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Healing behavior of microcracks on the surface of yttria-stabilized polycrystals

using an ultrafast high-temperature sintering method
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Abstract

A technique to heal microcracks on ceramic surfaces in a relatively short time is an
attractive proposition for extending the lifetime of ceramics. To this end, we used the
ultrafast high-temperature sintering (UHS) method, which permits a rapid temperature
increase, to heal Vickers indentation microcracks generated in a 4 mol% Y203-doped
ZrO2 polycrystal. We examined the microstructure following microcrack healing using
transmission electron microscopy and scanning electron microscopy with continuous
focused ion beam slicing along the microcrack plane. This revealed that the microcrack
healing process involves crack pinching and neck formation, followed by the growth of
the neck. The microcracks were fully healed at the surface by UHS treatment at 2000 °C
for 20 s. However, residual pores corresponding to the unhealed state were observed
inside the material. We hypothesized that these pore residues were caused by significant
grain coarsening during UHS. It is essential to optimize the UHS temperature and time to
account for grain coarsening and facilitate the application of this method to microcrack

healing.
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1. Introduction

Most ceramics exhibit brittle fracture behavior resulting from crack propagation [1].
The presence of surface microcracks can greatly limit the lifetime of ceramics. Therefore,
the healing of surface microcracks is considered to be one of the most effective ways to
extend the lifetime of ceramics [2]. The healing of microcracks in ceramics has long been
performed by heat treatment, which needs long-term treatment at high temperature. To
achieve healing effectively at low temperatures and in a short time, novel techniques have
been developed. These include self-healing techniques, which heal surface microcracks
using chemical reactions of glass-forming phases caused by healing aids [3,4], and anodic
oxidation techniques, which heal microcracks at room temperature by electrochemically
treating a pre-dispersed metallic phase [5]. The major advantage of these methods is that
they can heal microcracks at the operating temperature of ceramics or at room temperature.
However, to achieve healing using these techniques, the dispersion of a second phase to
promote healing (i.e. a healing aid) is essential. This makes it necessary to adjust the
composition and microstructure of the ceramic.

Morita et al. developed a flash healing method using a flash event [6-8], which, in
contrast with the aforementioned methods, does not require modification using healing
aids to achieve microcrack healing in a short time. This method uses a steep power spike
caused by the flash event when an oxide ceramic is heated under an electric field above a
threshold value, which even enhances mass diffusion over a very short time [9-14]. For
example, they applied a flash healing method to Vickers indentation microcracks on the
surface of stabilized zirconia polycrystals (8 mol% Y203-ZrO:) as a model material and
investigated the microcrack healing behavior under the flash event [6-8]. The degree of
healing under an electric field of 50 V/cm was approximately 200 times higher than
without the application of the electric field and heat treatment [7].

Recently, the ultrafast high-temperature sintering (UHS) method was developed [15].
This method uses carbon felt with a low heat capacity as the heating source, enabling
temperatures to be raised to as high as 2000 °C in a few seconds. The UHS method has
been widely applied to several high-temperature processing [16] owing to its advantages
a short sintering time [17, 18] and/or suppression of volatile decomposition [19]. Using
the UHS method, it is expected that the healing time of microcracks on ceramic surfaces

can also be completed in a short time even in the absence of an electric field. In this study,
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we applied the UHS method to heal Vickers indentation microcracks generated on a
surface of partially stabilized zirconia doped with 4 mol% Y203 as a model ceramic [20].

We discuss the effectiveness of the UHS method as a microcrack healing technique.
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2. Materials and Methods

4 mol% Y203-doped ZrO; (4YSZ) sintered polycrystals were used for UHS treatment to
heal Vickers microcracks. Commercially available 4YSZ powder (Toso Co., Ltd., Japan)
was used as the raw material. Green compacts with dimensions of approximately 3.5 %
3.5 x 15 mm?® were fabricated by a conventional pressing method, including a cold-
isostatic press. After pressing, the green compacts were sintered in air at 1400 °C for 3 h
using an electric furnace, in which the relative density of the sintered compact was
approximately 99%.

