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Featured Application: Reactive multilayer foils (RMFs) possess the capability for self-propagating
exothermic reactions, making them suitable as a source of localized heat for joining applications.
Laser structuring offers the possibility of cutting arbitrary shapes into foil which change the
direction of reaction front propagation. Consequently, the spatiotemporal heat release of the
reaction inside the joint can be altered, thus providing a means to control the joining process.
Furthermore, a flow of molten material through the RMF plane becomes possible, potentially
strengthening the joint. Possible areas of application are diverse and extend across industries
such as polymer manufacturing, automotive, aerospace, mechanical and electrical engineering,
and household and housing technology. Companies that previously relied on adhesive bonding
or plastic welding to manufacture their products may find it beneficial to switch to an alternative
method due to the drawbacks associated with these processes, such as the need for pre-treatment,
long hardening times, and thermal stress.

Abstract: Reactive multilayer foils (RMFs) for joining processes have attracted a great deal of attention
over the last few years. They are capable of exothermic self-propagating reactions and can serve
as localized heat sources for joining applications when ignited by suitable means. Using short and
ultrashort pulsed lasers with carefully selected parameters, cutting and shaping of RMFs makes it
possible to tailor heat release characteristics without triggering the reaction. The present study is an
investigation of microstructural changes induced by femtosecond laser machining of a commercially
available Ni/ Al-based RMF. The effects of the specific laser parameters pulse duration and repeti-
tion rate on the heat-affected zone (HAZ) are investigated by scanning and transmission electron
microscopy. Debris consisting of oxide deposits can be found at a distance of several tens of microns
from the cut edge. A negligible HAZ extending to less than 100 nm was observed for all parameters
tested and no signs of ignition of a self-propagating reaction were observed. These results underline
the suitability of femtosecond lasers for metal machining with minimal heat input.

Keywords: reactive multilayers; Ni/Al; ultrashort pulsed laser; femtosecond ablation; direct laser
writing; heat-affected zone

1. Introduction

High precision material micromachining is one of the most widespread applications of
ultrashort pulsed (USP) lasers. The wide range of beam properties allows for the processing
of different material classes, including metals [1], ceramics [2] and polymers [3]. The quality
of the machined surfaces, as well as the damage to workpieces, heavily depends on laser
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beam parameters; therefore, a proper understanding of laser-matter interaction is essential
for successful machining. Apart from laser wavelength, pulse duration and repetition rate
also play a decisive role. Continuous wave and pulsed lasers down to >10 picosecond
(ps) regime operate in the thermal ablation regime, which occurs when the duration of the
pulse is longer than the time for electron-lattice relaxation, thus generating a significant
heat-affected zone (HAZ) [4]. Going towards the sub-picosecond regime, the laser pulse
is shorter than all major relaxation processes, including electron-to-lattice energy transfer
and heat diffusion. This means that, during the pulse, atomic movement is insignificant
in the laser-affected solid and the atomic structure remains intact [5], which minimizes or
eliminates thermal damage [6,7]. Therefore, laser ablation using ultrashort laser pulses
produces cleaner features compared to long pulses [8,9] and enables the processing of
sensitive materials with micrometer precision, high quality, and a negligible HAZ [10-13].

An example of such sensitive materials is reactive metallic multilayers built from at
least two alternating metallic layers with individual layer thicknesses of ~5-200 nm and
total film thicknesses of up to some tens of microns [14]. These materials are known for
exhibiting exothermic self-propagating reactions upon local ignition with reaction front
velocities of up to 100 m/s [15] and are capable of achieving reaction temperatures of well
above 2000 °C. The best-studied reactive multilayer system is the Ni/ Al system, though
other material combinations such as Co/Al, Ru/Al, Nb/Si, Ti/Si, Pd/Al, and others have
been identified and characterized over the past 30 years [16-22]. Reactions can be ignited in
multiple ways, including direct heating, spark discharge, laser irradiation, and mechanical
shock [23]. The foundation for the self-propagating reaction is the presence of one or more
intermetallic phases in the respective phase diagram with a sufficiently large negative heat
of formation [24].

