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Abstract: Materials processing using ultrashort pulsed
laser radiation with pulse durations <10 ps is known to
enable very precise processing with negligible thermal
load. However, even for the application of picosecond and
femtosecond laser radiation, not the full amount of the
absorbed energy is converted into ablation products and a
distinct fraction of the absorbed energy remains as residual
heat in the processed workpiece. For low average power
and power densities, this heat is usually not relevant for
the processing results and dissipates into the workpiece. In
contrast, when higher average powers and repetition rates
are applied to increase the throughput and upscale ultra-
short pulse processing, this heat input becomes relevant
and significantly affects the achieved processing results.
In this paper, we outline the relevance of heat input for
ultrashort pulse processing, starting with the heat input of
a single ultrashort laser pulse. Heat accumulation during
ultrashort pulse processing with high repetition rate is dis-
cussed as well as heat accumulation for materials process-
ing using pulse bursts. In addition, the relevance of heat
accumulation with multiple scanning passes and process-
ing with multiple laser spots is shown.
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1 Introduction

The application of ultrashort pulsed (USP) laser radiation
with pulse durations in the range of several picoseconds
down to some hundred femtoseconds enables materi-
als processing with high resolution and precision in the
micrometer range. Due to pulse durations, which are in
the range of electron-phonon relaxation times for metallic
materials, heat diffusion can be neglected and can result
in quasi melt-free processing with negligible thermal
load [1-4]. The extremely high precision, the advantage
of a non-contact and wear-free tool, and the possibility
to process nearly any material turn USP laser radiation
into a versatile tool with emerging fields of application
[5-7]. A continuously increasing field of application is the
surface structuring of mold and embossing tools. While
the processing quality meets the high demands of many
applications, USP processing is currently lacking in terms
of productivity, which still inhibits its economic applica-
tion in many industrially relevant cases. Thus, upscaling
of USP laser-based processes applying already available
higher average power laser systems [8-13] to improve pro-
ductivity and throughput is one major research topic in
the field of process development for USP lasers.

The average power of a pulsed laser source is the
product of pulse energy and repetition rate. Hence, there
are two principal approaches for upscaling USP processes:
1. Scaling by increasing the pulse energy.

2. Scaling by increasing the pulse repetition rate.

As shown by Raciukaitis et al. [14] and Neuenschwan-
der et al. [15], the appropriate fluence (pulse energy per
focus area) is limited to some J/cm?, due to efficiency and
quality reasons. Due to this limitation, an upscaling using
the first approach — by increasing the pulse energy — can
be realized by splitting the pulse energy of the incoming
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laser beam into multiple partial beams and realize par-

allel processing with an array of multiple laser foci. The

beam splitting or separation is usually executed by apply-
ing diffractive optical elements (DOE) [16-18] or spatial

light modulators [19, 20].

For the second approach, upscaling by increasing the
repetition rate, fast beam deflection systems are necessary
to control thermal and shielding effects. For fast beam
deflection, an established approach is the use of polygon
scanners [21-24] or fast rotating workpieces like printing
or embossing cylinders to spatially separate subsequent
pulses [25-27].

However, for both approaches, so-called heat accumu-
lation is a central aspect that has to be taken into account. In
this context, heat accumulation means the successive rise
of the workpiece temperature by subsequent laser pulses
with insufficient temporal and spatial separation [28].
Moreover, for USP laser processing, a distinct amount of
the absorbed pulse energy does not contribute to the abla-
tion process and remains as residual heat in the processed
workpiece. For low average powers, this heat is negligible
and dissipates into the bulk material. In contrast, for higher
average power, this residual heat becomes relevant and has
a significant influence on the processing results in terms of
productivity and — more important — quality [29-32].

The term heat accumulation can be further differenti-
ated into the following aspects:

1. Heat accumulation caused by subsequent pulses: The
process that is usually meant by heat accumulation
is the heat accumulation between subsequent laser
pulses. When applying repetition rates in the range
of some hundred kilohertz up to tens of megahertz,
the time difference between subsequent pulses is
too short to allow sufficient cooling of the workpiece
between single laser pulses. In dependence on the
repetition rate and spatial pulse distance, which
determines how many pulses effectively contribute to
heat accumulation of a certain volume of the work-
piece, thermal effects occur that affect both ablation
rate and achieved surface quality.

