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ARTICLE INFO ABSTRACT

Keywords: Yttria-stabilized zirconia (YSZ) is a fine ceramics material that has been applied to dental implants and me-

Laser pro_cess_ing chanical components. As YSZ is a hard, brittle, and chemically stable material, that undergoes phase trans-

gan‘)f‘?b“canons formation during mechanical loading, it is difficult to fabricate nanostructures using mechanical processing
eramics

methods. In this study, a surface structuring method using a femtosecond pulsed laser was proposed, which is
effective in suppressing the mechanical loading-induced phase transformation. As the material properties of YSZ
vary with the concentration of yttria dopant, polycrystalline zirconia samples with different yttria concentrations
(2, 3, 5, and 8 mol%) were used to investigate the effect of yttria concentrations on laser processing charac-
teristics for nanostructuring. At all concentrations, nanopore generation in the surface grain was achieved by
laser irradiation near the ablation threshold. In addition, there was no significant change in the crystal structure
before and after laser irradiation, and no damage to the bulk occurred. At 2 mol%, intergranular cracks were
generated around the pores. By increasing the dopant level to 5 mol%, the lens effect of the crystal grains became
stronger due to enhanced grain growth, and the diameter and number of pores increased. In addition, pores
formed preferentially on smaller grains at 5 mol%. However, for YSZ with 8 mol%, the pore formation phe-
nomenon was different from that in the lower dopant level, as the area near the grain boundary was preferen-
tially ablated, and microcracks formation and exfoliation of the surface also occurred. These results contribute to
a deeper understanding of the laser ablation characteristics of zirconia with different dopant levels and to the
development of surface structuring methods for fine ceramics materials.

Crystal structure
Light absorption and reflection
Oxide materials

1. Introduction depending on the dopant concentration. This is because the crystalline

structure and grain size of YSZ vary depending on the dopant concen-

Zirconia-based ceramics have excellent material properties such as
low thermal conductivity, heat resistance, high hardness, and chemical
stability. Pure zirconia is usually stable at room temperature in a
monoclinic crystal structure. However, as temperature increases, the
monoclinic phase undergoes phase transformation, forming tetragonal
and cubic phases, which induces a volume change, e.g., a 4% volume
shrinkage in the monoclinic-tetragonal phase transformation. Since this
temperature-induced volume change leads to material degradation, a
small amount of metal oxide is generally added as a dopant to zirconia
for stabilization of the tetragonal and cubic phases at room temperature
in order to suppress the volume change. In particular, yttria-stabilized
zirconia (YSZ), zirconia doped with yttrium oxide, is an important fine
ceramic material used in various fields.

YSZ exhibits several distinctive material properties, which vary
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trations, resulting in changes in mechanical and optical properties. For
example, with a small amount of dopant, the material becomes a
partially stabilized YSZ with a slightly monoclinic phase in the tetrag-
onal phase at room temperature, resulting in very high strength and high
fracture toughness [1]. This is the effect of the stress-induced phase
transformation mechanism. When small cracks occur on the surface,
stress loading causes a local tetragonal-monoclinic phase transformation
with volume expansion, resulting in the compressive stress on the crack
tip inhibiting its propagation [1]. In particular, YSZ with 3 mol% yttria is
used not only for biomaterials such as dental implant materials and
artificial bones due to its special mechanical material properties and
unique aesthetic effects, but also for various mechanical and electrical
parts [2]. On the other hand, the more dopants around 8-10 mol%, the
more oxygen vacancies are formed inside the YSZ crystal, resulting in
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excellent oxygen ion conductivity [3]. Taking advantage of this prop-
erty, YSZ is attracting attention as a material for solid oxide fuel cells.
Highly doped YSZ is also used in decorative applications because of its
permeability. In summary, YSZ with different dopant concentrations
exhibits diverse characteristics and thus can be used in a variety of
applications.

Surface micro/nanostructuring can enhance and improve the surface
functionality of products such as wettability, optical properties,
biocompatibility, and friction coefficients, and is becoming increasingly
important to enhance the value of materials and applications. For
example, by forming micro/nanoscale parallel grooves and pyramid
structures, surface wettability can be controlled from superhydrophilic
to superhydrophobic, which is effective in antireflection and antifouling
properties [4]. These micro/nanoscale patterns are also effective in
controlling cell extensibility [5], improving adhesion to other materials
[6], and improving friction properties [7]. Focusing on the application
for biomaterial, Salou et al. [8] reported similar or higher osseointe-
gration on nanostructured surfaces than on microstructured surfaces for
dental implant application. In addition, nanoporous surfaces can also be
expected to improve the adsorption of substances [9] and act as a carrier
for different materials such as drug delivery systems [10] due to the
increased surface area. Thus, micro/nanostructures bring about signif-
icant functional changes to material surfaces, and especially technology
to generate nanoscale surface structures is necessary to enhance the
surface functionality of zirconia products.

