Effect of initial grain size on crack healing behavior 
under DC electric field of zirconia (8Y-CSZ) ceramic
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ABSTRACT
The effect of initial grain size on the flash event was examined in micro-crack healing behavior under DC electric field in fine- and coarse-grained 8 mol% Y2O3 stabilized cubic ZrO2 (8Y-CSZ) polycrystals. The healing behavior depends strongly on the initial grain size and is apparently accelerated in fine grained 8Y-CSZ than in coarse grained one. Since the crack healing under the flash event is higher than that of static annealing treatment without the electric field, the enhanced healing phenomena cannot be explained only by the thermal effect caused by Joule heating, but non-thermal effects caused by the flash event. The grain size dependent healing behavior indicates that the grain boundaries play an important role in the flash event and the flash healing would be accelerated through the field/current-enhanced diffusional processes, especially though the grain boundary diffusivity of the cations.
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1. Introduction
Mechanical properties of brittle ceramics and composites have often been influenced strongly by small crack damages even in micro-scale. It is, therefore, necessary to eliminate the microcracks before industrial applications to fully utilize its excellent mechanical characteristic of the ceramic materials and composites, such as high thermal resistance, hardness and strength.
In order to remove the micro-cracks in the ceramic materials, self-healing techniques have widely been studied in several material systems [1-8]. For the self-healing techniques, although the micro-scale crack can automatically be healed in-situ by operating high temperatures, it is necessary to control the microstructures in advance; second phases should be dispersed in the matrix as a healing agent. Since the ceramic materials are highly sensitive to minor elements, dispersing the healing agent may influence to the original mechanical/functional properties of the ceramic matrix. During the　　healing processes at the elevated temperatures, especially, the glassy phases formed from the healing agents may influence the high temperature mechanical properties of the matrix. Thus, it is important to develop a new healing technique that does not require any second phases and the formation of glassy phases for the industrial applications.
Recently, it has been confirmed that the flash event [9] occurred under DC electric fields is also effective to the crack healing of 8mol% Y2O3 stabilized cubic ZrO2 (8Y-CSZ) polycrystal as shown in Fig. 1.[10,11] For a fine-grained 8Y-CSZ polycrystal with an initial grain size of  = 0.8 m, all the micro-cracks with an initial length of 20 m (Figs 1(a) and 1(b)), which were formed from four Vickers indent corners, disappear after the flash treatment at a sample temperature of Ts = 1230 °C only for a healing time of tH = 10 min (Fig. 1(c) and 1(d)). As indicated by the small arrows in the enlarged images of Figs. 1(b) and 1(d), the same pore pattern was confirmed to remain before and after the flash healing treatment irrespective of grain coarsening, suggesting that images were taken at the same place. This indicates that the formed microcracks with   20 m are successfully healed, [image: ]irrespective of the transgranular and intragranular cracks. From the cross-sectional observation by a FIB-SEM technique, it was confirmed that the crack healing did not occur only on the surface, but the median and lateral cracks formed below the surface were also fully healed.[12] This strongly indicates that the formed microcrack is actually healed in three-dimensionally by the DC flash healing treatment.
The flash event has firstly been reported as novel sintering phenomena by Raj and his colleagues[9,13-19] and is now known to be effective in a wide variety of material system [9,13-19] and high temperature phenomena, such as superplastic deformation [20-29], joining [30-33] and material synthesis processes [34]. Under the flash event, the sample temperature increases due to the thermal runway Joule heating caused by applying electric current and is likely to be contributed to accelerate the high temperature phenomena to some extent.[35] The accelerated phenomena under the flash event, however, cannot be explained only by the thermal effect,[36] but seems to be related to the unique non-thermal effects caused additionally by the flash event though it is the issue under debate.[24,27-29] 
For high temperature deformation, for example, the accelerated phenomena have been explained mainly to grain boundary diffusivity enhanced by the non-thermal effect.[27-29] However, since the deformation behavior occurs through grain boundary sliding (GBS) mechanisms rate-controlled by the grain boundary diffusion-related accommodation processes [27-29,37], it is not clear whether the non-thermal effects effectively work to the predominant GBS process by accelerating the grain boundary viscosity [38,39] or concomitant accommodation processes of GBS by accelerating the grain boundary diffusivity of cations.[27-29,37]
In this work, therefore, the crack healing behavior was examined under the flash event to clarify the non-thermal effects in the acceleration of the high temperature phenomena.[10] Since the crack healing takes place basically by the diffusional processes without GBS processes, it would be possible to discuss the contribution of the non-thermal effects to the GBS and to the grain boundary diffusional processes. Especially, it enables to discuss the contribution of lattice and grain boundary diffusivity of cations by examining the crack healing behavior at different grain sizes. The grain size dependent crack healing behavior, therefore, was examined under the DC electric field using 8Y-CSZ polycrystals as a reference material, which are widely studied in the research of the flash event.