A possible application for these reactive multilayer foils (RMFs) is as a local heat source
in reactive joining processes [25] and a commercial product based on Ni/ Al is available
in the market (Indium Corporation, Clinton, NY, USA). Driven by innovative lightweight
applications, there is a steadily increasing demand for new materials and material combi-
nations, as well as associated joining methods. Hybrid plastic-metal composites and their
application are becoming increasingly popular, as they provide sufficient load-bearing ca-
pacity along with a significant reduction in weight. The self-propagating reaction supplies
a high amount of heat for a very short time, making it interesting for joining with minimum
thermal influence [21,26]. As an energy source introduced directly into the joining zone,
RMFs allow for the joining of material combinations that were previously difficult or impos-
sible to join, with increased process flexibility and additional degrees of freedom at joining
locations where accessibility is unfavorable to alternative joining processes. Previous work
related to non-structured reactive foils is mainly concerned with a general description of the
reaction process, the applicability as an energy source, possible material pairings that can be
joined, and characterization of their composite strength after joining [15,25-29]. However,
the path of the reaction front in the joint plays an important role since it determines the
spatial and temporal distribution of the released heat. Modifying the morphology of the
RMF by introducing through-holes, lines, and other cut-out shapes is therefore interesting
for improving joining performance. USP laser micromachining of reactive multilayers has
been demonstrated to be possible without ignition of a self-propagating reaction [10,16,30],
making it a promising technique for modifying the shape of RMFs for tailored joining ap-
plications. Currently, it remains unclear to what extent the RMF microstructure is modified
near the cut edge.

In the present study, we investigate the effect of femtosecond direct laser writing (DLW)
on Ni/ Al reactive multilayers. Laser parameters such as pulse duration and repetition rate
are varied and the HAZ microstructure close to the cut edge is investigated by means of
scanning and transmission electron microscopy. In addition, the extent of the redeposited
debris and oxide layer created by the different laser parameters during structuring in
ambient air is analyzed and discussed.
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2. Materials and Methods

The reactive multilayers used in this work were freestanding Ni/ Al Nanofoil® (Indium
Corporation, Clinton, NY, USA) layers with a bilayer thickness of 50 nm and an overall
thickness of 40 um. According to the manufacturer’s specifications, these multilayers have
an atomic ratio of 1:1, enabling fast heating of the multilayers up to 1350-1500 °C with
reaction front velocities of 6 to 8 m/s. The multilayers are coated on both sides with a 1 um
thick layer of InCuSil™ (61.5 wt.% Ag, 24 wt.% Cu, and 14.5 wt.% In).

For the laser structuring experiments, samples 10 mm in height and 15 mm in width
were mounted on a 2-axis, computer-controlled stage in ambient atmosphere. To prevent
redeposition of the ablated material, the surrounding area was evacuated by means of a
vacuum dust collection system. Two Ti:Sapphire lasers generating femtosecond (fs) pulses
with a gaussian beam shape from Spectra-Physics (Santa Clara, CA, USA) were used to
structure the RMFs. The first one was a Spitfire laser with 100 fs of pulse duration at full
width half maximum (FWHM), and the second laser used was a Solstice® ACE™ with
150 fs of pulse duration at FWHM. The optical configuration involved directing the pulses
from both lasers through an aspheric lens with a focal length of 26 mm, resulting in a
spot size of approximately 45 pm when focused. The number of pulses was chosen to
ensure that the fluences used to cut through the foil remained significantly well below
the ignition threshold. The scanning speed was 0.03 mm/s and was kept constant for all
samples. The specifications and parameters used for each laser are shown in Table 1. After
laser irradiation, a few samples were additionally treated by immersion in ethanol in an
ultrasonic bath for 1 h to remove process-induced oxide on the structured surfaces.