These patterned structures are processed in various ways depending
on the target material and shape. There are many approaches to YSZ
processing, however, they are difficult to generate nanostructures due to
its unique material properties. For example, cutting and grinding are not
suitable for fabricating nanoscale patterns because YSZ is hard and
brittle. Sandblasting is conventionally used to make nanoscale roughed
surfaces, it can induce phase transformation due to extreme mechanical
reaction on the surface [11]. This phase transformation from tetragonal
phase to monoclinic phase by stress loading during certain machining
processes is a phenomenon unique to YSZ and is an issue that should be
avoided during the process because it decreases the material strength
and life [12]. Chemical treatments are not efficient due to its chemical
stability [13]. In addition, surface patterning by thermal laser process
has been reported due to its advantages of being a non-contact process
and independent of the material hardness. However, it is limited to
processing microstructures, and the formation of thick molten layers and
cracks due to thermal stresses has been observed [14,15].

Thus, micro/nanofabrication using an ultrashort pulsed laser is
regarded as an effective method for YSZ, because it can suppress thermal
effects, which induce damage to the bulk causing material degradation,
and allows localized processing. Many studies have reported micro-
structuring by ultrashort laser pulse irradiation on zirconia. Delgado-
Ruiz et al. [16] fabricated microgrooves and micropore structures on the
surface of dental zirconia. They showed that a precise, minimally
damaging ultrashort pulsed laser is an interesting alternative to con-
ventional zirconia microfabrication methods. Stanciuc et al. [17]
fabricated micropits with micrometric precise and defined edges and
succeeded in creating multi-patterned YSZ. The authors also achieved
precise micropyramid structure patterning by combining micro V-sha-
ped grooves [18]. However, there have been few reports on nano-
structures, especially nanoporous structures, except nanoscale
structures known as laser-induced periodic surface structures (LIPSS)
[19], as per the author’s best knowledge.

In our previous study, we proposed a novel method for generating
nanopores in the YSZ surface using femtosecond pulsed lasers [20]. By
irradiating YSZ with 3 mol% yttria with laser pulses at very low power,
numerous pores with depths of several hundred nanometers could be
fabricated in the surface grains. However, the polycrystalline YSZ with
different yttria concentrations have different crystal structures, resulting
in changes in grain size, optical properties such as refractive index, and
thermal conductivity, which affect the interaction of laser beam and
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material during laser processing. For example, Heiroth et al. [21]
investigated ablation characteristics in the pulsed laser deposition (PLD)
process and revealed the ablation phenomena were significantly
different between YSZ with 3 mol% and 9.5 mol% yttria. However, this
experimental condition is different from the phenomena that occur
during nanopore generation at very low laser power. Cui et al. [22]
performed femtosecond pulsed laser irradiation to fabricate ultra-sharp
V-notch on 3Y-TZP and 8Y-FSZ. They mainly focused on the strength
evaluation of the material but did not have enough discussion about the
ablation characteristics of each sample. Up to date, the femtosecond
pulsed laser nanofabrication characteristics of zirconia with different
yttria concentrations still remain unclear.

In this study, polycrystalline zirconia with different yttria concen-
trations were used to investigate the effect of yttria concentration on
laser processing characteristics during nanofabrication by femtosecond
pulsed laser irradiation. Differences in fundamental characteristics of
nanopore formation of each sample were explained by differences in
intragrain light focusing effects due to the crystal structure and grain
morphology. Furthermore, the laser-induced change in the crystal
structure of YSZ was evaluated. This study aims to deepen understand-
ing of the phenomena of nanopores generation in YSZ, and thus provide
an approach for various fields in the industry to enhance surface
functionality.

2. Experiments

An Yb: KGW laser (PHAROS-08-600-PP, Light Conversion, UAB,
Lithuania) was used in this study. It has a laser wavelength of 1028 nm, a
pulse width of 256 fs, and a repetition frequency of 100 kHz. The laser
beam had a Gaussian energy distribution and was linearly polarized. A
Schematic of the optical system is shown in Fig. 1. The scanning of the
laser beam was controlled in the X- and Y-axis by a galvanometer
scanner system, and WinLase Professional software was used to create
laser motion programs. The laser beam was focused onto the workpiece
surface on the precision stage by an f0 lens. The focal length was
approximately 70 mm, and the laser spot diameter was adjusted to
16-20 um at the focal point. After the laser power was controlled with
the laser oscillator and the attenuator, the laser beam was scanned in a
line in the air. Table 1 summarizes the experimental parameters. For
nanopore generation, the parameters were set according to our previous
study [20]. To minimize the thermal effect during the laser process, the
minimum pulse width (256 fs) of the laser system was used. The laser
power was varied in a wide range with 50 mW increments to be near the
ablation threshold of zirconia as it is highly dependent on nanopore
formation. In this study, the scanning speed was set to 1000 mm/s (the
pulse overlap rate of ~0%) to make the interval distance between
adjacent irradiated pulses onto the sample wider to generate nanopore
clear and avoid the removal of the top layer.
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Fig. 1. Experimental setup of laser optical system.
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Table 1

