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Metallic samples with unique micro- and nano-scale surface structures can easily be fabricated 
with Direct Laser Interference Patterning. Like in all laser processes, the material interacts with the 
laser radiation and as a result, thermal effects occur. These effects have a significant influence on the 
resulting quality of the surface patterns. In this study, the thermal effects occurring during Direct Laser 
Interference Patterning of stainless steel and aluminum sheets are investigated. The used experimental 
setup consisted of a picosecond pulsed laser source operating at 532 nm wavelength, combined with 
a two-beam interference optical head. An infrared camera in an off-axis position is used to detect the 
resulting thermal radiation of the laser process varying different process parameters such as laser 
power and repetition rate. The obtained results reveal a correlation between the recorded signal by the 
infrared camera and the reached surface quality. They show an impact of the thermal effects on the 
quality of the surfaces and the amount of solidified material on the resulting line-like pattern. Thresh-
old values of the detected infrared signal detected are determined to classify the obtained surface 
conditions. 
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1. Introduction
Smart surfaces with tailored properties have gained sig-

nificant attention in the scientific community [1,2]. Nature 
provides a plurality of different applications based on the un-
rivaled periodic surface structure to increase efficiency and 
performance to a maximum level. Plants, animals and in-
sects are taking advantage of these unique skills [3–5]. One 
of the most prominent examples from nature is the water re-
pellent and self-cleaning puppetries of the lotus leaf. The 
surface of the leaf exhibits a periodic structure in the nano 
and micrometer range, which is responsible, together with 
the surface chemistry of the above above-mentioned func-
tionalities [6]. 

It is known that laser technologies are outstanding in cre-
ating functional surface structures by reproducing the geom-
etry of several natural examples [7–12]. An efficient laser-
based method capable of functionalizing surfaces is Direct 
Laser Interference Patterning (DLIP) [13]. This technology 
provides a one-step solution to produce periodic micropat-
terns on different materials with high throughputs using ei-
ther femtosecond, picosecond or nanosecond laser pulses 
[14]. Compared to alternative laser-based methods, DLIP of-
fers a plurality of surface patterns with a feature sizes down 
to 170 nm [15,16]. Other competing laser technologies, that 
have been already successfully used to produce repetitive 
periodic structures, are exemplarily Microsphere Laser 
Nano-Processing, Laser Interference Lithography, and Far-

Field Multifocal Array Nanopatterning, which permit to 
reach resolutions of sub-100 nm, 80 nm and 95 nm, respec-
tively [17–19]. Like in other techniques utilizing short and 
ultra-short laser pulses, the physical mechanisms involved 
in the structure formation is due to the interaction between 
ultrashort laser pulses and solid matter [20–22]. Thus, de-
pending on material properties as well as the laser pro-
cessing parameters, different effects can be obtained. 
Among the most interesting and relevant physical effects, 
which can be observed during the laser treatment, the ther-
mal effects at the material surface are of high importance, 
since they have a significant influence on the surface quality 
of the processed samples [23]. In consequence, in-line mon-
itoring strategies are necessary to ensure a certain quality of 
the processed parts. 

Monitoring the thermal effects has been intensively stud-
ied during continuous-wave laser-based processes, like laser 
welding [24–29] or additive manufacturing [30–35]. In or-
der to limit heat accumulation and avoid detrimental influ-
ences, pulsed laser systems have been proven to be highly 
effective. However, with increasing the power and repetition 
rate of a laser, the produced heat at the material by the laser 
process cannot be dissipated and starts to accumulate. Con-
sequently, the process quality is afflicted under this thermal 
phenomenon [36]. Infrared cameras provide the opportunity 
to monitor the thermal effects that occur during short and 
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ultra-short laser processing [37–39]. However, they have not 
been implemented so far in DLIP. 

In this present study, we monitored the heat accumula-
tion during DLIP treatments of stainless steel and aluminum 
sheets. The surfaces of the samples are laser-treated by var-
ying different process parameters such as laser power and 
repetition rate. An uncooled high-speed mid-wave infrared 
(MWIR) camera is utilized to detect the accumulated heat 
during the processing of the samples. The processed samples 
are characterized using confocal microscopy (CM) and the 
quality of the produced structures is correlated with the sig-
nal from the MWIR camera. 

