Electric Field/Current Enhanced Grain Growth Behavior of 8mol% Y2O3 Stabilized Cubic ZrO2 (8Y-CSZ) Polycrystals
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ABSTRACT
The effect of the flash event on grain growth behavior was examined in 8 mol% yttria-stabilized cubic zirconia (8Y-CSZ) polycrystals under direct and alternating electric fields/currents. Even at the same specimen temperature, the rate of the grain growth is accelerated in the flash event than in the heat treatment without electric field/current (0 V), suggesting that the non-thermal effect caused additionally under the flash event contributes to the acceleration of the grain growth. Although the grain growth behavior can be characterized by the empirical equation ( – = kt) with the same grain growth exponent of n = 3 irrespective of the electric field/current, the activation energy for the grain growth is lowered under the flash event. This suggests that the non-thermal effect caused by the flash event does not affect the mechanism of the grain growth, but would accelerate the rate-controlling process of the grain growth. The non-thermal effects can be further accelerated in fine-grained specimens under the alternating current flash and/or by increasing the input power density. Since the grain growth is rate-controlled by the grain boundary cation diffusivity, the non-thermal effect under the flash event would accelerate the grain boundary cation diffusivities through the formation of excess oxygen vacancies depending on the polarity and the power density.
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1. 

1. INTRODUCTION
Many studies on electric field/current effects [1–4] have been reported after Raj and his colleagues discovered the flash sintering [5], in which the sintering behavior have significantly been accelerated by applying strong electric field/current to powder green compacts at high temperatures. Although the effects of the strong electric field/current on the acceleration of the sintering behavior have been discussed in the previous studies, the field/current effects on the sintering remain still under discussion [2,3,6]. One of the reasons for making it difficult to clear the field/current effects in the flash event is that most of the previous studies have been carried out in powder sintering [7–12]. During the sintering, since the microstructure such as the contact area between each powder changes dramatically as the densification proceeds, this also causes the change in the current conduction paths. Especially for the flash sintering, the powder sintering accompanied with the microstructural changes is completed within a few seconds [5]. The rapid sintering phenomena, which can be completed in the short time, would certainly be an advantage for industrial applications, of course if achieved. However, since those current conductive changes accompanied with the microstructural changes in the short time make it difficult to understand the flash-related phenomena, other approaches would be necessary to investigate its details.
Recently, it has been confirmed that the flash event occurs not only in the sintering of the powder state, but also in the bulk state in the same way as in the case of the sintering phenomena. In fact, the high-temperature processes such as enhanced plastic deformation [13–19], diffusion joining [20–24] and crack healing [26–31] of fully densified yttria-stabilized zirconia (YSZ) materials have also been accelerated and achieved at lower temperatures within shorter times under the flash event. Regarding the effect of the electric field/current on the deformation of polycrystalline ceramics, Conrad and his colleagues have also systematically examined high temperature flow behavior under the electric field/current in several oxides [32–34]. Under the flash event, the superplastic deformation of tensile elongation to failure of >150% was confirmed even at a lower furnace temperature of Tf = 1000 °C [13,14].
As compared to the sintering phenomenon of powders, bulk materials make it possible to evaluate precisely the accelerated phenomenon under the flash event with maintaining both the electric field/current and the microstructure stably. Through the studies on the bulk materials [13–16,37], the dominant mechanisms of the accelerated phenomenon under the flash event have been ascribed mainly to non-thermal effects, which were caused by the flash event in addition to the thermal effects. Under the flash event, the thermal effect due to thermal runaway [38,39], which is an avalanche effect due to Joule heating, contribute to the accelerated high temperature behavior to some extent. However, the accelerated behavior under the flash event cannot be explained only by the increment of the specimen temperature due to the Joule heating. The non-thermal effect caused additionally during the flash event is likely to accelerate cation diffusivity, which is regarded as the rate-controlling process in those high-temperature processes [15,40–42].
For the plastic deformation and diffusion joining in the previous studies [13–17], however, the high temperature processes occur by applying stresses in addition to the thermal and non-thermal effects. In order to discuss the accelerated cation diffusivity caused by the non-thermal effect, it would be better to examine the high temperature processes under stress-free conditions. For this purpose, grain growth phenomenon is a good candidate as a simple high-temperature process that can eliminate the effects of the stresses and cause mainly by the rate-controlling process of the cation diffusion.
Although the grain growth behavior under the flash event has widely been examined [7–12,43,44], most of the previous studies have been conducted under direct electric field/current (DC) [7,9–12,44]. This is because the control of DC is relatively simple. However, the flash event under the DC conditions forms excess oxygen vacancies into the specimens due to strong electrochemical reduction and this also influences the cation diffusivity [15,40–42]; for example, Kim et al. reported that the supersaturated oxygen vacancies accumulated in the cathode side accelerated the grain growth in the cathode side [45]. In contrast, our recent studies have suggested that as compared to the DC flash, high temperature bulk processes, such as creep [13–17] and crack healing [26–31], were accelerated in the flash event under an alternating electric field/current (AC), which can suppress those inhomogeneous oxygen vacancy accumulation as in the DC flash. In order to clarify the non-thermal effect, although the flash event should be examined under the AC condition, the work of the AC flash is limited especially in the bulk material. Furthermore, in addition the polarity [4,46,47], the effects of input power density and frequency, which are also expected to influence the oxygen vacancy formation, should be confirmed in the grain growth behavior.
On the basis of these points of view, this study has been carried out to examine the non-thermal effect of the flash event in the grain growth behavior, which takes place under stress-free conditions. In particular, this study focused on the effects of the flash event, the electric polarity and the power density on the grain growth behavior under DC and AC using 8 mol% yttria-stabilized cubic zirconia (8Y-CSZ) as a reference material.

