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Abstract 

Modified trim cut technique with transparent moving wall is developed to visualize laser cutting process of real materials 

with different laser types in conditions equal to industrial cutting process. Liquid metal flow and kerf profile formation are 

well seen in the observations. Low level of visualization technics invasion into cutting process allows observation even of 

highly sensitive laser-oxygen cutting of thick mild steel plates. Cutting of stainless steel with fiber and CO2 laser is studied 

and compared. The influence of wave length on cut kerf formation and melt removal process in nitrogen cutting of stainless 

steel is shown and analyzed. High speed recordings with the frame rates up to 10 000 f/s are done for cutting of 4-20 mm 

mild steel plates with oxygen and 4-8 mm stainless steel plates with nitrogen for 4 kW CO2 and 2 kW Fiber lasers. 
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1. Introduction 

The problem of cut quality deterioration in Fiber laser cutting of thick metal plates is one of the most 

important problems in laser material processing of recent years. It caused additional increase of scientific interest 

to laser cutting technology. The problem is intensively studied both in theoretical and experimental ways. The 

general idea is that absorption and beam coupling of 1.06 μm radiation in the cut kerf have singularities leading 

to deterioration of the cutting process. The absorptivity of 1.06 μm radiation is studied theoretically Mahrle, A., 

and E. Beyer (2009) and recalculated from the cut kerf profiles obtained in a real cutting process Scintilla et al. 

(2012). It is shown that thickness of the recast layer in 1 μm laser cutting is much higher than in 10.6 μm 

process. Analysis of absorptivity recalculated from inclination angles of frozen cut front showed, however, 

strong local variations of these quantities along the detected cut front profiles. It is evidence of great instability 

of the cut front but doesn’t explain it. Experimental comparative study of cutting process with CO2 lasers with 

several types of polarization, Fiber and Disk laser is done in O'Neill (2008). Moreover, it is obtained that cutting 

with radially polarized 10.6 μm radiation gives significant benefits in cutting speed and cut quality. It is 

suggested that when cutting at 1.06 μm wavelength the intrinsic advantages of melting capacity were offset by 

the fundamental challenge of melt ejection. Unstable flow of the molten metal on the cut front and near it on a 

kerf walls can be the other reason of cut quality deterioration.  

Highly complicated process changes at 1.06 μm wave length still have no appropriate theoretical explanation, 

cutting experiment are not sufficient for further development of the technology. The most efficient way to study 

this process is high speed visualization in conditions equivalent to real ones.  

Laser cutting of mild steel with oxygen is a very widespread industrial technology. But its physical basis has 

not been adequately studied; many phenomena observed in this process and affecting the cutting quality cannot 

be explained. The main problem for the theoretical description of this technology is iron combustion process. 

There are two contradicting theories of striation formation in this process. The theory of thermal cycles of laser 

induced combustion Ermolaev et al. (2006, 2009), and theory of cyclic removal of thick oxide layer Ivarson et al. 

(1994), Chen et al. (1999). Available experimental data doesn’t allow verification of theoretical basics for this 
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important but extremely complicated process. 

Development of oxygen-laser cutting theory of laser cutting requires high quality experimental knowledge 

about the events taking place inside cut kerf for its verification. This information can be obtained with a help of 

high speed visualization.  

Real cut front is a hard object for observation because of its high brightness, deep and narrow profile closed 

with intransparent walls, very short time of the event. Several visualization technics and model experiments were 

used to visualize the process. The first outstanding visualization of real cutting of thin plates was performed in 

Miyamoto (1991). The dynamics of cut kerf formation and dross attachment was observed for thin plates with 

side positioned camera without further invasion in cutting process.  

Practically the same technic was used to observe melt removal process in cutting of stainless steel with Disk 

laser Hirano and Fabbro (2011). The radiation of 8 kW Disk laser in this study was defocused to produce wider 

and better for observation cut kerf. Formation of humps of molten metal and stability of melt flow was observed 

in real cuts of thin plates with a help of side positioned camera. The melt flow exhibited strong instabilities. The 

feature can be classified into several regimes depending on the cutting velocity. Such a technics of visualization 

showed excellent result for plates up to 3 mm thick, but insufficient for visualization thick plates cutting and 

changes the cut kerf proportions. 

