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Abstract 

The current induced unit cell volume changes, (111) Bragg peak full width at half 

maximum (FWHM) and its integrated intensity in 8% Y2O3 stabilized ZrO2 (8%YSZ) 

solid state electrolyte was monitored during a triple-flash sintering experiment by in 

situ energy dispersive x-ray diffraction using a polychromatic synchrotron probe 

(max, photon energy 200 keV) with 2 second temporal resolution. The first 

spontaneous singularity in the unit cell volume (+0.54%) was observed at 899 oC 

under 15 V/mm applied field intensity, which was associated with 13 mA/mm2 current 

draw and an increase in density to 97%. Following anelastic relaxation of the unit cell 

volume under open circuit conditions, the same applied field was applied twice in a 

row which resulted in additional induced singularities at 925 oC (+0.48%) and 944 oC 

(+0.42%). A floating baseline, which was above the thermal expansion baseline, was 

observed from 833-969 oC and was attributed to Joule heating. The singularity at 899 

oC is associated with a sharp change in (111) FWHM and a 34% decrease in 

integrated peak area that was attributed to changes in the distribution of oxygen 

vacancies and the changes in their concentration as induced by the applied field in 

the spontaneous transient stage of flash sintering. 
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I. Introduction 

 

Sintering of ceramics at elevated temperatures remains to be a challenging 

phenomenon in ceramics engineering as it relies on limited thermodynamic driving 

forces that arise from specific surface are of particulate matter. The kinetic side of the 

phenomenon is plagued with sluggish diffusion rates that is associated with 

ambipolar diffusion in nonmetallic and inorganic materials1. A variety of approaches 

were developed to improve the thermokinetics of the sintering process1-4. Flash 

sintering is one of the electric field-assisted sintering techniques that reduces 

densification temperature by approximately 50%, while reducing the sintering time by 

approximately one to two orders of magnitude, i.e., from hours to seconds5-13. 

Cologna et al. flash sintered yttria-stabilized zirconia to 97% of theoretical density at 

850°C (conventional sintering temperature is ≥1200°C) under 120V/cm electric field 

in as little as 5 seconds 14. A variety of ceramic material systems have been 

successfully densified by flash sintering ever since 9, 11, 12, 15-17.  

The flash sintering process is closely related to the temperature dependence 

of electrical conductivity of a give ceramic although the exact mechanisms remain to 

be unearthed. To date, three distinct stages in flash sintering were identified: (i) the 

incubation stage (open circuit condition) -the period preceding the precipitous rise in 

current where the specimen behaves as an insulator; (ii) the transition stage 

(transient closed circuit condition) -the current rises precipitously to its maximum 

value (cut-off) at which point the power source switches from voltage to current 

control;  and (iii) the steady-state (closed circuit condition) where both the current and 

voltage are kept constant. If this stage is not avoided, grain growth is known to 

occur7, 10, 18-21. In some experiments, the third stage is completely avoided, and the 

power is turned off where the system assumes an open circuit condition. The 
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aforementioned rapid increase in the current draw by the specimen, which sets in at 

a temperature that is specific to the material of interest, is accompanied by 

precipitous densification.  

Mass transport phenomena in crystalline solids is governed by the diffusion of 

atoms, ions, or other charged species, and the type and concentration of defects in 

the material of interest 7, 10, 12, 18-21. Therefore, it is vital to understand the role of 

defects in flash sintering of ceramics. Specifically, 8% yttria stabilized zirconia is an 

ionic conductor in which the transport of oxygen vacancies constitutes the rate 

limiting step in mass transport in the solid state22-28. If ionized, such oxygen 

vacancies can couple with the applied electric field and provide sizeable contribution 

to the electrochemical potential that controls the diffusion flux10. 

Several densification mechanisms for flash sintering were proposed, including 

excess Joule heating and the formation of vacancy and Frenkel pairs, among many 

others 10, 15, 16, 21, 23, 29-35.  While Joule heating (the top contender among the proposed 

mechanism) cannot be ignored in flash sintering, there is an increasing amount of 

evidence that the ultra-rapid densification rates cannot be explained by Joule heating 

solely 5, 6, 11, 12. However, no consensus has been reached regarding the mechanism 

that chiefly governs flash sintering. Various structural changes occurring during flash 

sintering were reported 27, 28, 34, 36. Moreover, in situ energy dispersive synchrotron x-

ray diffraction studies by the authors led to the discovery of an anomalous unit cell 

expansion accompanying the power absorption by the ceramic body in stage two of 

flash sintering5, 6. There are now many studies in which the use of flash sintering was 

successfully demonstrated for a plethora of systems, making it a universal 

phenomenon18, 30.  
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In this study, 8 % Y2O3 stabilized ZrO2 was densified by flash sintering using a 

multicycle approach. Specifically, we have “flashed” the specimen two more times by 

turning the power source on and off after the spontaneous flash had occurred. In so 

doing, we gained valuable insight to the “anatomy” of flash sintering thanks to the 

high temporal resolution x-ray diffraction method that we implemented into this 

multicycle flash sintering experiment.   