2. Heat accumulation caused by subsequent scanning
passes: Additionally, heat accumulation on longer
time scales can be relevant. As a consequence of the
frequent repetition of scanning patterns with neigh-
boring or overlapping processing tracks, thermal
effects might occur even when one single isolated
processing track has no significant influence. The
relevance of heat accumulation between subsequent
processing tracks is determined by time between the
tracks, thermal input of one track, the number of
tracks, and material properties.
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3. Heat accumulation caused by multiple spots: When
using multiple laser spots to realize power scaling
via increased pulse energy, additional thermal effects
have to be taken into account. Besides the heat input
of every single beam, the thermal interaction or cross-
talk between neighboring beams and the heat input
across the whole beam pattern affects the local tem-
perature of the workpiece. Here, the heat accumula-
tion depends on workpiece factors like processed
material and sample geometry, as well as the spatial
distance between adjacent laser foci, the total number
of applied spots, process parameters of every single
beam, and the processing strategy.

The residual heat of one single ultrashort laser pulse,
which accumulates and leads to relevant thermal input, is
of fundamental value for understanding, describing, and
controlling all of these thermal effects.

In the following sections, the effects of heat accumu-
lation for USP processing with high average power will be
discussed by giving an overview of the state of the art and
original works as well. Thereby, theoretical approaches
and experimental results will be presented to demonstrate
USP processing with high repetition rates, pulse bursts,
and multiple beams. Examples for beneficial and disad-
vantageous effects of heat accumulation are given.

First, a theoretical approach for describing the resid-
ual heat of a single ultrashort laser pulse is presented.
After that, the aforementioned three types of heat accumu-
lation will be discussed. For heat accumulation between
subsequent tracks and during multi-beam processing,
only an overview will be given, while thermal input of a
single pulse and heat accumulation between subsequent
pulses will be addressed more in detail.

2 Residual heat of a single
ultrashort laser pulse

2.1 Theoretical description

The time scale that is relevant for heat accumulation pro-
cesses depends on the thermal properties of the processed
material, and is in the range of some nanoseconds up
to some microseconds. This equals the typical temporal
pulse-to-pulse distances during USP materials processing.
Thus, imbalance of electron and phonon temperatures
can be neglected and the classical heat conduction theory
can be applied. As the heat input takes place on the time
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Figure 1: (A) Temperature distribution after absorption of a single ultrashort laser pulse. A distinct amount of the absorbed energy does not
contribute to the ablation process and remains as residual heat in the processed workpiece. (B) Dependence of the fluence along the z-axis
during the absorption process according to the Lambert-Beer law. The effective energy penetration depth is chosen to be 100 nm in this

case. Due to the exponential decrease, a distinct amount of the absorbed energy remains in the workpiece, because the effective fluence is

below the ablation threshold.

scale of the pulse duration, it is approximated as instan-
taneous [28].

Based on this assumption, an exemplary temperature
distribution directly after absorption of a single ultrashort
laser pulse with a Gaussian intensity distribution is shown
in Figure 1A. In the presented case, the absorbed energy is
higher than the material-specific ablation threshold. The
ablated material leads to a parabolic ablation crater, as
indicated with the black line.

As a consequence of the Gaussian intensity distribu-
tion and energy absorption according to the Lambert-Beer
law, a distinct amount of the energy is absorbed in the sur-
rounding area of ablation volume and will lead to heating
of the workpiece, as shown in Figure 1B. For the relation-
ships in Figure 1, an effective penetration depth of 100 nm
has been chosen to clearly indicate the different energy
amounts. The shown temperature distribution is directly
after absorption, neglecting the imbalance of the electron
and phonon system as described by the two-temperature
model. Thus, the indicated temperatures are not physi-
cally reliable. However, the figure intends to show the dif-
ferent areas above and below the ablation threshold.

The energy of this effective heat source, E,,, is

HA®
described and related to the overall pulse energy, E;

E
T F
p

1)

This ratio can be estimated on the basis of the follow-
ing considerations: for those locations of the workpiece
surface where the absorbed fluence is below the ablation
threshold, all the pulse energy is converted into heat.