In Petring et al. (2012) the process is studied with a help of high speed video recording. Trim cut technic was 

used to visualize 4mm stainless steel cut with nitrogen both for 1.06 μm and 10.6 μm radiation. In this case the 

one wall of the cut kerf is missing. Gas flow Makashev et al. (1992), Kovalev et al. (2009), Zefferer et al. (1991) 

and melt removal processes are might be greatly changed in comparison with a real cutting process with narrow 

cut kerf with two walls. Numerical simulation of the cutting process Petring et al. (2012) showed that for wave 

length 1.06 μm multiple reflections inside cut kerf should be taken into consideration to achieve results close to 

experimental ones.  

In Yudin and Kovalev (2009) one wall of the cut was substituted with stationary mounted glass plate, instead 

of steel fusible metals were used; cutting process was done with CO2 laser at very low power levels. Such an 

experimental setup correctly reproduces gas and melt flows but failed with real material and laser power levels 

because of the glass thermal damage and distraction. 

In this paper we present further development of visualization method proposed in Yudin and Kovalev (2009). 

The modified method allows observation of industrial materials cutting at laser power of several kW.  

2. Experimental setup 

Following experiments were carried out in order to visualize phenomena occurring in laser cutting process, 

Yudin et.al (2009). The principal scheme of the setup is shown in figure 1. The main idea of the approach is to 

replace one wall of the cutting kerf with a glass. Through this transparent glass phenomena occurring inside the 

kerf are registered using high-speed camera. The main difficulty of the experiments is to provide transparency of 

the material in the vicinity of the metal being melted by the laser. Without special arrangements the surface of 

the transparent material would destroy and the visual access inside the kerf would be blocked. The problem was 

solved as following. The glass slides with respect to the metal in such manner, that it’s speed with respect to the 

beam is several times higher and is in the opposite direction. This allows not only minimizing thermal loads on 

Fig. 1. Scheme of the experimental setup, Yudin et.al (2010). 
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the glass, but even if it gains a defect, the former is removed from the frame. The setup was realized at a 

platform, where the laser head moved in Y and Z directions. The sample and the glass were moved in the X 

direction by 1-axis positioning table. The camera was mounted on the floor thus the image of the laser beam was 

fixed at the same place in a frame permanently. The frame rates depend on resolution and were of the order of 

10000 images per second. The sample was illuminated with a high density light beam, collected by a reflector 

from a halogen lamp, thus providing possibility of such short exposure times as 10-5s. The cutting speeds and 

other parameters are typical for the technological process.  

Two types of laser radiation were used in experiments. The first one was 10.6 μm CO2 laser radiation from 

4kW Trumpf (TLF 4000AM) machine with TEM00 or TEM01* radiation mode. Cutting head with focal lenght 

of 5 or 7.5 inches was used. The second one was 1.06 μm radiation from 2.4kw fiber laser from IPG (YLR 

2000). The BPP was around 3 mm.mrad. The beam is distributed from a 50µm fiber to a 100µm fiber a fiber 

coupler. 

 

 
 

Fig. 2. Cyclic combustion at laser cutting of 4 mm thick mild steel with 2kW fiber laser. Cutting speed 20 mm/sec, oxygen pressure 1.5 bar, 

nozzle diameter 2 mm, standoff 1 mm. Interval between the frames 2 ms. Yudin et.al (2010). 

3. Oxygen-laser cutting of mild steel 

The frames of 4 mm thick mild steel cutting are shown in Figure 2, cutting speed is 20 mm/s. Repetitive 

cycle of the cutting front formation is observed. Moving luminescent area intermittently appears in the upper part 

of the kerf, it is identified as a combustion waves. Its borders are visible due to the dynamics of the kerfs 

sideview and luminescence of the material. Figure 2, frame 1, evolved combustion wave is moving downwards. 