Table 1. Femtosecond lasers parameters used to structure the RMF.

Sample A (am) Pu.lse Rep. Rate Spot Size Pulse Fluenzce

Name Duration (fs) (kHz) (um) Energy (u]) (J/cm*)
100fs_1kHz 800 100 1 49.53 25 1.17
150fs_1kHz 800 150 1 43.69 26 1.44
150fs_S5kHz 800 150 5 43.87 30 1.49

A confocal laser scanning microscope (LEXT OLS4100, Olympus, Shinjuku, Tokyo,
JP) in the optical mode and a scanning electron microscope/focused ion beam (FIB/SEM)
instrument (Helios G4 PFIB CXe, Thermo Fisher, Waltham, MA, USA) were used to image
the surface. The latter was also used for preparing FIB cross sections of the debris from
the DLW process with a Xe ion beam and for qualitative chemical analysis with energy
dispersive X-ray spectroscopy (EDS) with a third-party detector (Octane Elite Super, EDAX,
Unterschleissheim, Germany). Cross sectional samples of the laser cut edge for transmis-
sion electron microscopy (TEM) were prepared in another FIB/SEM instrument (Helios
Nanolab600, FEI, Hillsboro, OR, USA) with a Ga ion beam and an in situ micromanipulator.
Final thinning of the samples was performed using a reduced ion beam with a high voltage
of 2 kV. Transmission images were taken using a built-in detector for scanning transmission
electron microscopy (STEM) at 30 kV. To avoid confusion with STEM in TEM, these images
will be denoted as STEM-in-SEM images in the further text.

TEM samples were investigated using two different instruments. In the first step, a con-
ventional microscope with a LaBg source (JEOL 2011, JEOL LTd., Akishima, Japan) was used
for imaging and selected area diffraction (SAD) in an attempt to obtain structural informa-
tion. After that, further investigations were carried out in an aberration-corrected (S)TEM
(JEOL ARM200, JEOL Ltd., Akishima, Japan, with CEOS corrector, CEOS GmbH, Heidel-
berg, Germany) with a cold field emission gun, high-angle annular dark-field (HAADF)
and bright-field (BF) detector, and electron energy loss spectroscopy (EELS, Gatan Inc.,
Pleasanton, CA, USA) to supplement the SAD results with compositional information. The
EELS mapping was carried out with a collecting semi-angle of 120 mrad, a dispersion of
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1 eV/ch, and a pixel time of 0.01 s. Finally, results from both instruments were used to
determine the size of the laser-affected zone at the cut edge.

3. Results

Different patterns created by direct laser writing (DLW) on the Ni/ Al reactive foils are
presented exemplarily in Figure 1. The shape seen in Figure 1d was the one selected for the
microstructural characterization carried out in this work. For all samples, the lines were
cut through the total thickness of the film.
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Figure 1. Different shapes created by DLW on the Ni/Al RMF. (a) Single hole, (b) double C, and
(c) comb, all cut at 100 fs and 1 kHz; (d) single lines, cut at 150 fs and 1 kHz. The area structured is
16 mm? for all samples, and all lines and holes penetrated through the 40 um thickness of the foil.

Figure 2a—c shows SEM micrographs of the cut region of the three different samples,
and it is possible to see that the amount of debris varies among the different laser parameters.
Furthermore, the 150fs_1kHz sample (Figure 2b) appears to have the smoothest cut line,
while the other two samples exhibit a more irregular edge profile. The width of the debris
deposition before cleaning can be seen in Table 2. Among the samples examined, the one
with the most extensive debris was 150fs_1kHz, while the sample with the smallest amount
of debris, and thus the cleanest cut, was 150fs_5kHz. After cleaning in an ultrasonic bath,
the debris region outside the trenches was completely removed and was considerably
reduced on the inside.

