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Abstract Femtosecond laser pulses (30 fs in
length) of various energies were utilised for pro-
duction of single and multiple overlapping abla-
tion sites on flat polished surfaces of hardened
Portland cement pastes. In order to assess the
sizes of the ablation sites and possible subsurface
laser-induced damage, the ablation sites were
investigated using environmental scanning elec-
tron microscopy (ESEM) — both from normal
top—down view and in cross-sections. Further-
more, approximately 10-pym wide notches were
produced using femtosecond pulses on cylindrical
microspecimens (150 yum in diameter) of hard-
ened Portland cement pastes. In addition to
electron microscopy observations, several micro-
specimens were investigated using synchrotron-
based X-ray computed microtomography
(SRuUCT). The results suggest that production of
“damage-free”” samples for micromechanical
testing of hardened Portland cements pastes is
possible.
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Résumé Des impulsions laser (de durée 30 fs) et
d’énergie variable ont été utilisées pour produire
une ablation ponctuelle ou linéique a la surface
d’un ciment durci de type Portland et préalable-
ment polie. Pour déterminer la taille des impacts et
d’éventuels dommages causés par le laser sous la
surface, les points d’impact ont été visualisés a
laide de la technique de I'ESEM (microscope
électronique a balayage environnemental). De
plus, des piliers de 10 micrometres de diamétre
environ ont été réalisés par ablation femtoseconde
sur des échantillons cylindriques de 150 microns
de diamétre. Pour compléter les observations faites
au microscope électronique, certains échantillons
ont été observés griace a la technique SRuCT
(synchrotron-based X-ray computed microtomog-
raphy). Les résultats montrent que la production
d’échantillons non-endommagés de ciment de type
Portland pour des tests micro-mécaniques ultéri-
eurs est possible.

Keywords Femtosecond laser pulses -
Hardened cement paste - Micromachining

1 Introduction

The mechanical testing of samples of sub-mm
dimensions (further called ‘microspecimens’) is

necessary for the better understanding of fracture
processes that occur in cementitious and other 3D
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disordered materials. Moreover, the mechanical
testing of samples of such dimensions is required
for validation of micromechanical models of
cementitious materials. Crack detection in these
materials can be carried out with sub-micron
resolution using synchrotron-based X-ray micro-
tomography techniques (SRuCT) and environ-
mental scanning electron microscopy (ESEM).
The preparation of microspecimens of cementi-
tious materials is not straightforward. Mechanical
tools, such as high precision wire saws are too
crude on this scale and cannot be used for prep-
aration of microspecimens of hardened Portland
cement pastes. The micromachining capability of
focused ion beam milling (FIB) [1] would be
sufficient. However, the applicability of FIB
techniques for such application is questionable
due to (a) the necessity to expose the material to
a high-vacuum environment and (b) the extensive
amount of time needed for removal of material
on this — for FIB milling relatively very large —
scale. For that reason, micromachining capability
of femtosecond laser pulses was investigated for
the particular case of hardened Portland cement
pastes.

1.1 Femtosecond laser pulses

Laser pulses are nowadays widely used for (mi-
cro-)machining of various materials. In principle,
the laser pulses can be divided into two groups
based on the heat diffusion time: long pulses and
ultrashort pulses. Even though the heat diffusion
time is dependent on the thermal conductivity of
each particular material, the approximate division
between long and ultrashort pulses can be drawn
at the level of about 1 picosecond. Consequently,
ultrashort pulses are usually operated with pulse
length in the range of tens/hundreds of femto-
seconds.

Thanks to the pulse length, which is much
shorter than the heat diffusion time, the femto-
second laser systems have potential to induce
much less microstructural damage/changes to the
micromachined material. Such damage/changes
include:

e formation of surface recast layer around the
laser machined site. Such a recast layer is

usually made of material of different/changed
properties than that of the wunprocessed
material further away from the ablation site.

e surface and sub-surface microcracks in vicinity
of the ablation sites due to shock wave prop-
agation.

e heat-affected zone in the vicinity of ablation
site.

A concise literature review on laser beam
machining has been recently published by Meijer
[2]. The majority of literature dealing with laser
machining is focused on machining relatively
homogeneous materials such as quartz [3] or
diamond [4]. Investigation on the femtosecond
ablation of metals have also been carried out [5],
and there are several publications on laser beam
machining of ceramics and composite materials
[6, 7]. The general trend is that less microstruc-
tural damage is imposed into the materials with
the decrease in the length of the laser pulse.
However, it should be noted, that in the case of
ablation of indium phosphide [8], it was reported
that femtosecond pulses induce more sub-surface
damage than the nanosecond ones.

