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Abstract 

Flash healing, a technique for microcrack healing using a flash event, has recently attracted 

attention for effective microcrack healing of ceramics. To investigate the diffusion-accelerated 

phenomena that occur during flash healing, the flash-healing behavior of Vickers indentation 

microcracks on (001) zirconia single crystals was investigated, mainly from the viewpoint of 

microstructure analysis of the healed microcracks. Scanning electron microscopy and atomic 

force microscopy showed that the surface microcracks were rapidly healed. However, scanning 

transmission electron microscopy showed that a row of pores remained along the original 

microcrack inside the crystal, and the crystallographic orientation relationship on both sides of 

the microcrack was restored to that of the original single crystal. Compared with the findings 

for healing without an electric field, the distance from the pore closest to the surface was larger 

and the total pore volume was smaller for flash healing. These results suggest that flash 

treatment increases lattice diffusion. 

 

 

  



1. Introduction 

Most ceramics fail owing to brittle fracture caused by crack propagation associated with 

microcrack growth under stress [1]. To prevent brittle fracture and increase the lifetime of 

ceramics, microcrack growth must be suppressed. Techniques to suppress microcrack growth 

by using phase transformation [2, 3] and composites [4, 5] have been reported. In contrast, 

techniques to repair the microcracks themselves have also been proposed, which is called 

microcrack healing [6, 7]. One of the simplest techniques to heal microcracks is the thermal 

healing technique using the diffusion process enhanced by annealing at high temperatures [8, 

9]. 

Gupta [10,11] reported the microcrack healing process during thermal healing of alumina 

polycrystals from the viewpoint of microstructure analysis. He suggested that microcrack 

healing precedes as follows: the inner surfaces of the microcracks contact each other, the 

contact point area increases to form cylindrical voids, the cylindrical voids break up and are 

isolated mainly by surface diffusion, and the isolated voids shrink and disappear by grain 

boundary and lattice diffusion. Each of these processes is facilitated by increasing mass 

diffusion. Recently, flash healing using the flash event that occurs when an electric field is 

applied has been proposed to enhance the microcrack healing process [12,13]. The flash event 

is the occurrence of an electric power spike when oxide ceramics are heated under an 

appropriate electric field [14–16]. Large-scale mass diffusion is induced by the instantaneous 

electric power spike with the flash event [17–20]. For example, in flash sintering, which uses 

this flash event for a sintering process, stabilized zirconia ceramics can be densified in only a 

few seconds at a furnace temperature of approximately 850 °C [21]. Morita et al. applied this 

flash event to healing of Vickers indentation microcracks in zirconia polycrystals [12]. They 

found that microcracks of approximately 20 µm in length were completely healed after 

approximately 10 min of flash treatment at a sample temperature of approximately 1230 °C. 

Takahashi et al. [22] revealed the relationship between the grain size and the microcrack 



healing behavior [22]. They found that as the grain size increases, microcracks are less likely 

to be repaired. Their results suggest the importance of grain boundary diffusion in the 

microcrack healing process. Similar experiments using single crystals without grain boundaries 

are required to clarify the effect of grain boundaries on the microcrack healing process by flash 

treatment. 

In this study, we used a single crystal of ZrO2 doped with 10 mol% Y2O3 as a model material 

and performed microstructural analysis of the flash-healed microcracks formed by Vickers 

indentation, mainly by scanning transmission electron microscopy (STEM). The experimental 

conditions, such as the initial microcrack length and sample temperature, were set to be as 

consistent as possible with the conditions used for microcrack healing of zirconia polycrystals 

[12,22]. 

 

 

 

  



2. Materials and Methods 

Commercially available cubic zirconia single crystals (10 mol% Y2O3–ZrO2; Shinkosha Co., 

Ltd. , Japan) with dimensions of 0.5 mm × 10 mm × 10 mm were used. The large 10 mm × 10 

mm surface was the (001) plane mirror-finished by the manufacturer. The samples used for 

flash healing were machined from this single crystal and had dimensions of 0.5 mm × 2 mm × 

10 mm. The microcracks were generated on the (001) surface by the indentation method using 

a micro-Vickers indenter (Via-S, Matsuzawa Co., Ltd.) at a load of 100 gf applied for 15 s, as 

schematically shown in Fig. 1. The Vickers indents was formed so that its edges were parallel 

to (010) and (100). Microcracks are expected to form along the [110] and [11
_

0] directions 

vertical to the (001) single-crystal surface by Vickers indentation in this direction [23]. 

After indentation, the samples were flash healed using direct current (DC) and alternative 

current (AC) electric fields. The samples with indents were set in a high-temperature 

dilatometer (EVO2 TMA8311, Rigaku, Japan) modified to apply an electric field [24]. 

Platinum sheets were used as the electrodes on both longitudinal faces of the samples, and no 

Pt paste was used. The samples were furnace-heated at a heating rate of 5 °C/min under 

application of electric fields using a power supply (Asterion AST-751, AMETEK.com) that 

was initially set in voltage-control mode. The electric fields were set at 100 V/cm with a limit 

current of 150 or 350 mA/cm2 for the DC electric field, and at 100 V/cm (a root-mean-square 

value) with a limit current of 350 mA/cm2 (a root-mean-square value) for the AC electric field. 

After the flash event occurred, the furnace temperature was kept constant for 10 min under the 

electric field. The power supply and furnace were then switched off and the samples were 

furnace-cooled to room temperature. The time for cooling to room temperature was 

approximately 20 min. 

The surface morphology and topology in the vicinity of the indents were observed by scanning 

electron microscopy (SEM; MI4000L, Hitachi High-Tech Corp.) under a low acceleration 

voltage of 1 kV to increase the surface sensitivity, confocal optical microscopy (OPTELICS 



HYBRID +, Lasertec Corp.), and atomic force microscopy (AFM; JSPM-4210, JEOL, Ltd.) 

using a SSS-NCLR-20 cantilever (Nano World AG, Ltd.) in non-contact mode in the ambient 

atmosphere at room temperature. The microstructure along a healed microcrack inside the 

single crystal was observed by STEM (ARM-200FC, JEOL Ltd.) at an acceleration voltage of 

200 kV. For STEM imaging, STEM thin foils were prepared using a focused ion beam (FIB, 

ETHOS NX5000, Hitachi High-Tech Corp.). FIB pick-up was conducted to let STEM 

observation direction parallel to the original microcrack plane (the details are shown in Fig. 1). 