 

II. Experimental 

Commercial 8% Y2O3 stabilized Zr2O23, 25, 28 (8YSZ) with 200 nm median 

particle size was used in the study. The powder was pressed uniaxially into a 12 mm 

disc-shaped specimen with 2.7 mm thickness. The density of the as-pressed 

specimen was %55 of the theoretical density.  

The energy dispersive x-ray diffraction (EDXRD) work in this study was carried 

out in the National Synchrotron Light Source (NSLS) at Brookhaven National 

Laboratory (BNL), Upton, New York. High photon energy (up to 200 keV) used with 

ultrahigh EDXRD enables the data collection from the body center of the material 

with high temporal resolution 37, 38. The diffraction technique used in this study is a 

transmission method in which the specimen is stationary. Here, high energy 

polychromatic incident photons scatter at a fixed Bragg angle (θ=1.5° in this study), 

and a germanium detector is used to collect the data. Diffraction volume (known as 

the gauge volume; GV) is fixed in space the volume of which is controlled by the 

diffraction optics which is variable. The GV used in this study is over ~25 mm3, 

ensuring good counting statistics as the particle size of equiaxed particles in the 

8YSZ was 250 nm. Full x-ray spectra were collected with 2 seconds temporal 
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resolution. Further details of the diffraction techniques that was used in this study can 

be found elsewhere39-47.   

A custom-made hot stage was utilized for in-situ diffraction experiments as 

described in Refs.5, 6, 38. The specimen was placed between two insulators, and the 

specimen holder was heated resistively with an external power source. Platinum wire 

and platinum foil were used to establish ohmic contacts with the specimen to apply 

an electric field through a second power source. The hot stage was mounted on the 

x-y-z positioning stage in the beamline and the gauge volume was placed on the 

body center 39-47. Fig. 1 exhibits schematics depicting the X17-B1 beamline at NSLS-

BNL and the diffraction stage used for ultra-high energy energy dispersive x-ray 

diffractometry and the custom hot-stage used in the experiment 5. 

The specimen was heated with a heating rate of (15°C/min) under the 15 

V/mm electric field. The current density limit was set to 13.25 mA/mm2 to prevent the 

sample from thermal runaway due to excessive Joule heating. The voltage, current, 

and temperature data were monitored concomitantly with the diffraction data. Once 

densification was completed following the transient state (precipitous rise in current 

density), the power source was cut off to severely limit Joule heating. After the initial 

power cut-off, the power was turned back on and off two more times to assess if the 

precipitous rise in the current and the accompanying anomalous unit cell expansion 

repeated itself.   

The collected data were analyzed by the following equation 

                                                                 hkl

hkl

2sin(θ)1
= E

d hc

 
 
 

,                                             

(1) 
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where Ehkl’s are the diffracted energy from crystallographic planes with Miller indices 

(hkl), dhkl’s are the interplanar spacings of the said planes, h is Plank's constant, c is 

the speed of light, and θ is the Bragg angle that is fixed in the experiment. Here, the 

(1/dhkl) = |Qhkl| , where |Qhkl| is the magnitude of the reciprocal lattice vector 

corresponding to a certain (hkl). As a consequence, the dhkl data is of high accuracy  

 

 

Figure 1. Schematic depicting (a) the energy dispersive X-ray diffraction set-up at 

BNL and (b) custom-made hot stage used in the experiment 5 

 

since it is obtained by the direct measurement of Ehkl. LaB6 (NIST SRM660), CeO2 

(NIST SRM674), and Au standards were used for the energy calibration using an in-
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house protocol. A Gaussian profile shape function was employed for obtaining the 

position of the peak centroid and peak breadth at half maximum. The lattice 

parameter and unit cell volume of the cubic 8%YSZ were calculated from the (111), 

(200), (220), and (311) d-spacing data with the help of the UnitCell software package 

48.  

The densities of 8%YSZ specimens were determined by the Archimedes 

method. The microstructures of the specimens were analyzed with a field emission 

scanning electron microscope (FE-SEM, Hitachi SU 5000). 

 

III. Results and Discussion 

The variation of the current density and power dissipation as a function of time 

under 15 V/mm applied time invariant (dc) electric field intensity is depicted in Fig. 2. 