Table 2. Extent of the debris and oxide layer present outside the lines cut by the laser for the different

laser parameters.

100fs_1kHz 150fs_1kHz 150fs_5kHz
49.29 £ 1.58 ym 83.73 £1.23 pm 26.23 £ 0.83 pm

EDS measurements were performed to qualitatively determine debris composition.
The acceleration voltage was limited to 5 kV to have most of the excited volume close to
the sample surface. Figure 2d shows the spectra of an unstructured reference area and of
the debris. The reference spectrum of an untreated region mainly shows signals of silver,
copper, and indium, as could be expected due to the InCuSil layer. No signal of aluminum
or nickel can be seen, which means that the electron interaction volume is confined in the
InCuSil layer. The debris exhibits strong signals of oxygen, nickel, aluminum, and carbon
and minor signals of silicon, sulfur, and silver. Silicon and silver are constituents of the
InCusSil layer that covers the RMF in the as-received state. The signals of silver and copper
in the blue curve (150fs_5kHz) hint to a thinner debris layer, so the underlying InCuSil
coating could be excited as well. The presence of traces of sulfur could be attributed to the
tendency of silver to react with traces of atmospheric sulfur. Oxygen being the dominant
peak in the spectrum indicates that the debris is of oxidic nature, whereas nickel and
aluminum signals are evidence for the debris being redeposited material from the trench.
The source of carbon is unknown.
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Figure 2. Top-view SEM micrographs of single lines cut by DLW for the different samples (laser entry
side): (a) 100fs_1kHz; (b) 150fs_1kHz; (c) 150fs_5kHz. The spot sizes and the total extension of debris
are highlighted. (d) EDS spectra of the debris and the unstructured reference sample. Curves are
offset by a fixed amount to improve visibility.

The inner structure and thickness of the debris zones was investigated in FIB cross
sections. Figure 3a shows an overview of the cross section extending from the cut edge (left)
over the full width of the debris zone of sample 100fs_1kHz. A continuous decay of debris
thickness can be seen. Figure 3b shows a detailed view of the edge at the transition from
the ablation zone of the laser trench to the oxidic debris on the surface. The latter is porous,
with a thickness of 4.85 um at the highest point close to the ablation zone. The presence of
the undamaged InCuSil layer between the oxide and the RMF indicates the transition from
direct layer ablation to a region of debris redeposition. It becomes clear that this transition
cannot be seen in a top-view micrograph as it is hidden under oxidic debris. Note that
maximum debris layer thickness varies strongly among the samples, ranging from 4.85 um
(100fs_1kHz) to 12.18 pm (150fs_1kHz); however, the porous appearance does not change.

Redeposition zone
I

N | |
€3 | |
W |
Direct ablation zone ‘ 1 |
|

|

Figure 3. FIB cross section of the debris zone of RMF structured at 100 fs at 1 kHz. (a) Overview of
the cross section; (b) detail of the left end at the cut edge. The presence of the undamaged InCuSil
layer indicates that direct ablation did not take place. The debris has a low density and a maximum
thickness of 4.85 um.
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TEM samples were taken perpendicular to the sample surface for all three laser
parameters. Figure 4a—c shows SEM images of the thinned samples in the region of the cut
edge, and the multilayer structure can be clearly recognized. A relatively compact layer of
oxide covers the laser cut zone despite the cleaning process. This is in strong contrast to the
thin and flaky surface debris. Higher magnification STEM-in-SEM images (Figure 4d—f)
reveal a thin mixed metal zone of <100 nm between the multilayer and the oxide. Bright
inclusions in the oxide appear to be trapped metallic droplets.