2. Experimental procedure
2.1 Materials

Commercial metallic sheets made of two different mate-
rials were used as a substrate for the laser experiments in this 
work. Stainless steel sheets (X5CrNi18-10, 1.4301) with a 
thickness of 0.8 mm and aluminum sheets (2024-T351) with 
1 mm in thickness. They were electro-polished to obtain a 
smooth reflective surface. Prior to laser experiments, all 
samples were cleaned with ethanol to reduce any contami-
nations. The thermal conductivity of both X5CrNi18-10 
steel and 2024-T351 aluminum are 15 and 119 W/m∙K, re-
spectively [40,41]. 

2.2 DLIP laser setup 
The experimental setup used in this work is shown in 

Figure 1. The used laser process setup consists of a pulsed 
laser source combined with a modular DLIP head, which is 
mounted on a positioning stage system for moving the sam-
ple during the laser treatment. 

Fig. 1 Experimental setup for monitoring the heat accumu-
lation during a two-beam DLIP treatment of metallic sam-
ples (1) with MWIR camera (2), DLIP head (3), a cross jet 
(4) and a positioning stage system (5). The two overlapped
laser beams at an angle 𝛼𝛼 are shown, resulting in a line-like
structure pattern on the metallic sample (1). 

The metallic samples were structured using a DLIP sys-
tem (Fraunhofer IWS, Germany) based on a pulsed 
Nd:YVO4 laser (PX200-2-GFH, EdgeWave GmbH) emit-
ting a wavelength of 𝜆𝜆 = 532 nm with a constant pulse dura-
tion of 𝜏𝜏 = 12 ps. The laser provided repetition rates 𝑓𝑓𝑅𝑅  up to 
100 kHz. The energy distribution of the outcoming beam 
was Gaussian shaped. A lens with a focal length of 
𝑓𝑓𝐿𝐿  = 100 mm superimposed the sub-beams with a certain 
overlapping angle α on the surface of the samples. 

The thermal imaging system used to detect heat effects 
on the used material was a MWIR camera (TACHYON 16k, 
New Infrared Technologies, NIT) with an objective lens with 
a focal length 𝑓𝑓𝐶𝐶  = 35 mm. This camera allowed covering a 
wide range of temperatures (100 – 2000 °C). The distance 
between the camera and the sample was adjusted to 100 mm. 
The camera operated with a resolution of 64 x 64 pixels and 
a framerate of 1000 Hz. It has to be mentioned, that due to 
the low resolution of the camera, it is not possible to measure 
the local temperatures at the different positions of the laser 
spot with the interference pattern. The acquisition time of the 
camera was 200 µs. The sensor of the camera had a spectral 
range between 1.0 and 5.0 µm with its maximum sensitivity 
at the peak wavelength of 3.7 µm. In the experimental setup, 
the camera was located on the left side of the DLIP head at 
an angle of 45° to the vertical in an off-axis configuration to 
the laser beam (see Figure 1). The used infrared camera has 
a silicon lens and a silicon window which filters the visible 
and near-infrared light including the reflection of the laser 
irradiation. The camera focused directly on the surface of the 
metallic samples in order to observe the laser treatment, es-
pecially the process zone. Due to the fact that the integration 
time of the camera (200 µs) was much longer than the time 
between two pulses (e.g. 10 µs at 100 kHz) as well as the 
pulse duration (10 ps), any synchronization of the camera 
with the laser process was performed. For protecting the 
camera and DLIP head from metallic dust, a cross jet with 
compressed air in combination with exhaustion was utilized. 
A two-axis positioning stage system (PR0165-300, Aerotech 
GmbH) realized the movement of the metallic sample under 
the DLIP head in x and y directions.  

To perform the experiments, the spot size  𝜙𝜙 was set to 
140 µm for the stainless steel sheets and 130 µm for alumi-
num sheets. Table 1 summarizes the different process pa-
rameters used in the experiments for monitoring the thermal 
effects.  

