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Abstract

Flash healing is a technique that uses power spikes to rapidly repair microcracks on ceramic
surfaces. In this study, the microstructures of flash-healed Vickers-indented microcracks near
the positive/negative electrodes under a DC electric field were examined by scanning
transmission electron microscopy. The microstructural morphology near the positive electrode
was almost identical to that of the microcracks located between both electrodes, as previously
reported. However, a decrease in the degree of healing was observed near the negative electrode.
This was attributed to the insufficient recovery of dislocations generated at the indentation state,
which should have occurred in the initial stage of healing. The delay in dislocation recovery
prevented contact between the inner surfaces of the microcracks and is possibly related to the

increase in oxygen vacancies near the negative electrode.
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1. Introduction

When oxide ceramics are heated using an electric field above a certain threshold, an electric
power spike is generated at a temperature determined by the applied electric field [1]. This
power spike is called a flash event and can be used to induce mass diffusion in a short period.
For instance, flash sintering enabled the instantaneous densification of ceramic compacts by
leveraging flash events [2-4].

Flash healing refers to an application of the accelerated mass diffusion caused by the flash
event [5]. This technique is used to rapidly heal microcracks formed on ceramic surfaces.
Morita et al. generated microcracks of approximately 20 um in length on the surface of fully
stabilized zirconia (FSZ) polycrystals by Vickers indentation and then employed flash healing
[6, 7]. The microcracks were fully healed during the flash event, which lasted approximately
10 min. Furthermore, the degree of microcrack healing was 3 to 4 times greater after the flash
event compared with thermal healing at the same sample temperature. These results suggest
that both thermal and non-thermal effects contribute to the enhancement of mass diffusion
during the flash event.

Kayukawa et al. investigated the microstructure of flash-healed Vickers-indented microcracks
on the (001) surface of FSZ single crystals by scanning transmission electron microscopy
(STEM) [8]. Although the surface of the microcrack was healed, many pores corresponding to
the unhealed state remained in the crystal interior, along the initial microcrack portion. The
degree of healing observed in FSZ single crystals is less than that in FSZ polycrystals.
Furthermore, the crystallographic orientations on the two sides of the initial microcrack were
completely recovered, exhibiting the original single-crystal orientation after flash healing,
which means the residual pores are included inside the single crystal. They attributed the low
degree of healing in FSZ single crystals to the complete restoration of the crystallographic

orientation because the residual pores must undergo slow lattice diffusion to annihilate. They
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claimed that the presence of grain boundaries plays an important role as diffusion pathways in
the degree of healing. This was confirmed by Morita et al., who showed that the degree of
healing decreases as the grain size of FSZ polycrystals increases [7].

Thus, microstructural analysis provides valuable insight and helps clarify the mechanism of
flash healing. However, microstructural analysis of flash-healed microcracks in FSZ single
crystals has only been conducted on microcracks formed at the center of the sample between
both electrodes, even when a direct current (DC) electric field is used for flash healing. There
is a positional dependence along the direction of a DC electric field, including the sample
temperature [9], grain size [10-12], and microstructure [13-15]. For instance, the sample
temperature is generally lower near the negative electrode than at the central position [9], and
grain growth is accelerated by the formation of oxygen vacancies near the negative electrode
side [11]. Notably, oxygen vacancies are induced by the negative potential during flash healing
[16-18]. Therefore, we analyzed the microstructures of microcracks near the positive and
negative electrodes used during flash healing under a DC electric field and observed the

dependence of the microstructures on position.
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2. Materials and Methods

Commercially available yttria FSZ single crystals (10 mol% Y203-ZrO-, Shinkosha Co., Ltd.,
Japan) were used herein. The samples used for flash healing were machined from the purchased
single crystal to have the dimensions of 0.5 mm x 2 mm x 10 mm, in which a (001) surface of
2 mm x 10 mm was mirror-finished by the manufacturer. The microcracks were formed
perpendicular to the (001) surface by Vickers indentation using a micro-Vickers indenter (Via-
S, Matsuzawa Co., Ltd.) at a load of 100 gf applied for 15 s. The indents were formed at a
distance of approximately 2 mm from the positive and negative electrodes, as schematically

shown in Fig. 1(a). As previously reported, microcracks generated by Vickers indentation are
formed along the [110] and [110] directions, nearly vertical to the (001) single-crystal surface.

Figure 1(c) shows a representative optical micrograph taken from the indent with a microcrack
near a negative electrode. The average length of the diagonal dimensions of the indent was
approximately 11.7 um, and the average half-length of the microcrack measured from the center
of the indent was approximately 22.5 um.