The thickness of the STEM thin foils was adjusted to approximately 60 nm during the FIB 

process, which is a similar thickness to that in our previous report describing thermal healing 

of Vickers-indented microcracks without an electric field [25]. 

 

 

  



3. Results 

The changes of the electric power dissipation and sample temperature with the process time 

during flash healing are shown in Fig. 2(a) and (b), respectively. The flash temperatures are 

indicated in Fig. 2(a). For all of the samples, the electric current and furnace temperature were 

held constant for 10 min after the power spike occurred at the specific flash temperature. The 

flash temperature (TF) was approximately 740 °C for the DC electric fields and 630 °C for the 

AC electric field. Although the initial electric fields were the same, there was a slight decrease 

in the flash temperature for the AC electric field. After the occurrence of the power spike, the 

power dissipation asymptotically approached a roughly constant value. From an equation based 

on a black-body radiation model [26], the sample temperatures between 1 and 10 min after the 

flash event occurred were roughly calculated to be 1250 °C for the DC 150 mA/cm2 sample, 

1400 °C for the DC 350 mA/cm2 sample, and 1350 °C for the AC 350 mA/cm2 sample, 

respectively. Hereafter, these samples are referred to as the DC-1250°C, DC-1400°C, and AC-

1350°C samples. 

SEM images of the areas including the Vickers indents and the height profiles obtained along 

the white lines indicated in the respective SEM images are shown in Fig. 3(a)–(d) and 3(e)–(h), 

respectively. The height profiles were measured by confocal microscopy. In the pristine sample 

(Fig. 3(a)), a square-shaped indent formed with sides along the [100] and [010] directions, and 

microcracks formed along the [110] and [11
_

0] directions from the respective vertexes of the 

indent, as expected [23]. The distance from the indent center at the surface to the bottom of the 

microcrack was approximately 1.1 µm (Fig. 3(e)). The average length of the diagonal 

dimensions of the indent was approximately 11.7 μm, and the average half-length of the 

microcrack measured from the center of the indent was approximately 22.5 μm. 

The surface morphology greatly changed after flash healing (Fig. 3(b)–(d)). Material uplift 

occurred around the indent in the DC-1250°C sample. Owing to this material uplift, the indent 

depth became slightly smaller than that of the pristine sample as presented in height profile of 



(f). The microcracks on the surface were healed, but the surface was slightly concave along the 

original microcracks near the indent vertexes. In the DC-1400°C sample, distinct facets formed 

on the surface around the indent and also on the indent inner surface, which were mostly along 

the [110] and [11
_

0] directions. The slight concavity along the original microcracks observed in 

the DC-1250°C sample was not observed in the DC-1400°C sample. The microcracks on the 

surface were completely healed. In the AC-1350°C sample, although the surface morphology 

around the indent was similar to that in the DC-1250°C sample, no surface concavity was 

observed along the original microcracks, as in the DC-1400°C sample. 

Cross-sectional HAADF-STEM observations along the healed microcracks after flash healing 

are shown in Fig. 4, where each STEM image is shown with the indented (001) surface on the 

top. In all of the samples, the microcracks at/near the surface were healed, which is consistent 

with the SEM images (Fig. 3(b)–(d)). However, a large number of pores corresponding to the 

unhealed state were observed in the crystal interiors. These aligned pores are considered to be 

present along the original microcracks. The horizontal white arrows in Fig. 4(a)–(c) indicate 

the pores closest to the surface. The distance from the surface to the pore closest to the surface 

was approximately 40 nm in the DC-1250°C sample, 520 nm in the DC-1400°C sample, and 

320 nm in the AC-1350°C sample. Healing of the microcracks near the surface region was 

more advanced in the DC-1400°C and AC-1350°C samples than in the DC-1250°C sample. 

The inserts in Fig. 4(a)–(c) show selected-area diffraction (SAD) patterns including both sides 

of the arrays of pores. Although microcrack healing was not perfectly completed, the crystals 

on both sides of the microcracks returned to their original single crystal orientation relationship, 

as shown in the respective SAD patterns. Higher magnification HAADF-STEM images of the 

pore arrays are shown in Fig. 4(d)–(f), confirming the characteristic pore shapes. In all of the 

samples, pores with a rhombus-like shape were observed (e.g., the black arrow in Fig. 4(e)). In 

addition, nearly hexagonal pores were observed in the AC-1350°C sample (e.g., the black 

arrow in Fig. 4(f)). These observations suggest that the pores were surrounded by specific inner 



surfaces, presumably with low surface energy, which will be discussed later [25,27,28]. 

High-resolution HAADF-STEM images of a rhombic pore observed in the DC-1400°C 

sample and a hexagonal pore observed in the AC-1350°C sample, as typical examples, are 

shown in Fig. 5(a) and (b), respectively. The areas including the pores had the same crystal 

structures as the original single crystal, which is consistent with SAD patterns shown in Fig. 

4(a)–(c). The side planes of the rhombic pore were {111} surfaces, while {001} surfaces 

appeared in addition to {111} surfaces for the hexagonal pore. As indicated by the white dashed 

box in Fig. 4(f), the edges of two pores partially overlapped vertically in the STEM thin foil, 

meaning that the thickness of these pores was less than approximately 60 nm (the thickness of 

the STEM thin foil). This suggests that these pores had plate-like shapes. 

The temperature dependence of the healing ratio for the DC-1250°C, DC-1400°C, and AC-

1350°C samples is shown in Fig. 6 (open red and blue symbols). The healing ratio was 

estimated in two ranges: in the near-surface region (1 µm from the surface, L = 1 µm) and in 

the interior region (from 1 µm from the surface to 4 µm, L = 3 µm), as shown in the schematic 

diagram in Fig. 6(a). The healing ratio δ is defined as the sum of the individual pore lengths 

ΔLi contained within a length L along the original microcrack: 

𝛿 =
𝐿 − ∑ ∆𝐿𝑖

𝑖=𝑚 or 𝑛
𝑖=1

𝐿
× 100 (%) 

In the near-surface region (open circles), the healing ratio increased with increasing sample 

temperature. This is consistent with the result that the distance from the surface of the pore 

closest to the surface increased with increasing sample temperature (Fig. 4(d)–(f)). In contrast, 

the healing ratio was approximately constant regardless of the sample temperature in the 

interior region (open squares). In other words, the total volume of the pores in the near-surface 

region decreased with increasing sample temperature, but that of the pores in the interior region 

did not change. Previous data obtained for microcrack healing by heat treatment without 

applying an electric field (black plus signs) and the values reported for zirconia polycrystals by 



Takahashi et al. [22] (green solid triangles) are also shown in Fig. 6. These data will be 

discussed later. 

