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ABSTRACT 

This work investigated microstructural evolution of selected oxide ceramic materials 

during conventional sintering (CS) and rapid sintering techniques such as rapid rate sintering 

(RRS), flash sintering (FS), and spark plasma sintering (SPS). The application of fast heating 

was already many times reported in the relevant literature to improve the microstructure of 

advanced ceramic materials and shorten sintering time which implies strong economic benefit. 

On the other hand, the RRS and FS were mostly tested on relatively small samples so far, and 

their utilization in the industrial sphere has been hindered by the occurrence of microstructural 

defects such as macroscopic cracks, density gradients, residual porosity, and grain size 

gradients. Within this dissertation work, the relatively large (1cm3), defect-free, ~ 99.3 % dense 

alumina pellets were prepared, exhibiting uniform microstructure with an average grain size of 

around 3 µm, by RRS using heating rates up to 1000 °C/min. 

Pellets of the same size were also prepared from 3 mol% yttria-stabilized zirconia 

(3YSZ) and 8 mol% yttria-stabilized zirconia (8YSZ). Here the RRS at a heating rate of 

100 °C/min up to 1500 °C resulted in a formation of gradient structure and overall low final 

density. It was found that this so-called core-shell structure is caused by a combination of 

residual chlorine, large sample dimensions, and a fast heating rate. The densification in RRS 

starts from the surface due to a higher temperature, and once the sample surface is densified, 

the residual chlorine becomes trapped inside the sample core, where it acts against further 

densification. We showed that core-shell structure could be avoided by high-temperature 

annealing of the green bodies, which eliminates residual chlorine from the green body before 

the onset of RRS. The high-temperature annealing or pre-sintering was not harmful to 

microstructural development during subsequent RRS and resulted in relatively large (1cm3), 

defect-free, ≥ 99.8 and ~ 99.4 % dense 3YSZ and 8YSZ pellets with uniform microstructure 

exhibiting average grain size of ~ 400 nm and ~ 3 µm, respectively. 

Although not finer, the grain size of RRS alumina and YSZ prepared in this study was 

similar to that obtained by CS. Our findings also indicate that it is not favorable to use high 

sintering temperature in RRS and that further optimization of the RRS schedule, in the sense of 

decreasing sintering temperature, could potentially lead to smaller grain size. 

The negative effect of residual chlorine on densification was also visible in flash sintered 

3YSZ samples even though the sample size was considerably smaller, and the temperature 

gradient is supposed to be reversed compared to RRS. Moreover, the FS of 3YSZ often results 

in an accelerated grain growth in the sample core due to a higher temperature and 

electrochemical reduction. In the spectrum of our process parameters, it even led to abnormal 

grain growth. The strongly bimodal grain size distribution showed in this work was not reported 

in flash sintered 3YSZ before. The abnormal grains (up to 100 µm) and their surrounding 

submicron grains possessed no specific orientation among themselves or towards the 

orientation of the external electric field. Their appearance was explained by two contributing 

factors – large sample size, which resulted in localization of electric current and formation of 

hot-spots, and overall accelerated grain growth kinetics in the specimen core caused by 

electrochemical reduction. 

The microstructural benefits of RRS and FS over CS, in the sense of finer grain size, 

were not found in the scope of this study, which was inconvenient for alumina and YSZ 
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ceramics but favorable for barium titanate (BT) based piezoelectric ceramics that require 

optimal grain size of the order of tens of microns to exhibit high piezoelectric performance. The 

RRS at a heating rate of 100 °C/min up to 1550 °C produced 93.6 % dense BCZT (30 min 

dwell, grain size 24 µm, d33 = 428 pC/N), 95.3 % dense Ce-BCZT (45 min dwell, grain size 

26 µm, d33 = 515 pC/N), and 95.3 % dense BCST (15 min dwell, grain size 46 µm, d33 = 

443 pC/N). These microstructures and resulting piezo performance are comparable to that 

obtained after CS, bringing huge time and energy savings to the manufacturing process. 

The SPS has proven its positive impact on the microstructure of alumina and YSZ many 

times. The spark plasma sintered BCZT discs at a heating rate of 100 °C/min up to 1450, and 

1500 °C met expectations and reached full density with a fine grain size of 10.1-15.6 µm. On 

the other side, the SPS process caused significant carbon contamination and the formation of 

cracks in specimens sintered with dwell time ≥ 45 min. Even though the carbon was removed 

during subsequent annealing at 1000 °C for 20 h, the SPS samples exhibited low d33 (≤ 

360 pC/N) due to too small, non-optimal grain size. The grain size could not be effectively 

increased by changes in the SPS schedule because elevating the SPS temperature above 1500 °C 

resulted in melting, and dwell times ≥ 45 min resulted in cracks. Effective coarsening of the 

microstructure to the optimal grain size range while maintaining full density was possible by 

combining the SPS method with the RRS method. Such prepared BCZT samples possessed 

good piezoelectric performance (d33 = 424 pC/N) and improved mechanical properties. 

Moreover, the full density is a good prerequisite for translucency which could result in 

additional optoelectrical properties. 
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ABSTRAKT 

Tato práce byla zaměřena na vývoj mikrostruktury vybraných oxidových keramických 

materiálů během konvenčního slinování a technik rychlého slinování, jako jsou „rapid rate 

sintering“ (RRS), „flash sintering“ (FS) a „spark plasma sintering“ (SPS). Aplikace rychlého 

ohřevu byla již mnohokrát popsána v dostupné literatuře jako účinný nástroj pro zlepšení 

mikrostruktury pokročilých keramických materiálů a zkrácení doby slinování, což znamená 

velký ekonomický benefit. Na druhou stranu RRS a FS byly především testovány na relativně 

malých vzorcích a jejich využití v průmyslové sféře brání častý výskyt mikrostrukturálních 

defektů, jako jsou makroskopické trhliny, gradienty relativní hustoty, zbytková pórovitost a 

gradienty v průměrné velikosti zrn. V rámci této disertační práce byly pomocí metody RRS s 

použitím rychlostí ohřevu až 1000 °C/min připraveny relativně velké (1 cm3), bez defektní, ~ 

99,3 % hutné vzorky oxidu hlinitého, vykazující rovnoměrnou mikrostrukturu s průměrnou 

velikostí zrn kolem 3 µm. 

Vzorky stejné velikosti byly připraveny také z oxidu zirkoničitého stabilizovaného 

3 mol% oxidu yttritého (3YSZ) a 8 mol% oxidu yttritého (8YSZ). Zde rychlost ohřevu 

100 °C/min na slinovací teplotu 1500 °C vedla k vytvoření gradientní struktury a celkově nízké 

konečné relativní hustotě vzorků. Bylo zjištěno, že tato tak zvaná „core-shell“ struktura je 

způsobena kombinací zbytkového chlóru, velkých rozměrů vzorku a vysoké rychlosti ohřevu. 

Zhutňování v metodě RRS začíná od povrchu vzorku díky vyšší teplotě a jakmile se na povrchu 

vytvoří hutná neprostupná vrstva, zbytkový chlor se zachytí uvnitř vzorku, kde působí proti 

dalšímu zhutňování. „Core-shell“ struktuře se lze vyhnout vysokoteplotním žíháním, kterým je 

zbytkový chlór eliminován z keramického kompaktu ještě před zahájením metody RRS. 

Vysokoteplotní žíhání nebo předslinování nebylo škodlivé pro vývoj mikrostruktury během 

následného RRS a vedlo k produkci relativně velkých (1 cm3), bez defektních, ≥ 99,8 a ~ 99,4 % 

hutným vzorkům z 3YSZ, resp. 8YSZ s homogenní mikrostrukturou vykazující průměrnou 

velikost zrn ~ 400 nm, resp. ~ 3 µm. 

Ačkoliv velikost zrn keramik z oxidu hlinitého a yttriem stabilizovaného oxidu 

zirkoničitého připravených v této studii nebyla jemnější než v případě použití konvenčního 

slinování, byla jí velmi podobná. Výsledky provedených experimentů taktéž naznačují, že není 

vhodné používat vysokou slinovací teplotu a že další optimalizace slinovacího cyklu metody 

RRS ve smyslu snižování slinovací teploty by potenciálně mohlo vést k menší velikosti zrna. 

Negativní vliv zbytkového chloru na zhutňování byl viditelný i u 3YSZ vzorků slinutých 

metodou FS i přesto, že velikost vzorku byla podstatně menší než u metody RRS a teplotní 

gradient uvnitř vzorků byl opačný v porovnání s RRS. Navíc FS 3YSZ často vede ke zrychlení 

kinetiky růstu zrn v jádře vzorku v důsledku vyšší teploty a elektrochemické redukce. V rámci 

procesních parametrů testovaných v této práci byl dokonce evidován abnormální růstu zrn. 

Takto silně bimodální distribuce velikosti zrn nebyla u FS 3YSZ vzorků dříve popsána. 

Abnormální zrna (až 100 µm) a okolní submikronová zrna nevykazovala žádnou specifickou 

krystalovou orientaci mezi sebou navzájem ani směrem k orientaci vnějšího elektrického pole. 

Vznik abnormálních zrn byl vysvětlen dvěma faktory – relativně velkou velikostí vzorku, která 

vedla k lokalizaci elektrického proudu a vzniku horkých míst (z ang. „hot-spots“), a celkově 

zrychlenou kinetikou růstu zrn v jádře vzorku, způsobenou elektrochemickou redukcí. 
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Mikrostrukturální přínosy metod RRS a FS v porovnání s konvenčním slinováním, ve 

smyslu jemnější velikosti zrna, nebyly v rámci této práce prokázány, což bylo určitým 

zklamáním pro oxid hlinitý a YSZ, ale příznivé pro piezoelektrickou keramiku na bázi 

titaničitanu barnatého, která vyžaduje velikost zrn v řádu desítek mikronů, aby vykazovala 

optimální piezoelektrické vlastnosti. Zde metoda RRS při rychlosti ohřevu 100 °C/min na 

teplotu 1550 °C vedla k 93,6 % hutnému BCZT (prodleva 30 minut, velikost zrna 24 µm, d33 = 

428 pC/N), 95,3 % hutnému Ce-BCZT (prodleva 45 minut , velikost zrna 26 µm, d33 = 

515 pC/N) a 95,3 % hutnému BCST (15 min prodlevy, velikost zrna 46 µm, d33 = 443 pC/N). 

Tyto mikrostruktury a výsledná piezoelektrická konstanta byly srovnatelné s těmi získanými po 

konvenčním slinování, což přináší obrovské časové a energetické úspory do výrobního procesu. 

Metoda SPS mnohokrát prokázala svůj pozitivní vliv na výslednou mikrostrukturu 

oxidu hlinitého a YSZ. BCZT vzorky slinuté touto metodou při rychlosti ohřevu 100 °C/min na 

slinovací teplotě 1450 a 1500 °C naplnily tato očekávání, když dosáhly plné hustoty s malými 

zrny o velikostech 10,1-15,6 µm. Na druhou stranu, metoda SPS vedla ke značné kontaminaci 

vzorku uhlíkem a tvorbě trhlin ve vzorcích slinovaných s dobou prodlevy ≥ 45 min. I když byl 

uhlík odstraněn během následného žíhání při 1000 °C po dobu 20 h, vzorky připravené metodou 

SPS vykazovaly nízkou hodnotu d33 (≤ 360 pC/N), a to zejména kvůli příliš malé, neoptimální 

velikosti zrn. Velikost zrn nemohla být účinně zvýšena změnami v slinovacím cyklu, protože 

zvýšení slinovací teploty nad 1500 °C vedlo k tavení vzorku a dlouhé prodlevy ≥ 45 min měly 

za následek tvorbu trhlin. Účinné zhrubnutí mikrostruktury do optimálního rozsahu velikosti 

zrn při zachování plné hustoty bylo možné pomocí kombinace metody SPS s metodou RRS. 

Takto připravené BCZT vzorky vykazovaly dobré piezoelektrické vlastnosti (d33 = 424 pC/N), 

a zlepšené mechanické vlastnosti. Navíc, plná hustota je dobrým předpokladem pro průsvitnost, 

která by mohla přinést přidané optoelektrické vlastnosti. 
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GLOSSARY 

3YSZ 3 mol% Y2O3–ZrO2 TZ-3YB commercially available 3YSZ 

8YSZ 8 mol% Y2O3–ZrO2  powder (Tosoh Corp., Japan) 

AC alternating electric current TZ-3Y-E commercially available 3YSZ 

AGG abnormal grain growth  powder (Tosoh Corp., Japan) 

BT barium titanate TZ-8Y commercially available 8YSZ 

BCZT (Ba0.85Ca0.15) (Zr0.1Ti0.9)O3   powder (Tosoh Corp., Japan) 

Ce-BCZT 0.07 wt% CeO-doped UP uniaxial pressing 

 (Ba0.85Ca0.15) (Zr0.1Ti0.9)O3 VD volume diffusion 

BCST (Ba0.95Ca0.05) (Sn0.09Ti0.91)O3 YSZ yttria-stabilized zirconia 

CIP cold isostatic pressing XRF X-ray fluorescence 

CS conventional sintering   

CP colloidal processing   

DC direct electric current 𝐴 2D grain area, (m2)  

DI deionized 𝐴𝑠 surface area of the specimen, (m2) 
DTA differential thermal analysis 𝑑 grain diameter, (m) 

E-C evaporation-condensation 𝑑33 piezoelectric constant, (pC/N) 

EBSD electron backscatter diffraction 𝐸 electric field, (V/m) 

ECAS electric current-assisted sintering 𝐺 grain size, (m) 

FI furnace insertion 𝐺0 initial grain size, (m) 

FS flash sintering 𝐼 electric current, (A) 

FSPS flash spark plasma sintering 𝐽 current density, (A/m2) 

GBD grain boundary diffusion 𝑙 length between electrodes, (m) 

HIP hot isostatic pressing 𝑚 weight, (g) 

LEIS low-energy ion scattering 𝑀 molar mass, (g/mol) 
NTC negative temperature coefficient  𝑛 molar amount, (mol) 
 of resistivity 𝑝 pressure, (Pa) 

MDS material data sheets 𝑃𝑜 open porosity, (%) 

MS mass spectrometry 𝑃𝑐 closed porosity, (%) 

PF plastic flow 𝑄 Joule heat, (J) 

RRS rapid rate sintering 𝑄𝑑 activation energy of densification, (J) 

RT room temperature 𝑄𝑔 activation energy of grain growth, (J) 

SD surface diffusion 𝑅 electrical resistance, (Ω) 

SEM scanning electron microscopy �̅� gas constant, (8.314 J·K-1·mol-1) 
StDev standard deviation, (same unit as  𝑆 cross-section area, (m2) 

 respective variable) 𝑡 time, (s) 

SLM selective laser melting 𝑇𝑓 furnace temperature, (K) 

SPS spark plasma sintering 𝑇𝑠 sample temperature, (K) 

TD theoretical density 𝑈 voltage, (V) 

TEM transmission electron microscopy 𝑉 volume of open porosity, (m3) 

TGA thermogravimetric analysis 𝑊 dissipated electrical power, (W) 
TM-DAR commercially available alumina  𝜀 emissivity, (-) 
 powder (Taimei Chemicals Co.,  𝜃 constant factor θ near 0.6 relating  

 Japan)  grain size to fractional porosity, (-) 

TSS two-step sintering 𝜌 relative density, (% of TD) or (-) 

TZ-3Y commercially available 3YSZ  𝜎 Stefan-Boltzmann constant 
 powder (Tosoh Corp., Japan)  (5.67 × 10-8 W·m-2·K-4) 
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1 INTRODUCTION 

Tailoring of a microstructure of advanced ceramic materials, prepared by sintering of 

fine powders at a high temperature, has been an interest of many researchers during the past 

decades. The requirements on the sintering process usually lie in the preparation of dense (non-

porous) ceramics with fine-grained and uniform microstructure and lowering the production 

time and expenses. The full densification of ceramic powders without significant grain growth 

is a challenging process due to microstructure coarsening [1]. Both grain and pore coarsening 

occur during the sintering process, especially in the case of non-uniform powder packing. 

Therefore, it is necessary to prepare a homogeneous powder compact (green body) with narrow 

pore size distribution [2–4]. 

To achieve this, the producers offer a wide range of nano-particle and submicron-

particle powder grades with well-specified parameters such as chemical and phase composition, 

particle size and shape distribution, binder system and its content, etc. [5]. Colloidal processing 

(CP) methods such as slip casting or pressure casting were reported to be superior in achieving 

a high density of green body with homogeneous pore distribution [3,6]; however, dry pressing 

methods are still widely used. Therefore, commercially available powders are usually mixed 

with a binder and granulated by a spray-drying or freeze-drying technique. The granulation 

enhances their flow-ability and resistance to particle agglomeration, which makes them easier 

to compact by uniaxial pressing (UP) and cold isostatic pressing (CIP) [7]. 

Conventional sintering (CS) in an air atmosphere is the most common sintering 

technique for the mass production of dense oxide ceramics with complex shapes. In this 

technique, the powder compact is placed in a furnace and relatively slowly heated up to a 

sintering temperature at which is held for several hours. Although it is an experimentally simple 

and inexpensive process, it is difficult to produce fine-grained ceramics due to a microstructure 

coarsening that occurs during dwell time at a relatively high sintering temperature. The grain 

growth during CS can be partially suppressed by dopants that segregate at grain boundaries 

[8,9], but the presence of dopants can be, in some instances, undesirable. An alternative to 

doping is a modification of a time-temperature sintering schedule which can under certain 

conditions limit grain growth [10–12]. 

A rapid heating rate, one of the modifications of a time-temperature sintering schedule, 

can accelerate sintering by over 2 orders of magnitude and thus significantly shorten the 

processing time [13]. It also diminishes the effect of non-densifying surface diffusion in the 

initial sintering stage [12,14–16]. Limited surface diffusion prevents the pore coalescence 

phenomenon [15] and preserves sharp curvature between contacting particles which enhances 

the driving force for densification [17]. A rapid heating rate is utilized by several sintering 

methods, such as rapid rate sintering (RRS), flash sintering (FS), selective laser melting (SLM), 

and spark plasma sintering (SPS). 

The RRS is an inexpensive method in many ways similar to CS. It can be performed in 

a resistance furnace as well as CS [18–23], but a much faster heating rate is applied (several 

hundred °C/min) with a significantly shorter holding time at the sintering temperature (usually 

several minutes). Due to the limitations of heating elements, the rapid heating rate is usually 

achieved by the introduction of the powder compact into an already preheated furnace chamber. 

Nearly dense oxide ceramics were prepared by this approach [18,19]. Since the end of the 
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1970s, the RRS promises to achieve comparable densities as CS, but with a finer microstructure 

of the ceramic compact [14,19]. It is seemingly also a time-efficient method, so the economic 

benefits are expected. On the other hand, high thermal gradients caused by high heating rates 

and relatively low thermal conductivity of ceramic materials resulted in the formation of 

gradient structures [21,22] and poor final density [20–22]. The sample size also plays a role 

during RRS, especially for yttria-stabilized zirconia (YSZ) ceramics, where the fully dense, 

large samples have yet to be prepared. 

The first article about FS technique was published in 2010 [24]. This technique utilizes 

extremely rapid Joule heating as a direct response of the material to the electric current passing 

through the specimen. The glowing ceramic specimen densifies in a few seconds during the 

flash event while an ambient temperature is significantly below the temperatures used in CS. It 

has been shown that FS can lead, on the one hand, to a finer grain size compared to RRS and 

CS techniques [25], but on the other, non-uniform microstructures were found in several 

studies. The grain size gradients were formed between the core and surface of the specimens 

[26], and very large grains were observed in several works [27–30]. The FS samples also tend 

to overheat at electrode/specimen contacts due to a high local resistivity [28], and melted areas 

were found in some specimens [31,32]. 

The SPS is a well-established sintering technique that utilizes the application of pulsed 

electrical current together with external pressure to provide an additional driving force for 

densification. This allows to significantly reduce densification temperature, which is an 

essential prerequisite for achieving fine-grained microstructures [33]. On the other hand, the 

SPS restricts sample geometry and cannot be easily utilized for mass production, which makes 

the processing costs much higher compared to the above-mentioned RRS and FS [34]. 

The time and economic efficiency of RRS and FS were mentioned many times in the 

literature and it seems that the main obstacle which prevents their wider application in industry 

is connected to microstructural defects, which often occur during sintering. Depending on the 

sintering technique, these defects may have a form of macroscopic cracks, density gradients 

[21,22], residual porosity [20–22], grain size gradients [26–30], crack-formation, entrapped gas 

bubbles, and solidification cavities [31,32]. Moreover, these techniques were tested only on 

selected ceramics, leaving some oxide ceramic systems unexplored. Therefore, one of the aims 

of this doctoral thesis is to identify, explain and eliminate the factors behind non-uniform 

densification and grain growth to make these methods more viable for industrial applications. 

Unconventional sintering techniques will be applied to commercially available alumina and 

YSZ and self-synthesized barium titanate (BT) based piezoceramics with the aim to find the 

most optimal processing parameters for the preparation of dense, fine-grained alumina and YSZ 

ceramics and highly-dense BT based ceramics with optimal piezoelectric properties.  
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2 REVIEW 

The literature review contains the basics of the sintering theory and provides a 

comprehensive description of selected sintering techniques investigated in this work. The first 

and oldest one will be CS, which will serve as the comparison standard for the unconventional 

techniques that utilize fast heating rates, namely RRS, FS, and SPS. After a short introduction 

to each technique, sintering equipment, processing stages, and a brief explanation of the 

sintering mechanisms are provided. The last part is focused on the production of dense (or 

nearly dense), fine-grained oxide ceramics (especially alumina and YSZ) with the aim to 

provide viable information on attainable specimen’s final relative density (𝜌), grain size (𝐺), 

and microstructural homogeneity. 

Great attention is paid to the effect of sintering variables influencing densification and 

grain growth. Characteristics of the powder compacts (size and shape, green body density, pore 

size distribution) are also mentioned if provided in the original study. Considering the fact that 

densification is significantly influenced by powder particle size [17], the literature review is 

mainly focused on studies that used the same or similar powders as used in the experimental 

part of this work. 

It has to be stated here that the average grain size in polycrystalline ceramics is usually 

measured by the linear intercept method and then multiplied by a factor of ×1.56 to correlate 

the value obtained from the 2D plane with the 3D bulk material [35]. However, this correlation 

is not the rule of all studies in the following sections. Therefore, the grain size was multiplied 

by a factor of ×1.56 if not done in the original work to make the review comparative. 

2.1 Sintering, densification, and grain growth in advanced oxide ceramics 

2.1.1 Sintering of oxide ceramics 

Sintering is a temperature-activated process characterized by a gradual formation of 

grain boundaries between contacting powder particles and elimination of pores, resulting in 

densification (shrinkage) of the powder compact. The intrinsic driving force for the sintering is 

a reduction of the free surface energy of the ceramic powder compact [1,17]. The interface 

between grain and pore is replaced by the energetically more favorable grain-to-grain interface. 

Together with densification, which is crucial for achieving dense ceramics, a coarsening is also 

happening as a result of the lowering of the grain boundary surface. The grain boundaries have 

higher energy than grain bulk, and thus, it is energetically favorable to lower the total grain 

boundary area by grain growth. From the microstructure evolution perspective, the sintering is 

usually divided into three stages [1,17]: 

1. Initial stage characterized by neck formation and growth 

2. Intermediate stage characterized by interconnected tubular pore network 

3. Final stage characterized by closed porosity and rapid grain growth 
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2.1.2 Densification of oxide ceramics 

The full densification of ceramic powder compact is a desired outcome of the sintering 

process, but it can be challenging to achieve. The densification starts with a formation of bonds 

(necks) between contacting powder particles and continues with the particles approaching each 

other. As the compact approaches full density, the interconnected pores between newly formed 

grains become isolated. The densification rate slows down as the gas (sintering atmosphere) 

has to escape from separated pores along grain boundaries or through the lattice. The gas 

pressure in a pore increases with decreasing pore size allowing the gas migration towards free 

surfaces and its elimination from the sintered compact but also from smaller pores to larger 

pores – a phenomenon known as pore coalescence [36]. 

Although the densification mainly occurs during sintering [17], its outcome is highly 

predetermined by the green body characteristics [3]. The large pores in the green body or pores 

enlarged by pore coalescence can become thermodynamically stable in a fine-grained matrix 

[37,38]. Their elimination is a complex problem and, without the utilization of external 

pressure, only possible by decreasing the number of the surrounding grains around the pore. 

The densification in advanced ceramic materials can be utilized by several mechanisms, 

as shown in Fig. 1. Volume diffusion, surface diffusion, and grain boundary diffusion are the 

predominant mechanisms of matter transport, while the contribution of the condensation-

evaporation mechanism is not significant due to the low vapor pressures of ceramics [39]. The 

plastic flow is also not considered to notably contribute to densification during the CS of 

polycrystalline oxide ceramics. The dislocations might be drawn into the neck between particles 

due to surface tension and local stress, but once depleted, there is not enough energy to produce 

more dislocations, and the plastic flow stops [39]. On the other hand, plastic flow plays a 

significant role in pressure-assisted sintering techniques such as SPS. The external pressure 

initiates particle sliding [34,40,41] and onsets power-law (dislocation) creep [34,40]. It was also 

reported that steep thermal gradients in SPS could produce stress high enough to cause plastic 

deformation, actuate Frank–Read sources, and thus, enhance the scope of plastic flow during 

sintering [34].  