After indentation, the samples were set in a high-temperature dilatometer (EVO2 TMA8311,
Rigaku, Japan) modified to apply an electric field [19]. Platinum (Pt) sheets were used as the
electrodes on both longitudinal faces of the samples, and no Pt paste was used. After setting,
the samples were flash healed under DC electric fields (Asterion AST-751, AMETEK.com)
using a conventional flash experimental protocol, namely the voltage-to-current protocol [20].
A DC electric field of 100 VV/cm was applied under a limiting current of 150 mA/cm?, which is
similar to the condition used in our previous study [8]. After the flash event occurred, the
furnace temperature was kept constant for 10 min under the constant 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.
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The surface morphology and topology in the vicinity of the indents near both electrodes 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, in addition to confocal
optical microscopy (OPTELICS HYBRID +, Lasertec Corp.). Furthermore, the microstructure
along healed microcracks inside the single crystal was observed by STEM (ARM-200FC, JEOL
Ltd.) at an acceleration voltage of 200 kV. For STEM observation, thin STEM foils were
prepared using a focused ion beam (FIB, Ethos NX5000, Hitachi High-Tech Corp.) to enable
observation in the direction parallel to the original microcrack plane, and the details are shown
in Fig. 1(b). The thickness of the thin STEM foils was adjusted to approximately 60 nm during

the FIB process, which is similar to the thickness used in our previous reports [8, 21].
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3. Results
3.1. Surface microstructure of flash-healed microcracks

A typical power spike was confirmed to occur under the present experimental condition, as
previously described [8], in which the flash temperature was approximately 740 °C. From an
equation based on a black-body radiation model [22], the sample temperature during the steady
state after a flash event was roughly calculated to be 1250 °C. The detailed trend of electric
power dissipation is described in Fig. S1 of the supplementary information.

Figure 2 shows (a) — (c) SEM images of the Vickers-indented areas, (d) — (f) magnified SEM
images that include the edges of the Vickers indents, and the (g) — (i) height profiles obtained
along the white lines indicated in the SEM images of (a) — (c), respectively, in which the height
profiles were measured by confocal microscopy. The dotted lines in the height profiles show
the depth at the tip of the pristine Vickers indent before flash healing, as described in Fig. S2 of
the supplementary information, in which the value of variation in depth per indentation was
within approximately 2.5% of the averaged value. The panels of (a), (d), and (g) are taken from
Vickers indents formed near the positive electrode, and those of (c), (f), and (i) are taken from
Vickers indents formed near the negative electrode. The data presented in (b), (e), and (h) are
similar to those reported in our previous study [8], which were taken from Vickers indents
formed in the central area between both electrodes, as presented in Fig. 1(a).

Flat and sharp microcracks are generated from the respective four corners of the indent, in

which a square-shaped indent is formed with sides along the [100] and [010] directions and the

microcracks are generated along the [110] and [110] directions, as presented in Fig. S2 of the

supplementary information. In contrast, SEM images show that the surfaces of the microcracks
are healed after flash healing. However, the degree of healing at the surfaces is different, as

presented in (d) — (f), in which a flattened surface is observed near the positive side in (d), a
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slightly concaved surface is observed at the center in (), and a thready lined surface is observed
at the negative side in (f). In addition, after flash healing, material up-lift is generated around
the indents, as presented by a white block arrow in (b). The depth of the indent tip from the
surface outside the material up-lift area becomes shallower with the indent position from the
negative side to the positive side, in which all the depths are shallower than those of a pristine
sample, as indicated by the dotted lines in the panels of (g) — (i) (also shown in Fig. S2 of the
supplementary information). This variation in morphology suggests that the degree of healing
depends on the position along the DC electric field direction, from the positive to the negative
electrode.
3.2. Microstructure of flash-healed microcracks inside crystals

Cross-sectional high-angle annular dark-field (HAADF)-STEM observations of the healed
microcrack on the positive side are shown in Fig. 3. A row of pores can be seen along the
original microcrack, as indicated by the black arrow in the image, revealing that the microcrack
has not been completely healed inside the crystal. However, the high-density dislocations that
occur during Vickers indentation are not observed around the row of pores after flash healing.

As presented in a magnified HAADF-STEM image in Fig. 3(c), the pores have a rectangular
shape. The shape is composed of (111) and (111) side planes and (110) upper/lower basal planes,

which are planes with small surface energy in cubic zirconia [23,24]. As indicated in the
selected area diffraction (SAD) pattern for the crystal areas on both sides of the healed
microcrack, the crystallographic orientation was completely recovered, displaying the original
relationship for the single crystal. These results are similar to those obtained for the indent
formed in the central region of the single crystal [8].

