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ABSTRACT

During laser fusion cutting, burr forms when the molten metal does not sufficiently exit the interaction zone. When it forms on the lower
edge of the cut flank, burr becomes a factor limiting quality. Previous research has shown that a temporally regular and spatially localized
melt flow can prevent the formation of burr. However, the high dynamics of the subprocesses involved can cause intrinsic instabilities that
disrupt the flow and reduce the efficiency of the melt ejection. This paper presents a study on the correlation between process parameters,
melt flow properties, and burr formation. It includes an experimental observation of the melt-flow dynamics using high-speed videography.
In addition, a Computational Fluid Dynamics model was set up to examine fundamental flow properties, some of which are not observable
experimentally. The dependency of the burr formation on the liquid Weber and Reynolds numbers is analyzed, and it is demonstrated how
the magnitude and allocation of vapor pressure gradients in the kerf decisively affect melt ejection and burr formation. Additionally, a previ-
ously unknown melt ejection regime is identified in the thick section range, which occurs at feed rates close to the maximum cutting speed
under specific high-power process conditions. This regime is characterized by a significantly increased process efficiency that could open up

a new high-speed process window.

Key words: laser fusion cutting, burr formation, supersonic gas flow, melt flow, multiphase simulation, CFD, high-speed imaging
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I. INTRODUCTION

In laser fusion cutting, burr is formed when the molten mate-
rial does not completely exit the cut kerf but adheres to the lower
cut edge and resolidifies. The variety of possible burr topologies is
large and depends on the amount of adhering melt and the dynam-
ics of the melt flow (see Fig. 1). Yet, regardless of its shape, burr is
undesirable from a technical point of view—Dbecause it limits or
prevents the usability of the workpiece, and from an esthetic point
of view—because it affects the appearance of the cut edge.
Therefore, an additional deburring step is often carried out.

In laser fusion cutting of metals, laser radiation is focused on
the material so that local melting takes place in the interaction

zone. That melt is continuously expelled from the interaction zone
by the cutting gas jet (typically nitrogen), which flows coaxially to
the laser beam via a cutting nozzle.

The relative movement of the laser beam and the workpiece
creates a cut channel or kerf. The melt flow within the kerf is con-
fined by the free surfaces of absorption and the melting front, as
depicted in Fig. 2. The absorption front is the surface of the melt
illuminated by the laser beam. The melting front is the interface
between the solid and liquid materials.

The melt is accelerated by the driving forces of the gas jet
(pressure and shear force) and, if present, by vapor pressure gradi-
ents. It is decelerated by internal friction (viscosity) and capillary
forces." The interaction of these forces creates complex melt flow
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FIG. 1. Some possible burr appearances: from burr-free (left) to multilayered adhesion (right). Cutting direction from left to right.

dynamics that influence process efficiency and determine cut
quality characteristics such as ripple (or striation) patterns and
burr formation.”™

forces. It must be (sufficiently) higher than one for residue-free
melt removal,

© Author(s) 2023

Melt adhesion and subsequent burr formation take place PoV2 A o
. I - . We ="2m" > 1 5
when the internal inertia of the melt is insufficient to overcome the Om ’ 2
capillary forces at the bottom edge of the cut flank. To characterize S
the melt flow state with respect to burr formation, we use the liquid where p,, is the melt density, v,, the melt flow velocity, 6,, the melt z
Weber number, as proposed in Refs. 5-7. The Weber number rep-  surface tension, and d,, the melt film thickness. If the internal &
. . . . . w
resents the ratio of the inertial forces in the melt and the capillary inertia drops and takes on comparable values to the capillary forces ©
(We < 1), the melt is unlikely to detach from the workpiece, and
the tendency to form burrs is high.
In the main flow direction (z), the melt is primarily acceler-
Laser beam G ated by the shear force exerted by the gas jet. The momentum
as jet - N
balance with the terms of gas inertia, gas pressure, and shear force
can be written as’
Nozzle
Feed dvg
- Vg [ 9Py _ _Tw
direction \ Q Peve g, T g, = . )
\ Melt Absorption where p,, v, and p, are the density, velocity, and pressure of the
front gas flow, 7,, is the wall shear stress, and r, the cutting front radius
X ank (respectively, half kerf width). The shear-stress transfer on the melt
Y surface can be derived from Newton’s friction law for plane
; Couette flows." In a cylindrical coordinate system, the shear stress
on the melt 7, is
2v,
o Tm = nm dm,r (: TW)) (3)
Burr m
here is the melt viscosity and v,,, the radially averaged melt
FIG. 2. Schematic representation of the laser cutting process and the boundary v . n.'” S ty' e Y averag .
. . e L velocity in the z-direction. Equation (3) indicates that the flow velocity
surfaces in the kerf. Cross section along the cutting direction. . . . ! .
increases linearly with the melt film thickness for a given shear stress.
J. Laser Appl. 35, 042028 (2023); doi: 10.2351/7.0001182 35, 042028-2
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In the azimuthal direction (with respect to the z axis), the melt
surface tension o, causes a capillary pressure p,, directed toward
the cutting front apex due to the lateral change of curvature,’

