” (the lowest grains, full density) results. Another work of Kim et al. [27] describes 

similar observation also for the capsulated HIP of zirconia powder compacts. Interesting 

observation is, that grain growth is present even in capsule HIP (Figure 9B), although it did not 

exhibit such strong, exponential, uncontrolled grain growth in the final stage of densification 

as during pressureless sintering. 
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Figure 9: A - Relation between the logarithm of porosity and logarithm of grain size [26]. 

B - Change of grain size with densification during HIPing [27]. 

Works of Uematsu et al. (1989-1990) [28, 29] are focused on HIPing of alumina under various 

conditions: temperature: 1100 – 1400 °C, pressure: 5 – 200 MPa and dwell time: 0.5 – 4 h. This 

work provides similar results as were shown by previous authors and confirms their 

observations about trading the HIPing variables to achieve full density. Moreover, detailed 

grain evolution data are provided (Figure 10D). As it can be seen in Figure 10D exponential 

grain growth in the final densification stage is present.  

 

 
Figure 10: Influence of HIPing variables on final density and gain size after direct HIPing of 

alumina [28]. Time - A, temperature - B and pressure - C HIPing maps for four alumina 
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powders with various initial particle sizes. D - Grain size after HIPing at various 

temperatures, 50 MPa and 1 h. Symbols represent initial particle size (according to [28] 

analysis). 

Besson and Abouaf (1989-1991) [30, 31] used direct HIPing (1300 °C, various dwell time, 

various pressures) of alumina to observe its densification and grain growth. According to 

authors increasing the HIPing pressure has an enhancing effect on the grain growth (and the 

densification) – Figure 11A and C. Several statements were made: 

 The grain size after the direct HIPing increases as a linear function of the HIPing 

pressure (Figure 11A). 

 The HIPing pressure of 200 MPa is less effective for the densification than lower 

pressures (Figure 11C). 

 The pressure has no effect on already dense samples (Table 1). This observation is 

in good agreement with [32], where authors propose, that the pressure inhibiting the 

grain growth in polycrystalline cadmium has to be relatively high (i.e. 2000 – 

3000 MPa). 

 

 
Figure 11: A - The influence of the pressure on grain growth of directly HIPed alumina after 

1 h dwell time at 1300 °C.B - The influence of the HIPing dwell time at 1300 °C and 100 MPa 

on the grain growth. C - The influence of the HIPing pressure on densification at 1300 °C and 

1 h dwell time [30]. 

Table 1: Observed grain growth in dense and porous materials during HIP (holding time 60 

min, temperature 1300 °C) [30]. 

Pressure 

[MPa] 

Initial density 

[% t.d.] 

Initial grain size  

[μm] 

Observed final grain size 

[μm] 

25 
51 0.25 0.35 

98 0.59 0.62 

100 
51 0.25 0.75 

98 0.59 0.62 
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Presented observations, mainly concerning the influence of the applied pressure on the grain 

evolution, were not published by other authors, and therefore provide new valuable information 

in the field of tailoring the material. The drop in the density at 200 MPa (Figure 11C) authors 

describes as a presence of abnormal grain growth (which is documented by SEM images), 

which was not present at lower pressures. Such observations put even more stress on the 

optimization procedures.  

Park and Park (2001) [34] present the study of the grain growth during post-HIPing and 

pressureless sintering of alumina ceramics. The experiment starts with the preparation of 

samples – pre-sintering: 1600 °C, 1h and post-HIPing 1600 °C, 150 MPa, 0.5 h. One batch of 

such samples was further post-HIPed at 1600 °C, 150 MPa for 1-8 hours. The second batch was 

further sintered without pressure at 1600 °C for 1-8 hour as is illustrated in Figure 12. The 

application of pressure 150MPa caused inhibition of grain growth in comparison with 

pressureless sintering. Authors considered the high-temperature deformation as a critical factor 

for grain growth inhibition. During this process, alumina grains will interlock each other which 

is, according to authors, more plausible under pressure. 

  
Figure 12: A - Comparison of the grain growth after post-HIPing (150 MPa, 1600 °C) and 

pressureless annealing (1600 °C) during long periods of time in alumina. B – SEM 

micrographs of alumina after heat treatment at 1600 °C for 4 h. [34] 

Kishimoto et al. (2007) [35] observe the grain growth and densification of magnesia under 

various HIPing pressures. Authors used post-HIPing treatment (pre-sintering: 1600 °C, 2 h, 

post-HIPing: 1600 °C, 0.5 h, 50 - 195 MPa) on fine magnesia powder doped with coarse 

magnesia powder with various ratios (0, 0.5, 5, 20 wt. %).  

Table 2: Relative density of magnesia ceramics derived from different coarse powder ratios 

before and after post-HIP treatment [35] 

Coarse powder 

ratio [%] 

Relative density [% t. d.] 

Before post-

HIP treatment 

Post-HIP pressure 

0.1 [MPa] 50 [MPa] 100 [MPa] 195 [MPa] 

0 96.60 97.65 98.34 99.59 100.00 

0.5 96.62 97.50 98.44 99.40 100.00 

5 97.90 98.17 99.17 99.52 99.70 

20 97.00 97.30 98.91 99.26 99.65 
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This doping results in the decrease in the grain size during HIPing at high pressures (Figure 

13A). However, for pure fine powder an increasing of HIPing pressure results in grain growth 

as a linear function of the applied isostatic pressure (as already observed in [30]). Additionally, 

as it was mentioned above, the applied pressure helps the densification (Table 2).  

 

  
Figure 13: A - The grain growth under various pressures (1600 °C, 0.5 h) during the post-

HIPing of MgO. B – Photographs of magnesia ceramics derived from different coarse powder 

ratios (a) Before post-HIPing, (b) post-HIPing 50 MPa, (c) post-HIPing 100 MPa and (d) 

post-HIPing 195 MPa. [35] 

In addition to presented selected papers, there are some other articles dealing with other aspects 

of HIPing. There are several reviews on the HIPing process [10, 36–38], articles dealing with 

modelling of the parts or whole HIPing process [39–46], other articles are more focused on 

production of transparent ceramics [46–53] or they are focused on the influence of HIPing on 

mechanical properties of ceramics [54–59].  

2.7. Influence of the Grain Size on the Properties of Ceramic Materials 

The advanced ceramic materials are in the majority of the cases polycrystalline materials 

composed of numerous connected crystals – grains. The average size and the distribution of 

grains play significant role in the quality of many different properties of ceramic materials. 

From the variety of the properties (hardness, fracture toughness, creep, bending strength, 

chemical resistance, wear resistance, transparency, magnetic properties, dielectric properties, 

piezoelectric properties, thermal conductivity, electrical resistivity, etc.) following three 

(strength/hardness, transparency and d33 constant) were chosen to represent the influence of 

grain size on these properties. These three cases demonstrate that there is not a simple relation 

between grain size and properties, although it is presented, that grain size optimization has 

significant impact on the performance and final product. 

2.7.1. Strength and Hardness 

The ceramic materials due to the covalent, ion and ion-covalent bonding are hard, with high 

compression strength, high Young’s modulus, etc. However, they are brittle (low fracture 

toughness) due to lack of the slip systems for the dislocation movement.  

In order to estimate the influence of the grain size on the mechanical properties, empirical Hall-

Petch relation [64, 65] was proposed:  

𝜎𝑦 = 𝜎0 +
𝑘𝑦

√𝑑
 , (7) 
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where 𝜎𝑦 is the yield stress, 𝜎0 is a material constant for the starting stress for dislocation 

movement, 𝑘𝑦 is the strengthening coefficient (specific for the material) and 𝑑 is the average 

grain diameter. 

The relation propose the idea, that the mechanical properties can be increased as the grain size 

is decreased. When the stress is applied on the ceramic material, dislocations slip through the 

grain until they reach the grain boundary, which impede the dislocation movement. The 

dislocations then pile-up at grain boundaries and at certain critical moment, a dislocation 

traverses the grain boundary and travels from grain to grain, which will eventually lead to 

failure of the system (deformation, crack, fracture, etc.). However, as grains become smaller, a 

higher stress has to be applied to propagate dislocations from grain to grain and permanently 

deform the material, increasing the mechanical properties. There are numerous scientific 

observations [4, 66–68], which confirms traditional Hall-Petch relation for sub-micron 

ceramics (Figure 14A). However, there are several cases where the nano-sized grains exhibits 

an inverse phenomenon: in [67] authors present, that in the MgO ceramics with grain size lower 

than 20 nm with decreasing the grain size, hardness also decrease (Figure 14A). However this 

inverse/abnormal Hall-Petch behaviour is relatively new observation and it is heavily studied – 

mainly because the results are not uniform for every material. 

  
Figure 14: Vickers hardness influenced by grain size for various ceramic materials. In the 

case of the MgO it can be seen that inverse Hall-Petch behaviour appeared [67]. However, 

for the MgAl2O4 such behaviour is not present. [4] 

2.7.2. Transparency in Visible Spectrum 

Some of the ceramics, for example alumina, zirconia, magnesia alumina spinel, yttria or YAG 

are capable to exhibit transparency in the visible spectrum and be transparent for human eye. 

However due to polycrystalline nature of the ceramics in general, there are several-light 

scattering sources (Figure 15), from which the primary ones are pores. Due to different 

refractive indexes between ceramics and air (in pores), scattering of the light beam is extremely 

significant.  

The next scattering centres are grain boundaries. One way how to increase the transparency is 

to produce ceramics with huge grains and thus reduce number of grain boundaries to eliminate 

scattering on them. However, as the grain size increases significant decrease in the mechanical 

properties of the ceramic materials is present. Quite the opposite idea is to produce ceramic 

materials with as fine grain as possible, ideally smaller than the wavelength of the interacting 

light. When the grains are smaller than the wavelength of the passing light, the light will not 

interact on the grain boundaries and thus it will not scatter (lose intensity). Moreover, the 
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symbiotic effect of small grains on the mechanical properties will provide materials suitable for 

the transparent ballistic armours [1, 70]. 

 
Figure 15: Schematic illustration of various light-scattering sources. [69]  

A – grain boundary, B – porosity, C – surface roughness, D – secondary phases, E – 

inclusions, F – Double refractions. 

The ideal candidates for the transparent polycrystalline ceramics are ceramics with cubic 

crystallographic structure, e.g. cubic zirconia, alumina-magnesia spinel or yttrium aluminum 

garnet. For such materials, due to isotropy of the refraction indexes of the crystallographic 

structure the requirement for the transparency is to remove the porosity in the volume and 

maintain the purity of the material. In [71] there is visible comparison between the volumes of 

porosity – it is clear, that the pores are enemy of the transparency number 1, when even 0.3 % 

of pores in volume creates opaque ceramics, while 0.03 % porosity provides transparency. 

On another hand, there are ceramics with anisotropic crystallographic structures, e.g. alumina 

or tetragonal zirconia. The alfa alumina with hexagonal lattice has different refraction indexes 

between a and c lattice direction and therefore the light passes differently through the volume 

of the sample according to the orientation of the grains. Such effect is called birefringence. 