That is the case for the side arms of the Gaussian inten-
sity distribution. For locations of the surface at which
the absorbed fluence is above the ablation threshold,
the material is ablated. In the latter case, the heat input
always equals the ablation threshold, because material is
always ablated so deep until the effective fluence drops to
the ablation threshold. Thus, in this case, an energy cor-
responding to the ablation threshold remains in the work-
piece as residual heat.

For exemplary values of the fluence and ablation
threshold, these are shown in Figure 2. The integral over
the energy remaining in the workpiece and contributing
to the heat input in relation to the overall pulse energy E,
gives a theoretical assumption for the factor#,,,:
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Figure 2: Spatial fluence distribution at the workpiece surface.
The edges of the Gaussian distribution and the fraction of fluence
below the ablation threshold form the effective heat source for a
single ultrashort laser pulse.
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Here, r_ is the radius of the ablation crater, A the
absorptivity of the workpiece surface, F, the ablation
threshold, and F(r) the radial fluence distribution.

Considering all dependencies, 7,, only depends on
the ratio of F and F,, and the absorptivity A.

In Figure 3, 7, as a function of the ratio F/Fthr and for a
typical absorptivity of a metallic material of 0.46 is shown.

For typically applied fluences, a factor of 8 above the
ablation threshold, this simple theoretical approach pre-
dicts #,,, to be in the range of 0.2. However, the relation-
ship shown is based on the assumption that there is no
interaction of hot, ablated material with the workpiece.
The evaporated material could transfer energy to the
workpiece and thus leads to an additional heat source,
increasing the effective amount of residual heat. However,
interactions with particles or plasma can have the oppo-
site effect by shielding the workpiece even before the
energy is absorbed. Both of these effects result in deriva-
tions from the presented expectation.

Applying the approach of the superposition of instan-
taneous point sources [33], the temperature rise at a
certain location x, y, z at time ¢, resulting from deposition
of energy by a single laser pulse at x=Ax, y=0, and z=0,
is described by
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Figure 3: The factory,, (black) as a function of the ratio of
applied fluence Fand the ablation threshold F, . While the
amount of residual heat decreases with increasing fluence,
the overall heat input (red, dotted line) steadily increases with

increasing fluence.
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Here, p is the density of the processed material, c the
heat capacity, w, the focus radius, a the thermal diffusiv-
ity, and 0, the effective energy penetration depth accord-
ing to the Lambert-Beer law. In contrast to the expectation
shown in Figure 2, the lateral shape of the effective heat
source has been assumed to be Gaussian for this formula.
Experimental measurement of the spatial geometry of the
effective heat source, carried out by Bauer [34], show that
this is an appropriate assumption.

2.2 Experimental determination

The value 7,, has been experimentally determined by
Vorobyev et al. [35, 36] and by Bauer et al. [37] using a
direct measurement based on a calorimetric setup. The
determined values are in the range between 35% and
50% depending on the processed material. Vorobyev
et al. reported that the residual energy increases to up to
>70% with increasing applied fluence for ablation under
ambient conditions. However, for ablation in vacuum,
the amount of residual energy decreases with increasing
fluence, as assumed on the basis of the presented theoret-
ical estimation. Thus, indirect heat transfer from induced
plasma to the workpiece may play a major role for apply-
ing high fluences.

A semi-empirical determination of the residual heat
can be found in the study by Weber et al. [28]. They com-
pared the experimental results of materials processing
of carbon fiber-reinforced polymer (CFRP) and steel with
theoretical predictions, and found good accordance of
measurement and theory for ,, =12.5%.

Another approach for an indirect determination of the
residual heat is shown in Figures 4 and 5 for Inconel 718
as material. In a distinct parameter range, layers of molten
material are induced at the sample surface (see also
Section 3.2). The thickness of this layer can be determined
with cross sections of the processed samples. The molten
layer can be identified as a white layer in optical micros-
copy or based on the grain boundaries by laser scanning
microscopy or scanning electron microscopy, as shown
in Figure 4. In Figure 5, the measured maximum melting
depth as a function of the applied repetition rate is shown
for a constant fluence and feed per pulse. By comparing
the experimentally obtained melting depth with theo-
retically predicted values (see also Section 3.1), a rough
estimation of the amount of residual heat can be made.
Assuming #,,=0.25, the theoretically predicted melting
depth is in the same range as the measured one, as indi-
cated in Figure 5. The melting depth can only be meas-
ured for high repetition rates and pulse overlaps. For such
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Figure 4: Cross sections of melting layers (material: Inconel 718). (A) Laser scanning microscopy, (B) optical bright-field microscopy,