As said in the previous paragraph, various types of matter transport can be present 

during sintering. It is important to mention that they contribute to densification only if the mass 

is transported from the grain boundary area to the neck area (red arrows in Fig. 1). The intensity 

of individual processes varies during the sintering and is dependent on many factors such as 

particle size, the geometry of the neck between the particles, the presence of the second phases, 

etc. [17]. Concerning various activation energies of different diffusion processes, the surface 

diffusion predominates at lower temperatures, while grain boundary and volume diffusions are 

active at higher temperatures [17]. 
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Fig. 1 Mechanisms of the mass transport during the sintering process; SD is surface diffusion, VD is 

volume (lattice) diffusion, E-C is evaporation and condensation, GBD is grain boundary diffusion, 

PF is plastic flow. Adapted from [42]. 

The surface diffusion does not contribute to densification [17]. It moves the atoms into 

an area between contacting particles (called the neck area). The surface diffusion increases the 

neck radius and blunts the neck geometry, which is supposed to affect subsequent densification 

negatively [16]. These findings promote the idea of rapid heating. A rapid surpassing of a 

temperature interval where surface diffusion dominates would save a favorable neck geometry 

and accelerate densification during sintering at higher temperatures where grain boundary and 

volume diffusions become activated. 

2.1.3 Grain growth in polycrystalline oxide ceramics 

Similar to densification, grain growth is an integral part of the sintering process. The 

intensities of these two processes are influenced by the material’s physical and chemical 

properties and sintering conditions [17]. The direction of moving atoms gives the difference 

between densification and grain growth. The powder compact is densified if atoms move along 

grain boundaries or through lattice towards the pores. The grain growth occurs when atoms 

move across the grain boundary, from smaller grain to larger grain. The smaller grain has a 

lower concentration of vacancies under the curved grain boundary than a neighboring larger 

grain. The vacancy gradient is then responsible for moving vacancies to smaller grain. The 

atoms move in the opposite direction, and thus, the larger grains grow at the expense of smaller 
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ones. The grain growth in advanced ceramics can be either normal or abnormal (exaggerated). 

Normal grain growth is characterized by a uniform microstructure where the average grain size 

increases with sintering time, but grain size distribution remains unimodal. In contrast, 

abnormal grain growth (AGG) is characterized by some exceptionally large grains in a fine-

grained matrix [17]. 

The grain growth continues even after densification is finished, further decreasing the 

grain boundary energy of dense ceramic compact. The grain growth kinetics is not constant and 

changes with evolving microstructure. In the intermediate sintering stage, the grain growth is 

hindered by the interconnected tubular pore network [1,43]. In the final sintering stage, the 

grain growth is faster due to the lack of tubular pores, but it is still slowed down by pores pinned 

at the grain boundaries and/or by the presence of secondary phases if added into the ceramic 

material. The empirical findings showed that the grain growth in most of the ceramic materials 

is dependent on the relative density according to Equation 1 [1]: 

 

𝐺 =
𝜃𝐺0

(1 − 𝜌)1/2
 

 

(1) 

where 𝐺 is the grain size (m), 𝐺0 is the initial grain size (m), 𝜌 is the relative density  

(-), and 𝜃 is a factor near 0.6 (-). The grain growth accelerates as a ceramic compact approaches 

full density; however, suitable sintering approaches such as two-step sintering (TSS) and hot 

isostatic pressing (HIP) can significantly suppress it [10,44]. The hallmark of both techniques 

lies in the utilization of a relatively low sintering temperature in combination with a long 

sintering time (TSS) or external pressure (HIP), i.e., conditions where the grain growth is not 

fully activated. 

2.2 Conventional sintering 

2.2.1 Introduction 

CS is a commonly used sintering technique consisting of a relatively slow heating rate 

(units up to several tens of °C/min) up to a sintering temperature with a subsequent dwell time 

until the desired material properties are achieved. Typical heating rates used in conventional 

sintering are from 2 to 15 °C/min [45]. CS can utilize a wide variety of furnace types (muffle 

furnace, box furnace, tube furnace, etc.) and furnace atmospheres (air, nitrogen, argon, vacuum, 

etc.). Densification of conventionally sintered oxide ceramics is predominantly utilized by 

diffusion. Due to the relatively slow heating rate, surface diffusion can play a significant role 

in the early sintering stages. Luo and Pan [16] reported that it negatively influences the 

geometry and the neck radius between contacting particles. As a result, a driving force for 

densification is lower in the later stages of the CS process. Kim and Kim [15] also pointed out 

that surface diffusion contributes to pore coalescence. While smaller pores (intra-agglomerate) 

shrunk in their study, the larger pores (inter-agglomerate) grew. They eventually reached a 

supercritical size and limited the final density. As mentioned in Section 2.1.2, such supercritical 

pores can be eliminated only if the number of grains around the pore is decreased, i.e. grain 
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coarsening is necessary to remove these large pores. Therefore, especially in the case of a non-

homogeneous green body and without any dopants that would segregate at grain boundaries, it 

is difficult to prepare dense, fine-grained oxide ceramics by CS. 

2.2.2 Preparation of dense and fine-grained oxide ceramics by CS 

Since CS is the widely used sintering approach, it is considered to be a standard to which 

other sintering techniques are compared. Therefore, a vast number of data on CS is available in 

the literature; some of them are given in Table 1. 

Table 1 Processing parameters and properties of selected highly dense alumina and YSZ ceramics 

sintered by CS. 

Powder 

Green body Sintering Bulk (sintered) 

Ref. Dimensions (mm), 

shaping 

Heating 

rate 

(°C/min) 

Sintering 

temperature 

(°C) 

Dwell 

(min) 
𝜌 

(%TD) 
𝐺 (nm) 

TZ-3Y ⌀10, ⌀15, UP+CIP 10 1430 60 99.7 - [20] 

TZ-3Y ⌀12.7×1.3, UP+CIP 5 1400 120 ~100 400 [22] 

TZ-3Y ⌀19×0.5, UP 10 1400 100 ~100 530 [19] 

TZ-3Y ⌀19×3, CP 5 1400 60 99.8 - [23] 

TZ-3YB 8×8×10, CIP 5 1450 0 99.6 230 [46] 

TZ-3Y-E a few mm shard, CP 5 ~1315 60 99.6 - [13] 

TZ-8Y ⌀10, ⌀15, UP+CIP 10 1430 60 99.8 - [20] 

TZ-8Y ⌀19×0.5, UP 10 1400 100 ~97 1720 [19] 

TM-DAR 8×8×10, CIP 5 1350 30 99.3 1030 [46] 

TM-DAR ⌀15×3, UP 20 1350 60 98.7 1600 [47] 

TM-DAR -, UP+CIP 20 1420 0 99.0 760 [48] 

2.3 Rapid rate sintering 

2.3.1 Introduction 

The first studies on the RRS date back to the second half of the 20th century. The initial 

investigations on RRS of metallic oxides were carried out by Vergnon et al. [49,50] and by 

Harmer et al. [12,14] between the late 1960s and around 1980, respectively. Although their 

works do not provide information about the exact heating rate, they presented possible benefits 

of RRS over CS in alumina ceramics. The research of RRS continued in the 1990s – the YSZ 

ceramics were investigated by Kim and Kim [15,20] and Chen and Mayo [21,22], alumina was 

studied by García et al. [18]. Recent interest in RRS is also caused by the development of the 

FS technique, which is characterized by fast heating rates as well [13,25]. 

García et al. [51] presented a microstructural development model for rapidly sintered 

samples, and Possamai et al. [52] and Salamon et al. [53] focused on heat transfer mechanisms 

during the RRS. Possamai et al. [52] calculated that the radiative heat transfer is responsible for 

95 % of total heat transfer into the sintered alumina compact, leaving only 5 % to the conduction 

mechanism. Salamon et al. [53,54] showed that radiative heat transfer also plays a dominant 

role during RRS of YSZ. The polycrystalline YSZ itself is transparent for radiative heat transfer, 
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but the contact points among particles in the green body can absorb the radiation [54]. 

Therefore, the YSZ material is heated almost homogeneously during RRS, and the thermal 

gradients are expected only in the larger samples where a higher temperature is expected at the 

sample surface due to the contribution of convection and conduction heat transfer [52,53]. 

2.3.2 Furnace equipment 

The furnace equipment for RRS can be very similar to that used in CS. The first 

experimental works were carried out in the tube furnace [12,14]. The specimens were placed in 

a ceramic bowl and pushed by a rod into the hot zone of the furnace while the heating rate was 

controlled by a thermocouple in the vicinity of the sample. The tube furnaces were also utilized 

in later works [13,19,20,22,25]; however, the experimental setup lacked the measurement of 

the heating rate in some studies [19,20]. The standard box furnaces were used as well by several 

authors [18,23], sometimes equipped with an elevator system to rapidly load the samples into 

preheated furnace chamber [23]. 

2.3.3 Densification and grain growth mechanisms during RRS 

The densification and grain growth during RRS are governed by diffusion as well as 

during CS. It was reported in many studies that a fast heating rate (around several hundred of 

°C/min) accelerated densification compared to conventional heating rates. The basic theory 

explaining the enhanced densification was proposed in the early studies of Harmer et al. [12,14]. 

The authors reported that some ceramics (alumina in their particular case) exhibit temperature 

dependency of the activation energy of densification (Qd) and grain growth (Qg) as shown in 

Fig. 2. Grain growth is favorable at lower temperatures, while densification prevails at higher 

temperatures. Fast overcoming of low temperatures where the surface diffusion dominates 

[6,12,14] would limit the grain growth and accelerate densification. 

 

 

Fig. 2 Temperature dependence of densification rate and grain growth rate for a ceramic in which 

activation energy of densification (Qd) is higher than activation energy of grain growth (Qg) [17]. 

  To attain high final density in a short time, Harmer et al. [12,14] utilized their RRS 

above the common temperatures used in CS. In the later studies, García et al. [18,51,55] 

prepared fine-grained alumina ceramics by using lower sintering temperatures with slightly 
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longer holding time. García et al. [18,51,55] also observed a formation of a gradient structure 

between the specimen’s surface and core if very short holding times at sintering temperatures 

were used. When the holding time was longer, no gradient structure was observed. This core-

shell structure was, in fact, similar to that observed by Chen and Mayo [21,22] during the RRS 

of YSZ ceramics described in the following paragraph. 

The RRS of YSZ was investigated by Kim and Kim [15,20] and by Chen and Mayo 

[21,22] in the early 1990s. Chen and Mayo [21,22] reported the formation of gradient structure 

with a nearly dense shell at the sample surface and interconnected porosity inside the sample. 

Unlike in alumina [51], the core-shell structure in YSZ did not disappear with a longer dwell 

time. Chen and Mayo explained this phenomenon by high-temperature gradients arising from 

fast heating and low thermal conductivity of YSZ. The densification was accelerated preferen-

tially at the surface, where the temperature was the highest due to the contribution of convective 

heat transfer, and once the nearly dense surface shell was established, it constrained the sample 

from further shrinkage and limited its final density.  

The reason why the dense layer progressed to the core of rapidly sintered alumina while 

it stopped in YSZ was investigated by Kim and Kim [20], Saito et al. [56], and Sweeney and 

Mayo [23]. The works have a common conclusion that there are two factors behind the core-

shell structure in YSZ ceramics. The first one is the rapid heating in combination with the low 

thermal conductivity of YSZ, which leads to the formation of an airtight surface shell in 

agreement with Chen and Mayo’s works. The second one is residual chlorine (originating from 

the synthesis step) which becomes entrapped inside the sample core once the airtight shell is 

established. The support for the idea about the negative effect of residual chlorine also comes 

from the sample swelling phenomenon, sometimes denoted as de-densification [23]. If the YSZ 

sample with core-shell structure was held at sintering temperature for a longer time, it did not 

shrink but instead of that increased its dimensions. This was attributed to the increasing gas 

pressure of entrapped chlorine species which, at some point, overcame the sintering pressure 

responsible for shrinkage and caused sample swelling [23]. Although the references mentioned 

above about the negative impact of chlorine on the sintering of fine-grained YSZ can be found 

in various papers, the comprehensive study of its influence on the RRS of nanoparticle 

tetragonal and cubic YSZ is missing in the relevant literature. 

The conclusion from the studies on the RRS is that the densification process is different 

from CS. While the densification is homogeneous throughout the whole specimen volume in 

the CS, the differential densification occurs due to a fast heating rate in the RRS. Besides limited 

pore coalescence [15] and more favorable neck geometry between contacting particles [16], 

once the nearly dense shell at the specimen’s surface is established, densification of the sample 

core is accelerated by compressive stress induced by shrinkage of this surface layer [18,51,55].  

Moreover, the densified layer has better thermal conductivity, and thus more heat can 

go into the sample core to continue densification. García et al.’s theory was supported by a 

numerical simulation of Possamai et al. [52], showing that the dense alumina layer, formed 

during the early stages of the RRS, progresses to the interior of the compact. With a longer time 

spent at the sintering temperature, a densified surface layer progresses towards the sample core 

until the specimen is completely densified [18,51,55] or unless it is stopped due to the effect of 

entrapped chlorine impurities. If the chlorine was present, the core-shell structure (characterized 
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by an airtight surface shell and porous core of the sample) was permanent and could not be 

removed by further sintering [21,22]. 

2.3.4 Preparation of dense and fine-grained oxide ceramics by RRS 

The summary of highly dense alumina and YSZ ceramics is given in Table 2. The initial 

experiments in the field of RRS of α-Al2O3 ceramics were carried out by Harmer et al. [12,14] 

in the late 1970s and the early 1980s. Although their works do not provide information about 

the exact heating rate, they presented possible benefits of RRS over CS. Commercially available 

alumina powder (Linde A) with particle size 300 nm was used in both works. The authors firstly 

studied the effect of MgO and TiO2 additives on densification [12] and then compared RRS 

with CS [14]. 

In the former work [12], they pushed the thin-walled tube-shaped samples through a hot 

zone of a furnace preheated at 1850 °C and attained around 93, 97, and 98 %TD with pure, 

TiO2 and MgO doped α-Al2O3, respectively, after 2 min spent in a hot zone. Although TiO2 and 

MgO additives enhanced the densification, the grain growth in the final sintering stage was not 

significantly reduced by these dopants.  

In the later work [14], they continued with the same MgO-doped α-Al2O3 powder and 

compared rapid sintering at 1850 °C with conventional sintering at 1560 °C. Rapidly sintered 

samples had smaller grains compared to conventionally sintered ones for a given density. In 

comparison to the initial grain size, the grains of the nearly dense ceramic compacts were larger 

by a factor of ~ 12 and ~ 23 for RRR and CS, respectively. This massive grain growth indicates 

that the sintering temperature was much higher than the optimal, and thus, the following studies 

were carried out at lower sintering temperatures. 

Table 2 Processing parameters and properties of selected highly dense alumina and YSZ ceramics 

sintered by RRS. 

Powder 

Green body Sintering Bulk (sintered) 

Ref. Dimensions (mm), 

shaping 

Heating 

rate 

(°C/min) 

Sintering 

temperature 

(°C) 

Dwell 

(min) 

𝜌 

(%TD) 
𝐺 (nm) 

TZ-3Y ⌀10, ⌀15, UP+CIP 500 1430 60 99.1 - [20] 

TZ-3Y ⌀12.7×1.3, UP+CIP ~200 1300 120 ~99 ~325 [22] 

TZ-3Y ⌀19×0.5, UP ~500 1400 100 ~100 330 [19] 

TZ-3Y ⌀19×3, CP FI* 1400 60 98.1 - [23] 

TZ-3Y-E 1-2, CP 3000 ~1315 ~3 99.7 - [13] 

TZ-3Y-E 1-2, CP 3000 1315 5 99.9 170 [25] 

TZ-8Y ⌀10, ⌀15, UP+CIP 500 1430 60 99.3 - [20] 

TZ-8Y ⌀19×0.5, UP ~ 500 1400 100 ~ 96 380 [19] 

TM-DAR 4×5×40, UP+CIP FI* 1350 20 ~ 99 ~1200 [18] 

* FI stands for furnace insertion and means that samples were rapidly shifted into the preheated furnace without 

measuring the exact heating rate. 

RRS of YSZ ceramics, using the same powders as used in this study, was investigated 

by Kim and Kim  [15,20] and Chen and Mayo [21,22] in the early 1990s. Kim and Kim [20] 

rapidly sintered (~ 500 °C/min, 1430 °C, 1 h) commercially available 3YSZ (TZ-3Y, Tosoh 

Inc., Japan) and 8YSZ (TZ-8Y, Tosoh Inc., Japan). Rapidly sintered TZ-3Y and TZ-8Y samples 
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attained poor final densities of 90.7 and 89.3 %TD, respectively. Interestingly, the poor final 

densities were avoided in the case of annealing the powder compact at elevated temperatures 

before rapid sintering. Unfortunately, no details on microstructure evolution were provided and 

the thickness of the specimens was not specified; the authors only mentioned a diameter of 10 

or 15 mm. 

Chen and Mayo [21] rapidly sintered the same TZ-3Y powder and attained more than 

99 %TD. The rapidly sintered (~ 200 °C/min, 1300 °C, 2 hours), nearly dense TZ-3Y compacts 

had grain sizes around 300-350 nm. Although the time savings during the heating period were 

remarkable, the rapid heating rate did not suppress the grain growth compared to the 

conventional heating rates. The sintered compacts were crack-free, but the rapid sintering 

schedule used in their work was not truly time-efficient due to 2 h holding time. Furthermore, 

Chen and Mayo used relatively small green bodies (⌀ 12.7 × 1.3 mm), insufficient for most 

industrial applications. 

In the 1990s, García et al. [18] performed the RRS of commercially available alumina 

powder (Taimicron TM-DAR, Taimei Chemicals, Japan), the same powder grade as used in 

this study, with a particle size of 150 nm in a box furnace. A rapid heating rate was achieved 

by inserting the sample into the already preheated furnace at 1350 °C. The density and grain 

size of bar-shaped samples with 4 × 5 × 40 mm dimensions were around 99 %TD and 1200 nm, 

respectively, after 20 min dwell time. Fast sintered samples exhibited room temperature (RT) 

fracture strengths of 520 MPa and Weibull moduli of 10.4, which was nearly comparable to 

conventionally sintered samples. The grain size of rapidly sintered samples was 1.2 µm which 

represents the grain growth factor of 8, notably smaller than a factor of ~ 12 in the study of 

Harmer et al. [14]. 

The effect of sintering temperature and holding time on densification during RRS was 

investigated by García et al. [51] several years ago. In agreement with their previous work, the 

authors showed that nearly dense alumina compacts (4 × 5 × 40 mm) from the same powder 

grade could be prepared in 20 min by rapid sintering at 1350°C, or in 5 min by using a higher 

sintering temperature of 1550 °C. The lower sintering temperature of 1250°C was insufficient 

to achieve more than 90 %TD after 20 min holding time. Unfortunately, they mentioned neither 

the exact final density nor grain size. 

Submicron YSZ powders were rapidly sintered by Gómez et al. [19] and Sweeney and 

Mayo [23] recently. Gómez et al. [19] sintered YSZ green bodies with dimensions of ⌀ 19.05 

× 0.5 mm. The TZ-3Y discs almost fully densified while TZ-8Y discs were only 96 % dense 

after sintering at a heating rate of ~ 500 °C/min up to 1400 °C with holding times ranging from 

10 to 100 min. The grain size was reported only for 100 min holding time and was 330 nm 

(209 nm × 1.56) and 380 nm (243 nm × 1.56) for TZ-3Y and TZ-8Y samples, respectively. The 

value 330 nm is very close to Chen and Mayo’s results for TZ-3Y powder grade [22]. 

Based on the reviewed studies, it can be concluded that only relatively small and usually 

thin specimens have been prepared by the RRS so far. The densification starts from the surface 

of the specimen due to the relatively low thermal conductivity of ceramics and very fast heating 

rates. The surface densifies at first due to a higher temperature, then the core of the specimen 

is densified as well as reported for alumina powder [18,51] or, in some cases, the nearly dense 

surface shell constrains the specimen from further shrinkage as reported for submicron YSZ 

[20] and nano-sized YSZ powder grade [21–23]. In most cases, the core-shell structure is 
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negative due to the persistent open porosity network in the specimen’s core resulting in poor 

final relative density. On the other hand, this core-shell structure is similar to the structure of 

human bone, and thus the ability to tailor it in bioceramics might be favorable. 

2.4 Flash sintering 

2.4.1 Introduction 

The FS had been discovered as natural research progress in the area of electric current-

assisted sintering (ECAS). Like other ECAS techniques, the FS is characterized by the 

formation of Joule heating as a direct response of the material to the alternating electric current 

(AC) or direct electric current (DC) [31,57]. The FS was invented in 2010, based on the 

investigations of Yang et al. [58,59], who found that the application of the low electrical fields 

(up to 30 V/cm) enhanced densification and restrained the grain growth. In their following 

study, they increased the electrical field, which led to extremely rapid shrinkage. 

The 3YSZ specimen was densified in a matter of seconds while emitting (flashing) 

strong bright light. The phenomenon was named FS and its benefits such as time and energy 

savings were presented in a pioneering work of Cologna et al. [24]. Since its discovery in 2010, 

the FS has become a fast-developing topic in the ceramic community. The FS had been 

observed in many oxide and non-oxide ceramics, and several theories to explain the processes 

behind this fascinating phenomenon were proposed [31,57,60]. 

2.4.2 Flash sintering apparatus 

Since most of the ceramics are non-conductive at RT, a furnace chamber is, together 

with an electric power supply, one of the essential components needed for FS. The 

commercially available FS machines are not yet on the market, and thus, various high-

temperature equipment has been utilized for FS, including modified box furnaces [13,25], tube 

furnaces [24], dilatometers [61,62], and SPS machines [63–68]. Each one of the mentioned 

equipment has its benefits, disadvantages, and demands on the specimen’s geometry. 

The utilization of a box or a tube furnace for the FS is easy and usually covers only the 

original door’s replacement. The substitute door made of refractory material has to include 

holes for electrodes. In addition, it is often equipped with a transparent quartz window that 

allows monitoring of the FS process. The specimen is usually hanging in the air, suspended by 

the electrodes wrapped around electrically non-conductive material, such as alumina. The FS 

can also be conducted in a modified dilatometer, which allows the direct measurement of linear 

shrinkage of the specimen. The newest FS approaches lean towards the combination of FS with 

already established pressure-assisted sintering technology such as SPS, giving birth to the flash 

spark plasma sintering (FSPS) [63–68]. The FSPS was performed in a commercially available 

SPS apparatus on various non-oxide [63–67] and oxide ceramics [68]. Compared to SPS, the 

main difference is a non-conductive pressing die, which forces the electric current through the 

specimen. The Joule heat is thus generated inside the powder compact instead of the graphite 

die. 
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The FS sample (usually dog-bone, bar-shaped, or cylindrical (Fig. 3)) is suspended by 

the electrodes, connecting it to the power supply  [31,57,60]. The electrodes can vary by shape 

and contact area with the specimen. Generally, it is favorable to have a large contact area, so 

the current flow to the ceramic specimen is uniform, and the contact resistance is low. The 

contact between electrodes and the ceramic specimen is often improved by the application of 

conductive pastes or suspensions (Pt, Au, C, or Ag) [31]. Their drawback is the challenging 

removal from sintered bodies since they are likely to stick to the ceramic surface. The electrodes 

must be electrically conductive, oxidation resistant if the air atmosphere is present, and have a 

high melting point. Therefore, platinum or its alloys are the most viable electrode materials due 

to their high melting point and inertness to the air atmosphere. SiC electrodes are also used if 

the FS is carried out in an inert atmosphere [31]. 

  

 

Fig. 3 Typical sample shapes used for flash sintering experiments: (a) dog bone, (b) pellet, (c) rod 

(taken from [31]). 

2.4.3 Stages of FS 

The FS process is divided into 3 stages [31,57,60]. Once the specimen is in the furnace 

and connected to the power supply, the application of an electric field onsets the first stage of 

FS, also called the incubation period (Fig. 4). 

