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Abstract. The generation of low surface roughness of the cut edge during laser beam cutting is 

a challenge. The striation pattern, which determines the surface roughness, can be distinguished 

into regular and interrupted striations, the latter resulting in an increased surface roughness. In 

order to analyse their formation, the space- and time-resolved cutting front geometry and melt 

film thickness were captured during laser beam fusion cutting of aluminium sheets with a 

framerate of 1000 Hz by means of high-speed synchrotron X-ray imaging. The comparison of 

the contours of the cutting fronts for a cut result with regular und interrupted striations shows 

that the contour fluctuates significantly more in case of interrupted striations. This leads to a 

strong fluctuation of the local angle of incidence. In addition, the average angle of incidence 

decreases, which results in an increase of the average absorbed irradiance. Both phenomena, 

local increase of absorbed irradiance and its dynamic fluctuation, result in a local increase of the 

melt film thickness at the cutting front which is responsible for the formation of the interrupted 

striations.  

1. Introduction

The generation of low surface roughness of the cut edge during laser beam fusion cutting is

challenging, especially when cutting thick metal sheets. In [1, 2] it was shown, that a low surface 

roughness coincides with a regular striation pattern, while a high surface roughness coincides with an 

interrupted striation pattern. An example of a cut edge in case of a regular striation pattern a) and for an 

interrupted striation pattern b) is shown in Figure 1. The origin of the coordinate system (𝑥𝑐 , 𝑦𝑐 , 𝑧𝑐) was

set at the intersection point of the beginning of the cut and the top surface of the cut edge. The relative 
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movement between the laser beam and the workpiece was performed by moving the workpiece against 

the 𝑥𝑐-direction, as highlighted by the black arrow. The difference of these patterns is that the striations 

do not run continuously from the top to the bottom surface of the sample in the case of interrupted 

striations, as indicated by the black dashed rectangle in Figure 1 b). Recent publications [3–6] identified 

local temperature maxima, which exceeded evaporation temperature, as a reason for the formation of 

the interrupted striation pattern. The local exceed of the evaporation temperature coincides with an 

increase of molten material, which flows not only in 𝑧𝑐-direction downward the cutting front, but also 

horizontally against the 𝑥𝑐-direction [7]. Furthermore, the thickness of the melt film and its flow exhibits 

strong instabilities [8–10]. Since the geometry of the cutting front influences the absorbed irradiance 

and therefore the temperature and melt film thickness, it is mandatory to know about the dynamic 

changes of the geometry of the cutting front and the melt film thickness during the transition from the 

process regime of regular striation to the regime of interrupted striation. 

 

Figure 1 Regular striation pattern on the surface of the cut edge at a feed rate of v = 2.3 m/min a) and 

pattern with interrupted striations at an increased feed rate of v = 2.6 m/min b); 𝑃 = 6 kW. 

 

The space- and time-resolved in-process observation of the geometry of the cutting front was 

demonstrated in [11–13] by means of high-speed X-ray imaging. However, the presented approaches 

do not allow to observe the thickness of the melt film due to the used incoherent X-rays. By using 

coherent X-rays, it has been shown that the transition from the solid to the liquid physical state became 

visible during laser beam welding [14–20].  

This paper presents for the first time a space- and time-resolved experimental determination of the 

geometry of the cutting front and melt film thickness during the transition from regular striation 

formation to interrupted striation formation within the same sample by means of high-speed synchrotron 

X-ray imaging. 

2.  Experimental Setup 

Cutting of the aluminium alloy AlMg3 was investigated using a disk laser with a wavelength of 1.03 µm 

in combination with a Precitec-ProCutterZoom2.0ET cutting head. The beam-delivery fiber had a core 

diameter of 50 µm and the beam was focused to a waist diameter of approximately 150 µm to a top-hat 

intensity distribution with a Rayleigh-length of about 2.5 mm as measured with a Primes FocusMonitor. 

