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Introduction

Recently, ceramics has rapidly gained in popularity
among dental restorative materials” because of in-
creased desire for aesthetics, improvements in materials,
and development of computer aided design/computer
aided manufacturing (CAD/CAM) systems. Zirconia is
the most frequently used material for all-ceramic crowns

owing to its overwhelmingly high fracture toughness®?.

Zirconia crowns are processed either by cutting com-
pletely-sintered materials with a cutting tool, or by cut-
ting semi-sintered crowns and then completely sintering.
Although the former method yields better processing
precision, the latter is widely adopted because of its ease.

To process completely sintered zirconia, the use of a
laser instead of a mechanical cutting tool has been con-
sidered, and processing using a pulsed nanosecond
Nd:YVO, laser has been reported?. However, the pro-
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cessing precision still has room for improvement com-
pared to that in processing semi-sintered zirconia with

1579 Femtosecond lasers with

mechanical cutting too
pulse widths shorter than nano- and picosecond, are used
in a wide range of applications including medical sur-
geryl(S, 17)

reports regarding the cutting of hard dental tissue using
18-20)

. In the field of dentistry, there have been a few
femtosecond lasers However, owing to the lack of
practical method for guiding light within an oral cavity
without losing laser energy, and safety concerns, there
are limits on the output power and wavelength range
that can be used, so that nothing has been found that is
superior to the Er:YAG laser already used for clinical ap-
plications. On the other hand, there have been practical-
ly no reports pertaining to the preparation of dental
prosthetic devices using femtosecond lasers. In the pres-
ent study, we considered whether an all-ceramic crown
could be processed by using a femtosecond laser on den-
tal prosthetic appliances for which high precision pro-
cessing is required.

Alumina ranks with zirconia as a material for restor-
ative materials owing to its prominent mechanical prop-
erties. Hydroxyapatite has excellent biocompatibility
and has been studied as a possible new prosthetic mate-
rial. Although hydroxyapatite has not been used for den-
tal prostheses because of the difficulty in processing, and
insufficient Vickers hardness and bending strength? 2,
hydroxyapatite coatings have been put into practical use
for implants in recent years®. Research and develop-
ment on apatite sheets for dentin restoration have also

d24, 25)

been conducte The Vickers hardness of hydroxy-

apatite complex has also increased®2?

, SO it is expected
that hydroxyapatite will be put to practical use in the fu-
ture.

Accordingly, the objective of the present study is to
seek a new method for processing all-ceramic crowns
containing alumina and hydroxyapatite, in addition to

zirconia.
Experimental materials and procedures

1. Experimental materials

The zirconia samples were either completely-sintered
yttria-stabilized zirconia blocks (Y-TZP Z-CAD® TKT
METOXIT AG, Thayngen), henceforth referred to as Y-
TZP, or semi-sintered yttria-stabilized zirconia blocks (Y-
TZP Z-CAD®, TKT METOXIT AG), henceforth referred
to as Semi-Y-TZP. The alumina samples were complete-
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Figure 1 Experimental setup for processing ceramic samples

Automatic stage

ly-sintered alumina blocks (CHEMISTON Co., Ltd., Saita-
ma), henceforth referred to as AlOs. The hydroxyapa-
tite samples were either dense Cajo(PO4)(OH), (CELL-
YARD pellet®, HOYA Co., Ltd, Tokyo), henceforth re-
ferred to as HAP100, or porous Cai(PO4)s(OH), (CELL-
YARD HA scaffold®, HOYA Co. Ltd.), henceforth re-
ferred to as HAP50.

Alumina and hydroxyapatite were used only to com-
pare materials and the presence or absence of water,
and subsequent experiments were carried out only
with the zirconia most commonly used for all-ceramic
crowns.

2. Laser equipment

The following laser systems were used in the experi-
ments.