Surface topological images of the DC-1400°C and AC-1350°C samples obtained by AFM 

and the height profiles along the black lines indicated in the AFM images are shown in Fig. 7. 

In the AFM image of DC-1400°C (Fig. 7(a)), the direction of the DC electric field is indicated 

by a black block arrow. In the SEM image of DC-1400°C (Fig. 3(c)), the facets on the surface 

of the DC-1400°C sample mostly formed along the [110] and [11
_

0] directions. This facet 

structure was clearly observed in the AFM topographic image of DC-1400°C (Fig. 7(a)). From 

the AFM image, the facet structure observed as lines in the SEM image corresponds to the 

edges of the material uplift from the surface. As shown in the height profile taken along the 

black line indicated in Fig. 7(a), the material uplift had a saw-like shape with a height of 

approximately 40 nm (Fig. 7(c)). The height profile showed that the slope of the side wall of 

this material uplift was asymmetric along the direction of the electric field (from A to B in Fig. 

7(a)), with a smaller slope on the front side, as indicated by the arrow in Fig. 7(c). In contrast, 

the surface of the AC-1350°C sample (Fig. 7(b)) did not show the material uplift observed in 

the DC-1400°C sample (Fig. 7(a)). In this case, surface step-like structures with heights of 

approximately 0.2–0.4 nm formed, and some step bunching due to destabilization of the step 

lines was also observed, as indicated by the black arrows in Fig. 7(b). The large-scale material 

uplift observed in the DC-1400°C sample is due to drift diffusion by a unidirectional electric 

field [29, 30].  



4. DISCUSSION 

4.1. Pore annihilation and field-applied effects for lattice diffusion 

After flash healing, the microcrack at the surface was healed with pores remaining in the 

crystal interior, and the crystal orientation on both sides of the original microcrack was restored 

to the same orientation relationship as that of the original single crystal. The residual pores 

were rhombus shaped surrounded by {111} surfaces or hexagon shaped surrounded by {111} 

and {001} surfaces, in which the upper/lower surfaces of both shapes were possibly surrounded 

by {110} surfaces. These surrounding inner surfaces are planes with relatively low surface 

energy [27,28] as discussed previously [25]. The microstructural features observed in the flash-

healed single crystals were similar to the results obtained in our previous study on microcrack 

healing by annealing without an electric field, as shown in Fig. S1 [25]. However, in the case 

of flash healing, the location of the pore present at the surface-nearest-neighbor position was 

significantly different from that with no-electric-field thermal healing. In no-electric-field 

thermal healing, the pore inside the crystal remained close to the surface in the thermal healed 

sample, in which the distance from the surface to the pore present at the surface-nearest-

neighbor position was approximately 40 nm irrespective of the annealing temperature (Fig. S1). 

In contrast, in the sample after flash healing, the surface-nearest-neighbor pores were located 

further inside the crystal, as shown in Fig. 4(b) and (c).  

The above difference can be inferred to be related to the increase in lattice diffusion during 

flash treatment as follows. Because the crystallographic orientation relationship is restored to 

that of the single crystal during flash healing, pore annihilation proceeds by mass diffusion 

through lattice diffusion. For a pore to be annihilated, the volume contained in the pore must 

diffuse to the surface through lattice diffusion. The distance from the surface to the pore closest 

to the surface d is an indication of the amount of mass diffusion through lattice diffusion during 

healing. As mentioned above, for the DC-1250°C sample, d was approximately 40 nm, which 

was comparable to the d values of thermal healed samples with no electric field (Fig. S1). In 



contrast, for the DC-1400°C sample, d was approximately 520 nm. This suggests that lattice 

diffusion increased in the DC-1400°C sample compared with that in the DC-1250°C sample. 

This increase in lattice diffusion induced by the electric field during flash healing can be 

considered to be responsible for the increased healing ratio in the near-surface region, as shown 

in Fig. 6(b) (open circles). 

For pores located in the region at a larger distance than d, the total volume of the pores hardly 

changes because it is beyond the distance that pores can be eliminated by lattice diffusion. This 

was confirmed by the total volume of the pores present in this region hardly changing with the 

sample temperature, as shown in Fig. 6(b) (open rectangles). In this region, the pore diameter 

variation due to Ostwald ripening becomes remarkable, in which pores with large diameters 

become larger, while those with small diameters disappear. This pore size variation due to 

Ostwald ripening can be observed in the pore size difference by comparing Fig. 4(d) and 4(e), 

in which the difference in the pore diameter increased for the DC-1400°C sample. The situation 

in which pores located greater than d from the surface are difficult to eliminate should be the 

same regardless of flash or thermal healing. In fact, the healing ratio in the crystal interior by 

thermal healing does not change with the sample temperature (plus signs in Fig. 6(b)) [25]. 

However, the value of d will increase if the temperature and time are sufficient to promote 

lattice diffusion even in thermal healing. Similarly, d is expected to increase further also in 

flash healing. 

According to Gupta [10,11], in the early stage of microcrack healing, there is a progressive 

increase in the contact area between the crack inner surfaces owing to surface diffusion. As 

shown in Fig. 7, the DC-1400°C sample showed surface material uplift with a height of 

approximately 40 nm and the characteristic facet structure. This surface material uplift is 

considered to be due to drift diffusion induced by the DC electric field [29,30]. In contrast, the 

AC-1350°C sample did not show the effect of drift diffusion that occurred during application 

of the DC electric field, and no facet structure was observed on the crystal surface. This 



difference in the surface morphologies under DC and AC electric fields indicates a difference 

in surface diffusion, which is expected to affect the early stage of healing. However, from the 

healing ratios (Fig. 6), the healing ratio in the AC-1350°C sample was close to the sample 

temperature dependence of the healing ratios of the DC-1250°C and DC-1400°C samples. This 

means that the contribution of surface diffusion to the early stages of microcrack healing is 

possibly not significant for zirconia single crystals. 

