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Abstract 

We propose an innovative methodology to quantify the dependence of grain growth 

with respect to current density during flash sintering of zirconia (3YSZ) (field set to 

100 V/cm and current limit of 150 mA/mm2).  This was achieved by using a notch 

(0.5 mm deep and 1.5 mm wide) located in the middle of a dog-bone specimen, 

allowing an uneven current distribution (ranging from 3 to 670 mA/mm2) while 

maintaining a fairly homogeneous temperature (1420-1500 ˚C). Microstructure 

observations nearby the notch tip confirmed localized overheating. The modelling 

approach decoupled thermal and electrical field effects identifying the long questioned 

athermal electric field effects in flash sintering. Increased current density seems to 

weakly restrain grain growth, to accelerate densification, to promote defects healing 

(i.e., notch, cracks and pores) and inter-particle bond formation. These results could 

rationalize the athermal effects occurring during flash sintering and flash joining.  

 

Key works: flash sintering, athermal electric field effects, 3YSZ, grain growth 

retardation, defects healing  

 

 

 

 

 

 

 

 

mailto:s.grasso@swjtu.edu.cn


2 

 

 

1. Introduction 

 

Flash sintering (FS) is a field-assisted sintering technique introduced by Cologna et 

al. [1] in 2010. Despite the extensive research the identification of several FS related 

phenomena (i.e. liquid film formation [2,3], defects nucleation [4–6], electric current 

intrinsic contribution [7–9], rapid heating rate [10,11], electrochemical reduction 

[12,13]), its driving mechanisms have not been conclusively ruled out [14,15]. The 

most accepted FS mechanism is the ultra-rapid Joule heating based on thermal runaway 

[11,16] although there are also strong evidences of athermal effects during the process 

[17,18], ionic migration [19,20] and dielectric breakdown [21,22]. The experimental 

evidence suggests that extremely rapid diffusion kinetics are achieved during the flash 

event. These phenomena occurring under intense electric power dissipation are relevant 

to other processes like joining [23–26], solid state reactions [27–29], electro-plastic 

forming [30] and glass softening [31,32]. In this context, various flash-like processes 

[33–35] are being developed exploiting the favourable kinetic seen in FS or other 

electric current assisted techniques. 

Accurate temperature measurements during flash sintering are quite challenging 

because of the small sample size (i.e., sample volume limited to few tens of cubic 

millimiters) and the extreme heating rates (103-104 °C min-1). This makes the 

comparison between processes with and without application of an electric field rather 

challenging. Only a few papers have tried to replicate such heating rates with and 

without superimposed  electrical field [10,11]. Ji et al. [11] suggested that ultra-fast 

heating can speed up sintering even without the application of an electric current. This 

was attributed to the different activation energy for grain coarsening and densification, 

to the formation of transient liquid phases due to surface impurities (i.e., carbonaceous 

or hydrated species) or to the formation of out-of-equilibrium grain boundaries [36]. 

Nevertheless, when comparing process with and without an electric field, uncertainties 

on temperature acquisition leaves some fundamental questions open. First of all, “How 

does the application of an electrical field affect grain growth and densification?” Some 

contradictory results have been so far reported. For example, Ghosh et al. [37] 

suggested that the application of a weak DC electric field (up to 4 V cm-1) for 10 h at 

1300 ˚C slowed down grain growth. Similar results were also reported by Conrad and 

Wang [38], the application of DC field > 30 V cm-1 reduced the grain growth by a factor 

of 2. An even stronger effect was observed when using a AC (60 Hz) electrical field 

exceeding 100 V cm-1 [38]. On the other hand, there are several examples suggesting 

that electric field enhances the grain coarsening kinetics as reported for fluorite-

structured ceramics [39,40] and alumina [41]. Such phenomena have been attributed to 

increased cation mobility due to a field-induced electrochemical reduction [39,42,43]. 

The introduction of a notch within a dog-bone FS specimen allowed us to correlate 

the grain size distribution to the current density. Finite element simulations were 

employed to calculate the resulting distribution of electrical and thermal fields (i.e. 

temperature, current voltage and power dissipation) in the vicinity of the notch. 
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Additional athermal effects were derived by comparing the shrinkage in the case of 

conventional sintering and FS.  