 

Fig. 4 Example of the electric field, 𝐸, current density, 𝐽, and sample temperature, 𝑇𝑠, evolution 

during FS experiments with constant furnace temperature, 𝑇𝑓 (adapted from [31]). 
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The electric field is maintained constant by setting the constant voltage regime on the 

power supply. The electric field is dependent on the voltage and the distance between the 

electrodes according to Equation 2: 

𝐸 =
𝑈

𝑙
 

 
(2) 

where 𝐸 is the electric field (V/m), 𝑈 is the voltage (V), and 𝑙 is the length between 

electrodes (m). Once the electric current starts to pass across the powder particles between the 

electrodes, it generates Joule heat according to Equation 3: 

𝑄 = 𝑅 ∙ 𝐼2 ∙ 𝑡 

 

 (3) 

where 𝑄 is the amount of Joule heat (J), 𝑅 is the electrical resistance (Ω), 𝐼 is the electric 

current (A), and 𝑡 is the time (s). The Joule heat increases a specimen’s temperature above the 

furnace temperature and decreases the electric resistance of the ceramic due to its negative 

temperature coefficient of resistivity (NTC) [69]. Keeping in mind that the voltage is set 

constant on the power supply, the dropping resistance increases the amount of electric current 

passing through the specimen as described by Ohm’s law (Equation 4): 

 

𝐼 =
𝑈

𝑅
 

 
(4) 

where 𝐼 is the electric current (A), 𝑈 is the voltage (V), and 𝑅 is the electrical resistance 

(Ω). This process is called the thermal runaway, and it is self-sustaining; electric current heats 

the ceramic specimen, making its resistivity lower, allowing more electric current to heat the 

sample [31]. The ceramic green body responds to increasing temperature by the formation of 

necks between the contacting particles and subsequently by densification of the material. The 

abrupt increase of specimen temperature due to the thermal runaway results in a so-called “flash 

event” and is marked as Stage II (see Fig. 4) of the FS process [60]. The flash event is 

characterized by an abrupt drop in the specimen’s resistance [69], intensive bright light 

emission [70,71], a heating rate of around 103-104 °C/min [13,31], and a rapid shrinkage during 

which nearly full densification can be achieved within several seconds [13,24]. Since the 

ceramic specimens are 3D objects and they shrink their dimensions during densification, the FS 

is usually described by means of current density rather than by the electric current alone 

(Equation 5): 

𝐽 =
𝐼

𝑆
 

 
(5) 

where 𝐽 is the current density (A/m2), 𝐼 is the electric current (A), and 𝑆 is the 

instantaneous cross-section area of the specimen (m2). An increasing current density during the 

flash event could eventually lead to a melting of the electrodes, and thus the power supply has 

to be switched into a current control regime after reaching the desired current density. This is 

referred to as the beginning of Stage III [60]. The specimen is further densified under constant 
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current density in Stage III. After the densification is finished, the power supply is switched off 

as well as the furnace heating [60]. 

The thermal runaway seems to be the essence of the FS since it allows to heat ceramic 

specimens at the desired sintering temperature. The challenge is to find a proper optimal furnace 

temperature, electric field, and current density. In general, a higher furnace temperature lowers 

the electrical field required to trigger the flash event and shortens the incubation time. On the 

other hand, a lower furnace temperature decreases manufacturing costs, and thus, a compromise 

has to be made for every ceramic system [60]. 

2.4.4 Possible sintering mechanisms 

Although the experimental conditions needed for the FS process have been understood, 

the universal explanation of the FS process is not fully revealed yet. The scientific community 

generally accepted that rapid Joule heating is responsible for rapid densification, similar to the 

case of fast heating being responsible for accelerated densification during RRS [13]). Besides 

densification and grain growth, the FS is also accompanied by intense bright light and an abrupt 

increase in the specimen’s conductivity [72]. Therefore, several other theories were proposed 

to describe these phenomena, among them thermal runaway of Joule heating, local heating at 

grain boundaries [24,73], local melting of the grain boundaries [74], and nucleation of lattice 

defects [72,73,75]. 

Thermal runaway of Joule heating 

The thermal runaway of Joule heating theory is the most accepted one since it applies 

to all ceramic systems. Similarly, as in metallic materials, the electrical power is dissipated into 

the Joule heat. The exact value depends on the resistance of the material (Equation 3). The 

electrical resistance is not constant and changes with temperature. In metallic materials, the 

resistance increases with increasing temperature due to the electronic character of conductivity. 

A thermal oscillation of lattice ions restricts the movement of free electrons as the temperature 

increases.  

On the other hand, the resistivity of ceramics – whether ionic, electronic, or semi-

conducting – follows the NTC behavior under the relevant conditions [76]. Thus, unlike in 

metals, the electrical resistance decreases with increasing temperature due to the higher 

mobility of charged ions and the formation of structural defects. The ionic character of 

conductivity also explains why the flash sintering usually does not occur at RT, at least not by 

applying standard electric fields. The ions do not move until the diffusion is activated, which is 

several hundred °C above RT. 

Local heating/melting of the grain boundaries 

Considering the microstructural changes during FS, the extremely rapid densification is 

a result of rapid Joule heating. Its impact on the microstructure was discussed in the pioneering 

work of Cologna et al. [24]. The rapid heat evolution is supposed to be inhomogeneous due to 

the non-uniformity of the specimen’s electrical resistance. Assuming the spherical shape of 

ceramic powder, the highest electrical resistance has to be at the interface between neighboring 
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particles due to a small contacting area [24,73,74]. The grain boundaries experience a higher 

thermal runaway (Equation 3) which accelerates grain-boundary diffusion, producing ultrafast 

sintering [24].  

The theory on local heating of the grain boundaries was extended by Chaim et al. [74]. 

Chaim et al.’s model proposed local melting of the grain boundaries instead of overheating, 

which would enhance densification by liquid phase sintering mechanisms. On the other hand, 

these theories were often criticized as thermal conductivity calculations showed that any 

temperature gradient between the particle surface and core would be immediately damped out 

[13,76], and experimental observations of overheated grain boundaries are missing as well. 

Nucleation of lattice defects 

The role of the lattice defects during rapid densification was considered by many authors 

[72,73,75]. The highly speculated are the Frenkel defects that form when an atom or ion moves 

from its place in a crystal lattice into an interstitial site leaving behind a vacancy [17]. For 

example, the Frenkel pairs in ZrO2 ceramics could be formed by the lattice zirconium (𝑍𝑟𝑍𝑟
𝑥 ) 

moving to interstitial position (𝑍𝑟𝑖
⦁⦁⦁⦁) while creating a vacancy (𝑉𝑍𝑟

′′′′) [77]. The Frenkel defects 

usually originate from forced events such as radiation damage, but recent calculations suggested 

that they can form as a result of non-linear lattice vibrations at the onset of the flash event [78]. 

Once formed, the electrical field could ionize these defects and strip the charge from the 

vacancies and the interstitials (see Equation 6), leaving them charge-neutral relative to the 

lattice, and thus, free to move [31]. 

 

𝑍𝑟𝑖
⦁⦁⦁⦁ ↔ 𝑍𝑟𝑖 + 4ℎ⦁ (6a) 

  
𝑉𝑍𝑟

′′′′ ↔ 𝑉𝑍𝑟 + 4𝑒′ (6b) 

 

Then, the sintering pressure transports the vacancies into the grain boundaries and the 

interstitials into the pores, enhancing densification, while the electron-hole pair increases 

electrical conductivity [72,73,75]. At the same time, the Frenkel defects also explain the other 

phenomena observed during the FS. The rapid production of free electrons and holes would 

increase electronic conductivity, contributing to the electrical resistance drop. Moreover, the 

recombination of electron-hole pairs was reported as the origin of the intensive bright light 

emission, interpreted as electroluminescence [70,71]. 

2.4.5 Preparation of dense and fine-grained oxide ceramics by FS 

Although the FS has been in development for around ten years and the first experiments 

on alumina and YSZ ceramics were initiated right at the beginning of the last period [24,72], 

the fully dense and fine-grained ceramics are difficult to prepare. The main issue is the electric 

field and current density inhomogeneity during the process. The temperature in the sample core 

is higher than near the surface, which leads to faster grain growth kinetics in the core. Thus, the 

FS samples are usually prepared with very small dimensions (a gauge section of a few mm2) in 

order to maintain microstructural homogeneity. 
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The literature review on the grain size of FS samples is difficult to compile since the 

comprehensive investigations on grain size distribution are rare. The grain growth under the 

electric field was reported to be non-uniform [28–30], and most of the FS studies do not specify 

which specimen areas were used for grain size evaluation. From the microstructural perspective, 

some studies reported uniform microstructures [24,25,79], but several studies documented the 

formation of grain size gradients between the core and surface of the specimens [26], grain size 

gradients between anode and cathode [28], and very large grains were observed in several works 

[27–30]. 

The grain size gradients between the core and surface and between the anode side and 

cathode side of the specimens were explained based on the temperature gradients developed 

inside 3YSZ samples during the FS process [80–83]. On top of that, several works reported a 

significantly accelerated grain growth at the cathode side compared to the anode side, which 

cannot be solely attributed to the temperature gradients [27–30]. The final microstructure 

exhibited a sharp transition between smaller grains at the anode side and larger grains at the 

cathode side. The accelerated grain growth was attributed to a generation of oxygen vacancies 

in the vicinity of the cathode – a phenomenon known as electrochemical blackening of YSZ 

ceramics [84] which in turn significantly increased the diffusion rate of zirconium ions and 

accelerated the grain growth kinetics up to 1000 times [29,30]. 

Nevertheless, the accelerated grain growth kinetics at the cathode side of the 3YSZ 

sample did not bear any signs of classical AGG because none of the grains grew significantly 

faster than their neighbors [29,30]. The accelerated grain growth at the cathode side still 

possessed unimodal grain size distribution, and thus, can be described as normal. The FS 

experiments which resulted in relatively homogeneous microstructure are listed in Table 3. 

Table 3 Processing parameters and properties of selected highly dense YSZ ceramics sintered by FS. 

Powder 

Green body Sintering 
Bulk 

(sintered) 

Ref. Dimensions of 

gauge section 

(mm), shaping 

Furnace 

temp. 

(°C) 

Electric 

field 

(V/cm) 

Current 

density 

(mA/mm2) 

Dwell 

time* 

(s) 

𝜌 

(%TD) 

𝐺 

(nm) 

TZ-3Y 3.3×1.8×21, UP 900 55 125, DC 30 98.6 372 [85] 

TZ-3YB 3×1.58×21, UP 850 120 -, DC 5 ~100 150 [24] 

TZ-3YB 3×1.6×20, UP 900 100 100, DC 60 ~100 131 [28] 

TZ-3YB 3.5×0.5×20, UP 900 100 100, AC 10 ~100 173 [28] 

TZ-3Y-E 6×2×20, SC 950 150 ~40, DC 30 99.7 - [13] 

TZ-3Y-E 6×2×20, SC 925 150 ~40, DC 120 100 120 [25] 

TZ-8YSB 3.2×2×21, UP 750 150 -, DC ~5 ~96 ~590 [86] 
* excluding the incubation period 

Many studies were carried out on flash sintering of partially (3 mol% Y2O3) and fully 

(8 mol% Y2O3) stabilized zirconia as well as alumina ceramics. In the initial study of Cologna 

et al. [24], 3YSZ powder (TZ-3YB, Tosoh USA) with a particle size of 60 nm was fully 

densified in a few seconds at 850 °C using the DC electric field of 60-120 V/cm. The lower 

electric field (20-40 V/cm) did not trigger a flash event, but the densification was accelerated 

compared to the zero electric field experiment. The specimens were dog-bone shaped with a 

gauge section of 3 × 1.58 × 21 mm. The grain size of fully dense FS specimens was ~ 150 nm 
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based on scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 

Compared to 300-350 nm attained by the RRS technique [19,22], it is about two times lesser 

grain size for the equivalent specimen’s density. On the other hand, Cologna et al. [24] did not 

specify the specimen areas used for grain size measurements.  

The fully stabilized 8YSZ powder (TZ-8YSB, Tosoh USA) was flash sintered by 

Cologna et al. [86] shortly after. The authors sintered powder with a slightly larger particle size 

of 150 nm under an electric field of 0-150 V/cm. The flash event was triggered for electric fields 

≥ 30 V/cm. The benefit of higher fields was a reduction of furnace temperature needed to trigger 

a flash event. This finding was consistent with their previous observations on 3YSZ. The FS 

was completed in a matter of seconds under an electric field of 150 V/cm at furnace temperature 

as low as 750 °C, resulting in 96 %TD and an average grain size of around 590 nm. 

The effect of the powder particle size on FS of 3YSZ was studied by Francis et al. [75] 

on dog-bone specimens with a gauge section of 3.3 × 1.6 × 20 mm. They used four 3YSZ 

powders with different particle sizes ranging from around 1 to 10 µm. The samples were heated 

at a heating rate of 10 °C/min and an electric field of 100 V/cm was applied from RT. The flash 

sintering was triggered at a furnace temperature of 920 °C for samples prepared from the finest 

powder and 1040 °C for samples prepared from the largest starting powder. This observation 

led to the conclusion that green bodies made of smaller particles exhibit higher electrical 

conductivity than green bodies formed by larger particles. 

M’Peko et al. [85] flash sintered dog-bone 3YSZ (TZ-3Y, Tosoh, Japan) samples with 

a gauge section of 3.3 × 1.8 × 21 mm under an electric field of 55 V/cm and current density of 

125 mA/mm2 in a furnace preheated at 900 °C. The samples were held in a flash state for various 

dwell times of 20, 30, and 60 s. With increasing dwell time, the final density and grain size 

were 98.3, 98.6, and 98.3 %TD and 308, 372, and 526 nm, respectively. While the final density 

was not significantly changed, the grain growth was evident. Based on the final density 

development, it looks like the powder compact might undergo de-densification after 30 s in a 

flash state, the phenomenon observed in RRS [23]. 

Qin et al. [28] flash sintered 3YSZ (TZ-3YB, Tosoh) samples under an electric field of 

100 V/cm and current densities of 50 and 100 mA/mm2 in a furnace preheated at 900 °C. The 

dog-bone specimens had a gauge section of 3 × 1.6 × 20 mm (specimens sintered by DC) and 

3.5×0.5×20 mm (specimens sintered by AC). All samples attained full density after a short 

dwell time in a flash state (2-60 s), while the grain size was around 150 nm, similar to the work 

of Cologna et al. [24]. The microstructure of a gauge section was homogeneous, without grain 

size gradients and abnormal grain growth. However, residual porosity was found near the 

electrodes and very large grains were formed in the vicinity of the cathode for specimens’ flash 

sintered by DC. 

The negative effect of DC on accelerated grain growth kinetics at the cathode side of 

the 3YSZ and 8YSZ specimens was described by Kim et al. [27] and Dong and Chen [29,30]. 

The grain growth in their studies was significantly accelerated in the vicinity of the cathode and 

at the cathode side of the sample. The resulting microstructure consisted of smaller grains at 

the anode side and larger grains at the cathode side with a sharp transition in between them. 

The authors explained this microstructure by the electrochemical reduction of YSZ ceramics 

under the DC field [84]. During the electrochemical reduction, the oxygen vacancies were 
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created at the cathode side, allowing faster diffusion of Zr4+ ions through the lattice and thus, 

accelerating the grain growth kinetics up to 1000 times [29,30].  

Based on the reported results, one can conclude that FS of YSZ nanopowders can be 

easily repeated with sufficient results for 3YSZ (full density, grain size ~ 150 nm [24,25,28]), 

but less satisfactory results for 8YSZ (density of ~ 96 %TD, grain size ~ 600 nm [86]). 

Moreover, the pure alumina powder cannot be flash sintered unless the ionic conductivity is 

established, for example, by MgO doping [72]. The microstructure was reported to be uniform 

in several studies, at least in a gauge section of the specimen [28]. On the other hand, the 

probability of defects was predicted to be higher with increasing sample dimensions [87], and 

many reviewed studies have used relatively thin samples with thickness ≤ 2 mm so far. Also, 

various 3YSZ powder grades seem to behave differently, although having the same particle size 

of ~ 60 nm. While the full density and fine grain size were attained with TZ-3YB and TZ-3Y-

E grades [24,25,28], TZ-3Y grade was limited to 98.6 %TD [85] and might undergo de-

densification. 
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3 AIMS OF THE THESIS 

The aim of the doctoral thesis is to study conventional and unconventional sintering 

techniques, especially those using rapid heating such as RRS, FS, and SPS. The investigated 

techniques will be applied to the commercially available alumina and YSZ powders and self-

synthesized piezoelectric BT-based powders. As evident from the literature review, the RRS 

and FS techniques have a great potential in time and energy-saving and sometimes also promise 

refined microstructure. On the other side, they were performed mainly on a laboratory scale 

because of sintering flaws that occur from time to time and prevent their spread to the industrial 

sphere. 

The impact of the rapid heating on the microstructural development during RRS is one 

of the prime objectives of this study, but the particular focus will also be paid to: 

(i) Preparation of a highly dense, bulk alumina and YSZ by RRS 

(ii)  Explanation of the origin of gradient (core-shell) structure in YSZ by RRS 

(iii) Preparation of BT-based ceramics with competitive piezo properties by RRS 

Highly dense YSZ samples will be prepared by FS as well, and the impact of processing 

variables on the final microstructure will be discussed. Part of the samples will be prepared by 

CS and SPS, and their microstructural properties will be compared to those obtained by more 

time- and energy-efficient RRS and FS.  
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4 EXPERIMENTAL 

4.1 Ceramic powder materials 

Alumina, 3YSZ and 8YSZ 

A commercially available, > 99.99 % pure, ultra-fine, agglomerate-free alumina powder 

(Taimicron TM-DAR, Taimei Chemicals Co., Japan) with a particle size of 150 nm [88] was 

used in this study. Four different commercially available YSZ powder materials, either partially 

stabilized with 3 mol% of yttria (TZ-3Y, TZ-3YB, and TZ-3Y-E from Tosoh Corp., Japan) or 

fully stabilized with 8 mol% of yttria (TZ-8Y, Tosoh Corp., Japan) were investigated, see more 

specifications in Table 4. All four YSZ powder grades were granulated with a specific surface 

area of primary particles of 16 ± 3 m2/g. Considering a spherical particle shape, it means that 

the average primary particle size is 62 and 63 nm for tetragonal and cubic YSZ, respectively. 

The individual 3YSZ grades also varied, for example, by an increased binder content for 

improved pressing properties (TZ-3YB grade) and increased alumina content for a better 

sinterability and low-temperature degradation resistance (TZ-3Y-E grade). 

Table 4 Particle size and chemical composition of 3YSZ and 8YSZ ceramic powders. 

Powder 
Crystal 

structure at RT 

Chemical composition (wt%) 
LOI 

Y2O3 Al2O3 SiO2 Fe2O3 Na2O 

TZ-3Y 

tetragonal 

5.26 0.005 0.002 0.002 0.018 0.65 

TZ-3YB 5.21 0.005 0.002 0.002 0.019 3.64 

TZ-3Y-E 5.29 0.249 0.002 0.003 0.022 0.93 

TZ-8Y cubic 13.55 0.005 0.003 0.002 0.070 0.66 
Data provided by Tosoh Corp., Japan; LOI = loss on ignition up to 1000 °C. 

Barium titanate (BT) based piezoelectric powders 

Three different piezoelectric powder materials were prepared by a solid-state reaction: 

(Ba0.85Ca0.15) (Zr0.1Ti0.9)O3 powder denoted as BCZT in the following text, 0.07 wt% CeO 

doped (Ba0.85Ca0.15) (Zr0.1Ti0.9)O3 powder denoted Ce-BCZT and (Ba0.95Ca0.05) (Sn0.09Ti0.91)O3 

powder denoted as BCST. The syntheses involved the following precursors of BaCO3 (99.5%; 

Dakram), CaCO3 (99.9%; Lachner), TiO2 (99.5%; Dakram), ZrO2 (99.5%; Dakram), SnO2 

(99.9%; Sigma Aldrich) and CeO2 (99.9%; Sigma Aldrich). The corresponding precursors were 

firstly dried at 220 °C for 4 h, then weighted in their stoichiometric ratios and mixed in ethanol 

for 24 h, using a horizontal ball mill with zirconia milling beads. The resulting suspensions 

were cast into a glass container and dried in a fume hood overnight. The dried mixtures were 

crushed in a mortar, sieved, and calcined at 1250 °C for 4 h. The resultant compositions were 

once again ball-milled for 24 h and 2 wt.% each of the two binders, Duramax B1000 (Product 

No. 74821, Chesham Chemicals Ltd., UK) and B1007 (Product No. 74823, Chesham 

Chemicals Ltd., UK), were added during the last hour of milling followed by drying at 90 °C 

for 10 h. The particle size distribution of BCZT powder measured by laser diffraction was 

bimodal with an average primary particle size of 0.15 µm and an average agglomerate size of 

1.7 µm [89]. The bimodal particle size distribution was also characteristic for Ce-BCZT powder 
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with smaller particles of around 0.4 µm and larger particles of around 3 µm [90]. The particle 

size distribution of BCST powder measured by laser diffraction was unimodal with an average 

particle size of were 1.2 µm [91]. 

4.2 Preparation of green bodies 

Alumina, 3YSZ, and 8YSZ green bodies for CS 

Green bodies for CS were prepared by UP in a steel die at a low pressure of 15 MPa, 

followed by CIP in a rubber coverage at 300 MPa. The resulting alumina and YSZ green bodies’ 

dimensions were ⌀ 16 × 1.5 mm (denoted as “discs”) or ⌀ 16 × 8 mm (denoted as “pellets” in 

subsequent text). All the alumina and YSZ green bodies were annealed at 600 °C for 2 h before 

the sintering to remove binders and other organic impurities. The green bodies annealed at 

600 °C for 2 h will be marked as “annealed discs” and “annealed pellets” in the following text. 

Alumina, 3YSZ, and 8YSZ green bodies for RRS 

Green bodies for RRS were prepared using identical conditions to CS, with two 

exceptions mentioned in the next two paragraphs. Most of the alumina and YSZ green bodies 

were uniaxially pressed in a steel die at a low pressure of 15 MPa, followed by CIP in a rubber 

coverage at 300 MPa. Consistently with bodies for CS, the resulting compacts had the same 

dimensions of ⌀ 16 × 1.5 mm (“discs”) or ⌀ 16 × 8 mm (“pellets”) and were annealed at 600 °C 

for 2 h. 

As for the first exception, in addition to the prevailing “annealed discs” and “annealed 

pellets”, some of the alumina and YSZ bodies were thermally treated at 800 °C for 2 h, 900 °C 

for 2 h, 1000 °C for 2 h, 1000 °C for 10 h, and 1100 °C for 2 h. Green bodies pre-sintered at 

1000 °C for 10 h are marked as “pre-sintered discs” and “pre-sintered pellets” in the following 

text. 

As for the second exception, a part of TZ-3YB powder grade was uniaxially pressed 

into bar-shaped green bodies and then cold isostatically pressed at a slightly lower pressure of 

250 MPa than discs and pellets to be comparable with samples for FS. The bars had a length of 

~ 31 mm and a cross-section of around 5.8×3.5 mm. Two holes were drilled at each end of the 

green body with a gap of 25 mm (Fig. 5). The mass of YSZ bars was around 1.7 g which is 

more than discs (0.85 g) but less than pellets (around 5 g). Consistently with discs and pellets, 

also the bars were annealed at 600 °C for 2 h (“annealed bars”) or pre-sintered at 1000 °C for 

10 h (“pre-sintered bars”). 

BCZT, Ce-BCZT, and BCST green bodies for RRS 

As-received BCZT, Ce-BCZT, and BCST powders were uniaxially pressed in a steel 

die at the pressure of 150 MPa, producing disc-shaped bodies with dimensions of ⌀13×1.2 mm. 

Green bodies were annealed at 600 °C for 2 h in order to remove the binder and possible organic 

impurities. 
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Fig. 5 3YSZ green body prepared from TZ-3YB powder grade utilized for RRS and FS experiments. 

3YSZ green bodies for FS 

Green bodies for FS were prepared from commercially available 3YSZ powder (TZ-

3YB, Tosoh Corp., Japan, see Table 4). As in the case of TZ-3YB bars for RRS, the as-received 

powder was consolidated by UP at low pressure in a steel die, followed by CIP at 250 MPa 

producing green bodies with a length of ~ 31 mm and a cross-section of around 5.8×3.5 mm 

(Fig. 5). The two holes for the platinum electrodes were drilled at both ends with a gap of 25 mm 

between them. The bodies for FS were either annealed at 600 °C for 2 h (denoted as “annealed 

bars”) or thermally treated at 1000 °C for 10 h (“pre-sintered bars”) before sintering. 

4.3 Sintering 

CS of alumina, 3YSZ, and 8YSZ discs and pellets 

The alumina, 3YSZ, and 8YSZ discs and pellets were CS in a specially designed furnace 

with MoSi2 heating elements, air atmosphere, and a vertically movable sample holder (Classic 

Ltd., Czech Republic), see Fig. 6. The green bodies were placed on the porous alumina stage at 

the top of the sample holder and the sample holder was lifted entirely inside the furnace chamber 

at the beginning of the experiment. Then the furnace heating was turned on and the green bodies 

were sintered at heating rates of 5, 10, 15, and 20 °C/min up to various sintering temperatures 

within a range of 1100 and 1500 °C, with dwell times ranging from 0 to 10 min. The cooling 

rate was either 100 °C/min (in case of pellets) or ~ 3000 °C/min (discs) down to 800 °C, 

followed by a slower cooling of around 20 °C/min to RT. The rapid cooling was carried out by 

moving the sample holder out of the furnace chamber. 