(C) scanning electron microscopy.
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Figure 5: Experimentally determined melting depth as a function of
repetition rate for constant feed per pulse, fluence, and pulse dura-
tion. The dotted lines represent the theoretically calculated melting
depth for different values of #,,,. For choosing #,,=0.25, experiment
and theory are at least in qualitatively good agreement (material:
Inconel 718).

parameters, strong pulse-to-pulse interactions occur that
lead to shielding and affect the factor »,,. In comparison
to results from other studies, the observed deviation might
be connected to and explained by the shielding effects for
processing with high repetition rates [31, 38, 39].

3 Heat accumulation caused
by subsequent pulses

3.1 Theoretical description

To extend the theoretical description of the temperature
rise after one single pulse to the temperature rise after
N laser pulses with repetition rate f, o and feed per pulse

Ax, the superposition of all incident laser pulses has to be
composed by building the sum over all subsequent pulses:

ATMp(ty i; AX’ f;ep’ N)
N

=SAT,(t~if, . % i-AX)-O(t~i-f,). (4)

rep

The resulting temperature rise for percussion drilling on
a stainless-steel surface in dependence on the applied repe-
tition rate is shown in Figure 6. With higher repetition rates,
the cooling time between subsequent pulses is too short to
enable a complete cool down of the sample surface. As a
consequence, the workpiece temperature increases rapidly
with high repetition rates. Moderate heat accumulation up
to a distinct degree is not relevant for the process, as it does
not affect processing quality or productivity. However, a
pronounced heat accumulation affects the obtained surface
quality significantly, as discussed in the following section.
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Figure 6: Theoretical temperature rise at the surface of a stainless-
steel (V2A) sample for different repetition rates. The absorbed
fluence is 0.1)/cm? and there is no feed between subsequent
pulses. Due to shorter cooling times, the temperature increases with
increasing repetition rate (density p =7900 kg/m?; heat capacity
¢=500 J/kg K; temperature diffusivity a=3.8 x10-¢ m?/s).
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3.2 Influence on processing quality

Controlling heat accumulation is of paramount impor-
tance for scaling the productivity of USP processing. Even
if heat accumulation does not lead to melting of the work-
piece surface, the temperature rise due to accumulated
heat affects the achievable surface quality. As shown by
Bauer et al. [37], the generation of very rough, bumpy
surface structures can be associated with heat accumula-
tion. These surface structures — also called ‘cone-like pro-
trusions’ — are a limit for the tolerable temperature rise
during USP processing.

By varying processing parameters and the workpiece
temperature using external pre-heating, Bauer et al. [37]
identified that these rough structures emerge at a distinct
surface temperature. In case of the examined stainless
steel (V2A), that temperature is around 600°C.

For the processing of thermally sensitive materials
like CFRP, an even smaller temperature rise caused by heat
accumulation leads to comparable large heat-affected
zones and is relevant as important mechanical properties
are negatively affected by damaged matrix material [28].

The obtained surface morphologies for USP process-
ing of Inconel 718 for different combinations of repetition
rates and feed per pulse at constant fluences and pulse
durations are shown in Figure 7. The different combina-
tions of feed per pulse and repetition rate lead to an
increasing effect of heat accumulation. Assuming a
residual heat amount of 0.25, the energy per unit distance
ranges from 0.3 J/m for the repetition rate of 140 kHz up to
5.6 J/m for the repetition rate of 14 200 kHz. In Figure 7A,
the surface shows no significant effect of heat accumula-
tion, while the surface in Figure 7B shows a very rough
surface covered with cone-like protrusions. For even
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higher heat input, the surface starts to melt. This homoge-
nous molten layer results in a very low surface roughness,
as shown in Figure 7C. Therefore, heat accumulation can
be beneficial for the process, as for high average power
and ablation rates the observed homogenous melting
layer in combination with the intrinsic surface tension
of the molten phase enables a smoothing of the surface,
resulting in a good surface quality, as demonstrated in
Ref. [39]. A more pronounced heat accumulation leads to
a re-increase of surface roughness due to inhomogeneous
melt ejections, as shown in Figure 7D.