2 Sample preparation

All the samples were produced from Portland
cement CEM I 42.5 N. The chemical composition
of the used cement is shown in Table 1.

The water to cement (W/C) ratio was kept
uniform for all the samples and was equal to 0.33.
First, 66 ml of water was poured into a vessel
containing 200 g of Portland cement. Then, the
mixture was mixed for several minutes using a
high-speed mixing device.

Two types of samples were produced for this
investigation (i) flat polished surfaces and

Table 1 Chemical composition, density and surface area
of the Portland cement used

Chemical analysis [%] CaO 64.2
Sio, 19.8
ALOs 47
Fezog, 2.7
other 8.6

Density [kg/m’] 3120

Blaine surface area [cm?/g] 2980
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(ii) cylindrical microspecimens. While the flat
polished specimens were produced for the
investigation of the assessment of the possible
laser-induced microstructural damage, the pur-
pose of production of the cylindrical microspec-
imens was to investigate the capability of
femtosecond laser pulses in a realistic microma-
chining application (i.e. in this particular case the
production of a circular notch on a cylindrical
microspecimen).

2.1 Flat polished surfaces

For the flat polished surfaces, the fresh paste was
cast into cylindrical formwork of 12 mm in
diameter and 70 mm in length and vibrated for
approximately 1 min. The samples were then
placed into a climate box at 25°C and 75% R.H.
The cylinders were demoulded after 3 days and
further stored under the same conditions. One
day before testing at the age of 90 days, approx.
3 mm thick slices were cut from the cylinders
using a high precision wire saw (wire diameter of
150 pm). Next, the slices were glued on standard
aluminium stubs used in electron microscopy, and
were ground and polished using various grinding
and polishing cloths. After each grinding and
polishing step, the treated surface was cleaned in
an ultrasonic bath.

2.2 Cylindrical microspecimens

Special moulds, made of PTFE sheets of 0.25 mm
thickness, were developed for the production of
the microcylinders. First, a round coupon of
12 mm in diameter was cut out from the PTFE
sheets. In the next phase, seven holes of 150 um
in diameter were drilled in the vicinity of the
centre of the coupon using high-precision drillers.
The samples were cast in such a manner that the
whole coupon was submerged into the fresh
cement paste, while being held in tweezers.
Having been removed from the fresh paste, the
coupon was then placed in small plastic bag. The
bag, containing several coupons, was stored in a
climate box at 25°C and 75% R.H. On the day of
the laser experiment, the material on the top and
bottom of the coupon was carefully removed,
leaving seven samples of 150 um in diameter and

approximately 250 pm in height embedded in the
PTFE coupon. The samples were then carefully
demoulded under an optical microscope by
cutting the PTFE sheet away using a sharp razor
blade, after which they were glued axisymmetri-
cally on the top of the special needle-like brass
holders.

3 Femtosecond laser test arrangement

All the experiments reported in this paper were
carried out using the ultrashort laser facility at
the Institute for Quantum Electronics, ETH
Zurich. The laser system (shown in Fig. 1) is a
conventional Ti:sapphire-based Chirped Pulse
Amplifier (CPA) system. It delivers pulses
centred around the wavelength of 800 nm and
of 30 fs duration at variable repetition rates
from 0.5 Hz to 1 kHz. To best match the re-
quired energy level for processing of hardened
Portland cement paste, the laser pulse was
attenuated by a neutral density filter wheel.
This way the energy could be continuously
varied within 3 pJ and 12 pJ. After attenuation,
the beam was focused by a spherical mirror
(radius of curvature — 150 mm) to a spot size of
12 pm (FWHM) and 20 pm (1/e?), respectively
(see Fig. 2).

For geometrical reasons, the laser test
arrangement differed slightly for the ablation of
flat polished surfaces and cylindrical microspeci-
mens. For the latter, the focussing arrangement
was changed from the above-mentioned spherical

1.2ml,
301s Ti:sapphire 10nd Ti:sapphire
& CPA system Oscillator
12,3015

\n

Attenuator

Focusing
% Mimror =75 mm
| ﬁ

=

Sample

Fig. 1 Test arrangement for ablation of cylindrical mic-
rospecimens: Amplifier system consisting of a broadband
oscillator and a Chirped Pulse Amplifier (CPA) system
yielding 1.2 mJ pulses with a duration of 30 fs. A portion
of this beam is used for microprocessing of the cement
target. The beam is focused by a spherical mirror to a
spotsize of 12 ym (FWHM) in diameter
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Fig. 2 Beam profile in the focal spot behind the spherical
mirror. More than half of the pulse energy is deposited
within a spot size of 144 pum?

mirror to a spherical lens with the identical focal
distance. The target to be ablated was mounted
on a high-accuracy rotational stage to provide
best stability and reproducibility.