On the negative side, not only the degree of healing but also the microstructure around the

original microcrack was significantly different from those on the positive side. The
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microstructural analysis results for flash-healed microcracks on the negative side are presented

in Figs. 4-6. The crystallographic features are shown in the SAD pattern (Fig. 4(b)), and
diffraction spot separation is observed, for example, at the 224 diffraction spot (Fig. 4(c)). This

slight misfit angle was less than approximately 0.3° with respect to the [110] axis. The original
single-crystal orientation on both sides of the microcrack was not completely recovered near

the negative electrode, unlike the microcracks near the positive electrode (Fig. 3(b)).
Furthermore, as shown in Fig. 4(d), a slight increase in the angle between the 002 and 220

diffraction spots, which should be 90° in a fluorite structure of FSZ, was observed [25]. These
crystallographic features are attributed to the oxygen vacancies formed on the negative side and
the incomplete recovery of dislocations formed during indentation as explained later.

In addition to these crystallographic features, microstructural features are also observed,
including different pore morphology (arrows B and C), the appearance of numerous linear
contrasts around the healed microcrack (arrow D), and the existence of a linear gap (arrow A).

As for the shapes of pores, magnified images are shown in Fig. 5, in which (a) and (b) are
taken from the area indicated by arrow B in Fig. 4(a), and (c) and (d) are taken from the area
indicated by arrow C in Fig. 4(a). The pore shapes in the near-surface region, indicated by arrow
B, are either rounded rhomboids or other rounded forms. These shapes are different from the
rhombic shapes observed on the positive side (Fig. 3(c)). The pores on the positive side have
habit planes that make up the shape and are distinctively visible. The difference in the pore
shape is probably related to a change in surface energy. As shown in the high-resolution (HR)-
HAADF-STEM image (Fig. 5(b) and (d)), there is no formation of a second phase in any of the
pores.

As for the numerous linear contrasts, high magnification HAADF-STEM observation reveals
that the structure with linear contrast is composed of an array of numerous pores. Figure 6
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shows magnified HAADF-STEM images taken from the structure with curved line contrast, as
presented by arrow D in Fig. 4(a). The structure with linear contrast in the low magnification
image is confirmed to be composed of numerous rectangular pores, as shown in Fig. 6(a). As
observed in the HR-HAADF-STEM image (Fig. 6(b)), these rectangular pores form thin plates

(i.e., laminates), and no secondary phase with a different structure is formed. The sides of the
rectangular pores are (111) and (111) planes, which are similar to those of the pores that

remained along the unhealed microcracks observed on the positive side. In addition, the
compositional analysis of the areas including the rectangular pores (white boxes in Figs. 5(d)
and 6(b)) revealed that nitrogen was present (Fig. 6(c)). However, the crystals exhibit the
fluorite structure of FSZ, indicating that the detected nitrogen forms solutes in the FSZ structure.
It has been reported that zirconia is nitrided during flash sintering under a DC electric field [19,
26, 27]. Morisaki et al. reported that the nitridation of zirconia is possibly a result of the strongly
reduced state caused by a DC electric field [19]. The solid solution of nitrogen shown in Fig.
6(c) was observed on the negative side, suggesting that a strong reduction state occurred on the
negative side, similar to previous reports [19].

Finally, the gap indicated by arrow A in Fig. 4(a) is related to the incomplete recovery of the
crystallographic orientation on both sides of the microcrack. As for this issue, it will be

discussed later.
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4. DISCUSSION
4.1 Healing near the positive electrode
The microstructure of microcracks on the positive side after flash healing is similar to that

typically observed at the center of the single crystals [8]. As shown in Fig. 3, the microcrack

was not completely healed, and numerous pores were present along the original microcrack.
These pores are flat and have a near-rhombic shape comprised of (111) and (111) side planes

and (110) basal planes. These planes are consistent with the low surface energy planes reported
for FSZ [23,24]. After healing, the crystals on both sides of the microcracks were completely
recovered to their original single-crystal orientation.

Figure 7 shows the healing ratio estimated from a sum of pore diameters along the healed
microcrack, including previously reported data (see the schematic inset in Fig. 7 for the
calculation method of the healing ratio) [8]. The results on the positive side are indicated by a
red dot in the plot. The healing ratio was approximately 55%, which is similar to that obtained
under the other conditions shown in Fig. 7. Considering that the crystallographic orientations
on both sides of the microcracks are completely restored to that of the original single crystal,
the pores formed in the early stages of healing must undergo lattice diffusion to subsequently
annihilate. In the case of polycrystalline FSZ, grain boundary diffusion, which is faster than
lattice diffusion, effectively serves as a diffusion pathway for pore annihilation. However, in
single crystals, the pore must undergo lattice diffusion, and the annihilation rate inside the
crystal, far from the surface, is extremely small. At this time, only the change in the distribution
of pore diameter due to Ostwald ripening is noticeable, and the decrease in its total volume is
slow. As shown in Fig. 7, the healing ratio does not change significantly, even on the positive
electrode side where the sample temperature is considered to be higher [9].

