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Abstract
Irradiation of yttria-stabilized zirconia (YSZ) was performed by a femtosecond pulsed laser to investigate the feasibility of 
V-shaped groove microstructure fabrication. Firstly, fundamental characteristics of microgroove fabrication was investigated 
by varying scanning speed of laser and number of scans. Higher scanning speed resulted in a smooth surface without any 
debris adhesion. By increasing number of scans, the cross-sectional profile of the microgroove became a well-defined V 
shape, and the taper angle of the V-shaped groove can be precisely controlled by laser scanning speed. Moreover, the laser-
induced phase transformation of YSZ was characterized, and it was found that the monoclinic ratio after irradiation decreased 
in comparison with original YSZ surface, indicating improved strength and toughness. TEM cross-sectional observation of the 
microgrooves was performed and tetragonal phase was detected independent of locations. Finally, micro pyramid structures 
were created on the YSZ surface by perpendicularly crossing the laser scan directions. The resulting surface showed a drastic 
change in surface wettability. These findings demonstrated the possibility of generating precise complex microstructures on 
YSZ surface with high functionality and low subsurface damage, presenting great potential of wide applications in industry.

Keywords  Microstructure · Surface patterning/texturing · Zirconia · Femtosecond pulsed laser · Phase transformation · 
Ceramic material

1  Introduction

Yttria-stabilized zirconia (YSZ) is a fine ceramic material 
which has high strength, wear resistance, biocompatibility, 
and unique aesthetic effects [1–4]. Due to these excellent 
material properties, YSZ is widely used in many applica-
tions such as dental implants, biomaterial components, solid 
oxide fuel cells, sensors, and optical fiber connectors. In 
recent years, the demand for YSZ is increasing in various 
fields [5, 6].

For exploring new applications and improving capabili-
ties of existing applications of zirconia materials, extensive 

research on microscale surface patterning/texturing has been 
conducted in recent years. Micro and nanostructured sur-
faces have been found to greatly improve biomaterials bio-
activity and stem cells osteogenic differentiation [7, 8]. For 
dental implants, micro groove fabrication on the components 
shows good biocompatibility with mucous membrane and 
somatic cells. Carvalho et al. found that the osteoblast pre-
cursor cell behavior changes significantly on the micro tex-
tured zirconia surfaces [9]. Moreover, surface structures with 
parallel grooves or pyramid spikes can evidently improve 
surface functionality, such as wettability, and enable reduc-
tion of friction and optical reflection [10–12]. Therefore, 
high-precision microscale surface patterning/texturing tech-
nology is necessary for enhancing surface functionality and 
exploring new applications of zirconia products.

However, YSZ is hard and brittle, which makes it dif-
ficult to be precisely machined into the desired shape with 
high surface quality. Conventional methods such as cutting, 
grinding and polishing can only be used for machining flat or 
low aspect ratio curved surfaces [13–15], while they are not 
suitable for the fabrication of complicated surfaces with high 
aspect ratios and microscale surface structures. In addition, 
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YSZ is chemically stable. Thus, it is difficult to use chemical 
etching for surface structuring [16].

In recent years, laser processing has been applied to gen-
erate high aspect ratio surface structures [17]. It has been 
used for surface structuring on various types of engineer-
ing materials such as metallic materials, ceramics, and 
semiconductors [18–21]. Laser processing has three major 
advantages over mechanical processing methods. First, it is 
a noncontact method and its machining ability is independ-
ent of material hardness, thus there is no tool wear prob-
lems. Second, it has high flexibility of machining depth/
path control through galvanometer scanning mirrors. Thus, 
surface structures with complex shapes can be fabricated 
over a large area in a short time with low energy consump-
tion. Third, laser processing does not need coolants/lubri-
cants which are generally used in conventional mechanical 
processes and does not emit chemical wastes, thus has little 
impact on environment. From these viewpoints, laser surface 
structuring is energy-efficient and eco-friendly, thus contrib-
utes greatly to future green manufacturing society.

