INAF

ISTITUTO NAZIOMNALE

2 ASTROFISICA

MATIRAL INSTITLITE
FOR ASTROFHYSICS

Publication Year

2017

Acceptance in OA

2021-02-23711:02:517

Title Sub-micrometric surface texturing of AZ31 Mg-alloy through two-beam direct laser interference
patterning with a ns-pulsed green fiber laser
Authors Furlan, Valentina, Biondi, Marco, Demir, Ali Gokhan, PARIANI, Giorgio, Previtali, Barbara,

BIANCO, ANDREA

Publisher's version (DOI)

10.1016/j.apsusc.2017.06.138

Handle

http://hdl.handle.net/20.500.12386/30549

Journal

APPLIED SURFACE SCIENCE

Volume

423




Sub-micrometric surface texturing of AZ31 Mg-
alloy through Two-beam Direct Laser
Interference Patterning with a ns-pulsed green
fiber laser

Valentina Furlant®, valentina.furlan@polimi.it
Marco Biondi!, marco.biondi@mail.polimi.it
Ali Gokhan Demir?, aligokhan.demir@polimi.it
Giorgio Pariani?, giorgio.pariani@brera.inaf.it
Barbara Previtalil, barbara.previtali@polimi.it
Andrea Bianco?, andrea.bianco@brera.inaf.it

! Department of Mechanical Engineering, Politecnico di Milano, Via La Masa 1,
20156 Milan, Italy
2 INAF — Osservatorio astronomico di Brera, Via E. Bianchi 46, 23807 Merate,
Lecco, Italy
*Corresponding author


mailto:valentina.furlan@polimi.it
mailto:giorgio.pariani@brera.inaf.it
mailto:barbara.previtali@polimi.it

Sub-micrometric surface texturing of AZ31 Mg-alloy through Two-beam Direct Laser
Interference Patterning with a ns-pulsed green fiber laser

Valentina Furlan®”, valentina.furlan@polimi.it
Marco Biondit, marco.biondi@mail.polimi.it
Ali Gokhan Demir?, aligokhan.demir@polimi.it
Giorgio Pariani?, giorgio.pariani@brera.inaf.it
Barbara Previtali, barbara.previtali@polimi.it

Andrea Bianco?, andrea.bianco@brera.inaf.it

!Department of Mechanical Engineering, Politecnico di Milano, Via La Masa 1, 20156 Milan, Italy
2INAF — Osservatorio astronomico di Brera, Via E. Bianchi, 46, 23807 Merate, LC, ltaly

*Corresponding author

Abstract

Two-beam direct laser interference patterning (DLIP) is the method that employs two beams and
provides control over the pattern geometry by regulating the angle between the beams and the
wavelength of the beam. Despite the simplistic optical arrangement required for the method, the
feasibility of sub-micrometric patterning of a surface depends on the correct manipulation of the
process parameters, especially in the case of metallic materials. Magnesium alloys from this point
of view exhibit further difficulty in processability due to low melting point and high reactivity. With
biocompatibility and biodegradability features, Mg-alloy implants can further advantage of surface
structuring for tailoring the biological behaviour.

In this work, a two-beam DLIP setup has been developed employing an industrial grade
nanosecond-pulsed fiber laser emitting at 532 nm. The high repetition rate and ramped pulse profile
provided by the laser were exploited for a more flexible control over the energy content deposited
over the heat-sensitive Mg-alloy. The paper describes the strategies developed for controlling
ramped laser emission at 20 kHz repetition rates. The process feasibility window was assessed
within a large range of parameters. Within the feasibility window, a complete experimental plan
was applied to investigate the effect of main laser process parameters on the pattern dimensions.
Periodic surface structures with good definition down to 580 nm % 20 nm spacing were successfully
produced.

Keywords: Surface sub-micrometric patterning; laser surface texturing; biodegradable implant;
magnesium alloy; green laser
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1 Introduction

Hierarchically patterned surfaces are capable of providing multiple functionalities exploitable in
different fields, such as optical systems, biomedical, microelectronics or in automotive ones [1],[2].
Several techniques for the fabrication of periodic micro and nano structures have been developed
like optical lithography [3], electron-beam [4], microcontact printing [5] and replica moulding [6].
These methods reach high pattern resolution, but they normally require multiple steps in order to
produce the final microstructure. As a consequence, artefacts such as loss of information or pattern
distortion may arise.