2. Experimental procedures 

 

3YSZ powder (commercial TZ-3YSB-E, premixed with a binder, Tosoh, 90 nm 

crystallite size) was used in the present work. Dog-bone samples (1.0 ± 0.05 g) were 

shaped by uniaxial pressing under 150 MPa in a steel die using a hydraulic press (YLJ-

40T, MTI corporation, China). The dog-bone samples (cross section = 3 × 1.9 mm2, 

gage length = 21 mm) were pre-sintered at 1100°C for 60 min (heating rate = 10 °C 

min-1) in a conventional furnace (XD-1700M, Zhengzhou Brother Furnace Co., Ltd., 

China). A notch (0.15 ± 0.05 mm width and 0.5 ± 0.05 mm depth) was produced using 

a razor blade in the middle of sample. The notch tip radius was about 70 µm. Two 

platinum electrodes were inserted into through holes of  the dog-bone and platinum 

paste was added to ensure good electrical contact of the electrodes. A DC power supply 

(DC 500 V, Varied, RD- S5004 T1) was connected and the sample suspended into a 

vertical tube furnace heated at 900°C. The voltage limit was set at 100 V cm-1 and the 

current limits were 50, 100 and 150 mA mm-2. After the sample reached the current 

limit, it was maintained for 22 s in the flash state. Then, the power supply was switched 

off. The current and voltage profiles were recorded using a data logging module 

National instrument NI 9775 (acquisition frequency of 4 Hz). 

In order to allow a comparison between samples processed with or without field, the  

FS sample temperature was calculated under the following assumptions: (i) there were 

no significant temperature differences between the core and surface; (ii) heat dissipation 

by convection was negligible; (iii) the sample is regarded as grey body with emissivity 

equal to 0.8. Therefore, the sample temperature was estimated in the stationary flash 

regime [17] as follows: 

 

𝑇𝑠 = (𝑇𝑓 + 𝑃 𝜖𝜎𝑆⁄ )
0.25

                                       (1) 

                                            

where σ (5.67×10-8 W m2 K-4) is the Stefan-Boltzmann constant; S is the radiating 

surface area of sample; P is the electric power; ε is emissivity; and Ts and Tf are the 

sample and furnace absolute temperatures. The calculated sample temperature is 

reported in Table 1. In order to compare the flashed samples with those densified by 

conventional sintering, conventional firing was carried out at 1169, 1292 and 1420°C 

(holding time 1 h, heating rate of 10°C min-1). 

Finally, the SEM images were observed on polished thermally etched surfaces (heating 

rate of 10°C min-1, 1200 °C, 1 h). The notch dimensional changes were measured using 

an optical microscope before and after heating for both conventional and flash sintered 

specimens.  
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Table.1: FS processing parameters and calculated sample temperature based on grey 

body radiation.   

J (mA mm-2) Tf (°C) 

Furnace 

temperature  

Power (W) 

steady state 

Holding time 

(s) 

Ts (°C) 

Sample surface 

temperature 

50 900 20.0 22 1169 

100 900 34.1 22 1292 

150 900 52.5 22 1420 

 

Almost fully dense samples were produced using 150 mA/mm2.  SEM micrographs 

were observed on these samples using FEI inspect F50SU microscope.  

A Comsol simulation model was developed following the procedure detailed in [44]. 

The simulation was carried out at the stationary state 22 s (input current density = 150 

mA mm-2, emissivity = 0.8). Radiation heat transfer from surface to the furnace (at 

900 °C) was accounted for as in Ref. [45]. The electrical conductivity of zirconia 

sample was calculated by matching the sample resistance recorded during flash 

sintering after 22 s. The electrical conductivity was assumed constant as the temperature 

was fairly homogenous (within ± 50 ˚C) during the dwelling.  