Figure 2 sketches the experimental setup, which was realized in cooperation with the RWTH in Aachen. 

The X-ray imaging system consisted of the DESY-synchrotron [21] providing the X-ray source (green), 

a scintillator (blue), and a high-speed camera (purple). 
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Figure 2 Sketch of the experimental setup. 

 

The monochromatic X-ray beam from the electron accelerator ring DESY in Hamburg with an 

energy of 37.7 keV and an average beam diameter of approximately 3 mm transmitted the samples 

during the cutting process. Locally varying thickness due to the cutting kerf and locally varying 

attenuation coefficients depending on the physical state of the sample yielded a local attenuation of the 

beam. This locally attenuated X-ray projection behind the sample was converted by the scintillator to 

visible light which was recorded by the high-speed camera, in the following called "X-ray video". A 

similar system was previously used to study the laser cutting process using a microfocus tube as the 

X-ray source [11, 12]. However, the herein presented cutting process was observed by high-speed X-ray 

imaging in side-view at a frame rate of 1000 fps, with a spatial resolution of 256 pixels/mm and an 

image size of 920 x 920 pixels, resulting in an exposed area of approximately 3 mm in diameter. Due to 

the small divergence of the X-ray beam between 0.0055 mrad and 0.027 mrad, the impact of the 

penumbra to the observed blurring is negligible. The origin of the coordinate system (𝑥, 𝑦, 𝑧) was set at 

the intersection point of the laser beam axis and the surface of the sample. The X-ray videos were post-

processed with a flat-field correction. To be able to suitably observe the cutting process, aluminum was 

chosen as the sample material and the width of the samples (in the direction of the X-rays) was chosen 

to be 4 mm. Aluminum absorbs less X-rays than steel due to its lower attenuation coefficient, which 

allows for shorter exposure times of the X-ray images. 

During the cutting process the nozzle (orange) with an outlet diameter of 3 mm was positioned 1 mm 

above the 2 mm thick samples. In order to observe the transition from regular to interrupted striation 

formation and to compare their formation differences, a critical process parameter regime was chosen 

for the synchrotron experiments at which regular and interrupted striations were generated within the 

same sample. This critical parameter were determined in previous work. The beam waist was positioned 

2 mm above the sample’s surface, the laser power was set to 𝑃 = 1 kW, the feed rate was set to 

v = 1.75 m/min, and nitrogen with a pressure of 2 bar was used as the processing gas. The experiment 

within this critical process regime was repeated three times. 
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Figure 3 (Multimedia view [22]) shows an averaged image of 500 frames of an X-ray video recorded 

during one of the three repeated cutting processes. The frames were taken 500 ms after the beginning of 

the cutting process. The image shows the color-coded local transmittance of the X-ray radiation through 

the sample. A clear contrast between the solid sample material (blue, high absorption of X-rays) and the 

cutting kerf (red and orange, low absorption of X-rays) is visible in the images. Bright areas indicate a 

low local absorption of the X-rays and therefore a high local width of the cutting kerf. From these 

images, the geometry of the cutting front (line at the center of the cutting front) can be identified, as 

highlighted by the green dashed line in Figure 3. The position of the beam in the X-ray images was 

determined by applying a couple of laser pulses (0.8 ms at 1 kW and 588 Hz) on the sample. The 

symmetry axis of the resulting hole was defined as the position of the beam axis, which is represented 

by the white dash-dotted line in Figure 3. The caustic of the laser beam which results for the measured 

beam characteristics is represented by the white dashed line in Figure 3. 

The transition from the solid to the liquid physical state causes interference effects of the transmitted 

coherent X-ray beam on the scintillator [23]. This interference effect results in a clearly visible transition 

from the solid to the liquid physical state, i.e. the liquidus isotherm, as marked by the black dashed line 

in Figure 3. Therefore, the width of the melt film in the x-direction can be derived. 