On the other hand, the use of laser source to produce surface structures and patterns has been widely
studied. Different laser methods were proposed in order to obtain sub-micrometric and nano-
manufacturing, which can involve addition or subtraction of materials [7],[8],[9]. Laser synthesis of
nano-materials like nanoparticles, nanotubes and nanowires were studied. In laser synthesis
methods, a laser beam is focused inside a controlled environment on a material substrate. Material
ablation leads to micro- and nano- particle generation [9]. These approaches cannot be easily
manipulated to be used as surface modification techniques. Two-photon polymerisation (TPP) is a
more common example of processing technology used for sub-micron to micrometric structures.
TTP can be realized using a pulsed laser source to achieve high fluence and ultra short pulse duration
[9]. A focused beam is used in order to guarantee the solidification of liquid polymer layer. The
process enables intrinsic capability to obtain structured surfaces on the realized component due to
its high resolution. However, it still remains as a costly and slow option. Another method, which
involves the use of laser to obtain a surface modification from micrometric up to nanometric scale
is the laser interference lithography (LIL). LIL is realized by interference of coherent beams whose
intensity distribution is recorded by a photosensitive layer and it is later transferred by thermal and
chemical processes to the substrate [1],[9]. LIL can be realized with short and ultrashort pulsed laser
source. A comparison between fs and ns system with LIL method showed that higher feature
resolution was possible with fs lasers, but larger textured areas were achieved with ns pulsed lasers
due to the higher coherence length [10]. However, despite LIL applicability on large-area
production, it requires multiple steps in order to produce the final structures and the process is slow
and time consuming.

Considering the limitations of described methods, the attention is focused on methods which involve
the use of laser in direct laser writing (DLW), which is easily adaptable to an industrial environment
due to its simplicity. Direct Laser Writing (DLW) involves the use of a pulsed laser beam for
ablating the material surface in order to generate the desired periodic patterns, such as lines, micro-
holes and defined dimples [1],[7]. However, in DLW, the size of the features is commonly limited
by the dimension of the diffraction limited focused beam, which remains in micrometric region.
Sub-micrometric laser induced periodic surface structures (LIPSS) can be obtained indirectly by
employing DLW with ps and fs laser sources[2],[8]. Employing this method, ripples, bumps and
conical structures were obtained on different materials. Their dimension can range between a few
nanometres to micrometric scale, depending on materials and laser parameters. On the other hand,
despite a defined directionality, dimension and geometry of LIPSS are not easily controllable since
their formation relies mainly on the used laser parameters [2],[8]-[12]. In order to overcome
dimensional limits of DLW approach, a recent advancement in the field of micro and sub-
micrometric surface texturing using a laser source involves Direct Laser Interference Patterning



(DLIP) technique. DLIP is achieved through the superimposition of two or more coherent and
polarized laser beams, commonly generated by the same laser source, which redistribute the laser
beam profile with a periodic interference structure. The difference in the intensity of regions under
constructive and destructive interference results in a preferential removal of the material through
ablation and vaporization when high power pulsed laser sources are exploited. Periodical patterns
types (e.g. lines, dots, columnar or hexagonal structures) are directly related to number of interfering
beams [1],[13]. The period of the periodic structures is controlled by the relative angle between the
interference beams and by the laser wavelength. For two laser beams interference, the period of
fringes (A [nm]) is computed as follow [1]:

A
A=

5 Eq.1
2 sin(?)
where A [nm] is the laser wavelength and 6 [°] is the angle between the interfering beams. DLIP is
a single step process, since no development of a photo-resist and/or an etching are required, with
the consequent advantage in terms of production time. Several works were dedicated to develop
DLIP with different pulsed laser sources applied to different materials, due to its advantages [14]-
[16]. Nanosecond pulsed lasers are the most employed in DLIP technique, generally with a selection
or a control by a shutter element of a single pulse passage. Solid-state laser sources were commonly
used, coupled to wavelength harmonic generator. A large number of papers dealt with DLIP applied
to polymeric materials [17]- [20]. Nevertheless, metallic materials were also investigated focusing
on melting and re-solidification phenomena [16],[21],[22].
Several works focused on the applications of surfaces structured by DLIP. DLIP was investigated
in tribology to improve the performance of lubricating films [13],[23], in organic solar cells
applications to change optical concentration [20], in optoelectronics devices to improve
transmittance performance and thermo- electrical behaviour [24],[25],[26]. Furthermore, an
increased interest in use of laser texturing techniques for biomedical applications was recently
observed. Indeed, several works showed how the realization of an interference pattern onto
polymeric materials promote the cells adhesion and proliferation or avoid the bacteria adhesion [27]-
[30]. On the other hand, the use of DLIP on metallic materials for biomedical applications has
received a lot less attention from the research communities. Linear periodic structures have been
generated with DLIP on titanium implants in order to improve biological performance of dental
implants [31], but there is a lack in the treatment of biodegradable metals. As a matter of fact, surface
engineering and texturing of biodegradable metals has received much less attention in general
compared to their permanent counterparts. The more common direct laser writing approach has been
widely applied in the past on more conventional metals for permanent implants in order to control
their biomedical performance [32]. Biodegradable alloys possess different limitations in laser
processing, which require further attention.
Mg alloys constitute the most widely studied group of biodegradable metals. A main drawback of
Mg alloys is related to the high degradation rate. Laser surface treatments were investigated in order
to control corrosion rate, by grain refinement and material microstructure modification [33],[34].
Control over the surface wettability of Mg alloys can be advantageous for corrosion protection, for
protective coating application and also for controlling the biological interaction between the implant
and the tissue [35],[36]. On the other hand, DLIP can constitute an alternative option for achieving
sub-micrometric and periodic surface structures on Mg alloys in a deterministic way. Such structures
can be beneficial for manipulating the cell-surface interactions at the implantation stage. Cell
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attachment and proliferation can be controlled by the aid of these structures especially in stent
applications.

In this work, an industrial nanosecond fiber laser source with a ramp profile emission is used for
fabricating micrometric and sub-micrometric structures by two-beam interference patterning on
AZ31 magnesium alloy. In particular the paper tackles two important points for the processing of
the biodegradable Mg alloy. The first one is related to the low melting point and high reactivity of
the material, which lowers the processability by pulsed lasers and lowers the process precision. The
second aspect is connected to the use of an industrial laser source, which is characterized by a pulse
train emission profile. The inability in single pulse selection constitutes a further complexity. DLIP
process as well as pattern quality were investigated as a function of different trains of pulses. Results
showed that micrometric to sub-micrometric periodic surface structures could be obtained with high
feature definition once the stable processing strategies were developed.

2 Modelling

2.1 Beam intensity distribution in two-beam interference
In two-beam interference, the intensity distribution of the electric field can be expressed as [37]:

I=1 +1,+2,/1;-1,cos(p) Eq.2

where I, and I, are respectively the intensities of first and second beams, ¢ is the phase difference
between two beams. Considering a balance of the intensities, namely I, = I,, the expression is
simplified as follow:

[=2-1;[1+cos(p)] Eq.3

when cos(¢) = 1, in the condition of two beams perfect beams constructive interference, I = 41,.
In this work, I; =1, = 1,/2, where lois laser beam intensity before its splitting, obtaining I = 2I,.

2.2 Laser ablation with interfering beams and multiple pulses

DLIP process consists in laser ablation with a shaped beam intensity profile. In order to investigate
the trend of the fluence, both laser light features and the interaction with the material should be
considered. It is possible determine the peak fluence of a Gaussian beam as follow:

2E,
F=—- Eq.4
W,
where Ep is the peak energy and wp is the beam waist radius at focal position which contains 86%
of laser energy [UNI EN ISO 11146]. Starting from Eq.4, it is possible determine the formulation

of the average fluence (Fm) in a pulse train for a generic beam size (ws) positioned at Az, as:

2Em(N)
w2

F,(N) = Eq.5
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The beam radius can be calculated as a function of distance from the focal position Az [38]:

Az2a?

w;(z) =\/W§+ 2 Eq.6
where a is the beam divergence of caustic propagation and can be estimated as dc/f, where dc is the
collimated beam size and f is the focal length of the focusing lens.
Ablation threshold can be a useful indicator for comparing the different interaction conditions
between single beam and two-beam interactions. Liu’s model describes the diameter of the ablated
region as a function of the single pulse energy, with assumptions of a laser beam with a Gaussian
distribution, TEMoo and a pulse duration shorter than lattice heating time [39]:

D? = 2w? ln(—) Eq.7

where Fw is the threshold fluence. For ablatlon W|th multiple pulses, influence of damage
accumulation effect should also be considered. Damage accumulation phenomenon leads to a
reduction of threshold fluence, which can be described as [40],[41]:

Fin(N) = Fn (NS Eq.8

where N is the number of pulses, Fw(1) is the threshold fluence for a single pulse and S is the
incubation coefficient related to processed material. Eq.7 can be rewritten to include the damage
accumulation as:

F
D? = 2w?In(————=) Eq.
v N B

Concerning specifically a single Gaussian beam and multiple laser pulses, the Eq.9 can be rewritten
with estimated material characteristics as:

Fi
D% = 2w2In — ) Eq.10
St thl(l)Nsl-l) a

where, Fiy, 1 (1) and S; are the estimated threshold fluence and the incubation coefficient in case of
single Gaussian beam. Considering DLIP process with two beams configuration, the following
adaptation of Liu’s ablation model is proposed:

Fr
D = 2w?In(—————) Eq.11
’ (Fthz(l)Ns _1) 1

where Dp is the patterned region diameter, and Fy,,(1) and S, are respectively the estimated
threshold fluence and the incubation coefficient.



3 Materials and Methods
3.1 Materials

AZ31 Mg alloy cold rolled sheets with a thickness of 0.2 mm were used throughout the study. The
nominal chemical composition is summarized in Table 1.

3.2 DLIP system

A nanosecond pulsed fiber laser was used throughout the study (YLPG-5, by IPG Photonics,
Oxford, MA, USA). Laser source is based on master oscillator power amplifier (MOPA). The laser
emits green light at 532 nm, obtained by a conversion from the fundamental wavelength of 1064
nm. The features of the laser source are summarized in Table 2. The laser source produced a ramped
emission profile, which was characterized prior to experimentation. The laser source modulation
was obtained by means of a function generator (Sony-Tektronix AFG310). The collimated laser
beam obtained from the laser source output was split into two beams through a beam splitter. Two
folding mirrors allow for the interference between the two beams with a definable angle producing
a fringes pattern. Then the two collimated beams were focalized on the sample, using two focal
lenses with 100 mm focal length. In order to vary the focal position of laser beams, a micrometric
stage in z direction was used with 10 um resolution. A schematization of the two-beam DLIP setup
is reported in Figure 1.

3.3 Experimental procedure

3.3.1 Laser emission profile characterization

As seen in Figure 2, the emission profile of the laser is characterized by an initial ramp, where pulses
do not have the same energy content. During this transitory phase, two different regions can be
identified. The first region is the delay between the modulation signal and the beginning of the
pulses. The second region is characterized by the pulses ramp, with the energy content growing up
to a constant value of stability. In the delayed pulses phase, pulses have less than 10% of the average
pulse energy in regime. The stable region is assumed to start when ramp profile pulses achieved
90% of regime energy. The laser was driven by means a modulation signal to produce Nt number
of pulses, where Ngelay number of pulses are absent due to the initial delay. Accordingly, the number
of pulses within the commanded modulation duration is:

N = Neot — Ndelay Eq.12

On the other hand, the stable pulse energy Es could be calculated from the average power for the
stable regime from the following expression:

Pavg

~ PRR

Eqt Eq.13



where Payg is the measured average power and PRR is the pulse repetition rate. The energy content
of the pulses in the ramped region can be calculated from the acquired oscilloscope traces.
Considering the i" pulse, the pulse energy Eican be expressed as:

A
E, = EstA—‘ Eq.14
st

where A is the discrete integral of the ramped pulse trace and Ast the average discrete integral of
the stable pulses in regime. For a ramped pulsed train composed of N pulses, the average energy Em
can be expressed as:

N
E, = %Z E, Eq.15
i=1

The ramped pulse train profiles were acquired using an InGasAs fast photodiode (Thorlabs FGA10)
and recorded with a digital oscilloscope (Tektronix TDS5034B). The laser source was characterised
for different pump current (P1%) and pulse repetition rate (PRR) levels. Five replications were
produced for each condition and the number of delayed pulses (Ndelay) and the number of ramped
pulses (N) were measured. Tested experimental conditions are reported in Table 3.

