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bstract

ulsed Nd:YAG laser was used for efficient drilling of cylindrical hole patterns in porous Ni–YSZ cermet plates. Green NiO–YSZ oxide ceramic
ubstrates obtained via tape casting technique were machined using 8–80 ns pulses at the fixed wavelength of 1064 nm. The etched volume, drill
iameter, shape and depth were evaluated as a function of the processing parameters such as pulse irradiance and pulse number. The laser machining

echanism was discussed by means of laser–material interaction parameters such as beam absorptivity and plasma formation and the impact to

he overall process discussed. Holes with uniform diameter from 30 to 110 �m and up to 1 mm depth were drilled with a high efficiency of up to
.1 mm3 per pulse. Green state machining showed significant efficiency whereas the properties of the cermet substrate were kept unchanged.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramics machining with laser is a mature technology that
omes from microelectronics industry for scribing an aperture
rilling.1,2 Recent developments and progresses of laser tech-
ology have lowered their price and increased their versatility,
hus making them an attractive option for a wider range of mate-
ials to be processed and machined with.3,4 Their application to
eramic industry is of particular interest because of the nature
f conventional methods used, which are extremely laborious
nd time-consuming. Furthermore, laser-based machining tech-
iques present unique advantages due to their ability to produce
igh precision machining with excellent surface quality while
ielding small heat affected zones.

Nevertheless the laser machining of ceramics in the sintered
tate may present some shortcomings due to the presence of
patter and resolidified matter around the hole entrance or micro-
rack formation resulting from thermal shock.2,3,5 Heat input
an be kept low by using nano-, pico- or femtosecond lasers.3
owever a more efficient approach to ceramic machining is the
aser machining of the ceramics in their green state.1,2,4–7 Green
tate machining showed to be successful in part by the fact that
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reen ceramics presents lower heat conduction than sintered
eramics. In addition presence of organic matter, as binder or
elling agent, produces a material etching mechanism quite dif-
erent from that of fired ceramics. In short, the ceramic particles
n the green body absorb the laser radiation and heat up signif-
cantly, the surrounding organic matter pyrolizes producing a
as jet. The expanding gas jet drags the surrounding matter out-
ide of the processing site. Depending on the laser wavelength
sed and because of the different threshold fluence between the
rganic matter and the ceramic particles a “cold” ablation can be
chieved. The material being removed with no significant heat-
ng of the ceramic.6 Critical issue on cold ablation processing is
he absorption of the laser radiation by the organic compounds.

Previous works with laser drilling of the ceramics in the green
tate deals mainly with alumina or alumina composite sheets
achined with Nd:YAG- or CO2-pulsed lasers. The wavelength

t 1064 nm of Nd:YAG laser for alumina resulted in a better spa-
ial resolution but with relative low removal rate because of the
eak absorption.5 In order to improve the absorption properties
f green alumina substrates Slocombe et al.7 suggested the addi-
ion of pigments. A different strategy to increase cold ablation
fficiency was used by Nowak et al.6 They used the CO2 laser for

blation tests of LTCC composite (20–40 wt.% of Al2O3). The
resence of such a high amounts of organic matter (26–46 wt.%)
ermitted to activate the ablation mechanism without presence
f any thermal effects within oxide matter.

mailto:orera@unizar.es
dx.doi.org/10.1016/j.jeurceramsoc.2008.04.012
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Table 1
Some characteristics of the solid oxide powders used in the study

Powder (manufacturer) dV50 (�m) ρTD (g/cm3) Absorption coefficient
at 1.064 �m

NiO (nickel(II) oxide, Alfa Aesar GMBH, Germany)
As received 44 6.67 1.520
Milled 1.7 6.67 0.370
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rO2 (8 mol% Y2O3) (TZ-8YS, TOSOH, Japan)
As received 0.1 5.9 0.002

