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Abstract 

The nature of the front surface in laser welding and laser remote fusion cutting is of importance. Both processes have in 
common that their front is governed by the ablation pressure from laser-induced surface boiling. The geometry of the 
front is calculated by a simplified analytical model, through local calculation of an energy balance between the absorbed 
laser beam and heat losses, neglected multiple beam scattering. From high speed imaging of the front a pattern can be 
seen, moving downwards. The pattern is interpreted as mass movement of topology along with temperature variations. 
In combination with modelling of the front shape, applying simplifying assumptions the greyscale variation of the images 
were converted to a three-dimensional wavy surface of the front in remote fusion cutting. This modelled geometry 
including the topology enabled sophisticated analysis regarding the distribution of the angles of beam incidence, 
absorptivity and absorption in combination with beam projection. The analysis enabled to study sub-trends like 
roughness sensitivity, shadow regimes, time dependence and separation or combination of peaks and valleys. Statistical 
analysis by frequency polygons enabled to clearly identify certain trends, despite the very complex front topology and 
movement.When correlating the angle dependent Fresnel-absorptivity characteristics with the steep main inclination 
angle of the processing front, conclusions on the sensitivity of the front with respect to a wavy topology can be made. 
For remote cutting of stainless steel with a fibre laser, in one studied case about 25% of the surface were shadow 
domains, 15% of the surface had so glancing angles of incidence that the absorptivity became strongly modulated 
between 0-35%, while most of the surface, namely 60% remained in a narrow absorptivity window of 35-43%. This very 
robust behaviour is likely to take place for most parameter combinations, demonstrating a very typical and predictable 
absorption behaviour of lasers with about 1 µm wavelength. 
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1. Introduction 

Here results on a theoretical analysis of the processing front in laser remote fusion cutting are presented, 
based on mathematical modeling of the process itself as well as post/modeling of high imaging data of the 
front. Remote laser cutting, schematically illustrated in Fig.1(a),was recently developed as an alternative 
technique toconventional gas assisted laser cutting, particularly when processing thin metal sheets. Mahrle 
et al., 2010, Lütke et al., 2009While gas-assisted laser cutting requires a gas nozzle close to the workpiece, 
Lütke et al., 2012, Schäfer, 2010 remote laser cutting ejects the molten metal through the recoil pressure 
generated by boiling at the cutting front. Lütke et al., 2012, Pihlava et al., 2010.This enables to relinquish the 
conventional cutting head and to choose optics with a long focal length to rapidly scan the laser beam via 
mirrors (and optionally with additional robot movement) across the workpiece, particularly reducing the 
positioning time between cuts. The drastic improvement of the beam quality for continuous wave (cw) high 
power lasers during the last decade, particularly Yb:fibre lasers and Yb:YAG-disk lasers, has enabled such 
suitable focusing by achieving despite a long Rayleigh length a sufficiently small focal spot size and a high 
power density. This makes remote cutting basically an attractive option, although cut quality issues still limit 
the method today. 

Multi-kilowatt power lasers close to the diffraction limit (single mode) are nowadays applicable, Lütke et 
al., 2009, Zaeh et al., 2010 related to a (BPP) as low as 0.5mm·mrad or better (diffraction limit: 
0.34mm·mrad).This provides a very goodfocusability and a high power density in the range of 10

7
–10

10
 

W/cm
2
,Lütke et al., 2009,Pihlava  et al., 2010, clearly beyond the boiling threshold of 10

6
 W/cm

2
. Fig. 1(a) 

sketches from the side different operation conditions. It can be distinguished between remote fusion 
cutting, RFC, as a single pass cut and partial penetrationgroovingwhich later on converts to remote ablation 
cutting,RAC, that requires multiple scans of the contour to cut through.This is in analogy to keyhole laser 
welding, also governed by a boiling front, where partial and full penetration welding can be distinguished. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1.  (a) Sketch of remote laser fusion laser cutting, RFC, viewing the melt film and drop ejection trajectories from the side, compared 
to remote ablation cutting, RAC, and partial penetration (PPKW) as well as full penetration laser keyhole welding (FPKW); Geometrical 
properties of the mathematical stage one model: (b) centreline side view of the melt film as a function of z, (c) top view of a melt film 

cross section that is described by the vaporization and melting circles at each depth zi. 
 