Table 1 Applied process parameter for the DLIP surface 
structuring of the metal samples 

𝑓𝑓𝑅𝑅 in kHz 𝑜𝑜𝑃𝑃 in % 𝐹𝐹 in J/cm² 
100 99 … 99.67 0.21 … 0.69 
80 99 … 99.67 0.18 … 0.45 

With this experimental setup, it was possible to produce 
line-like periodic structures with a defined spatial period of 
Λ = 4.5 µm. The strategy used for processing the samples is 
shown in Figure 2. 

During the laser experiments, the overlap of the 
pulses 𝑜𝑜𝑃𝑃 , the repetition rate of the laser 𝑓𝑓𝑅𝑅   and the laser 
power 𝑃𝑃𝐿𝐿 was varied according to Table 1. By changing the 
laser power, the fluence 𝐹𝐹 was adjusted. The repetition rate 
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also determined the speed of the positioning stage system. 
An area of 40 x 5 mm² was structured with each parameter 
set in parallel lines by moving the stage in y direction while 
the laser beam and the structuring process was active. Be-
tween the single lines, the stage moved in x and y direction. 
The principle is shown in Figure 2. After scanning each line 
over the material sample, the beam was moved laterally 
140 μm for stainless steel sheets and 130 µm for aluminum 
(hatch distance ℎ). Finally, the process was repeated at least 
30 times until the total area to be structured was covered. All 
experiments were performed under ambient conditions and 
at room temperature. 
 
2.3 Surface characterization 

The topography of the processed samples was character-
ized by means of confocal microscopy with a 50x magnifi-
cation objective (Sensofar S Neox, Spain). The optical and 
vertical resolutions of the objective were 170 nm and 3 nm, 
respectively. The topography data were analyzed with the 
software MountainsMap® 7.4. 

 

 
 

Fig. 2 Schematic sketch of the DLIP process with the re-
sulting line-like pattern with process parameters: hatch dis-
tance h, spatial period Λ, overlap 𝑜𝑜𝑃𝑃, the diameter of the in-
terference patterned area ϕ and the direction of movement 
of the positioning stage. Solid line: laser on, dashed line: 
laser off. 
 

3. Results and discussion 
3.1 Thermal analyses strategy development 

For investigating the thermal effects occurring during the 
DLIP laser process, trenches of the 40 x 5 mm² area were 
processed. These areas were processed by using the strategy 
described in section 2.2 (see Figure 2).  

Due to the proximity of the lines, which are processed 
continuously, different areas of interest were defined, which 
are the beginning, middle and end sections of the treated area. 
Moreover, the topography analyses were also performed at 
the 1st, 15th and 30th line of each structured area. Figure 3 
shows the schematic procedure and the strategy of the anal-
ysis. Note that each line in the figure represents the spot 
(~140 µm) containing the line-like interference pattern. 

An example of confocal microscopy images of 
100 µm x 180 µm areas taken at the different above from the 

beginning, middle and end zone of the 1st , 15th and 30th line 
as it is schematically shown in Figure 3. The confocal image 
corresponding to the beginning zone was taken after 2 mm 
from the starting position, while the images of the middle 
and end zones were taken after 20 mm and 38 mm. These 
three single section images were used for analyzing the qual-
ity of the structure in each line (see Figure 3). In total, nine 
pictures were used for analyzing a structured area (of ap-
proximately 40 x 5 mm²).  

Undoubtedly, the amount of re-solidified material has a 
significant influence on the quality of the produced structure, 
since it can deteriorate the periodicity of the periodic struc-
tures as it has been already shown [42]. In consequence, the 
presence of excessive re-solidified material on top of the 
structures was a key criterion for classifying the resulting 
structures. The imperfection of the line-like structures was 
the deciding characteristic that appeared as rugged solidified 
material on or between the structures. This criterion was fi-
nally correlated with the recorded signal of the infrared cam-
era during the laser experiments. 

 

 
Fig. 3 Schematic representation of the resulting line-like 
patterns at the different processed lines. The regions corre-
sponding to the beginning, middle and end zones are indi-
cated as well as representative confocal images to analyze 
the quality of a line. 
 