4.2 Healing near the negative electrode

The microstructure on the negative side was significantly different from that of healed

11
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microcracks reported previously [8,21]. As mentioned above, the solid solution of nitrogen on
the negative side is indicative of a strongly reduced state there. The existence of oxygen
vacancies corresponding to this strongly reduced state may be involved in the microstructure
formation on the negative side. Although the microstructure on the negative side cannot be
strictly discussed at this time, it is inferred as follows.

4.2.1  Numerous arrays of rectangular laminate pores

Figure 8(a) and (b) shows the SEM and bright-field transmission electron microscopy (TEM)
images of the area just below the indent on the pristine sample, in which the thin TEM foil was
cross-sectionally obtained by FIB. As shown in Fig. 8(a), many curved line contrasts are
observed in the area just below the indent (white arrows). These line contrasts are similar to
those shown in Fig. 4(a) (arrow D). The TEM bright-field image (Fig. 8(b)) taken from this area
shows no microcracks in the field of view, and a densely formed dislocation structure is
observed [28,29]. In this dislocation structure, linear contrasts can be seen near tangled
dislocations (white arrows in Fig. 8(b)).

The microstructural morphology with an array of pores shown in Fig. 6 may appear similar to
that with a row of pores after healing, as shown in Fig. 3. However, as shown in Fig. 8, there
were no additional microcracks in the area below the indent in the pristine sample. In other
words, the linear contrast shown in Fig. 6, in which many rectangular laminate pores are
arranged, is not the microstructure formed by the healing of microcracks.

The formation of numerous arrays of rectangular laminate pores along curved lines may be
due to the trapping of oxygen vacancies in a severe reduction atmosphere. Oxygen vacancies
are trapped and accumulated at the dislocations, and the accumulated oxygen vacancies may
have aggregated with each other under the flash state to form rectangular laminate pores, as
shown in Fig. 6(b). Furthermore, because these pores exist inside the single crystal, it is difficult

to annihilate the pores after accumulation. This condition is similar, for example, to the
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remaining pores observed in the healed area shown in Fig. 3. This characteristic pore structure
on the negative side cannot be observed on the positive side (Fig. 3) or in the central area. These
results indicate that the high-density dislocations generated during Vickers indentation are
quickly recovered during healing, except on the negative side. In other words, delayed recovery
of dislocations by oxygen vacancies is characteristic of the healing process on the negative side.
This delay may prevent the complete recovery of the original crystallographic orientation,
resulting in the linear gap that remains along the original microcrack, as indicated by arrow A
in Fig. 4(a).
4.2.2 Healing behavior on the negative side

On the negative side, it has been reported that mass diffusion is enhanced due to the formation
of oxygen vacancies. For example, Qin et al. examined the grained structure obtained during
flash sintering and reported that the grain size increases in the vicinity of the negative electrode
[12]. Dong et al. presented theoretical calculations showing that the diffusion barrier of cations
in the vicinity of oxygen vacancies is decreased [30, 31]. Considering these reports, it is
reasonable to assume that the healing rate of microcracks increases on the negative side. This
can be inferred from the fact that the remaining pores in the healed area on the negative side
are very fine, as shown in Fig. 5(c). However, the depth at the tip of the Vickers indent after
flash healing is deepest on the negative side, as shown in Fig. 2, suggesting that the degree of
healing on the negative side was less than that in the center and on the positive side. In other
words, the healing rate is faster on the negative side, but the resulting degree of healing is less.
This phenomenon is related to the delayed dislocation recovery described above.

For a microcrack formed on a single-crystal surface by indentation, the microcrack inside the
crystal remains open owing to the presence of numerous dislocations generated in the plastic
deformation region [28, 29]. To heal the microcracks, these dislocations must first be recovered,

before the microcracks can close. After that, their inner surfaces must come into contact to

13



©CO~NOOOTA~AWNPE

initiate bonding by diffusion [32, 33]. As previously mentioned, during this initial healing
process, dislocation recovery only occurs partially on the negative side. The microcracks cannot
be completely closed because the generated strain prevents healing. The delay in dislocation
recovery is likely caused by the oxygen vacancies formed on the negative side, as shown in Fig.
6. Although a sample temperature difference occurs in the region near the positive/negative
electrodes when a DC electric field is used [9], the observed post-healed histological features
on the negative side are considered a characteristic phenomenon that occurs near the negative
electrode, rather than a phenomenon caused by the temperature difference.