3.3.2 Ablation characteristics with a single Gaussian beam

Ablation characteristics as function of pulse energy (Em) and number of pulses (N) were studied for
both single Gaussian beam and two-beam DLIP configurations. Experimental conditions were
reported in Table 4. Three replications were made for each combination. A 3D optical profilometer,
based on focus variation microscopy (InfiniteFocus from Alicona Imaging GmbH, Graz, Austria),
was used for measuring the ablated diameter. Ablation threshold fluence and incubation coefficient
were calculated through non-linear regression fitting.

3.3.3 Two-beam DLIP feasibility window investigation

The low melting point and the use of ns-pulsed laser source generate limited feasibility for effective
processing of AZ31 through two-beam DLIP. Accordingly, processing conditions were varied to
evaluate the feasibility region in which periodic structures are realized with a high resolution. Laser
pulse energy (Em), number of pulses (N) and focal position (Az) were varied. The angle between the
two laser beams (6) and the pulse repetition rate were fixed at 37° and 20 kHz respectively. In Table
5 experimental conditions of two-beam DLIP feasibility window investigation are reported.
Feasibility process map was determined by a qualitative analysis with SEM technique (EVO-50
from Carl Zeiss, Oberkochen, Germany), in order to classify the different experimental conditions
as a function periodic structure presence. One replication was produced for each condition.

3.3.4 Two-beam DLIP quality characterization
A second experimental campaign was conducted within the determined feasibility window. Energy
(Est), number of pulses (Ntwt) and focal position (Az) were varied maintaining pulse repletion rate
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(PRR) fixed to 20 kHz. In this case, the angle between the two interfering beams (6) was also varied
in order to test its influence on the process and to define limits in working a low melting point
material. Ablation threshold and incubation coefficient were estimated through non-linear
regression fitting. Pattern period was evaluated on SEM images, measuring the distance among five
periodic grooves for all treatments and it was compared to the theoretical value. Ablated region
diameter was also measured. Table 6 reports the fixed and variable parameters of this experimental
campaign. Each condition was replicated twice.

4 Results and discussion

4.1 Laser Emission profile characterization

In Figure 3, the characterization of the laser emission profile as a function of laser parameters is
reported. Particularly, number of delay pulses and ramp pulses for different machine conditions
(P1% and PRR) are considered with the corresponding standard deviation values. It could be
deduced that with PRR=20 kHz the laser emission is stabilized with the least number of delayed
and ramp pulses. Moreover, the standard deviation of the delayed and ramp pulses for this PRR
value was relatively small, pointing at a more stable emission condition overall. Accordingly, the
PRR value was fixed at 20 kHz for the rest of the experiments.

4.2 Ablation characteristics of the material with a single Gaussian beam

For single Gaussian beam configuration, the dimple diameter varied between 15 um and 30 um, in
a range around the theoretical Gaussian beam diameter of 21.7 um. The increase in dimple diameters
as a function of the number of pulses can be attributed to either an increasing pulse energy content
and the damage accumulation associated to multiple pulses. A fitting of the experimental data with
the Liu’s model was performed using the theoretical value of beam waist wo equal to 10.9 pm.
Within this approximation, the results of the non-linear regression were Eﬁ(l) =022+

0.04 J/cm? and S; = 0.85 + 0.06.

4.3 Two-beam DLIP feasibility window

Experimental conditions were classified in different groups with four identified surface conditions,
namely:
e Non treated (NT) surface: conditions below or around the ablation threshold providing no
significant changes on the surface;
e Low treated (LT) surface: conditions above ablation threshold generating surface damage
without well-defined periodic structures;
e Periodic structures (PS) surface: Surfaces with well-defined periodic structures;
e Melted (M) surface: surfaces with a considerable amount of molten material due to the
excessive fluence, which result in the closure of the periodic patterns.
An example for each condition is reported in Figure 4, where feasibility maps are also shown.
Feasibility analysis revealed a total absence of interference patterns when lowest pulse energy (9.5
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uJ) was used. Where most of the conditions were classified as NT and only for low Az values, it
was possible to observe some treated surfaces but classified as M for the higher fluence. Maintaining
constant Es, an increase of Az is associated to a decrease of fluence, considering that energy value
is distributed on a larger spot area. On the other hand, low values of Az generate a Gaussian
distribution with higher fluence with the same energy content (Figure 5-a). With the use of ns laser
pulses, molten material can form easily and consequently cover the interference pattern and this is
due to the low melting point (905 K) of the magnesium alloy. In a similar fashion, fluence can be
reduced by reducing pulse energy with constant Az (Figure 5-b). As a matter of fact, feasibility
window analysis revealed that the PS region was limited and consisted in Est=14.5 - 20 pJ; Niot=16-
47, Az=2.0 - 2.5 mm.

