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It is crucial to investigate the mechanism of ultrashort pulse laser processing of ZrO2 ceramics to improve its processing
accuracy and efficiency. An ultrashort pulse laser was used to fabricate square grooves on the surface of ZrO2 ceramics. The
depth, surface roughness, and surface topography of grooves were analyzed by the laser confocal microscope, optical profiler,
and scanning electron microscope. The effects of different laser parameters on the material removal efficiency and processing
quality of ZrO2 ceramics were studied. The results show that as the laser fluence increases, material removal efficiency first
increases and then decreases, while the surface roughness first decreases and then increases. The heat accumulation effect is
severe when using high repetition frequency, and the processed surface shows melt damage. As the pulse width increases from
390fs to 6ps, the ablation threshold increases from 1.28 J/cm2 to 1.92 J/cm2. However, the material removal efficiency decreases
gradually. Furthermore, the material removal efficiency in burst mode significantly reduces due to the plasma shielding and
redeposition of distinct granular deposits within the grooves. These findings can serve as a guide for controlling and optimizing
the process parameters of an ultrashort pulse laser processing of ZrO2 ceramics.
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Introduction

ZrO2 ceramics are widely used in the biomedical
field due to their high strength, wear resistance,
corrosion resistance, and good biocompatibility [1].
However, ZrO2 ceramics have low fracture toughness,
high hardness, and challenging cutting characteristics
such as low processing efficiency and severe tool wear
[2]. The ultrashort pulse laser offers significant
advantages for the processing of hard and brittle
materials due to the little thermal effect, good
consistency, and high precision [3]. Therefore, it is of
great significance to study the ultrashort pulse laser
processing mechanism of ZrO2 ceramics to improve the
processing accuracy and efficiency. Thermal effects
can be effectively avoided due to the nonlinear
phenomena such as multiphoton ionization [4] and
avalanche ionization [5] triggered during the interaction
of ultrashort pulsed lasers with materials [6]. However,
the heat accumulation and plasma shielding during
ultrashort pulse laser processing reduce the processing
efficiency and quality. The material removal mechanism
in ultra-short pulse laser processing can be divided into

strong ablation and weak ablation regimes depending
on the laser power. The removal mechanism in the
weak ablation case is mainly gasification, whereas in
the strong ablation case it is mainly material heating
and explosion [7]. It has been reported that heat
accumulation and plasma shielding effects depend on
the pulse time interval [8]. When processing in pulse
burst mode, the energy of the second pulse is absorbed
in the plasma generated by the first pulse, resulting in a
significant reduction in material removal efficiency [9-
10]. It was found that reducing the single pulse energy
and increasing the repetition frequency and pulse
number can overcome the plasma shielding effect and
improve the ablation efficiency [11]. At high laser
power and repetition frequency, the short pulse interval
and the continuous action of multiple pulses increase
surface defects and lower the ablation threshold,
resulting in a cumulative effect [12]. In addition, the
heat accumulation may cause surface stress concentration
and thermal crack propagation [13], and then the
material structure and composition change because of
the high-temperature environment [14].

At present, there are few studies on ultrashort pulse
laser processing of hard-brittle materials, and the
interaction mechanism between ultrashort pulse laser
and hard-brittle materials is still unclear. In this paper,
the ultrashort pulse laser is used to fabricate rectangular
groove structures on ZrO2 ceramics. The influence of
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various parameters of ultrashort pulse laser on the
material removal mechanism of ZrO2 ceramics is
studied. It will serve as a theoretical foundation for the
efficient and precise machining of ZrO2 ceramic with
ultra-short pulse lasers.

Experimental and Methods

In this experiment, finished ZrO2 ceramics sheets
with a size of 50 × 50 × 3 mm3 manufactured by
Guangzhou Xinfeng Electronic Technology Company
of China were investigated. The purity of the ZrO2

samples is 94% and their main properties indexes are
shown in Table 1. The surface roughness of the pristine
sample is 2.26 µm. The sample was cleaned before the
experiment in an ultrasonic cleaner (DR-MS07) for 15
min and then dried in air.