2. Experimental Procedures
2.1 Material preparation
The sample was prepared by the same procedure as described elsewhere [10,11]. In briefly, high purity 8mol% Y2O3 stabilized cubic ZrO2 powder (TZ-8Y, Tosoh Co., Ltd., Tokyo, Japan), which has a primary particle size of about 40 nm from the manufacturer’s certificate, was used as a starting material. The ZrO2 powder was shaped into a rectangular plate green compact by uniaxially pressing at about 30 MPa followed by cold-isostatically pressing at 350 MPa for 10 min. In order to obtain dense materials, the ZrO2 powder compacts were pressureless-sintered in air at 1250 °C for 40 h. The relative density  of the sintered materials was evaluated by Archimedes’ method using a theoretical density of th = 5.97 g/cm3 [40]. In order to control the initial grain size, the sintered 8mol% Y2O3 stabilized cubic ZrO2 (8Y-CSZ) polycrystals were additionally annealed in air for 2 h at 1400 °C and 1500 °C. 
[image: ]The microcracks were artificially formed on the surface of the sintered samples using a micro-Vickers indentation technique. From the as-sintered 8Y-CSZ polycrystalline plates, rectangular rods were machined into a dimension of about 1.7  2.5  27 mm3, as shown in Fig. 2(a). Before the indentation tests, the sample surface was mirror-polished with a diamond past and finished with 1 m diamond past. The polished sample was annealed at 1100 ˚C for 30 min in air to remove residual strains caused by the polishing. In order to change the initial crack length, the indentation test was performed at indentation loads of P = 0.3 and 1.0 kgf for 15 s duration at 3 mm intervals on the polished surface.
The Vickers hardness HV and the indentation fracture toughness KIC were calculated using the following equations [41];
HV = 1.8544  [kgf/mm2]      (1)
and 
KIC = 0.016,        (2)
where aave is the average length of the diagonal dimensions of a1 and a2 formed by the Vickers indenter, E is the Young’s modulus of 218 GPa [42] and cave is the average half length of the crack measured from the center of the indent (Fig. 2(b)).

2.2 Crack healing under DC electric field
The flash treatment was conducted with a DC power source (PKT330-13.5 (800W), Matsusada Precision, Japan) at a furnace temperature Tf = 800°C in air. The samples were suspended in the electric furnace using Pt wires with a 1 mm diameter. After heating the furnace to Tf = 800 °C, DC electric field was applied though the Pt wire electrodes fixed with Pt paste on both ends of the rectangular rod (Fig. 2(a)). By applying the DC electric field, it is well known that the sample temperature Ts increased due to the thermal runaway Joule heating depending on the applied DC power. The sample temperature Ts under the DC electric field was measured with an optical pyrometer, that was pre-calibrated under the blank test at Tf = 1000-1400 °C, through a hole made in an electric furnace.[10]
In this work, the flash healing treatment was conducted at the furnace and sample temperatures of Tf = 800 °C and Ts = 1230 °C, respectively. This is because Tf = 800 °C is high enough to occur the flash event, but low enough to avoid the healing during the heating up process and Ts = 1040-1230 °C are likely to be an appropriate temperature range to discuss the healing behavior as a time dependent phenomenon.[10] In order to distinguish the contributions of the temperature and the flash-related phenomena on the crack healing, the healing treatment was also carried out under the static annealing without the electric field/current at the heating history similar to that of the flash event using an infrared heating furnace. The specimen was heated up to 800 °C with a heating rate of 100 °C/min, rapidly heated up to 1040 °C and 1230 °C with 300 °C/min, and then, held for respective times for the static healing.

