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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. 

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 compared to widely used conventional 

sintering (CS) [1]. Rapid heating also diminishes the effect of non-densifying 

surface diffusion in the initial sintering stage [2–5], prevents the pore coalescence 

phenomenon [4], and preserves sharp curvature between contacting particles 

which enhances the driving force for densification.  

A rapid heating rate is a trademark of several sintering methods, such as 

rapid rate sintering (RRS), flash sintering (FS), and spark plasma sintering (SPS). 

The RRS and FS techniques have a great potential in time and energy-saving and 

sometimes also promise refined microstructure [6,7], 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, 

residual porosity [8–10], density gradients [8,9], grain size gradients [11–15], and 

solidification cavities [16,17]. 

2 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. These techniques will be utilized to sinter commercially available alumina 

and YSZ powders and self-synthesized piezoelectric BT-based powders. The 

impact of the rapid heating on microstructural development is one of the prime 

objectives of this study and the particular focus will 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 lead-free BT-based piezoelectric ceramics by RRS 

(iv) Preparation of highly dense YSZ by FS 



 
 

3 
 

(v) Preparation of BT-based ceramics with optimal piezoelectric performance 

by RRS and SPS 

3 EXPERIMENTAL 

A commercially available alumina powder and four different YSZ powders, 

either partially stabilized with 3 mol% of yttria (3YSZ) or fully stabilized with 8 

mol% of yttria (8YSZ) were investigated in this study. Three different lead-free 

piezoelectric powder materials were prepared by a solid-state reaction at 1250 °C 

for 4 h: (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) (Sn0.09 Ti0.91)O3 powder denoted as BCST. The detailed steps of the 

powder syntheses are given elsewhere [18–20]. 

Alumina, 3YSZ, and 8YSZ powder compacts (green bodies) were prepared 

by uniaxial pressing at a low pressure of 15 MPa in a steel die, followed by cold 

isostatic pressing at 250 or 300 MPa in a rubber coverage. Three different sample 

geometries were prepared: (i) thin discs (⌀ 16 × 1.5 mm), (ii) bulk pellets (⌀ 16 × 

8 mm), and (iii) bar-shaped samples. The compacts were annealed at 600 °C for 

2 h or pre-sintered at 1000 °C for 10 h. The BCZT, Ce-BCZT, and BCST green 

bodies were consolidated by uniaxial pressing in a steel die 150 MPa, producing 

disc-shaped bodies with dimensions of ⌀ 13 × 1.2 mmm, and annealed at 600 °C 

for 2 h to remove the binder and possible organic impurities. 

The CS and RRS of alumina, 3YSZ, and 8YSZ green bodies (disc, pellet, 

and bar-shaped) was performed in a specially designed furnace with a vertically 

movable sample holder, MoSi2 heating elements, and air atmosphere (Clasic Ltd., 

Czech Republic), see Fig. 1. The rapid heating rate was attained by the fast 

insertion of the sample holder into the preheated furnace chamber. The specimen 

temperature and thus the heating rate was controlled by a Pt-Rh thermocouple 

(type S) located in the vicinity of the specimen (Fig. 1). The investigated heating 

rates were 5, 10, 100, and ~ 1500 °C/min. The sintering temperatures ranged from 

1100 to 1550 °C, with dwell times from 0 to 60 minutes. The cooling rate was 

either 100 °C/min (in case of pellets) or ~ 3000 °C/min (discs and bars) down to 

800 °C, followed by a slower cooling of around 20 °C/min to room temperature 

(RT).  

The RRS of BCZT, Ce-BCZT, and BCST discs was performed in a similar 

manner. However, the green bodies were additionally placed on a zirconia plate 

to prevent any undesirable reaction with the alumina holder (Fig. 1). Then the 
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specimens were rapidly sintered at a heating rate of 100 °C/min up to 1550 °C 

with a dwell time of 15, 30, 45, and 60 min. The cooling rate was 100 °C/min 

down to 400 °C, followed by a slower cooling of around 20 °C/min to RT. 

 

 

Fig. 1 Schematic illustration of the Clasic furnace utilized for CS and RRS. 

The FS of 3YSZ bar-shaped samples 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. 2a). 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 to reduce electrical resistance between the Pt wires and 

the powder particles (Fig. 2b).  

The 3YSZ bar-shaped specimen was conventionally heated at a heating rate 

of 5 °C/min up to 900 °C, and 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. 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, 160, and 190 mA/mm2, respectively. The final current was maintained for 30 
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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. 2 (a) Schematic illustration of sample position during FS in modified box furnace. (b) 

TZ-3YB green body painted by Pt paste. 