I —

Figure 4. Top row: secondary electron SEM images of TEM samples taken from the laser cut edge
of ultrasonically cleaned samples; (a) 100fs_1kHz, (b) 150fs_1kHz, (c) 150fs_S5kHz. The original
layer structure appears to be preserved up to a few hundred nm from the cut edge. Bottom row:
STEM-in-SEM bright field images of samples (d) 100fs_1kHz, (e) 150fs_1kHz, and (f) 150fs_S5kHz. A
thin mixing zone between the layers and the oxide can be seen.

The samples were then investigated through TEM to obtain more information on
the mixing zone. For reference, the unaffected multilayer away from the cut edge was
investigated first. Figure 5a shows a bright field image of the layer structure. It can be seen
that the layers are not perfectly flat, and areas without clear separation of the layers can be
recognized. Two ROIs from which SAD images were taken are indicated. The SAD taken
from the large ROI1 is shown in (b). Diffraction rings are clearly visible, and the slightly
inhomogeneous intensity distribution within each ring indicates crystallographic texture
due to the growth process. Another SAD image was taken from an area of disturbed layer
structure (ROI2) with the smallest available aperture of 180 nm diameter (Figure 5c). The
measured d-spacings from both ROIs are summarized in Figure 5d. Although the layers in
ROI2 appear much less clearly separated, all diffraction rings can be assigned to the pure
elements Ni and Al, as is the case for ROI1. No intermetallic phases could be determined,
which indicates that the perturbed appearance in ROI2 is due to projection artifacts rather
than actual intermixing in the as-received state.

TEM images at higher magnification indicate that only a small region of mixed metals
exists at the cut edge. Unfortunately, this is thinner than the smallest aperture for selected
area diffraction. Nevertheless, SAD images in various edge regions of the three different
laser parameters were recorded. Indexing the reflections proved to be challenging due
to the presence of Ni, Al, at least one mixed metal phase, and potentially some oxide in
the diffracting volume. No SAD images could be indexed with just Ni, Al, and one single
Ni-Al intermetallic phase alone. Since the SAD results were inconclusive, they are not
shown here for the sake of brevity. Instead, distribution of the elements Ni, Al, and O was
mapped with EELS. It is worth mentioning that a diverse range of shapes was observed at
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the laser cut edge across all three samples, and no significant distinction could be made.
Therefore, a detailed description of EELS mappings for only one of the samples is provided.
Figure 6 shows the corresponding mappings of sample 100fs_1kHz. The oxide phase is
rich in Al and O, while Ni appears to be present in the form of Ni-Al inclusions rather
than being part of the oxide phase. The mixed metal zone at the interface to the oxide
can be clearly distinguished. Furthermore, it was seen that there was a Ni-containing
region of <100 nm in the Al layers adjacent to the mixed metal phase. Its curved boundary
resembles a liquid meniscus, suggesting that the Al was molten and that some of the Ni
had dissolved (see red arrows in Figure 6b). From this, it was inferred that the melting
temperature of Al was surpassed only at a distance of approximately 60 nm from the cut
edge. No significant Al signal was found in the Ni layers. Red crosses in Figure 6b indicate
where the composition was measured with EELS. From left to right, the composition in
atomic percent is Ni64-Al36, Ni48-Al52, and Ni22-Al78, indicating strong inhomogeneities
at a scale of less than 100 nm.