The samples used for microcrack healing were machined from the sintered compacts to
dimensions of 3 x 3 x 0.5 mm?, in which the planes with 3 x 3 mm? were mechanically
polished to a mirror state using a diamond slurry. After polishing, to remove the residual
stress caused by mechanical polishing, the polished samples were annealed at 1100 °C
for 0.5 h in air according to a previous report [6]. The average grain size of the sintered
4YSZ polycrystal was approximately 0.41 pm. The microcracks were generated on the
mirror-finished surfaces by the indentation method using a micro-Vickers indenter (Via-
S, Matsuzawa Co., Ltd.) at a load of 1000 gf applied for 15 s.

After indentation, the samples were treated using the UHS method with a hand-made
apparatus, as illustrated in Figure 1(a). Copper electrodes, to which carbon felt (GF-20-
2FSH, Nippon Carbon Corp.) were fixed, were installed inside the vacuum chamber. The
samples were inserted in the space between the upper and lower carbon felt, as shown in
Fig.1 (a). Electric power to the carbon felt sheets was supplied by a direct current (DC)
power supply (PWRI1201ML, Kikusui Electronics Industries, Ltd.,) in a current-control
mode. The surface temperature of the upper carbon felt was measured using a radiation
thermometer (FTKX-TNE0240-0500H101-000, Japan Sensor Corp.). The current in the
carbon felt was computer-controlled, and the current and surface temperature of the
carbon felt during UHS treatment were recorded with a data logger. The sample
temperatures (inside temperature between upper and lower carbon felts) were calculated
using simulation software that uses the finite element method (Autodesk Inventor
Professional 2025, Autodesk Inc.). For this purpose, the parameters of thermal
conductivity and specific heat of the carbon felts were set during the simulation so that
the surface temperature of the upper carbon felt measured with a radiation thermometer

would match the calculated temperature obtained in the simulation (Fig. 1(b)). The
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accuracy of these settings was confirmed using the melting point of platinum wire inserted
at the space used for sample setting between upper and lower carbon felts. Based on these
settings, the temperature between the two carbon felt (sample temperature) was calculated,
as shown in the colored lines labeled with 1600, 1800, and 2000 °C in Fig. 1 (b). The time
from the onset of the temperature rise to the end of UHS treatment was varied in the range
of 5-20 s for sample temperatures of 1600—2000 °C, and the rate of temperature rise
during UHS treatment was approximately 2000 °C/min. The holding time at the
maximum temperature was 0—15 s.

The surface morphology in the vicinity of the indents was observed using an optical
microscope (Nikon Corp. ECLIPSE LV100ND) and a scanning electron microscope
equipped with a focused ion beam (FIB-SEM; MI4000L, Hitachi High-Tech Corp.) under
a low acceleration voltage of 1 kV. For the sample treated with UHS at 2000 °C for 5 s, a
series of SEM images was captured using continuous FIB slicing, with slices taken every
15 nm in thickness. In addition, the microstructure along a healed microcrack inside the
sample treated with UHS at 2000 °C for 20 s was observed using scanning transmission
electron microscopy (STEM, ARM-200FC, JEOL Ltd.) at an acceleration voltage of 200
kV. STEM thin foils were prepared using FIB-SEM. FIB pick-up was conducted to allow

STEM observation in the direction parallel to the original microcrack plane.

3. Results

Figure 2 shows SEM images taken from (a) a Vickers indentation on the sample surface,
(b) a microcrack that generated from the corner of the indentation, and (c) an enlarged
image of the dotted white rectangular area shown in (b). As shown in Fig. 2(a), the
microcracks propagated roughly in a straight manner from the corner of the indentation.
The average length of the microcracks, [,, was approximately 19.8 pum, and the average
diagonal length of the indentation, a, was approximately 26.7 um. The fracture
toughness, Kic, and Vickers hardness, Hv, from the Vickers indentation method were

obtained using the following equations [21]

E 0-5 P
Kic = 0.016 (—) (—)
IC Hy cl5

P
H, = 0.1891 (;)
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where E is Yang’s modulus, c is the half-length of the averaged microcrack length (Fig.
2(a)), a is the averaged diagonal length of indent (Fig. 2(a)), and P is the load of the
indentation. For the value of E, 205 GPa, which has been reported previously for 4YSZ
polycrystals, was used [22]. The fracture toughness and Vickers hardness were calculated
to be 1372 N/mm and 3.53, respectively. These values were approximately comparable
to those previously reported for 4YSZ polycrystals [22].