¢ A femtosecond Tissapphire regenerative amplifier la-

ser system (central wavelength A =800nm, pulse
width 7,=>50fs, and 1kHz repetition rate)

¢ A femtosecond Tisapphire regenerative amplifier la-

ser system (central wavelength A =800nm, pulse
width ©,=150fs, and 1kHz repetition rate)

3. Optical path

Figure 1 shows a schematic diagram of the optical
path. The output beam of the regenerative amplifier
passed through a 0.2mm thick B-BaB:Os (BBO) crystal
and generated a second harmonic with a central wave-
length of 400nm. When performing 400nm irradiation
experiments, the light was passed through a reflection-
type bandpass filter to cut out the fundamental 800nm
component. In 800nm irradiation experiments, the angle
of the BBO crystal was adjusted so as not to produce a
second harmonic, and the beam was similarly passed
through an 800nm reflection-type bandpass filter. The
laser light intensity was attenuated using a variable Neu-
tral Density filter (ND filter), and the beam was focused
using a synthetic quartz lens (focal length 20mm). We
attached three actuators (Optmike-E, SIGMAKOXKI Co.,
Ltd., Saitama) to a manual XYZ stage and used it as an
automatic stage. The sample was mounted vertically on
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an automatic stage, and the laser pulses irradiated the
sample at normal incidence at a repetition rate of 1kHz.

4. Experimental conditions

The experimental conditions that were varied were the
wavelength, irradiation power, defocus distance, automatic
stage movement speed, and whether or not there was
an air flow for removing debris. The central wavelength
of the irradiating light pulses was set to either 800 or
400nm. The light intensity following the bandpass filter
was measured using a power meter (PS19, Coherent,
Inc., Santa Clara).

Figure 2 shows a schematic diagram of the relation-
ship between the lens focal point and the sample. The
focal point was at the center of the plasma generated by
ionization of air molecules, where the light power is set
as low as possible in the condition that the plasma could
be visually observed. As seen in Figure 2, the defocus
distance was taken to be negative when the sample was
on the lens side of the focal point, and positive when on
the opposite side.

The automatic stage movement speed could be adjust-
ed in the range of 1 to 100um/s.

5. Experimental procedure

Samples were mounted on the automatic stage, and
were irradiated at normal incidence with laser pulses at
a 1kHz repetition rate. The depth and sectional area of
the irradiation traces on the sample surface were mea-
sured using a 3CCD real color confocal microscope
(H1200, Lasertec Corporation, Kanagawa), henceforth re-
ferred to as confocal microscope. These measurements
were performed at 10 random locations, and the results
were averaged.

1) Effect of defocus distance

To determine the effect of the defocus distance on the

depth and sectional area of the irradiation traces, the dry
Y-TZP samples were used. The laser wavelength was
400nm, the pulse width was 50fs, the irradiation power
was 20mW, the sample movement speed was 100um/s,
and the defocus distance was varied from —400 to +200um
in 50um increments. We examined this dependence be-
cause we found the processing efficiency significantly
depended on the defocus distance in early stage of our
research. In addition, there was uncertainty of = 100um
in the position of a sample with respect to the focal point.
Hence, we also measured the defocus distance depen-
dence in other experiments, so that we could always
evaluate other dependences, excluding the influence of
defocus distances.

2) Effect of type of material and presence of water

To determine the effect of type of material and pres-
ence of water on the depth and sectional area of the irra-
diation traces, dry and wet samples of HAP100, HAP50,
Y-TZP, and Semi-Y-TZP Al;O; were used. All samples
were prepared two types of dry and wet. Wet types of

F= -400~+200 (um)
— +
-400 0+200

20mm

Figure 2 Position relations schematic view
of defocused distance: Fy

Table 1 The exprimental conditions

Experiment

Conditions

1) Effect of defocus distance
2) Effect of type of material and presence of water
3) Effect of irradiation power