RRS of alumina, 3YSZ, and 8YSZ discs and pellets 

The RRS of alumina, 3YSZ, and 8YSZ discs and pellets was performed in the same 

furnace as CS (Fig. 6). Consistently with CS, the compacts were placed directly on the porous 

alumina stage at the top of the sample holder. A rapid heating/cooling rate was achieved by 

inserting the sample holder into/out of a preheated furnace chamber. The furnace chamber was 

controlled by a furnace thermocouple and always preheated at a temperature of 50 °C higher 

than the targeted sintering temperature or at a maximal operating temperature (1560 °C). The 

specimen temperature was controlled by a Pt-Rh thermocouple (type S) located in the vicinity 
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of the specimen. The specimen’s thermocouple controlled the holder’s insertion rate, and thus, 

the heating rate. In every experimental setup, while preheating the furnace chamber, the 

specimen’s temperature slowly increased to the onset temperature of 200, 450, 700, or 1100 °C 

at a heating rate lower than 20 °C/min. After reaching the onset temperature, the green bodies 

were pushed into the preheated furnace chamber at a heating rate of 80, 100, 120, or ~ 

1500 °C/min. The sintering temperatures ranged from 1150 to 1550 °C, with dwell times 

ranging from 0 to 60 minutes. Consistently with CS, the cooling rate was either 100 °C/min 

(pellets) or ~ 3000 °C/min (discs) down to 800 °C, followed by a slower cooling of around 

20 °C/min to RT. 

 

 

Fig. 6 Schematic illustration of the Classic furnace utilized for CS and RRS. 

RRS of BCZT, Ce-BCZT, and BCST discs 

The BCZT, Ce-BCZT, and BCST discs were sintered similarly to alumina and YSZ 

discs. In addition, the green bodies were placed on a zirconia plate to prevent any undesirable 

reaction with the alumina holder. The furnace chamber was preheated at a maximal operating 

temperature of 1560 °C. Then the specimens were rapidly sintered at a heating rate of 

100 °C/min up to 1550 °C from the onset temperature of 450 °C. The dwell time at 1550 °C 

was 15, 30, 45, and 60 min. The samples were cooled down to RT at a fast cooling rate of 

100 °C/min. 

RRS of 3YSZ bars 

The bar-shaped 3YSZ bodies were rapidly sintered in the same furnace as discs and 

pellets. The green bodies were suspended by two Pt wires looped around an alumina tube placed 

on the sample holder (Fig. 7). While the furnace chamber was pre-heating at 1560 °C (slightly 

higher temperature than the sintering one), the specimen was conventionally heated up to 

900 °C at a slow heating rate of 5 °C/min. Then the sample holder was rapidly pushed into the 

furnace chamber. The temperature was controlled in-situ by the thermocouple, which was in 

contact with one of the sintered samples. The insertion of the sample holder was paused for 30 s 
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after reaching 1110, 1270, 1365, 1435 and eventually 1525 °C. The dwell time at a peak 

temperature was 30 s, 10 min or 2 h. The sintered bars were rapidly (~ 3000 °C/min) cooled 

down to 800 °C, followed by a slower cooling of around 20 °C/min to RT. 

  

Fig. 7 The schematic illustration of temperature measurement and sample placement on the sample 

holder (a) overview, (b) detail on the furnace chamber. 

FS of 3YSZ bars 

The FS of 3YSZ (TZ-3YB) bars was carried out in a modified box furnace in an air 

atmosphere. The original furnace door was replaced with an insulating refractory wall. The 

refractory wall was equipped with a quartz window and two holes for electrical connection. The 

DC power supply (360 V, 15 A, 1500 W, Elektro-Automatik, Viersen, Germany) was connected 

to the specimen using Pt wires that were looped over an electrically non-conductive alumina 

scaffold inside the furnace (Fig. 8a). The volt-ampere schedule was controlled by Labview 

software. The ends of each green body, including the inner surface of drilled holes, were painted 

with Pt paste (SunChemical, USA) to reduce electrical resistance between the Pt wires and the 

powder particles (Fig. 8b). 

    

 

 

 

Fig. 8 (a) Schematic illustration of sample position during FS in modified box furnace. (b) TZ-3YB 

green body painted by Pt paste. 
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The specimen was conventionally heated at a heating rate of 5 °C/min up to 900 °C. The 

power supply was turned on after 10 min of dwell time. In all FS experiments, the power supply 

initially operated under voltage control mode using a constant electric field of 50 V/cm. After 

reaching a current load of 0.4 A, the power supply was switched into the current control mode. 

The electric current was increased by a step of 0.4 A with 30 s dwell time at each step until the 

final current of 1.2, 1.6, 2.0, or 2.4 A was attained (see Fig. 9). The final current was maintained 

for 30 or 60 s before turning off the power supply. The furnace started to cool down to RT 

several minutes after switching off the power supply. The FS experiments were recorded on the 

video camera through the quartz window of the furnace. The camera images were used for the 

calculation of instantaneous sample dimensions during sintering. 

 
Fig. 9 Schematic illustration of the electric current profile during FS used in this work. The circles 

indicate the ends of the sintering schedules (i.e. power supply was turned off). 

SPS of BCZT, Ce-BCZT, and BCST discs 

The SPS was performed in SPS apparatus (Dr Sinter, SPS-625, Fuji CO. LTD). The 

sintering chamber of the SPS apparatus is graphically depicted in Fig. 10. The graphite paper 

was placed on the upper and lower piston and around the walls of the graphite die with a 

diameter of 12 mm for easier removal of a sintered sample. Then, around 1 g of BCZT powder 

was filled into the die. The graphite die was preheated at around 650 °C, and then the pressure 

of 50 MPa was applied to the pistons. 

The sintering was performed at 1450 and 1500 °C in a vacuum with dwell times of 5, 

15, 30, 45, and 60 min (Table 5) and a pulse pattern 12:2. The sintering temperature above 

1500 °C was also tested, but the experiment was stopped due to the melting of the sintered 

powder. The temperature was measured by a radiation pyrometer focused on the hole in the 

outer surface of the graphite die. The SPS samples were annealed in air at 1000 °C for 20h to 

remove carbon contamination. Selected SPS samples were post-sintered by RRS at a heating 

rate of 100 °C/min up to 1550 °C with 60 min dwell time (see Table 5). 
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Table 5 Overview of the SPS sintering schedules. 

SPS sintering schedule 
Heating rate 

(°C/min) 

Sintering temperature 

(°C) 
Dwell time (min) 

SPS 1450 100 1450 5, 10, 15, 30, 45, 60 

SPS 1500 100 1500 15, 30, 45 

SPS 1450 + RRS 1550 100 1450 (SPS) + 1550 (RRS) 30 (SPS) + 60 (RRS) 

SPS 1500 + RRS 1500 100 1500 (SPS) + 1550 (RRS) 30 (SPS) + 60 (RRS) 

 

 
Fig. 10 Schematic illustration of the sintering vacuum chamber of the SPS apparatus. 

4.4 Characterization techniques 

Scanning electron microscopy of powders 

The particle size and shape of the commercially available alumina and YSZ powders 

and self-synthesized BT-based piezoceramic powders were investigated by SEM. The images 

were taken by electron microscopes Verios 460 L (Thermo Fisher, Czech Republic) and Lyra 

3 (Tescan, Czech Republic). 

Thermogravimetric analysis and differential thermal analysis of powders 

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were used 

to study mass loss and heat flow during the heating stage of selected YSZ powders (TZ-3Y and 

TZ-3YB grades). The analyses were performed on 96 Line device (Setaram Instrumentation, 

France). 400 mg of as-received powder was placed into an alumina crucible and heated in a 

simulated air atmosphere (80 % N2 and 20 % O2) at a heating rate of 10 °C/min up to 1400 °C. 

X-ray fluorescence spectrometry of powders 

Wavelength dispersive X-ray fluorescence (XRF) spectrometry was performed on all 

commercially available YSZ ceramic powders under investigation (TZ-3Y, TZ-3YB, TZ-3Y-

E, and TZ-8Y grades). The analysis was carried out on S8 TIGER spectrometer (Bruker Corp., 

Germany). Measurements were performed in a helium atmosphere on as-received powders and 

powders annealed at 600 °C for 2h. 
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Mass spectrometry (MS) of powders 

Mass spectrometry (MS) was carried out on selected YSZ powders (TZ-3Y and TZ-3YB 

grades). The analysis was performed using Quadstar QMS 422 quadrupole mass spectrometer 

(InProcess Instruments, Germany). About 350 mg of as-received powder was placed into an 

alumina crucible and heated at a heating rate of 50 °C/min up to 800 °C in the oxygen/argon 

atmosphere (20 % O2 and 80 % Ar). The spectra were obtained for masses corresponding to 

possible organic fragments (m/e = 18, 44) and residual chlorine fragments (m/e = 35, 36, 70). 

Relative density measurement of green bodies 

The relative densities of green bodies were measured based on the ČSN EN 623-2 

standard (Archimedes’ principle) with deionized (DI) water as a liquid medium. The theoretical 

densities used for the calculations are listed in Table 6. The green bodies did not disintegrate 

during the density measurements due to a high attractive force between particles and 

interparticle necks formed by annealing and pre-sintering. 

Table 6 Theoretical densities of investigated alumina, YSZ and BT-based powders. 

Powder Theoretical density (g/cm3) Reference 

TM-DAR 3.99 MDS 

TZ-3Y 6.08 MDS 

TZ-3YB 6.08 MDS 

TZ-3Y-E 6.05 MDS 

TZ-8Y 5.99 MDS 

BCZT 5.70 [92] 

Ce-BCZT 5.81 [90] 

BCST 6.01 [91] 
* MDS stands for Material Data Sheets provided by producer. 

Mercury intrusion porosimetry of green bodies 

The mercury intrusion porosimetry was utilized to measure the pore size distribution of 

selected alumina (TM-DAR) and YSZ (TZ-3Y and TZ-3YB) pellet. A small piece was cut out 

from the pellet, including both surface and core part of the pellet. The analysis was performed 

on the Pascal 440 porosimeter (Porotec, Germany). 

Relative density measurement of sintered samples 

Same as for the green bodies, the relative densities of sintered samples were measured 

based on the ČSN EN 623-2 standard using the theoretical densities listed in Table 6. In the 

case of FS, the poorly densified areas around electrodes were cut off before the relative density 

measurements (Fig. 11a). 

The volume of open and closed porosity of sintered samples 

The volume of open porosity (𝑃𝑜) and closed porosity (𝑃𝑐) in the sintered samples was 

also determined based on the ČSN EN 623-2. The 𝑃𝑜 and 𝑃𝑐 values were investigated in selected 
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alumina (TM-DAR) and YSZ (TZ-3YB, TZ-3Y-E, and TZ-8Y) samples. The 𝑃𝑜 and 𝑃𝑐 values 

inform how much of the residual porosity is formed by open pores and isolated pores. 

 

 

Fig. 11 Schematic illustration of the FS sample handling: (a) saw cutting for relative density 

measurements and then for SEM observations, (b) targeted locations for SEM observations. A – 

anode, C – cathode.  

Scanning electron microscopy and grain size evaluation of sintered samples 

The SEM images of the microstructure were taken on Verios 460 L (Thermo Fisher, 

Czech Republic) and Lyra 3 (Tescan, Czech Republic). The investigated samples were firstly 

cut, ground, and polished. Then the thermal etching was carried out at heating and cooling rates 

of 25 °C/min up to temperatures of 1250, 1200, and 1450 °C in the case of alumina, YSZ, and 

BT-based samples, respectively, with 10 min holding time. In some cases, the etched sample 

surface was sputtered by 5 nm of gold using coater Leica EM ACE600 to improve the SEM 

image quality. The grain size was measured on selected samples with a density higher than 

80 %TD. 

The 2D average grain size was evaluated by the linear intercept method based on ČSN 

EN 623-3 standard and then multiplied by a factor of 1.56 to determine the 3D average grain 

size [35]. For each sample, four SEM images were taken, each with six lines crossing over 

grains, giving 24 measurements which served for calculation of the average value of the grain 

size and its standard deviation (StDev). The SEM images of CS, RRS, and SPS sintered samples 

were preferably taken from the specimen’s core, in special cases also from areas near the 

surface. 

In the case of FS samples, the grain size was measured both in the core and near the 

surface and in the various distances from the cathode (0.1, 0.5, and 0.9 normalized distance 

from cathode as illustrated in Fig. 11b). Some FS samples exhibited AGG. The average size of 

abnormal grains was calculated from the area by using Equation 7:  
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𝑑 = (
4𝐴

𝜋
)

1/2

  (7) 

where 𝑑 is the grain diameter (m) and 𝐴 is the grain area (m2) obtained from the SEM 

image by using ImageJ software. The grain diameter of abnormal grains was additionally 

multiplied by a factor of 1.2 to estimate the 3D average grain size [93]. 

Detection of gradient structure in sintered samples 

This analysis was performed on the selected YSZ pellets sintered by RRS. The gradient 

structure occurring in some of the rapidly sintered YSZ pellets was revealed by cutting the 

pellet and submersing one half in an alcohol-based blue ink as schematically illustrated in Fig. 

12. The ink persisted in the interconnected pores after cleaning the surface with ethanol, making 

the scope of the porous core easily recognizable from the nearly dense surface layer. 

 

Fig. 12 Schematic illustration of the revelation of the dense outer shell and porous core. 

Low energy ion scattering of sintered samples 

The low-energy He ion scattering (LEIS) is a surface-sensitive characterization method 

that provides elemental compositions of the surface atomic layer [94]. The LEIS analysis was 

performed on a selected rapidly sintered YSZ pellet (prepared from TZ-3Y grade). The rapidly 

sintered TZ-3Y pellet was shattered after RRS, and a LEIS spectrum was obtained from a 

fracture surface of the core area of the pellet. The analysis was carried out on Qtac 100 device 

(ION-TOF GmbH, Germany) in the analytical chamber of the instrument with a base pressure 

of 8.10-9 Pa. He ions had primary energy of 3000 eV and a scattering angle was 145°. 

Electron backscatter diffraction  

The crystallographic orientation of the grains in selected FS samples was evaluated by 

the electron backscatter diffraction (EBSD) technique using the EDAX detector (DigiView IV, 

EDAX, Germany) built in the electron microscope Verios 460L (Thermo Fisher, Czech 

Republic). Raw datasets were analyzed using data analysis software (OIM AnalysisTM v8, 

EDAX, Germany). Grain orientation was analyzed with respect to the direction normal to the 

sample surface. 
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5 RESULTS 

5.1 Selected characteristics of ceramic powders and green bodies 

5.1.1 Powder particle size and shape 

The morphologies of the commercially available alumina and 3YSZ powders and self-

synthesized BT-based piezoelectric powders are shown in Fig. 13. 

  

  

  

Fig. 13 SEM images of the commercially available (a) alumina (TM-DAR), (b) 3YSZ (TZ-3Y grade), 

(c) 3YSZ (TZ-3YB grade), and self-synthesized (d) BCZT, (e) Ce-BCZT and (f) BCST powder. 
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5.1.2 Presence of impurities in some ceramic powders 

For reasons mentioned later in the discussion, the four investigated YSZ powder grades 

(TZ-3Y, TZ-3YB, TZ-3Y-E, and TZ-8Y) were tested on the presence of volatile impurities by 

several characterization techniques such as TDA, DTA, MS, and XRF. The TGA and DTA 

analyses up to 1400 °C on as received TZ-3Y and TZ-3YB powders resulted in mass losses 

of 0.68 and 3.62 wt%, respectively (Fig. 14). The majority of the mass loss was recorded at 

temperatures up to ~ 600 °C (most probably due to water evaporation and burnout of binder 

and possible impurities). There was an increase in mass loss rate again starting from 975 to 

1400 °C, resulting in mass losses of 0.11 and 0.06 wt% for TZ-3Y and TZ-3YB powders, 

respectively. The amount of heat released by exothermic reactions during binder removal was 

higher in TZ-3YB powder, with the prominent peaks at around 300 and 400 °C for TZ-3Y and 

TZ-3YB grades, respectively (Fig. 14). 

 

 

Fig. 14 Mass loss and heat flow obtained from TGA and DTA of a) TZ-3Y, b) TZ-3YB powder grades 

up to 1400 °C. 

The MS of as received TZ-3Y and TZ-3YB powders was targeted on fragments that 

could indicate hydrocarbons and water (originating from binder) and/or chlorine compounds 

(originating from residual chlorine species surviving after powder production). The measured 

spectra are given in Fig. 15. The burnout of binder (hydrocarbons) and water evaporation was 

present in both powder grades and is supported by spectra belonging to CO2 (44 m/e) and H2O 

(18 m/e). The quantity of these fragments was significantly higher in TZ-3YB grade, which 

corresponds to its ~6 times higher binder content (Table 4). The presence of residual chlorine 

was evidenced by spectra of Cl (35 m/e), HCl (36 m/e), and Cl2 (70 m/e). These spectra were 

found only in TZ-3YB grade at around 400 °C and evidenced that residual chlorine species are 

volatilized as hydrogen chloride and chlorine gas. The massive peak of CO2, indicating the 

highest binder removal rate, was also found around this temperature.  

The presence of chlorine was also investigated by XRF analysis. Residual chlorine was 

found in all four as-received YSZ powder grades in the amount of 0.074, 0.067, 0.077, and 

0.120 wt% in as-received TZ-3Y, TZ-3YB, TZ-3Y-E, and TZ-8Y powder grades, respectively 

(Table 7). Annealing at 600 °C for 2 h was not sufficient for complete chlorine removal from 
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any of the powder grades under investigation but significantly decreased chlorine content in 

TZ-3YB grade. 

  

Fig. 15 Mass spectra of carbon dioxide (44 m/e), water (18m/e), and volatile chlorine species (35, 36, 

70 m/e) obtained from as received a) TZ-3Y and b) TZ-3YB powder grades. 

Table 7 The amount of chlorine measured by X-Ray fluorescence in YSZ powders in as-received state 

and after annealing at 600 °C for 2 h. 

Powder 

grade 

Chlorine (wt%) 

as received 
annealed at 

600°C/2h 

TZ-3Y 0.074 0.077 

TZ-3YB 0.067 0.025 

TZ-3Y-E 0.077 0.069 

TZ-8Y 0.120 0.129 

 

5.1.3 Characteristics of selected green bodies 

Relative densities of disc-shaped, bar-shaped, and pellet-shaped green bodies after CIP 

at 250 or 300 MPa and subsequent annealing at 600 °C for 2 h or pre-sintering at 1000 °C for 

10 h are given in Table 8. According to expectations, the green body density slightly increased 

with a higher consolidation pressure and a temperature of subsequent thermal treatment and 

decreased with increasing specimen size. As for the thermal treatment, a pre-sintering of discs 

and pellets at 1000 °C for 10 h resulted in a density increment of about 0.7-2.9 %TD depending 

on the powder material. This density increment was generally higher in tetragonal zirconia (TZ-

3Y, TZ-3YB, and TZ-3Y-E) than in cubic zirconia (TZ-8Y). The density increment in TZ-3YB 

bar-shaped samples initiated by pre-sintering was around 1.7 %TD. As can also be seen from 
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Table 8, the specimen size did not influence the green body density as strongly as CIP pressure 

and pre-sintering. The green densities of pellets were similar to discs for a given powder grade 

with a difference of less than 1%. Pore size distribution in TZ-3Y, TZ-3YB, and TM-DAR 

pellets was unimodal, with pores smaller than the average powder particle size (Fig. 16). 

Table 8 Relative densities of alumina and YSZ green bodies after CIP at 300 MPa and annealing at 

600 °C for 2 h or 1000 °C for 10 h. 

Powder 

Relative density (%TD) 

discs 

CIP300  

600°C/2h 

discs 

CIP300 

1000°C/10h 

pellets 

CIP300 

600°C/2h 

pellets 

CIP300 

1000°C/10h 

bars 

CIP250 

600°C/2h 

bars 

CIP250 

1000°C/10h 

TM-DAR 58.5 - 58.1 - - - 

TZ-3Y 50.2 52.9 50.2 52.8 - - 

TZ-3YB 50.9 53.3 50.8 53.3 49.8 51.5 

TZ-3Y-E 50.9 53.3 50.7 53.6 - - 

TZ-8Y 50.5 51.2 50.3 51.3 - - 

 

 

Fig. 16 Pore size distribution in pellet-shaped TZ-3Y, TZ-3YB, and TM-DAR green bodies CIPed at 

300 MPa and annealed at 600°C/2h. 

5.2 Conventional sintering 

5.2.1 Conventionally sintered alumina and YSZ discs 

The conventionally sintered alumina (TM-DAR) and YSZ (TZ-3YB, TZ-3Y-E, TZ-8Y) 

discs were without visible cracks and other defects. Their relative densities and grain size after 

sintering at a heating rate of 5 °C/min up to different peak temperatures in a range of 1100-

1500 °C without dwell time are listed in Table 9. As expected, the relative density and the grain 

size increased with increasing sintering temperature. The TZ-3Y-E sample was fully densified 

at 1450 °C, with an average grain size of 0.30 µm. TM-DAR, TZ-3YB, and TZ-8Y discs 

attained 99.5, 99.9, and 99.6 %TD with grain sizes of 3.76, 0.28, and 2.11 µm, respectively, 

when conventionally heated up to 1500 °C. 
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Table 9  The relative density and grain size of conventionally sintered (5 °C/min) alumina and YSZ 

discs at various peak temperatures. Green bodies were CIPed at 300 MPa and annealed at 600 °C for 

2 h. 

CS schedule 

(°C/min-°C) 

TM-DAR TZ-3YB TZ-3Y-E TZ-8Y 

𝜌 

(%TD) 

𝐺 (nm)/ 

StDev 

𝜌 

(%TD) 

𝐺 (nm)/ 

StDev 

𝜌 

(%TD) 

𝐺 (nm)/ 

StDev 

𝜌 

(%TD) 

𝐺 (nm)/ 

StDev 

5-1100 63.2 - 55.7 - 56.0 - 52.5 - 

5-1225 73.5 - 66.6 - 75.4 - 59.3 - 

5-1250 75.4 - 70.5 - 81.0 0.15/0.02 62.3 - 

5-1300 83.3 0.26/0.04 79.7 - 92.7 0.18/0.02 71.9 - 

5-1330 89.8 0.32/0.05 87.0 0.16/0.01 97.2 0.19/0.02 81.8 0.23/0.05 

5-1350 93.5 0.37/0.07 91.8 0.18/0.02 98.9 0.22/0.03 89.0 0.31/0.05 

5-1375 95.5 0.56/0.07 94.8 0.18/0.02 99.5 0.23/0.04 94.1 0.38/0.08 

5-1400 97.9 0.63/0.08 97.1 0.22/0.03 99.9 0.27/0.04 97.1 0.57/0.09 

5-1450 99.0 0.85/0.25 99.3 0.24/0.02 100.0 0.30/0.04 99.0 0.93/0.15 

5-1500 99.5 3.76/0.95 99.9 0.28/0.04 100.0 0.33/0.04 99.6 2.11/0.47 

5.2.2 Conventionally sintered alumina and YSZ pellets 

The relative densities of conventionally sintered alumina (TM-DAR) and YSZ (TZ-3Y, 

TZ-3YB, TZ-3Y-E, TZ-8Y) pellets are listed in Table 10. In addition, grain size is also provided 

for selected TM-DAR and TZ-3YB pellets. The TM-DAR pellet approached full density with 

a grain size of around 5 µm after CS up to 1500 °C with 2 min dwell time. TZ-3YB pellet was 

nearly dense (99.6 %TD) with a grain size of 0.35 µm after the same CS. 

Table 10 The relative densities and grain size of conventionally sintered (5-20 °C/min) alumina and 

YSZ pellets up to 1450 and 1500 °C with 2 and 10 min dwell time. Green bodies were CIPed at 300 MPa 

and annealed at 600 °C for 2 h. 

CS 

schedule 

(°C/min-

°C/min) 

TM-DAR TZ-3Y TZ-3YB TZ-3Y-E TZ-8Y 

𝜌 

(%TD) 

𝐺 (µm)/ 

StDev 
𝜌 (%TD) 𝜌 (%TD) 

𝐺 (µm)/ 

StDev 
𝜌 (%TD) 𝜌 (%TD) 

5-1450/2 99.5 2.53/0.49 - 98.4 0.27/0.02 - - 

5-1500/2 100.0 4.88/0.96 - 99.6 0.35/0.05 - - 

5-1500/10 - - 98.8 99.7 - 100.0 99.6 

10-1500/10 - - 97.7 99.4 - 99.2 99.2 

15-1500/10 - - 94.6 99.1 - 98.0 98.7 

20-1500/10 - - 93.1 98.9 - 96.5 97.7 

The effect of conventional heating rate (from 5 to 20 °C/min) on densification was tested 

on different YSZ materials (Table 10). For constant sintering temperature of 1500 °C and dwell 

time of 10 min, the final densities decreased with increasing heating rate for all four YSZ 

powder compositions. Interestingly, the differences in final densities between individual 

conventional heating rates strongly depended on the powder material. With increasing heating 

rate, only a slight decline in relative densities was measured for TZ-3YB pellets, more notable 

density declines were in TZ-8Y and TZ-3Y-E pellets, and the most significant density drop was 

displayed by TZ-3Y pellets. 
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5.3 Rapid rate sintering 

5.3.1 Rapidly sintered alumina and YSZ discs 

The relative densities and grain size of disc-shaped samples rapidly sintered (80, 100, 

and 120 °C/min) up to different peak temperatures are given in Table 11. Consistently with CS, 

the relative densities and grain size were increasing with increasing sintering temperature. The 

difference in the final densities and grain size among individual fast heating rates was minimal. 