RFC, also called vapour pressure fusion cutting, Schäfer 2010 or melt pressure cutting, is today applicable  
for sheet thickness up to 4mm. In RFC,achieve a strong ablation (recoil) pressure on the melt that keeps the 
front and in turn the process in quasi-steady state. The ablation pressure at the boiling front accelerates and 
ejects the melt downwardsSchäfer 2010, Pihlava et al., 2010,Schober et al., 2012,Otto et al.,2010,during a 

 



  

 

single scan, for correspondingly lower speed of typically 4–12 m/min.Zaeh et al., 2010.The maximum speed 
achievable is about half the typical speed for laser welding. Same as for keyhole laser weldingbut also to 
laser drilling, a cw power density of the order of 10

6
 W/cm

2
 is appliedwhich is a common threshold to 

achieve surface boiling of metals. Compared to RAC, for RFC, a larger focal length is usually applied, shaping 
a wider spot diameter of typically 300–600 µm and in turn enabling a longer Rayleigh length.Schäfer 2010, 
Zaeh et al., 2010,Schober et al., 2012.   

 Initial theoretical descriptions of the melt flow in remote fusion cutting have originated from keyhole 
laser welding,including remote welding, and its transition to RFC.Schäfer 2010, Zaeh et al., 2010, Schober et 
al., 2012,Otto et al.,2010.Due to the melt flow around the keyhole and instabilities atthe keyhole front wall, 
being typical for deep penetration welding with lasers of 1 lm wavelength, surface waves orhumps will be 
generated that flow down the keyhole front.Schäfer 2010, Zaeh et al., 2010, Otto et al.,2010.By ultra-high 
speed imaging (180 000 fps) of the front downstreaming waves were recently observedEriksson et 
al.,2011,Eriksson et al.,2010. This phenomenon took place for a wide range of parameters during all 48 
experiments (fibre laser keyhole welding of stainless steel). Matti and Kaplan, 2014 performed a deeper 
systematic analysis of these wave patterns where five geometrical shapes were distinguished and 
categorized, for example cross patterns of inclined dark valleys moving downwards. For full penetration and 
sufficient momentum, the humps exceed the surface tension forces at the outlet ofthe keyhole bottom and 
are ejected as spatter, Fig. 1. Hence, an RFC-process takes place. This transition fromkeyhole welding to RFC 
was observed for low speed and high powerEriksson et al., 2011. A smaller focus has accelerated the 
downstreaming melt. A wavy processing front alters the angle dependent Fresnel-absorption and easily 
generates shadowdomains, in turn modulating the vapour pressure across the processing front, as described 
in detail in several studies,Schober et al., 2012, Otto et al., 2010,Kaplan, 2012. 

By a universal numerical simulation Otto et al., 2010 of laser materials processing, the boiling front and 
the melt flow field was calculated even when changing between keyhole welding and remote fusion cutting 
conditions. Although equally relevant for keyhole welding, the present study is dedicated to remote fusion 
cutting, a relatively new technique that is only partially understood. Schober et al., 2012calculated the 
cutting front angle from evaluation of high speed imaging records. The role of high fibre laser beam quality 
was studied by Mahrle et al., 2010.  

Apart from studying the complex RFC-process as a whole, understanding of the isolated mechanisms is 
important. For a smooth surface, for front angles <80° beyond the Brewster maximum, stable Fresnel 
absorptivity between 40-48% was reportedOlsen, 2011 while only for very glancing angle of incidence very 
high reflectivity takes place. For 1 µm-wavelength lasers and steel Kaplan, 2012 the overall absorptance 
across the surface tends for increasing waviness (slope) to the angle-averaged value of the Fresnel-curve, 
33%. Comparing CO2- to 1 µm-laser at a keyhole surface, waviness can cause inverted trends Kaplan, 2012. A 
basic map was elaborated Kaplan, 2015. It shows the opposite trend for CO2-lasers with respect to 
roughness and angle-of-incidence.  