Up to 833 °C, no current draw from the specimen was observed, indicating that the 

specimen was in an insulating state due to its negligible conductivity. In other words, 

there was no conduction across particle-particle contacts inside the specimen. The 

current leakage started at 833 °C at which point its value reached 1 mA/mm2 and 

lasted for the following 180 seconds (the incubation period of flash sintering in this 

experiment). At the end of the said incubation period the transient stage (stage two) 

of the flash sintering began. Here, the current rose precipitously, reaching a 

maximum of 13 mA/mm2 in 75 seconds at 899 °C. The peak power density that was 

absorbed by the specimen in this stage was as 99.47 mW/mm3. In other words, the 

specimen sintered within 75 seconds at a peak furnace temperature of 899 oC as is 

typical of flash sintering.  Once the current reached a maximum at 899 oC, the power 

source was turned off to prevent excessive Joule heating. After waiting for 30 

seconds, the power source was turned on while the sample was being heated 
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(heating was never ceased until the very end of the experiment). The current 

precipitously rose to again, reaching its maximum of 9.98 mA/mm2 at 925 °C at which 

point the power was cut off. Again, after waiting for 30 seconds, the power source 

was turned on while the sample was continued to be heated. The current 

precipitously rose, reaching its maximum of 8.90 mA/mm2 at 944 °C at which point 

the power was cut off. In other words, the current draw by the specimen decreased 

after the first singularity although the furnace temperature kept on increasing which 

should, in principle, also increase the conductivity of 8YSZ. Since the specimen 

undergoes densification by the end of the first current draw (hence the highest 

current draw among the 3 peaks in power absorption), we conclude that the 

formation of the grain boundaries have a correlation with the lower current draw by 

the specimen at 925 and 944 oC. This, in turn, suggests that the conductivity of 

8%YSZ is interface controlled in flash sintered specimens. As such, we infer that the 

grain boundaries and the associated space charge become an impedance to charge 

transport. In what follows, we will analyze the correlation between the observed 

current-voltage behavior and the variation of the 8%YSZ cubic unit cell volume over 

the course of the multi-cycle flash sintering experiment.  
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Figure 2. The variation of current density and power dissipation as a function of time 

under 15 V/mm during the triple-flash sintering experiment of 8% Y2O3 stabilized 

ZrO2 in this study (heating rate is 15 oC/min and is constant). 

 

A typical diffraction pattern of cubic 8%YSZ that was obtained in this study in 

shown in Fig.3. Such a spectrum was obtained with 2 seconds temporal resolution, 

resulting in the collection of over 1000 spectra from which the cubic lattice parameter 

and the unit cell volume was obtained as a function of time and the applied electric 

field as depicted in Fig. 4. Up to 833 oC, the 8%YSZ exhibited thermal expansion as 

the furnace temperature increased which is indicated by the baselines (see Fig. 4). 

Three maxima at 899, 925 and 944 oC were observed in both the cubic cell 

parameter and the unit cell volume that coincide with the peak power absorptions 

associated with the current-voltage response. The observed unit cell expansions at 

899, 925 and 944 oC are 0.54%, 0.483% and 0.42%, respectively. By comparing 

Figs. 2 and 4, it is clear that the unit cell expansion is induced by the passage of 
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current (equivalently by the absorption of power) through 8%YSZ. We note that the 

magnitude of the induced unit cell expansion is proportional to the magnitude of the 

current draw by the sample, i.e., the lower the current draw, and the lower the unit 

cell expansion. 

 

Figure 3. Representative in situ energy dispersive x-ray diffraction pattern of 8% 

Y2O3 stabilized ZrO2 that was obtained over the course of the triple-flash sintering 

experiment under 15 V/mm electric field (heating rate is 15 oC/min and is constant). 

using a synchrotron probe with photon energies up to 200 keV. Full spectra were 

acquired with a 2 second temporal resolution using a polychromatic synchrotron 

probe with photon energies up to 200 keV. 

 

The maximum unit cell expansion (0.54%) was observed for 13 mA/mm2 current 

density which is the transient corresponding to the precipitous densification by flash 

sintering occurred. The relaxation of the unit cell volume upon cutting off the power at 

each maximum is anelastic as it exhibits time dependence and is fully recovered to 

the floating baseline. We attribute the floating baseline, which spans from 833 to 969 

oC, to Joule heating which is unavoidable as discussed elsewhere12. The linear 
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baseline, on the other hand, is due to the isobaric volumetric thermal expansion5. 

However, we conjecture that the observed maxima at 899, 925 and 944 oC are the 

signatures of flash sintering5, 12. What distinguished our experiment from traditional 

flash sintering studies is the multicycle approach which enabled us to gain further 

insight. Next, we will examine the signature of defect processes on the observed x-

ray data in conjunction with the observed unit cell volume anomalies. 

 

Figure 4. The variation of unit cell parameter and volume as a function of time under 

15 V/mm electric field during the triple-flash sintering experiment of 8% Y2O3 

stabilized ZrO2 in this study (heating rate is 15 oC/min and is constant). 