4.4 Ablation characteristics of the material with two-beam DLIP

Figure 6 reports SEM images of the ablated regions as a function of two-beam DLIP parameters. It
is possible to assess that all process parameters influenced in different way the measured spot
diameter. As a matter of fact, Dy was affected by two-beam set-up configuration; the angle between
two beams realize an elliptical shape of spots for axis projection. In particular, an increase in 0
resulted in a decrease of Dyp; this occurred because the beam spot area grew when 0 increased,
inducing low fluence values. The same considerations could be done for Eg; indeed, since laser
energy and fluence are proportional, Dy values increase with Es. Concerning Az, its rise induced
both a growth of beam spot diameter, so of the treated area, and a reduction of process fluence.
However, the effect of fluence reduction seems to be stronger in these measurements; for this reason,
Dy decreased with an increase of Az. Moreover, the parameter Nyt had an evident effect on Dy,
because an increase of Nt means an increase on energy content and so higher D, values.

Within the feasibility window of the two-beam DLIP process, the ablated region diameter varied
between 10 um and 40 um. Moreover, the obtained ablated region deviated from a circular shape
towards an elliptical one due to inclination angle of the impinging beams. The average diameter of
the ellipse was used for the calculation. The estimated threshold fluence were Fy,,(1) = 0.18 +

0.03 J/cm? and S, = 0.99 + 0.05.

In Figure 7, the fluence thresholds and incubation coefficients for the two optical configurations are
compared. In terms of the ablation threshold, there is no a statistical difference between two optical
configurations. On the other hand, damage incubation is higher in the case of a single Gaussian
beam, depicted by the lower coefficient. This statistical results are directly related to the assumptions
made in the analysis. In Figure 8, the normalized fluence distribution of single Gaussian beam and
the intensity distribution of two-beam DLIP configuration are compared. It is clearly visible that in
cases of constructive interference, beams intensity became higher in comparison with intensity of
the single beam causing the melting of a large portion of material. This observation is in accordance
with models described in paragraph 2.1. Considering an arbitrary value of F it is possible observed
obtained spot size for two-beam DLIP configuration. On the other hand, a comparison with single
Gaussian beam configuration revels a lower fluence threshold value in the same condition of spot
size. This means an underestimation in FE,,\Z(l) value, which is connected to the assumption of
Gaussian profile in fitted Liu’s model.

4.5 Effect of process parameters on pattern quality
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Periodic structures generated by interference phenomena are affected by laser parameters As a
matter of fact, structures quality, in terms of homogeneity distribution and definition, is influenced
by process parameters but also by source properties. Spot energy distribution, which is directly
connected to beam quality (M? factor), determines a non-uniform treatment. In Figure 9, an example
of a defect related to laser energy distribution is shown. Periodic structures are clearly visible and
well defined on the annulus area. Moving towards the central part of beam spot it is possible to
determine a breaking point where features vanish, producing a discontinuous treatment on laser
spot. The changed trend in the distribution of the periodic structures is directly related to the quasi-
Gaussian energy trend of the laser spot, which causes a higher energy content in the middle part of
the spot. In fact, the central part of laser spot showed melting phenomenon and sub-micro features
were covered by molten material, in comparison with the annulus which was characterized by a
lower energy content. Considering this aspect, in several conditions, when fluence was increased by
a change of laser parameters, the central area was characterized by stronger phenomena and, in this
case, melting effect was not negligible.