2.3 Microstructural characterization
[bookmark: _Hlk125592545]The microstructures before and after the flash healing treatment were examined by conventional scanning electron microscope (SEM: Miniscope® TM3030Plus, Hitachi High-Tech. Co., Ltd., Hitachi, Japan) for low magnification observations and field emission scanning electron microscope (FE-SEM: S-4800, Hitachi High-Tech. Co., Ltd., Hitachi, Japan) for high magnification observations. Using the FE-SEM micrographs, the 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 [43]. The -value was evaluated as an average value of more than 500 grains using the SEM images taken at 4-5 different areas.
The crack healing behavior was evaluated by the healed crack length  and the crack healing ratio H(tH) at a healing time tH. Here, H(tH) was evaluated by the healed crack length  against the initial crack length  using the following equation;
  ,       (3)
where  is the initial crack length and  is the crack length remained after the flash healing process for tH. The -value was calculated as average value measured from five different indents for each condition.
[image: ]3. Experimental Results
3.1 Microstructure before flash treatment
[bookmark: _Hlk125242722]Figure 3 shows the typical microstructures of the as-sintered and additionally annealed 8Y-CSZs. The sample as-sintered at 1250 °C for 40 h shows an equiaxed grain microstructure with uniform size distribution. The average initial grain size, , is about 0.8 m. After additionally annealing at 1400 °C and 1500 °C for 2 h,  increases to 2.4 m and 5.4 m, respectively, with maintaining the equiaxed grains and uniform grain size distribution. Although a small amount of nano-sized residual pores is observed to remain at the multiple grain junctions, the relative density higher than  = 98% can be attained. In this work, grain size dependence in the flash healing behavior was examined using these fine (0.8 m), small (2.4 m) and coarse (5.7 m)-grained 8Y-CSZs. 
[bookmark: _Hlk125244904]The microcrack was formed on its surface using the micro-Vickers indentation technique at loading of P = 0.3 and 1.0 kgf. Figure 4(a) shows typical example of the microcrack formed at P = 0.3 kgf in the small-grained 8Y-CSZ. Irrespective of both the Vickers load P and the initial grain size , the microcracks, which were initiated from each four corner of the pyramid shaped Vickers indent, were likely to propagate linearly through transgranular and intragranular, as seen in the enlarged image of Fig. 4(c). The average diagonal dimension aave of the indent and crack length cave increases from 20 m to 35 m and from 30 m to 70 m, respectively, with increasing the Vickers load P, as listed in Table 1. On the other hand, both the aave- and cave-value are relatively less sensitive to the -value though those slightly increase with . Since the mechanical properties have generally changed with the grain size, the aave and cave-values should increase with the grain size. The reason why the difference is small is not clear, the grain size dependence may become small at the grain size slarger than sub-micron scales of >0.5 m.
[image: ][image: ]The HV- and KIC-values take almost the same values of 14.81.2 GPa and 3.190.20 MPa within experimental error, respectively, irrespective of both P and . These mechanical properties obtained in the fine, small and coarse-grained 8Y-CSZs fit well with the reported data on 11.7-15 GPa and 1.3-2.2 MPa [42,44-46], suggesting the samples used in this study are similar to the conventional 8Y-CSZs widely used in the previous studies and the residual strain conditions formed by the Vickers indentation tests would also be almost the constant irrespective of . 