However, one can see that the density was slightly lower for a faster heating rate. The highest 

densities attained with a heating rate of 100 °C/min were 97.3, 99.7, 99.3, and 98.0 %TD for 

TM-DAR, TZ-3Y-E, TZ-3YB, and TZ-8Y samples, respectively, sintered at a peak temperature 

of 1550 °C. A higher peak sintering temperature could not have been used due to the limitations 

of the furnace. The average grain size was also increasing with increasing peak temperature.  

Table 11 The relative density and grain size of 1g samples rapidly sintered (80, 100, and 120 °C/min) 

at various peak temperatures. Green bodies were CIPed at 300 MPa and annealed at 600 °C for 2 h. 

RRS schedule 

(°C/min-°C) 

TM-DAR TZ-3YB TZ-3Y-E TZ-8Y 

𝜌 

(%TD) 

𝐺 (µm)/ 

StDev 

𝜌 

(%TD) 

𝐺 (µm)/ 

StDev 

𝜌 

(%TD) 

𝐺 (µm)/ 

StDev 

𝜌 

(%TD) 

𝐺 (µm)/ 

StDev 

80-1150 61.5 - 54.2 - 54.0 - 51.6 - 

80-1250 66.7 - 62.8 - 63.1 - 54.9 - 

80-1300 71.4 - 73.8 - 76.7 - 61.1 - 

80-1350 75.4 - 86.2 - 89.9 0.19/0.02 69.1 - 

80-1400 83.6 - 95.1 - 96.5 0.23/0.03 85.1 - 

80-1450 90.1 - 97.7 - 98.6 0.26/0.03 94.4 - 

80-1500 94.6 - 99.0 - 99.1 0.31/0.03 97.0 - 

80-1550 97.5 - 99.5 - 99.7 0.34/0.03 98.2 - 

100-1150 61.3 - 54.0 - 53.7 - 51.7 - 

100-1250 66.5 - 62.4 - 62.4 - 54.6 - 

100-1300 70.3 - 71.9 - 73.9 - 59.3 - 

100-1350 75.1 - 85.4 0.15/0.02 88.2 0.16/0.02 68.5 - 

100-1400 81.1 0.23/0.03 94.2 0.20/0.02 95.6 0.22/0.03 82.2 0.21/0.02 

100-1450 87.9 0.31/0.04 97.5 0.22/0.03 97.9 0.27/0.04 93.0 0.35/0.04 

100-1500 93.0 0.38/0.09 98.8 0.26/0.03 98.6 0.34/0.05 96.8 0.63/0.09 

100-1500* 92.6 0.44/0.07 99.3 0.27/0.03 99.9 0.34/0.06 98.2 0.91/0.24 

100-1550 97.3 0.80/0.15 99.3 0.30/0.03 99.7 0.37/0.05 98.0 1.10/0.19 

120-1150 61.0 - 53.2 - 54.2 - 51.6 - 

120-1250 66.1 - 62.0 - 61.8 - 54.5 - 

120-1300 69.9 - 71.1 - 72.9 - 58.8 - 

120-1350 74.2 - 84.2 - 87.3 0.18/0.02 66.8 - 

120-1400 78.8 - 93.5 - 94.9 0.24/0.03 79.7 - 

120-1450 85.3 - 97.4 - 97.7 0.27/0.04 91.9 - 

120-1500 90.8 - 98.6 - 98.2 0.31/0.05 95.8 - 

120-1550 96.4 - 99.3 - 98.9 0.36/0.05 97.8 - 
* Green bodies sintered by this RRS schedule were pre-sintered at 1000 °C for 10 h instead of annealing at 600 °C 

for 2 h. 
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The relative density and grain size of the pre-sintered disc rapidly sintered under the 

same schedule as the annealed disc (RRS 100-1500/0) are also given in Table 11. The pre-

sintering had a negative effect on the microstructural development of the alumina (TM-DAR) 

sample, where it slightly hindered densification while accelerating the grain growth. On the 

other hand, the pre-sintering promoted densification of all three YSZ materials compared to the 

annealed samples, without grain growth acceleration. 

The open and closed porosity development in rapidly sintered discs at a heating rate of 

100 °C/min is listed in Table 12. A similar porosity behavior was also found in discs sintered 

at slightly lower and higher heating rates (80 and 120 °C/min). 

Table 12 The open and closed porosity in rapidly sintered (100 °C/min) 1g discs at various peak 

temperatures. Green bodies were CIPed at 300 MPa and annealed at 600 °C for 2 h. 

RRS schedule 

(°C/min-°C) 

TM-DAR TZ-3YB TZ-3Y-E TZ-8Y 

𝑃𝑜 (%) 𝑃𝑐  (%) 𝑃𝑜 (%) 𝑃𝑐  (%) 𝑃𝑜 (%) 𝑃𝑐 (%) 𝑃𝑜 (%) 𝑃𝑐  (%) 

100-1150 38.2 0.5 45.2 0.9 45.5 0.8 47.4 1.0 

100-1250 33.0 0.5 37.0 0.7 37.1 0.5 44.7 0.7 

100-1300 29.2 0.5 27.6 0.5 25.7 0.3 40.1 0.6 

100-1350 24.5 0.5 14.0 0.6 9.6 2.2 31.0 0.5 

100-1400 18.5 0.4 0 5.8 0 4.4 17.3 0.4 

100-1450 11.5 0.6 0 2.5 0 2.1 0 7.0 

100-1500 3.7 3.3 0 1.2 0 1.4 0 3.2 

100-1550 0.3 2.4 0 0.7 0 0.4 0 2.0 

The RRS was also carried out with 5 min dwell time as given in Table 13. Starting with 

TM-DAR discs, the additional dwell time of 5 min at moderate peak temperatures of 1400 and 

1450 °C finally led to highly dense compacts. 98.8 and 99.2 %TD dense discs had a grain size 

of around 1.0 and 1.7 µm, respectively. The TZ-3Y-E and TZ-3YB samples already reached 

99 %TD around a peak temperature of 1500 °C during RRS without the need of dwell time, as 

shown in Table 11. The approach of lower sintering temperature with additional dwell slightly 

improved the final microstructure. For example, TZ-3Y-E attained 98.6 %TD with a grain size 

of 0.34 µm during RRS 100-1550/0 but 99.5 %TD with the same grain size during RRS 100-

1450/5. Similarly, TZ-3YB samples achieved 99.3 %TD with a grain size of 0.30 µm during 

RRS 100-1550/0 but 99.6 %TD with a grain size of 0.27 µm during RRS 100-1450/5. Similar 

observations were made in the case of TZ-8Y samples that attained 98.0 %TD with a grain size 

of 1.01 µm during RRS 100-1550/0 and around 98 %TD with a grain size of around 0.73 µm 

after RRS 100-1400/5, respectively. 

The RRS at a faster heating rate of 1000 °C/min with 5 min dwell time was also tested 

(Table 13). Starting with TM-DAR discs, the faster heating produced a similar microstructure 

as RRS at a 100 °C/min rate with the same 5 min dwell time. Consistently with TM-DAR 

alumina, the faster heating rate of 1000 °C/min resulted in similar final densities and grain size 

as obtained after “slower” RRS at 100 °C/min in the case of TZ-3YB samples. On the other 

hand, a faster heating rate of 1000 °C/min was detrimental to densification of TZ-3Y-E and TZ-

8Y samples as their final densities were lower than after RRS at 100 °C/min while grains were 

of similar size. 
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Table 13 The relative density and grain size of rapidly sintered (100 and 1000 °C/min) discs up to 1400 

and 1450 °C with 5 min dwell time at sintering temperature. Green bodies were CIPed at 300 MPa and 

annealed at 600 °C for 2 h. 

RRS 

schedule 

(°C/min-

°C/min) 

TM-DAR TZ-3Y-E TZ-3YB TZ-8Y 

𝜌 

(%TD) 

𝐺 (µm)/ 

StDev 

𝜌 

(%TD) 

𝐺 (µm)/ 

StDev 

𝜌 

(%TD) 

𝐺 (µm)/ 

StDev 

𝜌 

(%TD) 

𝐺 (µm)/ 

StDev 

100-1400/5 98.8 0.95/0.28 97.2 0.29/0.03 98.7 0.23/0.02 98.4 0.73/0.10 

100-1450/5 99.0 1.70/0.53 99.5 0.34/0.05 99.6 0.27/0.04 98.3 1.50/0.23 

1000-1400/5 98.8 1.03/0.29 95.5 0.31/0.03 98.8 0.26/0.04 96.5 0.91/0.24 

1000-1450/5 99.2 1.83/0.26 96.5 0.35/0.05 99.3 0.28/0.03 96.9 1.47/0.21 

5.3.2 Rapidly sintered BCZT, Ce-BCZT, and BCST discs 

The relative densities and grain size of BCZT, Ce-BCZT, and BCST ceramics rapidly 

sintered at a heating rate of 100 °C/min up to 1550 °C with dwell times 15, 30, 45, and 60 min 

are given in Table 14. The relative density increased with increasing dwell time at sintering 

temperature until a maximum (saturated) value was reached. The density saturation occurred 

after 30 min in BCZT, 45 min in Ce-BCZT, and 15 min dwell time in BCST. The densification 

did not significantly continue beyond this dwell time as shown in Table 14. 

The grain size increased with increasing dwell time in BCZT and Ce-BCZT, while in 

BCST reached about 39-46 µm after 15 min dwell time and did not grow further. The grain 

growth in BCZT and Ce-BCZT was similar, the average gran size after 15 min dwell time at 

1550 °C was around 20.5 µm and increased to about 27.3 µm in BCZT or 26.0 µm in Ce-BCZT 

at 60 min dwell time. 

Table 14 The relative densities and grain size of BCZT, Ce-BCZT and BCST samples after RRS. 

RRS 

schedule 

(°C/min-

°C/min) 

BCZT Ce-BCZT BCST 

𝜌 

(%TD) 

𝐺 (µm)/ 

StDev 

d33 

(pC/N) 

𝜌 

(%TD) 

𝐺 (µm)/ 

StDev 

d33 

(pC/N) 

𝜌 

(%TD) 

𝐺 (µm)/ 

StDev 

d33 

(pC/N) 

100-1550/15 91.8 20.4/2.5 365 92.8 20.6/2.1 463 95.3 46.0/6.0 424 

100-1550/30 93.6 23.6/3.0 428 93.8 23.3/3.4 494 95.4 39.0/4.9 435 

100-1550/45 93.7 25.3/4.0 427 95.3 25.3/3.9 515 95.5 42.2/2.9 443 

100-1550/60 93.8 27.3/4.7 410 95.4 26.0/4.0 510 95.6 39.2/5.3 410 
The piezoelectric constant d33 is taken from Ref. [95]. 

5.3.3 Rapidly sintered 3YSZ bars 

Stepwise RRS of 3YSZ (TZ-3YB) bar-shaped samples up to 1525 °C resulted in nearly 

dense compacts (Fig. 17). Consistently with discs, the relative densities of bars increased with 

increasing sintering temperature and dwell time. As shown in Table 15, final densities were 

also significantly affected by the thermal treatment of green bodies before stepwise RRS. 
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Fig. 17 Bar-shaped green body (left) and RRS bars by stepwise approach (right) up to the final 

temperature of 1525 °C with 30 s dwell time. Both annealed compact (at the top right) and pre-

sintered compact (bottom right) were without visible cracks. 

The relative densities of annealed compacts at 600 °C for 2 h increased from 97.3 to 

98.9 and then to 99.1 %TD as the sintering temperature increased from 1435 °C to 1525 °C and 

then the dwell time increased from 30 s to 10 min. The final density eventually reached 99.5 

%TD after 2 h dwell time at 1525 °C. The pre-sintered compacts attained higher densities for 

the same stepwise RRS schedule than annealed bodies and were approaching full density after 

spending 10 min at 1525 °C. The extended dwell time of 2 h at 1525 °C was unnecessary for 

pre-sintered samples because it did not further improve final density and only resulted in grain 

growth. 

Table 15 The relative density and the grain size of the rapidly sintered samples. 

Thermal 

treatment of 

the green 

body 

Green 

body 

density 

(%TD) 

Sintering 

temperature 

(°C) 

Time 

(min) 

Final 

density 

(%TD) 

𝐺 (µm)/StDev* 

core surface corner 

600°C/2h 50.6 

1435 0.5 97.3 0.25/0.03 0.26/0.04 0.26/0.04 

1525 0.5 98.9 0.31/0.03 0.31/0.04 0.27/0.04 

1525 10 99.1 0.41/0.04 0.41/0.07 0.41/0.04 

1525 120 99.5 0.65/0.10 0.69/0.11 0.69/0.12 

1000°C/10h 51.6 

1435 0.5 98.0 0.24/0.03 0.26/0.03 0.25/0.03 

1525 0.5 99.1 0.31/0.03 0.30/0.03 0.32/0.06 

1525 10 99.9 0.42/0.04 0.42/0.04 0.42/0.05 

1525 120 99.9 0.69/0.16 0.67/0.11 0.63/0.08 
* Standard deviation of the average grain size was established from 12 measurements. 

As with relative density, the average grain size increased with increasing sintering 

temperature and dwell time. On the other hand, the grain growth kinetics seems not to be 

influenced by green body thermal treatment at all. The average grain size of the annealed and 

pre-sintered compact was the same for the given sintering schedule within the error of 

measurement. Based on the SEM images, the microstructure was uniform (Fig. 18) and without 
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grain size gradients, as evidenced by the similar average grain size obtained from the core, 

surface, and corner areas (Table 15). 

  

Fig. 18 Microstructure in the core of bar-shaped samples sintered by stepwise RRS approach at 

1525 °C for 30 s: (a) green body annealed at 600 °C for 2 h, (b) green body pre-sintered at 

1000 °C for 10 h. 

5.3.4 Rapidly sintered alumina pellets 

All rapidly sintered alumina (TM-DAR) pellets were without visible cracks and other 

defects. The final relative densities and grain size of alumina pellets rapidly sintered at heating 

rates of 100 and ~1500 °C/min up to 1450 and 1500 °C with 1-3 min dwell times are listed in 

Table 16. The pellets were also sintered from three different onset temperatures of 200, 450, 

700, and 1100 °C.  

The results obtained after sintering at 1450 °C for 1 min showed that the highest relative 

density was attained for the sample sintered from the highest onset temperature. The RRS from 

1100 °C resulted in 95.0 %TD. On the other hand, the benefit of high density was hampered by 

the large grain size of 0.42 µm. The lower onset temperature of 700 °C resulted in a slightly 

lower relative density of 93.7 %TD with a grain size of 0.39 µm. The RRS from 200 °C 

achieved the smallest grain size of 0.33 µm but also the lowest final density of 91.9 %TD.  

Table 16 The relative densities and grain size of rapidly sintered alumina pellets up to 1500 °C with 2 

to 3 min dwells. Green bodies were CIPed at 300 MPa and annealed at 600 °C for 2 h, if not mentioned 

otherwise. 

Onset temperature 

for RRS (°C) 

Heating rate 

(°C/min) 

Sintering 

temperature (°C) 

Dwell 

(min) 
𝜌 (%TD) 𝐺 (µm)/StDev 

200* 100 1450 1 91.9 0.33/0.03 

700 100 1450 1 93.7 0.39/0.05 

1100 100 1450 1 95.0 0.42/0.05 

200 100 1500 2 99.4 3.17/0.58 

450 100 1500 2 99.3 2.84/0.49 

1100 100 1500 2 99.4 2.89/0.37 

450 ~1500 1500 3 99.2 2.52/0.38 

1100 ~1500 1500 3 99.3 2.91/0.43 
* Green body was not annealed. 
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After RRS at a higher sintering temperature of 1500 °C, the final microstructures were 

characterized by around 99.3 % density with around 3 µm grain size, independently on 

investigated onset temperatures, heating rates, and dwell times, which indicates that the RRS 

works with all onset temperatures we tested and also that the onset temperature does not 

significantly affect the grain growth kinetics. 

5.3.5 Rapidly sintered YSZ pellets 

The impact of the onset temperature of rapid sintering schedules on the relative density 

and grain size was also investigated in TZ-3YB pellets using the same RRS schedule (100-

1450/1). As with alumina, the highest relative density was attained for a pellet sintered from 

the highest onset temperature, but the differences in final densities were within 1 % (Table 17). 

The RRS from 200, 700, and 1100 °C resulted in 96.4, 96.8, and 97.3 %TD. The grain size also 

slightly increased with increasing onset temperature from about 237 nm (onset 200 °C) to 

250 nm (onset 1100 °C). 

Table 17 Comparison of the relative density and grain size of TZ-3YB pellets after RRS (100 °C/min) 

from 200, 700, or 1100 °C up to 1450 °C with 1 min dwell. All samples CIPed at 300 MPa. Green bodies 

were annealed at 600 °C for 2 h. 

Onset temperature 

for RRS (°C) 
Heating rate 

(°C/min) 
Sintering 

temperature (°C) 
Dwell 

(min) 
𝜌 (%TD) 𝐺 (nm)/StDev 

200 100 1450 1 96.4 237/13 
700 100 1450 1 96.8 253/17 

1100 100 1450 1 97.3 250/23 

YSZ pellets: Formation of core-shell structure 

As shown in Table 18, the final relative densities of pellets after RRS 100-1500/10 were 

strongly dependent on YSZ grade. Whereas rapidly sintered TZ-3YB pellet reached a high final 

density of 98.4 %TD, similar to that of a disc-shaped sample (98.8 %TD), TZ-3Y-E, TZ-3Y, 

and TZ-8Y pellets attained remarkably lower densities than their disc-shaped counterparts. 

Table 18 The relative densities of rapidly (100 °C/min) sintered discs up to 1500 °C without dwell and 

pellets up to 1500 °C with 10 min dwell time. Green bodies were annealed at 600 °C for 2 h. All samples 

had zero open porosity (Po) at the surface. 

Material 
discs pellets 

𝜌 (%TD) 𝑃𝑜  (%) 𝑃𝑜−𝑐𝑢𝑡  (%) 𝜌 (%TD) 𝑃𝑜 (%) 𝑃𝑜−𝑐𝑢𝑡 (%) 

TZ-3Y 98.6 0 0 86.1 0 10.8 

TZ-3YB 98.8 0 0 98.4 0 0 

TZ-3Y-E 98.6 0 0 90.4 0 0.3 

TZ-8Y 96.6 0 0 86.1 0 13.6 

According to porosity measurement performed after sintering, all rapidly sintered discs 

and pellets listed in Table 18 were without open porosity (Po). This means that all the pores in 

the vicinity of the surface were closed. In addition, the porosity character was also investigated 

inside the samples by slicing them in half. After this step, open porosity values are denoted as 

𝑃𝑜−𝑐𝑢𝑡 in Table 18. Whereas the TZ-3YB pellet and all the disc-shaped samples did not indicate 
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any open porosity after cutting, the rapidly sintered TZ-3Y-E pellet revealed the existence of a 

small amount, 0.3 %, of open porosity in its core (3 % of total pore volume). A significantly 

more portion of the open porosity, 10.8 % (78 % of total pore volume), was measured in the 

TZ-3Y pellet, and an extreme was found in the TZ-8Y pellet, which exhibited 13.6 % of open 

pores (98 % of total pore volume were interconnected pores). 

The microstructure in the core of the rapidly sintered pellets up to 1500 °C with 10 min 

dwell time is shown in Fig. 19. While the pores were homogeneously distributed and smaller 

than average grain size in TZ-3YB pellet (Fig. 19a), the pore size reached up to 5 µm in 

TZ-3Y-E and TZ-3Y (Fig. 19b,c), and even larger pores up to 10 µm were found in TZ-8Y 

samples (Fig. 19d). 

  

  

Fig. 19 The microstructure in the core of the rapidly sintered TZ-3YB, TZ-3Y-E, TZ-3Y and TZ-8Y 

samples at 1500 °C for 10 min. 

The scope of the interconnected porosity in the core of the TZ-3Y and TZ-8Y samples 

was revealed by blue ink immersion (Fig. 20). The ink intruded the open porosity similarly as 

the DI water did during relative density measurements. After gentle washing by ethanol, the ink 

remained captured in the open pores and the pore clusters, whereas no ink persisted on the TZ-

3YB pellet. The thickness of an airtight, nearly dense surface layer in TZ-3Y and TZ-8Y pellets 

was non-uniform. The dense layer was thicker on the top (100-250 µm) and thinner on the 

bottom of the sample (10-100 µm), which was in contact with the alumina stage. As can be seen 

from Fig. 20, the thinnest airtight shell was formed in the rapidly sintered TZ-8Y sample, 
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followed by the TZ-3Y sample, where the samples’ edges sintered into closed porosity up to 

1 mm towards the TZ-3Y sample center. In the TZ-3Y-E sample, an airtight surface shell grew 

much deeper into the sample’s core. 

 

Fig. 20 Gradient structure revealed by ink penetration of TZ-3Y, TZ-3Y-E, and TZ-8Y samples rapidly 

sintered up to 1500 °C with 10 min dwell. The rapidly sintered TZ-3YB sample did not exhibit a 

gradient structure. 

Apart from the specimen size and shape (TZ-3Y, TZ-8Y discs did not exhibit core-shell 

structure as corresponding pellets), the formation of the core-shell structure was also influenced 

by a heating rate and dwell time. As shown in Table 19, the final relative densities of pellets 

decreased with an increased heating rate for all powder materials under investigation. The 

impact of the heating rate on the final density was very different for each powder grade. While 

the relative densities of TZ-3YB samples were only slightly lower for a faster heating rate, the 

difference became more pronounced in TZ-3Y-E and TZ-8Y samples and significant in TZ-3Y 

samples. The pores at the surface of all rapidly sintered pellets listed in Table 19 entered the 

closed porosity stage, despite the relative density being very low in some cases. 

The TZ-3YB pellets attained final densities of 99.4, 99.1, 98.9, 98.4 %TD for a heating 

rate of 10, 15, 20, and 100 °C/min, respectively. The TZ-3Y-E and TZ-8Y pellets had similar 

density to the TZ-3YB sample if a slow heating rate was utilized. When a faster heating rate 

was used, the final density of TZ-3Y-E and TZ-8Y samples was notably lower than of the TZ-

3YB sample. The worst results from the relative density perspective were presented by TZ-3Y 

pellets. Even if a very slow heating rate of 5 °C/min was used, the TZ-3Y’s final density of 

98.8 %TD was notably lower than the rest of the YSZ samples (> 99.6 %TD). Moreover, the 

core-shell structure was permanent, and a further increase in dwell time from 10 to 30 min at 

1500 °C even decreased the final density of TZ-3Y-E, TZ-3Y, and TZ-8Y pellets. 

Table 19 The relative density of conventionally and rapidly sintered pellets at 1500 °C for 10 min using 

heating rates of 5, 10, 15, 20 and 100 °C/min or at 1500 °C for 30 min using a heating rate of 100 °C/min. 

Green bodies were annealed at 600 °C for 2 h. 

Sample 
𝜌 (%TD) 

5°C/min 

1500°C/10min 

10°C/min 

1500°C/10min 

15°C/min, 

1500°C/10min 

20°C/min 

1500°C/10min 

100°C/min 

1500°C/10min 

100°C/min, 

1500°C/30min 

TZ-3Y 98.8 97.7  94.6 93.1 86.1 84.5 
TZ-3YB 99.7 99.4 99.1 98.9 98.4 98.5 
TZ-3Y-E 100.0 99.2 98.0 96.5 90.4 90.3 
TZ-8Y 99.6 99.2 98.7 97.7 86.1 85.4 
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The average grain size of the nearly dense surface layer was comparable to that of the 

porous core (Fig. 21a) despite the different relative densities of these areas. The rapidly sintered 

TZ-3YB sample, with a final density exceeding 98 %TD, was obviously without core-shell 

structure and grain size gradients as well (Fig. 21a). The elemental composition inside the 

rapidly sintered TZ-3Y pellet was investigated by LEIS analysis (Fig. 22). The LEIS spectrum 

showed 3 distinctive peaks. The sharp surface peak of zirconium (2500 eV) is followed by 

background till the surface peak of oxygen situated at the energy 1140 eV. The spectra also 

contained an additional peak situated at the energy 1920 eV. Following the rules of binary 

collision this peak was identified as chlorine and proves chlorine entrapment in rapidly sintered 

samples. 

  

Fig. 21 The average grain size of pellets after rapid sintering at a heating rate of 100 °C/min at 

1500 °C for10 min. Green bodies were annealed at a) 600 °C for 2 h, b) 1000 °C for 10 h. 