Periodic structures are also affected by laser process parameters. Energy density can be increased
varying directly energy level Es, but also changing number of pulses Nt and focal position Az.
Increasing energy content, it was possible to observe a transition from NT to LT conditions and with
higher values to PS and M ones. Increasing Ntot, €energy density increased resulting in larger treated
spots and more defined periodic structures. Particularly, Az strongly affected the process since it is
characterized by an inverse proportionality with energy content. An increase of Az reduced the
average fluence and conducted to NT and LT conditions. On the contrary, a decrease of Az greatly
increased the average fluence and conducted to PS and M conditions, as previously described.
Some considerations can be also done about the influence of beams angle on periodic structures
quality and its relationship with energy content. In Figure 10, the period of the features is plotted
as a function of the average fluence F and the angle between the beams. Each group was
characterized by a mean value and its relative standard deviation. The plots evidence the effect of
fluence factor and consequently of laser parameters on pattern structures. As a matter of fact, the
period is determined by Eq. 1 testifying its dependence only by laser wavelength and beams angle.
On the other hand, the increase of beams angle corresponds to a reduction in the period pattern
dimension and it is associated to a smaller range of fluence Fr values. This affects the feasibility of
small period structures. In case of smaller period, the influence of melting phenomena became much
more important and it corresponds to a reduction of the feasibility window. Two-beam DLIP fluence
range became more limited with decreasing angle. With an increased fluence, the amount of molten
phase increases with the number of ns pulses. Moreover, an overall increase of energy density occurs
both in regions under constructive and destructive inference. Resultantly, a larger ablated area with
absence of interference pattern is generated. Hence, the pattern definition is lost more easily
employing high fluence levels with reduced angles.

Pattern periodicity was evaluated through the SEM images. On each SEM image, 5 locations were
measured, while the measurement was repeated three times and the average value of them was taken.
Figure 11 shows average values and standard deviations for all interference pattern period
measurements as function of the angle 6. Average measured values were similar to theoretical ones.
Differences are due to both measurement errors and misalignments in the optical setup. However,
two-beam DLIP fluence range became more limited with decreasing angle.
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5 Discussion

Pattern quality is an important factor regulating the performance of the textured surface in the
biomedical application. During a laser surface texturing operation chemical composition, texture
shape and texture dimension are altered together. All of these aspects have an impact on the
biological performance. Pattern shape has been the mainly investigated aspects, where linear
patterns were found to improve endothelial cell adhesion and proliferation [42]-[45]. Cells have also
been found to align along the pattern direction, which is further enhanced when sub-micrometric
dimensions are achieved on the surface. In particular, different cells prefer differently different
pattern size [42]- [45]. Ding et all. investigated line-likes patterns with different period dimensions.
In this study, structures with a dimension of 1 um increased adhesion and proliferation of endothelial
cells. Differently, smooth muscle cells were suppressed in spreading and growth [45].

Concerning a biodegradable Mg-alloy, the sub-micrometric surface structure would enhance the
biological behaviour of the implant at the initial stages of its use. These linear structures can be
exploited to enhance cell adhesion and also alignment especially on cardiovascular stents, where
endothelial cells adhesion is required. The small dimensions of the texture should also allow for a
reduced damage on the material, not inducing negative effects on the fatigue behaviour. As the
biodegradation progresses, the surface texture is expected to be among the first features to disappear.
Its influence on the biodegradation behaviour needs further investigations, since degradation
behaviour can be modified due to the increased surface area, variations of surface chemistry, and
wettability. Texture affects wettability and its scale dimension tunes surface response from
hydrophilic behaviour to hydrophobic one. This aspect can be also used in order to promote the
adhesion of a protective layer to increase degradation performance of devices.

Considering biomedical fields pattern design is a crucial factor in order to obtain a defined
performance. The present work shows the use of linear patterns obtained through a DLIP
configuration composed of 2 beams. More complex pattern shapes are achievable through the
increase of the number of beams. The use of more complex patterns can be exploited also for parallel
manufacturing of micrometric features such as micro dimples, which can favour osseointegration
of biodegradable orthopaedic implants.