4) Effect of laser wavelength and pulse width

5) Effect of sample movement speed and debris
removal

From — 400 to +200um in 50um increments

Dry or wet samples of Y-TZP, semi Y-TZP,
AlO3, HAP100, HAP50

From 8 to 100 (8, 10, 20, 40, 60, 100) mW

Wavelength: 400nm (pulse width: 50fs)
Wavelength: 800nm (pulse width: 50fs, 150fs)

Sample movement speed from 26 to 100 (26, 46, 67, 85,
100) um/s
With and without air folw during processing
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all of these samples were also produced by soaking for
one week in water. The laser wavelength was 400nm,
the pulse width was 50fs, the irradiation power was
20mW, the sample movement speed was 100um/s, and
the defocus distance was varied from —400 to +200um
in 50um increments. The surface of the irradiation trac-
es was compared by naked eye observations and using
scanning electron microscope (JSM-6500, JEOL Ltd., To-
kyo, Japan). Then we investigated the dependence of
the maximum depth and maximum sectional area of the
irradiation trace at the defocus distance and on the pres-
ence or absence of water for each sample. An overall
difference between the groups was tested by one-way
analysis of variance for all of the experimental groups.
Differences between groups were tested by a two-way
analysis of variance for differences in materials and pres-
ence or absence of water, followed by a Tukey-Kramer's
multiple-comparison post hoc test.

3) Effect of irradiation power

To determine the effect of the irradiation power on the
depth and sectional area of the irradiation traces, the dry
Y-TZP samples were used. The pulse width was 50fs,
the defocus distance was —200um, and the sample
movement speed was 100um/s. The laser wavelength
was either 400 or 800nm, and the irradiation power was
varied from 8 to 100 (8, 10, 20, 40, 60, 80 or 100)mW.

4) Effect of laser wavelength and pulse width

To determine the effect of laser wavelength and pulse
width on the depth and sectional area of the irradiation
traces, the dry Y-TZP samples were used. The irradia-
tion power was 20mW, the sample movement speed was
100um/s, the laser wavelength was 400 or 800nm, the
pulse width was 50 or 150fs, and the defocus distance
was varied from —400 to +200um in 50um increments.
Then we investigated the dependence of the depth and
sectional area of the irradiation trace on the wavelength
and duration of femtosecond laser pulses for each defo-
cus distance. Differences between groups were tested
by a two-way analysis of variance for differences in
the wavelength and pulse width, followed by a Tukey-
Kramer's multiple-comparison post hoc test.

5) Effect of sample movement speed and debris re-

moval

To determine the effect of sample movement speed
and debris removal, on the depth and sectional area of
the irradiation traces, the dry Y-TZP samples were used.
The wavelength was 400nm, the pulse width was 50fs,
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the irradiation power was 20mW, and the defocus dis-
tance was —200um. The sample movement speed was
26, 46, 67, 85, or 100pum/s, and irradiation was performed
either with or without an air flow to remove the debris.
The flow quantity of the air was approximately 10 liters
a minute. Regression analysis was done by simple re-
gression on the sample movement speed and the size of
the irradiation trace.

6) Evaluation of cavity formation

Using a dry Y-TZP sample, a 1000um long, 1000pum
wide, and 300um deep cavity was formed by laser irradi-
ation. The laser wavelength was 800nm, the pulse width
was 150fs, the irradiation power was 100mW, the defocus
distance was —200um, and the sample movement speed
was 100um/s. First we moved the sample along the x-
axis of the automatic stage. Then we shifted the sample
along the y-axis by 25um, and moved along the x-axis
again. We repeated this procedure until a two-dimen-
sional trace with a size of 1000 X 1000pm was formed on
the xy plane. Then we moved the sample along the di-
rection of depth (z-axis) by 50um and repeated the pro-
cessing on the xy plane. After we irradiation sample, us-
ing a confocal microscope, the depth and surface rough-
ness at 10 arbitrary locations on the cavity floor were
measured. In addition, the time required for cavity for-
mation was measured.

Experimental conditions and parameters are summa-
rized in Table 1. All the experiments except experiment
3) were repeated three times for each condition.