The SPS was performed in SPS apparatus (Dr Sinter, SPS-625, Fuji CO. 

LTD). 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 SPS sintering was performed at 1450 and 1500 °C in 

a vacuum with dwell times of 5, 15, 30, 45, and 60 min 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 20 h 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 up to 60 min dwell time. 

The powder materials were characterized by wavelength dispersive X-ray 

fluorescence (XRF) spectrometry and mass spectrometry. XRF was performed on 

all commercially available YSZ ceramic powders under investigation (TZ-3Y, 

TZ-3YB, TZ-3Y-E, and TZ-8Y grades) using 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. MS was carried out on 
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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 relative densities of green bodies were measured based on EN 623-2 

standard (Archimedes’ principle) in deionized (DI) water as a liquid medium. The 

theoretical densities used for the calculations were obtained from material data 

sheets as 3.99, 6.08, 6.08, 6.05, and 5.99 g/cm3 for TM-DAR, TZ-3Y, TZ-3YB, 

TZ-3Y-E, and TZ-8Y, respectively. The theoretical densities of self-synthesized 

BCZT, Ce-BCTZ, and BCST were measured in previous studies [19–21] as 5.70, 

5.81, 6.01 g/cm3, respectively. The green bodies did not disintegrate during the 

density measurements due to strong attractive forces between contacting particles 

and interparticle necks formed by annealing and pre-sintering. 

The characterization of sintered samples mainly covered the relative 

density measurements, scanning electron microscopy (SEM), and grain size 

evaluation. Same as for the green bodies, the relative densities of sintered samples 

were measured based on EN 623-2 standard. The poorly densified electrode areas 

of FS samples were cut off before the relative density measurements. 

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 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 [22]. 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. 

Some of the sintered samples were further investigated the low-energy ion 

scattering (LEIS). This surface-sensitive method provides elemental composition 

of the surface atomic layer [23]. The LEIS analysis was performed on a selected 
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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) with a base pressure of 8.10-9 Pa. He 

ions had primary energy of 3000 eV and a scattering angle was 145°. 

4 RESULTS AND DISCUSSION 

4.1 Chlorine contamination of YSZ 

The residual chlorine in the YSZ powders originates from powder synthesis 

and is apparently not an issue during CS. However, with rapid heating utilized in 

RRS, FS, and SPS, time is significantly reduced for chlorine to escape. The MS 

spectra of as received TZ-3Y and TZ-3YB powders are shown in Fig. 3. 

  

Fig. 3 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. 

The binder burnout and water evaporation was evidenced in both powder 

grades 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. The presence of residual chlorine was 



 
 

8 
 

supported 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. 

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 1). Annealing at 600 °C for 2 h did not 

diminish the quantity of residual chlorine species, except for TZ-3YB powder 

grade. 

Table 1 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 

4.2 Rapid rate sintering 

Alumina and YSZ discs 

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 provided a wide range of relative densities covering intermediate 

and final sintering stages. 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. 4, the 

grain size was almost a linear function of relative density in this sintering period.  

However, the linear dependency of the grain size on the relative density is 

no longer valid in the final sintering stage. The grain growth rate exponentially 

increases due to the disappearance of tubular porosity [24–26]. The exponential 

grain growth 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 
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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 [27]. Following the 

results shown in Fig. 4, 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. 

  

  

 

Fig. 4 The relative density and grain size of (a) alumina, (b, c) 3YSZ, and (d) 8YSZ ceramics 

after CS and RRS. 

Alumina pellets 

To the best of the author’s knowledge, the largest alumina samples prepared 

by RRS were approximately 2 g in mass so far [28,29]. Compared to them, the 

nearly dense alumina pellets prepared in this work have a bulker character and 

double mass of around 4 g. The final relative densities and grain size of alumina 

pellets rapidly sintered at heating rates of 100 and ~1500 °C/min up to 1500 °C 

with 1-3 min dwell times are listed in Table 2. The pellets were also sintered from 

four different onset temperatures of 200, 450, 700, and 1100 °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 
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dwell times, which indicates that the RRS works with all onset temperatures we 

tested and that the onset temperature does not significantly affect the grain growth 

kinetics. 

Table 2 The relative densities and grain size of rapidly sintered alumina pellets up to 1450 and 

1500 °C with 1 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. 

