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ABSTRACT
	The grain growth behavior during an AC flash event was examined in 8 mol% yttria-stabilized cubic zirconia (8Y-CSZ) polycrystals. The effects of current/power densities on the grain growth behavior were investigated in 8Y-CSZ samples with different specific surface areas at a constant sample temperature and applied field strength. The grain growth rate of flash-treated 8Y-CSZ was 300 times faster than that of heat-treated 8Y-CSZ at the same sample temperature in the absence of an electric current/field, suggesting that the promoted grain growth cannot be ascribed only to a thermal effect but also to an athermal effect occurring during the AC flash event. Moreover, the grain growth during the flash treatment strongly depends on the applied current/power densities and grain size; in particular, the grain growth showed enhancements with increasing applied current/power densities and for relatively small grain sizes. This result suggests that the grain boundary diffusivity of cations, which are regarded as the rate-controlling species for grain growth, could be accelerated by tuning the current/power densities during the flash event. The grain growth mechanism was characterized using a grain growth exponent (n) value of 4.8 for the flash treatment at high current/power densities and using a conventional value of n = 3 under normal heat treatment conditions. The dependence of the grain growth behavior on the AC current/power density suggests that because the cation diffusivity is accelerated due to the formation of numerous point defects during the AC flash event, the grain growth mechanism might depend on the current/power densities and differ from that of conventional grain growth.














1. INTRODUCTION
The flash event is a peculiar behavior occurring when an electric field larger than a critical value is applied to a ceramic green compact, which results in an instantaneous complete sintering even at relatively low temperatures.1–4 Despite the intense efforts that have been devoted to the elucidation of the flash event mechanism, this is still under discussion. The primary mechanism of the flash event has been ascribed to an accelerated diffusivity caused by a thermal effect due to thermal runaway,5 which is an avalanche effect due to Joule heating that results in an increase in the sample temperature and consequently in the electrical conductivity. In contrast, athermal effects that cannot be explained by temperature increment due to the Joule heating have also been suggested to promote atomic diffusivity in materials.6 For example, high-temperature processes such as enhanced plastic deformation7–14, diffusion joining,15–17 and crack healing18–21 of fully densified yttria-stabilized zirconia (YSZ) materials have already been achieved at lower temperatures and in shorter times. Therefore, during the flash event, cation diffusion, which is regarded as the rate-controlling process in high-temperature processes, is expected to be promoted athermally by applying an electric field and current. Previous studies have revealed that the DC flash event introduces excess oxygen vacancies into the sample due to a strong reduction, resulting in an enhanced diffusion event.22–31 Our recent studies have also suggested that even during a AC flash event, the formation of polarity-independent and positively charged excess oxygen vacancies and changes in the chemical bonding states are associated with promoted diffusivity.32
To clarify the athermal effects on the diffusion phenomena during a flash event, the effects of the electric field and current on the microstructures have been investigated in the flash sintering of zirconia systems.27, 29–31, 33–45 However, conflicting results have been described even for the same zirconia system. For example, Ren et al. reported that the grain growth in flash-sintered YSZ samples was accelerated upon increasing the current density in the range of 100–500 mA/mm2.37 The current density dependence of the grain growth rate was attributed to the generation of oxygen vacancies due to electrical reduction during the flash event. Dong et al. also reported that increasing current density in the range of 10-600 mA/mm2 promoted the grain growth near the cathode in fully densified YSZ bodies.28, 30, 31 They concluded that the polarity-dependent gradient of the oxygen potential of the DC electric field increased with increasing current, and that the decrease in oxygen potential, especially near the cathode, increased the diffusivity of cations. In addition, Liu et al. reported that the grain size of flash-sintered YSZ samples increased with increasing applied field strength in the range of 70–300 V/cm.41 The acceleration of the grain growth under an electric field was explained in terms of the segregation of  along the grain boundaries and the generation of space-charge layers due to oxygen vacancies. Other studies have indicated that the grain growth is enhanced during the flash event as a result of the generation of defects such as oxygen vacancies.28–31, 34, 36, 38, 39, 45 In contrast, opposite results stating that the electric field and current suppress the grain growth have also been reported.33, 35, 40, 43, 44 For example, Ji et al. showed that the grain growth of flash-sintered YSZ samples at a current density of 42 mA/mm2 was suppressed compared with that of a rapid heating treatment without an electric field.33 This result was attributed to the interaction between the electric field and the space charge formed along the grain boundaries. In addition, Conrad and Wang argued that the suppressed grain growth under an electric field is mainly related to the Frenkel defects generated by the electric field; the Frenkel defects can reduce the grain boundary energy, and hence, lower the rate of the grain growth.43, 44 
As mentioned above, the grain growth behavior during the flash event has already been reported in several studies. However, the specific effects of electric field and current on the promotion or inhibition of the grain growth during the flash event remain unclear. In the previous studies, several factors prevented revealing the effects of electric field and current on the grain growth. First, since the grain growth was examined during the flash sintering, the pure intrinsic grain growth behavior was not evaluated; the intrinsic grain growth component might be masked by the grain coarsening occurring during densification in the sintering process.33–41, 45 Second, the thermal and electric field/current effects on the grain growth during the flash event were not evaluated separately from the experimental results; the effect of the electric field strength and current density on the grain growth was investigated at different temperatures.33, 35, 37, 41 With regard to the current effect on the grain growth promotion during the flash sintering, although the promotion effect was examined by comparing the sintered microstructures, the sample temperatures during the flash sintering differed by 1000°C depending on the current density.37 Meanwhile, the promotion effect of the electric field on the grain growth was determined at temperatures that differed by 830°C.41 To investigate the suppression of the grain growth induced by an electric field, the microstructures were compared in samples flash-sintered at temperatures differing by 70°C.33 Therefore, in such studies, the effects of electric field and current on the microstructure were investigated under different temperature conditions due to Joule heating caused at different electric field/current, which prevents evaluating precisely the athermal effect on the grain growth during the flash event.
To investigate the athermal effects on the grain growth behavior, the grain growth behavior during the flash event should be examined at the same sample temperatures. The relationship between the sample temperature and the power density during the flash event have often been characterized by the following blackbody radiation relationship:5, 6