Figure 4 shows exemplarily the intensities of the de-

tected infrared signal by the MWIR camera for stainless 
steel as a function of the line length (40 mm) for two pro-
cessing conditions corresponding to fluences of 
𝐹𝐹 = 0.24 J/cm² and 0.59 J/cm².  

The signal corresponds in both cases to the fifteenth line. 
The infrared signal of the line treated with F = 0.59 J/cm² 
increases strongly at the beginning of the process. As more 
energy is introduced into the material, the generated heat 
might not be dissipated fast enough, which can be explained 
by the relative low thermal conductivity of the used stainless 
steel. In the middle position of the line (~20 mm), the infra-
red signal drops slowly by 50 %. This level remains later 
constant until the end of the laser treatment. A possible ex-
planation of this behavior could be that at this position an 
equilibrium between the absorbed energy from the laser and 
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dissipated energy in the material occurs. Differently, the line 
treated with 𝐹𝐹 = 0.24 J/cm² shows a much lower intensity 
level. During the whole laser process, the infrared signal 
stays on a constant level, which is about four times lower 
than the signal of the line processed at the higher fluence 
(𝐹𝐹 = 0.59 J/cm²). This means that higher infrared signals are 
obtained when increasing the laser fluence denoting possible 
differences in the heat conduction during the DLIP process. 

Fig. 4 MWIR intensity of the signal as a function of the 
process position for two different fluences (solid black line: 
𝐹𝐹 = 0.59 J/cm²; red dashed line: 𝐹𝐹 = 0.24 J/cm²). Both lines 
were obtained with constant process parameters (Overlap 
𝑜𝑜𝑃𝑃 = 99.67 %, repetition rate 𝑓𝑓𝑅𝑅 = 100 kHz). 

The different behaviors in the detected MWIR signal are 
also reflected in the quality of the resulting surface structures 
due to the different used process parameters described above. 
This can be observed in Figure 5, where the confocal mi-
croscopy images for both process conditions are shown. The 
pictures correspond to the different zones, as explained 
above. 

The surface topography of the sample that was processed 
with a fluence 𝐹𝐹 = 0.24 J/cm² exhibits a homogenous struc-
ture without any significant amount of solidified material 
(Figure 5a). Clearly, the produced line-like pattern is visible 
at all positions. In comparison, the quality of the treated area 
with 𝐹𝐹 = 0.59 J/cm² appears irregular and shows a signifi-
cant excess of solidified material above the structured area. 
Moreover, these laser treated areas have a deteriorated pat-
tern structure (Figure 5b). These two observed describe the 
surface quality criterion used in the rest of this study.  

To find a correlation between the recorded infrared sig-
nal camera and the surface conditions, the difference be-
tween the maximum and minimum intensity value ∆i of each 
curve was investigated. For example, in the case of the 
curves showed in Figure 4, this difference was ∆i = 56 
counts and ∆i = 256 counts for 0.24 J/cm² and 0.59 J/cm², 
respectively. 

3.2 DLIP processing of stainless steel 
Structured areas with a line-like pattern were generated 

on stainless steel by varying the repetition rate, the overlap 
and the laser fluence. In Figure 6a-f, the differences between 
the maximum and minimum value of the intensity ∆𝑖𝑖 are il-
lustrated as a function of the fluence 𝐹𝐹 for different repeti-

tion rates and overlaps. Nearly all curves show a linear in-
crease of the detected infrared signal as a function of the la-
ser fluence. In general, with smaller overlaps (e.g. 99 %), the 
increase ratio for the intensity variation ∆𝑖𝑖  is lower com-
pared to the reported data at higher overlaps. This trend oc-
curs for both used repetition rates, 𝑓𝑓𝑅𝑅  = 80 kHz and 
𝑓𝑓𝑅𝑅  = 100 kHz. 

