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Aluminum foils are commonly used in food and pharmaceutical packaging due to their outstand-
ing combination of malleability, low cost, oxygen barrier and light reflectivity. Extra functionalities,
like hydrophobicity or structural coloration, can be added to them by engineering topographical sur-
faces microstructures. In this work, cold embossing method is used to replicate microstructures from
pre-structured stamps onto aluminum foils. The Direct Laser Interference Patterning (DLIP) method
is used to structure periodic line-like textures on stainless steel plates. The produced stamps are em-
ployed to imprint the Al foils under different controlled pressures. A good transfer of the microtex-
tures to the Al based material was observed, with a 6-40% relative difference in the structure depths
between master and replica depending on pressure and aspect ratio of the structures on the steel
mold. Although a complete replication of the stamp textures is not obtained due to incomplete stamp
cavities filling and elastic recovery, the achieved structural coloring demonstrates a uniform micro-
texture on the foils. A model based on the finite element method is developed and validated by
comparing the simulation results with the microstructured aluminum foils, yielding relative differ-

ences in the simulated and experimental structures depths below 20%.

DOI: 10.2961/jlmn.2022.02.2004

Keywords: direct laser interference patterning, cold embossing, replication, surface microstructures,

Finite Element Method, structural mechanics

1. Introduction

Aluminum (and aluminum alloys) has become an essen-
tial material in many applications due to its unique combi-
nation of properties, such as high strength to weight ratio,
excellent thermal and electrical conductivity and high re-
sistance to corrosion. Particularly, aluminum thin foils are
widely used for packaging applications because this mate-
rial is effective as a barrier against gases and moisture. Fur-
thermore, its manufacturing costs are relatively low and it
can be easily recycled [1, 2].

Additional functionalities, like hydrophobicity or struc-
tural coloration, can be added to Al foils by engineering
surface microstructures. Several micropatterning tech-
niques have been applied on thin metal foils, such as elec-
tromagnetic forming, laser shock forming, laser embossing,
direct laser writing and plasma printing. However, these
methods are relatively complex, involve multiple pro-
cessing steps including coatings deposition, and high-
throughputs have not been demonstrated. All this limits
their applicability for industrial manufacturing [3-7]. Rep-
lication methods based on conventional manufacturing
processes, such as cold embossing, can achieve high
throughputs using a single pre-patterned stamp [8]. There
are many different fields where embossing is used, for ex-
ample, in the micromechanical, microoptical [9], chemical,
medical and biological fields [10]. The microstructures of
the embossing tool can be created by various manufactur-
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ing processes like micromilling, Diamond Micro Chiseling
(DMC) or photolithography [11-14]. If high flexibility is
also required, for example for engraving decorative logos
with complex geometries, one-step laser-based methods are
well-suited for both rapid-prototyping and mass production
[15]. Several laser-based methods have been employed to
create the structures on stamps (or molds) [16, 17]. How-
ever, to keep the processing costs low, especially for pack-
aging applications, new high-throughput and low-cost mi-
croprocessing technologies are required. A cost-effective
process for surface texturing is Direct Laser Interference
Patterning (DLIP) method [18]. DLIP is able to fabricate
periodic textures on the surface of various materials such as
metals, ceramics or polymers with a high degree of flexibil-
ity and resolution down to the sub-micron range using
pulsed lasers with pulse durations in the fs to ns range [15,
19, 20]. This method can be scalable to high-throughputs
and large-areas compatible with industrial requirements
[21]. This method relies on the overlap of two or more laser
beams on the sample surface to originate an interference
pattern [22, 23]. At the maxima positions, the material can
be locally melted or ablated producing a repetitive surface
microtexture. The resulting proportion of molten or ablated
material depends on the interaction between the laser radia-
tion and the material. One of the most important factors
governing the material removal and microstructure for-
mation is the laser pulse duration. Using pulse durations in
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the ns scale is an effective and relatively low-cost approach
to fabricate microstructured surfaces by DLIP [24]. How-
ever, the strong thermal effects and the large amount of
molten material and debris distributed on the surfaces when
irradiating with a ns-laser source can pose significant chal-
lenges concerning the topography homogeneity as well as
undesired chemical or structural modifications [25]. These
disadvantages inherent of the ns-lasers can be avoided upon
employing ultra-short pulsed (ps to fs regime) lasers which
allow smaller structures with better regularity due to mini-
mal thermal effects [26]. In this way, different surface func-
tionalities can be reached without the utilization of chemi-
cals or coatings. Therefore, as many laser-based treatments,
DLIP can be considered to be environmentally friendly
[27-31].