,    　　　             (1)

where Ts is the sample temperature, Tf is the furnace temperature, W is the power dissipation, A is the surface area of the sample gauge section, σ is the Stefan–Boltzmann constant, and ε is the emissivity. Since the electric field and current during the flash event cannot be separated from each other and individual control of each parameter is difficult, the sample temperature has generally been related to the power density. In addition, the sample temperature depends strongly on the surface area owing to thermal losses from the surfaces. Hence, the term of W/A on the right side of Eq. (1) can be expressed by the power density (P) as follows:
     　　　     　　　　　　        (2)
Accordingly, Eq. (1) can be rewritten as
,     　　　    　　　　        (3)
where P is the power loss per unit volume at the steady state and S is the specific surface area of the sample gauge section.
Using Eq. (3), under a constant furnace temperature condition, the sample temperature can be determined according to the relationship between the power loss and the specific surface area. Hence, if the specific surface area is varied by controlling the sample width, the dependence of the current/power densities on the grain growth behavior can be evaluated by maintaining a constant sample temperature and electric field strength.
On the basis of these considerations, this study investigated the athermal effects of the current/power densities on the grain growth behavior at the same temperature in 8 mol% yttria-stabilized cubic zirconia (8Y-CSZ) samples with different specific surface areas.

1. EXPERIMENTALPROCEDURES
The material used in this study was a fully densified 8Y-CSZ body fabricated via conventional pressureless sintering using commercially available 8Y-CSZ powder (TZ-8Y; Tosoh Co., Japan). Green compacts of the raw powder were prepared using cold isostatic pressing at 350 MPa and densified via conventional sintering in ambient air at 1250°C for 40 h. The density of the samples was measured using the Archimedes method (the theoretical density of 8Y-CSZ is 5.90 g/cm3).46 A fully dense sample with a relative density of >98% was used for the grain growth experiments. The average grain size of the as-sintered 8Y-CSZ body was 0.8 μm. The densified body was ground into rectangular specimens with dimensions of 1.5 × 1.6 × 26 and 3.3 × 1.6 × 26 mm3 and specific surface areas of 2.6 and 1.9 mm−1, respectively. The corresponding flash-treated (FT) samples were denoted as FT-2.6 and FT-1.9, respectively.
The grain growth experiments under AC flash conditions were performed in a box-type electric furnace, as described in a previous report.18 For the flash treatment, both ends of the rectangular specimen were coated with Pt paste to make electrodes and fasted by Pt wires. The distance of the electrode was approximately 20 mm. The rectangular specimen was suspended from two Pt wires in the electric furnace. The furnace was heated to 600°C, 800°C, and 1000°C. After the furnace temperature reached the set value in air, an AC square wave with a maximum strength of 50 V/cm was applied to the samples using a high voltage power supply (PKT330-13.5 (800 W), Matsusada Precision, Japan) via the two Pt wires. The flash experiments under the AC field were conducted at a constant frequency of 500 Hz. The maximum current limit was controlled at a current density of 200-300 mA/mm2 to reach the sample temperatures of 1280°C, 1340°C and 1400°C. During the flash event, the surface temperatures of the specimens were measured at the center of the samples using an optical pyrometer (IR-CAS; Chino, Japan), which was pre-calibrated in a blank test at a furnace temperature of 1000°C–1400°C through an observation window made in the furnace door. The electric power supply and furnace were turned off after certain time periods.