The main objective of the present study is to develop a simplified semi-analytical model of remote fusion 
cutting, by two stages. Note that more detailed descriptions of the two model stages as well as further 
results can be found in Matti et al., 2013, Matti and Kaplan, 2015, respectively, while here additional results 
are presented, too. Results of the first model stage of the RFC-process are presented and discussed, which 
includes three-dimensional front formation, beam focusing, direct absorption, heat conduction and 
continuity of mass. Subsequently, the second modeling stage is presented, namely to calculate the 
absorptivity modulation over a laser-induced boiling front by post-modelling of the greyscale distribution 
Matti and Kaplan, 2014 of selected high speed images from Eriksson et al., 2011. The derived topology is 
combined with modelling of a process front cavity for remote fusion cutting Matti et al., 2013 to model a 
complex three-dimensional front surface topology, close to reality. Across this reconstructed topology, the 



  

 

Fresnel absorptivity Kaplan, 2012,Kaplan, 2015 but also the beam projection Kaplan, 2012, Matti et al., 
2013and in turn the absorption behaviour can be calculated by the new approach. This simplified modeling 
neglects ray tracing, multiple reflections, transient phenomena (like drop ejection/dross and surface 
roughness resolidification),the momentum equations, boiling, and the vapour flow. 

2. Methodology 

2.1. Model stage-one for smooth front 

A mathematical model of RFC was developed to calculate the main interaction phenomena in a simplified 
manner. The objective was to predictthe geometrical conditions of the processing front and the energetic 
conditions, in particular the spatially distributed interaction of the laser beam with the processing front, 
including angle-relations and absorptivity.The model is based on solving along the cutting front a local 
energy balance between the absorbed incident laser beam IL and the heat losses qv for keeping at boiling 
temperature Tv. A detailed description of this stage one-model can be found in Matti et al., 2013. The 
vaporization front is described by horizontal circles of radius rv(zi), see Fig. 1(c),along a vertical discretization 
zi, Δzi of the workpiece into depth z, see Fig. 1(b).The energy balance is solved along z in the central plane 
y=0 and as a second representative location at an azimuthal angle ϕ=75°.From the vaporization front instead 
of simultaneously for each layer zi, a mass balance is solved. For sake of simplicity,no momentum equation is 
applied but the melt film flow is approximated empirically according to the experimental measurements of 
the melt film velocity distribution by Eriksson et al., 2011,Eriksson et al., 2013.From the velocity, a local mass 
balance is applied (for a differential azimuthal segment dϕ)to estimate, at ϕ=0° and ϕ=75°, the local melt 
film thickness. 

2.2. Model stage-two for wavy front 

This part of the methodology is composed of the following steps: (i) converting the greyscale from a high 
speed image of the wavy processing front to a two-dimensional topology; (ii) developing a representative 
smooth cavity for the front depending upon the procedure in stage one; (iii) transforming the topology onto 
the cavity; calculating the angles of interaction of the propagating laser beam across the three-dimensional 
front; (iv) calculating the corresponding Fresnel-absorptivity distribution across the front, except for shadow 
domains; (v) calculating the absorption across the front, combining the absorptivity with the local beam 
projection; (vi) subsequent analysis of these distributions, particularly by mean values and frequency 
polygon method (similar to the histogram method). For the here studied laser wavelength of 1070 nm no 
plasma absorption will take place. Possible scattering by off-streaming vapour is not taken into account. 