Experimental conditions.
Laser medium Yb: KGW
Wavelength [nm] 1028
Spot size [pm] 16 - 20
Pulse width [fs] 256
Repetition frequency: f [kHz] 100
Scanning speed: v [mm/s] 1000
Laser power: E [mW] 200 - 600
Laser fluence: F [J/cm?] 1.0-3.0
Number of scans: N 1
Atmosphere Air

Fully sintered YSZ polycrystalline containing 2 mol% (2Y), 3 mol%
(8Y), 5 mol% (5Y), and 8 mol% (8Y) Y203 (Tosoh Corp., Japan) was
used as workpieces. 2Y, 3Y, 5Y, and 8Y were manufactured by sintered
at 1450 °C, 1300 °C, 1450 °C, and 1350 °C for 2 h, at a constant heating
rate of 100 °C/h, respectively. The sintered samples were rectangular-
shaped plates with dimensions of 10-20 mm x 10-20 mm x 2-3 mm.
Since nanopore formation is highly dependent on the surface grain
shape and is formed by the light-focusing effect within the grains due to
the convex shape of the grains [20], unpolished samples were used. All
samples were cleaned with ethanol and acetone and dried with air spray
before laser irradiation.

The average grain size of the sample was measured by the plani-
metric method [23], and the surface roughness was measured by a laser
probe profilometer (MP-3, Mitaka Kohki Co., Ltd, Japan). An atomic
force microscope (AFM, SPM-3, Hitachi High-Tech Corp., Japan) was
used to measure the three-dimensional surface topography of the sam-
ple. The optical properties of the sample were measured by a
UV-visible-NIR spectrophotometer (UV-3600 Plus, Shimazu Corp.,
Japan).

After the irradiating laser, the surface morphologies of the samples
were observed using a field-emission scanning electron microscope (FE-
SEM, Inspect F50, FEI Co., USA). To investigate the cross-sections of the
samples, the sample was cut by a focused ion beam (FIB) system. To
identify the material defects, a cross-section of the sample was observed
using an FE-SEM (ZEISS GeminiSEM 500, Carl Zeiss AG, Germany),
equipped with an electron backscatter diffraction (EBSD) detector
(EDAX Inc., USA). Then a transmission electron microscope (TEM,
Tecnai Osiris, FEI Co., USA) was used to observe the cross-sections. To
evaluate the crystal phase in the subsurface region, selected area elec-
tron diffraction (SAED) was used. Mapping analysis with energy-
dispersive X-ray spectroscopy (EDX) was used to clarify the distribu-
tion of the yttria dopant.

For quantitative analysis, pore size was calculated by image analysis
of the irradiated area. The brightness of the SEM images was binarized
by setting the threshold value using ImageJ software. The pores were
extracted from the images and then the pore size was calculated. For the
calculation, six SEM images of laser irradiated area with a size of
10 umx 10 um were used for each sample.

For the evaluation of the material phase structure, a laser micro-
Raman spectrometer (InVia Raman Microscope, Renishaw plc., UK),
with a laser wavelength of 532 nm and a beam diameter of 1 pm, suit-
able for local measurement, was used in a laser ablated region. For
crystallographic analysis of the bulk before laser ablation, an X-ray
diffraction (XRD) system (D8 Discover, Bruker Corp., USA), was used for
the original YSZ surface. For the evaluation of the mechanical properties
of the YSZ after laser irradiation, a three-point bending test was con-
ducted under the JIS R1601 standard. The test was conducted five times
under each condition, and the average value was obtained.
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3. Results and discussion
3.1. Pore morphology characterization

For the comparison of the nanopore generation phenomena of each
YSZ sample, line irradiation was carried out near the ablation threshold.
First, the irradiated surfaces of each sample were compared when irra-
diated at the same laser power. Fig. 2 shows the SEM images of the
irradiated surface with a laser power of 350 mW. The low-magnification
images (Fig. 2(al)-(d1)) show that the surface was processed for each
pulse because there was almost no overlap between each pulse due to
the high-speed beam scanning. In 2Y~5Y, the nanoscale pores formed at
irradiated area, however, in 5Y, the distribution of pores was different
for each irradiated area. In 8Y, the surface was processed unevenly.