As shown in the magnified image in Fig. 2(c), microcracks on the surface propagated
mainly along the grain boundaries, but also within the grains for the larger grains. The
microcrack width decreased from approximately 200 nm near the indentation to the
microcrack tip. The morphology of the microcracks produced by the Vickers indentation
test was almost similar to that reported previously [6-8,23].

Figure 3 shows SEM images of the microcrack surface after UHS treatment at 2000 °C
for 5-20 s. Here, the UHS treatment time is described as the time from the start of the
sample temperature rise to the end of treatment (Fig. 1(b)). Figure 3(a) shows the
microcracks before UHS treatment (Fig. 2(b)) for comparison, in which the microcrack
length was approximately 21 um. After UHS treatment at 2000 °C, the microcrack length
decreased with treatment time. The microcracks were almost completely healed on the
surface even after a treatment time of just 20 s (Fig. 3(d)), including the time required to
raise the temperature from room temperature to the UHS treatment temperature.

Figure 4 shows the healing ratio for treatment at 1600-2000 °C as a function of

treatment time. The healing ratio, H; is defined as [6]:

_Al_(lo_lt)
Tl o

where [, and [, are the length of microcrack before and after UHS treatment,

Hy

respectively, and Al = (ly — ;) (see Fig. 3(a) and (b)). The healing ratio increased in
all cases with UHS treatment temperature and time (Fig. 4).

Figure 5(a) shows SEM images of the FIB-sliced surface near the microcrack of the
sample treated at 2000 °C for 5 s, and Fig. 5 (b—h) shows a series of SEM images obtained
through continuous FIB slicing, with each slice approximately 15 nm in thickness.
Continuous FIB slicing was performed from approximately 5 um from the corner of the
indentation (indicated by the white triangle in Fig. 3(c)) and in the direction of the

indentation. The image in Fig. 5(a) is rotated 90 degrees to show a wide field of view.
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After 5 s of UHS treatment, microcracks were healed in the vicinity of the sample surface
(white arrows in Fig. 5(a)), but remained in the wide area inside the sample with their
width decreasing from the near the surface to the interior. The cross-sectional images in
Fig. 5(b)—(h) were obtained from the area indicated by the white dotted square in Fig.
5(a). These images confirm that the microcrack healing process was caused by neck
formation due to crack pinching between the inner surfaces of the microcrack and the
growth of the neck. For example, near arrow A in Fig. 5(d), the microcrack is open, but
near arrow A in Fig. 5(c), it’s inner surface on the right side protrudes convexly toward
the opposing inner surface to form a neck. This contact between microcrack surfaces
during the healing process is similar to the microstructure previously reported as “crack
pinching” [24,25]. At arrow A in Fig. 5(b), the neck area formed by the convex overhang
grew. The process of neck formation by crack pinching and its growth were also
confirmed from the microstructural changes in the areas indicated by arrows B and C.
Arrow B in Fig. 5(h) shows the contact point of the microcrack inner surfaces as described
above (similar at arrow A in Fig. 5(c)). From this point, the neck can be seen to grow in
the direction of arrow C in Fig. 5(g) to (c). This neck growth is caused by the small
curvature at the neck, which is a similar phenomenon to that observed in the sintering
process [26]. As a result, an isolated pore is formed at the location indicated by arrow D
in Fig. 5(b). Similar healing processes can be observed at the locations indicated by arrow
E and F. The results in Fig. 5 suggest that microcrack healing using UHS treatment
progresses by neck formation and subsequent neck growth caused by convex structures
formed from the inner surfaces of the cracks.