The purpose of this work is to produce micron size channels
n Ni–YSZ cermets to improve gas permeation. We used a three-
tep procedure. First, holes were machined in NiO–YSZ green
eramic substrates with an industrial Nd:YAG laser working at
he wavelength of 1064 nm. Nd:YAG laser was chosen due to its
xcellent beam focus ability, precision in machining large areas
nd accuracy in the iteration of the process. The high absorption
f laser radiation by the NiO particles and fast heat transfer
o organic binders only present in amounts of 5 wt.% of solids
esulted in fast material removal rates. In a second stage the
achined NiO–YSZ plates were fired. Porous Ni–YSZ cermets
ith the desired drilled pattern were produced by reduction of

he sintered NiO–YSZ ceramic plates.

. Experimental

.1. Preparation of ceramic substrates

The ceramic substrate was prepared using commercial
eramic powders (Table 1) via colloidal processing route based
n the tape casting technique. The composition of 71 wt.%
iO and 29 wt.% of 8 mol% yttria-stabilized zirconia (named
iO–YSZ) was used in this study. Prior to the slurry preparation,

he nickel oxide powder was attrition milled in organic media
uring 4 h using zirconium bath (d = 1 mm). The resulted powder
howed the mean particle size of 1.7 �m as determined by scan-
ing electron microscope (SEM) measurements. The deionised
ater was used as a solvent and polyacrylic acid-based poly-

lectrolyte (PAA, Duramax D-3005, Rohm and Haas, USA) was

sed as dispersing agent. The ceramic powders were dispersed
n solvent using 50 vol.% solids loading with the dispersant con-
entration of 0.5 wt.%, referred to solids. Obtained suspension
as ball milled with a planetary mill during 2 h. Two acrylic

a
fi
m

able 2
ome thermo-physical properties of NiO–YSZ ceramics10–13

Greena

ensity, ρ (g/cm3) 3.5 ± 0.1
pecific heat, cp (J/(g K)) 0.503
hermal conductivity, κ (W/(cm K)) (1000 ◦C) 0.018
hermal diffusivity, D (cm2/s) (1000 ◦C) 7.2 × 10−3

hermal diffusion length, Lth (�m) (8 ns pulse) 0.15
aporization enthalpy, Hv (kJ/cm3)b 18.36
elting temperature, TM (◦C) 1851.58

a 10 wt.% of binder has been discounted. ρ and cp are taken as mass averages.
b From solid phase at 26.85 ◦C. Mass averages.
Ceramic Society 28 (2008) 2673–2680

olymers were used as binders, a low glass transition tempera-
ure binder (Duramax B-1000, Rohm and Haas, USA, Tg = −26)
nd a high glass transition temperature one (Duramax B-1235,
ohm and Haas, USA, Tg = 14). The final proportion of binders
as 10 wt.% referred to ceramic powder. The suspension was

tabilized for 24 h using a low-speed rotating roller. Tape cast-
ng was performed on fixed Mylar carrier film using Doctor
lade equipment with the blades gap of 600 �m. After the dry-

ng in air for 24 h tapes obtained the final thickness of ≈500 �m
nd green density of 54% (ρgreen = 3.5 ± 0.1 g/cm3). Some tapes
ere stacked and cold rolled to obtain the substrates with the
esired thickness.

For comparison purposes some substrates were sintered prior
o laser machining using single binder burnt out and sintering
ycle. Binder burn out was carried out with a heating rate of
◦C/min up to 600 ◦C, followed by a dwell time of 30 min. Sub-

equent sintering was carried out by increasing the temperature
ith a heating rate of 5 ◦C/min up to the sintering tempera-

ure (1400 ◦C) with a dwell time of 2 h. Obtained substrates
eached 95% of theoretical density (ρsintered = 6.2 ± 0.1 g/cm3).
ome relevant thermo-physical properties of both green state
nd sintered NiO–YSZ ceramics are compiled in Table 2.