2. EXPERIMENTALPROCEDURES
2.1 Material
The grain growth tests were performed using the method similar to those of the previous studies [48]. In brief, the sample used in this study was a fully densified 8Y-CSZ bulk fabricated by the conventional pressureless sintering process using commercially available high purity 8Y-CSZ powder (TZ-8Y; Tosoh Co., Japan).
Green compacts of the raw 8Y-CSZ powder were prepared using uniaxial pressing and cold isostatic pressing at 350 MPa followed by the densified through the conventional sintering at 1250°C for 40 h in air. The density of the samples was measured using the Archimedes method (the theoretical density of 8Y-CSZ is 5.97 g/cm3 [49]). The fully densified samples with a relative density of >98% were used for the grain growth experiments. From the densified samples, rectangular rod-shaped specimens for the flash treatment were machined into a dimension of about 2.5 × 1.8 × 27.0 mm3.

2.2 Flash Treatments under Direct and Alternating electric Fields/Currents 
[image: ]The grain growth experiment was performed in an electric box furnace under the flash conditions using direct and alternating fields/currents (DC and AC), as described in a previous studies [26]. For the flash treatments, both ends of the rectangular specimen were coated by Pt paste to make electrodes and connected to the power source by Pt wires with 0.5 mm in diameter, as shown in Fig. 1(a). The distance of the electrodes was fixed at approximately 20 mm in all the tests. The rectangular specimen was suspended by two Pt wire electrodes set in the box furnace (Fig. 1(a)). 
After the furnace was heated up to temperatures of Tf = 800 or 1000 °C in air, DC and AC electric fields/currents were applied to the specimens through the Pt electrode using a high voltage power supply (PKT330-13.5 (800 W), Matsusada Precision, Japan). The DC/AC flash treatments were conducted under a maximum strength of E = 50 V/cm. For the AC condition, the flash event was carried out at a square wave with several frequencies of f = 10, 500 and 1000 Hz. Depending on the test temperature, the maximum current limit was set at current densities of J = 190-300 mA/mm2 to control the specimen temperatures at Ts = 1230-1500 °C, which were pre-calibrated in a blank test in advance. During the flash event (Fig. 1(a)), the specimen temperature Ts was measured at the surface and the center of the rectangular specimens using an optical pyrometer (IR-CAS; Chino, Japan), which was pre-calibrated in a blank test at a furnace temperature range of Tf = 1000-1400 °C through an observation window made in the furnace. Before applying the electric fields/currents, since the sample can be recognized through the scope of the pyrometer at furnace temperatures of Tf >800 °C, the focusing point was adjusted to the center of the rectangular specimens.

2.3 In-Situ Observation of Grain Growth Behavior
	In-situ observations of the grain growth behavior were conducted at Ts  1400 °C for 20 min in air with and without the electric field/current using an IR image furnace equipped with a leaser confocal laser scanning microscope (MS-18SP; Yonekura MFG. Co., Ltd, Japan) using a wavelength of 405 nm. The resolution limit of the microscope can be expected to maintain around 2 m even at high temperatures; the shape of the grains is visible even below 2 m, but it seems to be clear enough to recognize the shape at larger than 2 m. For the in-situ observations, rectangular plate-like specimens were machined into a dimension of about 1.4 × 4.0 × 10 mm3. In order to control the flash treatment at Ts = 1400 °C, the DC and AC electric field/current conditions were calibrated in advance and conducted at a current density of 260 mA/mm2. The AC flash was carried out at a square wave with f = 10, 500 and 1000 Hz. 
[image: ]In order to divide the contributions of the temperature and the flash-related phenomena on the grain growth behavior, the specimen was statically heat-treated at the heating history similar to that of the flash event using the IR image furnace. After set the Pt electrode-connected specimen in the IR furnace (Fig. 2), the specimen was heated up to Tf = 1000 °C with a heating rate of 200 °C/min, and then, rapidly heated up to Ts = 1400 °C with about 300 °C/min. 