Again for sake of simplicity, here ray tracing of multiple scattering is neglected but it can basically be 
included. Hence the absorption level can be underestimated and the shadow regimes are reduced to 
domains of formally negative angle-of-incidence. For the derivation of the topology from the greyscale, a 
height conversion factor h has to be assumed. As will be shown, the uncertainty of the height conversion can 
be bounded by comparing in a sensitivity study the sizes and shapes of different calculated shadow domains 
with the experimental images.The post-modelling, as illustrated in Fig. 2, starts from experimental evidence 
of a high speed image, Fig. 2(b), here from an earlier study Eriksson et al., 2011.Experimental details can be 
found in Matti and Kaplan, 2014.The greyscale of the wave pattern of the selected high speed image 
wasthentransformed to a two-dimensional topology Xij(y,z), via a roughness conversion factor h.The three-
dimensional surface XF(y,z) of the wavy front is then generated by superimposing, see Fig. 2(d), the 
two-dimensional topology Xij onto the smooth cavity XSshown in Fig.2(a). 
 



  

 

 

 

 

 

 

 

 

Fig. 2. (a) 3D smooth surface of the front,(b) gray scale high speed image (c) observation the wavy front surface by the high speed 

camera ,Combination 3D and 2D of the wavy surface of the front, (d) 3D visualization of the semi cylindrical cavity of the wavy surface 

of the front, (e) 2D profile of the surface waviness (roughness) from the side showing the irradiated and shadowing regimes. 
 

Next, the angle-of-incidence of the laser beam with the surface can be calculated at any location. The 
interaction between the laser beam and a three-dimensional wavy front is illustrated in Fig. 2(d), while 
Fig. 2(e) explains the interaction properties for a vertical section, including shadow regimes and the laser 
inclination angle ϕl.The absorptivity distribution A(y,z) of a circularly polarized laser beam across the surface 
can be calculated from Fresnel’s formulas.Eventually, of importance is the absorbed power density over the 
processing front Ia,because it determines the local temperature gradient at the surface, as the main 
thermodynamic boundary condition. It is a combination of the absorptivity A, the local laser beam power 
density IL and the local projection of the laser beam onto the surface element, tan(θ). For convenience, here 
is used θ=90°-β. The stochastic variations of the three main properties, namely angle of incidence β, 
absorptivity A, and the combination with the beam projection, A·tan(θ), over the front are quantitatively 
analyzed by the frequency polygon method. 

So the stage one model describes the RFC-process more generally while the stage two post-model 
focuses on the topology and its absorption modulation at the wavy processing front. 

3. Results and discussion 

In the following, results from the stage one model will be shown, followed by results from the stage two 
post-model, which will finally be theoretically discussed. 

3.1. Processing front geometryand its analysis 

In the following, by the stage one model two calculated cases of remote fusion cutting are analysed. For a 
laser power of PL=5 kW and aworkpiece thickness of d=2 mm, the cutting speeds of v=3m/min and 
v=6m/min are compared. Low C-steel is studied. An Yb:fibre laser was measured and modelled, for focal 
diameter 2w0=400 µm),a maximum cutting speed of 7.1 m/min was calculated, beyond which the front 
bottom gets closed becoming a grooving process.Figure 3(a)showsthe cut kerf cross section y=±rv(z) that 
becomes more narrow downwards and for higher speed.The horizontal cross sections of the melt film at the 
top, middle, and bottom of the 2mm thick workpiece are shown in Fig. 3(b) for cutting speed of 3m/min.It 
can be well seen how the front becomes smaller towards the bottom. The melt film is very thin and hardly 
any recast layer can form.  
 

 



  

 

 

 

 

 

 
 

 
 
Fig. 3. Geometry of the RFC front for two speeds: (a) cut kerf cross section;(b)horizontal cross section of the cutting front and melt film, 

for a cutting speed of 3 m/min, at the workpiece top (z=50 µm), middle (z=1 mm) and bottom (z=2 mm);(c) Local energy balance 
properties into depth z: at the azimuthal locations φ=0° and φ =75° (index L); absorptivity A [unit: 1, or 100%], beam power density IL 
[unit: 10 MW/cm2], heat flux qv [unit: 1 MW/cm2+, front inclination tan (θ) *unit: 1+;(d)Heat flux qv(φ, z) (left half) and incident laser 

beam power density IL(φ, z) (right half) at the cutting front, for v=6 m/min. 
 