3.2 Flash condition under strong DC electric field
[image: ][image: ]The healing treatment of the microcracks was carried out by the flash event under the strong DC electric field. Figure 5 shows as a typical example of the flash event conducted in the small-grained 8Y-CSZ ( = 2.4 m), which was controlled under DC electric field power density P and current density I at a furnace temperature of Tf = 800 °C. During the flash event, the sample temperature Ts is controlled to be Ts = 1230 °C (Fig. 5(a)) by adjusting the applied DC power, which was pre-calibrated by the blank test in advance. 
By applying the DC electric field strength higher than a critical value of E > 30 V/cm, the current density I rapidly increases accompanied with the rapid decrease in the power density P (Fig. 5(b)), suggesting the flash event occurred smoothly [14,16]. The sample temperature Ts increased due to the thermal runway Joule heating depending on the applied DC electric power conditions. Although a slight current surge occurs at the onset of the flash event, all the parameters of P, I and Ts can be well controlled under the steady state. During the flash event for tH = 20 min, the samples show almost the homogeneous light-emitting phenomena between the anode/cathode electrodes (Fig. 6(b)), and hence, the sample temperature measured by the pyrometer exhibits a stable temperature of Ts = 1230 °C, as typically seen in Fig. 5(a). Irrespective of the initial grain size , the flash event of 8Y-CSZs can be stably controlled under almost the similar DC electric field condition. 
Figure 6 shows the typical sample appearance of the small-grained 8Y-CSZ ( = 2.4 m) before, during and after the flash treatment at Ts = 1230 °C for tH = 20 min. It has generally been reported that sample blacking due to oxygen vacancy formation appeared around the cathode side after the flash event under the strong DC electric field. Biesuz et al.,[47] reported that under the DC field, the oxygen vacancies were inhomogeneously formed in ZrO2 between the anode/cathode electrodes. For example, the double negative charged oxygen vacancies  (F2+ center) is known to be formed in the 8Y-CSZ to compensate charge imbalance caused by doping the different valence state Y3+ ion as a stabilizer. Under the DC field, the formed oxygen vacancies  will migrate from the anode to cathode sides and supersaturate into the cathode side. Since the cathode side of ZrO2 shows blackening after the flash event under the DC field, the double negative charged oxygen vacancies  (F2+ center) will transform to neutral oxygen vacancies  (F center) by trapping two electrons preferentially in the cathode side. The formation reaction can be described by the Krögner-Vink notation as follows;[47]  
Y2O3 =    ;  by doping the Y3+ ion as a stabilizer
and
 + 2e’ →   + e’ →    ;   (F center) would be formed in the cathode side
In this work, however, the sample exhibits white color similar to the as-sintered one even after the flash treatment for tH = 20 min under the strong DC field, as typically shown in Fig. 6(c). This suggests that since the oxygen would sufficiently be supplied into the sample rod during the flash treatment, the formation of the neutral oxygen vacancies  (F center) would be limited under the present condition.

3.3 Crack healing behavior by flash treatment under DC electric field
Figure 4 shows an example of the crack healing behavior of small-grained 8Y-CSZ by the flash treatment under the DC electric field at Ts = 1230 °C for tH = 0-30 min. The crack with an initial crack length of   20-24 m, which is observed around the central area of the rectangular rod, is shown as a representative example of the crack healing behavior. The open-dotted- and the filled-triangles shown in the enlarged images (Figs. 4(c)-4(f)) indicate the initial crack tip position before healing (tH = 0 min) and the crack tip positions at each healing time of tH = 5-30 min, respectively.
[bookmark: _Hlk125659456]It is found from Fig. 4 that the crack healing behavior by the flash treatment depends strongly on the initial grain size  of 8Y-CSZs. For the fine-grained 8Y-CSZ ( = 0.8 m), all the cracks with   20 m were successfully healed only at tH = 10 min, as shown in Fig. 1. From the cross-sectional observation by a FIB-SEM technique, it was confirmed that the crack healing did not occur only on the surface, but the median and lateral cracks formed below the surface were also fully healed.[12] Whereas for the small-grained 8Y-CSZs ( = 2.4 m), although the crack healing occurs by the flash treatment at Ts = 1230 °C to some extent, it is smaller than that of the fine-grained 8Y-CSZ ( = 0.8 m in Fig. 1). After the flash treatment for tH = 5 min (Fig. 4(d)), the crack length become shorter as indicated by the filled triangles as compared to the initial crack tip position (the open-dotted-triangle). This indicates that the crack healing occurs by the flash treatment even though crack trace can slightly be recognized on its surface in the magnified SEM image. The healing length increases gradually up to   10 m with prolonging the flash treatment time up to tH = 30 min (Figs. 4(d)-4(f)) though it becomes sluggish at tH > 5 min. The flash healing of the micro-crack became much smaller in the coarse-grained 8Y-CSZ ( = 5.4 m). These results suggest that the initial grain size  strongly affects the crack healing behavior of 8Y-CSZ under the flash healing treatment.
[bookmark: _Hlk125590801]This -dependence of the crack healing behavior was also examined in the different initial crack length with   50-54 m formed at an indentation load of P = 1.0 kgf in the fine (0.8 m), small (2.4 m) and coarse (5.7 m)-grained 8Y-CSZs. Figure 7 shows typical SEM images of the microcrack microstructures, which is observed around the central area of the rectangular rod, after the flash healing treatment for tH = 30 min at Tf = 800 °C and Ts = 1230 °C under the DC electric field.
[image: ]Even for the longer initial crack lengths, the healing behavior exhibit the -dependency similar to the shorter crack under the flash healing treatment. For the fine grained 8Y-CSZ ( = 0.8 m), the healing length increases up to   30 m with prolonging the healing time up to tH = 30 min though the crack still remains in contrast to that of the shorter crack of   20 m (Fig. 1). For the small and coarse grained 8Y-CSZs ( = 2.4 and 5.4 m), on the other hand, the healing length is limited to   10-15 m even at tH = 30 min. It should be noteworthy that even for the longer initial crack length of   50-54 m, the healing length  under the flash treatment depends on the initial grain size  and becomes significant with decreasing . 
[image: ]In order to examine the position dependent healing behavior under the flash healing treatment, the healing length  of the microcracks are evaluated between the anode and cathode sides at 3 mm interval along the rectangular rod (Fig. 2(a)). Figure 8 shows the position dependent  tested in the small-grained 8Y-CSZ ( = 2.4 m) at Ts = 1230 °C for tH = 10 min. The microcracks with   20 and 50 m formed at P = 0.3 and 1.0 kgf, respectively, are healed depending on the initial crack length  and the healing length  tends to increase with . Although each -value scatter between the anode and cathode sides, those take almost the similar values of 5 m for   20 m and 10 m for   50 m within the experimental error. Additional examinations would be necessary for comprehensive understanding of the position dependent flash healing behavior under DC electric field. Nevertheless, in this work, since the sample blacking is highly limited even for the flash treatment under the DC electric field, it may be reasonable to explain that the position dependence is negligibly small and the flash healing seems to occur almost homogeneously along the rectangular rod. 