Om

Ps “)

e

When the melt surface temperature T, reaches the vaporiza-
tion temperature T, the capillary pressure p, is counteracted by
the evaporation pressure p,. At this point, a liquid-gas phase tran-
sition takes place in which mass, momentum, and energy density
change abruptly. The evaporation is a nonequilibrium process char-
acterized by a large energy consumption and a high increase in spe-
cific volume. Vaporization has a strong cooling effect on the melt
due to the enthalpy of vaporization, which is an order of magni-
tude higher than the enthalpy of fusion in steel materials.” A
detailed derivation of the mass and force balance of evaporation is
given in Refs. 1 and 9. The vapor and the capillary pressure are
taken into account in the azimuthal force balance by the pressure
difference in the azimuthal direction py,

P = Po(Ts) — po(Ts) — pas (5)

with p, as the ambient pressure. It can be shown that p, becomes

Process Parameter Input
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positive already a couple of 100 K below the boiling temperature (for
typical radii of curvature r.) and generates a lateral mass transport.I

The momentum contributions in the azimuthal direction
cause a lateral melt flow that is distributed on the cut flank. The
dynamics of the lateral mass flow decisively influence the formation
and shape of the ripples on the cut flank.”™* The strength and dis-
tribution of the lateral flow also determine the amount of melt
adhesion and the topology of solidification. A study conducted by
Petring et al.'’ found a significant correlation between the relative
amount of the calculated lateral mass flows and the measured burr
lengths. In Ref. 7, the authors observed the melt ejection and char-
acterized its dynamics. It was found that the melt removal rate
increased when the melt flow was spatially compact and temporally
stable. Furthermore, a specific characteristic of a burr-free process
was a melt ejection that formed a threefold outflow, consisting of a
front and two localized side flows (i. e. one side stream on each cut
side). In addition, a liquid sheet was observed, which formed cycli-
cally between the front and side flows. The conclusion drawn was
that the localization of the side flow increased its thickness, and the
liquid sheet refers to a nearly laminar melt current with a low
Reynolds number. In the present study, we analyze the influence of
the magnitude and distribution of vapor pressure gradients on the
dynamics of the lateral mass flow, and subsequently, the burr for-
mation. The structure of the study is outlined in Fig. 3.

© Author(s) 2023

&
| Experiment | :
N
S
Material: stainless-steel =
Sheet thickness: 6mm 2
> Laser: TruDisk 12001 Melt front: flow velocity 8
Optics: ProCutter Zoom 2 H» Melt ejection: flow distribution |- Max. burr length
Wavelength: 1030 nm HS cam1: Photron SA5 and velocity Average burr volume
BPP: 9 mm-mrad HS cam2: i-Speed 727 Cut front topology
Fiber dia.: 200 um
Power: variable
Focal length: 200 mm
Magnification: variable w
Focus position: variable
Ly Melt front shape Weber number
ﬁas: Ide' - Absorption front shape —p| Melt flow velocity | pf
Decic dIaMETEl: < T Melt flow thickness
Static pressure: 2 MPa Vapor pressure
Mass transport fractions Wall shear force
Feed rate: variable
FIG. 3. Structure of the study, information flow, and output quantities.
J. Laser Appl. 35, 042028 (2023); doi: 10.2351/7.0001182 35, 042028-3
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TABLE I. Beam parameters as a function of magnification M.