 

Figure 5  shows the variation  of the full width at half maximum (FWHM) of the 

(111) Bragg peak (see Fig. 3) as a function of time under 15 V/mm during the flash 

sintering experiment of 8%YSZ in this study. At 899°C, a singularity was observed in 

the FWHM data which coincides with the singularities observed in the current-voltage 

response (see Fig. 2) and the unit cell volume data (see Fig. 4) which is in conformity 
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with what we have reported earlier 5. Such a singularity in FWHM was attributed to 

the changes in the oxygen vacancy concentration and their rearrangement during 

stage 2 of flash sintering where identification occurs. In the experiment reported 

herein, we also observed small singularities in the FWHM that coincide with the 

second and third singularities of Figs. 2 and 4. As discussed earlier, the first 

singularity at 899 oC is associated with the precipitous densification and the formation 

of grain boundaries. Therefore, we attribute the large singularity in the (111) FWHM 

at 899 oC to defect processes governing the solid state diffusion flux responsible for 

densification5. Since solid state diffusion is governed by oxygen vacancy migration in 

8YSZ, we conjecture that the changes of the (111) FHWM is due to processes 

involving oxygen vacancies5, 12. While the singularity in the (111) FHWM provides 

proof of defect processes associated with flash sintering, one needs to consider the 

following question: Does the singularity at 899 oC correlate with the creation of 

excess oxygen vacancies whereby the diffusivity is enhanced? In order to shed some 

light to this question, the variation of the integrated (111) peak area with time was 

analyzed (see Fig. 6). We observed a ~37% decrease in the integrated peak area for 

the 899 oC singularity, while the same for the 925 and 944 oC was negligibly small.  

We attribute the decrease in the (111) integrated area to the creation of excess 

vacancies under the action of the electric field leading to the 899 oC singularity 49. 

The singularity in the (111) peak areas a 925 and 944 oC are not as pronounced as 

the one at 899 oC. We attribute this to the fact that the densification had already 

occurred, and grain boundaries had already formed.  
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Figure 5. The variation of full width at half maximum of (111) Bragg peak as a 

function of time under 15 V/mm during the triple-flash sintering experiment of 8% 

Y2O3 stabilized ZrO2 in this study (heating rate is 15 oC/min and is constant). 

Above all, we note that the variation of the (111) integrated peak area is 

constant up to 899 oC indicating that the applied field and the temperature has no 

macroscopically observable effect. Over the same temperature range, the (111) 

FWHM exhibits a monotonic decrease up to 899 oC. While the mechanisms of the 

defect processes remain to be elucidated, it is clear that flash sintering is closely 

related to oxygen vacancy-based defect processes that appears to be interface 

controlled and driven by the electric field. 
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Figure 6. The variation of (111) integrated peak area as a function of time under 15 

V/mm during the triple-flash sintering experiment of 8% Y2O3 stabilized ZrO2 in this 

study (heating rate is 15 oC/min and is constant). 

 

Figure 7 depicts the microstructure of the flash sintered 8%YSZ to 97% of the 

theoretical density that was obtained in this study under the aforementioned 

conditions. The microstructure was comprised of ~250 nm grain size, which 

suggested that no grain growth occurred (initial power particle size was also ~250 

nm). Furthermore, one observes well-formed grain boundary triple junctions with 

~120o dihedral angle 50. 

However, the grain boundaries are not fully flat, suggesting a metastable 

configuration as compared to a polycrystalline microstructure with fully flat grain 

boundaries. Nevertheless, as we have shown, a 97% dense microstructure was 

obtained in 75 seconds at 899 oC peak temperature. We note that such ultra-fast 

densification is a signature of flash sintering and not that of Joule heating as 

conventional sintering of 8%YSZ takes please in hours at temperatures well in 

excess of 1200 oC. Hence, some Joule heating cannot be avoided but it is not the 

governing phenomenon.12 
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Figure 7. The microstructure of 8%YSZ after flash sintering by a triple-flash 

approach. 

 

IV. Summary and Conclusion 

By using in situ energy dispersive X-ray synchrotron diffraction, we probed the time 

evolution of the unit cell volume and the (111) peak width and integrated peak area 

with 2 seconds temporal resolution during the flash sintering of 8%YSZ. The results 

reveal the structural alteration in the ceramic materials during flash sintering. A thrice 

repeated multicycle flash sintering approach revealed that three distinct anomalies 

the magnitude of which decrease once precipitous densification occurred. The said 

multicycle approach provided additional insight to electric field induced anomalous 

lattice expansion and anelastic lattice relaxation under open circuit conditions, none 

of which is related to Joule heating. The observed anomalies are signatures of flash 

sintering the exact mechanisms of which remain to be unearthed.  
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