Microstructural observations were performed on the surface of the samples after the flash experiment. The grain growth experiment and microstructure observation were repeated for the same sample for a total holding time of 30 min. To examine the effect of the AC flash treatment on the grain growth, a thermal treatment without applying an electric field was also performed at a furnace temperature of 1400°C and a duration range of 30–120 min. The dimensions of the sample used for heat treatment were 3.3 × 1.6 × 26 mm3. The heat-treated samples in the absence of an electric field were denoted as HT.
The power density (P; mW/mm3) is defined as the electric power dissipated per unit volume of the samples between the Pt wires during the grain growth experiments and is given by , where E (V/cm) is the electric field and J (mA/mm2) is the electric current density.
After the flash treatment, the microstructures were examined via field-emission scanning electron microscopy (FE-SEM; S-4800, Hitachi High-Tech. Co., Ltd., Hitachi, Japan). The SEM images were taken from the center area of the rectangular specimen. Prior to the grain growth experiment during the flash treatment, the surfaces of rectangular 8Y-CSZ rods were mirror-polished with 0.5 μm diamond slurry. Using the SEM micrographs, the grain size was determined by counting the number of grains. Assuming the grains to be spherical, the average grain size (d) was determined to be 1.225 times the apparent grain size, which was calculated from the average cross-sectional area per grain.47 The d value was evaluated as an average value of more than 500 grains using the SEM images taken at 4–5 different areas.

1. RESULTS & DISCUSSION
FIGURE 1 presents the applied electric field strength, current density, power density, and sample temperature as functions of time during the flash treatment on the samples with different specific surface areas. The flash experiment was performed under constant furnace and constant sample temperatures of 1000°C and 1400°C, respectively, by adjusting the power density values, which were pre-calibrated in a blank test under an AC field. When the AC field was applied to the samples, the current density steeply increased to each preset limit (FIGURE 1(b)) and the field strength was automatically reduced to maintain the preset limit of the current density (FIGURE 1(a)). After the voltage drop, the field strength remained stable at approximately 30 V/cm for FT-2.6 and FT-1.9. The power density values exhibited surges during the occurrence of the flash events (FIGURE 1(c)). The maximum power density instantaneously reached 3000 mW/mm3 only at the onset of the flash event for FT-2.6, which has a larger specific surface area than FT-1.9, but rapidly dropped to a stable value of 1000 mW/mm3 within 1 s. A rapid increase in the power density also occurred during the onset of the flash event for FT-1.9, but it rapidly decreased to a stable value of 550 mW/mm3. As shown in FIGURE 1(d), the sample temperature smoothly increased to ~1400°C within 5 s due to the rapid application of electric power to the sample; however, overheating due to the power surge did not occur. The sample temperature of FT-2.6 became unstable during the third and fourth cycles of flash treatment. However, the deviation of the sample temperature of 1400°C was negligible (±10°C), as summarized in TABLE 1. Consequently, changing the specific surface area of the sample allows evaluating the grain growth behavior under different current/power densities by maintaining the sample temperature and electric field strength almost constant.