M Wwo (um) F-number Zr (mm)
1.5 150 8.3 2.5
2.0 200 11.1 44
2.5 250 139 6.9

Il. EXPERIMENTAL SETUP

The investigation was conducted on a 6 mm stainless-steel
sheet metal (1.4301). The main components of the experimental
setup are a laser source of 1um radiation (TruDisk 12002, Pyom:
12 kW, BPP: 9 mm mrad, fiber diameter: 200 um) and a process-
ing head with variable optical magnification (Precitec ProCutter
Zoom 2, focal length: 200 mm). The parameter variation includes
variation of power (P), optical magnification (M), focus position,
and cutting speed (v;) (i.e. feed rate). Three laser power levels (6,
8, and 10 kW) and three magnification factors were tested. The
magnification factors and their corresponding caustic parameters
(waist radius wy, F-number, and Rayleigh length Zy) are listed in
Table 1.

The influence of the focus position was tested from 6 to
—5.6 mm (with respect to the sheet surface) in seven steps. The
cutting speed was varied starting from 1.6 m/min up to the separa-
tion limit at an increment of 0.4 m/min. The separation limit was
resolved within #0.1 m/min. The process gas was N, and the
cutting nozzle was conical with an exit diameter of 4 mm. The
static gas pressure was 20 bar. The clearance between the nozzle tip
and the sheet surface was 0.7 mm.

The melt flow was observed in situ by two monochrome high-
speed cameras: a “front camera,” placed parallel to the cutting
direction, and a “side camera,” perpendicular to the cutting direc-
tion (see the sketch in Fig. 4). The front camera captures the melt
flow along the cutting front, whereas the side camera captures the
melt ejection below the sheet. The camera specifications and set-
tings are listed in Table II. The recordings of both cameras were
evaluated for an equivalent cut length of 15mm, beginning at
2mm after cutting started. The videos were processed with the
open-source software Fi."’

I1l. NUMERICAL INVESTIGATION

Numerical modeling is carried out in two steps. First, CALCut
laser cutting simulation software was utilized to calculate absorp-
tion front and melt front geometry and important melt flow
parameters such as melt film thickness, average melt surface tem-
perature, vapor pressure gradients, and mass transport fractions for
the selected samples. CALCut is based on a 3D steady-state model
of the cutting process incorporating laser-beam absorption, heat
conduction, phase transformations, and momentum transfer from
the gas jet."'” The precision and validity of CALCut’s results have
been tested and confirmed in a variety of studies for nearly 30
years. However, CALCut’s spatial domain is parametrized by semi-
cylindrical cutting front segments, allowing calculation of the melt
flow up to the cutting front boundaries at the bottom edge and the
transition to the flank. Further calculations along the flank as well

ARTICLE pubs.aip.org/lia/jla

as simulation of burr formation are not within the scope of
CALCut (see Fig. 5).

In the second step, the numerical model was enhanced by a
transient flow simulation. This simulation is conducted with Ansys
Fluent, comprises an extended spatial domain, and uses the solu-
tion data obtained from CALCut as input.

A. Ansys CFD model

The fluid dynamics simulation (CFD) was implemented uti-
lizing the simulation software ANSYS Fluent. The numerical
model underwent systematic optimization, enabling efficient com-
putations on a standard PC workstation (Intel Xeon W-2125,
32 GB RAM).

1. Simulation domain

The geometry of the CFD domain and its objects are depicted
in Fig. 6. The two phases (N, gas and stainless-steel melt) enter the
domain through corresponding inlets. The gas inlet is on the top of
the pressure chamber and is placed 25 mm above the nozzle orifice.
The shape of the melt inlet corresponds to the melting front calcu-
lated by CALCut. The cut flanks are extruded from the lateral
boundary of the melt inlet. The geometry of the nozzle corresponds
to the one used in the experiment. The distance from the interac-
tion zone to the outer limits of the domain (pressure outlet) is
large enough to allow full development of the flow. The outer
dimensions of the domain are 70 x 70 x 30 mm® (H x W x D).

2. CFD mesh

The finest resolution of the initial mesh is in the vicinity of
the cutting front with an edge length of 40 um. During solution,
automatic mesh adaptation is used to reduce the length of the cell
within the liquid phase down to 10 um. The automatic mesh adap-
tation drastically increased the level of detail of the melt flow, while
only moderately increasing the total number of cells, from initially
around 280 000 cells to approximately 360 000 (the numbers vary
slightly from case to case). The mesh topology in the vicinity of the
kerf entrance is shown in Fig. 7.

The orthogonal quality of the mesh in all presented cases is
higher than 0.2. The value of y+ is well below 100 in the region of

Cutting
head
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TABLE Il. Camera specifications.