Under normal pressure and temperature conditions, YSZ 
consists of tetragonal phase. However, the tetragonal phase 
transforms partially into a low-strength monoclinic phase 
due to stresses and thermal effects during machining pro-
cesses [22, 23]. In case of laser machining, thermal dam-
age is a critical problem for YSZ. The phase transformation 
from tetragonal phase to monoclinic phase was reported 
in many previous studies. For example, when using nano 
and picosecond lasers, a melted layer was found on the irra-
diated surfaces [24–27] and the machined area showed a 
high proportion of monoclinic phase [28]. In contrast, laser 
ablation by femtosecond pulses is known to be an effective 
method to minimize the thermal effect. This is due to the 
time taken for heat transfer to occur is much longer than the 
pulse width. Delgado et al. fabricated microstructures such 
as parallel grooves and porous surfaces on zirconia dental 
implants without any phase transformation [29]. They pio-
neered the possibility of microscale surface fabrication by 
femtosecond pulsed laser irradiation on zirconia with low 
thermal damage to the material. In recent years, microscale 
surface patterning/texturing of zirconia was studied by many 
other researchers and the feasibility of ultrashort pulse to 
eliminate phase transformation on irradiated surface was 
confirmed [29, 30].

However, up to date, there is no literature focusing on 
laser generation of high aspect ratio V-shaped grooves, 
which is a kind of important microstructures having vari-
ous applications, such as dental implant surface wettabil-
ity control and optical fiber alignment in fiber connectors. 
The effect of laser parameters on taper angles and groove 
shapes has not been clarified. Moreover, whether thermal 
effect exists or not inside such V-shaped grooves during 
femtosecond pulsed laser irradiations is still a question. 

Laser-induced phase transformation behavior of YSZ during 
generating high aspect ratio grooves is also unclear.

In this study, we performed microscale surface patterning 
of YSZ by femtosecond pulsed laser irradiation and inves-
tigated the fundamental characteristics of V-shaped groove 
formation. The effects of laser parameters on groove sur-
face morphology and taper angle development were clari-
fied. Furthermore, the laser-induced phase transformation 
behavior of YSZ in generating deep grooves was investi-
gated, and processing parameters for suppressing the phase 
transformation were explored.

2 � Experiments

The laser used in this study was PHAROS-08-600-PP, an 
Yb:KGW laser made by Light Conversion, UAB, Lithuania. 
The laser wavelength was 514 nm and the repetition fre-
quency was 100 kHz. The energy density of the laser beam 
had a Gaussian distribution. The laser spot diameter was 15 
μm and the focal length was 70 mm. The laser beam was 
scanned in two dimensions using a galvanometer scanner 
system under control of a programs created by the Winlase 
software. The laser beam was focused onto the workpiece 
using an fθ lens.

Fully sintered YSZ containing 3 mol% Y2O3 for stabili-
zation made by Tosoh Corporation was used as workpiece. 
The sample was cut into a rectangular plate with dimensions 
of 23 mm × 23 mm × 5 mm. The sample surface was as sin-
tered without polishing. The grain size was about 500 nm. 
The experimental conditions are shown in Table 1, and the 
irradiation schemes in Fig. 1. 

First, line-scan irradiation was performed to fabricate 
microgrooves. Then, micro pyramid structures were fabri-
cated by crossing of the microgrooves generated along two 
perpendicular directions. After the experiment, the sample 

Table 1   Experimental conditions

Laser medium Yb:KGW

Wavelength [nm] 514
Spot size: d [μm] 15
Pulse width [fs] 256
Repetition frequency: f [kHz] 100
Scanning speed: v [mm/s] 1.0, 10, 50, 

100, 500, 
1000

Laser fluence: F [J/cm2] 5.0
Number of scans: N 1–10
Scanning pitch [μm] 30, 40, 50
Atmosphere Air
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was cleaned by an ultrasonic vibration cleaner in ethanol for 
10 min to remove debris attached on the surface.