 

4.2. Role of grain boundaries during flash healing 

As mentioned above, once a pore is isolated and confined within the crystal interior that has 

been restored to the single crystal orientation relationship during microcrack healing, a 

subsequent decrease in the total volume of the pores is very unlikely to occur. To increase the 

annihilation rate, more effective diffusion paths are necessary, and grain boundaries act as 

effective diffusion paths for this purpose. Morita and co-workers [12, 22] systematically 

investigated the flash-healing behavior of microcracks in zirconia polycrystals. The results of 

flash healing of microcracks in zirconia polycrystals with different grain sizes, that were flash 

treated with DC electric field, are shown as green solid triangles in Fig. 6 [22]. In the case of a 

zirconia polycrystal with a grain size of approximately 0.8 µm, the microcrack was completely 

healed in 10 min by DC flash healing at a sample temperature of 1230 °C. Healing of 

microcracks in the zirconia polycrystals was confirmed to be completed not only on the surface, 

but also in the interior. This healing ratio is much higher than those obtained for zirconia single 

crystals. This means that grain boundaries allow healing to rapidly proceed. The healing ratio 

significantly decreased as the grain size of the zirconia polycrystal increased. This is probably 

because a larger distance must be travelled via lattice diffusion for larger grain size. This 

situation is similar to the discussion of the positional relationship of the surface-nearest pore to 

the surface described in Section 4.1. In other words, the reason why the healing ratio decreases 

with increasing grain size is probably the existence of grain boundaries located at a distance 



greater than the distance at which pores can be annihilated. Grain boundaries act as effective 

annihilation sites for pores contained in grain interiors [31]. Nambu et al. [32] observed similar 

annihilation of pores in the presence of grain boundaries by flash bonding. Thus, the presence 

of grain boundaries may play an important role in promoting flash repair.  



5. Conclusions 

Microstructural observations, mainly by STEM, have been performed for flash-healed 

microcracks formed by a Vickers indentation on the (001) surface of cubic zirconia single 

crystals. The following results were obtained. 

(1) The microcracks on the (001) plane of the single crystal due to Vickers indentation formed 

along the [110] and [11
_

0] directions with an average half-length from the center of the indent 

of approximately 22.5 μm. 

(2) Surface observation by SEM revealed that the surface area where the microcracks existed 

was healed by flash healing for 10 min at 100 V/cm with limit currents of 150 and 350 mA/cm2 

for a DC electric field, and at 100 V/cm with a limit of 350 mA/cm2 for an AC electric field. 

(3) Internal observation by STEM revealed that the crystallographic orientation of the crystal 

areas containing a closed microcrack completely returned to that of the original single crystal, 

although a row of plate-like rhombic and hexagonal pores remained along the original 

microcrack location. Elimination of these pores can be considered to proceed by lattice 

diffusion. 

(4) The healing ratio of the near-surface region by flash healing was higher than that by thermal 

healing without an electric field. Furthermore, the location of the pore closest to the surface 

was further inside the crystal for flash healing than for thermal healing. These results suggest 

that lattice diffusion is enhanced by flash healing. 

(5) Pores located in the interior of the crystal beyond the distance that can be eliminated by 

lattice diffusion are difficult to eliminate. The presence of grain boundaries with fast diffusion 

paths beyond the distance that can be eliminated by flash treatment is effective to eliminate 

these pores.  
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FIGURE 1 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1 

Schematic illustration of the sample setup for flash healing and FIB pick-up for STEM thin foil 

preparation with the crystallographic orientation index. The edges of Vickers indent are parallel 

to (010) and (100) of single crystal. 
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FIGURE 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2 

Changes of the (a) power dissipation and (b) sample temperature with the process time. The 

sample temperatures were calculated using an equation based on a black-body radiation model 

[26]. TF is the flash temperature. Furnace temperature is indicated at an upper horizontal axis 

of (a) for reference. In respective flash treatment, when the furnace temperature reaches the 

respective flash temperature, the furnace temperature ramp is stopped and is maintained at a 

constant temperature thereafter. 

  



FIGURE 3 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3 

(a)–(d) SEM images of the surface morphologies and (e)–(h) height profiles as a function of 

the distance: (a) and (e) pristine sample, (b) and (f) DC-1250℃ sample, (c) and (g) DC-1400℃ 

sample, and (d) and (h) AC-1350℃ sample. The height profiles in (e)–(h) were taken along the 

white lines indicated in the respective SEM images. The label of the vertical axis of the height 

profiles is shown in (e). The SEM image and height profile of the pristine sample in (a) and (e) 

were taken from Ref. 25. 

 

 

 

 

  



FIGURE 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4 

HAADF-STEM images of the (a) and (d) DC-1250 ℃, (b) and (e) DC-1400 ℃, and (c) and (f) 

AC-1350 ℃ samples. The horizontal white arrows in (a)–(c) indicate the pores closest to the 

surfaces. The inserts show the SAD patterns of the areas including both sides of the microcracks 

(rows of pores). 

 

  



FIGURE 5 

 

 

 

 

 

 

 

 

 

 

FIGURE 5 

High resolution HAADF-STEM images of a typical rhombic pore in the DC-1400 ℃ sample 

and (b) a hexagonal pore in the AC-1350 ℃ sample. It is noted that scales of respective STEM 

images are different. 

 

 

  



FIGURE 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6 

(a) Schematic illustration showing how the healing ratio was calculated. (b) Plot of the healing 

ratio against the sample temperature: 〇, 〇, near-surface region of the zirconia single crystals 

after flash healing; □, □, inside the zirconia single crystals after flash healing; +, after 

thermal healing of zirconia single crystals [25]; ▲, after flash healing of zirconia polycrystals 

[22]. The average grain sizes, d, of the polycrystals are indicated beside the ▲ symbols. 