3.4 Grain Size Dependent Flash healing behavior in 8Y-CSZ
For the flash healing treatment under the strong DC electric field, the healing behavior shows almost the similar trend between the anode/cathode electrodes within the experimental error (Fig. 8). In this work, therefore, the flash healing behavior is examined using the healing length  averaged at five positions along the rectangular rod. Figure 9 shows the average healing length  flash-treated at Ts = 1230 °C for tH = 0-30 min. 
[bookmark: _Hlk125307727][image: ]It is well known that the crack healing takes place only under the static annealing.[48,49] Thus, in order to examine the effect of the flash event on the crack healing, the healing behavior are also examined in the fine-grained 8Y-CSZ ( = 0.8 m) at the same temperature without the DC electric field. As shown in Fig. 9, although the crack healing occurs even under the annealing without the DC electric field to some extent (the grayed symbols), it is apparently higher in the flash event than in the static annealing without the electric field (0V). This indicates that the enhanced healing phenomena under the flash healing treatment cannot be explained only by the thermal effect caused by Joule heating due to the DC electric field, but non-thermal effects caused additionally by the flash event, as also noted in the creep deformation and the healing treatments.[24,27-29]
[bookmark: _Hlk125659256]The crack healing phenomena occur depending on both the initial crack length  and grain size . First, irrespective of , the average healing length  increases with increasing .[10,11] For the small-grained 8Y-CSZ ( = 2.4 m), for example,  is accelerated by a factor of 2 from 5 m for  = 24 m to 10 m for  = 54 m at tH = 30 min. Second, for the same initial crack length ,  is accelerated with decreasing the initial grain size . For  = 50-54 m,  is accelerated by a factor of 4 from 8 m for  = 5.4 m to 30 m for  = 0.8 m at tH = 30 min. These suggest that although the healing behavior would be a thermal activated phenomenon, the crack healing under the flash treatment depends not only on the temperature conditions, but also on the microstructures of the crack length  and grain size , implying that the non-thermal effects [24,27-29] caused by the flash event would be related strongly to the microstructures. 