After laser irradiation, the surface morphologies of the 
samples were observed by a scanning electron microscope 
(SEM), Inspect F50, made by FEI Company, USA. The 
groove profiles and depth of irradiated area were measured 
by a laser microscope, OLS4100, made by Olympus Cor-
poration, Japan. Phase transformation was evaluated by a 
laser micro-Raman spectrometer, InVia Raman Microscope, 
made by Renishaw plc., UK. The beam diameter of the 
Raman spectrometer is 1 µm. To observe the cross-sections 
of grooves, a focused ion beam (FIB) equipment was used 
to cut and thin the sample. Then the sample was observed 
using a transmission electron microscope (TEM), Tecnai G2, 
made by FEI Company, USA. Selected area electron diffrac-
tion (SAED) was used to evaluate the phase transformation 
in subsurface region. To evaluate the surface wettability, the 
contact angle of the surface was measured by a contact angle 
meter, Simage Entry 5, made by Excimer Inc., Japan.

3 � Results and Discussion

3.1 � Surface Morphology

Figure 2 shows SEM photographs of YSZ surfaces irradi-
ated at different scanning speed and number of scans. For 
single-scan irradiation (N = 1), a large amount of debris was 
stuck on the groove surface at a low scanning speed (10 
mm/s), which was hardly removed by ultrasonic vibration 
cleaning after irradiation (Fig. 2a). However, by increas-
ing the scanning speed to 50 mm/s, debris were removed 
from the groove surface completely (Fig. 2b). In addition, 
HSFL, namely high spatial frequency LIPSS (laser-induced 
periodical surface structures) [31], were generated at the 
bottom of the groove at 100 mm/s (Fig. 2c). When N = 10, 
there was no debris adhesion in spite of laser scanning speed 
(Fig. 2d–f). The surfaces were very smooth, and the bottoms 
of the V-shaped grooves could be clearly identified. At all 
scanning speeds, there were no melt layers and cracks on 

the surfaces. Moreover, there were no pileups caused by the 
pushing up of the melt flows of materials as seen in grooves 
generated by nanosecond pulse lasers [32].

Figure 3 shows changes in groove depth for different 
number of scans and scanning speeds, respectively. The 
groove depth was dramatically decreased as scanning speed 
increases, especially for scanning speeds higher than 100 
mm/s. This is because of the difference in incident laser 
pulse number per area on the material. At 50 mm/s, the 
laser pulse overlap rate is more than 90%; while the overlap 
rate decreased to 58% at 500 mm/s, and 22% at 1000 mm/s, 
respectively. At a higher scanning speed, only a small num-
ber of pulses are irradiated on a given area.

3.2 � Groove Slope Angle

The cross-sectional profiles of microgrooves generated at 
different scanning speeds and number of scans are shown in 
Fig. 4. All grooves have clear edges at the ablation bound-
aries without piled-up materials. For a small number of 
scans (N = 1 ~ 2) at 50 and 100 mm/s, grooves were ablated 
with Gaussian shapes due to the laser energy distribution. 
By increasing the number of scans to N = 6, groove depth 
became deeper with a similar groove width. After a cer-
tain number of scans (N = 6), a sharp V-shaped groove was 
formed, which did not change greatly by further increasing 
the number of scans. At a scanning speed of 500 mm/s, the 
groove depth increased gradually, but V-shaped groove was 
not formed even if at high number of scans.

To investigate the mechanism of V-shaped groove forma-
tion, the slope angles of microgroove walls were measured 
based on the cross-sectional profiles shown in Fig. 4. The 
changes in slope angle with number of scans are shown in 
Fig. 5. Slope angles increased by increasing number of scans 
for all scanning speeds. At 10, 50 and 100 mm/s, the angle 
increased dramatically in the range of N = 1 ~ 2, then con-
verged gradually and reached 76.3°, 75.3° and 70.4°, respec-
tively at N = 10. On the other hand, in the case of 500 mm/s, 
the slope angle increased continuously and finally became 
39.7° after 10 laser scans, which is close to the angle of 
grooves at N = 1 and a scanning speed of 100 mm/s. Com-
paring among different laser scanning speeds, it is clear that 
the final V-shaped groove angle at N = 10 was different. The 
lower scanning speed, the larger the slope angle. It indicated 
that the groove slope angle can be adjusted by varying laser 
scanning speed and number of scans.