YSZ pellets: Formation of core-shell structure 

As shown in Table 3, the TZ-3Y, TZ-3Y-E, and TZ-8Y discs were sintered 

into high final densities (> 98 %TD), while their pellet-shaped counterparts 

stopped densification around 86-90 %TD. This was due to the negative effect of 

residual chlorine as described in the following text. 

Table 3 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 at the surface. 

Material 𝜌 (%TD) of discs 𝜌 (%TD) of pellets 

TZ-3Y 98.6 86.1 

TZ-3YB 98.8 98.4 

TZ-3Y-E 98.6 90.4 

TZ-8Y 96.6 86.1 

 

The residual chlorine is apparently not an issue during CS of YSZ when a 

heating rate is relatively slow because it has relatively long time to escape from 

the sintered body before the pores at the surface become closed. However, with a 

rapid heating rate utilized in RRS, FS, and SPS, time is significantly reduced for 

chlorine to escape. The densification is accelerated preferentially at the surface, 

where the temperature is the highest due to the contribution of convective heat 

transfer [29–31], and once the airtight surface shell is established, the entrapped 



 
 

11 
 

chlorine prevent the sample from further shrinkage and limits its final density. 

The sample then exhibits so-called “core-shell” structure where the core is still 

porous while the surface is in the closed porosity stage. The traces of residual 

chlorine inside the rapidly sintered TZ-3Y pellet were found by LEIS analysis and 

are evidenced in Fig. 5. 

 
Fig. 5 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 

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, 

indicating that the higher annealing temperature results in the higher final density 

(Table 4). 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. 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. 

Table 4 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 at different conditions. 

Powder grade 
𝜌 (%TD) 

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 
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4.2.1 BCZT, Ce-BCZT, and BCST 

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 5); however, none of them fully densified. This was most probably 

caused by the development of supercritical pores due to bimodal pore size 

distribution in the green body [32] and by the pore coalescence in the final 

sintering stage [18]. Given that a similar density saturation was found in studies 

on CS [18–21], we can rule out the possibility of the rapid heating rate being 

responsible for density saturation. 

Table 5 The relative densities and grain size of BCZT, Ce-BCZT, and BCST samples after RRS 

at a heating rate of 100 °C/min up to 1500 °C. 

Dwell time 

(min) 

BCZT Ce-BCZT BCST 

𝜌 

(%TD) 

𝐺 

(µm) 

d33 

(pC/N) 

𝜌 

(%TD) 

𝐺 

(µm) 

d33 

(pC/N) 

𝜌 

(%TD) 

𝐺 

(µm) 

d33 

(pC/N) 

15 91.8 20.4 365 92.8 20.6 463 95.3 46.0 424 

30 93.6 23.6 428 93.8 23.3 494 95.4 39.0 435 

45 93.7 25.3 427 95.3 25.3 515 95.5 42.2 443 

60 93.8 27.3 410 95.4 26.0 510 95.6 39.2 410 
The piezoelectric constant d33 is taken from Ref. [33]. 

 

Piezoelectric constant (d33) increased with increasing relative density but 

became nearly constant after density saturation. Comparing our results to the 

previous results of Bijalwan et al.’s [18,19,21] obtained during CS of the same 

powders, 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. 

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. Bit different findings were obtained 

for rapidly sintered BCST ceramics. Although the RRS again produced a similar 

grain size to that attained after CS [20], the grain growth with increasing dwell 

time was not as significant as in BCZT and Ce-BCZT ceramics (Table 5). The 

large grains of around 46 µm were attained within the first 15 min of sintering, 

and then the grain size was almost constant. Similar grain sizes in the range of 40-

56 µm were previously attained by the CS [20], 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 
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the comparable piezoelectric performance as the CS, with the benefit of up to 95 

% of time savings [34]. 

4.3 Flash sintering 

4.3.1 3YSZ 

Flash sintering phenomena 

All flash sintered samples were partially blackened during the FS process 

on the surface (Fig. 6a) and in the core (Fig. 6b). 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. 6 (a) Specimen after FS process. (b) Electrochemical blackening in the core of the FS 

specimen. A – anode side, C – cathode side. 

Densification 

As expected, the final density of the FS samples increased with increasing 

current density and holding time (Table 6). The final density was also significantly 

affected by the pre-sintering of the green body. 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 (Table 6). This densification behavior is 

analogical to that observed in RRS, where the pre-sintered body sintered into 

higher densities than annealed bodies (see Table 4). 
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Table 6 Final densities and abnormal grains exhibited by the FS specimens. 