 

Figure 3 Average image of 500 frames from an X-ray video showing the cutting process in a 2 mm 

thick aluminium AlMg3 sheet. Red, yellow and white colored areas show the shape of the cutting 

front and cutting kerf. The black dashed line marks the liquidus isotherm; 𝑃 = 1 kW, v = 1.75 m/min, 

Multimedia view [22]. 

nozzle

laser beam

x

z

v

0.5 mm

so
li

d
 a

lu
m

in
iu

m

b
ea

m
 a

x
is

cutting front

cutting kerf

melt film 

thickness

kerf width
0 (no kerf) large



18th Nordic Laser Materials Processing Conference (18th NOLAMP)
IOP Conf. Series: Materials Science and Engineering 1135  (2021) 012009

IOP Publishing
doi:10.1088/1757-899X/1135/1/012009

5

 

 

 

 

 

 

3.  Analysis of the transition from regular to irregular striations 

3.1.  Topography of the surface of the cut edge for regular and interrupted striations 

In order to distinguish between regular and interrupted striations, Figure 4 presents the color-coded 

topography of the surface of the cut edge at the location of the transition from regular to interrupted 

striations within the same sample. The topography of the surface was measured with a scanner-based 

optical coherence tomography (OCT) system. Its setup and specifications are described in [24]. The 

dross at the bottom of the cut edge was not measured and is therefore not shown in Figure 4. The origin 

of the coordinate system (𝑥𝑐 , 𝑦𝑐 , 𝑧𝑐) was set at the intersection point of the beginning of the cut and the 

top surface of the cut edge. The lower horizontal axis represents the time 𝑡 = 𝑥𝑐/𝑣 when the local 

position 𝑥𝑐 of the presented cut edge was processed. Three lines parallel to the top surface of the cut 

edge were extracted for 𝑧𝑐 = 0.25 mm (1), 𝑧𝑐 = 1.00 mm (2), and 𝑧𝑐 = 1.75 mm (3), as shown by the 

curves in Figure 4 bottom. 

 

Figure 4 Topography image of the surface of the cut edge (top) and height profiles derived at three 

different 𝑧𝑐-positions (bottom). The vertical dashed purple line marks the transition from regular to 

interrupted striations within the same sample; 𝑃 = 1 kW, v = 1.75 m/min. 

 

The results show, that for 𝑥𝑐<2 mm, the height profile for all three measured positions is 

𝑦𝑐<0.05 mm. For 𝑥𝑐>2 mm the height profile increases especially in the lower part (𝑧𝑐 = 1.75 mm) of 

the cut edge. The surface roughness 𝑅𝑧 increases for 𝑥𝑐<2 mm from 𝑅𝑧=44 µm to 𝑅𝑧=210 µm for 
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𝑥𝑐>2 mm. The vertical dashed purple line marks the transition from low to high surface roughness i.e. 

indication of the transition from regular to interrupted striations. 

3.2.  Geometry of the cutting front for regular and interrupted striations 

During the cutting process the axis of the laser beam passed the position of the purple line in Figure 4 

at the point in time t=65 ms, as indicated by the lower horizontal axis in Figure 4. Regular striations 

were generated on the surface of the cut edge for t<65 ms. 

The contours of the cutting fronts during the formation of regular striations from 20 ms to 65 ms are 

represented with the curves in Figure 5a. The contours of the cutting fronts during the formation of 

interrupted striations at t>65 ms are represented with the curves in Figure 5b. 

 

Figure 5 Contours of the center line of the cutting front along the cutting depth for cutting conditions 

with regular a) and interrupted b) striation formation; 𝑃 = 1 kW, v = 1.75 m/min. 

 

In the case of regular striations, the average angle of incidence θ on the cutting front with respect to the 

laser beam was 89.2°, as highlighted by the red dashed line in Figure 5. In the case of interrupted 

striations, the average angle of incidence θ decreases to 87.4° compared to the case of regular striations. 