From high-magnification images (Fig. 2(a2)-(d2)), in 2Y, pores
formed uniformly within a circular region, and numerous intergranular
cracks were also observed around the pores, regardless of whether they
were in the center or the periphery of the circular region. In 3Y, a few
intergranular cracks were observed. Pores uniformly formed within the
circular region, and the pore diameter tended to decrease toward the
outside, away from the center region due to the Gaussian energy dis-
tribution of the laser beam. In 5Y, pores were preferentially formed on
small grains, and relatively large grains at the center of the spot with the
highest energy were hardly processed. In addition, it was found that
some pores formed near the grain boundaries of larger grains. In 8Y, the
center of the spot was completely ablated, and the surface layer was
removed. Microcracks and small pores were observed in the irradiated
area. For further investigation of the irradiated surface of 8Y, magnified
SEM images featuring two different spots irradiated at 350 mW are
shown in Fig. 3. In Fig. 3(a), where the laser pulse was irradiated to the
8Y grain boundary gathering area, the YSZ surface was not completely
ablated and the surface layer remained. There were large microcracks
and partial surface delamination near the grain boundaries. On the other
hand, in Fig. 3(b), where the laser pulse was irradiated to the center of
the surface grain, most of the surface layer was removed. The sur-
rounding grains adjacent to the ablation-detached grain had continuous
elongated pores and cracks along the grain boundaries. On both irra-
diated surfaces, multiple very small shallow pores formed on the grains.
According to these results, it was found that pores form in each YSZ with
any of the four dopant levels, but their surface morphology is distinctly
different. Therefore, the changes in surface morphologies with laser
power were investigated in detail for each YSZ sample.

Fig. 4 shows the SEM images of the irradiated surface of 2Y with
varying laser power. The processed area increased with increasing
power. At 300 mW, few pores sparsely formed on the surface grains.
Many grain boundary spallation, i.e. intergranular cracks, was also
found in the irradiated region. By increasing the laser power to 400 mW,
pores were processed uniformly at all locations. The number of pores
and intergranular cracks increased, and a molten area was observed at
the center of the irradiated area. Over 500 mW, the original surface
layer was almost gone, and a molten surface was formed by ablation.
However, intergranular cracks were still uniformly present outside of
the irradiated area.

Fig. 5 shows the SEM images of the irradiated surface of 3Y. At
300 mW, pores were generated non-uniformly, but as in the case of 2Y,
the number of pores formed in the surface grains increased with
increasing power, and pores formed uniformly within the irradiated
area. At 400 mW, adjacent pores were connected and elongated pores
were formed. Over 500 mW, the center of the pulse was ablated entirely,
creating a molten surface. At all powers, the number of intergranular
cracks was very small compared to 2Y.

Fig. 6 shows the SEM images of the irradiated surface of 5Y. At low
power (300 mW and 400 mW), pores were partially formed and did not
correspond to the circular shape of the pulse. The number of pores
increased as the power increased, but pores preferentially formed on
smaller grains and were randomly arranged to avoid larger grains in the



Y. Yamamuro et al.

(b I}' Scanning-direction

i

10 um

el _Inrt_:rg',mﬁn_{af_
sy~ " cracks; =

cracks

5 pm

Shallow por

Surface
delamination

ey
/5

| um

‘(9-[ ) Scam.uu di t_:fiun_‘ r

Intergranular

Journal of Alloys and Compounds 980 (2024) 173596

.

Scanning di

10 um

| pm

Fig. 3. Magnified SEM images of 8Y irradiated at a laser power of 350 mW, where laser pulse was irradiated at (a) region of a dense grain boundary, (b) center of the

surface grain.

irradiated area. Compared to the pores generated in the 3Y surface, the
pore aperture edges were sharper. At 500 mW, the center of the pulse
was processed regardless of the size of the grains. 600 mW showed
multiple microcracks in the machined area.

Fig. 7 shows the SEM images of the irradiated surface of 8Y. At
300 mW, small pores were concentrated near the grain boundaries. At
400 mW and above, the surface layer was completely removed and in-
dividual pores were not discernible. The irradiated area was uniformly
machined and cracks were observed. The removed area increased with
increasing the power, and small shallow pores also formed on the sur-
rounding grains. At 600 mW, large microcracks extended over the grains
regardless of the grain boundaries in both irradiated and unirradiated
areas. Fig. 8 shows the AFM surface images of YSZ irradiated at 400 mW.
The three-dimensional topography shows that the surface topography,
including the curvature, is significantly different between the grains
with and without pores in 5Y (Fig. 8(a)). In contrast, in 8Y (Fig. 8(b)),
where the surface layer was removed, there were some grain surface
irregularities over the entire area. In 2Y, 3Y, and 5Y, many pores were
observed on the machined surface even at high ablation power, while in
8Y, uneven surfaces were formed on the entire ablated area.

To investigate the unique processing characteristics of 8Y in detail,
an EBSD analysis of the cross-section was performed. The cross-sectional
images of 8Y irradiated at 400 mW are shown in Fig. 9. From the image

quality (IQ) map (Fig. 9(a)), it was found that there were many dark
dots, corresponding to residual pores inside the grains. The inverse pole
figure (IPF) map and kernel average misorientation (KAM) map clarified
grain boundaries and revealed that there was a high density of strain
inside the grains near the surface layer of the laser-irradiated area (Fig. 9
(b), (c)). The strain extended to a depth of several micrometers inside the
grains, which may be attributed to microcracks observed in Fig. 9. Cross-
sectional observations of nanopores fabricated in 3Y surfaces in previous
studies did not show such internal defects [20], suggest that different
dopant concentrations cause different processing phenomena.