2.4 Effect of Input Power density on Grain Growth
In order to examine the effect of the power density P on the non-thermal effect, the grain growth behavior was examined under different P-values, but at the same specimen temperature Ts in air by changing the specimen size as follows [48].
During the flash event, the relationship between the specimen temperature Ts and the power dissipation W have often been expressed by the following well-known blackbody radiation relationship [38,50]:
,    　　　             (1)
where A is the surface area of the specimen gauge section, σ is the Stefan–Boltzmann constant and ε is the emissivity. Eq. (1) can be rewritten in the following form using the power density P and the specific surface area of the specimen gauge section S;
 .                               (2)
Namely, Ts can be determined by the relationship between the Joule heating caused by the applied P and the heat losses from the specimen surfaces S. Under the same furnace temperature Tf, Ts can also be controlled by changing the combination of P and S. In this work, the effect of P on the non-thermal effect was examined at the same Ts by using the specimens with different dimensions of 1.5 × 1.6 × 26 mm3 and 3.3 × 1.6 × 26 mm3. 

2.5 Microstructural Characterization
Microstructural observations were carried out on the surface of the specimens after the flash treatment for a specific treatment time t. The grain growth behavior was evaluated in the same specimen by repeating the flash treatment and the microstructure observation. To examine the effect of the flash treatment on the grain growth, a thermal treatment without applying an electric field/current (0 V) was also performed at each specimen temperature Ts and treatment time t.
After the flash treatment, the microstructures were examined with a field-emission scanning electron microscope (FE-SEM; S-4800, Hitachi High-Tech. Co., Ltd., Hitachi, Japan). The SEM images were taken from almost the center area of the rectangular specimens. Prior to the grain growth experiment, the surface of the rectangular 8Y-CSZ rod specimens was mirror-polished with 0.5 μm diamond slurry. Using the SEM micrographs, the apparent grain size was determined by counting the number of grains. Assuming the grains to be spherical, the average grain size  was determined to be 1.225 times the apparent grain size, which was calculated from the average cross-sectional area per grain [51]. The -value was evaluated as an average value of more than 500 grains using the SEM images taken at 4–5 different areas. The initial grain size  of the as-sintered 8Y-CSZ body is about 0.8 μm (Fig. 1(b)).