Al materials have been already treated using DLIP
technique with ps and ns pulses [32-35]. In this frame, pe-
riodic structures with line and dot-like geometries were
produced, having spatial periods ranging from 2.6 pm to
19.0 um. However, to our best knowledge, Al foils have
not been so far textured using metallic stamps processed
with DLIP.

In this study, laser-microtextured stamps are produced
using DLIP and utilized for the embossing of Al-foils at
atmospheric conditions. A numerical model using Finite
Element Methods (FEM) is presented for the cold emboss-
ing process in order to understand and optimize the process,
[36, 37]. In this way, limitations of the achievable micro-
structures relative to the stamp geometry are discussed. The
fabricated textured surfaces are characterized using optical
confocal microscopy and scanning electron microscopy
(SEM) techniques.

2. Materials and methods
2.1 Materials

An austenitic stainless steel plate with the material
specification 1.4301 (X5CrNil8-10) was patterned by
DLIP and used as stamp. The substrate had a thickness of
0.8 mm with an average surface roughness (Ra) of 52 nm +
10 nm and a surface area of 50 cm?. After laser processing,
the samples were stored under atmospheric conditions.

For the cold embossing tests, aluminum foils (EN AW-
1050) from ALUXFOIL BAZIS Ltd. Were used, with
thickness of 50 pm. The purity of the Al foils was 99.5%.
The microstructures from the laser-patterned stamps were
transferred to the shiny side of the foil characterized by an
average arithmetic height S, of 175 nm and a RMS height
Sq of 229 nm. The foils were used as received.

2.2 Direct laser interference patterning setup

DLIP was used to fabricate the patterned stamps for
embossing. An in-house developed DLIP system (TU
Dresden/Fraunhofer IWS, Germany) with an optical head
based on 10 ps laser source (Edgewave PX200, Germany)
operating at a 1064 nm wavelength was employed to en-
grave periodic line-like textures on a stainless steel plate,
The laser had a nominal maximum output power of 10 W
and the repetition rate was set to 1 kHz. The setup and
schematic beam flow in the optical head as well as a repre-
sentation of the resulting line-like structure are shown in
Fig. 1.
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Fig. 1 Schematic representation of the two-beam direct laser inter-
ference patterning setup. In the DLIP module, the primary beam is
split into two sub-beams by the DOE, which are overlapped at the
sample surface by a convex lens. The resulting spatial period A is
given by the equation in the inset.

The laser beam power was controlled with a half-wave
plate and the spot size at the sample was adjusted with a
beam expander (see Fig. 1). The primary beam was guided
to a diffractive optical element (DOE) which split the laser
beam into two sub-beams with the same intensity. Then, the
sub-beams were parallelized by a prism, which can be
translated so that the interference angle 6 can be adjusted,
ultimately allowing the user to fine-tune the spatial period
A of the patterned texture (see Fig. 1). With the help of a
convex lens, the sub-beams were overlapped on the sample
surface [38-40]. In this work, the spatial period was fixed
to 4.9 um for all samples. Fully structured areas were fab-
ricated by overlapping single laser pulses in the direction
parallel and perpendicular to the DLIP interference lines.
The pulse-to-pulse overlap (OV) is given as the percentage
of superposition of adjacent pulses in the direction parallel
to the DLIP lines and it was varied from 85 % to 95 %. The
hatch distance (HD) represents the distance between the
pulses in the direction perpendicular to the interference
lines and it must be a multiple of the spatial period to avoid
destroying the repetitive textures during the sequential pat-
terning. Considering that the spatial period was 4.9 um the
HD was varied from 24 um to 34 pm. Employing the D2
method [41], a threshold fluence of 0.55 J/cm? was ob-
tained for the stainless steel and a spot diameter of 115 pm
was calculated.

