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Abstract

In this work we present the study of the interaction between NIR pulsed laser and Al,03-ZrO, (3%Y,03) eutectic composite. The effect produced
by modifying the reference position as well as the working conditions and laser beam features has been studied when the samples are processed

by means of pulse bursts.

The samples were obtained by the laser floating zone technique using a CO, laser system. The laser machining was carried out with a Q-switched
Nd:YAG laser at its fundamental wavelength of 1064 nm with pulse-widths in the nanosecond range.

Geometric dimensions, i.e. ablated depth, machined width and removed volume as well as ablation yield of the resulting holes have been studied.
We have described and discussed the morphology, composition and microstructure of the processed samples.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Laser processing is of great interest in the field of optics,
electronics, microelectronics, aerospace and medicine. This
technique is cost-effective compared to traditional methods and
it may be applied to a wide range of substrates, such as met-
als, ceramics and semiconductors.! In the field of materials
processing by laser, several methods, such as laser machining,
micromachining, marking, drilling and pulsed laser deposition,
have been developed along the last two decades.?>

The appearance of techniques for generating short and ultra-
short laser pulses, ranging from tens of nanoseconds to a few
femtoseconds without variation of other parameters such as
pulse energy or the working frequency, have allowed the avail-
ability of more powerful systems, with power densities that
can reach TW/cm?2. These laser systems, with better features
and lower prices, offer a high-speed/high-quality tool for laser
machining, which is of great interest in both basic and applied
research for scientific and technological purposes.>*
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Howeyver, the foundations of the mechanisms involved in laser
ablation are far from being well established. It is known that
laser ablation depends on laser wavelength, optical features of
laser beam, pulse-width regime and optical-thermal-mechanical
properties of the substrate. Some theoretical descriptions have
been developed by many authors to generalize the stages of the
ablation process.*

Directionally solidified eutectic ceramics are commonly
employed for functional and structural components because of
their features, amongst which is worthy of mentioning their
lightness, hardness, wear resistance and chemical stability at
high temperature.?0-2% In particular, the eutectic composites
based in Al,O3 are of great interest because of the properties
derived from the distribution of the phases after solidification
which can provide them with high flexural strength, toughness
and creep resistance at high temperature and structural stability
up to temperatures close to melting point, making them good
candidates for applications such as gas turbines or systems for
energy generation.>>?

In this work the interaction between NIR pulsed laser in
the nanosecond range and the Al,O3—ZrO; (3%Y,03) eutec-
tic composite, directionally solidified, has been investigated to
modified the surface in order to improve the wear behavior.
The role the topography of the surface plays is of paramount
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Table 1
Laser output parameters.
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Working frequency

1 5 10 40
Pulse energy (mJ)?* 2.7 245 1.6 0.9 0.5
Pulse length FWHM (ns)* 8 10 12 20 40
Peak power (kW)?* 300 260 120 45 2
Pulse irradiance (GW/cm?) 226 196 90 34 1.5
Optical absorption o|1064 nm (cm™) 2.4 2.4 2.4 2.4 2.4
Absorption length Ly | 1064 nm (cm) 0.42 0.42 0.42 0.42 0.42
Thermal diffusion length Ly, (pum) 0.21 0.23 0.26 0.33 0.47

2 Data provided by the laser manufacturer.

importance in aspects of great significance such as friction or
wear resistance. The tribological behavior of a system can be
improved by machining the surface in order to avoid a flat
morphology.>> The geometry of the machined zones, in cav-
ity or groove shape, and their distribution on the surface are
some of the key factors to take into account in the tribological
behavior.?

The geometrical dimensions and the ablation yield have
been investigated since they depend on the reference position,
on the laser working conditions as well as in the method of
machining.?’

2. Experimental
2.1. Sample fabrication

The precursor rods were obtained from commercial pow-
ders of Al,03 (99.99%, Aldrich), ZrO> (3%Y203) (99.99%,
Tosho TZ3YS) and MnyO3 (99.99% Aldrich). The powders
were ground in a planetary mill with acetone in an alumina
container. They were fired in air for 1h, hand milled in an
agate mortar to eliminate agglomerates and mixed in the eutec-
tic composition: 62% Al,03, 36.9% ZrO, and 1.1% of Y,03,
expressed in mol%. The resulting powders were isostatic pressed
at 200 MPa for 2 min obtaining ceramic rods which were sintered
at 1500 °C for 12 h.