Therefore, the grains have to be smaller than the wavelength of the visible light so the light 

wave can pass through the grains without interaction [72].  

2.7.3. Piezoelectric Coefficient d33 

In the latest years, after the European Union ban of ceramics containing lead, e.g. lead-based 

piezo electric materials for sensors, fuel injectors, actuators, transducers, etc., intensive research 

arises to replace them with perovskite type lead-free ceramic materials with piezoelectric 

properties. One of the most promising piezo-ceramics is barium calcium zirconium 

titanate - BCZT (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3. There are several observations for pure and doped 

BCZT ceramics, which present that grain size is one of the significant aspects which effect the 

functional properties [73]. The influence of the grain size on the piezoelectric coefficient 𝑑33 

in the BCZT ceramics are presented in Figure 16. The authors tested, among other things, the 

influence of the different composition and different initial particle size (in Figure 16 it is 5/5, 

which stands for 0.5BZT–0.5BCT composition and initial particle sizes 1, 3, 5 μm) on various 

piezoelectric properties. It is visible, that the 𝑑33 changes with the grain size. However, the 

change is not linear, but more complex, exhibiting maximum peak proposing that there is an 

ideal grain size for 𝑑33 and for other piezoelectric properties for BCZT ceramics (and for 

ceramics with similar structure). 
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Figure 16: Influence of the grain size on the piezoelectric coefficient 𝑑33 in BCZT 

piezoelectric ceramics [73] 

On the other hand, for Potassium sodium niobate (K0.5Na0.5NbO3), which is another promising 

piezoelectric ceramic material, the influence of the grain size is different. In [74] Malic et. al. 

observed that when the largest grain size decreased from 20 μm to 1.3 μm the 𝑑33 changes from 

80 pC/N to 100 pC/N, which suggest that the smaller grains could be beneficial for the 

piezoelectric properties in KNN. In addition the KNN ceramics contain volatile elements (Na, 

K), which evaporates during sintering at excessive high temperatures, therefore the HIPing 

pressure assisted densification provides ideal technique to produce dense KNN ceramics.  

2.8. Personal Thoughts on the Experimental Review 

The findings from the literature mentioned in the previous chapter are not easily interpretable, 

due to complex interplay of many independent variables – applied pressure, dwell time, HIPing 

temperature, sample microstructure and physical properties, etc. Another important aspect of 

HIPing temperature is connected with pre-sintering temperature, whether the HIPing 

temperature is lower, higher or the same as the pre-sintering one. Generally, the full density of 

the ceramic specimen could be achieved by various ways, which is the most visible in Kim’s et 

al. paper [27], where optimization of HIPing parameters always led to the full density of 

tetragonal zirconia specimen “A” (Figure 8B-D). 

On the other hand, the influence of HIPing variables on the grain growth is rarely analysed in 

the relevant literature and presented results are rather confusing. There are two instances of the 

grain evolution analysis and according to Besson et al. [30, 31] and Kishimoto et al. [35] 

increasing the pressure during HIPing at constant temperature will lead to coarser grains (Figure 

11A and Figure 13A) for both capsule HIPing and capsule-free HIPing. Even it could be 

misleading to make a definitive conclusions from only two sources, the observations induce 

thoughts that the HIPing pressure should be kept on the lowest possible level to minimize the 

grain growth, which is rather confusing while using the pressure assisted sintering.  

Additionally, there are few articles focused on the influence of the pressure on the grain growth 

in the spark plasma sintering [75–78], which are similarly confusing. However, Kim et. al. [77] 

presented the theory of such inconsistent behaviour of ceramic materials under pressure. In their 

study (Figure 17) both situation appeared – pressure has minimal effect on grain size at 1100 °C 

and linear effect at 1200 °C. They propose, that the pressure applied during spark plasma 

sintering increase the grain boundary sliding and deformation rate introducing dynamic grain 

growth. Therefore, the grain growth during spark plasma sintering will be affected by 

combination of the applied pressure and sintering temperature – the dynamic grain growth will 

only appear when the grain mobility is sufficiently high. However, in the SPS the pressure is 

propagated to the system from direction of the pistons, in one axis – uniaxially, while during 
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HIPing the pressure is propagated from all directions – isostatically, which could make a 

difference in the pressure influence on the grain growth. 

 
Figure 17: Influence of the SPS pressure at various temperatures on the grain size of alumina 

ceramics [77]. 

Therefore, according to my opinion, observations presented in HIPing articles have to be 

presented by a similar way as for SPS. When the temperature is above certain threshold, the 

grain boundary motion is then activated and applied pressure provides the forces for the easier 

grain sliding, which will lead to the movement of the grain boundaries. Grains will eventually 

find proper orientation and fuse together, leading to increased average grain size.  

It is well known, that grain growth kinetics in pressureless sintering follows parabolic equation 

expressed as [6, 79–81]: 

𝐺𝑛 − 𝐺0
𝑛 = 𝑘𝐺 ∙ 𝑡 (8) 

where 𝐺 is actual grain size, 𝐺0 is initial grain size, 𝑘𝐺  is kinetic constant, 𝑛 is an exponent of 

growth, 𝑡 is time. The kinetic exponent 𝑘𝐺  is dependent on temperature by Arrhenius-type 

equation as: 

𝑘𝐺 = 𝑘0𝑒𝑥𝑝 (
−𝑄𝐺

𝑅𝑇
) (9) 

where 𝑘0 is constant, 𝑄𝐺 is activation energy for boundary mobility, 𝑅 is gas constant and 𝑇 is 

absolute temperature. According to Equations (8) and (9) grain size can be directly affected by 

the increase in the temperature and/or time. 

In the case of pressure-assisted sintering the similar equation considering influence of the 

applied pressure was not, according to author’s best knowledge, reported yet, which leaves open 

space for further research. 

However, even with limited theoretical background of the pressure influence on the grain 

growth, the experimental study can be performed. In order to produce specimens with 

maximum density and minimal grain size the optimization of the HIPing parameters has to be 

focused on the specific densification procedure minimizing the effects on the mobility of grain 

boundaries. Accompanying the Equations (8) and (9) for the pressureless sintering, the HIPing 

cycle has to be performed with the lowest possible temperature (minimize its exponential effect 

on grain growth), it has to be the shortest (minimize the effect of the time on grain growth) and 

with maximized pressure effect (maximizing the densification potential).  
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3. Objectives of the Ph.D. Thesis 
Based on the literature review, there is a visible window for further and deeper research in the 

field of HIPing, mainly focusing on the influence of the post-HIPing parameters on the grain 

size (microstructure) development during post-HIPing. Therefore the objectives of this Ph.D. 

thesis are as follows: 

 Optimization of the single step pre-sintering regime for selected oxide ceramic materials 

(alumina, tetragonal and cubic zirconia) including the study of the reproducibility of the 

pre-sintering to the value of open porosity below 0.1 vol%. 

 Development of the optimal thermal etching procedure for evaluation of the 

microstructure of partially dense specimens, without affecting the density or the grain 

size. 

 The systematic study of the densification and grain growth of selected ceramic materials 

(alumina, tetragonal and cubic zirconia) as a function of post-HIPing temperature, 

applied pressure and dwell time. Construction of sintering trajectories (the dependence 

of the average grain size on the final density) and their dependences on the HIPing 

variables. 

 Optimization of the post-HIPing regimes for studied materials in order to achieve full 

density with minimal grain growth (relatively to pre-sintering average grain size). 

During my Ph.D. study several goals of this thesis were already published in scientific journals. 

Therefore, results of those observations are summarized in this thesis in the form of extended 

abstracts and relevant articles are attached in the Appendix section. The optimisation of the pre-

sintering regimes (objective No. 1) was published in [8] and it is summarized in Chapter 4. The 

novel etching technique (objective No. 2), which significantly simplifies the microstructure 

analysis of studied ceramic materials is published in [82] and summarized in Chapter 5. 

The application of the pre-sintering optimization (objective No. 1) and preliminary post-HIPing 

results (objective No. 3) were incorporated during production transparent alumina ceramics 

with photo-luminescent properties, which was published in [83] and it is summarized in 

Chapter 6. 

Yet unpublished work concerning the influence of HIPing parameters on the microstructure 

development (objectives No. 3 and No. 4) is the main focus of this thesis with adequate 

description of the experimental methods, results and discussion mentioned in Chapter 7, 

Chapter 8 and Chapter 9, respectively. 
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4. Pre-sintering Regime Optimization - Study of Pore 

Closure Phenomena 
Optimization of the pre-sintering regime was done in several steps. The initial step, dealing 

with pore closure phenomena, was the topic of my diploma thesis and of the first year of my 

Ph.D. study year results subsequently published in [8]. The main aim of this work was to 

theoretically and experimentally define conditions of the transition from open to closed porosity 

stage. 

Several theoretical models [12, 84–87] dealing with pore closure phenomena in ceramic 

materials show, that the pore closure is controlled by the dihedral angle, which is determined 

by surface energies of grain boundaries and free surface of the pore. Therefore, the transition 

from open to closed pores is a material characteristic and for given material it should occur at 

same critical density (Figure 18) independently on the sintering process.  

 
Figure 18: Illustration of critical density and post-HIPing potential for densification. Vo and 

Vc represent the volume of open and closed pores, respectively. 

An experimental study to confirm or disprove the theoretical models by experimental 

determination of critical density was performed. Hence, several commercially available oxide 

ceramic materials (alumina, alumina-magnesia spinel, tetragonal and cubic zirconia) with 

various initial particle size and different green body microstructure were chosen as 

representative candidates for this research. Details about used powders, used shaping methods, 

microstructure after powder shaping, sintering cycles etc. are summarized in [8]. 

The powders were cold isostatically pressed at 100 and 300 MPa (ensuring different 

microstructure of green bodies – density of the samples and pore size distribution) and sintered 

in an air atmosphere to temperatures where pore closure is expected according to dilatometry 

measurements. After sintering, density and volume of open and closed pores were measured by 

Archimedes method. The sintering temperature was optimized in order to obtain ceramic bodies 

with 0.1 % of open pores (Figure 18). Such pre-sintered samples are ideal candidates for HIPing 

process because at this point closed pores are accommodated on grain boundaries and they are 

easily removable by HIPing. 

Summarized results of pore closure determined by theoretical models and experimental 

approach are presented in Figure 19. It can be seen, that theoretical models of Beere [85] and 

Carter and Glaeser [86] predict pore closure with reasonable accuracy for materials with cubic 

lattice (cubic zirconia and magnesia alumina spinel), but have problems with the prediction of 

pore closure for alumina with a hexagonal lattice. Such differences can be caused by more 

symmetric cubic lattice, which is more similar to tetrakaidecahedron used in models, than 

hexagonal lattice in alumina, which could cause a shift of pore closure to higher densities. 
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Model of Svoboda et al. [87] is unfortunately unable to predict the complete pore closure (when 

all open pores are transformed to closed), instead of it predicts rather where the pore closure 

starts (when the first open pores are transformed).  