 
Fig. 22 LEIS spectrum from the fracture surface of rapidly sintered TZ-3Y pellet. The colored square 

(1 mm2) shows the analyzed area at the fracture surface. 

YSZ pellets: Prevention of core-shell structure 

The RRS of TZ-3Y, TZ-3Y-E, and TZ-8Y pellets, originally annealed at 600 °C for 2 h, 

resulted in low final densities and a formation of the core-shell structure. This structure was 

characterized by a dense surface shell and large interconnected pore clusters (TZ-3Y, TZ-8Y) 

or mainly separated pore clusters (TZ-3Y-E) in the core of the samples. This issue was 
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prevented by altering the annealing conditions of the green bodies. Annealing at temperatures 

from 800 to 1100 °C before the onset of rapid sintering led to higher final densities of all rapidly 

sintered samples at a heating rate of 100 °C/min up to 1500 °C for 10min (Table 20). The grain 

size of sintered samples was evaluated in the core as well as in the dense shell, and the grain 

size of samples treated at the most effective annealing conditions (1000 °C for 10 h, Fig. 21b) 

was comparable to the grain size of poorly densified samples annealed at 600 °C for 2 h of 

dwell time (Fig. 21a). 

Table 20 Final relative density of pellets after rapid sintering at a heating rate of 100 °C/min up to 

1500 °C for 10 min. Green bodies were annealed in different conditions. 

Powder grade 
𝜌 (%TD) after sintering at 1500°C/10min 

600°C/2h 800°C/2h 1000°C/2h 1100°C/2h 1000°C/10h 

TZ-3Y 86.1 88.9 96.9 99.3 99.9 

TZ-3YB 98.4 98.6 98.9 99.7 99.8 

TZ-3Y-E 90.4 92.6 99.4 100.0 99.9 

TZ-8Y 86.1 87.5 98.9 99.4 99.4 

5.4 Flash sintering 

5.4.1 Flash sintered 3YSZ bars 

Flash sintering phenomena 

A typical flash event was observed during all FS experiments. After spending around 

10 min at 900 °C, the specimen was subjected to a voltage of 125 V (i.e., the electrical field of 

50 V/cm). As shown in Fig. 23, the DC electric current started to pass through the specimen, 

and a flash event occurred after a few tens of seconds. When the current limit of 0.4 A was 

reached, the power supply was switched to the current control mode. In this mode, the electric 

current was maintained constant for 30 s and then increased by steps of 0.4 A until the desired 

electric current was achieved (1.2, 1.6, 2.0, 2.4 A). 

  
Fig. 23 The voltage and DC profiles of the stepwise FS with the final current limit of 2.4 A: (a) green 

body annealed at 600 °C for 2 h, (b) green body pre-sintered at 1000 °C for 10 h. 

In respect to a shrinkage of the compact calculated from camera recording, the DC 

electric currents of 1.2, 1.6, 2.0, and 2.4 A corresponded to current densities of around 90, 125, 
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160, and 190 mA/mm2, respectively. As shown in Fig. 23, the voltage rapidly decreased to 

about 60-70 V after switching the power supply into current control mode in both annealed and 

pre-sintered compacts and then slowly decreased with the increasing current load. The only 

notable difference between annealed and pre-sintered compacts was in the incubation period – 

the annealed bodies had about 50 % longer incubation time compared to the pre-sintered bodies. 

A characteristic strong bright light emission was observed during all FS experiments, as 

shown in Fig. 24. It is evident that the anode side was brighter (hotter) than the cathode side as 

the current load and time in the flash state increased (see 115 and 150 s in Fig. 24). All flash 

sintered samples were partially blackened during the FS process on the surface (Fig. 25a) and 

in the core (Fig. 25b). The blackening was more severe in the core of the specimens compared 

to the surface and at the cathode side compared to the anode side. 

 

 
Fig. 24 Snapshots from the FS run (volt-ampere characteristics of this specific run are shown in 

Figure 23(b)). The anode is on the left side; the cathode is on the right side. 

 

Fig. 25 (a) Specimen after FS process. (b) Electrochemical blackening in the core of the FS specimen. 

A – anode side, C – cathode side. 

Densification 

The relative density measurements of the FS samples were carried out only on the gauge 

section of the specimens after removing the poorly sintered parts at anode and cathode sides, as 

shown in Fig. 11a. As expected, the final density of the FS samples increased with increasing 

current density and holding time (Table 21). The final density was also significantly affected 
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by the pre-sintering of the green body. For the same current density and holding time, the pre-

sintered compact reached a higher final density compared to the annealed one. 

Table 21 Relative densities of the flash sintered samples. 

Green body 

annealing 

conditions 

Green 

body 

density 

(%TD) 

Final 

DC (A) 

Final current 

density 

(mA/mm2) 

Dwell at final 

current density 

(s) 

Total time 

in the flash 

state (s) 

Final 

density 

(%TD) 

600°C/2h 49.8 

1.2 90 60 120 94.8 

1.6 125 30 120 95.9 

1.6 125 60 150 98.3 

2.0 160 30 150 98.1 

2.0 160 60 180 98.6 

2.4 190 30 180 99.0 

2.4 190 60 210 99.1 

1000°C/10h 51.6 

1.6 125 30 120 97.3 

2.0 160 30 150 99.4 

2.4 190 30 180 99.7 

Normal grain growth 

The grain size of the FS samples is given in Table 22. Following the scheme in Fig. 11b, 

the average grain size was investigated in the core and near the sample’s surface in 0.1, 0.5, and 

0.9 normalized distances from the anode. According to the expectation, the average grain size 

increased with an increasing relative density of the samples. Comparing the grains near the 

surface and in the core, the grain size near the surface was notably smaller. The difference was 

low for 94.8 % dense sample (sintered at a current density of 90 mA/mm2) but increased with 

increasing specimen density. For around 99.0 % dense samples (annealed at 600 °C for 2 h prior 

to FS and sintered at a current density of 190 mA/mm2), the grain size in the core was almost 

twice as large as near the surface. As listed in Table 22, the pre-sintering at 1000 °C for 10 h 

did not significantly affect grain growth kinetics near the surface but had a hindering effect on 

the grain growth of submicron grains in the core. 

Table 22 Grain size of the flash sintered samples (including normal grain growth only). 

Final 

density 

(%TD) 

𝐺 (µm)/StDev near surface 𝐺 (µm)/StDev in the core 

0.1 

normalized 

distance 

from anode 

0.5 

normalized 

distance 

from anode 

0.9 

normalized 

distance 

from anode 

0.1 

normalized 

distance 

from anode 

0.5 

normalized 

distance 

from anode 

0.9 

normalized 

distance 

from anode 

94.8 0.24/0.02 0.21/0.02 0.18/0.02 0.28/0.03 0.26/0.03 0.30/0.09 

95.9 0.25/0.02 0.24/0.02 0.20/0.02 0.33/0.05 0.34/0.05 0.41/0.07 

98.3 0.29/0.03 0.26/0.03 0.32/0.05 0.60/0.12 0.35/0.04 0.29/0.03 

98.1 0.29/0.03 0.31/0.03 0.28/0.03 0.45/0.06 0.52/0.08 0.45/0.29 

98.6 0.28/0.03 0.29/0.04 0.22/0.02 0.43/0.04 0.55/0.10 0.33/0.03 

99.0 0.40/0.06 0.30/0.02 0.24/0.02 0.77/0.13 0.63/0.10 0.52/0.16 

99.1 0.38/0.04 0.33/0.03 0.31/0.05 0.73/0.09 0.73/0.13 0.75/0.08 

97.3 0.27/0.03 0.26/0.02 0.21/0.02 0.32/0.04 0.31/0.04 0.29/0.03 

99.4 0.30/0.04 0.35/0.05 0.30/0.05 0.37/0.02 0.51/0.09 0.43/0.07 

99.7 0.39/0.07 0.36/0.04 0.31/0.04 0.49/0.06 0.48/0.10 0.63/0.08 
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Abnormal grain growth 

In addition to the predominantly submicron grain size near the surface and the core of 

the samples, AGG was observed in the core of samples sintered at higher current densities. The 

abnormal grains were recognizable in the SEM images even at low magnifications due to darker 

contrast (Fig. 26a). Their shape was regular without any preferential elongations (Fig. 26b). 

The large grains also contained a small number of isolated pores and submicron-sized grains 

(Fig. 26c,d). The microstructure at the surface was untouched by accelerated grain growth 

kinetics and consisted of grains below 500 nm (see Table 22). 

 
 

 

  
  
Fig. 26 The abnormal grains in the 99.7 % dense FS sample: (a) overview of the cross-section area; 

unlike the surface areas, the core area shows a bimodal grain size distribution consisting of up to 

100 µm large grains (darker contrast) and submicron grain areas (lighter contrast), (b) detail of 

abnormal grains, (c) magnified interface between abnormal and submicron grains, and (d) 

porosity and fine grain trapped inside the abnormal grain. 

The abnormal grains appeared only in samples that were sintered at a current density of 

160 mA/mm2 and higher (Table 23) and propagated from the cathode side towards the anode 

side. However, not all the grains in the core grew abnormally, as evidenced in Fig. 26c, where 
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both submicron-sized grains and abnormal grains co-exist with a sharp interface between them. 

Concerning the results presented in Table 23, the abnormal grains occurred in both annealed 

and pre-sintered samples; however, pre-sintered samples were more prone to this issue (i.e. 

abnormal grains propagated much further from the cathode at a given current density). 

Table 23 The occurrence of abnormal grains (from 5 µm in size) in the stepwise FS specimens sintered 

at a high current density. 

Green body 

annealing 

conditions 

Final 

current 

density 

(mA/mm2) 

Dwell 

at final 

current 

density 

(s) 

Final 

density 

(%TD) 

The average size of abnormal grains (µm) 

0.1 normalized 

distance from 

the anode 

0.5 normalized 

distance from 

the anode 

0.9 normalized 

distance from 

the anode 

600°C/2h 

90 60 94.8 - - - 

125 30 95.9 - - - 

125 60 98.3 - - - 

160 30 98.1 - - - 

160 60 98.6 - - - 

190 30 99.0 - - - 

190 60 99.1 - - 9 

1000°C/10h 

125 30 97.3 - - - 

160 30 99.4 - 64 58 

190 30 99.7 40 57 49 

The crystallographic orientation of abnormal grains 

The EBSD results on the crystal orientation of abnormal and submicron grains are 

shown in Fig. 27 and Fig. 28. No specific orientation relationship was found between the 

abnormal and surrounding submicron grains, as evidenced in Fig. 27. 

 

Fig. 27 (a) Crystal orientation of the abnormal grain and surrounding submicron grains obtained by 

EBSD technique, (b) the individual diffractions were plotted in the inverse pole figure, showing 

that submicron grains possess various random orientations towards the abnormal grain. 
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The crystal orientation of abnormal grains in a plane perpendicular and parallel to the 

direction of the electric field is shown in Fig. 28. The abnormal grains had random orientation 

in both investigated planes, independent of the orientation of the DC electric field. 

 
 

Fig. 28 The crystal orientation of the abnormal grains in the 99.7 % dense sample (sintered at a 

current density of 190 mA/mm2) investigated by EBSD technique in (a) plane perpendicular to the 

orientation of the DC electric field, (b) plane parallel to the orientation of the DC electric field. 

Note that the orientation of submicron-sized grains is not recognizable at this magnification. 

5.5 Spark plasma sintering 

5.5.1 Spark plasma sintered BCZT discs 

The relative densities and grain size of BCZT samples sintered by SPS at a heating rate 

of 100 °C/min up to 1450 and 1500 °C with dwell times from 5 to 60 min are given in Table 

24. All SPS runs resulted in the fully dense samples except two cases – SPS 100-1450/5 and 

SPS 100-1500/60. The grain size increased with increasing dwell time and sintering 

temperature from about 10.1 µm (SPS 100-1450/5) to 15.7 µm (SPS 100-1500/60). As listed in 

Table 24, the microstructure degraded after ≥ 45 min dwell time in SPS samples sintered both 

at 1450 and 1500 °C. The degradation had a form of large cracks, as shown in Fig. 29. 
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Fig. 29 Microstructure of BCZT samples sintered by SPS at 1450 °C for 45 min. 

Table 24 The relative densities, grain size, and piezoelectric constant d33 of SPS sintered BCZT. 

SPS schedule 

(°C/min-°C/min) 
𝜌 (%TD) 𝐺 (µm) 

Piezoelectric 

constant d33 

(pC/N) 

Defect presence 

100-1450/5 98.1 10.1 90 No 

100-1450/10 100 10.6 154 No 

100-1450/15 100 10.7 172 No 

100-1450/30 100 12.7 166 No 

100-1450/45 100 14.6 189 Yes 

100-1450/60 100 14.9 170 Yes 

100-1500/15 100 15.1 345 No 

100-1500/30 100 15.3 360 No 

100-1500/45 98.6 15.7 215 Yes 
The piezoelectric constant d33 is taken from Ref. [96]. 

5.5.2 Spark plasma sintered BCZT discs, post-sintered by RRS 

The RRS post-treatment of SPS BCZT discs allowed the grain growth while maintaining 

the full density. The grain size of fully dense discs increased from 12.7 µm (SPS 100-1450/30) 

and 15.3 µm (SPS 100-1500/30) to 21.7 µm and 31.5 µm after subsequent RRS 100-1550/60 

min, respectively (Table 25). The formation of cracks was not observed during post-RRS. 

Table 25 The relative densities, grain size, and piezoelectric constant d33 of SPS sintered BCZT which 

were post-sintered by RRS. 

SPS schedule 

(°C/min-

°C/min) 

RRS 

post-sintering 

schedule 

𝜌 (%TD) 𝐺 (µm) 

Piezoelectric 

constant d33 

(pC/N) 

Defect 

presence 

100-1450/30 100-1550/60 100 21.7 424 No 

100-1500/30 100-1550/60 100 31.5 404 No 
The piezoelectric constant d33 is taken from Ref. [96]. 
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6 DISCUSSION 

6.1 Selection of various sample sizes 

The ceramic green bodies were prepared by CIP in different sizes and shapes. Disc-

shaped alumina and YSZ green bodies with ⌀ 16 × 1.7 mm dimensions were prepared to study 

densification and grain growth kinetics under various heating rates. The small thickness of those 

samples was chosen to diminish temperature gradients [52], thus making densification and grain 

growth at fast heating rates as uniform as possible. Cylindrical, bulk alumina and YSZ green 

bodies with dimensions of ⌀ 16 × 8.3 mm were prepared to investigate possible changes in the 

sintering behavior, which may arise with increasing sample dimensions. Those samples were 

again sintered under various heating rates from conventional to rapid ones. The bar-shaped YSZ 

samples possess a favorable geometry for FS experiments [57], and thus, were chosen in this 

work to compare RRS and FS techniques. 

6.2 Prerequisites to attain a high final density 

One of the main objectives of this study was to prepare highly dense and fine-grained 

alumina and YSZ ceramics by unconventional sintering techniques such as RRS and FS. The 

RRS and FS have the potential to dramatically decrease the processing time and costs, thus 

allowing the expansion of these structural ceramics into new industrial applications [60]. The 

high density is also favorable for BT-based piezoceramics, where it improves the piezoelectric 

constant d33 [89]. 

The highest densities for each technique, material, and sample size attained in this work 

are displayed in Fig. 30. It is evident that not all materials and sample geometries were sintered 

to a high density, and not all sintering techniques resulted in the same density. The following 

subchapters discuss possible explanations of the surprisingly low final density of TZ-3Y, TZ-

3Y-E, and TZ-8Y pellets sintered by RRS (Fig. 30b, d, e) and a relatively low final density of 

BT-based ceramics sintered by RRS (Fig. 30f-h). 

6.2.1 Characteristics of the green bodies 

Densification of a green body is affected by several factors such as physical and 

chemical properties of the ceramic powder, characteristics of the green body, and sintering 

conditions. As described many times in the literature, the pore size distribution in the green 

body has to be uniform and without supercritical pores to reach a high density [38]. The 

supercritical pores are thermodynamically stable during pressure-less sintering and can be 

removed only by decreasing the amount of the surrounding grains. The pore size distribution 

of all selected TM-DAR, TZ-3Y, and TZ-3YB pellets was unimodal and smaller than the 

average starting particle size (Fig. 16), which is a good prerequisite for the investigation of 

sintering behavior unaffected by the presence of agglomerates [97] and supercritical pores in 

the green body [38]. 
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Fig. 30 Overview of the highest relative densities obtained by investigated sintering techniques on 

investigated materials (a) TM-DAR, (b) TZ-3Y, (c) TZ-3YB, (d) TZ-3Y-E, (e) TZ-8Y, (f) BCZT, 

(g) Ce-BCZT, (g) BCST. 

Together with a narrow pore size distribution and absence of supercritical pores, it is 

also favorable to have a high starting green body density. In this work, the relative densities of 

prepared green bodies are in rough agreement with the literature [98]. As expected, alumina 

bodies (powder particles 150 nm) had a higher green density than YSZ bodies (powder particles 

~ 60 nm) due to larger particle size [75]. The green densities of pellets were within 1% deviation 

equal to that of 1g samples for a given powder grade which proves the excellent compaction 

properties of the CIP technique. The pre-sintering of YSZ at 1000 °C for 10 h further improved 

the green body density of about 0.7-2.9 %TD depending on the YSZ powder grade. Such small 

increments mean that the adjacent powder particles did not significantly approach each other. 

Still, an increased temperature played a significant role in changing some characteristics of the 

YSZ powders, as discussed in Section 6.2.4. 

6.2.2 Pore coalescence 

The pore coalescence is a phenomenon where the small pores disappear while the large 

pores grow during sintering and was most probably responsible for low final densities (94-

95.5 %TD) of BT-based materials sintered in this work (Fig. 30f-h). This explanation was 

earlier proposed by Bijalwan et al. [89], who investigated pore size evolution during CS of 
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BCZT samples (same powder as used in this work) CIPed at the pressure of 700 MPa. They 

found that the pore size distribution in their green bodies was bimodal due to the presence of 

agglomerated particles. In such a case, the smaller (intra-agglomerate) pores shrunk while the 

larger (inter-agglomerate) pores grew. The large pores were still present in their samples after 

spending 48 h at 1520 °C and limited the final density of around 94 %TD, the same value as 

obtained in this work by sintering green bodies pressed at 150 MPa. 

Bijalwan et al. [91] also reported a final density limitation of around 95 %TD during CS 

of BCST samples (same powder as used in this work), uniaxially pressed at 300 MPa. In the 

present study, the density saturation occurred at around 95.6 %TD, which is in rough agreement 

with their work. Therefore, comparing this study to Bijalwan et al.’s previous works on the CS 

of BT-based ceramics brings an interesting conclusion that the final microstructure of rapidly 

sintered BT-based ceramics compacted at 100 MPa is on the same level as those prepared by 

more time-consuming CS of green bodies compacted by pressure up to 700 MPa. As shown in 

Fig. 30f, the SPS sintering technique can produce the full density of BT-based samples due to 

the application of an external pressure that helps to remove large pores. 

6.2.3 Entrapment of pores due to high grain boundary mobility 

It is also known that the specimen can be restricted from full densification if the pores 

become separated from migrating grain boundaries [43]. It can be observed in the ceramic 

systems where the grain boundary mobility is high enough to detach pinned pores from grain 

boundaries. The pore detachment from grain boundaries was observed several times in this 

work. Starting with CS and RRS, a pore detachment from grain boundaries was found in TZ-

8Y material (Fig. 31). The pore entrapment inside the grains also occurred in the case of FS of 

TZ-3YB bars in the case of samples with the AGG (Fig. 26d). 

Although the pore entrapment might result in incomplete pore elimination, the amount 

of entrapped pores is very low, as shown in Fig. 31, and thus, the achievable final density should 

lie over 99 %TD for all material under investigation. However, as displayed in Fig. 30b, d, e, 

maximal densities of only 85-90 %TD were measured for TZ-3Y, TZ-3Y-E, TZ-8Y pellets. 

  

Fig. 31 Trapped pores highlighted by red arrows in (a) 99.0 % dense TZ-8Y disc conventionally 

sintered at a heating rate of 5 °C/min up to 1450 °C, (b) 96.7 % dense TZ-8Y disc rapidly sintered 

at a heating rate of 100 °C/min up to 1500 °C. 
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6.2.4 Presence of insoluble gasses 

The incomplete densification might also lie in the presence and/or evolution of insoluble 

gases during sintering, either by thermal decomposition of the powder itself or its reaction with 

the sintering atmosphere [43]. The commercially available alumina (TM-DAR), YSZ (TZ-3Y, 

TZ-3YB, TZ-3Y-E, and TZ-8Y), and self-synthesized BT-based powders sintered in this work 

should not form a significant amount of gaseous elements. The gas formation (in the form of 

water vapor, carbon dioxide, and hydrocarbons) is expected upon binder burnout and removal 

of organic impurities [99,100]. Besides binder and other organics, the volatile impurities can 

also originate from the powder synthesis step. For example, the synthesis of commercially 

available YSZ powders involved in this study comprises of hydrolysis of zirconyl chloride 

octahydrate (ZrOCl2 ∙ 8H2O) and yttrium chloride (YCl3).  

Although the residual chlorine is not mentioned in the MDS provided by the producer, 

the works of Kim and Kim [20] and Sweeney and Mayo [23] showed that the residual chlorine 

can persist in such prepared powder. The indirect evidence was provided by Saito et al. [56], 

who performed TG analysis of YCl3 ∙ 6H2O, one of the precursors for the synthesis of YSZ. 

According to their results, YCl3 is oxidizing to Y2O3 up to 900 °C in air and up to 1200 °C in 

an oxygen-deficient atmosphere. These temperatures are above the calcination temperature of 

YSZ powders [101] and a temperature for binder removal [100], indicating that some residual 

chlorine can survive until the late sintering stages. 

As shown in Fig. 14, the weight loss measured by TGA up to 1400 °C was 0.68 wt% 

and 3.62 wt% for TZ-3Y and TZ-3YB powders, respectively. Compared to TZ-3Y, TZ-3YB 

grade exhibited significantly higher weight loss up to around 700 °C due to its increased binder 

content (Table 4). A significant part of this weight loss could be attributed to adsorbed water 

and products of binder burnout [99,100]. After careful examination of obtained data, an 

unusually increased rate of weight loss was found again between 975 °C and 1400 °C in both 

powder grades (Fig. 32). The weight loss of the TZ-3Y grade (0.06 wt%) was almost twice as 

big in this temperature interval compared to the TZ-3YB grade (0.11 wt%). 

  

Fig. 32 Indication of weight loss due to evaporation of residual chlorine species above 975 °C for (a) 

TZ-3Y powder, (b) TZ-3YB powder. 

The residual chlorine is apparently not an issue during CS of YSZ when a heating rate 

is relatively slow. However, with a rapid heating rate utilized in RRS, FS, and SPS, time is 
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significantly reduced for chlorine to escape. Moreover, as shown by García et al. [51] and 

Possamai et al. [52], the densification in RRS starts from the surface due to the temperature 

gradient inside the specimen, with the highest temperature being at the surface. Therefore, the 

insoluble gasses might get sealed in the interior of the sintered compact under the preferentially 

densified, airtight surface shell. A temperature gradient similar to RRS might also be expected 

in SPS, where the heat is transferred to the ceramic powder from Joule heated graphite die and 

pistons. However, a mechanical pressure provided by SPS is likely to overcome the gas pressure 

of residual chlorine, resulting in full densification. 

Further investigation of YSZ powders by XRF and MS analyses was focused on the 

possible presence of chlorine residue. The obtained MS spectra of as received TZ-3Y and TZ-

3YB powders shown in Fig. 15 can be attributed to CO2 and H2O originating from binder 

burnout with the peak at around 400 °C. The intensity of these spectra was higher in TZ-3YB, 

which corresponds to its ~ 6 times higher binder content (Table 4). The fragments belonging to 

chlorine compounds (HCl, Cl, and Cl2) were found just in TZ-3YB grade, around the same 

temperature as binder burnout took place. 

XRF analysis was in agreement with MS findings in TZ-3Y and TZ-3YB grades and 

confirmed the presence of chlorine in the remaining TZ-3Y-E and TZ-8Y grades. The chlorine 

was found in all four as received powder grades in the scope of 0.07-0.12 wt% by XRF (Table 

7). Annealing at 600 °C for 2 h did not diminish the quantity of residual chlorine species, except 

for TZ-3YB powder grade. This chlorine removal was well evidenced by MS at temperatures 

around 400 °C (Fig. 15). An ability of TZ-3YB powder grade to eliminate residual chlorine 

during binder burnout is most probably the cause of significantly higher final density and 

uniform microstructure of rapidly sintered TZ-3YB pellet compared to rapidly sintered TZ-3Y, 

TZ-3Y-E, and TZ-8Y pellets shown in Fig. 20. 

The chlorine presence in TZ-3Y (Tosoh, Japan), the same powder grade as in this work, 

was also reported by Kim and Kim and Sweeney and Mayo. Kim and Kim [20] found 0.09 wt% 

of chlorine by induction coupled plasma (ICP) analysis after annealing at 600 °C for 4 h. 