For the energy balance of the stage one-model, important properties as a function of depth z are plotted 
in Fig. 3(c) for cuttingspeed v=6 m/min for the two azimuthal positions ϕ=0° and ϕ=75° .The front inclination 
changes down to a depth of z=0.5-0.7mm from horizontal to strongly inclined orientation. Accordingly, the 
absorptivity changes in the top domain of the front rapidly from normal incidence absorptivity to the 
Brewster maximum and then decreases somewhat until the absorptivity reaches for very grazing incidence 
along the front a stable operating window of A=30%-40% here.The absorptivity decreases towards the side 
of the cutting front.The heat flux qv moderately decreases with z.The spatial variation of the heat flux across 
the cutting front is shown (note: f(ϕ,z), hence distorted)as contour lines in the left half of Figs. 3(d) for 
6m/min.In the right half of the figure the contour lines of the incident laser beam power density across the 
front are shown,starting from the top, the front is first built byweak laser power density, increasing strongly 
into depth.Deeperz than0.5-0.7 mm domains of rather constant power density of the laser beam are 
entered.Around the focus fibre guided laser beams generate a domain of rather constant power density into 
depth (beside the radial flat-top trend that however rapidly changes into depth), e.g. compared to Gaussian-
like beams. This can be interpreted as an advantage for robust, stable conditions. 

 

 

 

 

Fig. 4. histogram(a) comparing for the stage one model the incident beam power density IL for the two cutting speeds (3 and 6 m/min);  
Stage two model, frequency polygon over the wavy front for: (b) angle-of-incidence β, (c) absorption A·tan(θ) (Case III, three roughness 

conversion levels h).    

 
 

 

 



  

 

 
The statistical distribution of IL across the cutting front is shown by histogram, for the two speeds.For 

higher cutting speed, the portion of high power density captured from the laser beam by the front increases 
strongly, see Fig. 4(a). For low cutting speed, the front is mainly generated through weaker beam domains 
while part of the highly focused beam is transmitted; see also Fig. 3(b). 

3.2.Post-modelling of the high speed images for two different cases 

The stage two post-modelling starts from experimental evidence of a high speed image, here from an 
earlier study Eriksson et al., 2011.The two here selected cases were recently analyzed in a deeper manner 
Matti and Kaplan, 2014, then called Case II and Case V (laser power: 10 kW and 15 kW). The material was 
2.4 mm thick stainless steel AISI 304 and the cutting speed was 6.6 m/min and 6.0 m/min respectively. More 
experimental details can be found in Matti and Kaplan, 2014. The greyscale of the wave pattern of the 
selected high speed image was then transformed to a two-dimensional topology Xij(y,z), via a roughness 
conversion factor h.The greyscale appearance of the selected high speed image for CaseIIMatti and Kaplan, 
2014 is shown in Fig. 5(a). Figure 5(b) shows the image converted to a wavy surface topology where the 
upper part of the front was omitted. The image corresponds to a height of 2.4 mm. The spatial and transient 
nature of the wave pattern is discussed inMatti and Kaplan, 2014. The modelled three-dimensional front 
surface when superimposing the derived topology onto the smooth cavity model is illustrated in Fig. 5(c). 

 
 

 

 

 

 

 

 

 

 

 
 
Fig. 5. Reconstruction of the wavy processing front of Case II: (a) high speed image; (b) reconstructed 2D-topology,(c) reconstructed 

three-dimensional wavy processing front. Distribution of post-modelled properties over the reconstructed wavy boiling front: (d) angle-
of-incidence β [°] of the laser beam to the surface normal, (e) angle-dependent Fresnel-absorptivity A [%]. 