  



FIGURE 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 7 

AFM topological images and height profiles along the black lines shown in the AFM images: 

(a) and (c) the DC-1400 ℃ sample, and (b) and (d) the AC-1350 ℃ sample. Note that the scales 

of the vertical axes of the height profiles are different. 
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FIGURE S1 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE S1 

HAADF images taken from thermally healed cubic zirconia single crystals with Vickers 

indents that were annealed at (a) 1250 ℃, and (b) 1400 ℃. The block arrows show the pores 

closest to surfaces. These images were taken from Ref. 25. 
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Abstract 

Flash healing, a technique for microcrack healing using a flash event, has recently attracted 

attention for effective microcrack healing of ceramics. To investigate the diffusion-accelerated 

phenomena that occur during flash healing, the flash-healing behavior of Vickers indentation 

microcracks on (001) zirconia single crystals was investigated, mainly from the viewpoint of 

microstructure analysis of the healed microcracks. Scanning electron microscopy and atomic 

force microscopy showed that the surface microcracks were rapidly healed. However, scanning 

transmission electron microscopy showed that a row of pores remained along the original 

microcrack inside the crystal, and the crystallographic orientation relationship on both sides of 

the microcrack was restored to that of the original single crystal. Compared with the findings 

for healing without an electric field, the distance from the pore closest to the surface was larger 

and the total pore volume was smaller for flash healing. These results suggest that flash 

treatment increases lattice diffusion. 
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1. Introduction 

Most ceramics fail owing to brittle fracture caused by crack propagation associated with 

microcrack growth under stress [1]. To prevent brittle fracture and increase the lifetime of 

ceramics, microcrack growth must be suppressed. Techniques to suppress microcrack growth 

by using phase transformation [2, 3] and composites [4, 5] have been reported. In contrast, 

techniques to repair the microcracks themselves have also been proposed, which is called 

microcrack healing [6, 7]. One of the simplest techniques to heal microcracks is the thermal 

healing technique using the diffusion process enhanced by annealing at high temperatures [8, 

9]. 

Gupta [10,11] reported the microcrack healing process during thermal healing of alumina 

polycrystals from the viewpoint of microstructure analysis. He suggested that microcrack 

healing precedes as follows: the inner surfaces of the microcracks contact each other, the contact 

point area increases to form cylindrical voids, the cylindrical voids break up and are isolated 

mainly by surface diffusion, and the isolated voids shrink and disappear by grain boundary and 

lattice diffusion. Each of these processes is facilitated by increasing mass diffusion. Recently, 

flash healing using the flash event that occurs when an electric field is applied has been 

proposed to enhance the microcrack healing process [12,13]. The flash event is the occurrence 

of an electric power spike when oxide ceramics are heated under an appropriate electric field 

[14–16]. Large-scale mass diffusion is induced by the instantaneous electric power spike with 

the flash event [17–20]. For example, in flash sintering, which uses this flash event for a 

sintering process, stabilized zirconia ceramics can be densified in only a few seconds at a 

furnace temperature of approximately 850 °C [21]. Morita et al. applied this flash event to 

healing of Vickers indentation microcracks in zirconia polycrystals [12]. They found that 

microcracks of approximately 20 µm in length were completely healed after approximately 10 

min of flash treatment at a sample temperature of approximately 1230 °C. Takahashi et al. [22] 
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revealed the relationship between the grain size and the microcrack healing behavior [22]. They 

found that as the grain size increases, microcracks are less likely to be repaired. Their results 

suggest the importance of grain boundary diffusion in the microcrack healing process. Similar 

experiments using single crystals without grain boundaries are required to clarify the effect of 

grain boundaries on the microcrack healing process by flash treatment. 

In this study, we used a single crystal of ZrO2 doped with 10 mol% Y2O3 as a model material 

and performed microstructural analysis of the flash-healed microcracks formed by Vickers 

indentation, mainly by scanning transmission electron microscopy (STEM). The experimental 

conditions, such as the initial microcrack length and sample temperature, were set to be as 

consistent as possible with the conditions used for microcrack healing of zirconia polycrystals 

[12,22]. 
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2. Materials and Methods 

Commercially available cubic zirconia single crystals (10 mol% Y2O3–ZrO2; Shinkosha Co., 

Ltd. , Japan) with dimensions of 0.5 mm × 10 mm × 10 mm were used. The large 10 mm × 10 

mm surface was the (001) plane mirror-finished by the manufacturer. The samples used for 

flash healing were machined from this single crystal and had dimensions of 0.5 mm × 2 mm × 

10 mm. The microcracks were generated on the (001) surface by the indentation method using 

a micro-Vickers indenter (Via-S, Matsuzawa Co., Ltd.) at a load of 100 gf applied for 15 s, as 

schematically shown in Fig. 1. The Vickers indents was formed so that its edges were parallel 

to (010) and (100). Microcracks are expected to form along the [110] and [11
_

0] directions 

vertical to the (001) single-crystal surface by Vickers indentation in this direction [23]. 

After indentation, the samples were flash healed using direct current (DC) and alternative 

current (AC) electric fields. The samples with indents were set in a high-temperature 

dilatometer (EVO2 TMA8311, Rigaku, Japan) modified to apply an electric field [24]. Platinum 

sheets were used as the electrodes on both longitudinal faces of the samples, and no Pt paste 

was used. The samples were furnace-heated at a heating rate of 5 °C/min under application of 

electric fields using a power supply (Asterion AST-751, AMETEK.com) that was initially set 

in voltage-control mode. The electric fields were set at 100 V/cm with a limit current of 150 or 

350 mA/cm2 for the DC electric field, and at 100 V/cm (a root-mean-square value) with a limit 

current of 350 mA/cm2 (a root-mean-square value) for the AC electric field. After the flash 

event occurred, the furnace temperature was kept constant for 10 min under the electric field. 

The power supply and furnace were then switched off and the samples were furnace-cooled to 

room temperature. The time for cooling to room temperature was approximately 20 min. 

The surface morphology and topology in the vicinity of the indents were observed by scanning 

electron microscopy (SEM; MI4000L, Hitachi High-Tech Corp.) under a low acceleration 
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voltage of 1 kV to increase the surface sensitivity, confocal optical microscopy (OPTELICS 

HYBRID +, Lasertec Corp.), and atomic force microscopy (AFM; JSPM-4210, JEOL, Ltd.) 

using a SSS-NCLR-20 cantilever (Nano World AG, Ltd.) in non-contact mode in the ambient 

atmosphere at room temperature. The microstructure along a healed microcrack inside the 

single crystal was observed by STEM (ARM-200FC, JEOL Ltd.) at an acceleration voltage of 

200 kV. For STEM imaging, STEM thin foils were prepared using a focused ion beam (FIB, 

ETHOS NX5000, Hitachi High-Tech Corp.). FIB pick-up was conducted to let STEM 

observation direction parallel to the original microcrack plane (the details are shown in Fig. 1). 