 
Figure 19: Summarized results of pore closure determined by theoretical models and 

experimental approach [8]. 

The obtained results were summarized into several conclusions to optimize pre-sintering 

regimes: 

 Critical density of studied materials is material characteristic controlled by dihedral 

angle, independently on shaping pressure and initial particle size. 

 Theoretical models of Beere and Carter & Glaeser successfully predict pore closure 

for materials with cubic lattice, which was confirmed experimentally. However, 

predictions of these models and experimental results do not match in case of 

hexagonal materials.  

 Critical density of alumina is cca 95-96 % t.d. 

 Critical density of alumina magnesia spinel is cca 92-93% t.d. 

 Critical density of cubic and tetragonal zirconia is cca 92-93% t.d. 

In addition, since in the previous research [8] the influence of heating rate on pre-sintering was 

not taken into account, we performed the study to evaluate its influence on the grain size after 

pre-sintering by increasing (100 °C/min) or decreasing (2 °C/min) heating rate relatively to 

standardly used 10 °C/min.  

Figure 20 [88] shows that even when the temperature profile of the sintering cycle is very 

different, pore closure occurs at the same density. 
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Figure 20: Pore closure of TZ3Y during sintering by various heating rates [88]. 

5. Low Temperature Technique for Thermal Etching 
As it was previously mentioned, the microstructure of the polished ceramic materials can be 

revealed by various methods. During this work several attempts to reveal the microstructure 

differently than by thermal etching were performed. The alternative approach is needed because 

the standard thermal etching is performed at 100-200 °C below sintering temperature, therefore 

while preserving consistency in the whole set of experiments, for every pre-sintering and for 

every post-HIPing cycle it has to be determined the temperature of the thermal etching. The 

chemical etching and ion milling were probed as possible candidates for microstructure 

revelation and because they are not connected with elevated temperature, they could be used as 

convenient methods for every sample despite the sintering temperature. Unfortunately, none of 

tried methods provided sufficient revelation of the microstructure for all selected materials 

(chemical etching) or provided results in a reasonable time frame (ion milling).  

Considering the failures during etching experiments, the thermal etching becomes the only 

usable choice. However, with the accompanying additional thermal energy to already sintered 

samples, there is a risk of alteration of the microstructure – increase in grain size or increase in 

the density after etching. Therefore, alternative approach to thermal etching was studied and 

used in this work. The idea of “low-temperature etching” is based on assumption, that there has 

to be temperature (or combination of time and temperature) at which the microstructure of 

polished surface starts to change to the etched surface via surface diffusion, which is a non-

densifying mechanism (therefore, the density should not change during etching).  

In the work, ceramic oxide materials were sintered to pre-sintering state (92-96 % t.d. 

correspondingly to [8]) and to fully dense state (99+ % t.d.). In the next step samples were 

polished to 1 µm surface roughness and etched by two approaches: 

 The first approach represents a variation of standard thermal etching, where samples 

were etched at various temperatures below (50, 150, 250, 350 °C) sintering (Ts) 

temperature. 

 The second approach deals with the question “What etching temperature is sufficient to 

reveal the grain microstructure?” Samples were therefore etched at low temperatures 

(900, 1000, 1100 °C) for 1 hour. 

Our published results [82] show that it is possible to reveal microstructure by thermal etching 

at low temperature and a long time for all studied materials (alumina, cubic and tetragonal 

zirconia) independently on the sample density and also independently on sintering temperature 
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without altering the microstructure or increase density. As can be seen in Figure 21, at 900 °C/1 

h the average grain size is the lowest, grain boundaries are safely visible and the specimen is 

without density increase after etching.  

 
Figure 21: Dependence of relative density change (after and before etching) and grain size of 

the partially dense tetragonal zirconia (TZ3Y) on etching temperature [82] . 

Similarly, as for pre-sintered samples, etching at 900 °C/1 h of fully dense samples (Figure 22) 

presents the lowest average grain size and clear visibility of grain boundaries.  

 
Figure 22: Dependence of grain size of fully dense tetragonal zirconia (TZ3Y) on etching 

temperature [82]. 

It can be noted, that TZ3Y has relatively fine grain microstructure and it could appear, that this 

technique only works with fine grain samples. However, Figure 23 shows an example of the 

coarse grain structure of fully sintered TZ8YSB and it can be seen that average grain size is 

again at minimum, grain boundaries are clearly visible, although the image has to be zoomed 

in digitally, due thin grain boundaries. Therefore, despite the alternative “long dwell” approach 

was not tested on other materials or compositions, it could be the way how to find universal 

thermal etching settings.  
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Figure 23: Dependence of grain size of fully dense cubic zirconia (TZ8YSB) on etching 

temperature [82]. 

6. Doped Transparent Alumina Ceramics with Photo-

luminescent Properties 
With proper microstructure, alumina ceramics provide transparency for visible light and with 

proper doping the already transparent samples could exhibit photo-luminescent properties 

(emitting the light of one wavelength after excited by another light with smaller wavelength).  

The example of such synergic effects is preparation of erbium doped transparent alumina 

ceramics with photo-luminescent properties [83]. In this case, the crucial elements of the 

specimen preparation were optimization of the pre-sintering and post-HIPing regimes. 

Essentials for the pre-sintering optimisation were the published article [8] dealing with pore 

closure phenomena and its most important conclusion was that the pore closure is independent 

on the sintering history.  

 
Figure 24: EDX image of distribution of the Er dopant along alumina grain boundaries [83]. 

Basic single-step pre-sintering regime provides the proper conditions for post-HIPing, which 

resulted in full dense specimen with fine grain size. However, the dopants were accommodated 

in relatively large clusters [83] , which created additional scattering centres and therefore 

decrease the final transparency. Alternative two-step pre-sintering provides similar 

microstructure (grain size at critical density), however significantly increase final transparency 

(Table 3) with higher amount of dopant. The explanation is that two-step pre-sintering provides 

sufficient temperature and time to redistribute the dopant ions alongside the grain boundaries 

(Figure 24) and reduce the size of the dopant clusters.  
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Table 3: Mean grain size and real inline transmittance of Er-doped alumina after HIP 

(1280 °C/ 200 MPa/ 3 h) 

Er doping  

[at. %] 

SSP + HIP TSP + HIP 

MGS [nm] SD/n [nm/-] RIT [%] MGS [nm] SD/n [nm/-] RIT [%] 

0.1 450 60/20 49 390 50/20 52 

0.17 370 50/20 28 350 40/20  34 

MSG → Mean grain size, SD/n → Standard deviation of MSG from n measurements, RIT → Real in-line 

transmittance 

  

The preliminary post-HIPing results of the thesis were also accompanied in this research and 

helped to optimize the finishing process. After refining the processing parameters of powder 

consolidation, the final specimen (Figure 25) doped with 0.1 % Er ions, pre-sintered with two-

step regime (1430 °C → 1280 °C for 10 hours) and post-HIPed at 1280 °C/ 200 MPa/ 3 h, 

achieved real inline transmittance up to 56 % which is the highest RIT of rare-earth-doped 

alumina published so far. Furthermore, the refinement in the grain size also provides increase 

in the measured Vicker’s hardness HV 10 which reached 26.9 GPa, which is highest observed 

hardness among doped, luminescent, transparent alumina ceramics [89]. 

 
Figure 25: Transparent alumina doped by Er with real inline transmittance of 56 %. A shows 

view to the distance and B shows sample 1 cm above the backing. 
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7. Microstructure Development During Post-HIPing - 

Experimental Part 

7.1. Preparation of Green Bodies 

Commercially available ceramic powders (Table 4) were uniaxially pressed into cylinders 

(diameter 32 mm, height 10 mm) at approx. 20 MPa and subsequently cold isostatically pressed 

(Autoclave Engineering, Inc., USA) at 300 MPa. Formed discs were fired (800°C, 1 hour dwell 

and heating rate of 2 °C/min) to burn out organic additives and residues from uniaxial pressing 

and to increase mechanical (handling) strength of samples. The relative density of one random 

green body sample from every powder type was measured by Archimedes method [90] at scales 

equipped with density kit (Mettler Toledo XSE105) and another one was measured by mercury 

porosimetry (Pascal 440, Thermo Fisher Scientific) for pore size distribution analysis. Another 

random green body sample was infiltrated with resin and analysed by SEM (Verios 460L, FEI) 

Table 4: Summary of used ceramic powder types 

Material Powder type Producer Particle size [nm] 
Theoretical 

density [g/cm3] 
Lattice 

Al2O3 TM-DAR Taimei Chemicals 150 3.99 [91] Hexagonal 

t-ZrO2 TZ3Y Tosoh 80 6.08 [92] Tetragonal 

c-ZrO2 TZ8Y Tosoh 80 5.99 [93] Cubic 

c-ZrO2 TZ8YSB Tosoh 140 5.99 [93] Cubic 

Particle size is provided by the manufacturer and confirmed with SEM grain size analysis 

7.2. Preparation of Pre-sintered Bodies 

Numerous (approx. 20 for each powder type) pre-sintered bodies were prepared by pressureless 

sintering in super-kanthal furnace (Heraeus KT 1700/1, Germany). The pre-sintering 

temperatures were set in order to reach critical density (Vo < 0.1 %), which according to our 

already published studies [8] corresponds to densities in the range of 92-96 % t.d. depending 

on the material. After pre-sintering, relative density and volume of open and closed pores were 

measured for every sample. Linear-intersection method [62] was used for grain size analysis 

with a correction factor of 1.56 [94] using SEM. Analysed samples were thermally etched at 

900 °C with 1 hour dwell time to minimize grain growth and further densification, which is the 

etching procedure developed during the Ph.D. study [82] (see Chapter 5).  

7.3. Preparation of Post-HIPed Samples 

Pre-sintered samples were post-HIPed (ABRA Shirp, Switzerland) in Argon atmosphere by 

regime illustrated in Figure 26. In order to observe the influence of all HIPing parameters on 

the density and the grain size, matrix of HIPing parameters was created (Table 5). 

Table 5: List of the post-HIPing experiments 

Temperature [°C] Pressure [MPa] Time [h] 

1200 
50 1, 4 

200 0.5, 1, 3, 4, 6, 9 

1250 
50 1, 4 

200 1, 4 

1300 
50 1, 4 

200 1, 4 
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The basic set of experiments consists of three various temperatures (1200, 1250, 1300 °C), two 

pressures (50 and 200 MPa) and two dwell times (1 and 4 hours). In addition, short regime 

(1200 °C, 0.5 hours and 200 MPa) and high-temperature regime (1400 °C, 4 hours and 200 

MPa) were performed. To obtain additional experimental data to further examine the time 

influence in the HIPing process three pre-sintered samples for each powder type were HIPed at 

1200 °C, 200 MPa for 3, 6 and 9 hours. The density and average grain size were determined in 

the same way as for the pre-sintering samples.  

 
Figure 26: Illustration of post-HIPing regime. 