2.3 Embossing procedure

A four-column electro-hydraulic press (HKP 400,
P/O/WEBER, Germany) was used for embossing the struc-
tures on aluminum foil from the DLIP-patterned stamp.
The force evolution consisted of three steps. In the first
step, the force was ramped for 60 s until it reached the
holding force. Then, the force was kept constant for 120 s
and finally it was slowly released during another 60 s. The
stamp was pressed onto Al foils at three different force
levels of 150, 300 and 600 kN which correspond to 37, 72
and 145 MPa, respectively. The process was carried out at
room temperature. Two 1 mm-thick soft rubber sheets were
placed on top of a steel counter plate and below the stamp
to provide a uniform pressure distribution over the surface.

2.4 Topography characterization

The topography of the fabricated textures on both steel
and Al was measured by a non-contact optical confocal
microscope (CFM, Sensofar S Neox 3D Surface Profiler,



JLMN-Journal of Laser Micro/Nanoengineering Vol. 17, No. 2, 2022

Spain) equipped with a 150X objective. The evaluation of
the topographic data was performed by the software Sen-
SOMAP Premium and the geometrical parameters, like
shape, period, and aspect ratio were determined. The sam-
ples were also characterized using a scanning electron mi-
croscope (SEM) at an operating voltage of 30 kV (Quattro
ESEM, Thermo Fischer Scientific, Germany).

2.5 Finite Element Method simulation

A model based on the finite element method and im-
plemented in COMSOL® Multiphysics© (version 5.6) was
developed to simulate the embossing process. The FEM
model was solved using the Structural Mechanics module
and Time Dependent study. The Newton-Raphson (N-R)
algorithm was used to solve the equations describing the

elastic-plastic behavior of the Al material in the simulations.

3. Results and discussion
3.1 DLIP structuring of stamps

On the stainless steel plate, a matrix with 9 fields was
patterned with different hatch distances and pulse overlaps.
Each field had an area of 15 x 15 mm?. A fixed spatial pe-
riod of 4.9 um was used in all fields. The chosen hatch
distance was 5, 6 and 7 times the spatial period correspond-
ing to 24.5, 29.4 and 34.3 um, respectively, whereas the
selected overlap values were 85%, 90% and 95%. The flu-
ence per pulse was kept constant at 2.2 J/cm?.

The average structure depths of the patterned fields on
the stamp are shown in Fig. 2. It can be observed that the
structure depth depended strongly on HD and OV. With the
same pulse energy, deeper structures could be achieved by
increasing the pulse-to-pulse overlap in the direction paral-
lel to the line-like pattern [32]. Likewise, as the hatch dis-
tance decreased, the cumulated deposited energy per area
(or cumulated fluence) increased, yielding deeper grooves.
A maximum aspect ratio (depth-to-period ratio) of 0.31 was
achieved for the field structured with OV =95% and
HD =34.3 pm.
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Fig. 3 shows confocal (a) and SEM (b) images of a se-
lected DLIP-structured field. Namely, the surface was
structured at OV = 95% and HD = 24.5 pm. Also a profile
extracted from the confocal measurement is shown. A uni-
form arrangement of parallel grooves can be noticed in
both images. In the case of the SEM image, a sub-structure
consisting of quasi-periodic ripples with 600-700 nm peri-
od is observed (see inset in Fig. 3b), which can be identi-
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fied as Laser Induced Periodic Surfaces Structures (LIPSS).
As these ripples were aligned perpendicular to the polariza-
tion of the laser and their size is larger than half of the laser
wavelength, they can be identified as Low-Spatial Fre-
quency LIPSS (LSFL) [42].