The thickness of the STEM thin foils was adjusted to approximately 60 nm during the FIB 

process, which is a similar thickness to that in our previous report describing thermal healing 

of Vickers-indented microcracks without an electric field [25]. 
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3. Results 

The changes of the electric power dissipation and sample temperature with the process time 

during flash healing are shown in Fig. 2(a) and (b), respectively. The flash temperatures are 

indicated in Fig. 2(a). For all of the samples, the electric current and furnace temperature were 

held constant for 10 min after the power spike occurred at the specific flash temperature. The 

flash temperature (TF) was approximately 740 °C for the DC electric fields and 630 °C for the 

AC electric field. Although the initial electric fields were the same, there was a slight decrease 

in the flash temperature for the AC electric field. After the occurrence of the power spike, the 

power dissipation asymptotically approached a roughly constant value. From an equation based 

on a black-body radiation model [26], the sample temperatures between 1 and 10 min after the 

flash event occurred were roughly calculated to be 1250 °C for the DC 150 mA/cm2 sample, 

1400 °C for the DC 350 mA/cm2 sample, and 1350 °C for the AC 350 mA/cm2 sample, 

respectively. Hereafter, these samples are referred to as the DC-1250°C, DC-1400°C, and AC-

1350°C samples. 

SEM images of the areas including the Vickers indents and the height profiles obtained along 

the white lines indicated in the respective SEM images are shown in Fig. 3(a)–(d) and 3(e)–(h), 

respectively. The height profiles were measured by confocal microscopy. In the pristine sample 

(Fig. 3(a)), a square-shaped indent formed with sides along the [100] and [010] directions, and 

microcracks formed along the [110] and [11
_

0] directions from the respective vertexes of the 

indent, as expected [23]. The distance from the indent center at the surface to the bottom of the 

microcrack was approximately 1.1 µm (Fig. 3(e)). The average length of the diagonal 

dimensions of the indent was approximately 11.7 μm, and the average half-length of the 

microcrack measured from the center of the indent was approximately 22.5 μm. 

The surface morphology greatly changed after flash healing (Fig. 3(b)–(d)). Material uplift 
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occurred around the indent in the DC-1250°C sample. Owing to this material uplift, the indent 

depth became slightly smaller than that of the pristine sample as presented in height profile of 

(f). The microcracks on the surface were healed, but the surface was slightly concave along the 

original microcracks near the indent vertexes. In the DC-1400°C sample, distinct facets formed 

on the surface around the indent and also on the indent inner surface, which were mostly along 

the [110] and [11
_

0] directions. The slight concavity along the original microcracks observed in 

the DC-1250°C sample was not observed in the DC-1400°C sample. The microcracks on the 

surface were completely healed. In the AC-1350°C sample, although the surface morphology 

around the indent was similar to that in the DC-1250°C sample, no surface concavity was 

observed along the original microcracks, as in the DC-1400°C sample. 

Cross-sectional HAADF-STEM observations along the healed microcracks after flash healing 

are shown in Fig. 4, where each STEM image is shown with the indented (001) surface on the 

top. In all of the samples, the microcracks at/near the surface were healed, which is consistent 

with the SEM images (Fig. 3(b)–(d)). However, a large number of pores corresponding to the 

unhealed state were observed in the crystal interiors. These aligned pores are considered to be 

present along the original microcracks. The horizontal white arrows in Fig. 4(a)–(c) indicate 

the pores closest to the surface. The distance from the surface to the pore closest to the surface 

was approximately 40 nm in the DC-1250°C sample, 520 nm in the DC-1400°C sample, and 

320 nm in the AC-1350°C sample. Healing of the microcracks near the surface region was more 

advanced in the DC-1400°C and AC-1350°C samples than in the DC-1250°C sample. The 

inserts in Fig. 4(a)–(c) show selected-area diffraction (SAD) patterns including both sides of 

the arrays of pores. Although microcrack healing was not perfectly completed, the crystals on 

both sides of the microcracks returned to their original single crystal orientation relationship, 

as shown in the respective SAD patterns. Higher magnification HAADF-STEM images of the 
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pore arrays are shown in Fig. 4(d)–(f), confirming the characteristic pore shapes. In all of the 

samples, pores with a rhombus-like shape were observed (e.g., the black arrow in Fig. 4(e)). In 

addition, nearly hexagonal pores were observed in the AC-1350°C sample (e.g., the black arrow 

in Fig. 4(f)). These observations suggest that the pores were surrounded by specific inner 

surfaces, presumably with low surface energy, which will be discussed later [25,27,28]. 

High-resolution HAADF-STEM images of a rhombic pore observed in the DC-1400°C sample 

and a hexagonal pore observed in the AC-1350°C sample, as typical examples, are shown in 

Fig. 5(a) and (b), respectively. The areas including the pores had the same crystal structures as 

the original single crystal, which is consistent with SAD patterns shown in Fig. 4(a)–(c). The 

side planes of the rhombic pore were {111} surfaces, while {001} surfaces appeared in addition 

to {111} surfaces for the hexagonal pore. As indicated by the white dashed box in Fig. 4(f), the 

edges of two pores partially overlapped vertically in the STEM thin foil, meaning that the 

thickness of these pores was less than approximately 60 nm (the thickness of the STEM thin 

foil). This suggests that these pores had plate-like shapes. 

The temperature dependence of the healing ratio for the DC-1250°C, DC-1400°C, and AC-

1350°C samples is shown in Fig. 6 (open red and blue symbols). The healing ratio was estimated 

in two ranges: in the near-surface region (1 µm from the surface, L = 1 µm) and in the interior 

region (from 1 µm from the surface to 4 µm, L = 3 µm), as shown in the schematic diagram in 

Fig. 6(a). The healing ratio δ is defined as the sum of the individual pore lengths ΔLi contained 

within a length L along the original microcrack: 

𝛿 =
𝐿 − ∑ ∆𝐿𝑖

𝑖=𝑚 or 𝑛
𝑖=1

𝐿
× 100 (%) 

In the near-surface region (open circles), the healing ratio increased with increasing sample 

temperature. This is consistent with the result that the distance from the surface of the pore 

closest to the surface increased with increasing sample temperature (Fig. 4(d)–(f)). In contrast, 
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the healing ratio was approximately constant regardless of the sample temperature in the interior 

region (open squares). In other words, the total volume of the pores in the near-surface region 

decreased with increasing sample temperature, but that of the pores in the interior region did 

not change. Previous data obtained for microcrack healing by heat treatment without applying 

an electric field (black plus signs) and the values reported for zirconia polycrystals by Takahashi 

et al. [22] (green solid triangles) are also shown in Fig. 6. These data will be discussed later. 