The effect of laser scanning speed and number of scans on 
the groove slope angle can be discussed from the dynamic 
change of cross-sectional surface profile during multiple 
laser irradiation. When a Gaussian laser beam is irradiated 
onto a substrate, the incident beam is absorbed by the mate-
rial and ablation occurs. Thus, the ablated profile shows a 
curved shape corresponding to the laser energy distribution. 

Beam expander

Attenuator

Fθ lens

Galvano scanner

Z-axis stage

Sample

X-axis mirror

Y-axis
mirror

Laser
oscillator

Fig. 1   Experimental setup of laser optical system
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With repeated irradiations, the groove bottom becomes 
deeper and this leads to a defocusing effect at the irradiated 
surface.

Laser fluence is calculated by dividing the incident power 
by the laser spot area as the following equation:

where E is the average laser power of one pulse and A is the 
spot size, respectively. However, by repeating the laser scan, 
area A is changed due to groove formation. To consider the 
laser incident area on the groove wall, beam spot area Ataper 
at a wall with a tilted angle θ can be written by the following 
equation [17].

(1)F =
E

A

Fig. 2   SEM images of grooved 
surface under different scan 
speeds and number of scans

N=1 N=10

10
m

m
/s

50
m

m
/s

10
0

m
m

/s

(a) Debris
(d)

(e)

(f)

(b)

LIPSS
(c)

10 μm

10 μm

10 μm

10 μm

10 μm10 μm

0

5

10

15

20

25

30

0 200 400 600 800 1000

G
ro

ov
e 

de
pt

h 
(μ

m
)

Scanning speed (mm/s)

N=1

N=10

N=1
N=10

Fig. 3   Change in groove depth with scanning speed and number of 
scans



International Journal of Precision Engineering and Manufacturing-Green Technology	

1 3

In Eq. (2), for simplicity, it was assumed that the laser 
spot size does not change with the groove depth. The Ray-
leigh length of the laser beam used in this study is more 

(2)Ataper =
A

cos �

than 300 µm, while the groove depth is about 30 µm, suf-
ficiently small compared to the Rayleigh length, the change 
in spot size with the change in groove depth is negligibly 
small. Another assumption is that Eq. (2) is used for mod-
eling the final slope angle of the V-groove after multiple 
irradiations to consider the limitation of the change in the 
angle. In the case of a small number of scans, namely, in the 
early stage of grooving, the microgroove profile is curved, 
not V-shaped, hence slope angle is not constant at the sides 
and the bottom, thus the Eq. (2) is not applicable. When the 
microgroove grows into V-shaped as the laser irradiation 
is repeated, and finally slope angle can be predicted using 
the equation. As shown in Fig. 6, the incident laser fluence 
decreases by increasing θ. It can be considered that the tilted 
surface of the V-shaped groove cannot absorb adequate laser 
fluence for further deepening the groove when the slope 
angle increased to a critical value.

A V-shaped groove is formed after multiple irradiations 
and the slope angle is converged. By increasing the number 
of scans, the groove wall is not machined anymore and only 
the bottom becomes sharper and sharper because of the wall 
focusing effect which is a well-known phenomenon in laser 

Fig. 4   Cross-sectional profiles 
of microgrooves irradiated 
under various conditions: a 10 
mm/s, b 50 mm/s, c 100 mm/s 
and d 500 mm/s
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drilling process [33, 34]. As shown in Fig. 7, the multiple inci-
dent light reflection phenomenon occurs at the groove walls 
and the reflected light gathers at the bottom. Then, the inten-
sified laser induces further ablation, and as a result, a sharp 
corner is generated.