Considering that iron is the primary constituent of
stainless steel, the thermal diffusion length /r can be calcu-
lated as It = (k zv/p ¢,)"? assuming a thermal conductivity
xk=80.2W/mK, a heat capacity ¢, =449 J/kgK and a
density p=7.87 g/cm® [43]. As the laser source emitted
pulses with a pulse duration zp = 10 ps, a heat diffusion
length of only 15 nm can be assumed for stainless steel.
This strongly suggests that the heat-affected zone (HAZ)
induced at the maxima positions of the interference pattern
is very localized and does not interact with the adjacent
HAZ around the other maxima positions. As a consequence,
it can be assumed that cold ablation with probably only
little melting took place at the maxima positions, whereas
at the minima positions the material remained unaffected.
As can be observed in the SEM image, practically no mol-
ten material or debris can be visualized, supporting this
statement. Nevertheless, the LIPSS were visible also
around the minima positions, implying a material modifica-
tion and rearrangement. Although around the minima posi-
tions the local laser fluence was relatively small, a pulse-to-
pulse overlap of 95% was used to fabricate such stamp,
implying 20 pulses per spot, and thus significant cumulated
fluence allowing the formation of such LIPSS.
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Fig. 3 a) Confocal and b) SEM images of a selected DLIP-
structured field with h = 1.5 um, OV =95% and HD = 24.5 um.

3.2 Replication of the microstructures on Al foils

In all cold embossing experiments, the stamp was
pressed onto the Al foils so that the microstructures could
be replicated. The Al foil was placed between the struc-
tured stamp and an untreated steel plate as counterpart. To
prevent the stamp from sticking to the electro-hydraulic
press, two 1 mm thick soft rubber foils were placed be-
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tween the counterpart and upper press plate and between
the backside of the stamp and lower press plate. In addition,
this soft foil favored a uniform pressure distribution on the
stamp [44]. The temperature was kept at 25°C constant for
all experiments. The evolution of the applied pressure was
implemented in three steps. In the first step, the pressure
was ramped with a linear slope to a defined holding value
for 60 seconds. In the second phase, the pressure was kept
constant for 120 seconds and finally, the force was released
with the same slope as the first step for another 60 seconds.

The microstructures from the steel stamps were trans-
ferred to Al foils by cold embossing applying three differ-
ent holding pressures, namely 37, 72 and 145 MPa. Fig. 4
shows photographs of the a) DLIP textured steel plate and
the embossed foils using a load of b) 145 MPa, ¢) 72 MPa
and d) 37 MPa. Due to the successful and uniform replica-
tion of the repetitive microstructures of the stamp, all em-
bossed foils show the characteristic holographic coloration
arising from surface relief diffraction gratings.

Fig. 4 Photographs of DLIP treated stamp (a) and embossed alu-
minum foils showing the structural coloration applying a load of
b) 145 MPa c¢) 72 MPa and d 37 MPa.

The confocal and SEM images in Fig. 5 were taken on
imprinted Al foils from the stamp treated with OV =95%
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and HD =24.5 pm at a pressure of 145 MPa (Fig. 5 a,b)
and 72 MPa (Fig. 5 c,d). Although, in both cases the peri-
odic line-like textures could be successfully reproduced,
the imprinted foil at a pressure of 145 MPa had 16% deeper
structures than the ones embossed at 72 MPa (see profiles
extracted from the confocal measurements in Fig. 5).

30 40 50 60 70 ym

Fig. 5 Confocal images of embossed aluminum foils under
the load of a) 145 MPa c) 72 MPa and b,d) corresponding SEM
images.

Based on the SEM images and the extracted profiles, it
can be noticed that the grooves on the Al foil produced at



JLMN-Journal of Laser Micro/Nanoengineering Vol. 17, No. 2, 2022

145 MPa are not only wider than the foil imprinted at
72 MPa, but also that the LIPSS features were transferred
on the edges of the embossed grooves when the highest
pressure was applied. On the contrary, the LIPSS present
on the valleys of the stamps were not fully transferred to
the Al foil. Moreover, the ridges on the Al foil have a rela-
tively smooth appearance (see for example the inset of
Fig. 5d). This can be ascribed to an incomplete filling of
the stamp cavities by the Al material, due to its rigidity. As
a consequence, the LSFL decorating the DLIP line-like
texture were not fully transferred to the Al.