3.2. Pore size analysis

For quantitative analysis, the diameters of the individual pores
irradiated in YSZ samples with different yttria concentrations were
calculated. The distribution of pore diameters for 2Y, 3Y, and 5Y, the
conditions under which clear pore formation was observed, is shown in
Fig. 10. To distinguish between pores generated by laser irradiation
from and residual pores originally generated during the sintering pro-
cess of the ceramics, a diameter of 50 nm was used as cutoff diameters
for all dopant concentration. As the dopant concentration increased
from 2 mol% to 5 mol%, the diameter shifted gradually to larger values.
In 2Y, no pores were generated in the range of above 160 nm under this
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condition. On the other hand, in 5Y, pore size was distributed in the (3Y and 5Y) showed a significantly larger number of pores than those
entire range of 60-200 nm and there were some pores with diameter with lower concentrations (2Y). Even in 3Y and 5Y, there was a distri-
values over 200 nm. In addition, the sample with higher concentrations bution of pores on the small values with diameters of under 100 nm.
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Fig. 10. Change in pore diameter of YSZ with different dopant concentrations.

This is because the laser beam has a Gaussian energy distribution, and in
the region where the outer edge of the laser spot with low energy is
irradiated, there is less absorption and the amount of material removal
decreases. The pore diameter also increased with increasing yttria
concentration, clearly indicating that there is a difference in the inter-
action between the laser beam and the material. A detailed discussion of
this phenomenon will be given in Section 3.6.

3.3. Pore cross-sectional observation

To investigate the subsurface structural change in detail, cross-
sectional observation was performed for four different YSZ samples.
Fig. 11 shows TEM images of pores generated by laser irradiation and
SAED patterns measured around the wall of the pore, i.e., the processed
area, and at a distance from the processed area within the same grain. In
all samples, pores were formed within the zirconia grains. However, it
cannot be said that the entire pore was necessarily cut out by FIB this
time. In a previous study, a pore with a depth of about 500 nm was
formed in 3Y [20]. Thus, there is a great possibility that these pores
presented in Fig. 11 are a partial cross-section of a pore and that the pore
is much deeper. In 2Y, a perfectly regular crystal pattern was not ob-
tained at the pore wall area. This indicates the presence of a molten
surface due to localized ablation and outward ejection of material within
the grain during the nanopore generation process. On the other hand, a
clear tetragonal SAED pattern was detected immediately adjacent to the
pore. This indicates that the pore formation occurred locally within a
single grain and that most of the crystalline structure within the grain
was unaffected by the laser processing and was well preserved. A more
regular SAED pattern was detected at the 3Y pore wall than at the 2Y
pore wall. This was almost the same crystalline pattern as that obtained
in the area away from the pore within the same grain, and this pattern
indicated tetragonal crystals. In this sample, it was found that thermal
effects with melting did not occur until just at the ablation boundary of
the pore. For 5Y and 8Y, the same strong SAED pattern indicating cubic
crystal was detected at the pore wall and in the region away from the
pore, respectively. It was found that there was little or no formation of a
molten layer at the ablation boundary of the pore wall and that there
was no change in the crystal structure inside the surface grains due to
laser irradiation for YSZ with any dopant concentration.

Fig. 12 shows elemental mapping images of the cross-sections of the
pores. In all YSZs, the distribution of zirconium (Zr) was uniformly
present. As for yttrium (Y), no significant shading was observed in 2Y,
while in 3Y, yttrium was concentrated at the grain boundaries along the
contours of the pore-forming grain, indicating segregation at the grain
boundaries. In 5Y, yttrium concentration in the pore-forming grain was
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less than that in the adjacent grains. In 8Y, yttrium was uniformly
distributed independent of grain boundaries.

3.4. Material phase analysis

To investigate the possibility of phase transformation during laser
processing, the Raman spectra of the irradiated surface of YSZ with
different dopant levels were measured. Fig. 13 shows the results of the
sample surface irradiated at 600 mW. Tetragonal peaks at 147 em ! and
264 cm™! were identified on the 2Y, 3Y, and 5Y surfaces, before and
after laser irradiation. Between these tetragonal peaks, a slight increase
in the spectrum was observed at 181 cm™! and 190 cm ™! corresponding
to the monoclinic peak. A peak shift around 640 cm ™! was observed in
5Y corresponding to an increase in the cubic phase, and in 8Y, only
completely cubic peaks were observed. At all yttria concentrations, there
was no change in Raman spectra before and after laser irradiation. This
indicates that the laser-induced thermal effect is quite small and that
phase transformation to a crystal structure such as a monoclinic does not
occur, which is also consistent with the result of cross-sectional obser-
vation by TEM (Fig. 11).

In general, irradiating YSZ with a long-pulse laser causes thermal
damage due to laser-induced tetragonal-monoclinic phase trans-
formation due to temperature increase [14,24]. However, when
femtosecond pulsed lasers are used, the pulse width is much shorter than
the time it takes for heat transfer to occur, thus limiting the damage to
the irradiated area. It was found that in microstructuring, the mono-
clinic phase originally present in the sample could be almost removed
and did not induce further monoclinic phase growth in the material
around the irradiated area during femtosecond pulsed laser ablation
[16]. We also showed that the original monoclinic phase could be
further reduced by appropriately varying the laser parameters [18]. For
nanostructuring, however, there were still a few examples of phase
transformation measurements.