Front camera Side camera

Type Fastcam SA5 i-Speed 727
Acquisition rate 100 x 10> fps 150 x 10> fps
Video resolution 128 x 376 500 x 310

Spatial resolution 20 um/pixel 13 ym/pixel

interest. The resulting flow Courant number is smaller than 5, with
the maximum value being reached in the area above the melt.
These values are considered appropriate to promote the stable
behavior of the numerical solution.

3. Solver

Since we were interested in the dynamics of the flow, the
fluent solver was used with transient time formulation. For the
two-phase model, two materials were defined: nitrogen gas (N,)
and stainless-steel melt. The pressure inlet of the gas flow is set to

T

FIG. 5. CALCut calculation of absorption front geometry, melt film thickness,
and surface temperature in the case of the nearly burr-less sample No. 141
(see Table 1V).

ARTICLE pubs.aip.org/lia/jla

2MPa. The melt enters the domain at a velocity equal to the
cutting speed. The melt inlet temperature is equal to the average
melt temperature calculated by CALCut. The material properties of
the stainless melt are listed in Table III. Phase transitions are
neglected.

The multiphase model used is the volume-of-fluid (VOF)
model. In the VOF model, only one set of momentum equations is
shared by all phases, and the phase interface is determined by
tracking the volume fractions of the phases. However, the location
of the interphase is smeared within the cell volume, so the accuracy
of the model depends strongly on the mesh resolution.'’~*" In this
study, the interphase is set to a volume fraction (VF,,) of 0.5 (see
Fig. 8). The VOF model was chosen as it consumes fewer computa-
tional resources than the more sophisticated Eulerian model, which
is easier to set and more stable in the present configuration.

To account for the adhesion forces acting on the melt along
the contact line with the solid kerf walls, the VOF model requires
the input of the contact angle. Liquid metals flowing over the sub-
strate of the same material are usually highly wettable.”"”* The
high surface energy of the melt results in contact angles at the
triple line (i.e. the line where the three phases: solid, liquid, and
gaseous, are in contact) considerably smaller than 90°. By compar-
ing our results with values from the literature”' >’ and measure-
ment of the resolidified burrs, we estimated the average contact
angle to be 65°.

The viscous model used is shear-stress transport k-omega with
compressibility.

To account for the effect of the evaporation pressure, a custom
volumetric momentum source is defined, which acts on the surface
of the melt phase. A momentum source in Fluent adds a volumet-
ric bo%f force F in the momentum conservation equation to be
solved,

%(MHV(M“V =-Vp+V-@+F (6)

where p is the static pressure, 7 the stress tensor, and F an external
volumetric force with the unit N/m?. To simulate the lateral accel-
eration due to the vapor pressure gradients, we approximated the
lateral components of F as follows:

pv(2)
I,

Fi(z) = —F(2) = ™

where p, is the vapor pressure and I, the effective length at which
the vapor pressure relaxes to ambient level. In the z-direction, we
assumed a polynomial dependency of the vapor pressure p,(z). To
approximate p,, we used the average vapor pressure in the kerf p,
as well as the vapor pressure on the bottom edge p,,, calculated by
CALCut. With p,(zp) = 0 on the upper edge 2z, and p,(2zs) = pyp
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outlet

top & bottom
sheet metal
surfaces

outlet

FIG. 6. CFD domain. The symmetry plane (the front face in this perspective) is transparent to allow better viewing.

o
=
2
N
on the bottom edge z;, we obtain the following expression: S
:
z
Pv(z) = Pv,b <;> 5 §
e : y b (8)
PR I Simulation n=trb_
f . domain bv
WP surface - The effective relaxation length J, from Eq. (7) was empirically
Melt inlet ———»| adjusted using the melt flow video recordings from the experiment.
TABLE lIl. Material properties of liquid stainless steel. The values originate from
Refs. 13-16.
Property Symbol Value
Density p 6490 kg/m’
Specific heat s 835]J/(kg K)
Thermal conductivity K 40 W/(m K)
Melting temperature T 1712K
WP surface Viscosi E
Melt inlet iscosity e o > X\,
¢« Flank Tt 3.699 x 10" kg/(m s)
z E 4.14 T mol
R 8.314 J/(mol K)
i _ doy,
FIG. 7. CFD mesh. Top: section of the surface mesh on the symmetry plane in Surface tension o oot 57; N/Tm)( dT)
the region of the kerf entry; bottom: cross section through the volume mesh od'gﬂo : _3m
(work piece). T —0.52 x 107" N/(m K)
J. Laser Appl. 35, 042028 (2023); doi: 10.2351/7.0001182 35, 042028-6
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L.,

FIG. 8. Example of the melt volume fraction cross-distribution. Cross section on
the exit of the cut kerf.