Results

1) Effect of defocus distance

Figure 3 shows the relationship between the defocus
distance and the depth and sectional area of the irradia-
tion traces. It can be seen that the milled amount is the
largest for a defocus distance of —300um, and decreases
away from this position. The defocus distance that led
to the largest amount of processing was also found to be
negative (sample on the lens side of the focal point) and
this behavior did not depend on material or its condi-
tions.

2) Effect of type of material and presence of water

Figure 4 compares the maximum values of the depth
and sectional area for dry and wet samples of different
materials. It can be seen that for the porous Semi-Y-
TZP and HAP50 samples, the maximum values increased
by a factor of two times or more, although the standard
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deviation also became larger. A one-way analysis of
variance for all of these samples indicated a significant
effect of the experimental conditions on the irradiation
trace depth (p < 0.0001) and sectional area (p < 0.0001).
In addition, a Tukey-Kramer multiple comparison showed
a significant effect of the presence of water for Semi-Y-
TZP and HAP5S0, with a confidence level of greater than
95%. A two-way analysis of variance for the dense Y-
TZP, HAP100, and Al;O; samples revealed that there
was a significant effect of the type of material (p=0.0002)
and the presence of water (p=0.0226) on the depth of
the irradiation trace. However, only the type of material
had a significant (p=0.0001) effect on the sectional area.
A Tukey-Kramer multiple comparison showed that the

largest amount of processing occurred for Y-TZP, fol-
lowed by HAP100, and the sample that was hardest to
mill was Al;Os. Furthermore, the irradiation trace be-
came significantly larger when water was present.

Figure 5 presents photographs of irradiation traces on
the sample surfaces. The traces appear black on the Y-
TZP surface, and bluish-black on the Semi-T-TZP sur-
face, but no such darkening appears on the HAP100,
HAP50, or Al:O3 surface. The temperature of the Y-TZP
and Semi Y-TZP samples was subsequently raised to
1,000C in air over the course of an hour, and then to
1,450C over the course of another hour. -After sintering
for two hours at 1,450C and cooling over the course of
30 min to 980°C, the darkening disappeared.
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Figure 5 Observation photograph of the laser irradiation trace of the sample surface
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Figure 6 SEM photograph of the laser irradiation trace of the sample surface

Figure 6 shows SEM images of the irradiation traces
on the different samples. For the dry Y-TZP sample, the
edge of the trace is straight and distinct, and a rounded
scales-like structure can be seen in the interior of the
trace. For the wet Y-TZP sample, although the trace
edge is straight, it is less distinct than that for the dry
sample. A rounded scales-like structure again appears in
the interior. For the dry Semi-Y-TZP sample, the trace
edge is indistinct, and plate-like structures can be seen
in the interior. The wet Semi-Y-TZP sample also exhib-
its an indistinct trace, but it contains a scales-like struc-
ture. For the dry HAP100 sample, the trace edge is
straight and distinct, and an angular structure appears
in the interior. Similar results are seen for the wet
HAPI100 sample, although the angular structure is more

rounded. For the dry HAP50 sample, the trace edge is
indistinct, and an angular scales-like structure appears in
the interior. For the wet HAP50 sample, the trace edge
is indistinct, and an angular structure appears in the
interior. For the dry Al;O; sample, the trace edge is
straight, and a rounded scales-like structure appears in
the interior. For the wet Al,Os sample, the trace edge
is straight, and a more rounded scales-like structure
appears in the interior. In general, for all samples, the
trace edges were somewhat more distinct for the dry
samples.