Fig. 6 summarizes the measured structure depth on the
Al foils as function of the depth of the corresponding stamp.
It can be observed that as the applied pressure increased,
the textures on the Al foils are deeper and the difference
between the depths of the stamp and imprint decreased.
The average depth differences between the Al-foil and the
stamp were 47% at a load of 37 MPa, 35% at 72 MPa and
17% at 145 MPa.
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Fig. 6 Experimental structure depth of microtextures on the
Al foil under the application of different load levels.

3.3 FEM simulation of the embossing process
For setting the simulation domain, it is considered that

the cross section of the stamps is constant in the Z-direction.

Therefore, a 2D simulation domain lying in the XY plane
was used, assuming that the grooves of the stamp have an
infinite length in Z-direction, as shown in Fig. 7. In addi-
tion, it is considered that the microstructures are homoge-
neous and symmetrical, and thus a 2D model of a half of
single groove was simulated (Fig. 7b). Similar considera-
tions were employed in the work of Narijauskaité et al, but
for simulating a hot imprint process of polycarbonate [45].
Furthermore, it is considered that the lateral boundary con-
ditions are periodic and the local displacement on them is
zero. In this way, the calculation cost can be strongly re-
duced by solving the problem within a repetitive unit of the
periodic assembly.

Regarding the domain geometries, two conditions were
assumed for ensuring realistic results with a satisfactory
convergence. Firstly, the geometry of the stamp microstruc-
tures was modeled by using the envelope of three over-
lapped circles, whereby their radius and positions were
fitted for each stamp field according to the profiles extract-
ed from confocal measurements. The second assumption is
that the initial distance between the aluminum foil and the
stamp is zero, as shown in Fig. 7. This consideration ena-
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bles a better build-up of the contact problem between the
two bodies (stamp and foil) and to a better convergence.
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Fig. 7 a) General representation of the model, b) used geometry
for the FEM model.

Two materials were used in the model, namely stainless
steel for the stamp and aluminum for the foils. The adopted
material properties are described in Table 1, which were
provided by the manufacturers or taken from the literature
[46, 47]. 1t is considered that both materials can enter the
elastic-plastic regime when they come into contact.

Table 1 Material properties of aluminum foil and stainless steel

[46, 47].
Property Stainless Steel Aluminum
1.4301 EN AW-1050
Young's modulus 200 70
[GPa]
Density [g/cm?] 7.9 2.7
Poisson's ratio [-] 0.28 0.33

Due to the high Young’s modulus of steel, this material
did not undergo plastic deformation for the range of pres-
sures used in the present simulations. In the case of the Al
foils, it was assumed an isotropic hardening regime and
that the plasticity behavior can be described by Voce equa-
tion. The corresponding parameters were taken from the
work of Kack et al. [48] as well as COMSOL’s database
and the Al foil supplier. Namely, a yield strength of 35 MPa,
a saturation stress of 35 MPa and an exponential hardening
of 26 were used in the model implemented in COMSOL.

Next, the effect of the size of the triangular mesh on the
aluminum forming was studied by running simulations
with varying minimum element size from 0.2 pm to 2.4 pum
and by using three loads (37, 72, 145 MPa). Generally, the
maximum deformation of the Al and the maximum stress
on the Al foil did not depend strongly on the mesh size (not
shown). However, the resulting shape of the replicated
microstructures had a significant dependence on the used
mesh size, as finer meshes can map with higher resolution
the cavities of the stamp. In addition, taking into account
the mesh-dependent calculation time, all simulations were
performed with a mesh size of 0.4 pm and 0.2 um for the
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stamp and the foils, respectively, resulting in less than 2000
elements for all simulated geometries. On average, all sim-
ulation runs took less than 60 s to be solved.

The pressure was applied following a time-dependent
function with a triangular shape so that the pressure was
increased linearly until it reached the set pressure and then
it was released linearly until detachment of both materials.
As viscoelastic or viscoplastic effects on Al were disre-
garded in the simulations, the time scale for ramping or
releasing the pressure was not relevant.