Theoretically calculated curve of the beam
waist is shown in Fig. 3 . The beam waist remains
very uniform over a distance of 100 pm from
the focal point. It shows that — within the shown
distance interval — the size of the beam waist
changes only marginally and hence the position
of the target in the direction of the propagation
of the laser pulse has only minimal influence on
the fluence of the laser pulse. Since the sample
positioning in the laser beam was of higher pre-
cision than 100 pm, it is expected that the abla-
tion capability was largely independent of the
sample position in the direction of the beam
propagation.
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Fig. 3 Theoretically calculated curve of the beam waist

4 Experimental
4.1 Ablation of flat polished surfaces

In the first stage of the investigation, lines/
grooves, built of overlapping single femtosecond
laser shots, were carried out on the flat polished
surfaces of hardened Portland cement. The
incidence angle between the ablated surface and
the laser beam was equal to approx. 90°. The
ablation sites were placed at 20 um distance
from each other. The energy of the pulses was
the experimental parameter and was set to 12, 9
and 6 pJ.

In the second stage, lines of overlapping mul-
tiple laser shots were carried out. In this case, the
energy of the pulses was set to 3 pJ and the rate of
repetition of laser pulses was set at 1,000 Hz. In
this mode, the sample was moved under the laser
beam in steps of 10 um per second using a pre-
cision translation table equipped with microme-
ters. In all the cases, lines of overlapping ablation
sites of approx. 2 mm length were produced.

4.2 Ablation of cylindrical microspecimens

A groove of overlapping ablation sites was
produced on the surface of the cylindrical micro-
specimens. For the ablation process, the cylindrical
microspecimens were fitted into an axisymmetri-
cally revolving sample holder. All the experiments
using microcylinders were carried out using laser
pulses of 12 pJ. The grooves were produced using 1
and 2 pulses per ablation site, respectively, and
after the ablation of each site the sample was
rotated 7.5 and 15°, respectively. Consequently,
there were either 24 or 48 ablation positions
around the perimeter of each cylinder and, hence,
the production of the entire notch would require
between 24 and 96 laser pulses. The incidence
angle of the laser beam on the sample was approx.
45°.

5 Microscopic investigations of the ablation sites
The ablation sites were investigated using (i)

environmental scanning electron microscopy and
(ii) synchrotron-based X-ray microtomography.
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5.1 Environmental scanning electron
microscopy (ESEM)

Environmental scanning electron microscopy
revealed that in the vicinity of the ablation sites,
no recast layers on the sample surfaces were
deposited in any of the cases investigated. The
visible surface cracks, that could have been
possibly associated with any negative influence of
the ablation process on the microstructure of
cementitious material, seemed not to appear in
any larger density than in areas further away from
the ablation sites.

5.1.1 Flat polished surfaces

Figures 4 and 5 show typical lines of overlap-
ping single laser shots for 12 and 9 pJ, respec-
tively. The size of the ablation sites differed
significantly for each ablation site, but, in gen-
eral, it was possible to observe, that the ablation
sites, that were carried out using 12 pJ pulse
energy, were larger (from 15 to 40 pm in size)
than those carried out with 9 pJ (from 10 to
30 pum in size). In few cases of pulses of 9 pJ in
energy, no observable ablation sites were pro-
duced, thus leaving a gap in the ablated groove.
No ESEM-observable ablation sites were found
for single laser shots carried out using 6 pJ
pulse energy.

Fig. 4 Example of a back-scattered electron (BSE) image
of a line of the overlapping laser ablation sites carried out
using 30 fs single pulses of 12 uJ energy

Fig. 5 Example of a BSE image of a line of the
overlapping laser ablation sites carried out using 30 fs
single pulses of 9 pJ energy

In Fig. 6, a groove produced by overlapping
multiple laser shots of 3 pJ pulse energy is shown.
In comparison to the single shots of higher pulse
energies this experimental arrangement produced
a much more uniform groove. The width of the
groove on the surface was found to be approx.
10 pm.