3.4 Microstructural evolution by flash treatment under DC electric field
As well as the crack healing behavior, grain growth is also observed to occur after the flash treatment at Ts = 1230 °C as shown in Fig. 10. For the fine-grained 8Y-CSZ ( = 0.8 m), for example, grain growth takes place from 0.8 m to 1.6 m during the flash treatment only for 10 min at 1230 °C, as clearly seen in Fig. 1(d). The fine-grained 8Y-CSZ used in this work was prepared by the pressureless sintering at 1250 °C for 40 h, which is higher temperature and much longer processing time as compared to the flash treatment, and hence, the initial grain size of  = 0.8 m should be stable under the healing condition for 10 min at 1230 °C. For the static annealing for 10 min at 1230 °C, indeed, the grain size maintained the initial value of  = 0.8 m.[10] Hence, the enhanced grain growth during the flash healing treatment only for 10 min at 1230 °C, which are less than those of sintering process, is hard to understand in common-sense. This suggests that the flash event significantly enhances the rate of grain growth. Since the grain growth behavior of 8Y-CSZ would be rate-controlled by the diffusional processes of cations, the crack healing enhanced by the flash treatment might be caused mainly by the enhancement of cation diffusivity. 
[image: ]The grain growth behavior, however, is likely to be change with the grain size. In contrast to the fine-grained 8Y-CSZ, the grain growth becomes less pronounced with increasing the initial grain size , as shown in Fig. 10. For the small-grained 8Y-CSZ ( = 2.4 m), although slight grain coarsening takes place only around the smaller grains, as shown in the enlarged SEM images of Figs. 4(g)-4(j), the coarsening is highly limited around the larger grains. For the coarse-grained 8Y-CSZ ( = 5.4 m), on the other hand, the grain growth was highly limited and the sample maintained the initial microstructure even after the flash healing treatment for tH = 30 min at Ts = 1230 °C. It is of course natural that the rate of grain growth decreases with the grain size. Therefore, the grain growth behavior suggests that under the flash treatment, the cation diffusivity would be accelerated particularly in fine grain size, implying that the grain boundary diffusivity of cations is likely to be accelerated under the flash treatment. 

4. Discussion
By utilizing the flash event under the DC electric field, the microcracks in the bulk 8Y-CSZ polycrystals can successfully be healed without any healing agents. During the flash event, the sample temperature Ts increases due to the thermal runway Joule heating by applying the electric field/current, and of course, it would be contributed to the crack healing to some extent. Nevertheless, even for the same temperature, the crack healing under the flash event is higher as compared to that under the static annealing treatment without the electric field (0 V). It is reasonable to conclude, therefore, that the healing behavior enhanced by the flash treatment cannot be explained only by the thermal effect caused by the Joule heating, but the non-thermal effects caused additionally by the flash event.
The flash healing behavior, which was accelerated by the non-thermal effects caused by the flash event, strongly depends on both the crack length  and the initial grain size  of 8Y-CSZ. The flash healing under the DC electric field becomes pronounced with increasing the crack length. First, as noted in the previous studies [10,11], the crack length dependent healing behavior would be related to the driving force for the crack healing. According to the fracture model [50-52], the external energies were stored as two factors of the crack initiation and extension due to the crack formation by the Vickers indentation, and hence, can be expressed by the following relation;
Wex  2s + Ue ,          (5)
where ΔWex is the external work done by the indentation forces, 2s is the surface energy formed by new crack surfaces and ΔUe is the energies stored by elastic/plastic strains around the crack. When the crack initiates by applying the indentation load, the surface energy 2s increases with the crack length due to the formation of new two crack surfaces. In addition to the surface energy 2s, since residual strains will be developed around the crack, the external energies relating to the elastic/plastic strains ΔUe are also stored behind the crack extension. Since the externally stored energies of 2s and ΔUe might increase with the indentation load, the driving force for the crack healing would increase with increasing the indentation load. As a result, the healing length  is larger in the longer crack formed by the larger load than in the shorter crack formed by the smaller load.
It should also be noteworthy that irrespective of the crack length, the flash healing behavior is apparently accelerated in fine grained 8Y-CSZ than in coarse grained one. For the microcracks formed by the same indentation load, the external energies stored in 8Y-CSZ as 2s and Ue would be constant, suggesting that the grain size dependent healing behavior is not related to the driving forces, but to other factors. Since the joining of the crack surfaces would also be caused by the diffusional processes, the diffusivity enhanced by the flash event might enhance the crack healing. The grain size dependent healing behavior strongly suggests that the grain boundaries play an important role in the flash event and the flash healing would be accelerated through the field/current-enhanced diffusional processes, especially though the grain boundary diffusion of the cations.
[bookmark: _Hlk125659045]According to the previous study of 3 mol% yttria stabilized tetragonal zirconia polycrystal (3YTZ) with an initial grain size of 0.8 μm, the Zr4+ cation lattice () and grain boundary diffusion coefficients (), which were evaluated by Hf4+ diffusivity as a tracer, can be expressed by the following equations [53]; 
              (5)
             (6)
where R is the gas constant and T is the absolute temperature. As shown in Fig. 11, the diffusion coefficients of Zr4+ cation is much higher along the grain boundaries than in lattice ( > ) at the entire temperature range. As compared to the volume fraction of lattice, however, the volume fraction of grain boundaries is not large in polycrystals. Hence, for the polycrystals, the actual mass of the diffusion species can be expressed as an apparent cation diffusion coefficient  by the summation of the lattice and grain boundary diffusions using the following Hart-Harrison equation [54,55], if the two diffusions individually occur.
 ,         (7)
where f is the volume of the grain boundaries and can roughly be evaluated by the relation of  3/d  [56] using the grain boundary thickness   0.5 nm and the grain size d. 
[image: ]	The  variation in Fig. 11 shows that although the contribution of the lattice diffusivity indeed increases at higher temperatures of T > 1300C for the coarse-grained materials of d > 100 μm, the grain boundary diffusivity is the predominant in the temperature and grain size ranges examined in this work. It should be noticeable that  drastically decreases with the grain size in the range of sub-micron to micron order; as compared to  of d = 0.8 μm, those of d = 2.4 μm and 5.4 μm are reduced by a factor of 2 and 6, respectively. These factors approximately fit well with the grain size dependent healing length shown in Fig. 9. On the other hand, the rate of the grain growth is also accelerated by the flash event under the DC electric field, especially in the fine grain size. Since the grain growth is rate controlled by the grain boundary diffusivity of the cations, the non-thermal effect caused additionally by the flash event might activate the grain boundary diffusivity of the cations. Therefore, the flash event under the DC electric field effectively healed the microcrack in fine-grained 8Y-CSZ and becomes less effective with increasing the grain size.