Intermediate steps of a typical simulation run are dis-
played in Fig. 8, which illustrates the forming process of
aluminum. Fig. 8a describes the initial Al and steel do-
mains of the model without applied load. In Fig. 8b, a rela-
tively low load is applied and the foil enters into the elastic
regime. In this regime, if the force is removed, the Al re-
sumes its original shape. When the load is further increased,
the plastic deformation phase is reached (Fig. 8c) and thus
the deformation is then considered to be permanent. It was
noticed that a complete filling of the stamp cavities was not
achieved for the simulated geometries and pressures, which
ultimately prevents a faithful replication of the microtex-
tures on the foils. Finally, Fig. 8d shows the calculation
results after the unloading phase, where a part of the de-
formation (elastic range) vanished. As expected, only the
aluminum material was deformed and the stainless steel
stamp remained unchanged.

Load

Direction of movement | Direction of movement[§ Direction of movement

Fig. 8 The principle of model behavior at a) initial stage, b) elas-
tic regime, c) plastic regime, and d) unloading stage.

Fig. 9 shows the influence of the applied pressure on
the resulting structure depth on the Al foils imprinted with
stamps with different depths, i.e., 426, 681 and 1520 nm.
As the pressure was increased, the structure depth in-
creased linearly up to a point where it saturated to a value
relatively close to the depth of the corresponding stamp. In
all cases, the depths in the Al material did not reach those
of the stamps because of the reversible deformation in the
elastic regime and due to the incomplete filling of the
stamp cavities (as discussed before, see Fig. 8d). The plot
also shows that the deeper the structures on the stamps,
then the higher the applied force must be to reach the satu-
ration depths on the foils. The simulations also suggest that
for reaching the maximum deformation using a stamp with
a depth of 1520 nm, a pressure of approximately 300 MPa
must be applied, whereas for replicating a structure depth
of 426 nm, a pressure of ~160 MPa is sufficient.

Fig. 10 shows the simulated depths on the Al as func-
tion of the depth on the corresponding stamp structures. It
was observed that the depth of the Al microtextures in-
creased approximately linearly with the stamp depth for
applied pressures of 72 and 145 MPa. However, for

99

37 MPa the depth on the Al tended to saturate around a
value of 150-180 nm. The relative difference of the depths
in stamps and replica ranged from 67% to 88% for 37 MPa,
while this difference was between 37% and 40% for
72 MPa and between 6% and 14% for 145 MPa.

It became evident that the foil could not be successfully
deformed at a load of 37 MPa, probably due to the fact the
assumed yield strength of aluminum of 35 MPa was slight-
ly lower than the assumed pressure. Therefore, this load
was not enough to induce a large deformation in the foil.
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Fig. 9 Simulated structure depth of the periodic elements at
the Al foils depending on the applied load.
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Fig. 10 Simulated structure depth of Al foil as function of the
depth of the employed stamp for the different applied pressures.

Fig. 11 shows the stress distribution in the aluminum
foil using different load levels and stamp structure depths.
The resulting stress was calculated according to the von
Mises criterion. All replicas that are in the same row were
obtained from the same stamp structure depth (see labels
on the left-hand side of Fig. 11), whereas the columns rep-
resent different applied load (see labels in the top-part of
the image). It was found that for all feature sizes of the
stamp, as the pressure increased from 37 MPa to 145 MPa,
the deformation in the Y-direction increased and the areas
with high stress (red) increased significantly, especially
under the stamp protrusion. Likewise, an increase in the
stamp depth led to higher deformations and stresses. It can
be noted that the Al material raised above the initial surface
(gray line), due to the plastic deformation from the area
below the stamp protrusion towards the stamp cavities
(from left to right in the images of Fig. 11).
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Fig. 11 Final stress distribution and deformation of the Al foil as
a function of the applied pressure for the stamp structure depth of
1520 nm (a, b, ¢), 681 nm (d, e, f) and 426 nm (d, h, i) using a
load of 145 MPa (a, d, g), 72 MPa (b, ¢, h) and 37 MPa (c, d, 1).