7.4. Density Measurements 

Density, the ratio of open and closed porosity of pre-sintered and HIPed samples were measured 

by immersion Archimedes method [90] using analytic balances Mettler Toledo XSE105 

equipped with density kit with precision 0.1 mg by the following procedure: 

1. Samples were placed under the infra-red lamp and heated up to 110 °C for 1 hour to 

remove adsorbed of water. After drying mass 𝑚1 was measured. This value represents 

the dry mass of the sample (Figure 27A). 

2. Samples were inserted into the vacuum chamber and kept under vacuum (50 mbar) for 

30 minutes ensuring the air is removed from pores connected to the outer atmosphere 

(Figure 27B). 

3. Samples were, under vacuum, immersed by distilled water (ChromAR HPLC, Macron), 

which density is known with a precision of 0.0001 g/cm3 and with addition of wetting 

agent (Pervitro 75%) and kept under vacuum for another 30 minutes ensuring that 

samples were properly saturated by water (Figure 27C). 

4. The air was admitted to the vacuum chamber to reach atmospheric pressure. Samples 

were then kept immersed in the water for another 30 minutes to eliminate temperature 

and pressure differences. 

5. Each sample was then inserted into water (same as saturation water) on the density kit 

and the mass 𝑚2 was measured. The mass 𝑚2 represents the mass of the sample 

weighted in water. 

6. The surface of the sample was carefully dried by wet laboratory paper to remove water 

from the surface, but to keep the water inside the open pores (Figure 27D). The mass 

𝑚3 was measured in air. The mass 𝑚3 represents the mass of the sample with water 

inside the open porosity system. If open porosity is not present within the sample, 𝑚3 

is equal to 𝑚1. Otherwise, there will be a difference between 𝑚1 and 𝑚3. Sample during 

𝑚3 measurement will be heavier. Sample, after drying the surface, should be measured 

as fast as possible because the water in the open pores starts to evaporate, which would 

lead to inaccurate measurement.  
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With all required inputs: theoretical density of the material 𝜌𝑡𝑒𝑜𝑟, 𝑚1, 𝑚2, 𝑚3 and temperature 

of the water during the experiment it is possible to evaluate the apparent relative density 𝜌𝑟𝑒𝑙: 

𝜌𝑟𝑒𝑙 =
𝑚1

(𝑚3 − 𝑚2)
∙

𝜌𝐻2𝑂

𝜌𝑡𝑒𝑜𝑟
 [%], (10) 

where 𝜌𝐻2𝑂 is the density of used water based on its temperature 𝑇𝐻2𝑂 in °C : 

𝜌𝐻2𝑂 =
(0.997 − 0.9984)

5 ∙ (𝑇𝐻2𝑂 − 20)
+ 0.9984 [𝑘𝑔 ∙ 𝑚−3]. (11) 

Additionally, the percentual volume of open (𝑉𝑂) and closed (𝑉𝐶) pores can be expressed with 

Equation (12) and Equation (13). 

𝑉𝑂 =
𝑚3 − 𝑚1

𝑚3 − 𝑚2
∙ 100 [%], (12) 

  

𝑉𝐶 = (
𝑚1 − 𝑚2

𝑚3 − 𝑚2
∙ 100) −  𝜌𝑟𝑒𝑙 [%]. (13) 

 

 
Figure 27: Illustration of the basics of the Archimedes method. A – Every pore is filled with 

air (sintering in the air). B – Pores connected to the surface are evacuated by the vacuum 

pump. C – Pores are intruded by water. D – Water on the surface is removed, which leaves 

the water only inside the open pores. 

7.5. Microstructure Analysis 

The microstructure analysis of grain size development for pre-sintered and HIPed samples was 

performed according to EN standard [62] from digital SEM images. Images were uploaded to 

Inkscape [95] software, which is free software for illustrations with the ability to measure the 

dimensions in virtual space. The average grain size of the samples was calculated according to 

the following procedure: 

1. Five representative SEM view fields (images) with proper magnification corresponding 

to the number of grain boundaries which will be intersected – in this thesis minimum 

number of total intersections per sample was set to 400. 

2. In Inkscape software, 6 randomly oriented lines were drawn and the total length of lines 

was measured (𝐿𝑡). 

3. Number of intersections (𝑁𝑖) between the lines and grain boundaries according to rules 

displayed in Figure 28 were counted on every image. 

4. The total length of lines divided by the number of intersections (𝑁𝑖) from all images 

represents average grain size in digital space (in software) - 𝐴𝐺𝑆𝑑.  

5. To convert 𝐴𝐺𝑆𝑑 to real average grain size 𝐴𝐺𝑆𝑟, the magnification coefficient has to 

be applied. From real view field (𝑉𝑟) provided on SEM image and measured distance of 

the width of image – digital view field (𝑉𝑑) in the software magnification coefficient is 

𝑉𝑟/𝑉𝑑. 
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6. Therefore real average grain size 𝐴𝐺𝑆𝑟 is: 

𝐴𝐺𝑆𝑟[𝜇𝑚] =
𝐿𝑡[𝑚𝑚]

𝑁𝑖 [−]
∙

𝑉𝑟 [𝜇𝑚]

𝑉𝑑 [𝑚𝑚]
. (14) 

7. In order to respect the probability of cutting the grains differently than in the centre, it 

is required to multiply 𝐴𝐺𝑆𝑟 by 1.56 correction factor suggested in [94].  

 
Figure 28: Illustration of the intersection counting rules. A – Represents the case when 

intersection line goes along the grain boundary – it is counted as 2 intersections. B – 

Represents the case when the line intersects triple junction point – it is counted as 1.5 

intersections. C – Represents standard case, when the line intersects just one grain boundary 

– it is counted as 1 intersection. 
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8. Microstructure Development During Post-HIPing - 

Results 
The Results chapter is divided into several sub-chapters in accordance with the experimental 

work schedule, starting with analysis of green bodies, following with analysis of pre-sintered 

samples and analysis of HIPed samples.  

8.1. Green Bodies 

The density of the green bodies measured by Archimedes method, the largest and the most 

present pore are summarized in Table 6.  

Table 6: Summarized data of green body analysis 

Powder type GB density [%] s GB density 
Radius of the most 

present pore [nm] 

Radius of  the 

largest pore [nm] 

TM-DAR 57.8  0.2 29 34 

TZ3Y 49.9  0.3 25 28 

TZ8Y 50.0 0.3 27 30 

TZ8YSB 52.9 0.2 52 72 

GB density, s GB density → average density and std. dev. calculated from 3 measurements 

 

The whole measured range of porosity analysis (limited by used machine from 2.35 nm to cca 

7000 nm) is presented in Figure 29 and detailed pore radius (zoomed) range (2.35 nm to 100 

nm) is presented in Figure 30.  
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Figure 29: Pore size distribution in the green bodies. 
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Figure 30: Pore size distribution in the green bodies - detail. 
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8.2. Pre-sintered Samples 

Summary of characteristics of the pre-sintered (PS) samples (pre-sintering temperature and 

time, pre-sintered density and pre-sintered grain size) are presented in Table 7. Pre-sintered 

density was obtained from measuring cca 15-20 samples (each one 3 times) with open porosity 

below 0.2 % (Figure 31) and from these samples, 4 were chosen as representatives for 

microstructure observation and grain size evaluation. 

Table 7: Summary of pre-sintered samples which are input to the research  

Powder type 
PS temperature 

[°C] 

PS density  

[%] 

s PS density 

[-] 

PS 

AGS [nm] 

s PS AGS  

[-] 

T 1360/1min 96.2 0.3 498 23 

3Y 1345/1min 92.3 0.2 204 9 

8Y 1380/1min 93.5 0.4 472 33 

8YS 1445/1min 92.5 0.3 757 44 

PS density, s PS density → average density and its std. dev. after pre-sintering calculated from 15-20 x 3 

measurements 

AGS, s AGS → average grain size and its std. dev. of pre-sintered samples calculated from 30 x 4 measurements  

 

 
Figure 31: Volume of open pores at specific relative density of pre-sintered samples 

subsequently used for HIPing. 
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8.3. Post-HIPed Samples 

8.3.1. Post-HIPed Alumina TM-DAR 

The data obtained after the analysis of HIPed alumina TM-DAR specimens are summarized in 

Table 8 and important selected data (average grain size at specific relative density) are presented 

in Figure 32. It can be seen, that samples were densified to the range of 99.5 – 99.9 % t.d. 

According to grain size and density characteristics, the best post-HIPing regime is 1200 °C/ 

200 MPa/ 1 hours providing a sample with density 99.7 % t.d. and grain size 535 nm. 

Representative microstructures of green body, pre-sintered sample and post-HIPed sample are 

presented in Figure 33. 

Table 8: Detailed summary of results for post-HIPed samples of alumina TM-DAR 

Samples HIP 
HIPed 

density 

s HIPed 

density 
AGS 

s 

AGS 

PS 

density 

s PS 

density 

 
Temp 

[°C] 

Pressure 

[MPa] 

Time 

[h] 
[% t.d.] - [nm] - [% t.d.] - 

TM-DAR PS 1360 0.1 0.02 - - 498 23 96.2 0.3 

TM-DAR 1 1200 200 0.5 99.6 0.2 476 23 96.0 0.2 

TM-DAR 2 

1200 

50 
1 99.6 0.1 576 36 96.5 0.3 

TM-DAR 3 4 99.5 0.2 750 50 96.6 0.6 

TM-DAR 4 

200 

1 99.7 0.1 535 55 96.1 0.2 

TM-DAR 5 3 99.5 0.1 585 47 96.7 0.2 

TM-DAR 6 4 99.8 0.1 571 53 96.2 0.1 

TM-DAR 7 6 99.5 0.1 591 45 96.6 0.1 

TM-DAR 8 9 99.6 0.1 696 62 96.4 0.2 

TM-DAR 9 

1250 

50 
1 99.5 0.2 630 27 95.6 0.1 

TM-DAR 10 4 99.8 0.1 800 86 96.2 0.2 

TM-DAR 11 
200 

1 99.9 0.2 657 62 96.5 0.2 

TM-DAR 12 4 99.9 0.1 700 72 96.6 0.5 

TM-DAR 13 

1300 

50 
1 99.9 0.2 1150 114 96.1 0.2 

TM-DAR 14 4 99.8 0.2 1498 222 96.1 0.1 

TM-DAR 15 
200 

1 99.8 0.1 1135 95 96.7 0.2 

TM-DAR 16 4 99.8 0.2 1587 279 96.1 0.1 

TM-DAR 17 1400 200 4 99.9 0.1 6870 1334 95.8 0.1 

HIPed density, s HIPed density → average density and its std. dev. after HIPing calculated from 3 measurements 

PS density, s PS density → average density and its std. dev. after pre-sintering calculated from 3 measurements 

AGS, s AGS → average grain size and its std. dev. of HIPed samples (except PS sample) calculated from 30 

measurements 

 

As it can be seen in Figure 32, the average grain size is strongly connected with the post-HIPing 

temperature. The grain sizes are separated into 3 regions according to post-HIPing 

temperatures. Grain sizes of post-HIPing temperatures 1200 °C and 1250 °C are close together 

(and close to pre-sintering grain size). The grain sizes of post-HIPing temperature of 1300 °C 

are higher and visibly separated. The third grain size region of post-HIPing temperature 

1400 °C (not presented in Figure 32, due to extremely large grains, see Table 8) represents 

visible argument, that post-HIPing has none stopping power for grain growth at temperatures 

above the pre-sintering one (in this case 1360 °C). 
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Figure 32: Summarized plot (average grain size vs. relative density) of post-HIPing 

experiments for alumina TM-DAR 

 

 
Figure 33: Representative microstructure of TM-DAR powder type in various states of 

preparation. A – microstructure of green body, B – pre-sintered microstructure, C – post-

HIPed microstructure (1200 °C/ 200 MPa/ 1 h). 
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8.3.2. Post-HIPed Zirconia TZ3Y 

The data obtained after the analysis of post-HIPed zirconia TZ3Y specimens are summarized 

in Table 9 and important selected data are presented in Figure 34. Samples were densified to 

the range of 98.4 – 100.0 % t.d. According to grain size and density characteristics, the best 

post-HIPing regime is 1200 °C/200 MPa/3 hours providing the sample with density 99.8 % t.d. 

and grain size 203 nm. Representative microstructures of green body, pre-sintered sample and 

post-HIPed sample are presented in Figure 35. 