A reduction cycle of 2 h in a 5 vol.% N2/H2 gas mix at
00 ◦C completely transforms the sintered NiO–YSZ bodies
nto Ni/YSZ porous cermets of volume composition, 43.5%
SZ, 33.1% metallic Ni and 23.4% pores. According to previous

tudies on the reduction process in compounds of similar compo-
ition, reduction proceeds without a significant microstructure
oarsening or sample contraction.8,9

.2. Laser processing of the ceramic substrate

A commercial diode-pumped Nd:YAG laser has been used in
his work (Rofin-Sinar E-Line 20). The laser system operates at
ts fundamental wavelength of 1064 nm with a maximum mean
ower of 11 W, in a Gaussian beam mode TEM00 with a beam
uality factor M2 < 1.3. The opto-acoustical Q-Switch commuta-
or controls the cavity output in continuous and in pulsed mode,
eing generated pulses as short as 8 ns in a frequency rank of
–40 kHz.
Since we search for a high speed drilling procedure of rel-
tively small holes (less than 100 �m diameter) we used the
xed-beam percussion method instead of trepanning optics
ethod more appropriated for larger diameter holes. The beam

Sintered Cermet

6.2 ± 0.1 5.48 ± 0.1
0.503 ≈0.5
0.033 0.24
7.2 × 10−3 8.7 × 10−2

0.15 0.53
32.3
1851.58 1453.85 Ni, 2676.85 YSZ
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Table 3
Laser characteristics for 1 kHz pulse repetition rate

Characteristic Diode current (A)

18a 20a 23a 25 35

Energy per pulse (mJ) 0.1 0.3 0.6 0.9 2.7
Pulse length FWHM (ns) 78 31 25 20 8
Peak power (kW) 4.5 20 35 60 300
Output power (W) 0.1 0.4 0.7 1.0 2.8
Pulse irradiance (GW/cm2) 0.56 3.08 6.9 10.8 51.0
Thermal penetration depth,

b
0.47 0.3 0.27 0.24 0.15
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a Data extrapolated from manufacturer laser characteristics.
b From Eq. (1).

as deflected by a programmable galvanometer scanner con-
rolled by a CAD software in such a way that a predefined pattern
nd processing procedure can be performed. An optical magni-
er 5× and a 100 mm optical lens enable laser spots as small as
5 �m in diameter. Being the sample placed at focal distance, it
s irradiated by means of pulse bursts. The sample can be prop-
rly processed using this method because the laser repetition
ngular deviation is below 22 �rad. The process is done varying
he pulse number and the irradiance per pulse according to the
aser output parameters given in Table 3. Laser beam diame-
er and consequently, laser spot diameter at the material surface
epends on diode current. To calculate the laser irradiance at
ifferent laser powers we performed laser ablation experiments
n methacrylate and taking as laser beam diameter that of the
aser imprint after 10 pulses. Modifying the pulse number and
he diode current, hence the irradiance of the incoming laser
eam, the depth and the diameter of the processed hole can be
ell-established and controlled.

.3. Characterization techniques

Scanning electron microscopy was performed using a
EOL JSM6400 microscope. Energy dispersive X-ray analy-
is (EDAX) was carried out for phase identification. An optical
onfocal profilometer (OCP) (Dual Sensofar PL� 2300) with
aximum lateral resolution of 0.3 �m was used to analyse the

eometrical parameters of the drills. A minimum of 10 drills
ere measured for each processing variable. A digital camera

Olympus C-310) with capture speed of 8 frames/s was used to
stimate plasma geometry. Absorption coefficients in the green
eramics were determined from optical absorption measure-
ents of very thin samples produced by tape casting in a Cary

00 spectrophotometer.

. Experimental results and discussion

Hole diameter, drilled depth and consequently, drilling effi-
iencies are very much dependent on laser focussing. In order
o compare drilling efficiencies we performed laser drill exper-

ments in tapes of Ni–YSZ, NiO–YSZ sintered and NiO–YSZ
reen of the same thickness always maintaining the same dis-
ance between the surface of the plate and the laser output
indow.