The final V-shaped groove slope angle depends on the 
laser scanning speed, as shown in Figs. 4 and 5. The scan-
ning speed affects the number of pulses irradiated in per unit 
of area. To investigate this effect, the relationship between 
groove slope angle and pulse number per unit of area is sum-
marized in Fig. 8. The pulse number per unit of area for a 
certain laser scanning speed was calculated by using the fol-
lowing equation: 

(3)n =
d f

v

 where v is scanning speed, d is laser spot diameter and f 
is laser frequency. In Fig. 8, the slope angle increases as 
pulse number increases when the pulse number is below 
30. However, there is no significant change in slope angle 
when the pulse number is above 30. It indicates that the 
necessary pulse number to reach the ablation threshold is 
around 30. No change of slope angle occurs even increas-
ing the total number of scans. In the early stage, each laser 
pulse causes ablation. Thus, as the pulse number increases, 
the slope angle increases too. However, as shown in Eq. (2), 
with the increase of the slope angle, the laser beam spot 
area becomes larger and the laser energy irradiated on per 
unit area (laser fluence) decreases. Once the laser fluence 
reaches below the ablation threshold, no further ablation will 
occur no matter how many pulses are irradiated at that flu-
ence. As a result, the angle will not change even if the pulse 
number is increased further. In this study, it was observed 
that the laser fluence reached the ablation threshold when the 
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pulse number was around 30, and the slope angle stopped 
increasing further. However, it should be pointed out that 
the critical pulse number depends on the workpiece material 
property and laser irradiation conditions, thus may change 
with laser parameters.

3.3 � Phase Transformation

YSZ transforms from the tetragonal phase to the monoclinic 
phase due to thermal effect [2]. Since this phase transfor-
mation causes strength reduction of YSZ, it is necessary to 
restrain the phase transformation in laser processing. In this 
study, the peak intensities of the tetragonal and monoclinic 
phases were measured using a micro laser Raman spec-
trometer. Figure 9 shows the Raman spectra of the micro-
groove walls irradiated at different scanning speed with 
various number of scans. Before laser irradiation, two small 
monoclinic (m) peaks appeared on the original YSZ surface 
between the 147 and 264 cm−1 tetragonal (t) peaks. In case 
of 50 and 100 mm/s, these monoclinic peaks remained for a 
few repetitions of laser scan; however, they completely dis-
appeared by further increasing the number of scans to N ≥ 2 
and N ≥ 5, respectively. On the other hand, for a higher speed 
(500 mm/s), the monoclinic peaks did not disappear even 
when the number of scans increased to N = 10. From these 
results, it is found that different scanning speeds lead to dif-
ferent thresholds N. The decrease in the monoclinic peaks 
indicates the decrease of monoclinic phase in the YSZ sam-
ple, with tetragonal phase becoming more dominant. This 
result indicates the possibility of a laser-induced reverse 
transformation from the monoclinic phase to the tetragonal 
phase at the groove wall. By repeating laser scans, the mono-
clinic phase at the groove wall gradually changed to tetrago-
nal phase, as a result, the monoclinic peak disappeared. The 
reverse phase transformation is further discussed in detail 
later in the paper.

For quantitative analysis of phase transformation, the 
monoclinic ratio Vm was calculated by the Raman intensity 
method [35]. Based on the results of Raman spectra, a base-
line was drawn by connecting the minimum points between 
each peak. Then, integrated intensity I was measured for 
three peaks at 147, 181 and 190 cm−1. From the Raman 
intensities, the monoclinic ratio Vm was calculated using Eq. 
(4) [35].

where the subscripts m and t identify the monoclinic and 
tetragonal phases, respectively. Using monoclinic ratio Vm, 
we evaluated the phase transformation of YSZ after laser 
irradiation.