The femtosecond pulsed laser (YSL FemtoYL-50)
with a wavelength of 1030 nm and a spot diameter of
21 µm was used. The schematic diagram of the
femtosecond pulsed laser processing system is shown
in Fig. 1. The square grooves with a side length of 1.5
mm were fabricated on ZrO2 samples using different
laser parameters. The processed samples were also
cleaned in an ultrasonic cleaner for 15 min and then
dried in air. The laser confocal microscope (VK-
X3000), the optical profiler (GT-K0, Bruker), and the
scanning electron microscope (Hitachi, SU8010) were
used to measure groove depth, surface roughness, and
micro-morphology of the square groves, respectively.

Results and Discussion

The material removal efficiency is an important
indicator to characterize the processing efficiency. The

removal efficiency of laser processing refers to the
volume of material removed per unit of pulse energy,
and it is calculated as [15]:

 (1)

where h is the groove depth, f is the repetition
frequency, Px is the lateral pulse spacing, Py is the
hatch distance, NS is the number of scans, and Pav is the
average power. The relationship between the removal
efficiency and the laser fluence is given as:

 (2)

where δ is the energy penetration depth, Fth is the
ablation threshold, and F0 is the laser fluence.

Effect of pulse width
The removal efficiency under different laser parameters
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Table 1. Main property indexes of ZrO2 ceramics substrate.

Items Unit Property indexes

Density

Thermal conductivity

Bending strength

Hardness

Melting point

g/cm3

W/(m·K)

MPa

GPa

°C

5.9

3

836

13.7

2700

Fig. 1. Schematic of the femtosecond laser processing system.

Fig. 2. Material removal efficiency versus laser fluence for
different pulse widths.

Fig. 3. Ablation threshold and energy penetration depth at different
pulse widths.
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can be calculated by using Eq. (1). Figure 2 shows the
variation trend of the removal efficiency with increasing
laser fluence when the repetition frequency is 1000
kHz, the number of scans is 50, the spot overlap rate is
60%, and the pulse width is from 390 fs to 6 ps. The
removal efficiency of different pulse widths first
increases and then decreases with increasing laser
fluence in the range of 3.5-22 J/cm2. The shorter is the
pulse width, the higher is the removal efficiency. When
the laser fluence is 3.5 J/cm2, the removal efficiency of
a 390 fs laser pulse is much higher than that of a 6 ps
laser pulse. As the laser fluence increases, the energy
absorbed by the material increases, and the sample is
rapidly heated and directly gasified, resulting in the
significant improvement of the removal efficiency.
When the laser fluence exceeds 10 J/cm2, the removal
efficiency gradually decreases because of the plasma
shielding effect due to the decrease in the effective
processing laser energy [16].

Eq. (2) is used to fit the experimental data to
determine the energy penetration depth and ablation
threshold. Figure 3 shows the variation trend of
ablation threshold and energy penetration depth when
the repetition frequency is 1000 kHz, the number of
scans is 50, the spot overlap rate is 60%, and the pulse
width is in the range of 390 fs-6 ps. As the pulse width
increases from 390 fs to 6ps, the ablation threshold
increases from 1.28 J/cm2 to 1.92 J/cm2, and the energy
penetration depth increases from 0.03 nm to 0.12 nm.
This is because ZrO2 ceramic is wide bandgap dielectrics
[17], and impurities in the crystal can enhance laser
energy absorption [18]. The concentration of free
electrons increases rapidly under the action of ultrashort
pulsed laser due to the multiphoton and avalanche
ionization. When the pulse width increases, the duration
of avalanche ionization increases, as does the free
electron concentration [19]. The time for free electrons
to transfer to the lattice becomes longer, resulting in a

large depth of energy penetration. Since the pulse
energy has a Gaussian distribution, the continuous
increase of the pulse width leads to the decrease of
peak laser power, increasing the proportion of heating
energy and a decrease in the proportion of laser etching
energy [20].

Figure 4 depicts the variation behavior of surface
roughness with the laser fluence under different pulse
widths. It can be seen that pulse width has less
influence on surface roughness than laser fluence, and
low or high laser fluence will lead to large surface
roughness. This is because when the laser fluence is
low, the material is mainly heated, and the material
cannot be removed cleanly. When the laser fluence is
high, the surface roughness increases because the
thermal side effect increases when the material absorbs
excess laser energy. Therefore, only the appropriate
laser fluence can effectively reduce the surface
roughness.

Fig. 4. The variation of the surface roughness with pulse width.