1
c
o
e

Ceramic Society 28 (2008) 2673–2680 2675

Direct laser drilling of Ni–YSZ cermets is a very inefficient
rocess and produces holes of poor quality. Fig. 1 shows some
ictures of the holes performed by 10 pulses with different laser
owers and the hole profiles along the largest section taken with
he optical confocal profilometer in a Ni–YSZ cermet plate. The

aterial removal rate is about 1000 �m3 per pulse and indepen-
ent of the laser fluence. Besides, the hole shape is irregular with
levated hole borders and debris material left inside the hole.
ebris mainly consists of small drops of metallic Ni which is
resumably generated by the differential laser evaporation of
he cermet components because of the lower melting point of
he metallic nickel (see Table 2). Direct drilling of cermets was
isregarded due to these problems.

The drilling efficiency of NiO–YSZ substrate was compared
etween ceramic material in green and sintered state. For this
urpose pulses of 2.7 mJ are used. In the case of sintered ceramic
ubstrate the maximum number of pulses (n = 150) was insuf-
cient to perforate the tape (thickness ≈ 410 �m). While in the
ase of green ceramic substrate 50 pulses of the same irradi-
nce were sufficient to generate clean perforation throughout
hole tape (thickness ≈ 510 �m). Fig. 2 shows the optical con-

ocal profilometer generated images of drills performed using 25
ulses. The drill in sintered substrate (Fig. 2a) was h ≈ 15 �m
eep and had a diameter of d ≈ 60 �m with the elevated bor-
ers formed from the melted material. While the drill in green
ubstrate (Fig. 2b) was h ≈ 110 �m deep and had a diameter of
≈ 90 �m with borders free of melted material debris.

By observing the results represented in Fig. 2 it is evident
hat material removal rates for sintered ceramic substrate are
ery poor, less than 1700 �m3 per pulse, compared with green
eramic substrate, about 28,000 �m3 per pulse. Furthermore,
he drilling procedure in sintered ceramic substrate resulted in
he spatter deposition in nearby zone to the drill. The differ-
nce of more than 16 times in drill performance is attributed to
he different etching mechanism. In fact, in sintered ceramics the

aterial is removed by the thermal mechanism activated by laser
eam. It essentially consists in the absorption of laser energy and
ubsequent evaporation and ejection of the material. Two criti-
al length scales are of importance here. The optical absorption
ength defined as L� ≈ α−1, α being the absorption coefficient
f the ceramics and the thermal diffusion length defined by

Lth = 2
√

Dτ (1)

here D is the thermal diffusivity and τ is the pulse width.
sing Maxwell volumetric averages for thermal conductivity

nd diffusivity and considering that influence of pores (≈1 �m
iameter) is negligible and using data for NiO and YSZ given in
able 2 we obtained the D values of Table 2 and the Lth values
f Table 3. Optical absorption measurements in very thin plates
btained by tape casting give us an absorption coefficient of
500 cm−1 for NiO–YSZ ceramics. The optical length is about

.2 �m. Clearly, L� > Lth in all the cases studied in this paper and
onsequently, drill diameter in sintered ceramics is about the size
f the laser beam. Using diffuse reflectance measurements we
stimated a reflectance of 0.4 for the ceramics studied.
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ig. 1. Holes performed in Ni–YSZ cermet with 10 pulses of (a) 0.1 mJ, (b) 0.3
nd corresponding profiles (right hand side) measured with an optical profilome

In sintered NiO–YSZ ceramics material is removed at
n approximate rate of 0.6 �m per pulse that is one half
f the estimated laser beam penetration length. Taking
nto account the etched volume and the energy density

er pulse, once the 40% reflection loss was discounted,
e obtained a value of 810 kJ/cm3 for the energy per

emoved volume. This value is clearly higher than the
vaporation enthalpy calculated in Table 2. The difference

d
o
3

) 0.9 mJ and (d) 2.7 mJ. Micrographs of the processed surfaces (left hand side)
e represented.