 

3. Result and Discussion 

Figure 1 (a) shows the current and voltages profiles for a notched 3YSZ sample using 

a current limit of 150 mA mm-2. The current and voltage curves were consistent 

conventional FS (i.e., without notch) processing: (i) there is an incubation of about 12 

s in voltage control, followed by (ii) the flash transition with voltage to current limit 

switching, and finally leading to (iii) an equilibrium condition under current limit. 

Figure 1(b) shows the sample photographs taken using a CCD camera during FS. 

Interestingly, one can observe a bright region corresponding to the notch during the 

flash transition (t = 12 s). The notched region was overheated with respect to the 

surrounding material. This can be obviously attributed to the current concentration at 

the notch tip. Subsequently, the sample entered into the steady stage of FS (t > 25 s) 

and an uniform glowing was observed in Figure 1(b) inset C. This did not imply that 

the sample temperature was completely homogeneous (also considering that the hot 

sample almost saturated the CCD camera brightness sensor) but the temperature 

differences (the notched region respect to the rest of the sample) were significantly 

reduced.  
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Fig.1: (a) electric data collected during a FS experiment (current limit = 150 mA mm-

2); and (b) photographs of the sample during flash sintering. Note that the notch 

overheating is well-visible in (B). 

 

Figure 2 shows the cross sectional microstructures around the notch. Some 

microstructural gradients were developed during the FS process. Analysing the 

microstructure from top to bottom it was concluded that:  

(i) The material at -500 µm above the notch tip was still partially porous and 

large grains were visible. Moving toward the notch tip, YSZ was nearly fully 

densified. Fine grains were observed below the tip (Figures 2(i-m)); 

(ii) The grain size abruptly increases in correspondence of the notch tip (0 µm 

position). Such exaggerated grain growth was localized within a 40 µm in 

the vicinity of the notch tip; 

(iii) Below the notch (between the position +100 and +500 µm) the material was 

fully-dense with fairly uniform grain size distribution. 

The localized overheating of the notch tip resulted in large grains (Figure 2(i)). For 

comparison, microstructural analysis carried out on a conventionally sintered (T = 

1420°C) notched sample (see Fig. S1) resulted in no detectable microstructural 
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inhomogeneities.  

 

 

 

Fig.2: (a) SEM image of polished and thermally etched cross section of notch FSed 

using a nominal current limit of 150 mAmm-2 for 22s (dashed line evidences the notch 

tip); (b) a magnification of notch tip, (c-m) micrographs taken at different depth above 

(-) and below (+) the notch tip. The fracture surfaces are shown in (b) and (h) to point 

out the morphological differences.   
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Fig.3: Simulated data of FSed (using 150 mA mm-2) sample after reaching stationary 

state (a) current density distribution; (b) power dissipation; (c) temperature 

distribution;(d) magnification of the notch region using same temperature scale as in 

(c)). The electric field follows a similar distribution as the current density with a peak 

value of 35 V/cm.    

 

 

Fig.4: (a) Local temperature and (b) current density in the vicinity of the notch tip as 

estimated by FEM simulations using nominal current limit of 150 mA mm-2. 

 

FEM simulations using a nominal current limit of 150 mA mm-2 were developed to find 

a possible correlation between current density and grain size distribution. The region 

above the tip (from -500 to -100 µm, in Figure 2) was subjected to a lower current and 

reduced power compared the region below the tip. These gradients in electric power 

dissipation allow to quantify the sample temperature in the notch region (Figure 3(c)). 

Interestingly, we can observe that the sample temperature below the notch (from 0 to 
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500 µm) was almost constant. Conversely, the temperature above the notch (from -500 

to -100 µm in Figure 2) was progressively reduced from 1500 to 1420 °C (Fig.4(a)). 

Figure 5 compares the grain size distribution (Figure 2) against the electric current 

density and temperature (see Fig.3 and Table 2). Excluding the notch tip (Fig.5(b)), the 

grain size was comprised between 370 to 480 nm. Surprisingly, the local temperature 

ranging between 1417 and 1477 °C resulted in grain size slightly larger than one below 

the tip where the temperature was even higher (1500-1504 °C).  