In this nanoscale processing, a significant increase in the monoclinic
peak was not observed after laser irradiation, and there was no phase
transformation of not only the monoclinic but also the original crystal
structure of YSZ. The results of this study indicate that regardless of the
original crystal structure, corresponding to dopant concentrations,
nanostructuring using low laser power with a femtosecond pulse does
not cause phase transformation to the sample.

3.5. Material strength test

Material strength tests were conducted to investigate the change in
material properties of YSZ after laser processing and to quantitatively
analyze the lack of damage to the bulk of the nanopore-generated sur-
face. Fig. 14 shows the change in bending strength measured before laser
irradiating and at the nanopore-generated surface in 2Y, 3Y, and 5Y, the
sample with uniformly formed pores, and 8Y. The strength of the orig-
inal YSZ is greatest at 3Y, which is consistent with the fact that the stress-
induced phase transformation strengthening mechanism is most effec-
tive at 3 mol%, and this effect is lost at higher concentrations, resulting
in a decrease in strength. The strength of the pore-fabricated surfaces
was slightly reduced in three samples (2Y, 3Y, and 5Y), but the differ-
ence was not significant based on the error range. On the other hand, 8Y
showed a slight increase in strength after laser irradiation. Although
microcracks were observed in the 8Y surface after laser irradiation, it is
assumed that the strength increased due to the compressive stresses on
the sample surface as shown in Fig. 9. This indicates that the nanopore
generation method, which adds structure only to the surface layer of the
material, is an effective method of surface nanostructuring without
significantly affecting the reduction in the bending strength of the
sample.
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Fig. 11. TEM images and SAED patterns of the cross-section of YSZ irradiated at 400 mW: (a) 2Y, (b) 3Y, (c) 5Y, (d) 8Y. (T indicate tetragonal and C indicate cubic).

3.6. Mechanism of dopant effects on laser processing characteristics

Based on the results in previous sections, the processing character-
istics of nanopores in YSZ with different dopant levels were revealed.
Nanopores are considered to be formed when an incident beam at very
low energy irradiated on surface grains passes into the interior of the
grains due to the lens effect of the convex shape of the grain surface,
resulting in a localized increase in energy and ablation within the grains.
Since the YSZ polycrystalline surface is composed of highly permeable
grains at the wavelengths of the experiment (A = 1028 nm), an increase
in local energy intensity significantly increases absorption. Therefore,
the surface grain shape and the behavior of the laser beam inside the
material are considered to be important factors in the formation of
pores.

For the detailed investigation, the topography of the exposed grains
on the surface was measured, and the results are shown in Fig. 15. 2Y

and 3Y were relatively uniform in grain size, while 5Y was composed of
small and large grains. Compared to the other samples, 8Y was
composed of very large grains, and intra- and intergranular residual
pores were noticeable on the surface. The measured average grain sizes
of each sample were 0.47 um, 0.75 ym, 1.18 pm, and 5.13 um, respec-
tively. The surface roughness of each sample is also summarized in
Fig. 16. The surface roughness showed a decreasing trend with
increasing dopant concentration, but the value increased and the range
of error increased for 8Y, possibly since the surface of one of the grains
was randomly bumpy in 8Y.

Then, the characteristics inside the material were investigated.
Fig. 17 shows the EDX map of a cross-section of the original YSZ sub-
strate. Yttrium (Y) distribution was identified by these images. yttrium
accumulation was observed along the grain boundaries of 2Y, especially
at the point where the three grains meet. 3Y showed an increased
amount of grain boundary segregation compared to 2Y. In 5Y, yttrium
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Fig. 12. Elemental mapping images of the cross-sections of the pores.: (a) 2Y, (b) 3Y, (¢) 5Y, (d) 8Y. The green-colored area corresponds to Zr, and the blue-colored

area is Y.

was uniformly distributed not only along grain boundaries but also
within grains, and there were regions of dense and less yttrium within a
single grain. In 8Y, yttrium was not accumulated at certain points, such
as grain boundaries, and was uniformly distributed within the material.
Since the crystal structure of YSZ generally changes with the dopant
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level [25], the crystal structure of the YSZ substrate was investigated.
Fig. 18 shows the XRD spectra of the original laser-unirradiated surface.
2Y and 3Y were mainly composed of tetragonal and slightly monoclinic
phases. With increasing yttria concentration, the cubic peaks gradually
increased, and monoclinic phases completely disappeared in 5Y. At
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higher concentrations, 8Y was composed only of cubic phases. These
results indicate that grains with high yttria concentration part corre-
spond to grown large cubic crystals, while those with low yttria con-
centration and small grains correspond to tetragonal and monoclinic
crystals.