FIGURE 1 (a) Applied field strength (E; V/cm), (b) current density (J; mA/mm2), (c) power density (P; mW/mm3), and (d) sample temperature (Ts; °C) as functions of time during AC flash experiments on samples with different specific surface areas (FT-1.9 and FT-2.6). The grain growth experiment and microstructure observation were repeated for the same sample for a total experimental holding time of 30 min.


TABLE 1 Sample geometry, applied maximum field strength (E), current density (J), power density (P), holding time (tH), sample temperature (Ts), and average grain size (dt) in an AC flash treatment at a furnace temperature of 1000°C.







[bookmark: _Hlk135661154]The sample appearance after the flash treatment at furnace and sample temperatures of 1000°C and 1400°C, respectively, for 30 min is shown in FIGURE 2(a). Although blackening has often been reported on DC flash experiments, it was not observed in the present AC flash samples.32, 48–50 FIGURES 2(b)–(i) show the SEM micrographs taken from the center of the gauge section of each sample. The microstructure of the FT samples showed uniform and equiaxed grains irrespective of the holding time and specific surface area. However, the FT samples exhibited different growth behavior depending on the specific surface area, as summarized in TABLE 1. The grain size of FT-2.6 increased from 0.8 to 2.3 μm within 1 min. After holding the flash condition for 30 min, the average grain size reached 4.5 μm. In contrast, the average grain size of FT-1.9 was 3.8 μm even after the flash treatment at the same sample temperature of 1400°C for 30 min. FIGURE 2 (a) Sample appearance after flash treatment at a furnace temperature of 1000°C and a sample temperature of 1400°C for 30 min. SEM images of (b)–(e) FT-2.6 and (f)–(i) FT-1.9 taken at the center of the gauge sections of the flash-treated samples for holding times of 1, 5, 15, and 30 min.

The grain growth behavior during the AC flash treatment is compared in FIGURE 3 with that during heat treatment without an electric field at the same sample temperature of 1400°C. The grain growth curves of the FT and HT samples are parabolic, with the increasing grain growth rate moderating with time. For the HT sample, the average grain size annealed for 2 h increased up to 2.0 μm, which is consistent with previous literature values.51–54 Despite having the same sample temperature, the grain growth of 8Y-CSZ was relatively slower in the HT sample than in FT-1.9 and FT-2.6. This indicates that the acceleration of the grain growth under the AC field cannot be explained only in terms of the thermal effect caused by Joule heating; instead, an athermal effect caused by the flash event should be also considered. FIGURE 3 Grain growth behavior of the AC flash-treated samples FT-1.9 (blue symbols) and FT-2.6 (red symbols) at a sample temperature (Ts) of 1400°C. For comparison, the grain growth behavior of a heat-treated sample (black symbols) without an electric field at the same temperature is also shown.