The angle-of-incidence β of the laser beam on the respective front surface location is shown in Fig. 
5(d).β = 90° are here rays parallel to the surface.The corresponding Fresnel-absorptivity modulation A(y,z) 
across the wavy front is shown in Fig. 5(e).The range 0-35% is much less present, mainly in very narrow 
domains just above the shadows (coloured dark blue).The absorptivity remains mainly in the window 
between 35%-43% .The above Case II was compared to a front with a different situation (laser power 15 kW 
instead of 10 kW) and a quite different pattern, called Case V, see also Matti and Kaplan, 2014.Fig. 6(a) 
showsthe greyscale appearance. The high speed image converted to a wavy surface topologyis shown in Fig. 
6(b). The modelled three-dimensional front surface when superimposing the derived topology onto the 
smooth cavity model is illustrated in Fig. 6(c). The distribution of the incidence angle of the laser beam on 
the respective front surface location is shown in Fig. 6(d). The absorptivity modulation is shown in Fig.6(e). 
Note that for this image Case the whole workpiece thickness of 2.4 mm can be seen. In the lower part of the 
image the melt is ejected downwards and the open cut kerf can be seen. Same as the topology appears 
differently between the two cases so does the absorption modulation. In general, despite the topology 
fluctuations, in average evaluation across the area has hardly given any larger statistical fluctuations of the 

 
(a)                      (b)                             (c)                          (d)                                        (e) 
 



  

 

absorptivity and of the shadow areas as a function of time. The overall process keeps constant over time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Reconstruction of the wavy processing front for Case V (a) from a high speed image; (b) reconstructed 2D-topology,(c) 
reconstructed three-dimensional wavy processing front. Distribution of post-modelled properties over the reconstructed wavy boiling 
front: (d) angle-of-incidence β [°] of the laser beam to the surface normal, (e) angle-dependent Fresnel-absorptivity A [%]. 

In addition, a Case III, see Fig. 2(b), with different parameters was studied, namely 13kW laser power and 
6m/min cutting speed. More details and results on this case can be found in Matti and Kaplan, 2015.  

The reconstruction of the topology required to assume a conversion factor h from image greyscale to 
roughness height. h = 0.5 was proven a suitable value, although some uncertainty remains. By comparison 
with the size and shape of the shadow domains it became clear that h=0.2 generated a too smooth surface 
with too small shadow areas,while h=0.8 generated too large shadow areas.The statistical distribution of 
contributing values for β, and A·tan(θ) for the three roughness conversion factors h is shown by the 
frequency polygons in Fig. 4(b),(c). The angle distribution in Fig. 4(b)shows two distinct peaks for low 
roughness h=0.2 that originate from the cavity geometry. As there is higher roughness (increasing h) there 
tends to be a more equal distribution of angles. Corresponding peaks can be found in the absorption 
distribution, Fig. 4(c), again most pronounced for h=0.2.  

For Case V, the frequency polygons for angle-of-incidence, absorptivity and absorption are shown in 
Fig. 7.Most of the absorptivity contributions remain in a window between 35.7% and 43.4 %, see also Matti 
and Kaplan, 2015. The latter boundary is the Brewster maximum while the former is the absorptivity for 
incidence normal to the surface. Inside this range the probability of contributions increases towards these 
two limits. For Case V (and similarly for the other cases studied) a large percentage of angles (60% for 
Case V, in the central rectangular area of the front) are located and modulated at the long, flat branch of the 
Fresnel curve towards normal incidence. Only a small percentage, 15% of surface elements, modulates the 
angle at very glancing incidence, for which the Fresnel curve strongly modulates the absorptivity from 35% 
down to zero. Here 25% of the front was in shadow. 

 

 

 

Fig. 7. Frequency polygon over the wavy front: (a) angle-of-incidence β, (b) Fresnel absorptivity A, (c) absorption A·tan(θ) (Case V, 
roughness conversion levels h=0.5). 
 