Thus, YSZ polycrystals are composed of different crystal structures,
and the behavior of light is expected to depend on them. Generally, light
traveling inside polycrystalline ceramics is scattered by the following
causes: (i) scattering due to residual pores formed inside the material
during the sintering process, (ii) scattering due to segregation and pre-
cipitation of additives, (iii) scattering due to imperfections in the crystal
structure such as point defects and dislocations at grain boundaries, and
(iv) scattering at discontinuous interfaces such as grain boundaries due
to the optical anisotropy of the crystal. First, the effect of the difference
in crystal structure of zirconia on scattering was considered. In general,
the real in-line transmission T of ceramics materials is given by the
following equation [26]:

T=(—-R}e™" @

where R is the surface reflectance, y is the light attenuation coefficient,
and t is the thickness of the sample, respectively. R is given as follows:
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where n is the refractive index of the sample. For ceramics composed of a
single crystal without impurities, y corresponding to light scattering is
calculated as the sum of the scattering at the grain boundary due to
differences in refractive index (y,) and the scattering due to vacancies at
the grain boundary (y,) [26,27]:

Y=YtV 4
3n2d,An,?
Ye="—s (5)
A
6pnd,An,?
v = pT (6)

where 4 is the light wavelength, p is the porosity, dg is the diameter of
grain, and d, is the diameter of vacancy, respectively. In this study, y,
was focused on considering the behavior of light at grain boundaries
during laser processing. In Eq. (5), Ang is given as the difference between
the maximum refractive index nyq, of a crystal with birefringence and
the average refractive index ngy,, as follows:

()

Since cubic crystals, which mainly constitute YSZ with high dopant
concentration, are optically isotropic crystals, Ang = 0 and y; = 0 from
Eq. (5). Therefore, assuming no vacancies inside the ceramics, there is
no scattering at the interface in the cubic crystal. On the other hand,
tetragonal (and monoclinic) crystals within YSZ with low dopant con-
centration are anisotropic crystals, so Ang has a value and light attenu-
ation occurs due to scattering inside the material. However, it should be
considered that residual pores, yttria dopant segregation, and lattice
defects at grain boundaries also cause scattering in the actual sample.

To discuss the optical properties of actual YSZ samples, Table 2
summarizes the measured transmittance (T) and reflectance (R) at the
wavelength of 1028 nm used in this study for the experimental samples.
The absorption rate was also calculated using these values and the Eq. 1-
T-R. The transmittance of the YSZ substrate increased with increasing
dopant from 2 mol% to 5 mol%. This is due to an increase in the ratio of
isotropic cubic crystals, which results in higher transmittance of light
passing within a single grain and between adjacent grains. In addition,
the increase in grain size reduces the number of grain boundaries, which
is thought to reduce the effects of intergranular scattering and absorp-
tion of incident light. On the other hand, the transmittance of 8Y, which
has the highest cubic crystallinity among the four YSZ samples and
should theoretically show the highest transmittance, decreased signifi-
cantly. This could be due to scattering from residual pores in the ma-
terial identified in Fig. 9 and Fig. 15(d1). During the sintering process of
zirconia, some residual pores are entrapped in the process of crystal
growth. By controlling the sintering conditions and doing HIP treatment
for post-process, residual pores that remain at the grain boundaries can
be removed, but intragranular pores cannot be removed. Although some
residual pores were also present in 2Y, 3Y, and 5Y, residual pores were
very noticeable in 8Y, which may have affected its ablation
characteristics.

According to these results, nanofabrication characteristics were
considered. Schematics of the difference in laser irradiation behavior of
each sample are summarized in Fig. 19. From the experiment, the pore
diameter and number of pores increased in the order of 2Y, 3Y, and 5Y,
suggesting that the increase in grain size with concentration promotes
the lens effect for the pore generation. The larger grains increase the
amount of energy that can be focused inside the grain due to the lens

Ang = Nmax — Nave
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Fig. 16. Surface roughness of original YSZ surface.

effect, which is thought to increase the amount of removed material by
ablation within the grains, resulting in a larger number and diameter of
pores. In addition, 2Y is more susceptible to the relative increase in the
number of grain boundaries due to its smaller grain size, and many
intergranular cracks are formed due to localized heat accumulation and
thermal stresses at grain boundaries. In 5Y, pores formed preferentially
on smaller grains, indicating that pores were more easily formed in the
tetragonal grain than in the cubic grain, which is superior in terms of
transparency. From this result, it can be said that the effect of the convex
shape of the incident beam is more important and dominant for nano-
pore formation than the optical properties inside the grains. Surface
topography after laser irradiation (Fig. 8) also clarified the difference in
curvature between the grains with and without pores. This result also
shows the effect of surface topography. In addition, the grain boundary
can be regarded as a concave shape. Reflected light is concentrated and
energy is intensified near the grain boundary, which is also thought to
have caused intergranular cracks and processing near the grain
boundary.