s attributed not only to optical losses at the surfaces of
eflecting mirrors, radiation and convection losses, but to
he absorption of the incoming laser beam by the plasma
lume.10
However, in the case of green ceramic substrate, the drilled
epth per pulse is about 5 �m, clearly higher than the estimated
ptical length. The absorbed energy per etched volume is now
0 kJ/cm3. The energy losses, which are so important in the sin-
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Fig. 2. Optical profilometer generated images of drills obtained using 25,
51 GW/cm2 pulses in (a) NiO–YSZ sintered ceramic substrate and (b) NiO–YSZ
green ceramic substrate.
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Fig. 3. Proposed schematics of the green state laser drilling in ceramic substrate. (a) H
size (L� + Lth) parameters are present. (b) Heat absorbed by ceramic particles is trans
the mechanical length parameter (Lm). (c) Spallation produced by fast expanding gas
Ceramic Society 28 (2008) 2673–2680 2677

ered ceramic machining process, are expected to play a similar
ole here.

Consequently, we conclude that a different etching mech-
nism governs the green state laser drilling. Results suggest
hat in the case of green ceramics a new length scale has to
e also considered (Fig. 3). We define it as the mechanical
ength Lm, which accounts for the spallation of ceramic com-
onents by fast expanding gases. In fact, laser beam energy is
bsorbed by organic matter or, in the present case more likely
y the strongly absorbing NiO particles, heat is transferred to
rganics which pyrolizes giving raise to a fast expanding gas
et (Fig. 3c). Mechanical moment transfer from fast expanding
ases to ceramic particles produces ejection of ceramic material.
hus, results observed in green ceramics can be understood by

he combination of thermal and mechanical processes, being the
elevant length scale given by L� + Lth + Lm. As it was stated by
nowles et al.3 this process may result in high etching efficiency
alues.

Assuming that drill diameter and per pulse depth in the sin-
ered state approximately corresponds to the effective laser beam
ize, i.e. to L� + Lth in both transverse and longitudinal directions
f the hole, we obtain that Lm is about 15 �m along the drill
adius and 4 �m in the laser beam direction. Clearly, removal
f material by spallation is more efficient in the hole walls than

n the hole bottom, due presumably to the pressure of the laser
lume.

We have optimised the laser beam focus searching for effi-
ient drilling of green ceramics. The obtained drill geometrical

eat is absorbed by ceramic particles and at this point only effective laser beam
ferred to organics which pyrolizes giving a rise to a gas jet, thus incorporating
jet contributes significantly to the material removal from the drill.
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Table 4
Pulse irradiances and corresponding plasma diameters measured using digital
camera

Pulse irradiance (GW/cm2) Plasma diameter (�m)

0.56 360
3.08 560
6.9 760

1
5

r
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u
0
f
p
c
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F
g
laser beam shielding.

Although for pulses of 0.6 mJ the highest ablation rate is
obtained (Fig. 4b) the lowest pulse energy, 0.1 mJ, was selected
ig. 4. Drilled volume in green ceramic substrate as a function of the laser
rradiance: (a) total drill volume and (b) volume per pulse.

arameters versus pulse number at different laser irradiances are
epresented in Figs. 4 and 5. Drilled volume (Fig. 4a) increases
inearly with number of pulses and the slope gives the etched
olume per pulse, �V/p, plotted in Fig. 4b as a function of the
aser irradiance. It is interesting to notice that �V/p increases

ith laser beam energy reaching an optimum value at about
.9 GW/cm2 of about 90,000 �m3 per pulse and then decreases
lightly with laser power presumably because of the above men-
ioned plasma absorption.

Fig. 5. Drill diameters obtained using varying irradiances per pulse.