Sweeney and Mayo [23] measured ~ 0.20 wt% of residual chlorine in the same as received 

powder grade by XRF. Comparing those amounts to our results obtained by XRF analysis 

(0.07 wt%), the residual chlorine is still present in commercial YSZ powders (Tosoh, Japan), 

and its amount probably lies somewhere around a tenth of a wt%, depending on the YSZ powder 

batch. 

6.3 Conventional sintering 

6.3.1 Microstructure of CS alumina and YSZ 

The CS was performed mainly for comparison purposes with RRS and FS techniques. 

The obtained microstructures of disc-shaped alumina (TM-DAR) and YSZ (TZ-3YB) samples 

very well corresponded with other literature [46–48]. Alumina and YSZ samples were sintered 

above 98 %TD, independently of the sample size. Consistently with previous observations, the 

grain growth kinetic of alumina (TM-DAR) and 8YSZ (TZ-8Y) was accelerated after the pores 
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became isolated, while the grain growth in 3YSZ (TZ-3Y, TZ-3YB, TZ-3Y-E) was slow due 

to the solute drag mechanism [102]. 

6.4 Rapid rate sintering 

6.4.1 Selection of the onset temperature for rapid rate sintering 

As many times reported in the literature, the green bodies for RRS have to be dried prior 

to the onset of rapid heating rate. Otherwise, fast evaporation of adsorbed water during rapid 

heating might cause cracking of the sintered compacts. In most studies, drying temperatures lie 

between 100 and 200 °C [18,19,51]. The RRS starts immediately after the drying procedure, 

usually by moving a green body from a drier into a preheated furnace. In this study, we tested 

three different onset temperatures (200, 700, and 1100 °C) and investigated their impact on 

densification and grain growth during RRS. 

The assessment of optimal starting temperature for RRS was performed on alumina 

(TM-DAR) and 3YSZ (TZ-3YB) samples. The densities and grain size of nearly dense pellets 

(91-98 %TD) from Table 16 and Table 17 are plotted in Fig. 33. It can be seen that the final 

relative density increased with increasing onset temperature for both materials. This can be 

explained by the fact that the higher onset temperature enabled densification, and therefore, the 

green body slowly preheated at 1100 °C had a densification lead compared to green bodies 

rapidly sintered from lower temperatures. Also, a higher onset temperature allowed more heat 

to be transferred to the specimen prior to the RRS, which could have been responsible for the 

final density difference between 200 and 700 °C onset temperature. 

The final microstructures of RRS samples were compared by using Equation 1. The 

most optimal onset temperature in terms of lowering the grain size should possess the lowest 

factor θ. However, all three onset temperatures led to similar final microstructures, which fit by 

factor θ of around 0.64 and 0.72 for TM-DAR and TZ-3YB discs, respectively, indicating no 

superior onset temperature. 

 

Fig. 33 Final density and grain size after rapid sintering at 1450 °C with 1min dwell time from 

different onset temperatures (200 °C – yellow, 700 °C – orange, 1100 °C – red points). 
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Based on these results, the onset temperature of RRS does not play a significant role in 

grain growth suppression. Higher onset temperature slightly improves final density, which can 

be explained by a densification lead and more heat transferred into the sample during a longer 

preheating time. On the other hand, the accelerated densification was not met with grain growth 

suppression since the grain size had an increasing trend with increasing final density. Given 

these results and the fact that the pre-heating at 1100 °C is the most energy-consuming, the 

onset temperature for RRS was set to around 450 °C, in the middle of 200 °C and 700 °C, for 

most of the remaining experiments. 

Although not bringing microstructural benefits, the findings are new in the field of RRS 

of alumina and YSZ ceramics and showed that accelerated densification, a trademark of RRS, 

is possible even if a rapid heating rate is applied from higher onset temperatures. This finding 

questions the hitherto accepted hypothesis that elimination of surface diffusion in the early stage 

of sintering is essential in the RRS technique. 

6.4.2 Rapidly sintered alumina and YSZ discs 

Densification 

The effect of the heating rate on microstructure evolution was investigated by comparing 

microstructures of sintered discs after conventional (5 °C/min) and rapid heating (100 °C/min). 

The CS and RRS of alumina and YSZ at various peak temperatures up to 1500 and 1550 °C, 

respectively, provided a wide range of relative densities covering the initial, intermediate, and 

final stage of the sintering process (see Table 9 and Table 11). These data were fit by a sigmoidal 

curve to obtain a densification curve for each powder compact (Fig. 34). This approach was 

possible due to the immediate rapid cooling of the specimens to around 800 °C after reaching 

the peak temperature, so the densification and grain growth was stopped, preserving the 

microstructure attained at a peak temperature. 

This experimental design brings a new insight into the area of RRS. So far, the heating 

rate’s impact on the microstructural evolution was neglected by a relatively long dwell time at 

sintering temperature [18,19,22]. The densification and grain growth during the heating stage 

were followed by densification and grain growth during up to 2 hours of dwell time [22]. 

Therefore, the processes which took part solely during the heating stage could not be 

distinguished. Although some authors used a shorter dwell time of a few minutes, their 

investigations were limited to only one sintering temperature [25] or lacked grain size data [51]. 

Fig. 35 shows the porosity development in alumina (TM-DAR) and YSZ (TZ-3YB, TZ-

3Y-E, and TZ-8Y) discs under all three fast heating rates (80, 100, 120 °C/min). Assuming that 

there are no relative density gradients between the surface and core of disc-shaped samples, it 

can be concluded that the open porosity began to close at around 89-90 and 86-87 %TD in TM-

DAR alumina and YSZ, respectively. The transition from the intermediate to the final sintering 

stage was finished when all pores became isolated around 95 and 92 %TD in respective material 

compositions. 

 



 
 

62 
 

  

 

 

Fig. 34 Densification curves of (a) rapidly sintered (100 °C/min) discs at different peak temperatures 

without dwell time and (b-e) relative density comparison of conventionally (5 °C/min) and rapidly 

sintered (100 °C/min) discs for a given material. 

The pore closure during CS at a heating rate of 5 °C/min of the same powder materials 

was previously studied by Spusta et al. [98]. According to them, the pores are completely closed 

after reaching the critical density. This density is defined by the material composition and was 

shown to be independent of particle size and green body characteristics. Based on Spusta et 

al.’s work, the critical density lies around 95 and 92-93 %TD for alumina and YSZ ceramics, 

respectively, which is in good agreement with rapidly sintered samples in this study. This 
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finding shows that the critical density is also independent of a heating rate and thus supports 

Spusta et al.’s conclusions about the critical density being a material constant. 

  

Fig. 35 Open porosity (white filled symbols) and closed porosity (black filled symbols) development in 

(a) YSZ samples (where triangle-down stands for TZ-3Y-E, triangle-up for TZ-3YB, and square for 

TZ-8Y samples), (b) TM-DAR alumina samples. 

Grain growth 

Contrary to the accelerated densification, which is seen as a benefit of RRS, the results 

on the grain growth are less plausible. Although rapid heating produced a smaller grain size in 

a significantly shorter time than conventional heating for a given peak temperature (compare 

Table 9 and Table 11), it also led to a lower relative density (Fig. 34b-e). Therefore, a higher 

peak temperature had to be employed during RRS to achieve comparable density to CS. 

 Interestingly, despite differences in RRS and CS schedules, such as a significantly 

higher peak temperature and shorter processing time in RRS compared to CS, the grain size 

was independent of the heating rate and peak temperature in the intermediate sintering stage. 

As shown in Fig. 36, the grain size was almost a linear function of relative density in this 

sintering period. This linear dependence was several times reported in CS [103–105], which 

indicates that RRS utilizes the same matter transport mechanisms as CS.  

However, the linear dependency of the grain size on the relative density is no longer 

valid in the final sintering stage during CS. The grain growth rate exponentially increases due 

to the disappearance of tubular porosity [103–105]. Following the grain size development in 

our samples, the exponential increase of grain size in the final sintering stage is notable both 

for CS and RRS samples. It is also more apparent in alumina (TM-DAR) and 8YSZ (TZ-8Y) 

compared to 3YSZ (TZ-3YB, TZ-3Y-E). This is most probably due to the solute-drag 

mechanism in 3YSZ ceramics, where Y3+ segregates along the grain boundaries and thus 

provides additional force for grain growth hindering [102]. 

Following the results shown in Fig. 36, the grain growth rate in the final sintering stage 

was similar or slightly faster in the case of rapid heating compared to conventional heating for 

all materials under investigation. 
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Fig. 36 The comparison of our experimental data of relative density and grain size after CS and RRS 

with selected literature. 

Our results on alumina in the context of other literature 

Comparing our results with other studies, the final microstructures of RRS alumina TM-

DAR discs are in agreement with other RRS and CS studies using the same powder grade. For 

example, Maca et al. [46] obtained 99.3 % dense samples with the grain size of ~ 1030 nm by 

CS (850 and 3760 nm was measured in this study for 99.0 and 99.5 % dense disc, Table 9). As 

for RRS, García et al. [18] prepared ~ 99 % dense sample with a grain size of around 1200 nm, 

which corresponds to our results very well (950 and 1700 nm was measured in this study for 

98.8 and 99.0 % dense disc, Table 13). 

Another evidence that rapid heating does not improve the microstructure of alumina 

TM-DAR ceramics can be found in Salamon and Shen’s work [106]. The authors carried out 

pressure-less SPS of alumina TM-DAR sample at a fast heating rate of 50 °C/min. The rapid 

heating did not suppress the grain growth, resulting in several micron-sized grains. 

These findings obviously do not promote RRS as a method for the preparation of fine-

grained microstructures and can question the early results of Harmer and Brook [14]. On the 

other hand, Harmer and Brook [12,14] utilized different alumina powder (with larger particle 

size, purity, etc.), which could have resulted in a more plausible densification behavior and 

grain growth suppression during RRS than our powder had. 
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Our results on 3YSZ in the context of other literature 

The RRS of 3YSZ discs (TZ-3YB, TZ-3Y-E) also did not bring any microstructural 

benefits over CS in the scope of this study. Comparing our results with other studies, one can 

find that several conflicting conclusions were reached in the area of RRS of 3YSZ. Retardation 

of the grain growth was observed in some studies on RRS of 3YSZ ceramics [19,25], while no 

suppression was reported in the early work of Chen and Mayo [22]. Chen and Mayo's results 

on conventionally (5 °C/min) and rapidly (200 °C/min) sintered 3YSZ samples (TZ-3Y, Tosoh) 

showed no difference in the final microstructures. The grain size of dense samples was in the 

range of 300-350 nm after sintering at 1300 °C for 2 h, independently on a heating rate. Similar 

grain sizes of 300 and 280 nm were attained in this work with rapidly sintered (99.3 % dense) 

and conventionally sintered (100 % dense) TZ-3YB discs, respectively (see Fig. 36b). 

Contrary to their conclusions, Gómez et al. [19] and Ji et al. [25] obtained finer grain 

size after RRS compared to CS. Gómez et al. [19] obtained almost 100 % dense samples with 

a grain size of 330 and 530 nm after RRS and CS after sintering at 1400 °C, respectively. Here 

we have to point out that our work is in a rough agreement with Gómez et al.’s findings on 

RRS, but we attained much finer grain size in conventionally sintered samples (280 nm). This 

indicates that Gómez et al.’s CS was probably non-optimized.  

Ji et al. [25] sintered green bodies made of TZ-3Y-E material up to full density. Their 

99.9 % dense samples had grain sizes of 360 and 170 nm after CS (1400 °C for 60 min) and 

RRS (1315 °C for 5 min), respectively. Their work shows a considerable microstructural 

benefit of RRS over CS. Comparing their microstructures to our work, our 99.9 % dense disc 

exhibited a smaller grain size of 270 nm after CS, while a significantly larger grain size of 

370 µm was found in our 99.7 % dense disc after RRS. This again indicates that Ji et al.’s CS 

schedule could have been better optimized. 

Based on the results above, the CS is often performed with suboptimal parameters, 

resulting in more extensive grain growth than needed. As for RRS, our microstructures are in 

rough agreement with the works of Chen and Mayo [22] and Gómez et al. [19]. The overall 

finer grain size after RRS in Ji et al.’s work is probably connected to the following processing 

deviations: (i) Ji et al. used slip casting technique for green body preparation which generally 

produces a more homogeneous green body than a combination of UP and CIP used in our work 

[3], (ii) more homogeneous green body microstructure enabled them to sinter at significantly 

lower sintering temperature of 1315 °C with 5 min dwell instead of 1550 °C with 0 min dwell 

used in our study, (iii) Ji et al.’s sample size was significantly smaller (small pieces with 

dimensions of 1-2 mm) than in our study (⌀ 16 × 1.6 mm). 

To verify the effect of sintering temperature in point (ii), we additionally rapidly sintered 

our TZ-3Y-E disc at a heating rate of 100 °C/min up to 1315 °C with 10 min dwell time. The 

resulting microstructure of a 99.0 % dense sample with an average grain size of 210 nm is 

shown in Fig. 37. Although not matching the grain size of Ji et al. for the 99 % dense sample 

(around 140 nm), it is still a considerable improvement compared to 98.6 % dense sample with 

a grain size of 337 nm sintered at 1500 °C without dwell. This implies that even when the 

sample is sintered without a dwell, a very short time spent at a high peak sintering temperature 

can dramatically accelerate grain growth kinetics. Therefore, further research should follow the 

direction of lowering the sintering temperature and increasing dwell time during RRS. 



 
 

66 
 

 

Fig. 37 Microstructure of the rapidly sintered (100 °C/min) TZ-3Y-E disc up to 1315 °C with 10 min 

dwell time. 

Our results on 8YSZ in the context of other literature 

Gómez et al. [19] showed that not only TZ-3Y but also TZ-8Y material benefit from a 

rapid heating rate. Comparing their results to our study, a similar grain size of around 500 nm 

was achieved in both studies for 96 % dense samples prepared by RRS. On the other hand, the 

results on CS between both studies are highly inconsistent. While the grain size of 97 % dense 

CS samples was over 1700 nm in Gómez et al.’s work, a much finer grain size of around 600 nm 

was attained by CS in this study. This evidences that CS schedule was again suboptimal in 

Gómez et al.’s work and questions their conclusions about rapid heating being an adequate tool 

to produce fine-grained microstructures in TZ-8Y material. 

Unlike the literature observations, the results presented in this work are consistent for 

all powders under investigation. Following the behavior of alumina (TM-DAR), 3YSZ (TZ-

3YB, TZ-3Y-E), and 8YSZ (TZ-8Y) discs, the positive impact of a rapid heating rate on grain 

growth suppression cannot be confirmed. Although not finer, the grain size after RRS was very 

similar to that after CS. Considering the time effectivity of RRS, it could still be a possible way 

of ceramic manufacturing if the same observations could be repeated on samples with larger 

dimensions (mass of several grams and more). 

6.4.3 Rapidly sintered BCZT, Ce-BCZT, and BCST discs 

Consistently with alumina and YSZ, the RRS of BCZT, Ce-BCZT, and BCST led to 

accelerated densification and grain growth compared to the CS. All three BT-based materials 

reached a density saturation within the 60 min dwell time (Table 14); however, none of them 

fully densified (Fig. 30f-h). The final density lower than in the case of alumina and 3YSZ was 

most probably caused by the development of supercritical pores due to bimodal pore size 

distribution in the green body [37] and by the pore coalescence in the final sintering stage [89] 

as also discussed in Chapter 6.2.2. Given that a similar density saturation was found in studies 

on CS [89–92], we can rule out the possibility of the rapid heating rate being responsible for 

density saturation. 

The density saturation was dependent on the material and, in our case, occurred after 

30 min dwell time in BCZT (93.6 %TD), after 45 min in Ce-BCZT (95.3%TD), and after 

15 min in BCST (95.3 %TD). As shown in Fig. 38a, d33 increased with increasing relative 
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density but became nearly constant after the saturation of relative density. Although the 

densification was hindered, the grain growth notably continued in BCZT and Ce-BCZT 

ceramics (Table 14). Comparing our results to the previous results of Bijalwan et al.’s obtained 

during CS of the same powders [89,90,92], the grain sizes of our rapidly sintered BCZT and 

Ce-BCZT ceramics reached similar values and lay in the optimal grain size interval from 10 to 

30 µm [89,90,92]. The d33 of BCZT and Ce-BCZT samples reached up to 428 and 515 pC/N, 

respectively, which is, especially in the case of Ce-BCZT, on the level of the values obtained 

by Bijalwan et al. after CS (460-500 pC/N [89,92] and 507 pC/N [90], resp.). 

A bit different findings were obtained for our rapidly sintered BCST ceramics. Although 

the RRS again produced a similar grain size to that attained after CS [91], the grain growth with 

increasing dwell time was not as significant as in BCZT and Ce-BCZT ceramics (Table 14). 

The large grains of around 46 µm were attained within the first 15 min of sintering, and then 

the grain size was almost constant. The observation indicates that 1550 °C is an unnecessarily 

high sintering temperature for BCST ceramics, allowing the grains to reach their equilibrium 

size within the first 15 min of dwell time, massively lowering the thermodynamic force for 

further grain growth. Similar grain sizes in the range of 40-56 µm were previously attained by 

the CS [91], resulting in d33 of around 400-500 pC/N. Our rapidly sintered samples fit into this 

grain size and d33 range, showing the highest d33 of 443 pC/N for 42 µm grain size. Therefore, 

we showed for the first time that the RRS of BCZT, Ce-BCZT, and BCST materials leads to 

the comparable piezoelectric performance as the CS, with the benefit of up to 95 % of time 

savings [96]. 

   

Fig. 38 Dependence of d33 on the (a) relative density, (b) grain size of BCZT, Ce-BCZT, and BCST 

samples. 

6.4.4 Rapidly sintered alumina pellets 

To the best of the author's knowledge, the largest fine-grained alumina samples prepared 

by RRS were approximately 2 g in mass so far [18,51]. Compared to them, the nearly dense 

alumina pellets prepared in this work have a bulker character and double mass of around 4 g 

(Fig. 39). The nearly dense alumina pellets were without visible defects, which indicates that 

RRS can produce relatively large samples without defects and in a short time. 

The microstructure of rapidly sintered alumina pellets was similar to that observed in 

alumina discs. After overcoming the 99 %TD, the average grain size was already over 1 µm 
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and increased to about 3 µm as the relative density progressed to about 99.3 %TD (Table 13, 

Table 16). Given such a fast grain growth kinetics, it is unlikely that the final grain size of a 

fully dense RRS alumina pellet would be lower than 5 µm attained by CS (Table 10). This is in 

agreement with the results obtained with disc-shaped samples and confirms that RRS is not an 

effective tool for attaining fine-grained alumina TM-DAR ceramics. 

 

Fig. 39 Alumina (TM-DAR) pellets: (a) green body, (b) CS 5-1400/2, (c)(d)(e) RRS 100-1500/2 (onset 

200 °C, 450, and 1100 °C), (f)(g) 1500-1500/3 (onset 450 and 1100 °C). 

6.4.5 Rapidly sintered YSZ pellets 

Five-gram YSZ pellets: Formation of core-shell structure 

As shown in Fig. 30, the disc-shaped TZ-3Y, TZ-3Y-E, and TZ-8Y were sintered into 

a high final density (> 98 %TD), while their pellet-shaped counterparts stopped densification 

around 85-90 %TD. Following the discussion initiated in Section 6.2.4, the residual chlorine is 

first on the list of possible causes of this behavior. The negative effect of residual chlorine on 

the densification of TZ-3Y and TZ-8Y samples during RRS was studied in the early 1990’s by 

Kim and Kim [20]. They attained low final density but did not report a formation of the core-

shell structure as well as did not mention the exact sample size. Around the same time, Chen 

and Mayo [21,22] found the core-shell structure in nanocrystalline 3YSZ. They discussed the 

possibility of the negative effect of residual chlorine in their first study, but in the end, attributed 

poor final density to the low thermal conductivity of the YSZ ceramic. Apart from TZ-3Y and 

TZ-8Y grades, another two grades with the same particle size were investigated in our study. 

TZ-3Y-E grade also suffered from poor densification during RRS; however, TZ-3YB was 

resistant to this issue. 

As reported by Valigi et al. [107], residual chlorine in YSZ can be adsorbed at the 

particle surface or trapped in microporous structures between powder particles. Guo et al. [108] 

reported that chlorine is likely to form strong chemical bonds with zirconium ions which would 

allow chlorine species to persist at the surface into relatively high temperatures. This argument 

is consistent with the XRF analysis – no chlorine escaped from TZ-3Y, TZ-8Y, and TZ-3Y-E 

grades during annealing at 600 °C for 2 h. Moreover, the spectra obtained by MS collected for 
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TZ-3Y grade up to 800 °C did not show any traces of chlorine removal either and according to 

Kim and Kim [20], 0.01 wt% of chlorine was in their TZ-3Y powder even after annealing at 

1100 °C for 1 h. 

Based on the weight loss measured by TGA, the residual chlorine species could 

evaporate above 975 °C (Fig. 32). As mentioned by Guo et al. [108], residual chlorine might 

be volatilized as ZrCl4 which is formed at the particle surface due to the migration of zirconium 

ions to external surfaces to compensate the electronegativity of chlorine ions. With respect to 

the chlorine quantity in TZ-3Y and TZ-3YB grades after annealing at 600 °C for 2 h analyzed 

by XRF (0.077 and 0.025 wt%), there would be exactly enough chlorine to produce 0.13 and 

0.04 wt% of the volatile ZrCl4 compound after reaction with zirconium, respectively. These 

values roughly match the mass loss measured by TGA above 975 °C (0.11 and 0.06 wt%). 

In the case of CS, the residual chlorine has more time to escape from the sintered body 

before the pores at the surface become closed compared to RRS. Therefore, a higher amount of 

insoluble gas becomes trapped inside the rapidly sintered sample, which will act against 

shrinkage and eventually cause sample swelling. In this study, the swelling (de-densification) 

was observed, for example, between 10 and 30 min of dwell time at 1500 °C in rapidly sintered 

(100 °C/min) TZ-3Y, TZ-3Y-E, and TZ-8Y pellets (Table 19). The estimation of the insoluble 

gas pressure inside the rapidly sintered TZ-3Y pellet was based on Equation 8, assuming open 

porosity volume in sample core of 10-7 m3 (~10 % of sample volume) and 0.13 wt% of ZrCl4 

gas: 

𝑝𝑉 = 𝑛�̅�𝑇𝑓 =  
𝑚�̅�𝑇𝑓

𝑀
 

(8) 

where 𝑝 is the pressure of volatilized ZrCl4 inside the sample (Pa), 𝑉 is the open porosity 

volume in sample core (10-7 m3), 𝑛 is the molar amount of ZrCl4 gas (mol), 𝑚 is the weight of 

ZrCl4 (0.0065 g), 𝑀 is the molar mass of ZrCl4 (233.02 g·mol-1), �̅� is the gas constant 

(8.314 J·K-1·mol-1), and 𝑇𝑓 is the furnace sintering temperature (1773.15 K). The resulting 

ZrCl4 pressure is then around 4 MPa. This value is probably overestimated since some chlorine 

escapes before the pores are closed, even if a fast heating rate is applied. 

A negative effect of residual chlorine on densification was the most apparent in rapidly 

sintered TZ-3Y and TZ-8Y pellets, followed by TZ-3Y-E pellet. Final densities of TZ-3Y, 

TZ-8Y, and TZ-3Y-E samples after RRS up to 1500 °C with 10 min dwell were only 86.1, 86.1, 

and 90.4 %TD, respectively (Table 8). Such low relative densities usually mean that the 

sintering is still in the intermediate stage, where all pores are interconnected and open to the 

outer surface [98]. In this work, only closed pores were at the surface. However, open porosity 

was revealed after slicing TZ-3Y and TZ-8Y samples in half which confirms that a gradient 

structure characterized by a dense surface shell with isolated pores and a porous core with 

interconnected porosity was formed during RRS and explains the poor final densities observed 

by Kim and Kim [20] in the early 1990s. 

With respect to core-shell structure, the final density of rapidly sintered TZ-3Y, TZ-8Y, 

and TZ-3Y-E pellets shown in Table 18 represents a weighted average, somewhere between 

the relative density of the dense shell and the relative density of the porous core. The exact 

density in different areas of the samples was not studied, but it can be assumed that the density 
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of an airtight shell was higher than 92-93 %TD which is the relative density at which the pores 

are closed in this material (see Fig. 35 and Ref. [98]), while the porous core had density lower 

than 92-93 %TD. 

The formation of the core-shell structure was initiated by rapid heating. Although the 

heating of the sample is volumetric due to the predominant heat transfer by infrared radiation 

[53], the small contribution of heat transfer by conduction and convection causes the 

densification to be preferential at the sample surface due to its higher temperature and the low 

thermal conductivity of YSZ ceramics, as reported by Chen and Mayo [21,22]. 