It’s upper and reverse boundaries are marked with redline line. Forward point of the combustion wave is marked 

with blue circle. Movement and intensive luminescence are not observed near upper surface of plate at this time 

moment. Figure 2, frame 2, new combustion wave is ignited on the top surface of the plate. Propagation on the 

top surface and near it takes place, frames 2-4. In simulation propagation of combustion wave at this stage was 

close to radial. The speed of propagation can be measured regarding from the front point movement and is about 

30-40 mm/s in this experiment, and we can assume it to be radial too. The filming is performed in the reference 

system of the laser beam, thus cutting front displacement to the right signifies its speed is higher than the speed 

of material feeding. Figure 2, frame 4, combustion wave reaction distinguishes on the upper surface of the plate 

and begins to move downward, Figure 2, frame 5-6. Process tracking of wave vertical movement may be done 

referring to extinction front, which is distinctly visible on the frames. Its speed, measured basing on the slope of 

the line, is 7 mm/s. Representative frequency ignition cycles is about 100 Hz. Thus, at the cutting speed of 20 

mm/s, the striations are approximately 0.2 mm wide. An interesting result is a fact, that generated oxide metal 

melt flow is being collapsed by surface tension forces and removed downwards by the assist gas in the form of 

thin jet, the dispergation of the molten material is observed inside cut kerf.  
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Fig. 3. Combustion waves propagating at laser cutting of 12 mm thick mild steel with 2kW fiber laser. Cutting speed 0.6 m/min. interval 
between the frames 10ms. Pressure 0.7 bar, nozzle diameter 2 mm, standoff 1mm, focus on the upper surface. Yudin et.al (2010). 

Generally observed phenomenon show the same trends with results of simulation of combustion cycles 

striations formation Ermolaev and Kovalev (2009) based on the following general assumptions ignition 

temperature is equal to oxide melting point, liquid oxide layer is thin and chemical reaction rate is limited by 

oxygen transport from the jet to oxide surface. In simulation and in observation two stages of combustion wave 

propagation radial and vertical are observed, predicted velocities of combustion wave propagation a very close to 

measured ones. In contrast to the calculations Ermolaev and Kovalev (2009), new wave initiation in this 

experiment occurred not only on the cutting front, but at times also on the lateral surface in case the previous 

wave has moved the cutting front forward for a sufficient distance. As a rule, the wave ignited far from the 

cutting front, decays shortly, i.e. this is the case of afterburning of a small area, remained after more intensive 

wave propagation.  

The frames of 12 mm thick mild steel cutting are shown on Figure 3. Three zones on a cut front can be 

defined according to the nature of observed effects: the upper zone (0-1 mm), the middle zone (1-8 mm) and the 

bottom zone (8-12 mm). Combustion waves regularly arise in the upper zone of the kerf, and form combustion 

cycles type of striations as we saw for thinner plate, Figure 2. Further wave propagation down the cutting front in 

middle zone is less regular: some waves are attenuated; others amplified. In the bottom zone the process is 

stabilized, cutting front becomes smoother. As a result those three zones are observed with certain striation 

pattern are observed on a cut surface. In the upper part there are regular small striations, which merge into bigger 

and more chaotic ones lower down the kerf. In the bottom part big striations also remain, but they are much 

shallower. Red dotted line shows combustion waves, which propagate downhill in the middle zone. 

Representative propagation speed of such waves, measured basing on the slope of the line, is 1 m/s. It is much 

higher than vertical speed of combustion waves propagation at the upper zone (0-1 mm) which is limited by heat 

conduction in solid metal, such a difference may be explained with intensive convective heat transport by 

evolved liquid flow on cut front. The depth of the upper (0-1 mm) and the middle zones (1-8 mm) of striation 

formation by intensive combustion is close to the depth of the zone 0-6 mm of intensive oxygen transport from 

the jet to cutting front calculated in Ermolaev and Zaitsev (2012). So we can assume that striation formation due 

to combustion process takes place in area where oxygen from gas jet is available for the reaction. 
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Fig. 4. Mechanism of transition to self-sustained mode of the combustion. Laser cutting of 12 mm thick mild steel with 2kW fiber laser. 
Cutting speed 0.6 m/min. interval between the frames 10ms. Pressure 0.7 bar, nozzle diameter 2 mm, standoff 1mm, focus on the upper 

surface. Yudin et.al (2010). 

 

The well-known and the most important for industry defect in thick mild steel cutting is side burn effect. It 

occurs than metal is over heated, cutting speed is too low, laser beam is defocused or asymmetric From the point 

of view of combustion cycles striations formation theory Ermolaev et al (2006, 2009), it means that exothermic 

combustion energy released is enough to keep the temperature of cut front higher than ignition temperature 

without support of the laser beam. Combustion process overcomes to self-maintaining mode. Burn out area is 

limited with oxygen jet boundaries in this case. 