However, using fast beam deflection like a polygon
scanner, USP processing at high repetition rates and
average power without any significant effect of heat accu-
mulation is possible. At high scanning speeds of several
100 m/s, the feed per pulse is sufficiently high to prevent
heat accumulation from affecting the obtained surface
quality. As shown in Figure 8, smooth, bump-free, and
melt-free surfaces are generated with sufficiently high
spatial pulse separation even with applying nearly 19 MHz
and >200 W of average power.

3.3 Heat accumulation during burst
processing

A special case of heat accumulation caused by subse-
quent laser pulses occurs during USP processing with
pulse bursts. For USP processing with pulse bursts,
a bunch of several pulses with a high repetition rate
(£, .t = 40—-80 MHz) is used instead of single laser pulses.
Although the achieved ablation efficiency is reduced by
pulse-to-pulse interactions [40], higher productivity can
be achieved by applying pulse bursts, as much higher

Heat accumulation

Ay=15um | F, =08 Jlcm* | 1=7.5 ps

Ax=5pm f, = 1420 kHz
R,=3.0 pm

Ax =12 pm f,,, = 140 kHz
R,=1.0 ym

| ’ i [;

AX=0.7 pm f,,, = 14 200 kHz

Ax=0.7 pm f,,, = 7100 kHz
R,=6.9 um

R;=0.5pum

Figure 7: Development of obtained surface morphology with increasing amount of heat accumulation. (A) No influence of heat accumula-
tion. (B) Generation of bump-like structures. (C) Homogenous melting layer induced by heat accumulation. (D) Rough surface due to melt

ejection.
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Figure 8: Results of USP processing of Inconel 718 with high
repetition rate and average power. By using a polygon scanner
for fast beam deflection, relevant affection of the surface quality
by heat accumulation can be avoided. The average surface
roughness is R <2 um. (A) Ablation rate 18.5 mm?/min using
P=140 W, fmp:14 400 kHz, Ax=21um, 2w, =50 um. (B) Ablation
rate 32 mm?/min using P=210 W, frep:18 900 kHz, Ax=20 um,
2w, =50 pm.

average powers can be applied even with conventional
galvanometer scanners before the obtained surface rough-
ness decreases. The use of pulse bursts aims for a targeted
use and exploitation of heat accumulation to avoid rough
surface structures while applying high average powers
for USP processing. In Figure 9, the effect of the numbers
of pulses within one burst and the applied fluence of a
single pulse within the corresponding burst is illustrated.
The amount of heat accumulation can be controlled by the
number of pulses in one burst on the one hand side and
the single pulse fluence on the other hand side. Thereby,
the formation of surface morphologies is in agreement
with the results presented in Section 3.2. For a distinct
amount of heat accumulation, rough surface structures
are induced (e.g. four pulses per burst, 0.65 J/cm?). The
right amount of heat input avoids the formation of rough
surface structures and enables the generation of smooth
surfaces with high quality (e.g. four pulses per burst, 1.6 J/
cm?). For even higher fluences or an increased number of
pulses per burst, the increased heat accumulation leads
to surfaces with noticeable thermal affection in terms of
tarnishing.

For quantification, the measured R value as a func-
tion of applied fluence is shown in Figure 10 for different
numbers of pulses within one burst. Starting with ini-
tially good R, values around 1 pum, the surface roughness
increases with increasing fluence and then drops again
for a distinct fluence. The fluence at which the drop occurs
depends on the applied number of pulses. Additionally,
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Figure 9: Obtained surface morphologies for USP burst process-
ing of stainless steel for a varying numbers of pulses per burst and
different single pulse fluences. The number of pulses per burst and

the applied fluence determine the heat input and therefore lead to
various effects of heat accumulation.
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Figure 10: Average surface roughness for USP processing of stain-
less steel as a function of single pulse fluences. The theoretically
obtained melting layers are indicated as dotted lines. The observed
decrease of the surface roughness can qualitatively be associated
with the occurrence of surface melting that helps smoothen the
processed surface similar to a polishing process.

the theoretically expected melting depth is shown for
a residual energy of 35% per pulse. The decrease of the
obtained surface roughness is in qualitatively good agree-
ment with the onset of surface melting.