3. Results and Discussion
3.1 Flash Treatment under DC 
Figure 3 shows a typical example of the electric field/current behavior under the DC flash treatment, which was conducted at furnace and sample temperatures of Tf = 800 °C and Ts = 1400 °C, respectively, by controlling the DC condition at a maximum field strength of E = 50 V/cm. As shown in Figs. 3(a)-(c), the DC flash treatment can be conducted under the stable applied field strength E, current density J, power density P and specimen temperature Ts with the treatment time t. 
The specimen temperature, for example, can stably be controlled at Ts = 1400 °C by adjusting the DC condition at a current density J = 215 mA/mm2 and a power density P = 630 mW/mm3. When the DC field strength of E = 50 V/cm was applied to the specimen, the current density steeply increased to a pre-set limit of J = 215 mA/mm2 (Fig. 3(b)) and the field strength was automatically reduced to E = 30 V/cm to maintain the pre-set current density limit (Fig. 3(a)). After the initiation of the flash event, the field strength remained stable at approximately E = 30 V/cm. Although the current and power density values exhibited small surge at the occurrence of the flash event (Fig. 3(b)), the maximum power density instantaneously reached P = 1300 mW/mm3 only at the onset of the flash event and rapidly dropped to a stable value of P = 630 mW/mm3 within 1 s. After the occurrence of the flash event, the specimen shows a light emitting as typically shown in Fig. 1(a) and the temperature smoothly increased to Ts ~ 1400 °C within 5 s. In this study, overheating due to the power surge was not recognized in all the tests examined (Fig. 3(d)). Thus, the flash treatment can be conducted stably at Ts = 1400 °C/Tf = 800 °C within a small deviation of ±10 °C. The electric field/current of the AC flash (did not [image: ]shown) could also be controlled stably similar to that of the DC flash treatment. 
3.2 Effect of DC Flash Event on Grain Growth	
	In order to discuss the non-thermal effect, the grain growth was examined with and without the DC electric field/current in the temperature range of Ts = 1230-1500 °C. For example, after the flash treatment at Ts = 1500 °C/Tf = 800 °C for t = 30 min under DC (E = 30 V/cm and J = 300 mA/mm2), the grain size increases up to 6.9 m, which is more than 2 times larger than 3.0 m of the heat treatment at Ts = 1500 °C without the electric field/current (0 V), as shown in Fig. 4. This suggests that under the present test conditions, the DC flash event accelerates the rate of the grain growth. In the whole temperature range examined in this work, the rate of the grain growth is apparently higher in the DC flash treatment than in the heat treatment (0 V), irrespective of the same specimen temperatures, as typically shown in Fig. 5.  
The grain growth behavior of 8Y-CSZ was characterized by the following empirical equation, which has generally been used to characterize the grain growth behavior of various materials [52]:
 – = kt                     (3)
with
[image: ]k = k0exp(-Qg/RT) ,         (4) 
[image: ]where n is the grain growth exponent, k is the rate constant of the grain growth, t is the treatment time, Qg is the activation energy for grain growth, R is the gas constant, T is the absolute temperature and k0 is a constant. 
The growth kinetics of 8Y-CSZ have generally been characterized with grain growth exponent of n = 2-4 [53–57] using Eq. (3). Figure 6 shows the ( –) - t relationship in double logarithmic plot, which was characterized by a grain growth exponent of n = 3. When the slop of the double logarithmic ( –) - t relationship takes unity, the selected n-value would be valid. Thus, although the rate of the grain growth is apparently higher under the DC electric field/current at all the temperature range examined, the choice of n = 3 is reasonable for characterizing the growth kinetics of 8Y-CSZ, as also noted in the previous studies [55–57]. It can be explained that the grain growth behavior characterized by the same n-value of 3 would be governed by the same rate-controlling mechanism of grain boundary diffusion, independent of the electric field/current.
In order to examine the rate-determining steps of the grain growth, the activation [image: ]energy for grain growth Qg is determined. For the heat treatment (0 V), the grain growth shows a trend similar to that of the earlier study [55]. Although the Qg-value of 590100 kJ/mol is slightly larger, it is close to the earlier data (340-398 kJ/mol) reported in the grain growth for 8Y-CSZ, in which the Qg-values have been ascribed to that of the grain boundary diffusion of cations [55,57]. For the flash event, however, it takes 30840 kJ/mol, which is 280 kJ/mol lower than that of the heat treatment (0 V). The reduction of the activation energy under the flash event agrees well the previous study of superplastic deformation of 3Y-TZP; the Q-value decreased from 520 kJ/mol to 210-250 kJ/mol under the flash event [15]. This suggests that the accelerated grain growth behavior would be caused by lowering the activation energy under the electric field/current and this would provide the non-thermal effect of the flash event. 
3.3 Effect of DC and AC Fields on Grain Growth
The non-thermal effect of the flash event was examined in both the DC and AC electric fields/currents. Figures 7(a)-7(f) shows microstructures of the fine-grained 8Y-CSZ ( = 0.8 μm) examined by the in-situ observation of the grain growth at Ts = 1400 °C/Tf = 1000 °C for t = 20 min under the AC flash condition, in which the snapshot images were taken at t = 0, 2, 5, 10, 15 and 20 min. The white arrows in the images indicate typical pores, suggesting that the images were taken at almost the same areas through the in-situ observation. 
During the in-situ observation, the grain size monotonously increases with the treatment time t. Before the flash event of t = 0 min, grains cannot be recognized in the image because the grain size would be less than the resolution limit of the laser scanning microscope. After the treatment time exceeds t = 2 min, the grains start to appear, and then, grain growth continuously takes place with increasing t. The apparent grain size takes 3.8 m at t = 10 min, 4.1 m at t = 15 min and 4.5 m at t = 20 min; the in-situ observation videos taken under the heat treatment without the electric field/current (0 V) and the DC/AC flash treatments are provided in supplement Fig. 1S. 
	For comparison, the microstructures of 8Y-CSZ tested at Ts = 1400 °C for t = 20 min under the DC flash treatment and the heat treatment (0 V) are shown in Figs. 7(g) and 7(h), respectively. The grain size is quite different between the flash and heat treatments, irrespective of the same condition of Ts = 1400 °C for t = 20 min. For the AC flash treatment, the -value apparently increases from an initial grain size of  = 0.8 m of the as-sintered state to  > 4 m after the flash treatment (Fig. 7(f)). For the DC flash treatment for t = 20 min, the -value apparently increases to  = 2.7 m after the flash treatment (Fig. 7(g)), whereas for the heat treatment for t = 20 min without the electric field/current (0 V), the grain microstructure cannot be recognized by the laser microscope; the -value appears to retain less than the resolution limit of 1-2 m. These strongly indicate that the enhanced grain growth behavior cannot be explained only by the thermal effect due to Joule heating and can be ascribed to non-thermal effects caused additionally depending on the flash treatments under DC and AC [48]. 
[image: ]The detailed microstructures of fine-grained 8Y-CSZ ( = 0.8 μm), which were tested at Ts = 1400 °C (a) without and (b)-(d) with the DC/AC electric fields/currents, are observed by SEM in Fig. 8. The heat treatment (0 V) was carried out in an electric furnace at Tf = 1400 °C for t = 120 min. The flash treatment was carried out at Ts = 1400 °C/Tf = 1000 ℃ for t = 20 min under a DC electric field/current (E = 34V/cm and J = 260mA/mm2) and an AC electric field/current (E = 34V/cm and J = 260mA/mm2 with frequencies of f = 10Hz and 1000Hz). 
[image: ]It is apparent from the SEM images (Fig. 8) that even for the same specimen temperature of Ts = 1400 °C, the grain growth behavior strongly depends on the treatment conditions. For the heat treatment (0 V), the grain size increases approximately three times from  = 0.8 m to   2.6 m for t = 120 min (Fig. 8(a)). Under strong DC/AC electric fields/currents, on the other hand, the grain growth was more pronounced after the flash treatment only for t = 20 min even at the same specimen temperature of Ts = 1400 °C/Tf = 1000 ℃. In particular, the grain growth is more significant under the AC flash than under the DC flash, irrespective of the similar field strength E and current density J. After the flash treatment only for t = 20 min, the grain growth takes place up to    2.7 m for the DC flash (Fig. 8(b)) and   4.5 m for the AC flash (Figs. 8(c) and 8(d)). As compared to the heat treatment (0 V), it is roughly estimated that the grain growth is accelerated more than 6 times under the DC flash and about 12-15 times under the AC flash. 
[image: ]The grain growth behavior was characterized using Eq. (3) in Fig. 9. Irrespective of the electric field/current, the grain growth of the fine-grained 8Y-CSZ can reasonably be characterized by single straight lines against the treatment time t with n = 3. This suggests that the electric field/current does not influence the grain growth mechanism, but would accelerate the rate-controlling process of the cation diffusivity. However, it should be noteworthy that under the flash treatment, the detailed growth behavior changes with the polarity. 
For the DC flash treatment, the grain growth is accelerated rather than that of the heat treatment (0 V), but less than that of the AC flash. The acceleration effect under the flash event has often been ascribed to the formation of defects such as oxygen vacancies; the excess oxygen vacancies accelerate the diffusivity of cations [15,36,40–42]. Under the DC flash treatment, the supersaturated oxygen vacancies would be formed due to the strong electrochemical reduction and accumulated as neutral oxygen vacancies  (F center) in the cathode side [47]. Blackening due to the neutral oxygen vacancies has often been reported to appear in the cathode side after the DC flash treatment [12,47,58] though it was not clearly recognized in this test. Thus, for the DC flash treatment, the supersaturated oxygen vacancies would cause the accelerated grain growth by accelerating the rate-controlling process of cation diffusivity [8,12].
If this is also the case of the present study, the grain size shows an asymmetric microstructure between the electrodes and should be larger in the cathode side [45], where the neutral oxygen vacancies  (F center) were accumulated. Although the grain size indeed become asymmetric distribution between the electrodes, it showed opposite trend. As shown in Figs. S1(a)-S1(d), the grain size distribution tends to increase in the anode side than in the cathode side, as noted also by Wang et al. [43]. As explained by Wang et al, since the accumulation of the neutral oxygen vacancies in the cathode side would increase electrical conductivity, this causes less Joule heating. Although the verification of the inhomogeneous temperature distribution is necessary, this might result in the asymmetric microstructure between the electrodes; the grain size tends to increase in the anode side than in the cathode side.
For the AC electric field/current, on the other hand, the growth behavior is accelerated more than that of the DC flash treatment (Figs. 8 and 9), but almost independent of the frequency in the range of f = 10-1000 Hz examined in this study. Regarding the frequency dependency under the AC flash treatment, opposite results have also been reported [4,59]. Although the reason is not clear under this study, the effect of frequency may be different between the powder sintering and the high-temperature processes of the bulk state.
The grain growth behavior that was further accelerated under the AC flash treatment cannot be ascribed to the general oxygen vacancy formation as in the DC flash treatment. This is because, in contrast to the DC flash treatment, the significant supersaturated oxygen vacancies due to the general electrochemical reduction is unlikely to be formed under the AC flash treatment. In fact, the blackening formed by  as in the DC flash treatment is not observed and the grain size distribution is almost homogeneous at the whole area between the electrodes (Figs. S1(d)-S1(g)) after the AC flash treatment. Thus, for the AC flash treatment, although the acceleration behavior has also been reported in the several processes of sintering [4], creep deformation [13–19] and crack healing [26–31], it cannot be explained by the same mechanism (neutral oxygen vacancies ) as in the DC flash treatment, but would be related to a mechanism unique in the AC flash treatment. 
According to Yamashita et al., [60,61] the AC flash-sintered ZrO2 shows blue photo luminescence (PL) emission, which can be assigned to the oxygen vacancies  (F+ center) trapped one electron. Since the blue PL emission was observed in the whole area of the AC flash-sintered specimens, the oxygen vacancies  (F+ center) are homogeneously formed in the whole specimens under the AC flash sintering. If this is the case of AC flash-treated bulk specimens, it is reasonable to conclude that since the AC flash treatment promote the formation of oxygen vacancies uniformly in the whole specimen, this would promote the grain boundary diffusivity of cations, which is the rate-determining process for the grain growth behavior. This leads to the acceleration of the grain growth.
As a result, the obtained results indicate that since the non-thermal effect caused under the AC field would accelerate the rate-controlling process of the grain boundary diffusivity of cations. Although the frequency dependence is not clearly recognized in the grain growth behavior under the AC flash treatment, the polarity of the field/current effect influence strongly to the grain growth behavior.