Table 9: Detailed summary of results for post-HIPed samples of zirconia TZ3Y 

Samples HIP 
HIPed 

density 

s HIPed 

density 
AGS s AGS 

PS 

density 

s PS 

density 

 
Temp 

[°C] 

Pressure 

[MPa] 

Time 

[h] 
[% t.d.] - [nm] - [% t.d.] - 

TZ3Y PS 1345 0.1 0.02 - - 204 9 92.3 0.2 

TZ3Y 1 1200 200 0.5 98.4 0.2 198 16 92.2 0.2 

TZ3Y 2 

1200 

50 
1 98.5 0.2 178 12 92.6 0.2 

TZ3Y 3 4 99.1 0.1 197 12 92.2 0.3 

TZ3Y 4 

200 

1 99.5 0.1 192 5 92.2 0.1 

TZ3Y 5 3 99.8 0.1 203 6 92.8 0.1 

TZ3Y 6 4 99.3 0.1 190 8 92.2 0.2 

TZ3Y 7 6 100.0 0.1 204 14 92.8 0.2 

TZ3Y 8 9 100.0 0.1 190 5 92.7 0.1 

TZ3Y 9 

1250 

50 
1 99.0 0.1 195 11 92 0.3 

TZ3Y 10 4 99.9 0.1 215 9 92.5 0.1 

TZ3Y 11 
200 

1 99.2 0.1 209 12 92.5 0.1 

TZ3Y 12 4 99.8 0.2 203 3 92.1 0.3 

TZ3Y 13 

1300 

50 
1 99.9 0.2 209 14 92.6 0.2 

TZ3Y 14 4 100.0 0.1 228 16 92.8 0.1 

TZ3Y 15 
200 

1 100.0 0.1 209 6 92.4 0.2 

TZ3Y 16 4 99.9 0.3 209 8 92.6 0.3 

TZ3Y 17 1400 200 4 99.9 0.1 303 9 92.3 0.1 

HIPed density, s HIPed density → average density and its std. dev. after HIPing calculated from 3 measurements 

PS density, s PS density → average density and its std. dev. after pre-sintering calculated from 3 measurements 

AGS, s AGS → average grain size and its std. dev. of HIPed samples (except PS sample) calculated from 30 

measurements 

 

As it can be seen in Figure 34, that changing the post-HIPed parameters have only minimal 

effect on grain size until the temperature is set to 1400 °C (not in Figure 34) when grain growth 

is observable (see Table 9). 
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Figure 34: Summarized plot (average grain size vs. relative density) of HIPing experiments 

for zirconia TZ3Y 

 

 
Figure 35: Representative microstructure of TZ3Y powder type in various states of 

preparation. A – microstructure of green body, B – pre-sintered microstructure, C – HIPed 

microstructure (1200 °C/ 200 MPa/ 3 h). 
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8.3.3. HIPed Zirconia TZ8Y 

The data obtained after the analysis of HIPed zirconia TZ8Y specimens are summarized in 

Table 10 and important selected data are presented in Figure 36. Samples were densified to the 

range of 97.4 – 100.0 % t.d. According to grain size and density characteristics, the best HIPing 

regime is 1200 °C/200 MPa/1 h providing the sample with density 99.8 % t.d. and grain size 

518 nm. Representative microstructures of green body, pre-sintered sample and post-HIPed 

sample are shown in Figure 37. 

Table 10: Detailed summary of results for post-HIPed samples of zirconia TZ8Y 

Samples HIP 
HIPed 

density 

s HIPed 

density 
AGS 

s 

AGS 

PS 

density 

s PS 

density 

 
Temp 

[°C] 

Pressure 

[MPa] 

Time 

[h] 
[% t.d.] - [nm] - [% t.d.] - 

TZ8Y PS 1380 0.1 0.02 - - 472 33 93.5 0.4 

TZ8Y 1 

1200 

50 
1 97.4 0.3 499 27 93.3 0.2 

TZ8Y 2 4 99.6 0.1 502 56 92.8 0.2 

TZ8Y 3 

200 

1 99.8 0.2 518 31 94.2 0.1 

TZ8Y 4 3 99.9 0.1 603 27 93.6 0.2 

TZ8Y 5 4 99.9 0.1 521 30 93.8 0.1 

TZ8Y 6 6 99.9 0.2 599 27 93.4 0.2 

TZ8Y 7 9 99.9 0.1 640 25 93.5 0.1 

TZ8Y 8 

1250 

50 
1 99.6 0.1 504 41 93.8 0.1 

TZ8Y 9 4 99.9 0.1 646 39 92.7 0.1 

TZ8Y 10 
200 

1 99.8 0.2 558 28 93.6 0.1 

TZ8Y 11 4 99.8 0.1 588 22 93.9 0.1 

TZ8Y 12 

1300 

50 
1 99.8 0.2 654 59 93.7 0.2 

TZ8Y 13 4 100.0 0.1 1087 47 92.7 0.1 

TZ8Y 14 
200 

1 100.0 0.1 643 28 93.5 0.1 

TZ8Y 15 4 99.9 0.1 902 89 93.3 0.1 

TZ8Y 16 1400 200 4 100.0 0.1 3240 488 92.5 0.1 

HIPed density, s HIPed density → average density and its std. dev. after HIPing calculated from 3 measurements 

PS density, s PS density → average density and its std. dev. after pre-sintering calculated from 3 measurements 

AGS, s AGS → average grain size and its std. dev. of HIPed samples (except PS sample) calculated from 30 

measurements 

 

Again, similarly to TM DAR, it can be seen the influence of excessive HIPing temperature 

(1400 °C) on extensive grain growth (see Table 10). 
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Figure 36: Summarized plot (average grain size vs. relative density) of post-HIPing 

experiments for zirconia TZ8Y 

 

 
Figure 37: Representative microstructure of TZ8Y powder type in various states of 

preparation. A – microstructure of green body, B – pre-sintered microstructure, C – post-

HIPed microstructure (1200 °C/ 200 MPa/ 1 h). 
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8.3.4. Post-HIPed Zirconia TZ8YSB 

The data obtained after the analysis of post-HIPed zirconia TZ8YSB specimens are summarized 

in Table 11 and important selected data are presented in Figure 38. Samples were densified to 

the range of 93.7 – 99.9 % t.d. According to grain size and density characteristics, the best 

post-HIPing regime is 1250 °C/200 MPa/4 hours providing the sample with density 99.9 % t.d. 

and grain size 828 nm. Alternatively, regime 1200°C /200 MPa /9 h provides full density 

99.8 % t.d. with 880 nm grain size. Representative microstructures of green body, pre-sintered 

sample and post-HIPed sample are shown in Figure 39. 

Table 11: Detailed summary of results for post-HIPed samples of zirconia TZ8YSB 

Samples HIP 
HIPed 

density 

s HIPed 

density 
AGS s AGS 

PS 

density 

s PS 

density 

 
Temp 

[°C] 

Pressure 

[MPa] 

Time 

[h] 
[% t.d.] - [nm] - [% t.d.] - 

TZ8YSB PS 1445 0.1 0.02 - - 757 44 92.5 0.3 

TZ8YSB 1 1200 200 0.5 95.6 0.1 725 86 92.9 0.1 

TZ8YSB 2 

1200 

50 
1 93.7 0.2 752 42 93.0 0.1 

TZ8YSB 3 4 96.3 0.1 700 64 91.9 0.2 

TZ8YSB 4 

200 

1 97.1 0.3 747 64 93.0 0.1 

TZ8YSB 5 3 98.7 0.1 757 48 92.4 0.2 

TZ8YSB 6 4 99.5 0.1 725 36 92.4 0.2 

TZ8YSB 7 6 99.6 0.1 821 55 92.7 0.1 

TZ8YSB 8 9 99.8 0.1 880 45 92.5 0.2 

TZ8YSB 9 

1250 

50 
1 96.4 0.1 792 47 92.8 0.1 

TZ8YSB 10 4 98.9 0.2 855 22 92.2 0.3 

TZ8YSB 11 
200 

1 99.5 0.1 771 19 92.6 0.1 

TZ8YSB 12 4 99.9 0.1 828 30 92.8 0.1 

TZ8YSB 13 

1300 

50 
1 98.4 0.3 842 56 92.3 0.2 

TZ8YSB 14 4 99.5 0.2 1246 94 92.2 0.1 

TZ8YSB 15 
200 

1 99.8 0.2 913 16 92.5 0.2 

TZ8YSB 16 4 99.9 0.1 1190 33 93.0 0.1 

TZ8YSB 17 1400 200 4 99.9 0.2 4145 343 92.3 0.1 

HIPed density, s HIPed density → average density and its std. dev. after HIPing calculated from 3 measurements 

PS density, s PS density → average density and its std. dev. after pre-sintering calculated from 3 measurements 

AGS, s AGS → average grain size and its std. dev. of HIPed samples (except PS sample) calculated from 30 

measurements 

 

Unlike the previous powders, where the results of HIPing provides only near full density region 

(TM DAR and TZ8Y), the post-HIPing results of TZ8YSB present almost whole density range 

from pre-sintering density (92.5 % t.d.) to full density.  
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Figure 38: Summarized plot (average grain size vs. relative density) of post-HIPing 

experiments for zirconia TZ8YSB 

 

 
Figure 39: Representative microstructure of TZ8YSB powder type in various states of 

preparation. A – microstructure of green body, B – pre-sintered microstructure, C – 

post-HIPed microstructure (1200 °C/ 200 MPa/ 9 h). 