The dynamics of transition from stable cutting mode with rather good surface quality to the self-sustained 

combustion (side burn effect, burn off mode) with definitely poor surface quality is shown in the Figure 4. 

Originally the cutting mode was accompanied by combustion waves initiation. The hump, produced by such 

wave in the upper part of the kerf, causes the draining melt stream redirection. The beginning of transition to the 

other mode was connected with occasional generation of the second melt flow channel on the lateral surface of 

the kerf, Figure 4, frame 1. The second melt stream was flowing down the earlier formed striation. This flow 

generation led to the overheating of a waste area on the wall of the kerf. At the developed self-sustained cutting 

mode, Figure 4, frame 3. The cutting front is considerably inclined, the burning occurs at the area much wider 

than at normal cutting, not limited within the presence of laser radiation. In case of self-sustained mode, the kerf 

width depends on the presence of oxygen in the zone of reaction and thus is determined by the nozzle diameter. 

The process is sufficiently unstable.  

For 12 mm and thicker plates in bottom part of the kerf very wide and shallow type of melt and oxide flow 

occurs with long time fluctuations. Cutting process of 20mm mild steel plate is shown in Figure 5. The area 

covered with liquid material is shown on frame 1. At the upper part of the kerf striations of combustion type 

occurs. At the zone about 6 mm near the bottom of the kerf melt flow becomes very wide and shallow. At the 

beginning of the recording the width of the melt flow is about 3mm and at the end of the observation, after about 

0.08 s, it becomes 1.5 mm. This long period melt flow oscillation produce large scale striation on a cut wall.  

Melt flow in this area can be subdivided in to two parts. Side area on kerf wall is low luminescent, that might 

indicate surface temperature much less than on cutting front. At the same time the thickness of liquid layer seems 

to be small: the surface of the cut doesn’t show great variation of profile in transition from liquid to solid form.  

The second central part of the flow is situated near the cut front and is highly luminescent. We can suppose 

that temperature of the melt there is much higher than in the side flow. The border line between this to parts of 

the melt flow is always clearly seen. Melt ejection from the cut kerf takes place only from the central highly 

luminescent area. Material from the side flow is collected to the central area at the bottom surface of the plate 

and only after that is ejected out.  
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The nature of long period melt flow fluctuations in this zone is unknown and in our opinion they are limiting 

factor in cutting of thick sheet with good quality. 

Due to the results of our observations, cut kerf formation in cutting of mild steel with oxygen is a really 

complex process. Combustion effects in cutting with oxygen are strong and diverse in their appearance; only part 

of them can be analysed and explained know. The effect of radiation wavelength is qualitatively seen in a cutting 

process but is hard for quantitative description. 

At the same time it is clearly seen that assumption of cyclic oxide layer removal process and sequential 

striation formation proposed in Ivarson et al (1994), Chen et al (1999) is inadequate to describe the observed 

phenomenon’s. Droplets or thick accumulation of liquid material on a cut front or near it were not found. The 

flow of the liquid material on the cut front and kerf walls is thin and film like, we can affirm that the thickness of 

liquid layer is smaller than striation amplitude and much less than kerf width.  

Combustion cycles striation formation scenario Ermolaev et al (2006, 2009) is more adequate for process 

description in the upper part of the kerf. The thickness of oxide layer is small; tendencies in combustion waves 

evolution and their local speed are close to theoretically obtained. Propagation and interference of combustion 

waves takes place in area where oxygen from gas jet is available for the reaction Ermolaev and Zaitsev (2012). 

 

 
Fig. 5. Cutting of 20 mm mild steel, CO2 laser 4kW, 0.7m/min, oxygen pressure 0.6 bar, nozzle diameter 2 mm, standoff 1 mm, focus 

position on the upper surface. Interval between frames from 1
st

 to 4
th

 is 1.5 ms, Time period between 1
st

 and 5
th

 frame is 80 ms.  
 

4. Cutting of stainless steel with nitrogen  

Difference between CO2 and Fiber laser cutting is well seen in laser cutting of stainless steel with nitrogen. 

Liquid metal in CO2 cutting forms single well developed stream, located on a front wall of the cut kerf, Figure 6. 