Fig. 5. SEM micrograph of ZrO2 ceramics samples processed with different pulse width.
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When the repetition frequency is 1000 kHz and the
energy density is 9 J/cm2, the micro morphology with
different pulse widths is shown in Fig. 5. The results
show that both femtosecond and picosecond lasers can
produce smooth surfaces at the optimal laser fluence.
However, the surface processed by 390 fs pulsed laser
is covered by a large number of micro particles. This is
due to the fact that at higher values of the laser fluence,
the electrons absorb a large amount of energy and
undergo tunneling ionization to intensify the crystal
phase transition [21], and the surface is explosively
transformed into a mixture of material vapor and fine
droplet-like particles, resulting in a liquid phase
explosion [22]. The large amount of energy deposited
by the ultrashort pulse in such a short time leads to the
generation of stress, which promotes the crystal
fracture and the formation of cavities and microcracks
[23]. With the increase of pulse width, the interaction
intensity between the pulse and the material decreases,
and the number of micro particles on the surface of the
material decreases gradually.

Effect of repetition frequency
Figure 6 shows the removal efficiency as a function

of the laser fluence for different repetition frequencies
when the pulse width is 390 fs, the spot overlap rate is
60%, and the number of scans is 50. It can be seen that
when the repetition frequency is between 200 kHz and
1000 kHz and the laser fluence is lower than 12 J/cm2,
the material removal efficiency increases with the
repetition frequency. As the laser fluence continues to
increase, the removal efficiency gradually decreases.
When the repetition rate is between 2500 kHz and
5000 kHz, higher material ablation efficiencies can be
achieved even at lower laser fluence levels. This is due
to the reason that at high repetition frequency, the laser
pulse interacts with the surface for a short time,
resulting in a strong heat accumulation at the surface.

When the pulse width is 390 fs and the number of
scans is 50, the variation of the energy penetration
depth and ablation threshold under different repetition
frequencies is shown in Fig. 7. As the repetition
frequency increases from 200 kHz to 5000 kHz, the
ablation threshold decreases from 2 J/cm2 to 0.8 J/cm2,
and the energy penetration depth decreases from 2.8
nm to 1.54 nm.This is because when the surface
temperature exceeds the melting or boiling point, the
material is removed, as well as some of the heat is
taken away. When the repetition rate is lower, the heat
is dissipated due to the longer pulse interval. As the
repetition frequency increases, the heat generated by a
pulse does not completely dissipate before the incidence
of a new pulse, consequently, the heat will accumulate
and gradually increase. The cumulative effect becomes
more apparent as the repetition frequency increases,
resulting in the decrease of ablation threshold [24]. The
energy penetration depth decreases with the increase of

the repetition frequency due to the enhancement of the

Fig. 6. Material removal efficiency versus laser fluence for
different repetition frequency.

Fig. 7. Ablation threshold and energy penetration depth for
different pulse repetition frequency.

Fig. 8. Relationship of laser fluence and surface roughness for
different pulse repetition frequency. 
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plasma shielding at high repetition frequency. The
increase of removal efficiency with repetition frequency
may be due to the fact that the heat accumulation effect
can compensate for the plasma shielding effect.

The variation of the surface roughness as a function
of laser fluence for different repetition frequencies is
shown in Fig. 8. The surface roughness does not seem
to vary in the 200-1000 kHz frequency range. However,
the surface roughness first decreases and then increases
with the increase of the laser fluence. In the repetition
frequency range of 2500-5000 kHz, the surface roughness
is relatively large due to the severe heat accumulation.
As the laser fluence increases at the repetition frequency
of 5000 kHz, the amount of heat accumulation and
surface roughness gradually increases. 

Figure 9 shows the micro-morphology of ZrO2

ceramics when the pulse width is 390 fs, the laser
fluence is 4 J/cm2, and the repetition frequency is 2500
kHz. It can be seen that the processed surface is
uneven, showing micro grooves of different widths,
and the surface of ZrO2 ceramics is covered by melted
particles. This is because when the repetition frequency
is too large, the heat accumulation effect is strong,
resulting in the heat is not easy to dissipate, and the hot
melt damage is formed on the machined surface.

