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Abstract

Fabrication of dental restorations made of zirconia-based biomaterials with enhanced mechanical and tribological properties together with
customized surface topography and microstructure for promoting enamel adhesion and cell proliferation while hindering bacterial spreading is
a very challenging task to accomplish through conventional machining operations. In fact, traditional milling processes of sintered ceramics are
typically labor-intensive, therefore expensive and time-consuming, and these aspects can be further exasperated when microsized features are
required. On the other hand, unconventional techniques such as laser milling can represent a suitable solution to produce miniaturized
individualized structures on advanced ceramics since it is a non-contact thermal process that ensures the elimination of cutting forces and
allows hard and brittle materials to be machined without the need for special equipment which requires high investments and long processing
times. In this context, this study aims to investigate the capability of a nanosecond pulsed fiber laser to machine samples made of yttria-
stabilized zirconia through a systematic experimental approach in order to identify the most suitable process operational parameters
combinations that ensure the obtainment of specific surface topographies while minimizing the machining time. The milling process is carried
out by using a 30 W Q-switched Yb:YAG fiber laser by controlling laser beam scan speed, scan strategy and hatch distance and following a
multi-level factorial design-based experimentation. The adoption of the laser technology to machine yttria-stabilized zirconia results in a high-
repeatable, accurate and time-saving process allowing easy control of the process outcomes.
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1. Introduction strength [3], but requires also additional characteristics, such
as biocompatibility together with antibacterial property [4].

Bioceramics made of zirconium dioxide — or zirconia — Among zirconium dioxide-based bioceramics, yttria-

have gained widespread consensus among academics and
practitioners to replace the commonly adopted titanium for
dental restorations [1]. This is thanks to their biocompatibility,
mechanical properties, and appearance, having indeed a color
that is similar to one of the human teeth [2].

To be eligible for dental prosthesis, the base material must
guarantee not only suitable fracture toughness and mechanical

2212-8271 © 2022 The Authors. Published by Elsevier B.V.

stabilized zirconia (YSZ) exhibits the best mechanical
properties in terms of fracture toughness — Kic up to 12
MPa/m"? — and flexural strength — up to 2 GPa [5,6].
Moreover, it is biocompatible [7,8] and characterized by
antimicrobial activity [9]. Therefore, the material properties of
YSZ-based bioceramics make them potential alternatives for
dental restorations.
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Besides the material properties, both the surface
topography and visual aspect of the dental restorations play a
critical role [2,10]. In fact, surface roughness is considered
one of the main factors affecting friction and wear resistance
[11], appearance — both in terms of color [12] and
translucency [13] — and cell [14] or bacterial [15] adhesion. In
particular, a smooth surface is required when low friction and
high wear resistance are desired, while a rough surface could
enhance the adhesion strength for any subsequent coating
[16]. Moreover, it is worth noting that although a rough
surface promotes cell adhesion and proliferation [14], the
same can happen for bacteria [17]. However, depending on the
characteristic dimensions of asperities and surface topography,
the resulting surface wettability further influences both
cellular and bacterial growth [18].

In this context, induced surface morphology and
topography of YSZ during fabrication and post-processing
operations for the realization of dental prosthesis strongly
affect the resulting tribological, adhesion and appearance
properties of the final product.

Among the common modification methods for zirconia-
based bioceramics, e.g. machining, sandblasting, chemical
etching, etc., the main drawbacks are low accuracy, low
material removal rate and damage of the parts, therefore
preventing the fabrication of desired geometries [19]. On the
contrary, laser processing appeared as an innovative and
potential tool for bulk material removal and efficient and rapid
fabrication technique for customization of bioceramics
surfaces [2]. In fact, laser processing does not contaminate the
surface of the part because the machining tool, which is the
laser in this case, does not come into contact with the
workpiece [20]. This feature also allows hard or brittle
materials to be processed avoiding undesired breakages
[21,22]. Moreover, the same laser system can be used for
different applications providing high flexibility [23-26].

It is worth highlighting that zirconia, being ceramic, during
the interaction with the laser beam, does not have almost any
free electron available for the absorption of the energy [2,27].
This means that to induce the ablation mechanism for material
removal, a higher energy per unit of incidence area, or
fluence, is required [28]. Therefore, only short, or ultrashort
pulsed lasers can be adopted. Moreover, YSZ is a thermal
insulator [29,30] which in combination with its brittleness
makes it more susceptible to thermal shocks. In fact, the
thermal gradient induced by the laser-bioceramic interaction
could promote thermal cracks initiation deteriorating the final
quality of the material. Therefore, the interaction process
between the laser beam and the zirconia is critical for material
removal, surface quality and mechanical performance, and
only an accurate choice of the laser parameters can optimize
the result [31].