When comparing the contours of the cutting fronts of the two cases, it can be seen that the fluctuation 

of the contour significantly increases in case of interrupted striations and therefore the local angle of 

incidence also changes more frequently. The absorbed irradiance of the laser beam increases with 

decreasing angle of incidence, as quantified in [11]. It is concluded that in case of interrupted striations, 

due to the smaller angles of incidence and the higher dynamic changes of the contour of the cutting 

front, the absorbed irradiance increases and changes more frequently.  

3.3.  Melt film thickness for regular and interrupted striations 

In order to investigate the effect of the increase of the absorbed irradiance and of the fluctuations of the 

geometry of the cutting front, the melt film thickness at the cutting front was analyzed.  

Figure 6 (Multimedia view [22]) shows six single images of an X-ray video of the cutting process in 

a 2 mm thick sheet of aluminium AlMg3 at different points in time (noted below). After 1359 ms the 

laser beam and the cutting gas were switched off. The good agreement of the liquidus isotherm (visible 

in the last frame at 1359 ms) and the recast layer in the longitudinal section verifies the capability to 

0.25

0.50

0.75

0.00

2.00

-0.1 -0.20.00.10.20.30.40.5

z 
in

 m
m

x in mm

b
ea

m
 a

x
is

66 – 220 ms

0.25

0.50

0.75

0.00

2.00

-0.1 -0.20.00.10.20.30.40.5

z 
in

 m
m

x in mm
b

ea
m

 a
x

is

20 – 65 ms

regular striations interrupted striations

cutting front

a) b)

θ = 89.2 θ = 87.4 



18th Nordic Laser Materials Processing Conference (18th NOLAMP)
IOP Conf. Series: Materials Science and Engineering 1135  (2021) 012009

IOP Publishing
doi:10.1088/1757-899X/1135/1/012009

7

 

 

 

 

 

 

determine the thickness of the melt film with high temporal and spatial resolution. For t<65 ms, regular 

striations were generated on the surface of the cut edge as indicated in Figure 4. During this period, the 

liquidus isotherm is not visible in the X-ray image. This indicates, that the melt film thickness is below 

the spatial resolution and thus smaller than approximately 30 µm in x-direction.  

 

Figure 6 Single frames of an X-ray video of the cutting process in a 2 mm thick sheet of aluminium 

AlMg3 at six points in time (left) and longitudinal section of the cut front (right). Red, yellow and 

white colored areas show the shape of the cutting front and cutting kerf; 𝑃 = 1 kW, v = 1.75 m/min, 

Multimedia view [22]. 

 

For t>65 ms, interrupted striations were generated on the surface of the cut edge and the liquidus 

isotherm can be identified as highlighted by the black dashed line. For z<0.25 mm, the melt film 

thickness is below the spatial resolution. For z>0.25 mm, the melt film thickness increases and temporal 

fluctuations occur. Since the frames contain motion blur at the position of the cutting front, it can be 

concluded that the geometry fluctuates with more than 1 kHz. It is concluded that in case of interrupted 

striations an increase of the melt film thickness coincides with the increase of the absorbed irradiance 

for t>65 ms.  

4.  Conclusion 

This paper presents for the first time a space- and time-resolved experimental determination of the 

geometry of the cutting front and melt film thickness during the transition from regular striation 

formation to interrupted striation formation by means of high-speed synchrotron X-ray imaging.  

The comparison of the contours of the cutting fronts for a cut result with regular und interrupted 

striations shows that the contour fluctuates significantly more in case of interrupted striations. This leads 

to a strong fluctuation of the local angle of incidence. In addition, the average angle of incidence 

decreases, which results in an increase of the average absorbed irradiance. Both phenomena, local 

increase of absorbed irradiance and its dynamic fluctuation, result in a local increase of the melt film 

thickness at the cutting front which is responsible for the formation of the interrupted striations. 

Future work will focus on strategies to prevent the formation of interrupted striations based on the 

presented results. 
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