Furthermore, there are almost no differences in both, the 
signal difference increase ratio as well as the absolute values 
of detected infrared signal for the investigated laser fluence 
range for overlaps of 99 % or 99.5 %. Consequently, this can 
be attributed to any significant change in the surface temper-
ature for these parameters. The difference of the intensity 
signal for the 1st, 15th and 30th lines is also marginal at all 
investigated fluences for the overlaps mentioned above. The 
small deviations might be a result of the noise of the camera. 
Hence, the resulting laser structured surfaces also do not 
show any significant differences in the performed confocal 
microscope analysis (not shown). This effect is independent 
of the set repetition rate. 

Fig. 5 Confocal microscope images of the structures pro-
duced at: (a) 𝐹𝐹 = 0.24 J/cm², showing a homogenous pat-
tern with no significant solidification, and at (b) 
𝐹𝐹 = 0.59 J/cm², showing a significant amount of solidifica-
tion as well as a deteriorated pattern structure. All the pic-
tures show the beginning, middle and end zones of the fif-
teenth line. 

However, for high overlaps, a different behavior was ob-
served. Firstly, the difference ∆𝑖𝑖 for the largest used overlap 
of 99.67 % is significantly higher compared to the previous 
cases, for both repetition rates of 80 kHz and 100 kHz. The 
curve with a parameter set of 𝑓𝑓𝑅𝑅  = 100 kHz and 
𝑜𝑜𝑃𝑃 = 99.67 % has a unique curve progression (Figure 6c). In 
particular, the linear increase in the difference signal differ-
ence ∆𝑖𝑖 is observed only for fluences below 𝐹𝐹 ≤ 0.36 J/cm². 
At fluences above 0.47 J/cm², the curve starts to deviate 
from linear behavior. Also, significant differences in the in-
frared signal could be detected for the individual lines, 
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which means that the topography also within the same area 
can differ.  

This can be seen in Figure 7, where the confocal micro-
scope images of a 1st, 15th and 30th line are presented. All the 
lines belong to the same structured area treated with one pa-
rameter set ( 𝐹𝐹 = 0.59 J/cm², 𝑜𝑜𝑃𝑃  = 99.67 % and 
𝑓𝑓𝑅𝑅  = 100 kHz). As the images show, the surface topography 
of every line is quite different. The amount of solidified ma-
terial increases with the number of structured lines (see Fig-
ure 2). That is also reflected in the increment of the infrared 
signal occurring during the structure process of the specific 
lines (see Figure 6c, 𝐹𝐹  = 0.59 J/cm²). Therefore, it can be 
concluded that the increment of remaining material after the 

laser process can be correlated with the increase of the sur-
face temperature due to the accumulated heat in the material. 
The observed topography accordingly also explains the in-
crease in the measured infrared signal, since higher temper-
atures results in a larger amount of counts captured by the 
camera.  

Fig. 6 Difference between the maximum and minimum value of the intensity ∆𝑖𝑖 as a function of the fluence F by using a different 
repetition rates and overlaps. In the charts, the 1st, 15th and the 30th lines are shown. Images (a-f) correspond to stainless steel: 
(a) 99.0 % overlap, 100 kHz repetition rate; (b) 99.5 % overlap, 100 kHz repetition rate; (c) 99.67 % overlap, 100 kHz repetition 
rate; (d) 99.0 % overlap, 80 kHz repetition rate; (e) 99.5 % overlap, 80 kHz repetition rate; (f) 99.67 % overlap, 80 kHz repetition 
rate. Images (g-i) correspond to aluminum: (e) 99 % overlap, 100 kHz repetition rate; (f) 99.5 % overlap, 100 kHz repetition rate; 
(i) 99.67 % overlap, 100 kHz repetition rate. 
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Fig. 7 Confocal microscope images of the specific lines 
produced on stainless steel at 𝐹𝐹 = 0.59 J/cm², 𝑜𝑜𝑃𝑃 = 99.67 % 
and 𝑓𝑓𝑅𝑅 = 100 kHz. (a) 1st line; (b) 15th line and (c) 30th line. 