Surface topological images of the DC-1400°C and AC-1350°C samples obtained by AFM and 

the height profiles along the black lines indicated in the AFM images are shown in Fig. 7. In 

the AFM image of DC-1400°C (Fig. 7(a)), the direction of the DC electric field is indicated by 

a black block arrow. In the SEM image of DC-1400°C (Fig. 3(c)), the facets on the surface of 

the DC-1400°C sample mostly formed along the [110] and [11
_

0] directions. This facet structure 

was clearly observed in the AFM topographic image of DC-1400°C (Fig. 7(a)). From the AFM 

image, the facet structure observed as lines in the SEM image corresponds to the edges of the 

material uplift from the surface. As shown in the height profile taken along the black line 

indicated in Fig. 7(a), the material uplift had a saw-like shape with a height of approximately 

40 nm (Fig. 7(c)). The height profile showed that the slope of the side wall of this material uplift 

was asymmetric along the direction of the electric field (from A to B in Fig. 7(a)), with a smaller 

slope on the front side, as indicated by the arrow in Fig. 7(c). In contrast, the surface of the AC-

1350°C sample (Fig. 7(b)) did not show the material uplift observed in the DC-1400°C sample 

(Fig. 7(a)). In this case, surface step-like structures with heights of approximately 0.2–0.4 nm 

formed, and some step bunching due to destabilization of the step lines was also observed, as 

indicated by the black arrows in Fig. 7(b). The large-scale material uplift observed in the DC-

1400°C sample is due to drift diffusion by a unidirectional electric field [29, 30].  
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4. DISCUSSION 

4.1. Pore annihilation and field-applied effects for lattice diffusion 

After flash healing, the microcrack at the surface was healed with pores remaining in the 

crystal interior, and the crystal orientation on both sides of the original microcrack was restored 

to the same orientation relationship as that of the original single crystal. The residual pores were 

rhombus shaped surrounded by {111} surfaces or hexagon shaped surrounded by {111} and 

{001} surfaces, in which the upper/lower surfaces of both shapes were possibly surrounded by 

{110} surfaces. These surrounding inner surfaces are planes with relatively low surface energy 

[27,28] as discussed previously [25]. The microstructural features observed in the flash-healed 

single crystals were similar to the results obtained in our previous study on microcrack healing 

by annealing without an electric field, as shown in Fig. S1 [25]. However, in the case of flash 

healing, the location of the pore present at the surface-nearest-neighbor position was 

significantly different from that with no-electric-field thermal healing. In no-electric-field 

thermal healing, the pore inside the crystal remained close to the surface in the thermal healed 

sample, in which the distance from the surface to the pore present at the surface-nearest-

neighbor position was approximately 40 nm irrespective of the annealing temperature (Fig. S1). 

In contrast, in the sample after flash healing, the surface-nearest-neighbor pores were located 

further inside the crystal, as shown in Fig. 4(b) and (c).  

The above difference can be inferred to be related to the increase in lattice diffusion during 

flash treatment as follows. Because the crystallographic orientation relationship is restored to 

that of the single crystal during flash healing, pore annihilation proceeds by mass diffusion 

through lattice diffusion. For a pore to be annihilated, the volume contained in the pore must 

diffuse to the surface through lattice diffusion. The distance from the surface to the pore closest 

to the surface d is an indication of the amount of mass diffusion through lattice diffusion during 

healing. As mentioned above, for the DC-1250°C sample, d was approximately 40 nm, which 
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was comparable to the d values of thermal healed samples with no electric field (Fig. S1). In 

contrast, for the DC-1400°C sample, d was approximately 520 nm. This suggests that lattice 

diffusion increased in the DC-1400°C sample compared with that in the DC-1250°C sample. 

This increase in lattice diffusion induced by the electric field during flash healing can be 

considered to be responsible for the increased healing ratio in the near-surface region, as shown 

in Fig. 6(b) (open circles). 

For pores located in the region at a larger distance than d, the total volume of the pores hardly 

changes because it is beyond the distance that pores can be eliminated by lattice diffusion. This 

was confirmed by the total volume of the pores present in this region hardly changing with the 

sample temperature, as shown in Fig. 6(b) (open rectangles). In this region, the pore diameter 

variation due to Ostwald ripening becomes remarkable, in which pores with large diameters 

become larger, while those with small diameters disappear. This pore size variation due to 

Ostwald ripening can be observed in the pore size difference by comparing Fig. 4(d) and 4(e), 

in which the difference in the pore diameter increased for the DC-1400°C sample. The situation 

in which pores located greater than d from the surface are difficult to eliminate should be the 

same regardless of flash or thermal healing. In fact, the healing ratio in the crystal interior by 

thermal healing does not change with the sample temperature (plus signs in Fig. 6(b)) [25]. 

However, the value of d will increase if the temperature and time are sufficient to promote 

lattice diffusion even in thermal healing. Similarly, d is expected to increase further also in flash 

healing. 

According to Gupta [10,11], in the early stage of microcrack healing, there is a progressive 

increase in the contact area between the crack inner surfaces owing to surface diffusion. As 

shown in Fig. 7, the DC-1400°C sample showed surface material uplift with a height of 

approximately 40 nm and the characteristic facet structure. This surface material uplift is 

considered to be due to drift diffusion induced by the DC electric field [29,30]. In contrast, the 
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AC-1350°C sample did not show the effect of drift diffusion that occurred during application 

of the DC electric field, and no facet structure was observed on the crystal surface. This 

difference in the surface morphologies under DC and AC electric fields indicates a difference 

in surface diffusion, which is expected to affect the early stage of healing. However, from the 

healing ratios (Fig. 6), the healing ratio in the AC-1350°C sample was close to the sample 

temperature dependence of the healing ratios of the DC-1250°C and DC-1400°C samples. This 

means that the contribution of surface diffusion to the early stages of microcrack healing is 

possibly not significant for zirconia single crystals. 