3) Effect of irradiation power

Figure 7 shows the dependence of the trace depth and
sectional area on the irradiation power. It can be seen
that both the depth and sectional area increase rapidly



96 J. Jon. Soc. Laser Dent. 27 : 90-100, 2016

80

©400nm ©300nm
— Approximate line(400nm)-- Approximate ].ing(s 00nm)
60 -
—_ o
g o
-}5/ 40
o ,_—-.
3] e
A %
) o %
20 ",.“’
0 T T T T |
0 20 40 60 80 100

Irradiation power (mW)

1600 r

©0400nm @800nm
— Approximate line(400nm)-- Approximate line(800nm)
o}

(o]
1200
o
S 800 | .
= - 2 4
g o L
5 1t °
o %
2 400 -
//
I/
/
0 ‘ ; 1 ; ;
0 20 40 60 80 100

Irradiation power (mW)

Sample Y-TZP DRY, Pulse widths 50 fs, F4-200 pm, Sample movement speed 100 pm/s

(n=1)

Figure 7 Dependence of the trace depth and sectional area on the irradiation power
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Figure 8 Dependence of the maximum trace depth and sectional area on the
wavelength and pulse width

up to 20mW, and then more slowly. Although the irradi-
ation trace was seen at wavelength 800nm and irradia-
tion power 8mW, it could not be measured with a confo-
cal microscope.

4) Effect of laser wavelength and pulse width

Figure 8 shows the dependence of the maximum trace
depth and sectional area on the wavelength and pulse
width. A one-way analysis of variance showed a statis-
tically significant (p<<0.0001) effect of both the wave-
length and pulse width. In addition, a Tukey-Kramer
test identified a significant difference (p=0.0037) be-
tween wavelengths of 400 and 800nm, and also (p=
0.0003) between pulse widths of 50 and 150fs at a wave-
length of 800nm.

5) Effect of sample movement speed and debris re-

moval
Figure 9 shows the dependence of the irradiation trace

depth and sectional area on the sample movement speed
and the presence or absence of an air flow to remove de-
bris. When an air flow is present, both the depth and
sectional area decrease with increasing movement speed,
which is not the case without an air flow. In addition, al-
though the trace depth and sectional area are larger in
the presence of an air flow, the difference becomes small-
er as the movement speed increases. Although a linear
regression analysis of the data in Figure 9 gave negative
regression coefficients for the groups both with and
without air flow, the results were not statistically signifi-
cant.

6) Evaluation of cavity formation

The average cavity depth was measured to be 3082 =
11.4pm, the average difference in cavity floor depth
(Rmax) Was 375+ 68um, and the average roughness (R.,)
was 45+ 15um. The processing time was 4.5h.
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Discussion

1) Effect of defocus distance

The maximum amount of processing occurred at a de-
focus distance of approximately 300um, that is, approxi-
mately 300um from the focal point on the lens side, and
it decreased further from this position. This is contrary
to the expectation that the largest amount of processing
would occur at the focal point, where the power density
is at a maximum. This is thought to be due to the for-
mation of a plasma in the air at the focal point because
of the high laser light concentration. This plasma ab-
sorbs the laser light, causing the milling efficiency to
decrease® 2.

2) Effect of type of material and presence of water

The large differences between the dry and wet cases
for the Semi-Y-TZP and HAP50 samples are thought to
be due to the presence of pores in these materials. Since
Y-TZP, HAP100, and Al;O; are dense, water cannot infil-
trate into their interior. On the other hand, because
HAP50 is porous hydroxyapatite, and Semi-Y-TZP is par-
tially sintered zirconia, they do not have a dense interior,
and moisture can infiltrate. This is thought to lead to
enhanced processing as a result of explosive expansion
of internal water that becomes vaporized due to laser
heating. This suggests that if a porous Y-TZP material
was developed®, processing could be performed in a

short period of time. On the other hand, because of the
high standard deviation, that is, the large amount of vari-
ability, it will be necessary to investigate the precision
with regard to porous materials.