In addition, the average grain size was apparently larger in FT-2.6 with higher current/power densities than in FT-1.9. In particular, the grain growth behavior during the flash event also seemed to depend on the grain size; the rate of the grain growth in FT-2.6 was substantial for relatively fine grain sizes but drastically became sluggish with the grain growth. A similar grain-size-dependent flash effect was confirmed in other high-temperature processes. In our recent study, the crack healing behavior of 8Y-CSZ during the flash event was strongly dependent on the initial grain size; the crack healing effect was considerably enhanced for a fine grain size of 0.8 μm compared with that for a coarse grain size of 2.4 μm.19 The grain-size-dependent healing behavior indicated that the grain boundaries play an important role in the flash event and the crack healing would be accelerated via field/current-enhanced diffusional processes. These results suggest that the athermal effects due to the flash event may activate the grain boundary diffusivity of cations and that the effect of the promoting grain boundary diffusivity might also depend on the current/power densities. 
The grain growth kinetics of Ostwald ripening obey a power-law relationship given by the following equation:55
, 		 	    (4)
[bookmark: _Hlk135663059][bookmark: _Hlk135663051][bookmark: _Hlk135663075][bookmark: _Hlk135663067]where dt is the average grain size at the holding time tH, d0 is the initial grain size at tH = 0, K is the grain growth rate constant, and n is the grain growth exponent. To clarify the two unknown parameters K and n in Eq. (4), the slope of log–log plots of () and tH is shown in FIGURE 4. For the appropriate n value, the slope of the double logarithmic () vs. tH relationship should be 1, as indicated by the broken lines in FIGURE 4.
Considering the ideal slope of 1, the best-fitted n values and the resultant K value determined using FIGURE 4 according to Eq. (4) are summarized in TABLE 2. The grain growth behavior of 8Y-CSZ is generally characterized by n values of 2 or 3.30, 31, 51–54 Interestingly, n deviated from the conventional values only for FT-2.6, which was flash-treated at higher current/power densities. In contrast, for HT and FT-1.9, the grain growth behavior was characterized by an n value close to 3, as observed in previous studies,51–54 although the grain growth was faster in FT-1.9 than in HT. Meanwhile, the grain growth rate of FT-2.6 was much faster than that of FT-1.9 and was characterized by a larger n value of 4.8. A large n value of 5 is limited not only in 8Y-CSZ but also in other materials, suggesting that the grain growth mechanism during the flash event might differ from those of conventional grain growth. FIGURE 4 Double logarithmic plots of () and holding time (tH), where dt is the average grain size at tH and d0 is the initial grain size (tH = 0). The slope of the log–log plots of () versus tH should be 1 for the appropriate grain growth exponent n (dashed line). 
TABLE 2 Initial average grain size (d0), grain growth exponent (n), grain growth rate constant (K), and slope of the log–log plots of () and holding time (tH).


The grain growth behavior promoted by the AC flash treatment could be ascribed to the accelerated cation diffusivity because cation diffusivity is generally the predominant rate-controlling process. For example, a previous study revealed that the grain growth during the flash event was much faster than that under conventional heat treatment due to vacancy diffusion occurring at the grain boundaries.56 Qin et al. argued that supersaturated oxygen vacancies along the grain boundaries might activate new mass transfer mechanisms, thus promoting the grain growth.39 These studies suggest that point defects induced by the flash event are strongly related to diffusion phenomena at the grain boundaries. At the moment, the relevance of these results to the present study is not clear. Nevertheless, the promoted grain growth behavior can be explained in terms of the grain growth mechanism correlating to the point-defect-related diffusivity during the AC flash treatment, more remarkably at larger current/power densities. 
TABLE 2 summarizes the K values for FT-2.6, FT-1.9, and HT, which were calculated assuming an n value of 3. The K value of FT-2.6 is not directly comparable to that of FT-1.9 and HT because its n value is different. Nevertheless, the K value at the conventional n value of 3 was used as a guide value for comparative purposes. The grain growth rate was largely accelerated during the flash treatment, especially in FT-2.6. The grain growth rates of FT-1.9 and FT-2.6 were approximately 50 and 300 times faster, respectively, than that of HT. Since the grain growth behavior of 8Y-CSZ would be rate-controlled by the diffusivity of cations,53, 57, 58 the enhancement of the grain growth by the flash event might be attributed to the increased cation diffusivity. According to these results, the cation diffusivity athermally promoted by the flash event most likely depend on the current/power densities.
The conventional grain growth behavior of 8Y-CSZ without an electric field can be expressed using the following grain growth equation:40, 42, 44