The samples that will be tested for wear resistance will be
produced by the laser surface melting technique using a focussed
diode laser system that emits in 940 nm. To favour the absorption
of the laser irradiation, a 0.9% of Mn;O3 is incorporated to the
eutectic composite. The influence the addition of this oxide to the
ceramic composite produces has been investigated by machining
samples with and without Mn,0O3.

The laser floating zone system include a CO, semisealed
laser of 600 W (Electronic Engineering Blade 600) emitting in
10.6 pwm and an in-house built growth chamber with gold coated
metal mirrors for the beam focussing and two vertical axis for
the cylinder displacement. Both axes have independent rotation
and translation movement. A more detailed description of this
technique can be consulted elsewhere, 20-2428-30

Finally, before the laser machining process, the eutectic fibers
were flattened using a rotating sander machine.

2.2. Laser processing

A commercial diode-pumped Nd:YAG laser has been used
in this work (Rofin-Sinar E-Line 20). The laser system oper-
ates at its fundamental wavelength of 1064 nm with a maximum
mean power of 11 watts, in a Gaussian beam mode TEMgg with
a beam quality factor M? < 1.3. The opto-acoustical Q-Switch
commutator controls the cavity output in continuous and pulsed
mode, generating pulses as short as 8 ns with a frequency range
of 1-40 kHz.

The beam is deflected by a programmable galvanometer
scanner controlled by CAD software, making a bidirectional
movement in such a way that any predefined pattern and pro-
cessing procedure can be performed. The system is equipped
with a beam expansor 5x before the galvanometric mirrors and
a convex lens with focal length f of 100 mm. Thus, using the
equations’:

Do — AFM?) W
bw = 7Dy
aD?
R = bw 2
<4M2A> )

where Dy is the diameter of the laser beam before the optical lens,
the diameter at the focal point Dy, and the Rayleigh range R for
this system are, approximately, 13 wm and 96 pwm, respectively.

The laser processing was carried out by means of pulse bursts,
irradiating with a series of between 5 and 150 laser pulses
according to the laser output parameters given in Table 1 and
modifying the reference distance.

2.3. Characterization techniques

The microstructure and composition has been determined
by means of scanning electron microscopy (SEM) using a
JEOL JSM6400 with EDX analysis. Superficial topography, pro-
file and removed volume measurements have been carried out
with an optical confocal microscope Nikon Sensofar P1.2300.
Absorbance spectrum was measured using a double beam spec-
trophotometer UV—-Vis—IR Cary 500 Varian.
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Table 2
Output diameter D mean values and standard deviation for 1kHz with and
without Mn, O3, 2 and 5 kHz.

/(kHz) D (pm) oD (um)
1.00 95.10 6.19
2.00 108.76 7.57
5.00 111.82 7.52
1+Mn 91.50 7.75

3. Results and discussion
3.1. Laser processing

The geometrical dimensions obtained, i.e. depth Z,, diameter
D, and removed volume V),, depend on the optical properties
of the laser beam, configuration of the laser system, working
parameters and mechanical, optical and thermal properties of
the substrate to be processed. Furthermore, two critical lengths
that play a key role in the amount of energy absorbed>>-3!-3? and
have to be taken into account are the optical absorption length
L, defined as the inverse of the optical absorption coefficient ,
and the thermal diffusion length Ly, given by

Ly =2vD At 3)

where D is the thermal diffusivity and At is the pulse length.

In the first instance, in order to favour the machining process
the sample was placed slightly out of the focal plane®’ and was
processed with bursts between 5 and 150 pulses and frequencies
between 1 and 5 kHz.

In Fig. 1 the geometrical dimensions obtained are shown. In
all the cases, the addition of Mn, O3 was of significance only for
low pulse numbers under 50. In the same way, the dispersion
observed in the results was greater for low pulse series, in such
a way that a homogeneous response of the material required
processing the material with at least 25 pulses.

Regarding the mean output diameter, the value obtained
remained almost constant with the incoming pulse number NP.
However, the variation was very significant with frequency,
where the greatest values were obtained for the highest fre-
quencies. In Table 2, where the mean values of the machined
diameters are shown, differences of up to a 17% can be appre-
ciated.

On the other hand, the ablated depth and the removed vol-
ume increased linearly with the pulse number. There were
no significant changes in the ablated depth with frequency
variation but the removed volume behaved like the diameter,
with the highest amount of material removed for the highest
frequencies.