Fig.5(a) shows the grain size dependence respect to the current density. Here, two 

different regimes were identified. Firstly, we can observe that for current limits below 

100 mA mm-2 the grain size weakly decreases when increasing the electric current. This 

finding is of particular interest because the sample “below the tip” has a slightly smaller 

(or at least similar) grain size compared with the region “above the tip”, although in the 

former region the sample was hotter and subjected to increased current density. This 

result is substantially in agreement with the findings by Ghosh et al. where the 

application of small electric field restrained grain coarsening [46]. On the other hand, 

the tip region was characterized by abnormal grain growth and high current densities 

and high temperature during at the peak power dissipation. The origin of this two-

regime of grain size dependence on the current density is not yet clear, the formation of 

Frenkel pairs and ions diffusion promoted by E-field might have also influenced final 

grain growth.  

The local heating at the notch promotes exaggerated grain growth compared to regular 

grain growth experienced by the rest of the sample.  During the transitory stage, the 

high peak power dissipation of 105 W (Figure 1 (b)) explains the exaggerated grain 

growth with grain size of 8.6 µm at the notch tip (see Fig.2 (b) and S2). At that stage, 

the notch tip temperature was surely higher than the simulated temperature distribution 

of the stationary state (i.e. 52.5 W, as plotted in Figure 1) [16].  

It is also remarkable to observe that at -500 µm (above the tip) the simulated 

temperature was 1417°C, the current density 3 mA mm-2 and the grain size was as large 

as 458 ± 60 nm. The bimodal grain size distribution experienced seen in Figure 2 (c) 

reflects the incipient grain growth not seen in Figure 2(k). Conversely, at position -100 

µm, the simulated temperature was 1477°C under 320 mA/mm2 and the grain size was 

385 ± 16 nm. The grain size ratio between these two regions was ≈1.3. Surprising the 

porosity follows an inverse trend, where at -500 µm the material was more porous than 

at -100 µm. By looking at the lower magnification (not shown), the porosity fraction at 

-500 µm was around 5%, while at +100 µm almost no porosity was visible. Further 

investigations are still needed to clarify these effects. 

In conventional sintering the grain size for sample processed at 1420 ˚C was 380±10 

nm; the grain size was homogenous across the sample and was comparable with the 

fine grain size in the flash sintered specimen. Certainly, the peak power dissipation of 

105 W (see point B in Figure 1) would have results in temperature higher than the steady 

state predicted in Figure 3(c) under a powder dissipation of 52.5 W. The latter might 

suggest repeating these experiments while gradually increasing the current limit and to 

avoid the power spike.  
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The obtained results are not sufficient to univocally correlate grain size to current 

density. Other parameters including field strength, sample geometry, atmosphere, 

furnace temperature, current waveform/frequency, polarity inversion may play an 

independent role. For example, a recent study by Xu et al. [47] suggests a boosted grain 

growth kinetics under intense electric field exceeding 500 V/cm (much lower than the 

35 V/cm stationary state in the present work).  Similarly  Ren et al. [48] observed 

that the application of an electric field results in significant reduction in the 

densification activation energy. Consequently, the best strategy to obtain ultra-fine (120 

nm) grained 99% dense 3YSZ includes both the application of an electric field [11] and 

a slightly reduction in the dwelling temperature of 1280 °C. In conclusions, the 

microstructural observations confirmed that increased current density improved 

densification while weakly suppressing grain growth.  

 

 

Figure 5. Grain size as a function of (a) the local current density (nominal current limit 

= 150 mA mm-2) and (b) the local sample temperature in the vicinity of the notch tip. 