	, 	 　　　　　                   (5)
with 
 ,            　　　　        (6)

where D0 is the pre-exponential diffusion constant,  is the atomic volume,  is the grain boundary energy, Qgg is the activation energy of grain growth, R is the ideal gas constant, and T is the absolute temperature. Assuming that the grain growth during flash treatment also follows Eq. (6), the grain growth behavior promoted by the flash treatment can be ascribed to the following two factors: the grain boundary energy ggb must be increased, and/or the activation energy for grain growth Qgg must be decreased due to the increase in the grain growth rate constant. The precise grain boundary energy under the flash-treated sample has not been reported yet. Regarding the activation energy Qgg of the grain growth, on the other hand, it would be possible to evaluate experimentally based on Equation (6) by investigating the grain growth behavior at different sample temperatures.
FIGURE 5 plots the average grain size vs. holding time for FT-2.6 at different furnace temperatures of 600°C and 800°C with constant power input during the flash event. The grain growth behavior at a furnace temperature of 1000°C (Ts = 1400°C) is also shown for comparison. Irrespective of the furnace temperatures, the input power density was kept at approximately 920 mW/mm3, which is almost the same power to the furnace temperature of 1000°C. For the furnace temperatures of 600°C and 800°C, the FT-2.6 sample temperatures reached 1280°C and 1340°C, respectively (as shown in FIGURE S1). Under the constant power density conditions, the grain growth behavior of 8Y-CSZ showed the conventional trend that the rate of the grain growth increased with the sample temperature. Nevertheless, even under the different sample temperature conditions, the grain growth of the flash-treated samples shows similar trend; the rate of the grain growth tended to be faster in the relatively fine-grained region and drastically became sluggish with the grain growth. 
TABLE 3 summarizes the grain growth behavior of FT-2.6 at different sample temperatures; the n- and K-values were determined by double logarithmic plots. The best-fit n values changed with the sample temperatures, even though the power density and sample size were the same, as shown in FIGURE S2. The results summarized in TABLE 3 indicate that the grain growth behavior under the flash conditions is affected by complex factors such as power density, grain size and sample temperature, and hence, this would make it difficult to determine n and the grain growth mechanism. FIGURE 5 Grain growth behavior of the AC flash-treated samples FT-2.6 at a sample temperature (Ts) of 1280°C (green symbols), 1340°C (orange symbols) and 1400°C (red symbols). 
TABLE 3 Sample geometry, applied maximum field strength (E), current density (J), power density (P), furnace temperature (Tf), sample temperature (Ts), initial average grain size (d0), average grain size (dt) grain growth exponent (n), grain growth rate constant (K), and slope of the log–log plots of () and holding time (tH) in an AC flash treatment at a furnace temperature of 600°C, 800°C and 1000°C. 