 

 
(a)                         (b)                               (c)                                     (d)                                  (e) 



  

 

In other words, from the illuminated surface elements 80% remain in this very narrow window, which 
makes the absorptivity very predictable. Note that the mean value here is A=40.8%. While the here studied 
(most relevant) combination of a 1 µm wavelength laser with steel (Fe) has a Fresnel characteristics that 
leads to this narrow window, the characteristics, values and behaviour can differ significantly for other 
wavelengths Kaplan, 2012  and metals.Note that for Case III (laser power 13kW) the main front inclination 
angle was identified to be 4.5° while for Case V it is 2°. This is a big difference for the process and also for the 
location of the operating point in the Fresnel characteristics. From the angle frequency polygon in Fig. 4(b) 
and Fig. 7(a) this front angle appears as a minimum around the cavity characteristics that is different for 
Case V compared to Reference Case III. Again this causes somewhat different absorption behaviour in 
Fig. 4(c) and Fig.7(c),while the absorptivity characteristic remains very similar Fig.7(b). 

3.3.Theoretical discussion 

The main trends for the absorption at a wavy processing front were presented at the last figure in Matti 
and Kaplan, 2015,are illustrated in Fig. 8(a), relating surface waves with the Fresnel-curve. Five regimes 
B,C,D,E,F can be distinguished. Here for a facilitating explanation the surface starts smoothly from the top, 
followed by growing humps that eventually cause a shadow regime. Regimes B,C,D are related to the two 
branches of the Fresnel-curve. Regime B denotes the very narrow range of angles (Δβ=5°) of glancing 
incidence in which the absorptivity varies from 0% to the level of normal incidence absorptivity A0, here 
35.7%. This Regime B takes place in very narrow regions, just at the upper edge to Shadow Regimes E. 
Regime C from the above limit A=35.7% / β=85° to the Brewster peak is denominated separately, because its 
absorptivity is high and contributes statistically to the same distribution as the wide Regime D (difficult to 
distinguish in the analysis). The shadow Regime E is defined by negative surface angles while ray-tracing 
defines the wider border of shadow Regime F. Figure 8(b) visualizes locations of wave shoulders, peaks and 
shadow domains on the wavy front.For the here studied Cases III,V the main angle βi (85.5°,88°) 
representing the front was in Regime B, which would correspond to high sensitivity of the absorptivity for a 
smooth front. However, even slight waviness already strongly modulates the angle and absorptivity. 
Although the front and its modulation starts in the B-Regime, it rapidly enters the C- and D-regimes of quite 
stable high absorptivity as well as causing shadows, E,F. This is confirmed by the frequency polygons in 
Fig. 4(b,c) and Fig. 7. Despite the assumptions and simplifications of the here presented results they are 
sufficiently representative to explain several main mechanisms qualitatively as well as providing valuable 
quantitative estimations to describe the melt front waviness and absorption modulation that permanently 
take place in real processing. 
 

 

 

 

 

 

 

 

 

 

 
 

Fig.8. (a) Illustration of the interaction of laser rays with a wavy front surface, increasing from smooth to moderate waviness and high 
roughness with shadow Regimes E,F; three irradiated surface shoulder Regimes B,C,D, magnified, are related to characteristic regimes 
of the shown Fresnel-curve A(β),(b) arrows indicating locations of wave shoulders (blue), peaks (yellow)and shadow domains (red). 
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Conclusions 

(i) Asimplified mathematical model of laser remote fusion cutting was developed that enables to 
analyse the interaction of the laser beam across the processing front and the corresponding energetic 
process behaviour and limits;  

(ii) Analysis of the energy conditions at the processing front by frequency polygons provided a better 
understanding on the variation of the heat flux across the cutting front, causing a corresponding variation of 
the responding local front inclinations. 