5. Conclusions
This study was carried out to examine the effect of the initial grain size on the microcrack healing in 8mol% Y2O3 stabilized cubic ZrO2 polycrystals (8Y-CSZ) by the flash event under a DC electric field. The obtained results are summarized as follows:
1) By utilizing the flash event under the DC electric field, the microcracks in the bulk 8Y-CSZ polycrystal can successfully be healed. Since the crack healing under the flash event is higher than that of static annealing treatment without the electric field (0V), the enhanced healing phenomena cannot be explained only by the thermal effect caused by Joule heating due to the DC electric field, but non-thermal effects caused additionally by the flash event. 
2) The crack healing behavior depends strongly on both the crack length  and the initial grain size . The flash healing under the DC electric field becomes pronounced with increasing the crack length  and with decreasing the grain size . 
3) The surface energy 2s stored additionally by forming new crack surfaces acts as the driving force for the crack healing. As a result, the healing length  is larger in the longer crack formed by the larger indentation load than in the shorter crack formed by the smaller load. 
4) The crack healing would occur by joining the crack surfaces that is rate controlled by the cation diffusion. The grain size dependent healing behavior indicates that for the flash event under the DC electric field, the grain boundaries play an important role in the flash healing treatment and the flash healing behavior would be accelerated through the field/current-enhanced diffusional processes, especially though the grain boundary diffusivity of the cations.
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Captions

Table 1 Grain size dependent diagonal length of indent a (m), half length of the indent and crack c (m), crack length  (m), hardness Hv (kgf/mm2) and toughness KIC (MPa) evaluated by Vickers indentation tests loading at P = 0.3 and 1.0 kgf in the fine-, small- and coarse-grained 8Y-CSZs.

Fig. 1 Typical SEM images of the microcrack microstructure (a)(b) before and (c)(d) after the flash healing treatment tested in the fine-grained 8Y-CSZ ( = 0.8 m). (a)(b) For the indentation load at P = 0.3 kgf for 15 s, the microcrack with an initial length of   20 m was formed from each corner of the pyramid shaped Vickers indent. (c)(d) After the flash healing at Tf = 800 °C and Ts = 1230 °C under the DC electric field, the microcrack was fully healed at a healing time of tH = 10 min. (b)(d) Magnified microstructures of the indent corner areas indicated by the dotted-squares in (a) and (c).

Fig. 2 (a) Schematic explanation of the sample dimension for the flash healing test under the DC electric field, in which the microcracks were formed by the Vickers indentation method with 3 mm interval along the rectangular rod. (b) Low magnification SEM image of the formed indent and cracks.

Fig. 3 SEM images of a typical microstructure of (a) fine-, (b) small- and (c) coarse-grained 8Y-CSZs, which are as-sintered at 1250 °C for 40 h, additionally annealed at 1400 °C for 2 h and at 1500 °C for 2 h, respectively.