(4)Vm =
Im(181) + Im(190)

2.07 × It(147) + Im(181) + Im(190)
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The calculated monoclinic ratio for each condition is 
shown in Fig. 10. Before laser treatment, the original YSZ 
sample had a monoclinic ratio of about 7%, as the original 
sample contained a small amount of monoclinic phase. In 
case of 100 mm/s, the monoclinic ratio became higher than 
the original surface when N = 2, where the measurement 
error was quite big. On the other hand, monoclinic ratio 
decreased to 0.01 after 4 laser scans. For a lower speed (50 
mm/s), the monoclinic ratio was higher than the original 
surface when N = 1, however, the monoclinic ratio gradually 
decreased and became smaller than the unirradiated original 
surface with increasing the number of scans. On the other 
hand, for a higher speed of 500 mm/s, the monoclinic ratio 
was also larger than original surface after laser irradiation, 
although it tended to decrease slightly as the number of 
scans increased.

The drop of monoclinic ratio with increasing the num-
ber of scans may be attributed to three scenarios. First, it 
may be hypothesized that there is a relationship between 
groove slope angle and monoclinic ratio. According to the 
result of the change of microgroove slope angle shown in 
Fig. 5, in the case of 100 mm/s, the angle increased greatly 
when N = 1 ~ 4, but there was almost no change when N > 4. 
This means that no more energy absorption occurred at the 
groove wall when N > 4. Therefore, the temperature change 
could not cause t-m phase transformation.

Another possible reason for the decrease in Vm after mul-
tiple irradiations is that the monoclinic phase generated in 
the first several times was removed in the following laser 
irradiations. Some researchers found that laser ablation can 
remove monoclinic phase from the sample, which is gener-
ated during the sample preparation process such as grinding 
and sand blasting [29, 36]. The removal of monoclinic phase 
from sample surface results in a lower monoclinic ratio than 
the original surface.

The third scenario may involve a m–t reverse transfor-
mation. Recent studies have shown that monoclinic phase 
can be transformed into tetragonal phase during cutting pro-
cesses [23]. This reverse transformation is mainly induced 
by a local temperature change, and the m–t transformation 
temperature is about 1170 °C [2]. In laser irradiation pro-
cess of this study, the monoclinic phase may transform to 
tetragonal.

Among the above three scenarios, the third one, i.e., the 
m–t reverse transformation may be the dominant reason for 
the drop of monoclinic ratio with increasing the number 
of laser scans. The Raman measurements were performed 
on the sides of the microgrooves at a depth of about 5 µm 
from the workpiece surface. If the monoclinic phase gen-
erated by previous irradiations is removed by subsequent 
irradiations, the monoclinic ratio should not change after 
the removal of the monoclinic layer, even if the number of 
scans increases. The fact that the monoclinic ratio gradually 

decreased with increasing the number of scans strongly indi-
cates that a reverse phase transformation has occurred, and 
the monoclinic phase generated by previous irradiations is 
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gradually changed back to tetragonal phase by multiple irra-
diations. As the number of scans increases, the slope angle 
increases and the energy absorption decreases. As a result, 
the reverse phase transformation stops and the monoclinic 
ratio converges.

These results indicate that the effect of laser irradiation 
on m–t phase transformation is different with laser scanning 
speed. Since the overlap rate at 500 mm/s was much smaller 
(1/5th) than that at 100 mm/s, the maximum temperature 
which can be achieved and sustained is significantly lower 
due to reduced overlap rate. As temperature is most impor-
tant factor for phase transformation to occur, temperature 
achieved at lower overlap rate (500 mm/s) was insufficient 
to cause reverse phase transformation.

3.4 � Subsurface Microstructure

To investigate the subsurface structural change in detail, 
cross-sectional observation was performed for the grooves. 
Figure 11 shows the TEM images of the microgroove wall 
generated at a scanning speed of 100 mm/s with two differ-
ent number of scans. For both N = 1 and N = 10, zirconia 
grains are clearly observed without microcracks and defects. 

In addition, zirconia grain boundary can be seen near the 
ablation boundary. The grain size is ~ 500 nm, which is 
the same as the original sample. The grains at the ablation 
boundary are separated and not connected with each other, 
indicating that the femtosecond pulsed laser irradiation led 
to a non-thermal material removal.