In order to assess depth profiles of the laser
grooves, some of the ablation sites were also
investigated in ESEM using stereological imag-
ing. Figures 7 and 8 show examples of the depth
profiles for grooves micromachined with 12 and

Fig. 6 Example of a BSE image of a line of the
overlapping laser ablation sites carried out using 30 fs

multiple pulses of 3 uJ energy
l‘l;
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Fig. 7 Depth profile of a single overlapping laser ablation
site carried out using 12 pJ pulse energy. The depth of the
ablation site equals approximately 6 pm
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Fig. 8 Depth profile of a single overlapping laser ablation
site carried out using 12 pJ pulse energy. The depth of the
ablation site equals approximately 2.5 um

3 pJ laser pulses, respectively. The depth profiles
showed that the ablation sites carried out using
single laser shots of 12 and 9 pJ are of larger
‘width-to-depth’ ratio than those carried out by
multiple laser shots of 3 pJ.

5.1.2 Cylindrical microspecimens

The ESEM investigation of the microcylinders
revealed that a relatively uniform notch on a

microcylinder can be produced using femtosec-
ond laser pulses (see Fig. 9). Figure 10 shows an
image of a groove on a microcylinder, which
was ablated using 2 shots per ablation position
and 48 positions around the perimeter of the
cylinder.

The width of the notch at the surface of the
cylinder did not differ significantly for various
test arrangements and it equalled approx.
10-15 pm. The number of pulses had a larger
influence on the depth of the notch. The question
of the notch depth will be discussed in detail in
the following sections.

Fig. 9 ESEM image of a microcylinder of hardened
Portland cement paste modified by overlapping laser shots
using 30 fs pulse length and 12 pJ energy

Fig. 10 Detail of the notch shown in Fig. 9
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5.2 Cross-sections through the ablation sites
observed by ESEM

In order to obtain insight into the possible micro-
structural defects induced into the material by la-
ser pulses, the samples were impregnated with an
epoxy resin and cross-sectioned by grinding and
polishing. The sub-surface regions of some of the
ablation sites were thus revealed and subsequently
observed using ESEM. From such images, the
depth profiles of the ablation sites could be esti-
mated. Since it was not possible to assess the
microstructure of the material in three-dimensions
before the samples were ablated, it cannot be
ascertained whether any microstructural damage
had been induced into the material microstructure
by the laser pulses. However, it is possible to
compare the microstructure of the material in very
close vicinity of the ablation site with that of the
material further away from the site. No damage
that could be clearly attributed to the laser ablation
process could be deduced from such a comparison.

5.2.1 Flat polished surfaces

Since hardened Portland cement paste is a 3D
disordered material, there is no ‘typical’ image of
the cross-section of an ablation site in the
microstructure of cement paste. Hence, only
examples of the images showing the microstruc-
ture underneath some ablation sites are pre-
sented. Figures 11 and 12 show such examples
for ablation sites produced by single overlapping
laser pulses of 12 and 9 pJ. It is worth noting that
both of the cross-sections of the ablation sites
produced with the single pulse were relatively
shallow, their maximum depth was equal to
approximately 5 and 3 pm, for 12 pJ and 9 WJ
pulse energies, respectively. Figure 13 shows an
example of the cross-section through the groove
ablated using the multiple laser pulses of 3 pJ
pulse energy. In this particular case, the width
and depth of the ablation site were approx. 7 and
Sum, respectively. It should be also noted that
the cross-sections through the ablation sites of
the single overlapping laser shots exhibited sig-
nificant surface roughness, while the ablation
sites of the multiple laser shots produced rela-
tively sharp grooves of much lower roughness.

Fig. 11 ESEM image showing a cross-section of an
ablation site of a single overlapping laser pulse of 12 pJ
energy

Fig. 12 ESEM image showing a cross-section of an
ablation site of a single overlapping laser pulse of 9 pJ
energy

5.2.2 Cylindrical microspecimens

Before the cross-sectioning, the ablated micro-
specimens were impregnated in the same way as
the flat polished surfaces. Figure 14 shows an
example of the cross-section through the micro-
specimen that was ablated using 2 pulses per
ablation site and 48 laser pulses alongside the
circumference, while Fig. 15 shows detail one of
the ablation sites.

Visual observation of subsurface region in
vicinity of the ablation sites revealed again that
hardly any apparent microstructural change that

niem
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Fig. 13 ESEM image showing a cross-section of an
ablation site of a multiple overlapping laser pulses of
3 WJ energy

Fig. 14 ESEM image showing a cross-section of a cylin-
drical microspecimen of hardened Portland cement paste.
Note the ablation sites on the sides of the specimen

could be clearly connected with laser ablation
process had taken place. In some cases, a rim of
increased porosity (2-3 pm in size) in the closest
vicinity of the ablation site was observed (see
Fig. 16).