ROI

d-spacing (nm) / Phase /Plane

ROI1 ROI2

0.2338 / A1/111 |0.2338 / Al /111

0.2056 / Ni /111

0.2047 /Ni /111

0.2028 / Al/200

0.1768 / Ni / 200

0.1770 / Ni /200

0.1439 / Al1/220

0.1438 / Al/220

0.1250 / Ni /220

0.1260 / Ni / 220

0.1228 / Al /311

0.1225 / Al /311

0.1074 / Ni /222

0.1173 / Al/222

Figure 5. (a) TEM image of the unstructured Ni/Al multilayer; (b) SAD image of a larger area
indicated as ROI1 in (a); (c) SAD image of a 180 nm wide, slightly fuzzy area indicated as ROI2 in (a);
(d) list of diffraction rings, measured d-spacings, and assigned phases and lattice planes. All diffrac-
tion rings can be assigned to the elemental phases Ni and Al. Panels (b,c) were inverted and gamma
was reduced in (b) for better visibility. Diffraction rings 1 and 5 are labeled for reader convenience.
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Figure 6. Normalized EELS intensity mapping of the elements (a) Al, (b) Ni, and (c¢) O in the
100fs_1kHz sample. A significant amount of Ni can be found in the first 50 nm of the Al layers. The
oxide region contains mainly aluminum. Arrows in (b) indicate how far the Ni signal was observed
in the Al layers. Red crosses indicate the positions of EELS composition measurements.

4. Discussion
4.1. Laser Machining of Ni/Al Reactive Multilayer Foils

Microscale cutting of commercial Ni/ Al multilayers could be applied in high precision
using femtosecond pulsed laser sources with pulse durations of 100 and 150 fs and repeti-
tion rates of 1 and 5 kHz at pulse energies of 25-30 uJ without ignition of a self-propagating
reaction. No evidence of localized combustion within the irradiated region was found
within the different machining strategies shown in Figure 1. In-depth microstructure
investigation of the cut edges suggested that the conducted micromachining involved
considerably low intrusion depths of the energy deposited via USP irradiation, which
facilitated the prevention of an ignition of this thermally highly sensitive material.

Expulsive material removal by USP laser processing removes heated matter, which
induces an additional convective cooling effect on the remaining substrate material. This
further limits the time frame for quantitative thermal diffusion [31]. Previous studies
more focused on ignition thresholds have shown that is possible to cut through Co/Al
multilayers [16] and remove a few layers of Ni/ Al [30] without ignition of self-propagating
reactions at higher fluences than the ones used in this work. According to the manufacturer
of the Ni/ Al multilayers used in this study, cutting using nanosecond (ns) lasers is also
possible at high pulse rates (i.e., low pulse energy). Pulse duration (fs or ns) is not the only
parameter important when machining reactive multilayers. If the pulse energy delivered
by each individual pulse is sufficiently low, picosecond (ps) and even nanosecond lasers
can be used successfully. However, a stronger thermal load causing mixing and melting
effects can be expected at longer pulse durations. While prior techniques involved making
multiple passes along the cut pattern during laser structuring of Ni/Al multilayers by
femtosecond laser ablation, the present study adopted a single pass process. For clean
cuts such as those presented in this work, ultrashort pulses (sub-picosecond regime) are
better suited than pico- or nanosecond pulses since longer pulses cause a considerable
HAZ in the workpiece, leading to morphological changes [32] and limited precision during
laser processing.

4.2. Formation of the Oxide Layer and Debris Deposition

The surface changes induced by femtosecond irradiation on Ni/ Al multilayers showed
a delicate dependence on laser parameters such as pulse duration, pulse energy, fluence, and
repetition rate. It is well known that after femtosecond laser irradiation in air, the treated
sample is covered by debris originating from redeposited matter that mainly occurs in the
shape of oxidic particle agglomerations. The quantity and extension of debris found in the
vicinity of the ablated trenches displayed in the SEM micrographs (Figure 2a—c) deviates
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significantly between 1 and 5 kHz. However, between the different pulse durations (100 and
150 fs) at 1 kHz, only a slight change in surface and cut edge morphology was visible. The
overall amount of debris formation could be expected to be of similar quantity since spot
size, pulse energy, and ablation depths inducing a complete cutting of foils range in similar
levels between the different samples. Subsequently, variations in local accumulation point
towards alteration in the underlying ablation mechanisms inducing deviating expulsion
kinetics and trajectories.