3.4 Effect of Power Density on Grain Growth
Although it is confirmed that the non-thermal effect is pronounced under the AC flash treatment, the dominant factors in the AC flash are not clear yet. As noted in the section 3.3, the frequency is likely to be less effective to the non-thermal effects (Fig. 9). Hence, the dominant factors that determine the acceleration of the grain growth behavior was examined under the AC field/current condition by focusing on the effect of input power density. In order to discuss the details of the non-thermal effect under the flash event, since the grain growth behavior is a thermal activated process, it is necessary to evaluate the behavior under the same specimen temperature by changing the input power density. In order to achieve this condition, the grain growth behavior was examined using rectangular bar specimens with different specific surface areas as follows [48].
During the flash event, the relationship between the specimen temperature Ts and the power density P have often been expressed by the blackbody radiation relationship expressed by Eq. (2). The P-value is determined by the product of electric field V and current density J. During the flash event, however, the parameters of V and J are interrelated to each other and individual control of each parameter is basically impossible, and hence, the specimen temperature Ts has generally been characterized by the total input power density P. However, since the V-J relationship changes with Ts, this makes it difficult to individually control the effects of V and J under the same temperature, and hence, difficult to separately examine the effect of each factor on the flash event.
It is clear from Eq. (2) that in addition to P, Ts can be determined by the relationship between the Joule heating caused by the applied P and the heat losses from the specimen surfaces. Since the heat losses are determined by the specific surface area S and the external temperature (= furnace temperature Tf), Ts can also be controlled by changing either of these factors. In this work, the effect of P on the non-thermal effect was examined at the same Ts by using the specimens with different specific surface area S of 1.5 × 1.6 × 26 mm3 and 3.3 × 1.6 × 26 mm3; namely, in order to attain the same Ts, larger P is required for larger S rather than for smaller S owing to the heat losses take place from the surfaces. 
	The P-dependent grain growth behavior under the flash event was examined at the same temperature of Ts = 1400 °C/Tf = 1000 °C by controlling the combination of S and P, as shown in Fig. 10. In order to confirm the validity of the result, the input power density dependence was examined using two specimens in both the lower and higher input power densities, as shown by the open- and closed-symbols in Fig. 10(d). As compared to the results of the heat treatment (0 V), the rate of the grain growth is apparent higher under the AC flash treatment, as also noted in the above sections (Figs. 4 and 5). It should be noteworthy that the grain growth behavior changes with P; it exhibits higher growth rate in the larger P-value (red : 1000 mW/mm3) with smaller S than in the lower one (blue : 550 mW/mm3) with larger S, as noted in our previous study [48]. This suggests that for the same specimen temperature, the non-thermal effect caused by the flash event increases with the input power density P. 
	The grain growth at Ts = 1400 °C under the heat treatment (0V) can be [image: ]characterized by Eq. (3) with conventional values of n = 3 and k = 1.03410-21, as shown by the solid line (Fig. 9). However, the growth behavior obtained under the AC flash treatments could not be characterized by the same parameters to those of the heat treatment (0 V) [48] and other parameters are required. Assuming that the growth behavior can be characterized by Eq. (3) with n = 3 and Qg = 500 kJ/mol, which is an average activation energy obtained in this and previous studies [55], a higher specimen temperature of Ts = 1580 °C (blue solid line) is required to represent the accelerated growth behavior of the lower P, suggesting that an advantage of about 180°C is provided by the non-thermal effects. For the higher P, on the other hand, the specimen temperature that can represent the accelerated growth behavior is slightly different in the fine- and coarse-grained regions, and Ts = 1660 °C (red solid) and 1620 °C (red broken line) are required, respectively, to represent the obtained data. Thus, for the higher P, the non-thermal effects provided a further advantage of about 220-260 °C depending on the grain size. 
This result also suggests that in addition to increasing the input power density P, the non-thermal effect of the flash event becomes more effective in the finer grain size. Similar grain size dependent non-thermal effects are also confirmed in crack healing behavior in 8Y-CSZ; the rate of the crack healing becomes more pronounced in fine grains [28]. Similar to the case of the crack healing, the grain boundary diffusion can be regarded as the predominant rate-controlling process of the grain growth. Since the grain boundaries play an important role in the non-thermal effect of the flash treatment, the rate of the grain growth would be accelerated in fine-grained materials through the field/current-enhanced diffusional processes, especially through the accelerated grain boundary diffusivity of the cations.
[bookmark: _Hlk125884292]Consequently, the results obtained in this work indicate that the non-thermal effect caused by the flash treatment is effective not only to the powder sintering [6,11], but also to the grain growth as in the case of deformation [13–19], joining [20–24] and crack healing [26–31]. The non-thermal effect of the flash treatment depends on several governing factors, such as the polarity, input power density and grain size, and becomes more effective under the AC electric filed/current, larger power density and finer grain size. Although the flash event is firstly reported in the powder sintering, the sintering process that starts from fine powders would consequently be the best candidate to fully utilize the merit of the flash event. In addition, combining the alternating field/current and higher input power density, in which remarkable acceleration effects were confirmed in this study, would promote the flash sintering by effectively utilizing the non-thermal effects caused additionally by the flash event. However, it should be note that if the non-thermal effect increased under the AC field/current and the higher input power density, grain coarsening is also promoted. In other words, for the flash treatment under the AC flash event with higher power density, the non-thermal effect itself are also rapidly lost due to the simultaneous rapid grain coarsening. For industrial applications, it is essential to avoid unnecessarily higher AC density and to optimize those governing factors to effectively utilize the non-thermal effect of the flash event.
The grain size dependent growth rate suggests that the grain boundaries play an important role in the non-thermal effect of the flash treatment. Since the non-thermal effect would contribute to the grain boundary diffusivity of the cations, which is the accelerating the rate-controlling process of the grain growth, the rate of the grain growth would be accelerated under the flash event especially in fine-grained materials. Although the further examinations are necessary to understand the details, the non-thermal effect would be related to the formation of the polarity dependent excess oxygen vacancies. For the DC flash, the supersaturated neutral oxygen vacancies due to the strong electrochemical reduction would accelerate the grain boundary diffusivity of cations [45]. For the AC flash event, the excess oxygen vacancies  trapped one electron would effectively accelerate the grain boundary diffusivity of cations.