An example for surface structuring of steel using
pulse bursts is shown in Figure 11. The obtained surface
is homogenous and free of bumps and pits. By using
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Figure 11: Surface structures (depth 200 um) on stainless steel
fabricated by means of picosecond pulse bursts. Using five pulses
within one burst and an average power of 45 W, an ablation

rate of 5.5 mm?/min can be realized 2w, =50 um, f,ep:400 kHz,
fouwse=40 MHz, 7=2ps, F =2.2 )/cm?).

the beneficial effect of heat accumulation, an average
power of 45 W can be used to achieve an ablation rate of
5.5 mm’/min. However, the achieved ablation efficiency is
0.12 mm?/min W in this case. Compared to processing with
single pulses and the same pulse duration, the efficiency
is reduced by roughly 40%. At the same time, more than 8
times the average power can be applied, which overcom-
pensates the loss of efficiency.

4 Heat accumulation caused
by subsequent passes

The role of heat accumulation caused by subsequent
passes of a scanning process has been investigated for
cutting of CFRP with continuous wave laser radiation [41]
as well as USP laser radiation [42, 43]. A systematic vari-
ation of time between subsequent passes and number of
passes demonstrates the role of heat accumulation caused
by subsequent passes onto the heat-affected zone for CFRP
processing with picosecond laser pulses by Kononenko
et al. [42]. An investigation of the effect for processing of
thin metal sheets with picosecond pulses was done by
Weber et al. [44]. The principle behavior and effects of heat
accumulation caused by subsequent passes are similar to
the heat accumulation caused by subsequent pulses but
on a completely different time scale. While the effect of
heat accumulation caused by subsequent passes has an
obvious impact on the processing of thermally sensitive
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materials like CFRP, the impact of this effect during pro-
cessing of metals is much less pronounced, but plays an
important role for the reproducibility of especially small
surface structures. Thus, processing results do not only
depend on direct processing parameters, like repetition
rate, power, focus diameter, and hatch distance, but also
on scanning strategies and structure sizes.

In Figure 12, equal, hemispheric surface structures
are shown, which were fabricated with the same process-
ing parameters but different scanning strategies. For the
structure shown in (A), a field of structures was fabricated
by generating every structure one after another. For the
structure shown in (B), the array of structures was pro-
cessed layer by layer, across the whole pattern, resulting
in an increased time between subsequent layers of one
structure. The structures of both scan strategies look very
similar and exhibit good quality in terms of geometry
and surface roughness. However, the structures that were
processed structure after structure are slightly deeper
than the structures processed via layer-by-layer strategy.
The average depth of the structures processed one after
another was 36.6 £ 0.5 um, while the structures processed
layer by layer reached an average depth of 30.8+0.3 um
only. This result can be attributed to the heat accumula-
tion between adjacent scanning passes and subsequent
layers, increasing the achieved ablation rate by the pre-
heating effect due to the different cooling times for apply-
ing the two different scan strategies. For fabricating such
small structures in the range of 100 um one structure after
another, subsequent passes and layers follow with almost
no cooling time. The structures were generated using
pulse bursts, which further increased the relevance of
accumulation caused by subsequent scans.

5 Heat accumulation during
multi-beam processing

For materials processing with USP laser radiation with
high pulse energy, multi-beam processing is an effective
approach to homogeneously distribute the pulse energy
across the surface of the workpiece without losing the
high resolution of materials processing by means of USP
laser radiation with a small focal size. Here, every single
laser process is tuned to the working point of highest effi-
ciency and multiplied by the number of beams. In this
manner, the throughput for the generation of accurate
periodic structures can be significantly increased. More-
over, with the use of multiple laser spots, high average
laser power can be applied even for repetition rates that
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Structure after structure Layer after layer

200.0 - 100.0 200.0 282.6
Average depth: Average depth:
36.6 £ 0.5 pm 30.8 0.3 um

Figure 12: Surface structures on stainless steel fabricated with USP laser radiation using pulse bursts. The shown arrays of hemispherical
surface structures are processed with the same laser processing parameters but different scan strategies. The structures shown in (A) are
processed one after another, while the structures shown in (B) are processed layer by layer, meaning that one layer of the whole pattern of
structures is processed before the next layer is started. The structures for both processing strategies appear very similar in geometries and
quality, but the structures processed one after the other show an increased depth of nearly 20%. Due to the reduced cooling time of the
structure after structure scan strategy (A), heat accumulation caused by subsequent passes and layers becomes relevant and increases the
ablation depth as a result of pre-heating of the workpiece.