The most consistent results were achieved for I, equal to twice the
average melt front radius (i.e. average kerf width): I, = 2r,,.

The expression in Eq. (7) takes into account the way the
momentum source is defined in Ansys by means of Cartesian coor-
dinates. The momentum source is limited to apply solely on the
melt “surface” with 0.3 < VF,, < 0.7 (cf. Figure 8). As the melt
flow is confined by the semicircular melt front and the kerf wall, F
induces an azimuthal motion along the melt front and a linear
motion in the x-direction along the flank.

ARTICLE pubs.aip.org/lia/jla

Furthermore, we used a pressure-based solver with SIMPLEC
pressure-velocity coupling, a second-order upwind discretization
scheme, and a bounded second-order implicit transient formula-
tion (see Ref. 19 for details). The time step was set to 0.5 us and the
total number of time steps was 10 000 (flow time 5 ms). The simu-
lation was evaluated within the time range of 2-5 ms to ensure that
the two-phase flow is fully developed and reached a quasistationary
state. Solution data were exported every 5 us.

Subsequently, the results of the numerical simulation were
experimentally verified. A schlieren image of the gas flow within a
kerf model was compared to a one-phase gas flow over the same
geometrical configuration. The comparison can be seen in Fig. 9.
The supersonic structures developing within and below the cut
channel show good agreement, which is an indication that the
density gradient and flow velocity are calculated correctly.

As an example, a comparison of the melt wave dynamics at
the cutting front apex is made using streak imaging”* and shown in
Fig. 10. The identical slope of the streaks indicates that the wave
speed is identical and melt dynamics are generally well reproduced.

The distribution of the measured maximum burr lengths
(BLmax) for the present configuration of laser, optics, and work-
piece is shown in Fig. 11. An overview of the samples selected for
further investigation with input parameters, cut quality, as well as
numerical solution quantities is listed in Table IV.

IV. RESULTS AND DISCUSSION

The maximum burr length (BLn.) and flank roughness
(Rzmax) Were measured to determine the cut quality. As an over-
view of the cutting tests performed, we plotted BLy,. as a function
of the cutting speed and focus position for constants P and M,

FIG. 9. Comparison of the gas-flow simulation (left) with a schlieren image (right) of an identical kerf model made of glass. The colors correspond to the magnitude of the
density gradients. “Sheet thickness” is 10 mm, gas pressure is 20 bar, and nozzle diameter is 5 mm.
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respectively, as shown in Fig. 11. The samples used in the presented
numerical investigation are marked with circles.

According to the burr length measurements in Fig. 11, the
least dross is formed in the middle of each process subdomain of
constant power and magnification. A minimum BLp, = 21um
was determined for P =10kW, M =2, zf = —1.4mm, and
v, = 4m/min (sample No. 281).

The second and third best cuts, Nos. 24 and 141, were
generated with the same caustic settings, slightly lower speed
(3.6 m/min) and lower power, 6 and 8KkW, respectively. The
appearance of the cut flanks is quite similar, as shown in Fig. 12.
The burr is a thin, uniform seam with few melt accumulations.

The in situ videography of the melt ejection shows that a
triple melt outflow forms at parameter No. 24, similar although not
as pronounced to that described in Ref. 7. However, the separation
of the flow gradually disappears as the power increases, and the
expulsion merges into a coherent, compact flow, as can be seen in
FIG. 10. Streak images of the calculated and recorded melt wave dynamics, an Fig. 13. The fluent results show that the CFD model can resolve the
example shown for sample No. 24 (see Table IV). threefold separation of the flow in essence, but not as pronounced
as observed experimentally (see Fig. 14, top). CALCut determines a
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FIG. 11. Summarized measurement of the maximum burr length plotted against cutting speed and focus position for different power levels and magnification settings.
Parameters used in the CFD are marked with circles.
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TABLE IV. Selected samples, their input parameters, quality values, and solution variables.