Fig. 4 Typical SEM images of the microcrack microstructure in the small-grained 8Y-CSZ ( = 2.4 m) (a) before and (b) after the flash healing treatment. (a) For the indentation test by loading of P = 0.3 kgf for 15 s, microcrack with an initial length of   20 m was formed from each corner of the pyramid shaped Vickers indent. After the flash healing at Tf = 800 °C and Ts = 1230 °C under the DC electric field (Fig. 5), the crack length  becomes shorter with increasing the healing time tH from (c) 0 min, (d) 5 min, (e) 10 min to (b)(d) 30 min. The open-dotted- and filled-triangles indicate the initial crack tip positions before the flash healing treatment and at each healing time of tH = 0-30 min, respectively. (g)-(j) Magnified grain microstructures at each healing time of tH = 0-30 min indicated by the dotted-square areas in (c)-(f), respectively.

Fig. 5 Typical example of the flash healing condition at Tf = 800 °C. (a) Sample temperature Ts, which was measured by the calibrated optical pyrometer, and (b) DC electric power density P (mW/mm3; left axis) and current density I (mA/mm2; right axis) amplitudes plotted as a function of the healing time for tH = 20 min.

Fig. 6 Sample appearance (a) before, (b) during and (c) after the flash healing treatment at Tf = 800 °C and at Ts = 1230 °C for tH = 20 min under the DC electric field shown in Fig. 5.

Fig. 7 Typical SEM images of the microcrack microstructures after the flash healing treatment for tH = 30 min at Tf = 800 °C and Ts = 1230 °C under the DC electric field; grain size dependent flash healing behavior of (a) fine (0.8 m), (b) small (2.4 m) and (c) coarse (5.7 m)-grained 8Y-CSZs. The initial crack length formed by an indentation load of P = 1.0 kgf for 15 s is   50-54 m. The open-dotted- and filled-triangles indicate the initial crack tip positions before and after the flash healing treatment for tH = 30 min, respectively.

Fig. 8 Flash healing length  were evaluated between the anode to cathode electrodes at 3 mm interval along the rectangular rod. The flash healing treatments were conducted in the microcracks with different initial crack lengths of    20 m and 50 m formed at P = 0.3 kgf and 1.0 kgf, respectively, under the same flash condition at Tf = 800 °C/Ts = 1230 °C for tH = 10 min.

Fig. 9 Grain size dependent flash healing behavior in the fine (0.8 m), small (2.4 m) and coarse (5.7 m)-grained 8Y-CSZs for the different initial crack lengths of (a)   20-24 m and (b)   50-54 m, which are formed at the Vickers load of P = 0.3 and 1.0 kgf, respectively. Crack healing length ∆l (= ; left axis) and ratio H(tH) (= ; right axis), which were flash healed at Tf = 800 °C/Ts = 1230 °C under the DC electric field condition, plotted as a function of the healing time for tH = 0-30 min. For comparison, the grain growth behavior at the same sample temperature of Ts = 1230 °C under the static annealing without the DC electric field (0V) was plotted by the gray dotted line[10].

Fig. 10 Grain growth behavior under the flash healing treatment (open symbols) and the static annealing without the DC electric field (0V; gray dotted line) at the same sample temperature of Ts = 1230 °C.

Fig. 11 Lattice () and grain boundary diffusion coefficients () of Zr4+ cation plotted as a function of the inverse absolute temperature (1/T), that were evaluated by Hf4+ diffusivity as a tracer[53]. The grain size dependent apparent Zr4+ cation diffusion coefficient () were evaluated for fine (0.8 m), small (2.4 m) and coarse (5.7 m)-grained zirconia polycrystals under the assumption of a grain boundary thickness of   0.5 nm.
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Fig. 2 (a) Schematic explanation of the sample dimension for the flash healing test under the DC

electric field, in which the microcracks were formed by the Vickers indentation method with 3 mm

interval along the rectangular rod. (b) Low magnification SEM image of the formed indent and cracks.
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Fig. 1 Typical SEM images of the microcrack microstructure (a)(b) before and

(c)(d) after the flash healing treatment tested in the fine-grained 8Y-CSZ (

= 0.8



m). (a)(b) For the indentation load at P = 0.3 kgf for 15 s, the

microcrack with an initial length of



20



m was formed from each corner

of the pyramid shaped Vickers indent. (c)(d) After the flash healing at T

f

=

800 °C and T

s

= 1230 °C under the DC electric field, the microcrack was fully

healed at a healing time of t

H

= 10 min. (b)(d) Magnified microstructures of

the indent corner areas indicated by the dotted-squares in (a) and (c).
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