The present work investigates the laser milling process of
zirconium dioxide stabilized with yttria (YSZ) to evaluate the
influence of the laser process parameters on the surface
roughness and material removal rate. By using a Q-Switched
30 W Yb:YAG fiber laser, scanning speed, number of
repetitions and hatching distance were controlled by following
a multi-level factorial design. Results were analyzed through
the statistical method of ANalysis Of Variance (ANOVA).

Finally, samples’ surfaces were visually inspected through
scanning electron microscopy to define the resulting quality.

2. Materials and Methods
2.1. Sintered yttria-stabilized zirconia

A commercial sintered zirconia stabilized with yttria
(BZCO0110M BionZ Crystal, by Bionah srl) was adopted in
the present study. The samples were under form of blocks
33 x 15 x 13 mm® in size. Table 1 shows the main
characteristics of the adopted material as declared by the
producer.

Table 1. Main characteristics of the YSZ samples as declared by the producer.

Characteristic Value Unit
Y,0; content 4+6 Wt%
Al,O; content <1 Wt%
Density ~6 g/em?
Flexural Strength 1.2+1.4 GPa
Vickers Hardness 1250 HVi
Weibull-module ~15 -
Coefficient of Thermal Expansion ~10° K!

2.2. Laser processing

Laser milling tests were carried out using a 30 W Q-
switched nanosecond pulsed Yb:YAG fiber laser (YLP-
RA30-1-50-20-20 by IPG Photonics) with a galvanometric
scanning head (by LASIT) equipped with a flat-focusing F-
Theta lens (QIOPTIQ, by LINOS). Table 2 shows the detailed
characteristics of the laser system.

Table 2. Main characteristics of the laser system.

Characteristic Value Unit
Wavelength 1064 nm
Nominal average power 30 w
Maximum pulse energy 1 mJ
Maximum peak power 20 kW
Pulse frequency 30 kHz
Pulse duration 50 ns
Mode TEM 00 -

M2 1.2+1.5 -
Focused spot diameter 80 pm
Working area 100x100 mm?

The laser-bioceramic interaction mode and the resulting
volume of ablated material strictly depend on the energy
density (Lg;), or fluence, and on the power density (L), or
irradiance [27,28], which are defined as functions of pulse
energy (E,), pulse power (F,), pulse frequency (F,), and pulse
duration (d,):
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where P is the nominal average power and A, is the focused
laser spot area.

2.3. Methods

Laser milling of 5x5 mm? pockets was carried out by
keeping constant the pulse frequency at 30 kHz, to obtain the
maximum pulse energy of 1 mJ, a pulse power of 20 kW, and
a fluence of ~0.2 J/mm?. The scanning strategy consisted of
four alternating passes at 45° for each repetition. While the
scanning speed, the number of repetitions and the hatch
distance were controlled by following a multi-level factorial
experimental plan developed on the basis of the Design Of
Experiment methodology [32,33], as described in Table 3.
Each experimental condition was replicated three times. It is
worth noting that the process parameters were chosen
according to a preliminary investigation aimed at identifying
the most influencing factors and their range of application.

Table 3. Multi-level factorial plan: 3 terms of scanning speed X 2 terms of
number or repetitions X 2 terms of hatch distance = 12 conditions.

needed to mill the pocket. The former is calculated by
dividing the length of the pocket (L) by the pulse spacing,
which is the ratio between the scan speed and the pulse
frequency. While the pulse number along the other direction
is obtained by dividing the width of the pocket (W) by the
hatch distance. Finally, considering the number of times that
the laser beam scans the surface, R, the total number of laser
pulses can be calculated as follows:

LW

4
p VL dH ( )
FP

A greater number of pulses interacting with the material
results in a greater amount of energy transferred. The
subsequent increase of the temperature due to the heat
accumulation on the pocket surface enhances the absorption
of the laser radiation, therefore the removal of the material is
expected to be improved. Table 4 shows the resulting values
of N, obtained for the different experimental scenarios.

Table 4. Number of pulses resulting from different experimental conditions.

Control factor Level Unit
Scanning speed (v;) 350 450 500 mm/s
Number of repetitions (R) 10 20 -
Hatch distance (dy) 40 60 pum
Surface quality was evaluated through roughness

measurements and samples’ surface inspection. Roughness
was quantified through the arithmetic mean surface roughness
(Ra) according to the ISO 4287:1997 standard. Measurements
were carried out by using a 3D surface profiling system
(Talysurf CLI 2000, by Taylor Hobson). For each pocket,
three profiles were recorded. The acquired data were
elaborated using the software MountainsMap® for surface
analysis. Moreover, a scanning electron microscope (SEM
Leo SUPRA 35, by ZEISS) was used to verify the quality of
the machined pockets.