To study the processability of Al by cold embossing for
different spatial periods of stamp structures, the structure
depth on the Al foils as function of the applied pressure for

four selected periods is plotted in Fig. 12. In all simulations,

the aspect ratio was kept constant at 0.3. It is visible that
the structures on Al with a spatial period larger than 1.3 pm
reach the saturation regime at approximately the same pres-
sure, i.e. 200 MPa. However, for the smallest analyzed
period (0.8 pm), the saturation regime can only be ap-
proached at extremely large pressures of more than 600
MPa, which limits the applicability of this approach for
textures with sub-micro textures.
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Fig. 12 Simulated structure depth of Al foil as function of the
applied pressure and spatial period of stamp texture.

3.4 Validation of the model

For validating the model, the simulation results were
compared with the experiments assuming equivalent stamp
geometries and applied loads. In Fig. 13 the simulated
structure depths on Al foils after the embossing process (y-
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axis) are plotted against the experimental results (x-axis)
with the corresponding stamp characteristics. Namely, each
datapoint corresponds to the same stamp geometry in both
simulation and experiment.
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Fig. 13 Validation of the FEM model through a comparison
between the simulated and experimental structure depths on the
Al foils at different pressures.

The black line stands for a linear relation with a slope
equal to unity, so that datapoints lying on top of the line
represent a perfect match between simulation and experi-
ment. It can be seen that for applied pressures between 72
and 145 MPa, a very good agreement between both the
simulated and experimental results was found for the whole
explored range of depths, i.e. from 300 nm to 1100 nm.
The average relative error was 8.9% in this range. The
maximum deviation of the simulations compared to the
experiments corresponded to the deepest structures, i.e.
1120 nm. In this case, the simulated depth was 18% higher
than the experiments.

In the case of the runs simulated for a pressure of
37 MPa, the simulated depths were significantly lower than
the experimental values, and a maximum deviation of 70%
was observed. This behavior can be attributed to the fact
that the assumed yield strength of 35 MPa for Al, was
slightly lower than the applied pressure of 37 MPa, pre-
venting a large deformation of the foil. Further studies are
needed to characterize the mechanical properties of the
used Al foil in order to refine the value of the parameters
that describe its behavior in the plastic regime.

4. Conclusions

In this study, periodic textures were produced on stain-
less steel by Direct Laser Interference Patterning (DLIP)
employing a ps-pulsed laser source. Uniform line-like mi-
crostructures were fabricated with a spatial period of
49 um and structure depths ranging from 300 nm to
1520 nm. The steel plate was used as a stamp in a cold em-
bossing process to transfer the microtextures onto commer-
cial aluminum foils. The topographical characterization of
the treated foils revealed a satisfactory replication of the
stamp features. Moreover, at high pressures (145 MPa)
even nanoripples (LIPSS) with a spatial period in the range
600 nm — 700 nm, were transferred within the cavities of
the micropatterned foils. Furthermore, differences between
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the structure depths on stamp and replica were as low as
6%.

A simulation model based on the finite element method
was developed to understand the embossing process as well
as to predict the achievable structure shapes and depths on
the replicated textures. The model was validated by com-
paring the simulation results with the experimental values
of the feature depths of the Al foils depending on the ap-
plied load and the depth of the structures of the stamp. For
pressures of 72 and 145 MPa, the relative error varied be-
tween 1 and 20% (mean value ~ 9%). In case of the lower
pressures (37 MPa), the measured depth in the experiments
were larger compared to the simulations, probably due to
an overestimated Al yield strength in the model. The simu-
lation results have also shown that the microstructures
could be successfully transferred to Al foil for spatial peri-
ods at least larger than 1.3 um (with an aspect ratio of 0.3).
Further experimental studies should be conducted to vali-
date this statement.

The proposed approach to functionalize Al foils by rep-
licating a microtexture from a DLIP-treated stamp can rep-
resent an important step in the development of low-cost
surface texturization of multifunctional packaging, with
enhanced anti-bacterial or decoration properties.
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