Figure 6 shows the microstructural observation results for the sample after UHS
treatment at 2000 °C for 20 s. STEM thin foil was prepared by slicing, picking up, and
thinning from the region near the indentation corner using FIB for STEM observation in
the direction parallel to the original microcrack plane. As shown in the bright-field STEM
image (Fig. 6(a)), although the area near the surface of the microcrack had completely
healed, pores with diameters ranging from approximately 100 to 300 nm formed inside
the sample.

After UHS treatment, the 4YSZ polycrystal exhibited a tetragonal single phase with a
c/a-axis ratio of 1.01 (¢ = 0.511 nm, ¢ = 0.517 nm), as indicated in the selected area

diffraction (SAD) pattern, which was acquired to include grains on both sides of the
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aligned pores (Fig. 6(b)). The SAD pattern also revealed forbidden diffraction spots due
to the tetragonal symmetry, as indicated by the arrows [27]. This tetragonality (c/a-axis
ratio) was similar to that of previously reported for 4YSZ polycrystals [28]. The
tetragonal—cubic phase separation, which is shown in the ZrO,-Y»0O3 pseudo binary phase
diagram, did not occur after UHS treatment because of its very short duration even at
2000 °C [29, 30]. No separation or elongation were observed in the diffraction spots in
the SAD pattern of Fig. 6(b). This confirms that the grains on both sides of the residual
pores were completely aligned in a single-crystal orientation relationship. In addition, the
residual pores were observed to be a hexagonal shape with a specific crystalline habit
plane (Fig. 6(c)). The habit planes in the pores remaining inside the sample after UHS
treatment are similar to those of the residual pores after the healing of microcracks formed
on the surface of a zirconia single previously [31, 32]. From the SAD pattern (Fig. 6(b)),
we confirmed that the habit planes constituting the inner surfaces of the pores were {111}
and (100) (Fig. 5(c)). Both habit planes correspond to those with lower surface energy in

cubic zirconia [33, 34].
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4. Discussion

We previously investigated the thermal healing behavior of Vickers indentation
microcracks generated on the (001) surface of zirconia single crystals [35]. We found that
this healing process involves the recovery of high-density dislocations introduced during
Vickers indentation. Dislocations that open microcracks are recovered with heat treatment,
which releases the stress that opens the microcracks. The microcracks then closes by the
recovery of dislocations. As the microcracks close, their inner surfaces come into contact
with each other, forming a neck at the contact points. After that, microcrack healing
proceeds by neck growth during heat treatment.

For polycrystalline materials, microcracks cannot be completely closed at high
temperatures because of the complexity of the microcrack morphology. The healing
process is schematically shown in Fig. 8. When an open microcrack is heated to a high
temperature, its inner surface destabilizes and changes to a convex shape, subsequently
making contact with the opposing inner surface of the crack (black arrows in Figs. 8(b)
and 8(d)) [36, 37]. This phenomenon is called crack pinching, which contributes
significantly to the formation of the neck in the early stages of healing [24, 25, 38]. After
the neck is formed, healing proceeds by neck growth (arrows in Fig. 8(c—e)) similar to
the process described above. As shown in Fig. 5, a healing process of crack pinching,
neck formation, and neck growth can be considered to take place under UHS treatment.

One of the characteristics of the UHS method is its rapid temperature rise, which likely
enhances mass diffusion. For example, there is significant densification during UHS
despite its extremely short time [15-18]. In one study, Guo et al. found that the activation
energy of sintering decreases during UHS, as revealed by their master-sintering curve
analysis [39]. They described that the enhancement of mass diffusion during UHS is
related to a non-equilibrium state at grain boundaries caused by rapid heating. This non-
equilibrium state they claimed can be considered to have an significant influence on the
rate of grain growth during UHS treatment. In the present study, the grain size rapidly
increased from approximately 0.41 to 75 um upon treatment at 2000 °C for 20 s (see a
grain size shown in Fig. 3(d)). For example, in a study of grain growth behavior of 8YSZ
polycrystals, Yoshizawa et al. found that the grain size increased only from approximately
7.5 pm to approximately 20 um, even after heat treatment at 1800 °C for 12 h [40]. This

grain growth rate is much smaller than that observed in the present study for UHS
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treatment. The rapid surface healing of UHS treatment is inferred to be caused by the
effect of enhanced mass diffusion during the rapid temperature increase, which Guo et al.
claimed [39].