Burr Avg. vapor  Vapor pressure Mass
Sample P Zy Ve max. R, pressure bottom edge  Lateral mass transport We  We
No. M (kW) (mm) (m/min) (um) . (um) (bar) (bar) transport (%)  vapor (%) avg.  std.
24 2 6 -14 3.6 38 19 0.3 1.5 37.9 4.8 235 2871
42 2 6 -34 3.6 858 86 0.4 14 37.6 53 258 21.67
54 2 6 —5.4 1.6 48 55 0 0 18.7 0.1 10.24  8.81
136 2 8 -1.4 1.6 117 41 0 0 18.8 0 6.84 7.86
141 2 8 -14 3.6 26 25 0.4 1.3 37.7 6 3446 38.24
149 2 8 -14 6.8 925 45 1.1 14 85.5 9.5 14.18 16.46
281 2 10 -1.4 4 21 23 0.6 1.3 52.6 8.4 17.18  6.48
318 2 10 -3.4 8.8 188 65 1.2 2.3 88.1 8.8 19.04 24.57
442 2.5 6 -14 3.6 695 26 0.4 3.3 58.9 6 18.88 4.3
540 1.5 6 -14 3.6 111 21 0.3 1.4 38.2 4.9 24.14 25.89

moderate lateral mass flow of about 40%-50% for the three sample
Nos. 24, 141, and 281.

When the outflow velocity v, and thickness d,,; are evalu-
ated at the bottom edge of the cut flank, a position-dependent
Weber number can be given, averaged over the calculated flow time
of 3 ms. Within this time, 600 time steps are stored and, therefore,
enough values We;(x, t) are available for sufficient statistics.
Furthermore, with an average melt flow speed in the order of 10 m/
s, this period is several times greater than the time constant of the
melt removal (0.6 ms). Additionally, the acquired Weber number
We; values were distributed into four value ranges (0-1, 1-5, 5-50,
and >50) and their relative occurrence over time” was plotted
along the bottom flank edge (x-direction).

For the three samples, the Weber number has values sig-
nificantly higher than one over the entire lateral extension of
the flow; an example is shown for sample No. 281 in Fig. 15.
Toward the triple line on the flank (melt flow boundary in

the x-direction) at x=0.64mm, the melt film thickness
decreases, but the flow remains compact and its velocity high.
The higher standard deviation reflects the higher flow irregular-
ity there.

In the presence of strong lateral flow components, the Weber
number increasingly falls near the triple line. This can be clearly
seen in the case of sample No. 149. This cut was produced at a
high cutting speed (6.8 m/min), close to the separation limit, and
has BLj,x = 952um. According to the calculation, the predomi-
nant part of the melt is expelled into the front half of the flow, and

FIG. 12. Cut flanks, sample Nos. 24, 141, and 281. The cutting direction from left to right.
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the Weber number is high, as shown in Fig. 16. Toward the flow g
boundary, 2 mm behind the main axis, the Weber number drops %
considerably below one. This part of the flow is the main contribu- §
tor to the burr formation. >

At 1.1 bar, the mean vapor pressure in the kerf is one of the §
strongest in the test field (cf. Table IV). This drives parts of the ©
melt far back along the flank, as can be seen in Fig. 17.
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FIG. 13. Single frames (top) and average over 2000 frames (bottom) of three
samples (Nos. 24, 141, and 281) with increasing power (6, 8, and 10 kW).
Front (F) and side flows (from both flanks) (S) of No. 24 are marked.

In the process, the current is broken up and flows as strands
and droplets along the flank. Due to their high wettability, the
melt droplets spread out and cannot be sufficiently accelerated by
the gas jet. As a result, the Weber number in the rear third of the
flow drops below one and a pronounced burr forms. This is con-
sistent with the observation of the outflow shown in Fig. 18. Here,
it is also evident that burr is deposited only after the main flow
and gradually grows over several millimeters along the bottom
edge.

As the cutting speed is increased toward the separation limit,
the burr length generally increases as well (cf. Figure 11), a direct
consequence of the increased melt volume-flow that must be
ejected from the kerf. An interesting exception here is the parame-
ter group, including sample No. 318 at 10 kW power, a focus
position of —3.4 mm, and cutting speed v, > 8.4 m/min (bottom
right corner in Fig. 11). Here, the trend is reversed, and the burr
length decreases significantly, shortly before the cutting speed
reaches the separation limit at 8.9 m/min. The effect is reproduc-
ible and can also be seen to some extent with other focal positions
at 10 kW.