The machined depth (H,,,) was evaluated by using a digital
microscope (KH-8700 by Hirox) and used to calculate the
material removal rate (MRR):

HmAPp
T

m

MRR = 3)

where Ap is the machined area, p the density, t,, the time
needed to mill the pocket.

The ablation mechanism responsible for the removal of the
material is strongly influenced by the laser parameters,
especially by the pulse duration and the number of incident
laser pulses [34,35]. The total number of incident laser pulses
(Np) is given by the product of the number of pulses irradiated
along the direction of the laser and the number of scan lines

Scanning speed,  Number of Hatch distance, Number of
mm/s repetitions pm pulses
350 10 40 535,714
350 10 60 357,143
350 20 40 1,071,429
350 20 60 714,286
450 10 40 416,667
450 10 60 271,778
450 20 40 833,333
450 20 60 555,556
550 10 40 340,909
550 10 60 227,273
550 20 40 681,818
550 20 60 454,545

3. Results and Discussion

Experimental results are shown in Fig. 2, while Table 5
reports the statistical results of the ANOVA test, which
provides the statistical significance of the control factors (v,
R, dy) for the MRR and Ra. It is worth noting that in the
latter table the significant effects, i.e. F > F-critical, p < 0.05,
IT > 3%, are highlighted by the bold text. F is the Fisher value,
p is the level of probability, and IT is the contribution
percentage. The F-critical is 4.28 for one degree of freedom
and 3.42 for two degrees of freedom.

The ANOVA results indicate that the most relevant
parameter for both response variables, i.e. MRR and Ra, is the
laser scanning speed. Moreover, Ra is also affected by the
number of repetitions and the interaction between scanning
speed and hatch distance. Therefore, for sake of briefness, in
the following the discussion will be exclusively focused on
the effect of the significant parameters affecting MRR and Ra,
i.e. v, R and v, X dy.
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Fig. 1. Experimental results for (a) MRR; (b) Ra. The error bars represent the
standard deviation.

Table 5. ANOVA table for MRR and Ra. The significant effects (i.e. F > F-
critical, p < 0.05, I1> 3%) are highlighted by the bold text. The F-critical is
4.28 for one degree of freedom and 3.42 for two degrees of freedom.

Source MRR Ra

F p 11, % F P I1, %
vy 909.45  0.000 74.55 20.28 0.000 34.15
R 17.71 0.000 0.73 26.61 0.000 22.41
dy 51.31 0.000 2.10 0.38 0.542 0.32
v, XR 4.06 0.031 0.33 3.02 0.068 5.09
v, X dy 0.72 0.496 0.06 4.68 0.020 7.88
R xdy 4.96 0.036 0.20 0.32 0.577 0.27
vy XRxdy 619 0.007 0.51 0.38 0.685 0.65
Error 0.94 19.36

As shown in Fig. la, the lower the scanning speed, the
greater the material removal rate, i.e. from an average 0.28
+0.03 mg/s at 550 m/s to 0.52 £0.01 mg/s at 350 mm/s. In
fact, the lower the scanning speed, the longer the time the
laser interacts with the material, potentially the higher the
average temperature of the machined pocket, the lower the
energy needed to reach the melting and the vaporization
temperatures. In other words, the number of pulses reaching
the pocket is greater (Table 4) and together with a lower level
of energy threshold a greater amount of material is removed.

The opposite occurs for the roughness (Fig. 1b). It
improves from an average Ra of 2.66 £0.39 um at 450 mm/s
to 1.83 £0.15 um at 350 mm/s. In this case, the reason is
ascribed to the melting phenomenon, which is restrained due
to the lower average temperature the pocket can reach for
higher values of scanning speed. Therefore, a lower quantity
of particles is ejected from the sample, which tends to re-
solidify on the surface (Fig. 2a-b). In this way, the effect
peak-valley is more pronounced when the tip of the
profilometer meets them during measurements. Moreover, the
greater the scanning speed, the lower the surface crack
formation due to the thermal shock the samples undergo
during the milling process, as confirmed by the presence of

cracks through the droplets of the ejected material, as shown
in Fig. 3.

Fig. 2. SEM micrographs of laser milled surfaces at R = 20, d; = 40 pm and
(a) v, =350 mm/s or (b) v, =450 mm/s.