5.3 Synchrotron-based X-ray computed
microtomography SRuCT

In addition to electron microscopy, three of
the microspecimens were also investigated using

Fig. 15 Detail of the ablation site shown in Fig. 14

Fig. 16 Detail of the ablation site shown in Fig. 14

synchrotron-based X-ray computed microtomog-
raphy (SRuCT). SRuCT is powerful technique for
the three-dimensional assessment of microstruc-
ture of opaque materials with sub-micrometer
resolution. The investigation has been carried out
at the materials science beamline (MS-Tomo),
Swiss Light Source, Paul Scherrer Institute, using
a beam energy of 13.5 keV and beam current of
300 mA. Further details of the operating princi-
ples of this microtomography beamline are pub-
lished elsewhere [9]. The voxel size of the
microtomography output equalled 0.35 pm.
The other parameters of the microtomography
experiment are as follows:
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(i) the distance between the sample and scin-
tillator was equal to 5.5 mm,

(i) YAG-scintillator of 20 pm thickness has
been utilised,

(iii) the number of projections used per tomo-
gram equalled 451 with the exposure time of
2.5 s per projection.

From SRuCT, a three-dimensional model
revealing the sub-surface microstructure of the
ablation site was obtained. An example of a 3D
reconstruction of SRuCT data is shown in Fig. 17.

The depth of the notches was dependent on the
experimental parameters and varied from 2 to 5
and 7 to 10 um for the sample micromachined
with 24 and 96 laser pulses, respectively. The
reconstruction showed that the size of the notch
along the perimeter of the microcylinders was
relatively uniform. The effect of the disordered
structure of hardened cement pastes, containing
stiffer and softer phases appeared to be limited.
The exceptions are the domains of relatively large
unhydrated particles positioned just below an
ablation site. In that case, the unhydrated particle
was — after micromachining — partially protruding
from the adjacent material, hence decreasing
locally the depth of the notch.

Fig. 17 SRuCT 3D reconstruction of a microcylinder
clearly showing the notch produced by femtosecond laser
pulses. It is possible to distinguish the unhydrated cement
particles (white on cross section/dark grey on other
surfaces), hydration products (grey) and porosity (trans-
lucent)

6 Discussion

Since hardened Portland cement is a multi-phase
material, it is not surprising that various micro-
structural phases exhibit various ablation thresh-
olds. The clear example of such different
thresholds is shown in Fig. 18. Hardly any
observable ablation occurred in the area of a
large unhydrated cement particle.

Not all the unhydrated particles exhibited such
resistance to ablation as the example shown in
Fig. 18 (please compare with Fig. 6). Neverthe-
less, it is possible to conclude that, in general,
unhydrated particles exhibited smaller/shallower
ablation sites than the hydration products.

Based on the fact that hardened Portland ce-
ment paste is a moisture-sensitive material, fem-
tosecond laser pulses provide a clear advantage
over focused ion beam technique, because the
laser system do not require to be operated in
vacuum. Moreover, femtosecond laser pulses can
be carried out on targets that are positioned in a
water bath [10], and therefore there seems to be a
scope for micromachining saturated moisture-
sensitive materials.

Another advantage of the femtosecond laser
technique is that the machining is a relatively fast
process. For example, the production time needed
for the notch in the cylindrical microsample (dis-
regarding both the time needed for the initial
sample positioning and the time for the initial

Fig. 18 BSE image of a groove of multiple overlapping
laser pulses of 30 fs length and 3 pJ energy showing hardly
any ablation in unhydrated cement grain

niem
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arrangement of the laser facility) has been in
order of tens of seconds. Removal of the corre-
sponding volume of material using focused ion
beam technique is likely to require much longer
time even when a high ion currents are used.
Likely though, FIB may yield more accurate
geometries.

7 Conclusions

It seems reasonable to suggest that femtosecond
laser pulses can be successfully utilised for preci-
sion machining of microspecimens of hardened
Portland cement pastes, given limitations set by
its heterogeneity. The fs-laser pulses do not seem
to induce excessive damage (i.e. microcracks) into
the surface and sub-surface regions of the abla-
tion sites.

From the ‘real application’ point of view, it was
shown that the fabrication of a notch in a cylin-
drical microspecimen of hardened Portland ce-
ment paste is possible. Even though further
detailed investigations of this topic are required,
the authors suggest that the results presented
above may open an avenue for fabrication of
“damage-free”” microspecimens of hardened
Portland cement and other 3D disorder materials.
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