 

  



42 

 

9. Microstructure Development During Post-HIPing - 

Discussion 
The discussion chapter is divided into several subchapters focused on specific steps of the 

research. The first subchapter is focused on the green body forming and repeatability of the 

forming process is discussed. Secondly the accuracy of the preparation of pre-sintered samples 

is discussed. Thirdly the analysis of post-HIPing process and influence of dwell time, pressure 

and temperature on the grain size and density is presented. 

9.1. Green Body Preparation 

Using the premium powders from renowned producers, provides relatively high powder quality 

without special powder synthesis optimization. Although there are more sophisticated ways 

how to shape the powder to the green body, like gel casting or slip casting, the combination of 

uniaxial and cold isostatic pressing was chosen as a technique of choice. 

 
Figure 40: Difference in the pore distribution among the samples prepared with different 

consolidation techniques [96]. Uniaxially pressed specimen has a visible tail of large pores, 

which will require higher sintering temperature/time. CIPing (as used in this thesis) removed 

the majority of the tail of pores and it is comparable to gel casting method.  

This combination provides sufficient quality of green bodies (Figure 40) [96] for subsequent 

experiments while also provides reproducibility of samples for all of the powders within the 

batches and also between persons (operators) making the green bodies (Figure 41). Such 

reproducibility is enormously important in sample-heavy research, such as this one, where 

several batches by several people (me and bachelor/master student under my supervision [88, 

97]) were made during the time of the research.  
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Figure 41: Porosimetry measurements of the TZ3Y green bodies through the time of the 

experiment. It is clearly visible, that the green bodies have very similar quality despite the 

year of consolidation. 

9.2. Repeatability of Pre-sintering Process 

As is displayed in Figure 31 and Table 7, the preparation of large batch of pre-sintered bodies 

with same quality (in the terms of grain size at critical density) was more than successful and 

they are sufficient baseline for the HIPing experiments. Figure 42 shows comparison between 

already published data [8] for critical densities of studied materials and critical density of the 

samples prepared for post-HIPing experiments, which exhibits sufficient agreement. 
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Figure 42: Comparison of critical density reached in published data [8] and in this thesis. 

9.3. Errors of Density and Grain Size Measurements 

In order to properly analyse and evaluate the ceramics’ microstructure, the limitations of the 

used experimental methods have to be discussed. The density measurements according to 

standard [90] “EN 623-2 Advanced technical ceramics – Monolithic ceramics – General and 

textural properties – Part 2: Determination of density and porosity” are determined by precision 

of the measuring device (laboratory scales equipped with density kit), the sample’s mass and 

shape. According to mentioned standard the relative accuracy (error) of the Archimedes method 

is 0.3 %. Which in practice means, that every measured density bares 0.3 % error and therefore 

every sample which reaches 99.7 % will be qualified as fully dense for the purpose of this thesis. 
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Also for grain size analysis performed according to [62] “ISO 13383-1:2012. Fine ceramics 

(advanced ceramics, advanced technical ceramics) - Microstructural characterization - Part 1: 

Determination of grain size and size distribution” there are limitations which have to be 

mentioned. The intersection method according to selected standard should provide average 

grain size present in the whole sample. However, such assumptions are relatively generous, 

considering the size of surface area being analysed. As an example, the sample in the shape of 

cylinder with 13 mm diameter (used for the etching experiments) has the surface area of 

132.7 mm2. Depending on the average grain size of the sample, the view field required for the 

proper analysis will have 11.9 μm2 (in the case of TZ3Y) up to 1874.9 μm2 (in the case of the 

TZ8YSB with the largest grains). Therefore, the analysed area for TZ3Y is 0.000045 % and for 

TZ8YSB it is 0.007 % of the whole sample surface. Even though the analysed SEM images 

were taken as representatives for given microstructure, it has to be taken into account, that slight 

abnormalities (or variance) in the results of the analysis can appear. 

9.4. Influence of HIPing Variables on the Microstructure 

Planned post-HIPing experiments at mentioned conditions should provide a reasonable dense 

net of results to cover the density and grain size evolution during various post-HIPing cycles. 

The majority of HIPing temperatures were chosen to be lower than the pre-sintering 

temperature in order to monitor the evolution of density and grain size from pre-sintered sample 

to fully dense sample. 

The densification process was quite rapid for TM DAR, TZ3Y and TZ8Y reaching full densities 

at 1200 °C. On the other hand, densification of TZ8YSB was relatively moderate, with full 

density at 1250 °C. Such behaviour was expected due to different pore size distribution (Figure 

29), which is projected into different pre-sintering temperatures between TM DAR, TZ3Y and 

TZ8Y (1360, 1345, 1380 °C) versus TZ8YSB (1445 °C).  

9.4.1. Influence of the Time on the Microstructure 

In order to analyse the influence of the dwell time during HIPing, 0.5, 1, 3, 4, 6, 9 hour cycles 

at constant temperature and pressure (1200 °C and 200 MPa) were performed. It can be seen, 

that the increase of the post-HIPing dwell time has significant beneficial impact on the 

densification for every powder grade (Table 8 - Table 11). 

For description of the isothermal grain growth behaviour, the parabolic Equation (8) can be 

used. In the isothermal sintering conditions 𝑘𝐺  is constant (not function of time) and the 𝑛 (grain 

growth exponent) has to be found experimentally from the data by linear fit the 𝐺𝑛 vs time plot. 

The grain growth exponent according to [81] is 1 for abnormal grain growth, 2 for normal grain 

growth in pure single phase system, 3 for grain growth in the presence of solutes and 4 for grain 

growth in presence of pores. Such analysis was performed for every powder type, unfortunately 

with unsatisfactory results. As can be seen in Table 12 the regression factors (which represent 

how viable is the fit) are almost identical for every 𝑛 within the powder types (even when the 

fits are not precise, the regression factors R2 is lower than 0.9). This could mean that the grain 

growth is not yet fully activated at 1200 °C and therefore it cannot be analysed by Equation (8).  

Table 12: Regression factors of the linear fit for various growth exponents for analysed 

powder types. 

 𝐺1 [𝑛𝑚1] 𝐺2 [𝑛𝑚2] 𝐺3 [𝑛𝑚3] 𝐺4 [𝑛𝑚4] 
𝑅2 for TM-DAR 0.8846 0.8896 0.8854 0.8738 

𝑅2 for TZ3Y 0.0242 0.0223 0.0206 0.0189 
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𝑅2 for TZ8Y 0.6010 0.6145 0.6279 0.6411 

𝑅2 for TZ8YSB 0.8118 0.8168 0.8206 0.8233 

𝐺n → experimental grain size to power of grain growth exponent n, where n is 1-4 

𝑅2 → regression parameter of the fit 

 

Figure 43 shows linear fit for 𝑛 = 2 as an illustration of plausible fit for measured data of TM-

DAR experiencing the parabolic behaviour. On the other hand, Figure 44 presents the fit for 

𝑛 = 2 for TZ3Y where the grain growth is not activated experiencing the scattered values 

unable to be fitted correctly. From the obtained results it is evident, that the dwell time in post-

HIPing process has parabolic effect on the grain growth when it is activated – for TM-DAR, 

TZ8Y and TZ8YSB. On the other hand, what is visible on the behaviour of TZ3Y, there are 

conditions during post-HIPing where the grain growth is not yet activated, while density is close 

to theoretical. Such information is essential and important information in the optimization 

process during post-HIPing. 

y = 25281x + 236775
R² = 0.8896

90

92

94

96

98

100

0 2 4 6 8 10

0

100000

200000

300000

400000

500000

600000

R
el

at
iv

e 
d

en
si

ty
 [

%
 t

.d
.]

Time [h]

G
2

 [n
m

2
]

G for n=2 Density

 
Figure 43: Plausible fit for 𝑛 = 2 for grain growth development in TM-DAR during 

isothermal post-HIPing.  
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Figure 44: Invalid fit for 𝑛 = 2 for grain growth development in TZ3Y during isothermal 

post-HIPing because the grain growth has not been activated yet.  
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9.4.2. Influence of the Temperature on the Microstructure 

Similarly as the influence of the dwell time, the influence of the post-HIPing temperature on 

grain growth can be evaluated by combining grain growth Equations (8) and (9) into: 

ln(𝐺𝑛 − 𝐺0
𝑛) = 𝑙𝑛𝑘0𝑡 +

−𝑄𝐺

𝑅
∙

1

𝑇
 , (15) 

which enables to prepare the plot of ln(𝐺𝑛 − 𝐺0
𝑛) versus the 1/𝑇 providing opportunity to make 

linear fit and ability to calculate the activation energy for grain growth 𝑄𝐺. From the post-

HIPing experiment there are 4 sets of grain size data (50 MPa/ 1 h, 50 MPa/ 4 h, 200 MPa/ 1 h, 

200 MPa/ 4 h) for 3 different temperatures (1200, 1250, 1300 °C) and one additional 

temperature 1400 °C for 200 MPa/ 4 h regime.  

For the TM-DAR powder type the data for linear fit are shown in Table 13 and the fit for 𝑛 = 2 

is presented in Figure 45.  

Table 13: Activation energies and regression factors of linear fit for various n for TM-DAR 

 50 MPa/ 

1 h 

50 MPa/ 

4 h 

200 MPa/ 

1 h 

200 MPa/ 

4 h 

Avg stdev 

𝑄𝐺  𝑓𝑜𝑟 𝑛 = 1 [𝑘𝐽/𝑚𝑜𝑙] 385 257 501 443 397 104 

𝑄𝐺  𝑓𝑜𝑟 𝑛 = 2 [𝑘𝐽/𝑚𝑜𝑙] 467 348 590 649 513 134 

𝑄𝐺  𝑓𝑜𝑟 𝑛 = 3 [𝑘𝐽/𝑚𝑜𝑙] 559 451 688 879 644 184 

𝑄𝐺  𝑓𝑜𝑟 𝑛 = 4 [𝑘𝐽/𝑚𝑜𝑙] 660 564 794 1122 785 244 

𝑅2𝑓𝑜𝑟 𝑛 = 1 0.9042 0.8312 0.9988 0.9848 0.9297 0.0778 

𝑅2𝑓𝑜𝑟 𝑛 = 2 0.8905 0.8225 0.9940 0.9819 0.9222 0.0810 

𝑅2𝑓𝑜𝑟 𝑛 = 3 0.8790 0.8164 0.9873 0.9746 0.9143 0.0812 

𝑅2𝑓𝑜𝑟 𝑛 = 4 0.8696 0.8123 0.9798 0.9687 0.9076 0.0806 

𝑄𝐺 → activation energy for grain growth 

𝑅2 → regression parameter of the fit 

𝐴𝑣𝑔 → is average value for 𝑄𝐺 or for 𝑅2 respectively, with corresponding standard deviation from 4 items 
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Figure 45: Linear regression of the grain size for n=2 versus 1/T for TM-DAR. 