4. CONCLUSION
In this study, the non-thermal effects caused by the flash event was examined in the grain growth behavior of 8Y-CSZ under direct and alternating electric field/current conditions and the dominant factors of the non-thermal effects were discussed. The results obtained in this work can be summarized as follows:
1)  Even at the same specimen temperature, the rate of the grain growth is apparently accelerated under the flash event rather than under the heat treatment without the electric field/current. This indicates that the accelerated grain growth behavior cannot explain only by the increment of specimen temperature due to the Joule heating, but can be ascribed to the non-thermal effect caused additionally under the flash event. The non-thermal effect becomes more pronounced in the alternating current flash than in the direct current flash.
2)  Although the grain growth behavior can be characterized well by the empirical equation ( – = kt) with the same grain growth exponent of n = 3 irrespective of the electric field/current, the activation energy for the grain growth is different with and without the electric field/current. The activation energy for the grain growth takes a smaller value under the direct current. Since the grain growth is likely to be ascribed to the same mechanism characterized by n = 3, the non-thermal effect under the flash event would accelerate the rate-controlling process of the grain boundary diffusivity of cations. 
3)  The non-thermal effects under the flash event can be further accelerated in fine-grained specimens under the alternating current flash and/or by increasing the input power field/current densities. These results strongly indicate that since the non-thermal effect caused under the flash event is deeply related to grain boundaries and is pronounced especially in fine grained-materials under the alternating current and high input electric power density, those electrical effects such as polarity and power density might also affect the grain boundary diffusivity in the flash event. The non-thermal effect would be related to the excess oxygen vacancies formed depending on the electric field/current.
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Captions