In this respect, the pores near the sample surface were closed before the temperature in 

the sample core was high enough to evaporate the remaining chlorine. Residual chlorine close 

to the sample surface escaped, but the majority was trapped in the center of the sample once the 

airtight outer layer was established, as evidenced by LEIS analysis shown in Fig. 22. Disc-

shaped samples (⌀ 16 × 1.6 mm) did not suffer too much from the trapped residual chlorine 

because most chlorine could escape before the airtight surface shell was formed. Thus, the 

sample shape and dimensions seem to be the crucial parameters behind contradictory results 

obtained in previous studies [54,109]. 

YSZ pellets: Positive effect of binder in TZ-3YB powder grade on chlorine removal 

The RRS of TZ-3YB pellet at a heating rate of 100 °C/min up to 1500 °C with 10 min 

dwell time resulted in a crack-free, 98.4 % dense sample with a uniform microstructure. The 

high final relative density together with decent resistance to noticeable swelling or de-

densification after spending prolonged time at a sintering temperature (Table 19) can be 

attributed to the higher content of the organic binder in as received powder. While the amount 

of binder in the other three powder grades (TZ-3Y, TZ-3Y-E, TZ-8Y) was smaller than 1 wt%, 

the TZ-3YB had 3.6 wt% of a binder. 

The XRF analysis showed that the chlorine amount was reduced almost to one-third in 

TZ-3YB powder grade (from 0.067 to 0.025 wt%, see Table 7). Following the results of TGA 

and DTA analyses (Fig. 14), the binder burnout was realized below 600 °C and a high binder 

content in TZ-3YB grade resulted both in a higher mass loss and heat generation than in TZ-

3Y grade. Therefore, the additional heat might have contributed to the disruption of chemical 

bonds between chlorine and Zr atoms [107]. 

This chlorine is represented in the MS spectra by Cl+ and Cl2
+ ions around 400 °C (Fig. 

15). Part of the free-chlorine probably reacted with highly reactive compounds originating from 

binder degradation processes [99] and formed hydrogen chloride evidenced as HCl+ ions in the 

MS spectra. The rest of the chlorine in TZ-3YB powder grade after annealing at 600 °C for 2 h 

seems to be tolerable, not causing the formation of the core-shell structure. 

YSZ pellets: Effect of annealing conditions on chlorine removal 

In this study, we preferably used an annealing temperature of 600 °C for 2 h, which was 

reported as sufficient to remove the binder and other organic impurities from YSZ green bodies 

[99]. Nevertheless, it resulted in a poor final density of rapidly sintered TZ-3Y-E, TZ-3Y, and 

TZ-8Y pellets, as discussed above. Annealing of the green body above 600 °C with the same 

2 h holding time had a positive impact on the final density of all 4 rapidly sintered materials, 
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indicating that the higher annealing temperature results in the higher final density (Table 20, 

Fig. 40). This is in agreement with the conclusions of Sweeney and Mayo [21] and Kim and 

Kim [18], who reported thermal annealing at elevated temperatures as one of the ways to attain 

a high final density of chlorine-contaminated YSZ.  

As indicated by TGA (Fig. 32), residual chlorines in YSZ grades start to evaporate most 

probably around 1000 °C. In this respect, annealing at temperatures above 1000 °C should be 

able to effectively lower the residual chlorine concentration and diminish the negative effect on 

subsequent RRS. Some residual chlorine was probably removed also in the temperature interval 

of 600-1000 °C because annealing at 800 °C and 900 °C for 2 h increased the final density of 

the rapidly sintered TZ-3Y pellets compared to pellets annealed at 600 °C for 2 h (Fig. 40a). 

Anyway, the annealing at 1000 °C for 10 h was found to be the most optimal for attaining highly 

dense pellets without core-shell structure from all powder grades under investigation via RRS 

(Fig. 40b). 

  

Fig. 40 The effect of annealing conditions on the final relative density after RRS at a heating rate of 

100 °C up to 1500 °C with 10 min dwell time. 

6.5 Flash sintering 

6.5.1 Comparability of flash and rapid rate sintering 

Part of the research was designed to compare the FS and RRS techniques. Although the 

heat generation is different, both techniques utilize a rapid heating rate that results in accelerated 

densification. In the case of FS, the heat is generated inside the specimen due to electrical 

loading. A higher temperature is expected in the core [81,82], and heat is conducted to the 

cooler surface. In the case of RRS, heat is transferred to the specimen mainly by infrared 

radiation from heating elements and also by convection from the heating elements and furnace 

atmosphere [52,53]. 

The heating sources are also responsible for different heating rates achievable by these 

techniques. While the heating rates in FS were calculated to be in the order of 103-104 °C/min 

due to the rapid generation of Joule heat [13], the typical heating rates achieved by the RRS 

technique are about one order of magnitude lower [109]. Therefore, the stepwise sintering 



 
 

72 
 

approaches of FS [69,71] and RRS were utilized in this work to decrease the influence of 

heating rate due to the insertion of several isothermal dwells. Moreover, the low-temperature 

history was also the same since the green bodies were slowly preheated up to 900 °C in both 

techniques. 

Since the specimen temperature during FS cannot be measured by a thermocouple due 

to DC passing through the specimen [69], the temperature was estimated based on the black 

body radiation model. Our calculations followed the works of Todd et al. [69] and Raj et al. 

[110] by assuming that there are no temperature gradients in the specimen and equating the 

electrical power dissipation to the radiative heat loss using Equation 9: 

𝑇𝑠 =  (𝑇𝑓
4 +

𝑊

𝐴𝑠𝜀𝜎
)

1/4

 (9)  

where 𝑇𝑠 is the specimen temperature (K), 𝑇𝑓 is the furnace temperature (K), 𝑊 is the dissipated 

electrical power (W), 𝐴𝑠 is the surface area of the specimen (m2), 𝜀 is the emissivity (-), and 𝜎 

is Stefan-Boltzmann constant (5.67 × 10-8 W·m-2·K-4). Dissipated electrical power was calcu-

lated using Equation 10: 

𝑊 = 𝑈 ∙ 𝐼 (10)  

where 𝑊 is the dissipated electrical power (W), 𝑈 is the voltage (V), and 𝐼 is the DC current 

(A), measured by Labview software during FS experiments. The surface area of the specimen 

was calculated by using instantaneous dimensions of the specimen recorded during shrinkage 

on a video camera. The emissivity was taken as 0.7 based on the previous works [69,83]. 

The calculated specimen’s temperatures at different levels of a current density are given 

in Table 26. They are presented as a temperature interval from the lowest calculated value to 

the highest calculated value since they slightly varied depending on the shape and the accuracy 

of the surface area measurement during shrinkage. The average temperatures of the FS 

specimens were 1110, 1270, 1365, 1435, 1525, and 1600 °C under electric currents of 0.4, 0.8, 

1.2, 1.6, 2.0, and 2.4 A, respectively. It has to be noted that there was no difference in the 

estimated specimen’s temperature concerning different annealing conditions of the green 

bodies. 

Table 26 Calculated temperature of the FS samples under different loads of current density. 

Electric current 

(A) 

Current density 

(mA/mm2) 

Calculated temperature 

(°C) 

0.4 25 1100-1120 

0.8 55 1240-1300 

1.2 90 1340-1380 

1.6 125 1400-1460 

2.0 160 1510-1530 

2.4 190 1590-1610 
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6.5.2 Flash sintered 3YSZ bars 

Densification 

The relative density of stepwise FS samples varied using various current densities (90, 

125, 160, 190 mA/mm2), holding times (30, 60 s), and two different green body states (annealed 

at 600 °C for 2 h and pre-sintered at 1000 °C for 10 h). As expected, higher current density and 

longer total time in a flash state resulted in higher final relative density of the FS specimens 

(Table 21, Fig. 41). The pre-sintered compacts also had about 50 % shorter incubation time 

compared to annealed ones (Fig. 23). This is in agreement with previous observations of 

Yoshida et al. [83] who found that a higher contact area between neighboring particles formed 

during pre-sintering reduces the electrical resistivity of the powder compact. 

For the same current density and holding time, the stepwise FS of pre-sintered compacts 

resulted in a higher final density compared to annealed compacts (Fig. 41). This densification 

behavior is analogical to that observed in RRS, where the pre-sintered body sintered into 

99.9 %TD after spending 10 min at 1525 °C while annealed body needed 120 min at the same 

temperature to hardly reach 99.5 %TD (Table 15). 

 

Fig. 41 Dependence of relative densities of the FS and RRS samples sintered by stepwise approach 

with 30 s dwell on the sintering temperature (in the case of FS, the sintering temperature was 

estimated using Equation 9). FS: AC and RRS: AC stand for annealed compacts; FS: PC and 

RRS: PC stand for pre-sintered compacts. 

Following the densities presented in Table 21, it seems that the final density of FS 

annealed bodies reached its maximal value of around 99 %TD. The densification of the pre-

sintered bodies continued beyond this point up to 99.4 and 99.7 %TD at current densities of 

160 and 190 mA/mm2, respectively. This limitation of annealed compacts cannot be explained 

by lower starting density because even if the longer holding time at a current density of 

190 mA/mm2 was used (60 s), the relative density did not significantly improve compared to 

30 s dwell (Table 21). Since the electrical load and thus the temperature was the same and we 

excluded the effect of starting density of the green body, our suspicion falls on the effect of the 

chlorine present in the annealed green body. 

Due to the ultra-rapid densification during FS, residual chlorine species from the powder 

manufacturing process became trapped inside the FS specimens, similarly as in RRS (see 
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discussion in Chapter 6.4.5), preventing further shrinkage of the sample. Even though we 

intentionally used the TZ-3YB powder grade, which, thanks to the increased binder content, 

gets rid of most of the residual chlorine during binder burnout at temperature ~ 400 °C, some 

chlorine probably persisted in the powder as evidenced by mass loss measured by TG analysis 

(Fig. 32). 

Comparison of our final density with available literature is thus difficult because most 

of the studies focused on relatively thin samples with thickness ≤ 2 mm (see Table 3). Therefore, 

the effect of residual chlorine was unnoticeable in most of the works, similarly to the thin disc 

YSZ samples in this study. Our FS samples were thicker with a green body cross-section of 5.8 

× 3.5 mm, which has a more bulker character, and thus they resemble much closer behavior to 

the RRS YSZ pellets. 

Another interesting result is that the relative densities attained by RRS and FS were very 

close, which indicates that the densification during RRS and FS is accelerated mainly due to 

rapid heating (no electric field was present in RRS), which is in agreement with the conclusions 

of Ji et al. [13]. 

The normal grain growth 

Following Fig. 42, the grain size was smaller at the surface compared to the specimen’s 

core and the difference was increasing with increasing current density and relative density of 

the samples. This phenomenon was explained by a significantly lower temperature at the 

surface compared to the specimen's core [81–83]. The surface is constantly cooled down by the 

ambient furnace atmosphere and as a consequence, the electric current is forced to preferentially 

pass through a hotter, more conductive core [83].  

The difference was negligible in the TZ-3YB sample sintered at a current density of 

90 mA/mm2 (94.8 % dense sample). The average grain size in this sample was around 200 nm 

near the surface and around 250-300 nm in the core, depending on the distance from the anode. 

Comparing this microstructure to the one obtained by RRS (e.g. 94.2 % dense disc with a grain 

size of around 200 nm (Table 11)), the grain growth in the core of the FS sample was way faster 

than in RRS while the surface showed a similar grain size. 
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Fig. 42 Grain size development in the FS 3YSZ (abnormal grain growth is not included). AC-C and 

AC-S stand for annealed compacts – core and surface, resp.; PC-C and PC-S stand for pre-

sintered compacts – core and surface, resp. 

The transition between normal and abnormal grain growth 

The grain size distribution in the specimen’s core also became wider as the current 

density reached and overcame 160 mA/mm2. Here it is important to notice that some core areas 

possessed accelerated grain growth kinetics over the others. Based on several SEM images from 

different locations in the core, some locations exhibited overall smaller grain size equivalent to 

that measured near the surface (Fig. 43a), but others exhibited much coarser grains (Fig. 43b). 

Such microstructural inhomogeneities are not acceptable for structural applications and 

must be prevented to attain high mechanical strength. Such a significant microstructural non-

uniformity was not observed in RRS which suggests that the source of these inhomogeneities 

is connected to the electric field rather than to the rapid heating. 

   

Fig. 43 The core area of the annealed compact after stepwise FS at a current density of 160 mA/mm2 

for 30 s taken from 0.9 normalized distance from anode by SEM. The average grain size varied in 

different places in the core reaching from (a) ~ 250 nm to (b) ~ 1.5 µm. 
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Abnormal grain growth 

With further increase in the current density, the grain growth became strongly bimodal 

at the cathode side (0.9 distance from anode) resulting in the appearance of the abnormal grains 

(Table 23). The similarly accelerated grain growth kinetics at the cathode side was mentioned 

in previous works on the FS of YSZ ceramic by application of DC electric current [27–30]. 

Compared to them, our results are a bit different. As can be seen in Fig. 43 and especially in 

Fig. 26, the grain growth was accelerated only in some areas in the core of FS samples. These 

observations are new and the most probably evidence the beginning of the abnormal grain 

growth process. It can be assumed from Fig. 26 that the abnormal grains in the core would 

eventually consume all remaining submicron grains, resulting in coarser microstructure seen in 

the other works [27–30].  

To investigate the size and shape of the abnormal grains, we additionally observed the 

microstructure in a plane along the electric current flow. As shown in Fig. 44, the position, 

shape and size of abnormal grains along the electric current was the same as in plane 

perpendicular to electric current flow (Fig. 26), i.e. the abnormal grains were seen only in the 

core and their shape was not influenced by the orientation of electric field. 

 

Fig. 44 The microstructure after the stepwise FS of pre-sintered compact at a current density of 

190 mA/mm2 for 30 s taken in a plane parallel to DC electric current. 
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A random emergence of the abnormal grains could be explained by a localization of the 

electric current. As reported by Dong [87], the inhomogeneous heat distribution can be caused 

by microstructural flaws such as non-uniform powder packing or by inhomogeneous electrical 

loading due to bad contacts between the electrode and the sample. He proposed that a thermal 

runaway in these places is increased and produces more heat than can be released into 

surrounding material by conduction (due to low thermal conductivity of YSZ ceramics), 

similarly as in microwave sintering [111]. The so-called “hot-spots” are created and the process 

can even lead to the melting of the ceramic material [31]. Dong also suggested that the hot-

spots are likely to occur in the YSZ specimens with dimensions larger than 0.8-1.6 mm. Since 

the cross-section area of our samples was much higher than that and since the abnormal grains 

were found only in the hotter core, the hot-spots are a possible explanation. 

6.6 Spark plasma sintering 

6.6.1 Spark plasma sintered BCZT discs 

Densification 

As expected, the fully dense samples were produced by SPS with only two exceptions 

– SPS samples sintered up to 1450 °C for 5 min and up to 1500 °C for 60 min. The first case 

can be explained by a low sintering temperature of 1450 °C in combination with a very short 

sintering time of 5 min not providing enough time for full densification. The second case can 

be attributed to the formation of defects shown in Fig. 29. The defects in a form of cracks 

occurred after dwell time ≥ 45 min in SPS samples sintered both at 1450 and 1500 °C. The 

crack formation could be connected to several factors such as high internal stresses due to rapid 

heating and cooling [112] and/or carbon contamination from graphite components of the SPS 

apparatus [113–115]. The former is less probable because the RRS discs experienced the same 

heating/cooling rate and ended up without cracks. The support for the latter one comes from 

Morita et al. [114,115] who found that carbon removal during annealing initiates a formation 

of the cracks along the grain junctions. In our case, the SPS samples were black after the process 

which confirms carbon contamination and given that a carburization process is time-dependent, 

the longer sintering time should result in higher carbon contamination. 

Grain growth 

The SPS significantly reduced the grain growth kinetics compared to the RRS. This is 

favorable in most ceramics due to the improvement of mechanical properties, but it has a 

negative effect on the piezoelectric properties. This is due to the existence of the so-called 

critical grain size of the BT-based piezoceramics [116]. With grain size lower than a critical 

size, the piezoelectric properties are dramatically reduced compared to the maximum value 

achievable for the given material. 
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Piezoelectric properties 

The d33 was fairly low for SPS BCZT discs (Fig. 45). This was attributed to a small 

grain size which was very close to the critical one for BCZT [116] or high carbon contamination 

at longer dwell times. Even though the samples were annealed at 1000 °C for 20 h after the SPS 

process, some carbon probably persisted in the samples. Therefore, only mediocre d33, around 

350 pC/N, was obtained for SPS discs with grain size slightly above 15 µm sintered at 1500 °C 

for 15 and 30 min. These values are notably lower than those obtained by RRS (> 400 pC/N) 

and those obtained in CS (around 460-500 pC/N [89,96]). 

 

Fig. 45 d33 dependance on the grain size and dwell time at sintering temperature in SPS BCZT discs. 

6.6.2 Spark plasma sintered and rapidly post-sintered BCZT discs 

The rapid rate post-sintering of SPS BCZT discs did not diminish the final density. This 

was expected as the residual carbon which could form CO2 in the sample was slowly removed 

by annealing at 1000 °C for 20 h prior to the rapid rate post-sintering at 1550 °C for 60 min. 

Contrary to the densification, the grain growth significantly continued during post-sintering, as 

evidenced by microstructures in Fig. 46. The grain size increased to the optimal range [96], 

which in turn improved the d33 constant to a level produced by RRS, i.e. around 420 pC/N. 

Moreover, the SPS samples could benefit from a full density in terms of improved mechanical 

properties and more importantly functional properties such as translucence. 

The total time efficiency of the SPS and combined SPS + RRS approaches was a bit on 

the weaker side compared to the RRS, mainly due to the carbon removal step at 1000 °C for 

20 h. However, the carbon removal step is not significant in terms of energy consumption 

because it can be performed in a muffle furnace for many carbon-contaminated samples at once. 

It also requires a much lower temperature compared to the sintering process. Therefore, it was 

not considered in Table 27, where the total high temperature sintering times (spent at ≥ 1250 °C) 
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are compared for CS, RRS, SPS, and combined SPS + RRS approach. The RRS and SPS were 

able to cut down a high temperature sintering time of about 87 % compared to CS [89]. The 

combined SPS + RRS approach is more time consuming that sole RRS or SPS but offers the 

comparable d33 constant to CS while also producing fully dense samples. With further 

optimization of the SPS process in the area of preventing crack formation and carbon 

contamination, those fully dense samples could reach a certain degree of translucency, and thus, 

provide additional optoelectrical properties. 

  

Fig. 46 The microstructure of the BCZT samples sintered by (a) SPS (1450°C/30 min) + RRS 

(1550°C/60 min), and (b) SPS (1500°C /30 min) + RRS (1550°C/60 min). 

Table 27 Comparison of processing time spent above 1250 °C of BCZT ceramics prepared by different 

sintering approaches. 

Sintering 

technique 

Heating rate 

(°C/min) 

Sintering 

temperature 

(°C) 

Dwell time 

(min) 

Cooling rate 

(°C/min) 

Time spent 

above  

1200 °C (min) 

CS [92] 3 1500 240 3 390 

CS [89] 10 1520 240 25 278 

RRS 100 1550 30 100 36 

SPS 100 1500 30 100 35 

SPS + RRS 100 1450 + 1550 30 + 60 100 100 
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7 CONCLUSIONS 

Highly dense alumina, yttria-stabilized zirconia (YSZ), and barium titanate (BT) based 

piezoelectric ceramics were prepared from pressure consolidated green bodies by conventional 

sintering (CS) and unconventional sintering techniques utilizing rapid heating rate – namely 

rapid rate sintering (RRS), flash sintering (FS) and spark plasma sintering (SPS). 

The general observation was that the RRS and FS accelerated both densification and 

grain growth compared to CS, resulting in a similar final microstructure with the benefit of 

significant time savings. Contrary to the general belief, RRS and FS schedules tested in this 

work did not suppress grain growth compared to CS, which excludes rapid heating as an 

effective tool for microstructural control during pressure-less sintering. However, we found 

several parameters whose adjustment can help reduce grain growth. The most significant one 

was lowering the sintering temperature while increasing the dwell time. 

It was also found that the onset temperature for RRS does not significantly affect the 

final microstructure, which questions the hitherto accepted hypothesis that diminishing the 

extent of non-densifying surface diffusion by fast overcoming the temperature interval is a key 

to finer grain size. The final microstructure was uniform in the case of RRS samples, similarly 

as in CS, but several grain size gradients were found in FS samples. 

The SPS also accelerated densification compared to CS but, in addition, suppressed the 

grain growth due to utilization of lower sintering temperatures thanks to the application of the 

external pressure during sintering. Although the full density and small grain size improve 

mechanical properties, the latter was not favorable for an optimal piezoelectric response of the 

BT-based materials. Moreover, the SPS is not suited for mass production, which is its 

considerable disadvantage. Comparing the above-mentioned unconventional techniques with 

CS, we can also state that: 

The RRS of alumina: 

• It was shown that the RRS was an effective tool for the preparation of relatively 

large (1 cm3), defect-free and highly dense (> 99 %TD) alumina ceramics with 

a uniform microstructure. 

The RRS of 3YSZ and 8YSZ:  

• Unlike in alumina, 3 out of 4 investigated YSZ materials suffered from the 

formation of a so-called “core-shell” structure characterized by an airtight, 

nearly dense surface shell and porous core of the sample, limiting their final 

relative densities. 

• It was found that the core-shell structure was a direct consequence of chlorine 

contamination of YSZ powders and rapid heating, which in combination with 

fine particle size and large sample dimensions caused a preferential formation 

of an airtight surface shell, so the residual chlorine remained trapped in the 

sample interior, as confirmed by LEIS analysis, and acted against shrinkage. 

• The only YSZ powder grade, which was rapidly sintered to a relatively high 

density of 98.4 % without formation of core-shell structure, contained increased 
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content of organic binder, which helped the volatilization of chlorines at low 

temperatures (< 600 °C) upon binder burnout prior to RRS. 

• Thermal treatment at 1000 °C for 10 h was found to be high enough to volatilize 

all chlorine species, so relatively large, nearly dense YSZ pellets were obtained 

after follow-up RRS of all powder grades under investigation without formation 

of core-shell structure. 

The RRS of BT-based piezoelectric ceramics: 

• It was for the first time shown that the RRS of the BCZT, Ce-BCZT, and BCST 

ceramics produces comparable final density, grain size, and piezoelectric 

constant (d33) as obtained in CS, with the considerable benefit of up to 95 % of 

time savings. 

• The most optimal sintering dwell time at 1550 °C to ensure a high density and 

optimal grain size for high piezoelectric performance was 30, 45, and 15 min for 

BCZT, Ce-BCZT, and BCST samples, respectively. It resulted in 93.6 % dense 

BCZT with grain size of 24 µm (d33 = 428 pC/N), 95.3 % dense Ce-BCZT with 

grain size of 26 µm (d33 = 515 pC/N), and 95.3 % dense BCST with grain size 

of 46 µm (d33 = 443 pC/N). 

The stepwise FS of 3YSZ: 

• The stepwise FS of 3YSZ bar-shaped samples led to less uniform microstructure 

than RRS. 

• A significant grain size gradient between the surface and the core was present 

and increased with increasing current density and time spent in the flash state. 

• Enhanced grain growth kinetics in the core was attributed to a higher temperature 

and a more severe oxygen reduction than near the surface; sample surface was 

untouched by processes appearing in the core and maintained similar grain size 

as observed in RRS. 

• An abnormal grain growth (AGG) emerged in the core of more than 99 % dense 

samples sintered at the current densities ≥ 160 mA/mm2; the AGG was until this 

point unknown in flash sintered 3YSZ. 

• We attributed the AGG to the enhanced grain growth kinetics in the sample core 

and to relatively large dimensions of our samples; these factors contributed to 

the localization of the direct electric current, which changed the local chemistry 

of the material, influencing the mobility of some grain boundaries. 

The SPS of BT-based piezoelectric ceramics: 

• The SPS of BCZT powder resulted in full densification and a very fine grain size 

(10.1-15.6 µm), which improves the mechanical properties compared to the RRS 

samples. 

• The full density also is a good prerequisite for achieving additional functional 

properties such as translucence. 
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• The grain size was smaller than the optimal grain size and SPS samples also 

suffered from crack formation, which was attributed to the carbon contamination 

originating from SPS components. The small grain size and residual carbon were 

responsible for a significantly worse piezoelectric performance (d33 = 360 pC/N) 

compared to RRS (d33 = 428 pC/N). 

The combined SPS + RRS of BT-based piezoelectric ceramics: 

• The rapid rate post-sintering of the spark plasma sintered samples maintained 

the full density and increased the average grain size to the optimal range. 

• The piezoelectric performance of the SPS + RRS BCZT sample (d33 = 424 pC/N) 

was comparable to RRS BCZT sample (d33 = 428 pC/N). 

• On the other hand, the combined SPS and RRS approach was the most time- and 

energy-consuming, and most importantly, did not push the piezoelectric 

performance above the level provided by sole RRS or CS. 

• Although the combined SPS and RRS approach was more time and energy-

consuming than sole RRS or SPS, its full density and optimal grain size are good 

prerequisites for potential optoelectrical applications. 
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