Complete healing of microcracks requires the eventual annihilation of the isolated
pores generated by neck growth. We previously reported that annihilation of these pores
is closely related to the distance between the pores and the grain boundaries in 8YSZ
polycrystals [7]. The degree of healing decreased with increasing grain size, with healing
being approximately one-tenth as effective for a grain size of 5.4 um as for a grain size
of 0.8 um. The decrease in the degree of healing with coarser grains is due to the greater
distance for slow lattice diffusion, which is necessary for pore elimination. Therefore, for
polycrystals with coarse grains, the pores near grain boundaries are easily annihilated, but
those inside the grains tend to remain. As shown in Fig. 5, even under conditions where
microcracks were completely healed on the surface, residual pores corresponding to the
unhealed state were observed inside the sample. This is because the grain size of the
sample increased significantly to approximately 75 um after UHS treatment. To apply
UHS treatment to microcrack healing, it is essential to optimize the UHS treatment

conditions, considering the grain growth rate.
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5. Conclusions

We used the UHS method to heal Vickers microcracks formed on the surface of 4 mol%
Y203-ZrOs polycrystal samples. We investigated the dependence of the degree of healing
and the microstructure of the healed microcracks on the UHS treatment temperature and
duration. The main findings are as follows.
1) After UHS treatment at 1600—2000 °C for 5-20 s, microcracks were healed, with a
higher degree of healing observed at higher temperatures and for longer treatment times.
At 2000 °C for 20 s, the microcracks on the sample surface were almost completely healed.
2) Continuous FIB slicing revealed that microcrack pinching occurred during the early
stages of healing, where part of the inner microcrack surface transformed into a convex
shape, creating a neck that made contact with the opposing inner surface of the crack.
Microcrack healing by UHS treatment can be considered to proceed by the successive
processes of crack pinching, neck formation, and neck growth.
3) The surface was completely healed by UHS treatment at 2000 °C for 20 s. However,
residual pores with diameters ranging from 100 to 300 nm remained inside the sample.
These pores were hexagonal in shape surrounded by low-surface-energy habit planes. We
attribute the residual pores to grain size coarsening caused by UHS treatment. To
effectively apply UHS treatment for microcrack healing, it is essential to optimize the

treatment conditions while accounting for the grain size coarsening.
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FIGURE 1 (a) Schematic illustration of the set-up for UHS treatment. (b) Measured and

simulated temperatures at the surface of the upper carbon felt, and the simulated sample

temperature (a space between upper/lower carbon felts where samples are inserted) as

functions of time.
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k.

FIGURE 2 SEM images of (a) a pristine Vickers indentation, including microcracks
formed from the corners of the indentation, (b) a microcrack, and (c) a magnified
microcrack at the area indicated by the white dotted box in (b). The white triangles
indicate the tips of the microcracks. The notations 2¢, a, and /o in (a) are described in the

text.
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FIGURE 3 SEM images of microcracks from (a) a pristine Vickers indentation and (b—d)
samples after UHS treatment at 2000 °C for 5, 10, and 20 s, respectively. The white
triangles indicate the tips of the microcracks. The notations /o and / in (a) and (b) are

described in the text.
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FIGURE 4 Healing ratio, H, after UHS treatment at 2000 °C (red dots), 1800 °C (blue
dots), and 1600 °C (orange dots) as a function of time.
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Surface
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FIGURE 5 (a) SEM image showing a wide field of view of a microcrack in the sample
after UHS treatment at 2000 °C for 5 s. (b—h) SEM images acquired every 15 nm in
thickness by continuous FIB slicing. These images were taken from the area indicated by

the white dotted box in (a). Note that (a) is rotated 90 degrees to the left.
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Surface

FIGURE 6 (a) BF-STEM image of a healed microcrack of after UHS treatment at 2000 °C
for 20 s. (b) SAD pattern including crystal regions on both sides of a row of residual pores.

(c) Magnified BF-STEM image of a residual pore.
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FIGURE 7 Schematic illustration of the microcrack healing process during UHS

treatment.
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