Fig. 1 (a) Photos of the experimental set-up for the flash treatment before and during the flash event, and (b) a typical SEM image of the as-sintered 8Y-CSZ.

Fig. 2 (a) Photo and (b) Schematic explanation of the experimental set-up for the flash treatment in the IR image furnace.

Fig. 3 Fig. 3 A typical example of (a) applied field strength E (V/cm), (b) current density J (mA/mm2) and power density P (mW/mm3), and (c) specimen temperature Ts (C) as functions of the treatment time t (min) during the DC flash experiment. For the flash treatments, the furnace temperature was fixed at Tf = 800 C.

Fig. 4 SEM images of 8Y-CSZ (d0 =0.8 μm) after (a) DC flash and (b) heat treatment (0 V) at the same condition of Ts = 1500 oC for t = 30 min.

Fig. 5 Grain growth behavior of the fine-grained 8Y-CSZ ( = 0.8 m) under the DC flash event and the heat treatment (0 V), which were examined at the same specimen temperatures of Ts = 1300-1500 C, plotted against the treatment time of (a) t = 0-600 min. The growth behavior around t = 0-60 min of (a) was enlarged in (b). For the flash treatments, the furnace temperature was fixed at Tf = 800 C.

Fig. 6 Double logarithmic plot of the grain growth-time characteristic in the form of (dtn – d0n) vs t with a grain growth exponent of n = 3. For comparison, grain growth data reported by Sharif et al. [55] is also plotted by the gray symbols.

Fig. 7 Snapshot of the grain microstructures of 8Y-CSZ taken at the treatment time t of (a) 0 min, (b) 2 min, (c) 5 min (d) 10 min, (e) 15 min and (f) 20 min during the in-situ grain growth observation at Ts = 1400 C/Tf = 1000 C under the AC flash treatment with a frequency of f = 1000 Hz using the IR image furnace. For comparison, the grain growth behavior was also examined under (g) the DC flash treatment and (h) the heat treatment without the electric field/current (0 V) at the same temperature of Ts = 1400 C for t = 20 min using the IR image furnace.

Fig. 8 Typical SEM images of fine-grained 8Y-CSZ after heat-treated at Ts = 1400 C/Tf = 1000 C at several conditions of (a) heat treatment  (0 V) for t = 120 min, (b) DC flash treatment under E = 34V/cm and J = 260mA/mm2 for t = 20 min, and AC flash treatment under E = 34V/cm and J = 260mA/mm2 for t = 20 min with different frequencies of (c) f = 10 Hz and (d) f = 1000 Hz.