The SAED patterns of different areas are shown in 
Fig. 12. At the shallow area of the V-shaped groove wall 
(Fig. 12a–c), tetragonal planes (112), (101) and (211) were 
detected. Moreover, tetragonal phase was also observed 
in three different deep regions from the ablation bound-
ary. Monoclinic pattern was not found at all. At the deeper 
area (Fig. 12d, e), the SAED pattern also showed tetragonal 
phase. These results are well consistent to the aforemen-
tioned results of monoclinic ratio calculated by Raman anal-
ysis. Phase transformation from tetragonal to monoclinic did 
not occur anywhere in the V-shaped groove. Therefore, in 
this study, it can be said ultrashort pulsed laser micro groov-
ing does not trigger phase transformation from tetragonal to 
monoclinic inside the groove.

In general, there are two causes for phase transforma-
tion of zirconia, stress and temperature. When a tensile 
stress is applied to zirconia, t-m transformation occurs and 

Fig. 11   TEM images of micro-
groove irradiated at various 
number of scans: a N = 1, b 
N = 1 at high magnification, and 
c N = 10 (upper area)
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induces volume expansion [3]. To reduce residual stress 
and realize m–t reverse phase transformation, thermal 
annealing is commonly used [23, 37]. In this study, no 
cracks and plastic deformation were found in the irradi-
ated sample, which indicates that stress was not dominant 
during laser ablation process and the phase transformation 
was mainly caused by thermal effect.

In previous studies, femtosecond pulsed laser ablation 
did not induce a high amount of monoclinic phase [8, 29]. 
On the other hand, in the case of nanosecond pulsed irra-
diation, high localized thermal stress induced microcracks 
on laser treated surface which resulted in an increased 
amount of monoclinic phase [28, 37]. Even in case of 

Fig. 12   TEM images and SAED 
patterns of cross-sectional 
microgroove irradiated at 100 
mm/s: a–c upper area and 
d, e lower area (T indicates 
tetragonal)
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picosecond pulsed laser, laser processing led to tetragonal 
to monoclinic phase transformation [38].

Most studies using femtosecond pulsed laser showed the 
possibility of reversing phase transformation to obtain a 
similar monoclinic ratio as the original surface, but there 
are no reports of reducing monoclinic ratio lower than the 
original surface as found in this study. It is hypothesized 
that in deep V-shaped grooves, heat accumulation occurred 
due to high density of plasma shielding and low thermal 
conductivity of zirconia [39]. Then by repeating laser scan, 
heating and cooling occurred, causing the transformation 
from monoclinic phase, which originally existed in the sam-
ple, to tetragonal phase.

3.5 � Surface Patterning

Based on the results of micro V-shaped grooving, pyramid 
like structures were fabricated at a laser fluence of 5.0 J/cm2, 
a scanning speed of 100 mm/s, and the laser was scanned for 
10 cycles. Experimental condition was determined by mini-
mizing the monoclinic ratio after laser treatment. According 
to the result of V-shaped groove width as shown in Fig. 4, 
the scanning pitch was set to be above 30 µm in order not to 
overlap the parallel V-shaped grooves.

The SEM images of the structures by various laser scan-
ning pitches are shown in Fig. 13, and the correspond-
ing cross-sectional profiles in Fig. 14. Pyramid structures 
were successfully generated on YSZ surfaces with precise 
V-shaped cross sections. There are no cracks and chippings 
on the surface, and sharp edges can be observed at crossing 
points of grooves. Moreover, compared with the aforemen-
tioned results of single V-shaped groove generation shown 
in Fig. 4, it is clear that the slope angles are uniform and 
precisely generated.