From the photographs in Figure 5, the irradiation trac-
es appeared black only for Y-TZP and Semi-Y-TZP; this
therefore seems to be a particular characteristic of zir-
conia. Two causes for this darkening are considered:
adhesion of ultrafine particles produced by the plasma
generated by laser irradiation, and formation of oxygen-
deficient zirconia (ZrO.x). Yoshioka et al. reported that
darkening and cracking were observed when irradiating
zirconia with a @-switched Nd:YAG laser, that the cause
for this was oxygen deficiency, and that the dark regions
disappeared upon resintering®. Ban et al. also reported
that darkening occurred when irradiating the surface of
zirconia with a Nd:YAG laser, that its cause was oxygen
deficiency due to laser heating, and that it disappeared
upon resintering®®. Since, in the present study, similar
behavior was found for Y-TZP and Semi-Y-TZP, it can
be concluded that the observed darkening is also the
result of oxygen deficiency due to the heating induced
by the laser.

The processing mechanism is considered from the
viewpoint of laser ablation. When a laser irradiates a sol-
id and the beam intensity exceeds a threshold value, the
solid undergoes electronic, thermal, photochemical, and
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physical changes, and its surface becomes etched. Laser
ablation is classified into the categories of photothermal,
photomechanical, and photochemical ablation® *. Photo-
thermal ablation is a milling mechanism resulting from
boiling or vaporization of internal water, and frequently
produces a heat-affected zone. Photomechanical ablation
is generated by short-pulse laser irradiation and it can
produce a very thin heat-affected zone. In photochemical
ablation, molecular bonds are severed by an ultraviolet
laser or the high-energy photons associated with the
blue-violet region of the spectrum, and it gives rise to
very little scattering®* .

When processing inorganic materials, photomechanical
ablation and photochemical ablation are believed to oc-
cur. The oxygen deficiency that is thought to be the
cause of the darkening described earlier is also believed
to occur due to photochemical ablation. From the SEM
images, because the trace edges for Y-TZP, HAP100, and
Al,0O; were flat and did not have a thermally coagulated
appearance, it is believed that mainly photomechanical
ablation and photochemical ablation had occurred. Al-
though the trace edges for Semi-Y-TZP and HAP50 were
irregular had a stripped-away appearance, because of the
absence of a thermally coagulated appearance, and from
the sample shape, moisture had infiltrated the interior, it
is believed that photothermal ablation combined with
photomechanical ablation and photochemical ablation to
increase the cutting force.

3) Effect of irradiation power

Both the irradiation trace depth and sectional area
were found to increase with increasing light intensity,
but the rate of increase was lower for an irradiation
power above 20mW. This is thought to be because the
laser beam is absorbed by plasma generated at high
beam intensities, thus reducing the power density avail-
able for processing? 2",

4) Effect of laser wavelength and pulse width

The absorption edge (bandgap) for all of the materials
in the present study is in the ultraviolet region, and the
samples absorb light by multiphoton absorption. The
significant difference in the maximum trace depth and
sectional area for wavelengths of 400 and 800nm is
thought to be because less absorption occurs at the
shorter wavelength, and the multiphoton absorption ef-
ficiency increases. Furthermore, in these experiments,
in order to keep the light intensity constant, when the
same pulse energy is used, the number of photons con-

7,=50 f8

Intensity

7,=1501f%
Jk

Time

Figure 10 Comparison of peak intensities of laser pulses
with the same pulse energy, however with
different pulse widths of 50 and 150fs

tained in a 400nm light pulse is half that for an 800nm
light pulse. In addition, broadening due to group velocity
dispersion of the pulse used for focusing is greater with
the 400nm pulse. Nevertheless, a higher processing rate
was observed in the present study at a wavelength of
400nm, which suggests the superiority of shorter wave-
length light.

The fact that a significant difference was seen be-
tween a 50fs and 150fs pulse widths for both the trace
depth and the sectional area at a wavelength of 800nm
means that for the same pulse energy, the processing ef-
ficiency improved with increasing peak power, indicates
that the processing mechanism is not a simple thermal
effect, but rather depends on the instantaneous irradia-
tion power. Figure 10 shows the comparison of peak in-
tensities of laser pulses with the same pulse energy,
however with different pulse widths of 50 and 150fs.