Although the ablation thresholds for Ni, Al, and their intermetallic compounds [33-35]
are within similar orders of magnitude, previous research [30] suggests layer-by-layer ab-
lation of the individual Ni and Al double layers. Applying this consideration on the
conducted single pass processing of Ni/Al at either 1 kHz or 5 kHz, a deviation in the
development of the advancing cut edge morphology can be suggested. Terraces formed
of Ni/ Al double layers with lower (1 kHz) or higher (5 kHz) front inclination originate
from the difference in pulse overlap (as schematically displayed in Figure 7). USP irradi-
ation of Ni in the applied moderate fluence regime of 1.1-1.5 ] /cm? induces ablation via
phase explosion of the overheated material, which is characterized by elevated kinetics
of expulsed matter also involving mobilization of liquid droplets. Above the threshold,
the plume is predominantly composed of clusters, and the quantity of ejected matter is
determined by the critical volume energy density delivered by the laser pulse [36,37]. Clear
indications of phase explosion ablation on our samples are the shock-like solidified melt
structures of the HAZ (Figure 4d—f). The onset of matter expulsion generally faces in the
opposite direction of the solid surface and, as a result, alteration in the cutting front affects
the trajectory. This causes the matter to be predominately transported out of the cutting
trench at 1 kHz, while at 5 kHz, the expelled matter tends to travel along the trench instead
(Figure 7). Consequently, both 100fs_1kHz and 150fs_1kHz exhibit expanded debris areas,
where the loosely attaching porous morphology points towards considerable cooling of
the oxide particles before redeposition, indicating an extended flight path. The thicker
internal oxide layer and reduced external debris redeposition for 150fs_5kHz suggests that
the ablation trajectory is leading to agglomeration within the trench. This is indicated by a
pile-up at the cut edges, rather than ejection. In parallel to the shrinking of trench width,
deterioration of the cut edge line can be observed, which is related to inhomogeneous
debris/oxide accumulation. A similar edge morphology can be found on the 100fs_1kHz
sample in combination with a lesser debris extension compared to the 150fs_1kHz sample.
Here, the role of the small difference in pulse duration is of lesser importance than the
difference in fluence applied. According to a recent study [38], the trajectory of redeposited
matter is considerably agitated by increasing the fluence, especially within the moderate
fluence regime, which is further pronounced with increased pulse counts. This highlights
how the precise adjustment of pulse energy can be used to deliberately tailor the ejection
trajectory of ablated matter, which, in turn, can aid in the subsequent cleaning of the
processed surface.

Redepositon Trajectory 1kHz Redepositon Trajectory 5kHz

Figure 7. Change in the trajectory of redeposited debris and oxide due to cutting inclination for the
different repetition rates used; 1 kHz on the left side and 5 kHz on the right side.
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4.3. Characterization of the Heat-Affected Zone

Studies on thermal effects caused by femtosecond irradiation are mostly theoretical,
and only a few experimental works are available on understanding the effect of USP
irradiation on the HAZ [4,39]. Previous works have estimated the width of the HAZ
when irradiating aluminum and titanium alloy with femtosecond pulses to be less than
2 um [40-42]. However, it should be noted that those results, which are not in agreement
with the present work, were obtained with different experimental conditions, such as higher
pulse energy, the use of different materials, and different pulse durations. When analyzing
the SEM and STEM-in-SEM micrographs of Figure 4d-{, it was observed that the multilayers
are preserved until <100 nm of the cut edge, showing that the heat dissipation was confined
within the optical penetration depth, common in low ablation fluence regimes [10]. The
HAZ for all conditions tested was smaller than 100 nm, indicating no heat accumulation
caused by multiple pulses. Additionally, using TEM, it was possible to observe distinct
regions between the multilayers, with the mixing that happened on the region affected by
laser irradiation and the oxide layer. Furthermore, the EELS results in Figure 6 show an
oxide phase rich in Al and O, while Ni does not appear to be part of the oxide itself but
rather in the form of Ni-Al inclusions. The shape of the Ni-containing regions protruding
along the Al layers hints towards melting of aluminum, which means that a temperature
of 660 °C was exceeded here. Strong variations in the composition of the mixed Ni-Al
phases indicates rapid cooling without much time for homogenization [43,44]. Since these
ablation mechanisms have been shown to have a significant mobilization effect on liquified
matter, the not yet solid Ni-layers provide a foothold for the stronger affected Al layers
with a buffering region of a combined Ni-Al melt formation within a few tens of nm.
This intermixed superficial layer represents the main part of the HAZ within the original
sample, which also plays the critical role in ignition of the self-propagating joining reaction.
Although heat is released by the mixing of Ni and Al, the mixing volume is too small to
provide sufficient energy to ignite a self-propagating reaction.