According to the investigation conducted using CALCut, the
cutting limit should have been reached at a speed of 7.6 m/min,
based on the power level and focus position employed. This sug-
gests the presence of a high-temperature effect that is not
accounted for in the calculation. The ripple pattern of the cut
flank, as depicted in Fig. 19 (top), reveals that the upper half of the
cut front exhibits a significant backward tilt. This phenomenon is
commonly observed shortly before the cutting process terminates
due to insufficient energy input.” In contrast, the lower half of the
cut flank exhibits a more erratic appearance, characterized by sig-
nificant splatter and recast. Process monitoring using the front
camera reveals a notable increase in process emission within the

ARTICLE pubs.aip.org/lia/jla

. 0,091 (m)
T

FIG. 14. CFD of the melt flow over the bottom kerf edge, No. 24 (top), and No.
281 (bottom). Front (F) and side flows (S) of No. 24 are marked.

center kerf region, as depicted in Fig. 19 (bottom left). The side
camera images show a fast and compact melt expulsion, accompa-
nied by a persistent vapor trail (visible as a bright blurred trace in
Fig. 19, bottom right). The CALCut calculation performed at a
lower speed of 7.6 m/min yielded an average vapor pressure of
1.2 bar and vapor pressure on the bottom edge of 2.3 bar: in total,
the highest values within the test field.

These observations suggest that metal vapor recondenses at
midcutting depth, with energy being recoupled into the melt flow
through the enthalpy of condensation. In the CALCut model, the
metal vapor is assumed to flow out of the domain, and the
enthalpy of vaporization stored within it is treated as an energy
loss. Here, the specific shape of the cut front prevents the vapor
from effectively escaping out of the interaction zone. In addition,
there is an increased level of beam absorption by the metal vapor,
which intensifies the condensation process as the current density of
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FIG. 15. Weber number (top) and its relative occurrence (bottom) along the
lower edge of the cut flank on No. 281 (x = 0 refers to the beam axis).

condensing particles rises with the vapor temperature.”” Obviously,
this phenomenon primarily takes effect at very high evaporation
rates, where the proportion of recondensing vapor particles
becomes significantly high so that it influences the overall dynam-
ics of the cutting process. The reintroduced enthalpy increases the
fusion rate on the melt front and restarts the abrasion process,
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FIG. 16. Weber number (top) and its relative occurrence (bottom) along the
lower edge of the cut flank on No 149.
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FIG. 17. Simulated distribution and velocity of the melt flow for No. 149.
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increasing the cutting limit beyond the model prediction. The low
focus position favors the coupling of energy further down the kerf.
As a result, the very hot and highly fluid melt can be effectively
expelled through the gas jet, resulting in a minimal melt
attachment.

FIG. 18. Melt outflow of No. 149 as observed by the side camera.
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Burr formation is promoted by a locally low Weber number
near the triple line, even if the rest of the flow has high Weber
numbers, which locally leads to efficient melting.

The three best cuts in the test field in terms of the burr length
have similarly high vapor pressures, p,~ 0.5bar and
Pvp =~ 1.3 bar, and have moderate lateral flow fractions of around
50%. The melt flow is compact, and the triple line along the flank
is regular. The threefold distribution of the melt flow, which was
associated with residual-free melt separation in Ref. 7, could be
confirmed. However, the splitting tends to occur at moderate
power levels (here, 6 kW) and disappears when the power is
increased, while the Weber number values of the flow remain high.

Moderate burr formation is mainly influenced by flow insta-
bilities, such as wave overlap, wave breaking, and localized explosive
evaporation.

Large burr formation can be attributed to high vapor pres-
sures, which considerably accelerate the lateral flow of the molten
material, ultimately causing its rupture. As a result, droplets and
strands are formed, which possess longer triple lines. Due to the
high wettability of the melt, their film thickness and, thus, Weber
number are inevitably reduced.

At higher power levels, we observed a noticeable departure
from the typical trend of increasing burr length as the velocity
approaches the cutting limit. In the provided configuration, the
burr length is reduced significantly near the cutting limit when a
10kW power setting is used and the focus is positioned in the
lower part of the sheet. This phenomenon is attributed to the
recondensation of vapor particles because of very high evaporation
rates and vapor pressures in the kerf. This reintroduces stored evap-
oration enthalpy into the melt flow, thus enhancing abrasion and
melt removal. When this mechanism is cultivated, a new high-
speed process window can be established for laser cutting in the
thick section range, thus further expanding the capabilities and
possibilities in this domain.
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