Morita et al. investigated flash healing using polycrystalline FSZ and reported that the degree
of healing did not depend on indent positions with respect to the positive/negative electrodes
[7]. This may be attributed to the presence of grain boundaries that act as pathways for diffusion.
As a result, the high recovery rate did not cause a positional dependence. Moreover, the
dependence of the indent position may emerge when the grain size of the FSZ polycrystal

becomes sufficiently large.
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5. Conclusions

Microcracks were generated using Vickers indentation on (001) surfaces of FSZ single crystals
and then flash healed using a DC electric field. The microstructures near the positive and
negative electrodes were analyzed by STEM. The results are outlined as follows.
(1) In the flash-healed microcracks near the positive electrode, the crystal orientations on both
sides of the microcrack were completely recovered, exhibiting the original single-crystal
orientation. Many residual pores corresponding to the unhealed state were observed along the
original microcrack location. These pores had a rhombic shape with {111} side and (110) basal
planes, which correlate with a low surface energy in FSZ. This morphology was similar to those
previously obtained in the microcracks at the center position between the electrodes of the
samples after flash/thermal healing.
(2) The microstructure of the flash-healed microcracks near the negative electrode was
significantly different from that obtained near the positive electrode and at the center position
between the electrodes. Very small residual pores were dispersed in the crystal interior in the
vicinity of the original microcrack location, and numerous dislocations were observed around
the healed microcrack. In addition, a linear gap existed along the healed microcrack. The degree
of healing was lower on the negative side than on the positive side. Furthermore, the
crystallographic orientation on the two sides of the microcrack was not completely recovered.
The decrease in the degree of healing was ascribed to the insufficient recovery of dislocations
generated during the early stage of the healing process. The delayed recovery of the dislocations
was likely related to the increased concentration of oxygen vacancies in the region near the

negative electrode.
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FIGURE 1

(c) Negative

Schematic illustrations showing the (a) positions of Vickers indents on the (001) surface of FSZ

single crystals with crystallographic orientation, (b) preparation of the thin STEM foil, and (c)

an optical micrograph showing a pristine Vicker indent near the negative electrode.
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FIGURE 2

Surface structures and height profiles of flash-healed Vickers microcracks: (a), (d), (g) near the
positive electrode, (b), (e), (h) at the center, and (c), (), (i) near the negative electrode. SEM
images of (a)-(c) show flash-healed Vickers indents, and (d)-(f) show magnified images around

the edges of indents. Height profiles of (g)-(i) were measured along the white lines indicated in
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FIGURE 3
Microstructure of flash-healed microcrack near the positive electrode: (a) HAADF-STEM
image, (b) SAD patterns that include both crystal sides along a row of pores, and a (c) magnified

HAADF-STEM image of the pores.
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FIGURE 4

Microstructure of a flash-healed microcrack near the negative electrode: (a) HAADF-STEM
image, (b) SAD patterns that include both crystal sides along a row of pores, (c) magnified
diffraction spot of —224, and a (d) schematic illustration showing the angle between the 002

and —220 diffraction spots.
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FIGURE 5
HAADF-STEM images taken from the areas indicated in Fig. 4(a): (a) and (b) from arrow B,
and (c) and (d) from arrow C. A white box in (d) shows a scan area for EDS measurement that

will be presented in energy dispersive spectrometry profile 2 of Fig. 6(c).
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FIGURE 6

(@) and (b): HAADF-STEM images taken from the structure with a curved liner contrast
indicated by arrow D in Fig. 4(a).

(c) Energy dispersive spectrometry profiles of 1) the white box area shown in Fig. 6(b), 2) the
white box area shown in Fig. 5(d), and 3) the area about 50 nm away from the white box shown

in (b) (crystal inside).
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FIGURE 7

Schematic illustration showing how to estimate the healing ratio, and a plot showing healing
ratios of flash-healed microcracks near the positive electrode (red dot) and indents at a center
between the positive/negative electrodes (black dots)*”). Sample temperatures were calculated

based on the volumetric power dissipations during flash healing.
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FIGURE 8

SEM image showing (a) a cross-section of the area below the indent of a pristine Vickers indent
sample, and (b) a bright-field TEM image showing dislocations formed in the area below the

Vickers indent.
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Plots showing the (a) power dissipation

during flash healing®”.
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and (b) sample temperature versus processing time
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FIGURE S2

(a) SEM image and (b) height profile taken from a pristine Vickers indent?V.
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