Three-dimensional surface topography of the pyramidal 
structures with a pitch of 30 µm is shown in Fig. 15. The 
tops of truncated pyramids had sharp edges, showing that the 

original surface is partially remained on the top surface. The 
size of pyramid is limited by the laser spot size, as it limits 
the scanning pitch which can be used for creating pyramid 
surface structures. The limitation of the proposed process 
lies in two aspects, feature size and cross-sectional shape. 
As the size scale of the structure that can be fabricated by 

Fig. 13   SEM images of pyramidal structured surfaces with various pitches: a 30 µm, b 40 µm, and c 50 µm
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Fig. 15   Three-dimensional surface topography of pyramids with a 
pitch of 30 µm
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laser processing is highly dependent on the spot diameter of 
the laser, grooves narrower than the spot diameter cannot 
be processed by this method. Regarding the cross-sectional 
shape of structures, V-grooves with various slope angles can 
be generated by this method through tilting the sample. It is 
also possible to fabricate high aspect grooves with vertical 
walls by tilting the sample to a suitable angle, as reported in 
one of our previous studies where vertical walls were made 
on sapphire surfaces [17]. However, the proposed method is 
not suitable for generating curved structures as the curvature 
control is difficult in laser processing.

3.6 � Surface Wettability Change

As an example for investigation of the surface functionality, 
surface wettability of the micro textured zirconia surface was 
evaluated. The contact angles of the original sample and the 
laser-generated pyramidal structured surface were measured. 
A droplet of 5.0 µL pure water was used in a static sessile 
drop method at atmospheric condition.

Figure 16 shows the images of the water droplets on the 
original and pyramidal surface. The intrinsic contact angle 
of original YSZ surface is about 58°, thus the surface was 
hydrophilic. After surface structuring, the contact angle 
increased to above 90°, which indicates that surface was 
changed into a hydrophobic one. Figure 17 summarizes 
the change of contact angle with different pitches of micro 
pyramidal structures. Surface hydrophobicity was increased 
in all the specimens compared to the original surface, while 
the change in laser scanning pitch did not affect the contact 
angle significantly.

In general, surface wettability conditions can be clas-
sified into two states: Wenzel state where liquid penetrate 
the grooves and the contact area of liquid and substrate 
increases [40], and Cassie–Baxter state where air pocket is 
generated between the liquid and solid interface [41]. In the 
case of Wenzel regime, the wettability of original sample 
surface is enhanced due to the increase in contact area. How-
ever, in this study, the surface changed from hydrophilic to 
hydrophobic after laser surface patterning. Considering the 

Cassie–Baxter state, the apparent contact angle on a rough 
isotropic surface becomes hydrophobic regardless of origi-
nal wettability of the material due to a significant decrease 
of contact area between droplets and sample surface. In this 
study, the pyramidal structures have led to hydrophobicity 
which is attributed to the dominance of the Cassie–Baxter 
state.

4 � Conclusions

Femtosecond pulsed laser irradiation was performed on YSZ 
to investigate the fundamental micro grooving characteris-
tics. The following conclusions were obtained.

(1)	 Micro V-shaped grooves with smooth sidewalls and 
sharp edges were generated by repeating line-scans of 
the laser beam. The groove depth strongly depends on 
the laser scanning speed.

(2)	 A V-shaped groove is developed as increasing the num-
ber of scans to a critical value (around 30 pulses per 
unit of area). Further increasing the number of scans 
did not change the taper angle and groove geometry.

(3)	 A tetragonal to monoclinic phase transformation was 
observed after laser irradiation. However, by increasing 
the number of scans, a reverse phase transformation 
from monoclinic to tetragonal occurred, leading to a 
monoclinic ratio lower than the original sample sur-
face.

(4)	 Cross-sectional observation showed that grain bounda-
ries were clearly remained under the ablated surface 
without melting. What’s more important, crystal grains 
with tetragonal phase were observed regardless of the 
depth from groove wall.

Fig. 16   Water droplets on unirradiated and pyramidal structured sur-
faces irradiated at a pitch of 30 µm: a original surface, and b pyrami-
dal structured surfaces
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(5)	 Three-dimensional pyramid microstructures were suc-
cessfully fabricated, which change the original surface 
into hydrophobic.

This study showed the possibility of functionalization 
of YSZ surfaces by generating high aspect ratio microscale 
structures by using femtosecond pulsed laser irradiation. The 
slope angle and the geometry of the microstructures are con-
trollable by laser irradiation parameters, and the resulting 
surface is free of thermal damage.
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