Green body 

annealing 

conditions 

Final 

current 

density 

(mA/mm2) 

Dwell 

at final 

current 

density 

(s) 

Final 

relative 

density 

(%TD) 

The average size of abnormal grains (µm) at: 

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 

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. 7). Their shape 

was regular without any preferential elongations (Fig. 7a). The microstructure at 

the surface was untouched by accelerated grain growth kinetics and consisted of 

grains below 500 nm. 

  

Fig. 7 The abnormal grains in the 99.7 % dense FS sample: (a) detail of abnormal grains, 

(b) magnified interface between abnormal and submicron grains. 

The abnormal grains appeared only in samples that were sintered at a 

current density of 160 mA/mm2 and higher (Table 6) and propagated from the 
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cathode side towards the anode side. However, not all the grains in the core grew 

abnormally, as evidenced in Fig. 7b, where both submicron-sized grains and 

abnormal grains co-exist with a sharp interface between them. 

The similarly accelerated grain growth kinetics at the cathode side was 

mentioned in previous works on the FS of YSZ ceramic [11–14]. Compared to 

them, our results are a bit different. As can be seen in Fig. 7, the grain growth was 

accelerated only in some areas in the core of FS samples. These observations are 

new and most probably evidence the beginning of the abnormal grain growth 

process. It can be assumed from Fig. 7 that the abnormal grains in the core would 

eventually consume all remaining submicron grains, resulting in coarser 

microstructure seen in the other works [11–14]. 

A random emergence of the abnormal grains could be explained by the 

localization of the electric current. As reported by Dong [35], 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 [36]. The so-called “hot-spots” are 

created and the process can even lead to the melting of the ceramic material [16]. 

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. 

4.4 Spark plasma sintering 

4.4.1 BCZT 

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 (see Table 7). 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 cracks that occurred after dwell time ≥ 45 min in SPS samples 

sintered 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 [37] and/or 
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carbon contamination from graphite components of the SPS apparatus [38–40]. 

The support for the latter one comes from Morita et al. [39,40], who found that 

carbon removal during annealing initiates a formation of the cracks along the 

grain junctions. 

Table 7 The relative densities, grain size, and piezoelectric constant d33 of SPS sintered BCZT. 

The last two samples were post-sintered by RRS. 

SPS 

schedule 

(°C/min-

°C/min) 

RRS 

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 

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. [34]. 

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 

[41]. With grain size lower than a critical size, the piezoelectric properties are 

dramatically reduced compared to the maximum value achievable for the given 

material. 

The d33 was fairly low for SPS BCZT discs. This was attributed to a small 

grain size which was very close to the critical one for BCZT [41] 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 [18,34]). 
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BCZT sintered by SPS and post-sintered by RRS 

The rapid rate post-sintering of SPS BCZT discs did not diminish the final 

density (Table 7). 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 rapid rate post-sintering. The grain 

size increased to the optimal range [34], 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 combined SPS + RRS approach was more time-consuming than sole 

RRS or SPS but offered 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. 

5 CONCLUSIONS 

Highly dense alumina, yttria-stabilized zirconia (YSZ), and barium titanate 

(BT) based piezoelectric ceramics were prepared 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 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. 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. It was shown that the RRS is a time-effective tool for the preparation of 

relatively large (1 cm3), defect-free and highly dense (> 99 %TD) alumina with a 

uniform microstructure. Unlike in alumina, 3 out of 4 investigated YSZ materials 

suffered from the formation of a so-called “core-shell” structure characterized by 
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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 %TD without formation of core-shell structure, 

contained increased content of organic binder, which helped the volatilization of 

chlorines at low temperatures (< 600 °C) upon binder burnout prior to RRS. 

Anyway, thermal treatment at 1000 °C for 10 h was found to be high enough to 

volatilize all chlorine species, so relatively large (1 cm3), nearly dense YSZ pellets 

were obtained after follow-up RRS of all powder grades under investigation 

without formation of core-shell structure. 

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. The 

AGG was attributed 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 BCZT powder 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. 

SPS resulted in full densification and a very fine grain size, which improves the 

mechanical properties compared to the RRS samples. However, the fine grain size 

and carbon contamination from SPS components were responsible for a notably 

worse piezoelectric performance (d33 = 360 pC/N) compared to RRS (d33 = 428 

pC/N). 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 
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pC/N) was comparable to RRS BCZT sample (d33 = 428 pC/N). 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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