Fig. 3. SEM micrograph of crack propagation of a laser milled surface at R =
10, dy = 60 pm and v, =450 mm/s.

Fig. 1b also highlights that increasing the scanning speed at
the highest value here investigated, i.e. 550 mm/s, there is a
change of the trend about the roughness. In fact, Ra firstly
increases from 1.83 +0.15 um at 350 mm/s to 2.66 £0.39 pm
at 450 mm/s, but then decreases to 2.45 +0.42 pm at 550
mm/s. This effect can be attributed to the interaction between
the scanning speed and the hatch distance, as suggested in
Table 5 by ANOVA. Increasing the hatch distance together
with the scanning speed, the effect peak-valley during
roughness measurements is smoothed due to the widening and
flattening of the laser scans [36,37]. In fact, the higher the
scanning speed and the hatch distance, the lower the number
of pulses reaching the surface (Table 4), therefore the lower
the total energy transferred to the material, which results in a
lower quantity of removed material.

All the surfaces of the milled pockets shown in Fig. 2 are
characterized by the presence of cracks covering all the area.
This is due to the thermal stresses induced in the sample
during the laser milling operation [27,38]. Therefore, the
depth of such defects within the material was further
investigated. Fig. 4 shows that cracks are limited to the
surface and only very few of them infiltrate more in depth, up
to 5-10 um under the surface. However, they are very rare and
can be considered as not critical for mechanical strength [38].
But this needs further investigation.

Finally, Fig. 5 shows that the laser processing, within the
condition adopted in this work, does not lead to a deep phase
transformation, ensuring the preservation of a tetragonal
structure.
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Fig. 4. SEM micrographs of the induced damage due to the laser milling
process.

Fig. 5. SEM micrographs of the crystalline structure (a) before and (b) after
the laser milling process.

The tribological behaviors between dental restorations and
enamel are mainly determined by the mechanical properties
and superficial microstructure as well as topography of the
restoration material, i.e. zirconia stabilized with yttria in this
case. Therefore, observing Fig. 6, in which MRR is plotted as
a function of Ra, when a higher roughness value is required,
i.e. in order to achieve increased strength with dental
porcelain and most importantly good adhesion with dental
cement and human dentin or enamel and favoring the
osseointegration [2,18], the highest MRR value can be
obtained adopting a scanning speed of 450 mm/s, 20
repetitions and 40 pm as hatch distance. Within this condition,
a mean Ra of 3.15 pm and a mean MRR of 0.37 mg/s can be
obtained (black dot in Fig. 6).

In general, the values of MRR here obtained suggest that
the proposed processing method could be only applied to
micromachining processes, small batches manufacturing or
prototyping, even if compared to picosecond pulsed lasers
[39], therefore in line for applications of personalized
medicine as in the case of dental prostheses but cheaper than
ultrashort pulsed laser systems.

Finally, the existence of cracks and phase transformation
raise the question of reliability of the material. The literature
[38,39] suggests that such short cracks should not
compromise the mechanical strength, however the long-term

effects are worth being studied. Moreover, the surface damage
also depends on laser parameters’ combination. Therefore, by
adequately tuning laser parameters, it is possible to obtain
crack-free treatments [40].
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Fig. 6. MRR as a function of Ra for process window identification.
4. Conclusions

The most relevant results of the laser milling of yttria-
stabilized zirconia for dental restorations fabrication are listed
in the following:

e The lower the scanning speed, the higher the number of
pulses, the more enhanced is the absorption phenomena
due to the higher surface temperatures, the greater the
material removal rate, up to 0.52 £0.01 mg/s at 350 mm/s.
While the number of repetitions and hatch distance have no
significant effect.

e The roughness worsens for increasing values of scanning
speed, up to 2.66 £0.39 um at 450 mm/s. This is due to the
lower average temperature the pocket can reach for higher
values of scanning speed, i.e. lower number of pulses,
allowing a smaller quantity of particles to be ejected.
These, re-solidifying on the sample surface, enhance the
effect peak-valley during measurements, therefore
resulting in a rougher surface.

e High material removal rate together with a rough surface
are necessary to improve the adhesion of any subsequent
coating on the zirconia-based bioceramic substrate. To this
end, the experimental findings suggest using the
operational parameters’ combination given by a scanning
speed of 450 mm/s, 20 repetitions and 40 pm as hatch
distance.

e In general, the material removal rates obtained are lower
than 0.54 mg/s, therefore eligible only for small volume
micromanufacturing operations.

e The process guarantees good repeatability, the tendency to
maintain the tetragonal structure of the starting material
and the induced damage is limited to the near surface
region for an extent of about 5-10 um.
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