These results showed a loss in the efficiency of the process
with the pulse number, as Fig. 2 shows, where the mean geomet-
rical dimensions per pulse in function of the pulse are depicted.
This behavior can be explained by the thermal mechanisms acti-
vated by the laser beam during the laser ablation process and the
variation in the distance to the surface to be machined. On one
hand, the ablation process essentially consists in the absorption
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Fig. 1. Geometric parameters in function of pulse number, for 1 kHz with and
without Mn;0O3, 2 and 5 kHz.

of the laser energy and subsequent evaporation and ejection of
the material. Taking into account the working conditions and
the laser beam features, in this case the ablation process is a
photothermal-mechanical one. Thus, a thin layer of material in
liquid-phase is formed in the interaction zone,” Fig. 3. The recoil
pressure produced in the process squeezes the liquid out from
the interaction zone and the material is removed from the sur-
face via evaporation and liquid-phase expulsion. The thickness
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Fig. 2. Mean geometric parameters in function of pulse number, for 1 kHz with
and without Mn; 03, 2 and 5 kHz.

of liquid phase, #;, and recoil pressure, Prec, can be expressed
2
as

AHV) . (@)

a

hy (D)1/2<

Prec ~ 1077 1, 5)

where D is the thermal diffusivity, AH, the enthalpy of vapor-
ization, and I, the absorbed laser intensity.

Since the variations of thermal diffusivity and enthalpy of
vaporization with temperature are negligible,>3-** the thickness

Laser

Vapor/Plasma
Liquid
Expulsion

Substrate

Fig. 3. Scheme of ablation process where the layer of molten material with
thickness hy is shown.

of the molten layer and the recoil pressure depend mainly on the
absorbed irradiance.

Furthermore, as the pulse number increases the temperature
in the interaction zone is risen,®’ resulting in an increase in the
thermal agitation of the ions of the lattice. This fact, together
with the particles ejected during the process which shield the
incoming irradiation, produce a diminution in the effective irra-
diance and hence, in the recoil pressure produced. This results in
an increase of the thickness of the layer in liquid-phase present
in the interaction zone in such a way that the ablation process is
less efficient.

On the other hand, as the material is removed from the inter-
action zone the distance to the surface to be machined increases
resulting in a diminution in the laser irradiance and therefore, in
the efficiency of the process.

It can also be observed that, for the same working conditions,
ablated depths of up to three times higher for low pulse number
series can be obtained with the addition of Mn;0O3.

Once the geometrical dimensions were studied, in order to
compare the ablation yield of the process, the amount of mate-
rial removed per unit of delivered energy was calculated, Fig. 4.
As can be observed, the lower pulse number the greater dis-
persion was produced. Furthermore, a slight decrease with the
pulse number was observed. More significant is the fact that
the yield increased with the working frequency, obtaining the
highest value for 5kHz. Regarding the presence of Mn,0O3,
only when the pulse number was under 50 were the variations
produced remarkable.

In the second place, the sample with and without Mn,O3
was processed in the surroundings of the focal plane for a whole
range of 2.5 mm with bursts of 50 pulses and 1 kHz, Fig. 5. Since
the focal point is the place where the beam waist is minimal and
the irradiance and the fluence reached are maxima, the diame-
ter and depth obtained were also minimal and maximal at this
point. Regarding the volume removed, the value of the diameter
predominated over the depth, and thus it was also minimal at the
focal point, increasing as the sample was moved away. Further-
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Fig. 4. Ablation yield in function of pulse number, for 1 kHz with and without
Mn;03, 2 and 5kHz.

more, the effect of MnyO3 did not produce significant variations
in any of the parameters. As in the study with the pulse number,
once the geometrical dimensions were studied, the ablation yield
was calculated, Fig. 6. In this case, the ablation yield increased
as the sample was moved away from the focal point, reaching
differences up to an order of magnitude. In contrast, the addition
of Mn, O3 was not significant.

Finally, the variation of the geometrical dimensions and abla-
tion yield were studied in function of the working frequency. In
this case, the sample was placed at the focal plane and processed
with bursts of 50 pulses and frequencies of 1, 2, 5, 10, 20 and
40kHz. In Fig. 7, a disparity in the behavior of ablated depth
with respect to the machined diameter and removed volume was
produced. The first one reached its maximum for 10 kHz whilst
the latter did it in 5 kHz. Regarding the ablation yield, Fig. 8, the
maximum value was reached in 10kHz, decreasing for higher
frequencies.