5) Effect of sample movement speed and debris re-

moval

In these experiments, because the pulse rate was 1
kHz, at sample movement speeds of 100 and 26um/s, the
number of pulses per unit length differed by a factor of
about four. At lower movement speed, the greater the
number of pulses per unit length, and the higher the
processing rate. In Figure 9, it was seen that both the
trace depth and sectional area decreased with increasing
movement speed only when an air flow was present.
However, that fact that the regression coefficient was
not significant was due to one measurement among the
three repetitions in this experiment giving an extremely
high value. The cause for this is unknown. In consider-
ing these results, it is believed that the presence or ab-
sence of air has a large effect on processing. Although
the sample was mounted vertically on automatic stage,
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debris remained. It is suggested that when debris are
not removed by an air flow, they remain in the irradia-
tion trace and prevent the sample from receiving suffi-
cient energy for efficient processing. The same phenom-
enon is seen when processing with mechanical cutting
tools, and it has been reported that when cool air is used
to remove debris, the cutting force increases and the
surface roughness is reduced?®.

6) Evaluation of cavity formation

The average cavity depth was 308.2 +=114um, the av-
erage difference in cavity floor depth (Rua) was 375+
6.8um, and the average roughness of the cavity floor
(R.) was 45=15um. Uno et al. reported the effects that
heating CAD/CAM produced ceramic crowns had on
the accuracy of the fit*”. According to this report, Rmax
was 84.8um before sintering and 58.1um after sintering.
R, was 42um before sintering and 3.7um after sintering,
the marginal fit was 22.0um after sintering, and the
report concluded that there were no clinical problems.
The above values are comparable to those obtained in
the present study. McClean and Fraunhofer reported
that if the marginal fit was 120um or less, and Nakamura
et al. reported that if the marginal fit was 100pm or less,
good clinical results were obtained®3?,

In the present study, we processed ceramic blocks in
the low power limit of several to 100mW. This was to
estimate the best precision available in the processing of
ceramics. Hence, it is not realistic to apply the present
processing speed to the estimation of the total time for
processing ceramic crown and compare it with that us-
ing conventional method. For practical application of
femtosecond laser to the processing of ceramic crown,
we propose the combined use of femtosecond laser with
a maximum power of a few W or a nanosecond Nd:YV O,
laser for rough processing, and those with a low power
for fine finishing as we did in the present study. Even
as to the processing with femtosecond laser, we have
some concrete ideas to improve the processing speed
with femtosecond laser. First, we used the femtosecond
laser with the duration of 150fs and wavelength at
800nm: owing to the limited machine available time.
However, as indicated by the present experimental re-
sults, the use of shorter pulse width and wavelength will
reduce the processing time of ceramic crown. Second,
we could not make use of the full power of laser pulse
owing to the formed plasma in air. Hence, processing in
vacuum or in gases with higher ionization energy such

Noritsugu KITAO, et al  Processing of ceramic blocks using femtosecond laser 99

as noble gases will contribute to the improvement of pro-
cessing efficiency. To confirm this is one of our future
tasks.

Conclusion

Processing of completely-sintered zirconia, semi-sin-
tered zirconia, alumina, and hydroxyapatite was achieved
using a femtosecond Tisapphire laser. It was found that
if water permeated the sample interior, the cutting pow-
er increased. In the case of the zirconia samples, darken-
ing of the irradiation traces was observed, but this disap-
peared when the samples were reheated. The cutting
force, as indicated by the depth of the irradiation trace
and the sectional area, was found to depend on the irra-
diation power. It increased rapidly up to a measured
beam power of 20mW, and subsequently more slowly.
For the same irradiation power, the processing amount
increased with decreasing wavelength and pulse width.
In addition, it was found that removal of the debris was
beneficial for milling. Finally, the surface roughness at
the floor of a cavity formed by laser irradiation was de-
termined to be in the clinically applicable range.

The above results suggest that a femtosecond titani-
um-sapphire laser can be applicable for high-precision
processing of dental ceramics.
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