 

Apart from the insightful analysis on the grain size/densification, the presence of a 

notch also allowed to quantify the healing of defects under the application of electrical 

discharge. Gostomelskiy et al. [49] reported that electric pulses (duration 10 µs) resulted 

in pronounced disappearance of defects and pores when comparing direct and indirect 

heating (i.e. with or without current flow). In order to quantify this effect, the 

dimensional changes of the notch before and after heating were recorded (A and B at -

250 and -500 µm, defined in Figure 3(d)). A more detailed analysis of notch 

dimensional changes is proposed in Tables S2 and S3. The shrinkage of A and B after 

sintering were named for simplicity As Bs. Figure 6 (c,d) show the photographs of a 

conventionally sintered (T = 1292°C) and FS sample using 100 mA mm-2. Figure 6 (a,b) 

points out that the shrinkage in the case of conventional sintering was substantially 

isotropic, with no shape modification of the notch. As = 13.7 ± 1.0% and Bs = 11.1 ± 

1.1% shrinked equally during conventional sintering. Conversely, Figure 6 (c, d) show 

that FS induced an anisotropic sintering strain (As = 42.0 ± 1.7%, Bs = 27.9 ± 5.4%). 

The same trends were also observed in samples treated with nominal current densities 

of 50 mA mm-2, 150 mA mm-2 (Table 2). FS resulted in a pronounced notch shrinkages 

(in the order of 30-60%) compared to conventional sintering (as low 11-17%).  
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Fig.6: Photographs of the sample (a) before and (b) after conventional sintering (T = 

1292°C) and (c) before and (d) after FS under 100 mA/mm2 (matching the same 

stationary state temperature). 

 

Table 2: A comparison A and B ratios before and after heating for FS and conventional 

sintering (A and B are defined in Figure 3(d)). 

 

 

The overheating around the notch in the case of FS samples suggest extra field induced 

effects not seen in conventional sintering. These might have a scientific and 

technological valence. During electric current assisted sintering, overheating at the neck 

particle gives support to sintering models developed by Olevsky et. al [50]. Similarly 

the overheating occurring nearby the notch tip [51] could explain the rapid and dynamic 

evolution of the joining interface (i.e., two interfaces merging together) seen in flash 

joining or healing of materials[52].  In the case of large current, usually employed for 

processing metallic conductors, magnetic field [53] (i.e., Lorentz force) might interact 

with molten material further promoting healing effects.  

 

 Flash sintering Conventional sintering 

Temperature 

and Current 

density 

  As Bs As Bs 

50 mA mm-2 

22s, 1169 °C 

65.2±1.8 60.9±5.7 16.7±2.2 11.4±2 

100 mA mm-2 

22 s, 1292 °C 

42.0±1.7 27.9±5.4 13.7±1.0 11.0±1.1 

150 mA mm-2 

22s, 1420 °C 

51.5±2 36±4.1 13.8±1.2 16.1±2.5 



11 

 

4. Conclusions 

 

We proposed an innovative methodology to correlate the current density with grain 

growth/densification while maintaining nearly unaffected temperatures and heating 

rates in the order of ≈ 104 ˚C/min. A notch located in the middle of a dog-bone specimen 

allowed a precise control of the current distribution (i.e., current density ranging from 

3 to 670 mA/mm2) while the temperature remained relatively homogeneous (1420-1500 

˚C). The proposed approach could be employed to: i) rationalize athermal field effects 

in flash sintering, ii) define a relationship between electric parameters (i.e. waveform, 

polarity, pulsing and frequency), grain growth and densification.   

 

The FS overheating around the notch tip produced exaggerated grain growth. Unlike 

conventional sintering, in flash sintering the electrical current promoted closure/healing 

of the notch. The electric field intensification effects occurring near a notch could 

explain the rapid evolution of interfaces seen in flash joining or healing of materials.  

 

The modelling approach decoupled thermal and electrical field effects, rationalizing the 

long questioned athermal electric field effects. In conclusions, increased current density 

seems to weakly promote grain growth retardation, accelerated densification, defects 

healing (i.e. notch, surfaces cracks and pores) and inter-particle surface bonding. From 

the proposed analysis, electrical current density of 300 mA mm-2 retarded grain growth 

by a factor not exceeding 1.3 and increase relative density by about 5 %. On the other 

side current density exceeding 650 mA/mm2 contributed to thermal runaway effect and 

exaggerated grain growth.  The proposed approach could be generalized to identify 

athermal field effects in several processes (i.e. chemical reactions, electroplasticity, 

solid state diffusion) where the accelerated kinetic remains questionable. 
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