All the melt is localized near cut front. Liquid-solid metal contact line is definitely seen and rather stable, 

marked out on Figure 6, frame 1. Free surface of the melt is rather smooth. We don’t fix droplet or small jets 

detachments from the free boundary of the liquid on a cut front. Melt flow instability is expressed in a form of 

single waves – “solitons” on a surface of the main stream at the upper part of the kerf, part I, frame 1 , Figure 6. 

Single waves are moving down wards. While amount of molten metal in the stream grows up, the surface of the 

whole film flow becomes highly disturbed, part II, frame 1, Figure 6, but the boundaries of molten and solid 

metal are well defined and stable. The flow seems to be constricted and localized on a cut front with surface 

forces preventing it from splitting. 

 

Zone I 

Zone II 

 

3 mm 1.5 mm 
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Fig. 6. Cutting of 6mm stainless steel, 2kW CO2 laser, nitrogen pressure 14 bar. Nozzle diameter 3 mm, standoff 1mm, focus is on -4mm 

under the upper surface. Interval between frames 0.5 ms. 

 

Melt flow in Fiber laser cutting is very unstable. No constant boundary between melt and solid metal is 

observed. The molten metal flow is excellently seen in dynamics, the results of video processing are shown on 

Figure 7. The flow can be characterized with multiple ejections of small jets of liquid metal on a side wall of the 

cut kerf from solid-liquid metal contact line, figure 7. The process characteristic time is about 0.5 ms, at the same 

time the cut surface is highly developed with numerous small profile details. Evolution of separate melt ejection 

is marked on all frames of figure 7. Ejected melt fuses long narrow tracks on a cut surface, typical width of 

ejections is about 20 μm, length of tracks fused in main metal can reach several millimetres, and speed of the 

ejection can reach 10 m /s. Such a phenomenon is possible if two conditions are meet: the cut wall temperature is 

close to melting point or the melt is overheated, and surface and contact forces preventing flow from splitting are 

decreased. The molten metal thrown out from the cut front to the side walls might form thick recast layer 

documented in Scintilla et al. (2012). Close phenomenon for thin section cutting were observed in Hirano and 

Fabbro (2011). 

It is important to note that nitrogen flow inside kerf is uniform, the separation point Makashev et al. (1992), 

Kovalev et al. (2009), Zefferer et al. (1991) displaced out of the cut kerf, and the pressure and focal position are 

equal for both types of lasers. 
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Fig. 7. Cutting of 6mm stainless steel, 2kW Fiber laser, nitrogen pressure 14 bar. Nozzle diameter 3 mm, standoff 1mm, focus is on -4mm 

under the upper surface. Interval between frames from 0.15 ms. 

5. Conclusion  

Method of laser cutting process visualization was developed. The observations were done for real industrial 

materials: mild and stainless steels, with Fiber and CO2 lasers of several kW power range, oxygen and nitrogen 

were used as cutting gases. Achieved relevance of modelling conditions to real ones allowed us to visualize wide 

range of plate thicknesses even for highly sensitive cutting of thick mild steel plates with oxygen High speed 

photography was performed with the frame rates about 10000 fps. 

In cutting of mild steel with oxygen the influence of radiation type is attenuated with strong combustion 

effects, which are very diverse in their appearance. We can affirm that assumption Ivarson et al (1994), Chen et 

al (1999)  of cyclic melt removal and corresponding striation formation is inadequate to describe the process. 

Striation formation in upper part of the cut front takes place due to scenario close to previously described in 

Ermolaev et al (2006, 2009). Striations are formed with combustion cycles, oxide layer is thin. Combustion 

waves area of evolution is closed to predicted in Ermolaev and Zaitsev (2012) area of intensive chemical 

reaction.  

Type of radiation has great influence on the character of liquid metal flow on cut front in cutting of stainless 

steel with nitrogen. In CO2 cutting we observe well developed stream with exact boundaries with solid metal. 

The flow is not stationary, there might be single waves or more developed oscillation of the surface, but they 

don’t result severely on cut surface formation.  

In fiber laser cutting melt flow is highly unstable with multiple melt ejections on side walls. The traces of 

ejections produce high roughness and thick recast layer on a side walls. It is absolutely clear that we have to deal 

with complicated thermal guided surface flow that can’t be described without inclusion of contact and surface 

forces in dynamic balance of the liquid metal flow. 
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