Fig. 9 Grain growth behavior of fine grained 8Y-CSZ examined at Ts = 1400 ℃ with and without electric fields/currents plotted in the form of (dtn – d0n) vs t with n = 3. For the DC/AC flash treatments, the furnace temperature was fixed at Tf = 1000 °C.

Fig. 10 Input power density dependent grain growth behavior under the AC flash event was examined in the fine grained 8Y-CSZ ( = 0.8 m) at the same temperature of Ts = 1400 C/Tf = 1000 C. SEM images of the fine grained 8Y-CSZ tested for t = 60 min under (a) the heat treatment (0 V) and under the AC flash conditions at (b) lower and (c) higher input power density of P = 550 and 1000 mW/mm3, respectively. (d) The grain size  plotted as a function of the treatment time t. The open and closed symbols represent the data obtained using two different specimens. For comparison, the grain growth behavior of a heat-treated specimen (0 V) at the same temperature of Ts = 1400 C is also shown by the black symbols. The solid- and broken-lines in (d) are fitting curves predicted by Eq. (3) with n = 3 and Qg = 500 kJ/mol at several temperatures of 1400-1660 C.


Supplement

Fig. S1 In-situ observations of the grain growth behavior during (a) the heat treatment without the electric field (0 V) and the flash treatment under (b) DC and (c) AC electric field/currents, which were examined at the same specimen temperature of Ts  1400 C for t = 20 min using the IR image furnace. Each video is shortened from 20 to 0.5 mins with 40 times fast forwarding.

Fig. S2 Grain size distribution between the electrodes and corresponding SEM images after the DC and AC flash treatments at Ts = 1400 C for 30 min. (d) The grain size d was evaluated around (b)(f) the center area and (a)(c)(e)(g) near the both electrodes at distances of +/-10 mm from the center, which correspond to (a) cathode and (c) anode sides for the DC flash, respectively. In this figure, since the DC flash was examined under a higher input electric power density than in the AC flash, the grain size is almost similar between the DC/AC flash treatments. However, the grain size shows asymmetric microstructure between the DC/AC flash treatments. For the AC flash, the gradient of grain size is less than 0.5 m between the electrodes and can be regarded as experimental errors, whereas for the DC flash, it exceeds 1.2 m only for 30 min and the trend agrees well with the literature [43].
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Fig. 6 Double logarithmic plot of the grain growth-time characteristic in the

form of (d

t

n

– d

0

n

) vs t with a grain growth exponent of n = 3. For

comparison, grain growth data reported by Sharif et al. [55] is also plotted

by the gray symbols.
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Fig. 7 Snapshot of the grain microstructures of 8Y-CSZ taken at the

treatment time t of (a) 0 min, (b) 2 min, (c) 5 min (d) 10 min, (e) 15

min and (f) 20 min during the in-situ grain growth observation at T

s

=

1400



C/T

f

= 1000



C under the AC flash treatment with a frequency of

f = 1000 Hz using the IR image furnace. For comparison, the grain

growth behavior was also examined under (g) the DC flash treatment

and (h) the heat treatment without the electric field/current (0 V) at

the same temperature of T

s

= 1400



C for t = 20 min using the IR

image furnace.
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Fig. 8 Typical SEM images of fine-grained 8Y-CSZ after heat-treated at T

s

= 1400



C/T

f

= 1000



C at several conditions of (a) heat treatment (0 V) for t = 120 min, (b)

DC flash treatment under E = 34V/cm and J = 260mA/mm

2

for t = 20 min, and AC

flash treatment under E = 34V/cm and J = 260mA/mm

2

for t = 20 min with different

frequencies of (c) f = 10 Hz and (d) f = 1000 Hz.
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Fig. 9 Grain growth behavior of fine grained 8Y-CSZ examined at T

s

=

1400 ℃ with and without electric fields/currents plotted in the form of

(d

t

n

– d

0

n

) vs t with n = 3. For the DC/AC flash treatments, the

furnace temperature was fixed at T

f

= 1000



C.
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Fig. 10 Input power density dependent grain growth behavior under the AC

flash event was examined in the fine grained 8Y-CSZ ( = 0.8



m) at the

same temperature of T

s

= 1400



C/T

f

= 1000



C. SEM images of the fine

grained 8Y-CSZ tested for t = 60 min under (a) the heat treatment (0 V)

and under the AC flash conditions at (b) lower and (c) higher input power

density of P = 550 and 1000 mW/mm

3

, respectively. (d) The grain size

plotted as a function of the treatment time t. The open and closed symbols

represent the data obtained using two different specimens. For comparison,

the grain growth behavior of a heat-treated specimen (0 V) at the same

temperature of T

s

= 1400



C is also shown by the black symbols. The solid-

and broken-lines in (d) are fitting curves predicted by Eq. (3) with n = 3 and

Q

g

= 500 kJ/mol at several temperatures of 1400-1660



C.
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