(iii) Post-modelling of high speed images, here to reconstruct the wavy front and to calculate the spatial 
and temporal statistical variations of the topology and absorption, turned out to be a powerful method;  

(iv) Most of the illuminated front regions tend to keep the absorptivity within a range of 35-43%, for 
the Fresnel-characteristics of 1 µm-wavelength lasers and steel, while only small domains adjacent to the 
shadow regimes experience the highly sensitive Fresnel regime of lower absorptivity. 

(v) While the Fresnel-absorptivity remains rather constant across the illuminated domains of the front, 
the absorption and its induced temperature gradient strongly varies because of the varying surface angles 
and beam projection. 

Acknowledgements 

The authors acknowledge funding by the EC-FP7, project HALO, no. 314410. 

References 

Mahrle, A., Lütke, M., Beyer, E., 2010. Fibre laser cutting: beam absorption characteristics and gas-free remote cutting, Journal of 
Mechanical Engineering Science 224, p. 1007. 

Lütke, M., Himmer, T., Wetzig, A., Beyer, E., 2009. Opportunities to enlarge the application area of remote-cutting, In Proceedings of 
the 28th ICALEO. Orlando, FL (LIA, Orlando), Paper #608. 

Lütke, M., Hauptmann, J., Wetzig, A., Beyer, E., 2012. Energetic efficiency of remote cutting in comparison to conventional fusion 
cutting, Journal of  Laser Applications  24, p. 022007. 

Schäfer, P., 2010. Cutting at a distance, ATZ Production 3, p. 8. 
Pihlava, A., Purtonen, T., Salminen,  A., Kujanpää, V., Hartwig, L., Schille,  J., 2010.Quality of remote cutting , in Proceedings of the 29th 

ICALEO. Anaheim, CA (LIA, Orlando), Paper #905. 
Zaeh, M.F., Moesl, J., Musiol, J., Oefele, F., 2010. Material Processing with Remote Technology - Revolution or Evolution?, Physics 

Procedia 5, p. 19. 
Schober, A., Musiol, J., Daub, R., Feil, J., Zaeh, M.F., 2012. Experimental investigation of the cutting front angle during remote fusion 

cutting, Phys. Procedia 39, p. 204. 
Otto, A., Schmidt, M., 2010. Towards a universal numerical simulation model for laser material processing, Physics Procedia 5, 35-46. 
Eriksson, I., Powell, J., Kaplan, A. F. H., 2011. Measurements of fluid flow on keyhole front during laser welding, Science and Technology 

of Welding and Joining 16, p. 636. 
Eriksson, I.,Gren, P., Powell, J., Kaplan, A. F. H., 2010. New high-speed photography technique for observation of fluid flow in laser 

welding, Opt. Eng. 49, p. 100503. 
Matti, R.S., Kaplan, A.F.H., 2014. Analysis of moving surface structures at a laser-induced boiling front, Appl. Surf. Sci. 317, 560-567. 
Kaplan, A.F.H., 2012. Absorptivity modulation on wavy molten steel surfaces: the influence of laser wavelength and angle of incidence, 

Appl. Phys. Lett. 101, p. 151605. 
Olsen, F.O., 2011. Laser cutting from CO2 laser to disc or fiber laser-possibilities and challenges, In: Proceedings of the 30th ICALEO, LIA, 

Orlando, FL, Paper #101. 
Kaplan, A.F.H., 2015. Absorption homogenization at wavy melt films by CO2-lasers in contrast to 1 μm-wavelength lasers, Appl. Surf. Sci. 

328, p. 229. 
Matti, R.S., Ilar, T., Kaplan, A.F.H., 2013. Analysis of laser remote fusion cutting based on a mathematical model, Journal of Applied 

Physics 114, p. 233107. 
Matti, R.S., Kaplan, A.F.H., 2015. Post-modelling of images from a laser-induced wavy boiling front (submitted). 
Eriksson, I., Powell, J., Kaplan, A. F. H., 2013. Melt behavior on the keyhole front during high speed laser welding, Optics and Laser in 

Engineering51, p. 735.  