F
g
a

0.8 1010
1.0 830

On the contrary, drill diameter data represented in Fig. 5
emains essentially constant with pulse number. Drilled diame-
er increases with laser beam energy for the lowest irradiances
sed and then saturates around 100 �m for energies above
.6 mJ. This saturation effect can be attributed to the plasma
ormation and corresponding shielding mechanism. As it is
ossible to observe from Table 4, growing pulse irradiances
auses the increasing plasma diameter up to irradiance values
f 6.24 GW/cm2, then the plasma diameter growth stabilizes.
urther laser energy increase show little effect on the plasma
eometry change indicating its full formation and consequent
ig. 6. SEM images of drilling features using 0.56 GW/cm2 pulses in NiO–YSZ
reen ceramic substrate: (a) general view of channel revealed on fracture surface
nd (b) front view of the hole made with 50 pulses.
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ig. 7. Cross-section of the drills made with 50, 0.56 GW/cm2 pulses. SEM mic
tates.

or further work due to the lowest drill diameter generated at the
urface of the substrate throughout whole pulse number range
nvestigated.

Fig. 6 shows the cross-section in fractured surface (Fig. 6a)
nd the front view (Fig. 6b) of the drills performed in NiO–YSZ
ubstrate using 50 pulses of 0.1 mJ per pulse. As shown in the fig-
re, the drills present a constant diameter throughout the whole
rill. Nevertheless, in all the drills studied we find a cone-shaped
ection at the beginning of the drill, which extends into the sub-
trate to a depth similar to the drill radius. This phenomenon can
e attributed to the effect of the ejection gas jet. The pressure
upported by the surface increases as the gas reaches the surface,
ogether with the fact that ceramics particles closer to the surface
eed less momentum to be detached than particles in bulk, gen-
rating this conical zone. Much severe features were reported
n the works of Imen and Allen1, Guo et al.5 and Nowak et al.6

here drills made with CO2 laser presented the cone-shaped
ections (tapering) almost through out the whole length of the
rill.

The cross-section of a drilled hole using 50 pulses of 0.1 mJ
er pulse is shown in Fig. 7a. At this magnitude of observa-
ion it was possible to detect the presence of a very thin layer

f melted material on the wall surface. The EDAX analysis of
he layer showed solely the presence of metallic nickel. Accord-
ng to the drill model described before presence of a thin layer
f metallic nickel in the walls of the hole may indicate that

c
w
r

phs correspond to ceramic substrate in (a) green, (b) as sintered and (c) reduced

fter laser beam energy is absorbed by NiO particles they reach
temperature high enough to achieve reduction conditions in

ir atmosphere. Hot metallic particles are projected against the
alls producing the observed metallic coating. The presence of

he metallic nickel phase layer on the drill walls could lead to
ndesirable effects in the gas transport between drilled channels
nd the final product, porous Ni–YSZ cermet. Fig. 7b shows the
ross-section of the drill after the sintering stage. The sintering
tep (resulting contraction in ≈18%) left the drill without any
ignificant change in the holes geometry factors. As showed the
DAX analysis, the thermal treatment in air resulted that all the
etallic nickel deposited on the drill wall was oxidized to NiO.
till, the obtained layer showed considerable difference to the
est of microstructure. The reduction step (Fig. 7c) left all the
ickel in the material in metallic state including that in the drill
alls. The microstructural observation of the drill wall (Fig. 7c)

evealed that the sealing Ni layer generated in the green state
resented elevated porosity similar to the whole microstructure
f Ni–YSZ cermet.

. Summary
Green ceramic machining showed superior performance if
ompared to the results observed with Ni–YSZ cermets and
ith the same NiO–YSZ ceramic in sintered state. High material

emoval performance can be attributed to the fact that at least
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wo processes are simultaneously present: thermal and mechan-
cal ablation. The optimum ablation capacity pulse irradiance
alue was determined to be 6.9 GW/cm2. Nevertheless, even the
owest pulse irradiance values of 0.56 GW/cm2 resulted in very
ast ablation rates and were selected for further works due to the
mallest drill diameter generated.

Using the determined laser ablation parameters the NiO–YSZ
eramic pieces were machined to desired structures with-
ut observable changes within the microstructure of the final
i–YSZ cermet.
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