6 Conclusions

In the present work, a two-beam optical setup was employed in order to obtain a two-beam DLIP
process on a difficult to be laser processed AZ31 magnesium alloy. Two-beam DLIP process was
realized using an industrial nanosecond fiber laser source with a ramp profile emission. This laser
source is characterised by long pulse duration, which are detrimental when materials with low
melting temperature are processed. On the other hand, the high pulse energy and frequency
guarantee high productivity on large area. Therefore, the role of the threshold fluence and process
parameters on the quality of the AZ31 structured surface have to be investigated. Influence of laser
parameters in terms of energy, angle between beams, focal position and number of pulses was
investigated. A feasibility process window was determined for the material and it appeared to be
narrow because of its low melting temperature, constituting low processability. Within the
feasibility window, further experimentation was carried out to assess pattern quality and ablation
characteristics. The main outcomes are as follows:
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Process feasibility for two-beam DLIP depends highly on the laser diameter. It was found
out that defocusing is useful for lowering peak intensity of the interfering beams. In
particular, defocusing between 2 to 2.5 mm, sub-micrometric structures could be achieved.
Ablation behaviour differs between a single Gaussian beam and a two-beam DLIP
configuration for AZ31. While the threshold fluence remains statistically unvaried, with a
single beam damage incubation was found to be higher.

Within the feasibility window periodic structures from 1.2 um down to 600 nm were
achieved. While, smaller structures are theoretically possible, period structure definition
was reduced with larger angle between the beams due to the inevitable melt generation
filling in the generated structures.

Pattern period depended only on the angle between the beams, while fluence and number
of pulses did not induce any significant effect.

The results confirm the effectiveness of the two-beam DLIP method for obtaining micrometric to
sub-micrometric surface structures on the low processability AZ31 magnesium alloy. Future
attempts will be dedicated to the upscaling of the process for faster and larger area patterning with
the described method for industrial manufacturing. In particular, this two-beam DLIP method could
be implemented in laser structuring of medical devices in biodegradable magnesium alloy especially
stents, but also larger devices such as screws, plates and fasteners, in order to tailor the surface
biocompatibility and degradation.
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List of tables

Elements Mg Al Mn Zn Ca Si Cu Ni Fe  Others
wt% bal. 25-35 020 0.6-14 0.04 010 0.05 0.005 0.005 0.30

Table 1 Chemical composition of employed material

Wavelength A 532 nm
Pulse duration T 1.2 ns
Pulse repetition rate PRR 20-300 kHz
Beam quality factor M2 112
Maximum average power Pag 6W
Collimated diameter dc 3.492 mm

Table 2 Main characteristics of employed laser source

Fixed parameters

Modulation time tmoda 3 MS
Varied parameters
Pump current P1% 79.3 % - 87.3% - 93.9% - 100%

Pulse Repetition Rate PRR 20 kHz — 160 kHz — 300 kHz
Table 3 Experimental conditions of laser emission profile characterization

Fixed Parameters

Pulse Repetition Rate PRR 20 kHz
Focal Position Az 0 mm

Varied parameters

Energy with single Gaussian beam configuration = Estibeam 5.5 pJ, 11 pJ, 16 pJd, 22 pd
Energy with two-beam DLIP configuration Est2beams 4.5 pJ, 9.5 pJ, 14.5 pd, 20 pd
Number of pulses Niot 5, 15, 25, 35, 45

Table 4 Experimental conditions of material ablation characterization
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Fixed Parameters
Pulse repetition rate PRR 20 kHz

Angle between beams 0 37°

Varied parameters
Pulse Energy Esx  3levels: 9.5 uJ, 14.5 pd, 20 wJ
Number of pulses Nwt 6 levels: 20, 26, 33, 41, 50, 60
Defocusing Az 7levels: 0.5, 1,15,2,25,3,35mm

Table 5 Experimental conditions of two-beam DLIP feasibility window characterization

Fixed Parameters

Pulse repetition rate PRR 20 kHz

Varied parameters
Pulse Energy Est 2 levels: 14.5 pJ, 20 wJ
Number of pulses Nwt 6 levels: 33, 41, 50, 60, 70, 80
Defocusing Az 3levels: 2,2.25, 2.5 mm

Angle between two beams 0 3 levels: 26°, 37°, 53°
Table 6 Experimental conditions of two-beam DLIP quality characterization
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List of figures

1

Figure 1 Schematic representation of two-beam DLIP optical setup: 1) beam splitter, 2) mirrors, 3) focal lenses, 4) target plane, 5) z
stage
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Figure 4 Feasibility map of two-beam DLIP process
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