Intra-grain scattering is also thought to influence pore formation.
Scattering occurs at the grain boundaries of 2Y and 3Y, which are
composed of anisotropic crystals, and at the boundary between
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tetragonal and cubic crystals in 5Y. In addition, a previous study has
reported that the refractive index decreases with increasing yttria con-
centration due to the segregation of dopant, and an increase of a few mol
% in yttria concentration decreases the refractive index by about 0.1
[28]. The change in refractive index at grain boundaries in 2Y~5Y with
yttria segregation (Fig. 17) is considered to enhance the intragranular
scattering and reflection of the incident beam within the grain. There-
fore, 2Y, 3Y, and 5Y are more susceptible to internal scattering at grain
boundaries, and this scattered/reflected light may act as a supplement to
the beam focused by the lens effect on the top surface layer, thereby
increasing the local energy inside the grains more and promoting pore
formation.

The machined surface of 8Y differed significantly from the other
three samples. It was characterized by surface delamination and
microcracks at the laser-irradiated area, and the formation of small
pores concentrated along grain boundaries. This phenomenon is
considered to be due to the thermal diffusivity of the grains, in addition
to the local energy absorption from residual pores and defects in the
substrate material as a starting point. Bisson et al. [29] showed that the
specific heat, thermal diffusivity, and thermal conductivity of YSZ
strongly depend on the yttria concentration. Sasaki [30] compared 3Y
and 8Y, and found that the thermal diffusivity and conductivity of dense
YSZ decreased with increasing concentration. This suggests that thermal
accumulation tended to occur near the surface of the 8Y and some 5Y
grains in this study, and that cracking was caused by thermal stress,
corresponding to the strain concentration near the surface in 8Y (Fig. 9).
In addition, the 8Y surface was flatter than the low-concentration
sample, and there was less scattering at the grain boundaries, suggest-
ing that larger pores did not form as in the other samples. The small
surface pores are thought to be due to energy absorption by intra-
crystalline defects. It is considered that more pores were formed near the
grain boundaries, which are particularly prone to contain defects.

In summary, the phenomenon of nanopore formation in YSZ with
different yttria concentrations was mainly affected by grain size and
crystal structure. At lower concentrations, the influence of grain
boundaries was larger, and surface topography and intragranular
reflection due to the crystal structure and dopant segregation within the
grains contributed to pore formation. In contrast, these factors were less
likely to contribute to pore formation at the higher concentration of 8Y.
Based on these results, it is expected that the development of YSZ with
precisely controlled grain size and crystal structure will lead to the
development of a technique to form more uniform nanopores.
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Fig. 18. XRD spectra of the original YSZ surface with different yttria
concentrations.

4. Conclusions

Femtosecond pulsed laser irradiation was performed to generate
nanopores on YSZ with various dopant concentrations and differences in
fundamental processing characteristics were investigated. The conclu-
sions are presented below.

13

Table 2
Optical property of YSZ at 1028 nm.
Material T (%) R (%) 1-T-R (%)
2Y 15.5 67.5 17.0
3Y 23.1 49.7 27.2
5Y 26.5 42.0 31.5
8Y 15.8 68.6 15.6
(1) In 2Y, 3Y, and 5Y, nanopores of about 100 nm in diameter were

2

3

uniformly generated in a limited laser power range. The diameter
of the nanopores increased with increasing yttria dopant con-
centration. 2Y had the most intergranular cracks on the surface
due to thermal stress. In 5Y, pores formed preferentially on
smaller grains. In 8Y, few pores were formed. The region near
grain boundaries was preferentially processed, and the surface
layer was easily exfoliated and microcracks were generated by
increasing laser power.

Segregation of yttria at grain boundaries slightly increased from
2Y to 3Y; in 5Y, yttria was also spread within the grains, while in
8Y, yttria was uniformly distributed within the material and no
segregation occurred. Grain size increased with concentration. As
the concentration increased from 2Y to 5Y, the lens effect
increased and the intragranular scattering affected the formation
of pores. Higher yttria concentration resulted in heat accumula-
tion on the surface of 8Y which induced microcracks.

2Y and 3Y consisted of tetragonal and monoclinic phases, 5Y
consisted of tetragonal and cubic phases, and 8Y consisted of
cubic phases. No thermally induced phase transition was
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observed after nanopore generation using femtosecond pulses on
any irradiated surface, and no damage to the bulk occurred due to
thermal effects.

(4) No significant degradation of material strength due to laser
irradiation was observed in 2Y, 3Y, and 5Y with uniformly pro-
cessed nanopores, and the material strength was maintained.

This study demonstrates the possibility of generating nanopores in
the surface layer and functionalizing the surface without causing ther-
mal damage to the bulk, by investigating the nanoscale processing
characteristics of femtosecond pulsed laser irradiation of zirconia with
different dopant levels. The findings from this study will help to identify
suitable materials and processing conditions for nanoscale processing.
This will not only deepen the scientific understanding of the interaction
between laser and polycrystalline materials, but also offer the possibility
to add value to them in various applications by improving surface
functionalities such as wettability, biocompatibility, and nanomedicine
delivery.
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