Effect of pulse burst
The scan time is adjusted to maintain a constant

number of output pulses in a burst. When the number
of sub-pulses is 1, 2, 3, 4, and 5, the corresponding
scan times are 60, 30, 20, 15, and 12. The variation of
removal efficiency as a function of laser fluence for
different pulse bursts of 200 kHz frequency, 390 fs
pulse width, and 60% spot overlap rate is shown in Fig.
10. When the laser fluence is less than 5 J/cm2, the
material removal efficiency of the single-pulse and the
burst modes is nearly identical. However, the removal
efficiency of the single-pulse becomes higher than that
of the burst as the laser fluence increases, which is
attributed to the direct vaporization or ionization at
higher laser intensities, forming high-pressure vapor
and plasma above the surface after about 10 ns. Since

the interval between two consecutive pulses is extremely
short, the subsequent pulse energy is absorbed and/or
reflected by the plasma induced by the previous pulse,
resulting in a decrease of effective pulse energy that is
deposited on the target surface. At the same time, the
subsequent pulses interact with the vapor particles
present above the surface, which are get heated and
redeposited on the surface [25].

Figure 11 shows the variation of ablation threshold
and energy penetration depth for different pulse-bursts.
As the number of sub-pulses increases to five, the
ablation threshold decreases from 1.74 J/cm2 to 1.28 J/
cm2, and the energy penetration depth decreases from
2.2 nm to 0.9 nm. Due to extremely short pulse intervals
in the pulse burst, the heat accumulation occurs under
the continuous impact of multiple sub-pulses, and the
temperature of the target material increases rapidly,
which promotes material removal. However, the energy
of a pulse burst is related to the number of sub pulses.
When the laser fluence of a single pulse is equal, the
more the number of sub pulses, the greater the energy
of the pulse burst. Large laser fluence and short sub

Fig. 9. SEM micrograph of ZrO2 ceramic processed with a repetition frequency of 2500 kHz.

Fig. 10. Material removal efficiency versus laser fluence for
different pulse bursts.
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pulse time interval will produce a strong plasma shielding
effect, so the energy penetration depth decreases
rapidly with the increase of the number of sub pulses.
When the heat accumulation effect cannot compensate
for the plasma shielding effect, the removal efficiency
gradually decreases.

Figure 12 depicts the variation of the surface
roughness with the number of pulse bursts. The results
show that the surface roughness increases with the
increase of sub pulse number and laser fluence. The
surface roughness of the sample processed with a
single pulse is smaller as compared to the sample
processed with the pulse-bursts.

The micro-morphology under different pulse bursts
for repetition frequency of 200 kHz, the pulse width of
390 fs and the laser fluence of 10 J/cm2 is shown in
Fig. 13. There is clear redeposition of material on the
sample surface in the pulse burst mode. When the pulse
burst consists of 2 sub-pulses, a large number of fine
molten particles are deposited on the processed surface.
The cavity disappears as the number of sub-pulses in
the pulse burst increases, the number of holes gradually
decreases, and the deposited high-temperature molten

particles gradually increase and adhere to the surface.
This also explains why using pulse train mode processing
will lead to the increase of surface roughness.

Conclusions

In this paper, an ultrashort pulse laser is used to
process ZrO2 ceramics, and the influence of laser
parameters on the processing of ZrO2 ceramics is
studied. The conclusions of this study are as follows:

(1) In femtosecond laser processing, ZrO2 ceramics
have a lower ablation threshold, higher removal efficiency
than picosecond laser processing. Furthermore, one can
improve removal efficiency and reduce surface roughness
by choosing the appropriate laser fluence.

(2) When the laser fluence and the spot overlap ratio
are constant, the ablation threshold of ZrO2 ceramics
decreases, and the removal efficiency increases with
the increase of repetition frequency. When the repetition
frequency is 2500 kHz, the surface roughness rapidly
increases, the heat accumulates, and the processed
surface becomes uneven, causing hot melt damage.

Fig. 11. Ablation threshold and energy penetration depth for
different pulse-bursts. Fig. 12. The variation of the surface roughness with the number of

pulse bursts.

Fig. 13. SEM micrograph of ZrO2 ceramics samples processed with different pulse-bursts.
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(3) The material removal efficiency decreases with
the increase of the number of sub-pulses in a pulse
burst due to the plasma shielding effect. The surface
roughness of ceramic increases as the fine molten
particles adhere.
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