Unfortunately, the regression coefficients for all 𝑛 are almost identical, therefore it is difficult 

to determine the correct mechanism for grain growth. However, it can be safely stated, that the 

influence of post-HIPing temperature on grain growth is exponential, due to reasonable fit for 

all combinations. However, based on the microstructural observation, the proper 𝑛 could be 

estimated as 2 or 3 because there is no observed abnormal grain growth (so 𝑛 = 1 is not 
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expected) and the density of observed samples is above 99.5 % t.d., therefore the 𝑛 = 4 (grain 

growth in the presence of pores) is also not plausible. The calculated activation energy for grain 

growth is 513 ± 134 kJ/mol and 644 ± 184 kJ/mol for 𝑛 = 2 and 𝑛 = 3, respectively. In 

comparison with another authors [98–103] for 𝑛 = 2 activation energies for 50 MPa reache 

similar values as in this work, however activation energies for 200 MPa exhibit higher values 

(Figure 46). It seems that the higher post-HIPing pressure retards grain growth, which was 

rejected in [32]. More probable is, that the grain growth model for pressureless sintering is not 

applicable for the pressure-assisted sintering at low temperatures, when the grain growth is not 

yet activated therefore the grain size does not change with temperature (in the range of 1200-

1300 °C) as rapidly as expected.  
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Figure 46: Comparison of the activation energies of grain growth for alumina ceramics from 

the literature (blue) and for various post-HIPing cycles of this thesis (orange) in the format 

pressure/time.  

The similar trend in the fitting is visible for TZ8Y and for TZ8YSB powder types – regression 

coefficients are very close together and it is difficult to select the proper 𝑛. However, the visible 

difference is that the activation energies are divided by the dwell time. Activation energies for 

1 and for 4h regimes are significantly different, which is quite expected because of the minimal 

difference between grain sizes, the model is suggesting higher activation energies for 4h 

regimes. This is another evidence, that the model is not precise for pressure-assisted sintering 

at low temperatures where the grain growth is not (fully) activated. For the TZ8Y powder type, 

the data for linear fit are shown in Table 14 and the fit for 𝑛 = 2 is presented in Figure 47. For 

the TZ8YSB powder type, the data for linear fit are shown in Table 15 and the fit for 𝑛 = 2 is 

presented in Figure 48.  

Comparing the activation energies for grain growth for cubic zirconia in this thesis with the 

literature [78, 104–107] provides reasonable agreement for the 1-hour regimes for both TZ8Y 

and TZ8YSB as is presented in Figure 49. However, 4-hour regimes could only be compared 

with one source [105].  

Table 14: Activation energies and regression factors of linear fit for various n for TZ8Y 

 50 MPa/ 

1 h 

50 MPa/ 

4 h 

200 MPa/ 

1 h 

200 MPa/ 

4 h 

Avg stdev 

𝑄𝐺  𝑓𝑜𝑟 𝑛 = 1 [𝑘𝐽/𝑚𝑜𝑙] 364 583 253 422 405 138 

𝑄𝐺  𝑓𝑜𝑟 𝑛 = 2 [𝑘𝐽/𝑚𝑜𝑙] 392 673 276 561 476 176 

𝑄𝐺  𝑓𝑜𝑟 𝑛 = 3 [𝑘𝐽/𝑚𝑜𝑙] 422 773 300 719 553 229 

𝑄𝐺  𝑓𝑜𝑟 𝑛 = 4 [𝑘𝐽/𝑚𝑜𝑙] 454 881 325 887 637 290 

𝑅2𝑓𝑜𝑟 𝑛 = 1 0.8013 0.9943 0.9979 0.9951 0.9471 0.0972 

𝑅2𝑓𝑜𝑟 𝑛 = 2 0.7984 0.9991 0.9964 0.9873 0.9453 0.0981 
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𝑅2𝑓𝑜𝑟 𝑛 = 3 0.7956 0.9999 0.9947 0.9750 0.9413 0.0977 

𝑅2𝑓𝑜𝑟 𝑛 = 4 0.7930 0.9982 0.9929 0.9638 0.9370 0.0971 

𝑄𝐺 → activation energy for grain growth 

𝑅2 → regression parameter of the fit 

𝐴𝑣𝑔 → is an average value for 𝑄𝐺 or for 𝑅2 respectively, with corresponding standard deviation from 4 items 
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Figure 47: Linear regression of the grain size for n=2 versus 1/T for TZ8Y 

Table 15: Activation energies and regression factors of linear fit for various n for TZ8YSB 

 50 MPa/ 

1 h 

50 MPa/ 

4 h 

200 MPa/ 

1 h 

200 MPa/ 

4 h 

Avg stdev 

𝑄𝐺  𝑓𝑜𝑟 𝑛 = 1 [𝑘𝐽/𝑚𝑜𝑙] 181 875 272 481 452 309 

𝑄𝐺  𝑓𝑜𝑟 𝑛 = 2 [𝑘𝐽/𝑚𝑜𝑙] 192 939 293 610 508 338 

𝑄𝐺  𝑓𝑜𝑟 𝑛 = 3 [𝑘𝐽/𝑚𝑜𝑙] 204 1007 315 756 570 376 

𝑄𝐺  𝑓𝑜𝑟 𝑛 = 4 [𝑘𝐽/𝑚𝑜𝑙] 217 1080 338 912 637 424 

𝑅2𝑓𝑜𝑟 𝑛 = 1 0.9999 0.9444 0.9205 0.9957 0.9651 0.0390 

𝑅2𝑓𝑜𝑟 𝑛 = 2 1.0000 0.9575 0.9158 0.9995 0.9682 0.0402 

𝑅2𝑓𝑜𝑟 𝑛 = 3 1.0000 0.9687 0.9113 0.9924 0.9681 0.0401 

𝑅2𝑓𝑜𝑟 𝑛 = 4 0.9999 0.9780 0.9071 0.9823 0.9668 0.0409 

𝑄𝐺 → activation energy for grain growth 

𝑅2 → regression parameter of the fit 

𝐴𝑣𝑔 → is an average value for 𝑄𝐺 or for 𝑅2 respectively, with corresponding standard deviation from 4 items 
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Figure 48: Linear regression of the grain size for n=2 versus 1/T for TZ8YSB 
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Figure 49: Comparison of the activation energies of grain growth for cubic zirconia ceramics 

from the literature (blue) and for various post-HIPing cycles of this thesis for TZ8Y (orange) 

and TZ8YSB (green) in the format pressure/time.  

Despite the visible inconsistency, it is possible to evaluate the temperature influence on the 

microstructure during post-HIPing as double-sided. On the one side, the elevated temperature 

is the another source of energy enabling densification and with applied pressure, the 

densification effect is evidently more powerful. Unfortunately, the increase in sintering 

temperature also activated grain boundaries and enhance their mobility (visible in Chapter 8.3 

for samples post-HIPed at 1400 °C). Therefore, application the elevated temperature into the 

sintering process is necessary to activate densification mechanisms, but it has to be done with 

respect to its negative effects. 

9.4.3. Influence of the Pressure on the Microstructure 

As it was mentioned before in a theoretical review, the pressure has significant densification 

ability which can be demonstrated in various cases in the literature (see Chapter 2.6) and also 

in the present research.  

When the pre-sintered sample is firstly encountered with the pressure (50 or 200 MPa) even at 

lowest HIPing temperature (1200 °C), the increase in the density is significant as is documented 

in Figure 50. It is evident, that the more pressure is applied, the higher densities at the same 

temperature/time settings are received. Therefore, for the densification, the optimal amount of 

the applied pressure is the available maximum for the machine.  
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Figure 50: Influence of pressure on densification during HIPing at constant temperature and 

time. 
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As the influence of the pressure on the densification is quite clear, the influence on the grain 

growth is rather inconsistent. In the literature, Besson et. al. presented that applied pressure 

during direct HIPing (with metal/glass container) at constant temperature and time, increases 

the grain size linearly, which is visible in Figure 11A [30]. However, he also observed, that 

pressure does not affect grains size of already dense samples with 98 % t.d. and average grain 

size remained the same after HIPing, which is presented in Table 1 [30]. However, Kishimoto 

et. al. [35] showed that pressure increases grain size linearly even for the almost dense samples 

with similar density (Figure 13A). Such contradictory is rather hard to resolve due to the limited 

amount of legit data in the literature. The presented results of this thesis indicate, that the 

pressure does not have any influence on the grain growth development during HIPing of pre-

sintered samples with 8 to 4 % of remaining pores. Figure 51 - Figure 54 show differences in 

the average grain size (AGS) between 50 and 200 MPa of HIPing pressure at the same 

temperature/time settings. In spite of some present irregularities, the trend is sufficiently clear: 

in the range of the standard error there is none change in the AGS at certain temperature and 

time (blue bar corresponds to orange bar at given temperature and time combination). 

Therefore, introducing the pressure during post-HIPing enhance the densification process and 

additionally do not affect the grain size during sintering.  
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Figure 51: Influence of applied pressure on average grain size (AGS) and density (D) during 

post-HIPing of TMDAR 
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Figure 52: Influence of applied pressure on average grain size (AGS) and density (D) during 

post-HIPing of TZ3Y 
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Figure 53: Influence of applied pressure on average grain size (AGS) and density (D) during 

post-HIPing of TZ8Y 
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Figure 54: Influence of applied pressure on average grain size (AGS) and density (D) during 

post-HIPing of TZ8YSB 

9.4.4. Optimization of the HIPing Process 

This Chapter is a direct follow up of Chapter 2.8 aiming to confirm the proposed thoughts on 

the optimization of the post-HIPing process in order to achieve full density and minimum grain 

growth. The main idea was, that the densification (reaching the full density) is the main process 

which has to be focused on, however without using the thermal energy as the main densification 

mechanism, but use the densification influence of the applied pressure instead. 

The reason why the temperature utilization in the sintering process has to be limited is visible 

in Equation (9), where the grain size change is increased exponentially with temperature. 

Therefore, although the certain temperature is necessary to activate the diffusion processes for 

densification, the pressure, which does not have any influence on the grain size (visible in 

Chapter 9.4.2 and from Figure 51 to Figure 54), is the ideal candidate to provide energy for the 

densification process.  

The results of the application of this approach are visible on every powder tested in this work 

aiming to obtain fully dense specimen with minimal grain growth. In the case of TMDAR, 

starting from the pre-sintering density of 96.2 % t.d. and grain size 498 nm, the ideal 

post-HIPing regime is 1200 °C/200 MPa/1 h reaching density 99.7 % t.d. and grain size 535 

nm. Considering the errors which are inevitably connected with experimental work and 

evaluation methods, it can be said, that the density is full and that there is only minimal grain 

growth. There is a little chance, that lowering the temperature below 1200 °C and significantly 

increase in the dwell time could bring better results. On the other hand, increasing the 

temperature above 1200 °C only increase the grain size, without any other benefit. 