 

4.2. Role of grain boundaries during flash healing 

As mentioned above, once a pore is isolated and confined within the crystal interior that has 

been restored to the single crystal orientation relationship during microcrack healing, a 

subsequent decrease in the total volume of the pores is very unlikely to occur. To increase the 

annihilation rate, more effective diffusion paths are necessary, and grain boundaries act as 

effective diffusion paths for this purpose. Morita and co-workers [12, 22] systematically 

investigated the flash-healing behavior of microcracks in zirconia polycrystals. The results of 

flash healing of microcracks in zirconia polycrystals with different grain sizes, that were flash 

treated with DC electric field, are shown as green solid triangles in Fig. 6 [22]. In the case of a 

zirconia polycrystal with a grain size of approximately 0.8 µm, the microcrack was completely 

healed in 10 min by DC flash healing at a sample temperature of 1230 °C. Healing of 

microcracks in the zirconia polycrystals was confirmed to be completed not only on the surface, 

but also in the interior. This healing ratio is much higher than those obtained for zirconia single 

crystals. This means that grain boundaries allow healing to rapidly proceed. The healing ratio 

significantly decreased as the grain size of the zirconia polycrystal increased. This is probably 

because a larger distance must be travelled via lattice diffusion for larger grain size. This 
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situation is similar to the discussion of the positional relationship of the surface-nearest pore to 

the surface described in Section 4.1. In other words, the reason why the healing ratio decreases 

with increasing grain size is probably the existence of grain boundaries located at a distance 

greater than the distance at which pores can be annihilated. Grain boundaries act as effective 

annihilation sites for pores contained in grain interiors [31]. Nambu et al. [32] observed similar 

annihilation of pores in the presence of grain boundaries by flash bonding. Thus, the presence 

of grain boundaries may play an important role in promoting flash repair.  
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5. Conclusions 

Microstructural observations, mainly by STEM, have been performed for flash-healed 

microcracks formed by a Vickers indentation on the (001) surface of cubic zirconia single 

crystals. The following results were obtained. 

(1) The microcracks on the (001) plane of the single crystal due to Vickers indentation formed 

along the [110] and [11
_

0] directions with an average half-length from the center of the indent 

of approximately 22.5 μm. 

(2) Surface observation by SEM revealed that the surface area where the microcracks existed 

was healed by flash healing for 10 min at 100 V/cm with limit currents of 150 and 350 mA/cm2 

for a DC electric field, and at 100 V/cm with a limit of 350 mA/cm2 for an AC electric field. 

(3) Internal observation by STEM revealed that the crystallographic orientation of the crystal 

areas containing a closed microcrack completely returned to that of the original single crystal, 

although a row of plate-like rhombic and hexagonal pores remained along the original 

microcrack location. Elimination of these pores can be considered to proceed by lattice 

diffusion. 

(4) The healing ratio of the near-surface region by flash healing was higher than that by thermal 

healing without an electric field. Furthermore, the location of the pore closest to the surface was 

further inside the crystal for flash healing than for thermal healing. These results suggest that 

lattice diffusion is enhanced by flash healing. 

(5) Pores located in the interior of the crystal beyond the distance that can be eliminated by 

lattice diffusion are difficult to eliminate. The presence of grain boundaries with fast diffusion 

paths beyond the distance that can be eliminated by flash treatment is effective to eliminate 

these pores.  
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FIGURE 1 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1 

Schematic illustration of the sample setup for flash healing and FIB pick-up for STEM thin foil 

preparation with the crystallographic orientation index. The edges of Vickers indent are parallel 

to (010) and (100) of single crystal. 
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FIGURE 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2 

Changes of the (a) power dissipation and (b) sample temperature with the process time. The 

sample temperatures were calculated using an equation based on a black-body radiation model 

[26]. TF is the flash temperature. Furnace temperature is indicated at an upper horizontal axis 

of (a) for reference. In respective flash treatment, when the furnace temperature reaches the 

respective flash temperature, the furnace temperature ramp is stopped and is maintained at a 

constant temperature thereafter. 
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FIGURE 3 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3 

(a)–(d) SEM images of the surface morphologies and (e)–(h) height profiles as a function of the 

distance: (a) and (e) pristine sample, (b) and (f) DC-1250℃ sample, (c) and (g) DC-1400℃ 

sample, and (d) and (h) AC-1350℃ sample. The height profiles in (e)–(h) were taken along the 

white lines indicated in the respective SEM images. The label of the vertical axis of the height 

profiles is shown in (e). The SEM image and height profile of the pristine sample in (a) and (e) 

were taken from Ref. 25. 
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FIGURE 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4 

HAADF-STEM images of the (a) and (d) DC-1250 ℃, (b) and (e) DC-1400 ℃, and (c) and (f) 

AC-1350 ℃ samples. The horizontal white arrows in (a)–(c) indicate the pores closest to the 

surfaces. The inserts show the SAD patterns of the areas including both sides of the microcracks 

(rows of pores). 
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FIGURE 5 

 

 

 

 

 

 

 

 

 

 

FIGURE 5 

High resolution HAADF-STEM images of a typical rhombic pore in the DC-1400 ℃ sample 

and (b) a hexagonal pore in the AC-1350 ℃ sample. It is noted that scales of respective STEM 

images are different. 
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FIGURE 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6 

(a) Schematic illustration showing how the healing ratio was calculated. (b) Plot of the healing 

ratio against the sample temperature: 〇, 〇, near-surface region of the zirconia single crystals 

after flash healing; □ , □ , inside the zirconia single crystals after flash healing; +, after 

thermal healing of zirconia single crystals [25]; ▲, after flash healing of zirconia polycrystals 

[22]. The average grain sizes, d, of the polycrystals are indicated beside the ▲ symbols. 
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FIGURE 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 7 

AFM topological images and height profiles along the black lines shown in the AFM images: 

(a) and (c) the DC-1400 ℃ sample, and (b) and (d) the AC-1350 ℃ sample. Note that the scales 

of the vertical axes of the height profiles are different. 
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Supplementary figure 

FIGURE S1 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE S1 

HAADF images taken from thermally healed cubic zirconia single crystals with Vickers indents 

that were annealed at (a) 1250 ℃, and (b) 1400 ℃. The block arrows show the pores closest to 

surfaces. These images were taken from Ref. 25. 
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