[bookmark: _Hlk146271310]To compare the Qgg value of 8Y-CSZ with and without the electric field, the Qgg value under the flash event was estimated for n = 3. This is because, first, the grain growth has often been characterized by n = 3 without the electric field,51–53 and second, it shows relatively reasonable slope of ~1 at n = 3 under the flash condition examined in this study (FIGURE S2). The Qgg value of the conventional grain growth without the field has been reported to show about 340-400 kJ/mol.51–53 Under the flash event, it takes about 260 kJ/mol, which is lower than that of the conventional grain growth without the field. This trend also agrees well with the previous studies, in which it has also reported a decrease in the apparent activation energy for sintering and plastic deformation during flash events.12, 59 It should be noted, however,  that although the Qgg value under the flash event is estimated under the assumption of n = 3, additional examinations seem to be necessary to discuss the validity of the activation energy in the future. This is because the grain growth promotion during the flash event changes with the grain size; the rate of the grain growth is significant for the fine grain sizes but became sluggish with the grain growth. This suggests that the grain growth behavior under the flash conditions may be characterized separately for fine- and coarse-grain size ranges.
Regarding the decrease in the activation energy caused by the promotion of the grain growth under the flash conditions, first-principles calculations suggested that the presence of oxygen vacancies in YSZ might reduce the migration barrier for Zr cation vacancies, resulting in a lower apparent activation energy.60, 61 In addition, a detailed study on the photoluminescence of oxygen vacancies in flash-sintered YSZ revealed that the oxygen vacancy concentration increased with increasing current density.26, 62 Therefore, the apparent activation energy can be expected to decrease as the oxygen vacancy concentration increases with increasing current density during the flash event. Accordingly, it can be concluded that the activation energy of the apparent grain growth decreases upon increasing the current and power densities, thereby promoting the grain growth at high current/power densities.
1. CONCLUSION
In this study, the athermal effects on the grain growth behavior of 8Y-CSZ were investigated by focusing on the effect of the current/power densities using samples with different specific surface areas. The results can be summarized as follows:
1. By changing the specific surface area of the sample, the effect of the current/power densities on the grain growth behavior of 8Y-CSZ could be evaluated at constant sample temperature and electric field strength.
1. Despite having the same sample temperature and a much shorter holding time, the rate of the grain growth of FT 8Y-CSZ was approximately 300 times faster than that of a heat-treated sample without an electric field/current. Therefore, the enhancement of the grain growth under the AC electric field cannot be explained only by thermal effects such as Joule heating but should be also ascribed to athermal effects induced by the large current/power densities.
1. The grain growth became more pronounced in the FT samples with increasing current/power densities, and a remarkably rapid grain growth was observed for grain sizes below 2.0 μm. This result suggests that the athermal effect of athermal effects of the current/power densities might activate the grain boundary diffusivity of cations.
1. For the sample FT at relatively low current/power densities, the grain growth behavior showed a conventional n value of 3 similar to that described in previous studies. In contrast, for the sample FT at higher current/power densities, the n value was estimated to be 4.8, suggesting the occurrence of a grain growth mechanism depending on the current/power densities during the flash treatment different from that of conventional grain growth.
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FIGURE 1 (a) Applied field strength (E; V/cm), (b) current density (J; mA/mm2), (c) power density (P; mW/mm3), and (d) sample temperature (Ts; °C) as functions of time during AC flash experiments on samples with different specific surface areas (FT-1.9 and FT-2.6). The grain growth experiment and microstructure observation were repeated for the same sample for a total experimental holding time of 30 min.
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FIGURE 2 (a) Sample appearance after flash treatment at a furnace temperature of 1000°C and a sample temperature of 1400°C for 30 min. SEM images of (b)–(e) FT-2.6 and (f)–(i) FT-1.9 taken at the center of the gauge sections of the flash-treated samples for holding times of 1, 5, 15, and 30 min.
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FIGURE 3 Grain growth behavior of the AC flash-treated samples FT-1.9 (blue symbols) and FT-2.6 (red symbols) at a sample temperature (Ts) of 1400°C. For comparison, the grain growth behavior of a heat-treated sample (black symbols) without an electric field at the same temperature is also shown.
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FIGURE 4 Double logarithmic plots of () and holding time (tH), where dt is the average grain size at tH and d0 is the initial grain size (tH = 0). The slope of the log–log plots of () versus tH should be 1 for the appropriate grain growth exponent n (dashed line). 
FIGURE 5 Grain growth behavior of the AC flash-treated samples FT-2.6 at a sample temperature (Ts) of 1280°C (green symbols), 1340°C (orange symbols) and 1400°C (red symbols). 










TABLE 1 Sample geometry, applied maximum field strength (E), current density (J), power density (P), holding time (tH), sample temperature (Ts), and average grain size (dt) in an AC flash treatment at a furnace temperature of 1000°C.









TABLE 2 Initial average grain size (d0), grain growth exponent (n), grain growth rate constant (K), and slope of the log–log plots of () and holding time (tH).






TABLE 3 Sample geometry, applied maximum field strength (E), current density (J), power density (P), furnace temperature (Tf), sample temperature (Ts), initial average grain size (d0), average grain size (dt) grain growth exponent (n), grain growth rate constant (K), and slope of the log–log plots of () and holding time (tH)in an AC flash treatment at a furnace temperature of 600°C, 800°C and 1000°C. 













SUPPLIMENTARY FIGURES
FIGURE S1 (a) Applied field strength (E; V/cm), (b) current density (J; mA/mm2), (c) power density (P; mW/mm3), and (d) sample temperature (Ts; °C) as functions of time during AC flash experiments on FT-2.6 samples with different furnace temperature (Tf; °C). The grain growth experiment and microstructure observation were repeated for the same sample for a total experimental holding time of 30 min.


















FIGURE S2 Double logarithmic plots of () and holding time (tH), where dt is the average grain size at tH and d0 is the initial grain size (tH = 0). The slope of the log–log plots of () versus tH should be 1 for the appropriate grain growth exponent n (dashed line). 
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