The post-HIPing results of the TZ3Y are unexpected. While other powder types exhibit grain 

growth during the post-HIPing process, this powder does not. The TZ3Y starts from the 

pre-sintering density of 92.3 % t.d. and 204 nm grain size and the ideal cycle is 1200 °C/200 

MPa/3 h with 99.8 % t.d. and 203 nm grains. However, increasing the temperature to 1300 

°C/200 MPa/4 h do not have effect on the grain size, which remains at 209 nm. Even increasing 

the temperature to 1400 °C, which is above pre-sintering temperature, increase the grain size 

only to 303 nm. The hypothetical explanation can be connected to the activation energy of the 
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grain growth, which can be incredibly high, that grain boundaries are unable to move. However, 

such behaviour is strange and has to be subjected to more focused research. 

The results of post-HIPing the TZ8Y powder show very similar behaviour as TMDAR powder: 

fast densification from pre-sintering density 93.5 % t.d. and 472 nm grain size to 99.8 % t.d. 

with grain size 518 nm at 1200 °C/200 MPa/1 h. Increasing in the temperature, again, only 

increase the grain size of fully dense material. 

As it was mentioned earlier, the post-HIPing results of TZ8YSB provide valuable data for the 

densification procedure during post-HIPing and influence of the combination of the HIPing 

parameters on microstructure. Because of the coarser starting powder, the pre-sintering 

temperature is higher and therefore the effect of selected HIPing cycles is moderated, hence the 

densification is slower and can be observed in detail. The ideal post-HIPing process for the 

TZ8YSB is 1250 °C/200 MPa/4 h reaching 99.9 % t.d. with 828 nm grains. However, there is 

a minimal noticeable increase in grain size compared to the pre-sintering sample with 92.2 % 

t.d. and 757 nm grains. Lowering the dwell time to 1 hour decreases the grain size to 771 nm, 

but does not provide full density, only 99.5 % t.d. 
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9.4.5. Trading of the HIPing Parameters 

Considering, that post-HIPing regime is characterized by 3 main parameters: applied pressure, 

dwell time and sintering temperature, the idea arises, that there could be various combinations 

providing similar/same results. Detailed analyse of Table 8 - Table 11 provides evidence of 

a possibility of time/temperature trade-off – summarized in Table 16.  

Table 16: Evidence of possible temperature/time trade-off for HIPed samples 

Samples HIP 
HIPed 

density 

s HIPed 

density 
AGS s AGS 

PS 

density 

s PS 

density 

 
Temp 

[°C] 

Pressure 

[MPa] 

Time 

[h] 
[% t.d.] - [nm] - [% t.d.] - 

TMDAR 
1200 200 4 99.8 0.1 571 53 96.2 0.1 

1250 200 1 99.9 0.2 657 62 96.5 0.2 

TZ3Y 

1200 50 4 99.1 0.1 197 12 92.2 0.3 

1250 50 1 99.0 0.1 195 11 92 0.3 

1200 200 4 99.3 0.1 190 8 92.2 0.2 

1250 200 1 99.2 0.1 209 12 92.5 0.1 

1250 50 4 99.9 0.1 215 9 92.5 0.1 

1300 50 1 99.9 0.2 209 14 92.6 0.2 

1250 200 4 99.8 0.2 203 3 92.1 0.3 

1300 200 1 100.0 0.1 209 6 92.4 0.2 

TZ8Y 

1200 50 4 99.6 0.1 502 56 92.8 0.2 

1250 50 1 99.6 0.1 504 41 93.8 0.1 

1200 200 4 99.9 0.1 521 30 93.8 0.1 

1250 200 1 99.8 0.2 558 28 93.6 0.1 

1250 50 4 99.9 0.1 646 39 92.7 0.1 

1300 50 1 99.8 0.2 654 59 93.7 0.2 

1250 200 4 99.8 0.1 588 22 93.9 0.1 

1300 200 1 100.0 0.1 643 28 93.5 0.1 

TZ8YSB 

1200 50 4 96.3 0.1 700 64 91.9 0.2 

1250 50 1 96.4 0.1 789 47 92.8 0.1 

1200 200 4 99.5 0.1 725 36 92.4 0.2 

1250 200 1 99.5 0.1 771 19 92.6 0.1 

1250 50 4 98.9 0.2 855 22 92.2 0.3 

1300 50 1 98.4 0.3 842 56 92.3 0.2 

HIPed density, s HIPed density → average density and its std. dev. after HIPing calculated from 3 measurements 

PS density, s PS density → average density and its std. dev. after pre-sintering calculated from 3 measurements 

AGS, s AGS → average grain size and its std. dev. of HIPed samples (except PS sample) calculated from 30 

measurements 

 

It seems, that for TZ3Y, TZ8Y and TZ8YSB the time and temperature could be traded in the 

ration of 50 °C for 3 hours at constant pressure in the upside direction (increasing temperature, 

decreasing time). Unfortunately, for TMDAR such trading seems to be an unavailable option 

because there is only one sufficient evidence. On the other hand, for the remaining powders, 

there are plenty of pairs supporting such an idea (Table 16). As an example for TZ8YSB: 1200 

°C/50 MPa/4 h (96.3 % t.d. and 700 nm) is evidently very close (with the respect to 

experimental errors) to 1250 °C/50 MPa/1 h (96.4 % t.d. and 789 nm). Similarly 1200 °C/200 

MPa/4 h (99.5 % t.d. and 725 nm) is close to 1250 °C/200 MPa/1 h (99.5 % t.d. and 771 nm). 

Unfortunately, there is no evidence that this trade-off can be extended for longer times and 

higher temperatures (e. g. decrease the temperature by 100 °C and increase the time by 6 hours). 
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While the trading the temperature for time is very known for the two-step sintering, the trading 

temperature or time for the pressure is not widely presented in the literature. Unfortunately, 

data in this work provides only one set of applicable “connected” samples – same density, same 

grain size, but different pressure/time/temperature to evaluate the parameters of trading (Table 

17).  

Table 17: Set TZ8YSB samples applicable for the trading of post-HIPing parameters 

Samples HIP 
HIPed 

density 

s HIPed 

density 
AGS s AGS 

PS 

density 

s PS 

density 

 
Temp 

[°C] 

Pressure 

[MPa] 

Time 

[h] 
[% t.d.] - [nm] - [% t.d.] - 

TZ8YSB 

1200 200 3 98.7 0.1 757 48 92.4 0.2 

1250 50 4 98.9 0.2 855 22 92.2 0.3 

1300 50 1 98.4 0.3 842 56 92.3 0.2 

HIPed density, s HIPed density → average density and its std. dev. after HIPing calculated from 3 measurements 

PS density, s PS density → average density and its std. dev. after pre-sintering calculated from 3 measurements 

AGS, s AGS → average grain size and its std. dev. of HIPed samples (except PS sample) calculated from 30 

measurements 

 

It can be seen, that the samples are more or less similar in the density and the grain size. The 

evaluation of the possibility of the trading parameters is as follows: 

 From green (1200/200/3) to blue (1250/50/4) it is necessary to increase the temperature 

by 50 °C, decrease pressure by 150 MPa and increase the time by 1 hour. 

 From green to yellow (1300/50/1) it is necessary to increase the temperature by 100 °C, 

decrease pressure by 150 MPa and decrease the time by 2 hours. 

 From blue to yellow it is necessary to decrease the time by 3 hours and increase the 

temperature by 50 °C. 

If the time and temperature have a trading rate 50 °C for 3 hours, then 150 MPa can be traded 

for 4 hours which gives 50 °C for 112.5 MPa. Such relations could be expressed as follows:  

𝟓𝟎 °𝑪 ↔ 112.5 𝑀𝑃𝑎 ↔ 3 ℎ, 

(16) 66.7 °𝐶 ↔ 𝟏𝟓𝟎 𝑴𝑷𝒂 ↔ 4 ℎ, 

16.7 °𝐶 ↔ 37.5 𝑀𝑃𝑎 ↔ 𝟏 𝒉. 
Unfortunately, when such trading calculations were performed on other samples and powders, 

the results were highly inconsistent. There was no acceptable result for TMDAR powder, and 

due to minimal grain growth it is also unusable for TZ3Y. There were 50 % successful 

application for TZ8Y and for TZ8YSB with any logical pattern when it is available and when 

it is not. Therefore, such simplistic relation among the three HIPing variables is generally 

inapplicable and has to be studied deeper, with larger data set – temperatures below 1200 °C, 

pressures at 10 MPa, 100 MPa and 150 MPa and broader dwell time options for more 

temperature/pressure combinations. 
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10. Conclusions 
The main goal of this thesis was to discover tailoring potential of post-HIPing procedure on the 

microstructure of selected advanced ceramic materials in order to produce samples with 

theoretical density and minimal grain size. The initial step was to analyse the preparation of 

pre-sintering samples (92 - 96 % t.d.); observations from this research could be summarized as: 

 Pore closure is a material characteristic governed by interfacial energies. 

 Pore closure is independent on initial microstructure.  

 Pore closure is independent on the sintering history. 

For the analysis of pre-sintered samples which contains a considerable amount of porosity, the 

novel approach for thermal etching was developed. It was found out that microstructure of 

studied ceramic materials (alumina and zirconia) can be revealed independently on sintering 

temperature by low temperature etching (900 °C for 1 hour). Post-HIPed samples (almost dense 

ceramic material) can also be etched by such technique. 

Conclusions of extensive experimental study of post-HIPed procedure can be summarized as: 

 Post-HIPing has enormous potential in the densification process of ceramic materials 

synchronizing the temperature and applied pressure as densification forces. 

 Standard kinetic equation for grain growth used for pressureless sintering is not 

sufficiently applicable for pressure-assisted sintering due to the synergic 

combination of processing parameters (temperature, dwell time and pressure), which 

are sufficient for densification of the specimen without activation of the grain growth. 

 When grain growth is activated (at higher post-HIPing temperatures), the grain 

growth exhibits parabolic dependence on dwell time during the post-HIPing process. 

 Post-HIPing temperature exhibits exponential influence on grain growth and 

therefore it has to be kept on a minimal necessary level to avoid excessive grain 

growth. 

 Applied pressure during post-HIPing process exhibits minimal influence on grain 

growth and therefore the pressure should be main densification force during post-

HIPing process. 

Optimized HIPing cycles for studied powder types for full density and minimal grain growth 

can be summarized as:  

 Pre-sintered (density, AGS) → HIPing regime → post-HIPed (density, AGS) 

 TM-DAR: 96.2 % t.d., 498 nm → 1200 °C/ 200 MPa/ 1 h → 99.7 % t.d., 535 nm 

 TZ3Y: 92.3 % t.d., 204 nm → 1200 °C/ 200 MPa/ 3 h → 99.8 % t.d., 203 nm 

 TZ8Y: 93.5 % t.d., 472 nm → 1200 °C/ 200 MPa/ 1 h → 99.8 % t.d., 518 nm 

 TZ8YSB: 92.2 % t.d., 757 nm → 1250 °C/ 200 MPa/ 4 h → 99.9 % t.d., 828 nm 

Results of the pore closure phenomena and optimization of the post-HIPing process were 

successfully applied in a preparation of transparent alumina ceramics doped by rare earth 

elements with photo-luminescent properties.  
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