4.4. Prospective Use in Reactive Joining

The structuring of RMF can be used to change the time—temperature distribution of
heat released and enables the flow of molten material through the RMF plane in joining
applications. Possible areas of application are diverse and extend across industries such
as polymer manufacturing, automotive, aerospace, mechanical and electrical engineering,
and household and housing technology. Potential users are primarily companies that have
so far used adhesive bonding or welding of plastics in the manufacturing of their products
and who need to avoid the disadvantages of these processes (e.g., pre-treatment, hardening
times, thermal load) in the future. The first successful applications of reactive but still
unstructured multilayers in plastic as well as hybrid plastic-metal joining with different
thermoplastics (PC, PP, PA6) or fiber-reinforced plastics have already been reported [45].
Carbon fiber-reinforced plastic (CFRP) is bonded to pre-patterned aluminum (AA 6061) by
applying reactive multilayers. The necessity of penetrating the foil interface with molten
plastic is highlighted separately. Adhesion promoters were used, as well as structures
introduced by laser writing into the metal partner to promote a hybrid bond. The compound
has only limited adhesion properties since the reactive multilayers act as a barrier layer and
hinder the plastic [46]. The advantages of an initial foil structure become clear once again.
Hybrid lap joints between semi-crystalline polyamide 6 (PA6) and austenitic stainless steel
(EN 1.4301) by means of Ni/ Al RMFs were investigated [47]. The crack formations for this
type of foil were identified, which allow penetration of the foil interface with plastic and
thus have a positive effect on the overall composite.

5. Conclusions

This work presents the first attempt to quantify the extension of the HAZ after fem-
tosecond laser irradiation of Ni/ Al reactive multilayers. It was shown that the RMF can
be structured with through-holes and line structures without igniting a self-propagating



Appl. Sci. 2023,13,4313

110f13

References

reaction. Due to the nature of femtosecond ablation, the HAZ was considerably small for
all tested parameters, indicating no heat agglomeration. By tailoring the cutting front incli-
nation and expulsion kinetics induced during ablation through process parametrization,
redeposition of debris can potentially be guided. Higher repetition rates increase cut edge
inclination and induce solidified debris agglomeration within the walls of the trench, which
reduces the redeposition of debris outside the cut. On the other hand, the inclination is
less pronounced for lower repetition rates and causes an ejection of debris to the outside of
the craters, thus providing a smooth cut. Therefore, it is possible to optimize the cutting
process depending on the desired features, such as achieving less debris redeposition or a
cleaner cut by changing the repetition rate and pulse energy. This consideration is made
under the assumption of ambient air conditions. If the DLW process is carried out under
vacuum or shield gas, oxidation can be avoided, and we assume this would have an effect
on redeposition on both the sample surface and the side walls. The mixing of nickel and
aluminum, which is a measure for heat input into the sample, is found to extend to less
than 100 nm. The mixing zone showed considerable variations in composition on a length
scale, indicating rapid cooling. The HAZ was hereby taken as the point up to which nickel
could be detected in the aluminum layers, which marks the edge of aluminum melting
during processing. It can be concluded that the damage caused by femtosecond ablation to
the ablation site and surrounding areas is negligible with respect to the sample volume.
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