Burrs and recast due to
thermal effects.

Maximum temperature 350°C

Figure 13: (A) Annealing colors of a parallelized 12 x 12 multi-beam drilling process of stainless steel. (B) Temperature distribution calcu-
lated by a multi-scale simulation approach. (C) Burr and recast increase as thermal interaction between adjacent beams increases during
the meander-like scan strategy on 30-um-thin stainless steel. (D) Same structure and identical process time as shown in (C), but with an
optimized thermal management by means of an adapted process parameters and scan strategy.

are small enough to limit the negative effects of heat In Figure 13A, the result of percussion drilling of
accumulation. a thin steel foil with a 12 times 12 beam array, gener-

However, in addition to the aforementioned effects, ated by a static DOE, is shown. The interaction between
the heat input of the multi-beam pattern during materi- the heat sources within the spot array causes location-
als processing leads to an additional temperature rise that dependent, macroscopic thermal input that causes the
can affect the processing results. generation of annealing colors in the shown case. For
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smaller structures, such thermal spot-to-spot interac-
tion leads to burrs and recast when processing ther-
mally sensitive materials, as shown in Figure 13C. A
simulation of the shown process as illustrated in Figure
13B is in need of a multi-scale approach as presented by
Nief3en et al. [45]. The complete steps from heat input
of a single laser pulse to the heat during drilling a hole
and up to the thermal interaction between the different
spots within one array have to be taken into account.
For a homogenous processing result (Figure 13D), the
heat accumulation of a multi-laser foci pattern needs to
be controlled by processing strategies and the distance
of the laser beams. However, one of the most important
factors to avoid strong heat accumulation is the choice
of efficient processing parameters for each single beam
to limit the heat input right from the start.

6 Conclusions and outlook

This paper gives an overview of the thermal effects during
USP processing, covering heat input, heat accumulation,
and concrete impacts on processing results. In addition to
the description of the state of the art, some new and origi-
nal works are presented.

Controlling of heat input is one major challenge
in the upscaling of USP processes to higher average
power. The fundamental basis to understand and control
thermal effects is to understand the heat input resulting
from one single pulse. The amount of the incident pulse
energy that remains as residual heat in the workpiece
was measured to be in the range of 30%-40%. Indirect
measurements by comparing theoretical predictions and
experimental results determine the factor in the range
of 12.5%. On this topic, we present as a new approach
to determine this factor the comparison of theoretically
and experimentally simulated melt depths. The resid-
ual heat determined by this indirect approach is in the
range of 25%. A detailed understanding of the heat input
of a single pulse and the dependency on processing
parameters like fluence and pulse duration is an open
task. Besides the classical heat accumulation caused by
subsequent pulses, heat accumulation caused by subse-
quent scanning passes also has to be taken into account
for the processing of thermally sensitive materials or
small structure sizes. We present the influence of these
effects for the fabrication of small structures on steel. By
influencing the thermal input, the chosen scan strategy
significantly affects the achieved structure geometry and
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has to be taken into account for the precise, determinis-
tic fabrication of these structures.

For USP processing with multiple laser spots, heat
input plays an important role. In addition to heat accumu-
lation between pulses and passes, the interaction between
the different laser foci is a relevant factor that has to be
taken into account for an optimized thermal management
during multi-beam processing.

However, controlling heat input and accumulation
enables the use of high average powers to achieve high
productivity and excellent processing qualities. Heat
accumulation is not always obstructive and can also help
increase productivity and surface quality when it is con-
trolled and handled in the right way. Compared to pro-
cessing using longer pulsed laser sources like nanosecond
lasers, USP processing with exactly controlled heat input
(like processing with bursts) enables a much better pro-
cessing quality in terms of precision and avoidance of
burrs or thermal affection to the workpiece structure.
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