In this way, the laser interaction process with the eutectic
composite depends on factors such as the substrate temperature,
the plasma shield, the pulse number, the sample position with
respect to the focal plane and the working frequency. Hence,
there are no unique optimal machining conditions but they do
depend on the purpose of the processing. The working condi-
tions to assign will depend on if the target is to obtain a high
ablation yield, to minimize the radiation affected zones, to obtain
minimum diameter or maximum ablated depth.

3.2. Microstructure and composition

In order to analyze the effects appeared in the microstructure
as a consequence of laser-matter interaction, a micro-structural
analysis was carried out by means of scanning electron micro-
scope, SEM.

In the first place, the composite obtained after the laser float-
ing process was analyzed. Fig. 9 depicts the frontal view of the
directional solidified sample. The micrograph shows how the
microstructure was made up of faceted colonies with a size of
around 100 wm that consisted of ordered zirconia fibers, light
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Fig. 5. Geometric parameters in function of reference distance for 1 kHz with
and without Mn,O3 and 50 laser pulses.

phase, within an alumina matrix, dark phase. Both phases were
homogeneously distributed in the sample. The composition of
the sample was determined by EDX analysis concluding that the
sample was in the eutectic composition, Table 3.

After analysing the microstructure of the sample the effect
produced by the laser machining was studied. As Fig. 10 shows,
the eutectic microstructure remained invariant as in the pro-
cessed areas as in the adjacent zones. Furthermore, as the results
mentioned before showed, the machined diameter remained
almost constant with the pulse number. Worth of mention is
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the fact that a cone was produced in the central zone, the depth
of which increased with the pulse number. The micrographs of

Fig. 11 depict how the microstructure was kept eutectic inside.
No significant variations were observed in the morphology of
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Fig. 8. Ablation yield in function of working frequency for 50 laser pulses.

Fig. 9. Cross-sectional view of Al,03-ZrO, (3%Y,03) eutectic composite
directionally solidified obtained by the laser floating zone technique.

Table 3

Composition of the Al,03—ZrO; (3%Y,03) eutectic composite.

Element % weight % atomic
(0] 39.96 64.82
Al 26.68 25.66

Y 3.99 1.16
Zr 29.37 8.36
Total 100.00 100.00

the holes caused by the addition of MnyOs3 to the eutectic
composite. Likewise, the border of the hole presented a non-
visible ordered phase the width of which increased with the
pulse series or the working frequency, Fig. 12. Since the abla-
tion process was of photothermal character, a heat affected zone,
HAZ, was produced in the surroundings of the processed areas.
The short interaction time between the laser and the substrate
(a few nanoseconds) and the ceramic nature of the sample led
to a bad thermal conduction of the heat produced during the
process and a fast cooling that generated the formation of this
phase. For the 50 pulses case, the size of the phase was around
4 pm whilst for 150 pulses could reach 6 um. The elemental
composition of this phase was characterized by EDX, conclud-
ing that the composition was the same of the former, Table 4.

Table 4

Composition of the phase produced in the border of the hole.

Element % weight % atomic
(0} 38.57 64.08
Al 25.92 25.54

Y 3.57 1.07
Zr 31.93 9.31
Total 100.00 100.00
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Fig. 10. Effect of laser machining in Al,O3-ZrO, (3%Y,03) eutectic composite for 1 kHz and (a) 10 pulses, (b) 50 pulses, (c) 100 pulses and (d) 150 pulses.

Fig. 12. Adjacent areas to the processed sample in the Al,O3-ZrO; (3%Y,03) eutectic composite for 1 kHz and (a) 50 pulses and (b) 150 pulses.
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4. Conclusions

The interaction phenomenon between NIR pulsed laser in
the nanosecond range and the Al,O3-ZrO; (3%Y,03) eutectic
composite, directionally solidified, has been investigated and the
geometric dimensions and ablation yields have been determined.

Different machining conditions have been explored modify-
ing the laser power, the working frequency and the pulse number.
Furthermore, the reference distance effect with respect to the
focal plane has also been studied.

In all the cases, the addition of Mn,O3 only produces sig-
nificant variations either in the geometric dimensions or in the
ablation yield for low pulse number.

Laser interaction process depends on factors such as the sub-
strate temperature, the plasma shield, the pulse number, the
sample position with respect to the focal plane and the work-
ing frequency. The optimal conditions are not unique but they
depend on if the target is to obtain a high ablation yield, to min-
imize the radiation affected zones, to obtain minimum diameter
or maximum ablated depth.

Laser machining does not produce any significant variation
in the microstructure and the composition of the processed areas
is the same of the former.
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