Fig. 8 Confocal microscope images of the specific lines 
produced on aluminum at 𝐹𝐹  = 0.69 J/cm², 𝑜𝑜𝑃𝑃  = 99.67 % 
and 𝑓𝑓𝑅𝑅 = 100 kHz. (a) 1st line; (b) 15th line and (c) 30th line. 

3.3 DLIP processing of aluminum 
The experiments with aluminum sheets were also con-

ducted with different overlaps and a fixed repetition rate of 
100 kHz. Figure 6g-i shows the difference between the max-
imum and minimum values of the infrared intensity ∆𝑖𝑖 as a 
function of the laser fluence 𝐹𝐹. In this case, the increase of 
the measured signal difference intensity shows a linear ten-
dency, but only for the lowest used pulse to pulse overlap 
(99 %, see Figure 6a). With higher overlaps, the intensity of 
the detected infrared radiation also increases but showing a 
non-linear evolution.  

Also, the difference between the intensity of the 1st, 15th 
and 30th lines increases with higher fluences and overlaps. 
This behavior was reported in stainless steel only for the pa-
rameter set of fluences above 0.47 J/cm², 100 kHz and 
99.67 % overlap.  

Figure 8 shows exemplarily for this material, the confo-
cal microscope images of the 1st, 15th and 30th lines. The im-
ages indicate different surface qualities of the lines fabri-
cated during a DLIP treatment of aluminum (at 
𝐹𝐹  = 0.69 J/cm², 𝑜𝑜𝑃𝑃  = 99.67 % and 𝑓𝑓𝑅𝑅  = 100 kHz). The ap-
pearance of solidified material on top of the structured pat-
tern also differs in this case according to the quantity of 
structured lines. This behavior is similar to the case of the 
stainless steel substrates also treated at high overlap and la-
ser fluence (see section 3.2).  

Therefore, also for aluminum, it can be assumed that due 
to the high amount of energy provided by the laser system 
when using high repetition rates as well as high fluences, 
with each line, the added energy into the material has not 
enough time for heat dissipation and in consequence a tem-
perature increase with increasing the number of lines occurs. 
Consequently, the infrared signal captured by the camera 
also increases. 

3.4 Evaluation of a criterion for determining surface 
quality using MWIR signal  

In order to evaluate a possible criterion indicating excess 
solidified material during the DLIP process, the measured 
infrared radiation differences for both stainless steel and alu-
minum samples are shown in Figure 9, as a function of the 
repetition rate, laser fluence and overlap. The fields high-
lighted with green horizontal lines indicate surface condi-
tions without any excess solidified material. Contrary to that, 
the surface quality of fields with red dots shows an excessive 
amount of solidified material on the treated metallic samples. 

The reported values indicate a general characteristic of 
infrared signal differences occurring at a DLIP process for 
both stainless steel and aluminum. In the case of stainless 
steel, all measured topographies with a satisfactory surface 
quality presented MWIR signal values smaller than 
~38 counts. For aluminum, the same was observed for val-
ues smaller than 18 counts. With exceeding these limits, the 
surface condition for all samples exhibits an excessive 
amount of solidified material on the surfaces. 

During the laser treatment of the aluminum samples, the 
reached signal intensity ∆i with a certain fluence was lower 
compared to the signal intensity of stainless steel. This con-
dition was independent of the set fluence. The thermal con-
ductivity of stainless steel is eight times smaller than the 
value of aluminum (15 W/m∙K and 119 W/m∙K for steel and 
aluminum, respectively). Clearly, for the metal with the 
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highest thermal conductivity, the produced heat during the 
laser process can be faster evacuated from the process zone 
to the surrounding material much efficiently and faster.  

This feature might have caused the reported differences 
between the intensity of detected infrared radiation for stain-
less steel and aluminum sheets. Another possibility can be 
related to the melting and vaporization temperatures for alu-
minum compared to stainless steel. Thus, DLIP ablation pro-
cess at aluminum is conducted at a lower temperature, which 
can also explain the lower MWIR signal for this material. 
Other effects that have an influence on the recorded infrared 
intensity are the emissivity of the used materials as well as 
the surface roughness which is modified during the laser 
process [43–45]. These parameters will be evaluated in the 
future. 
 
4. Conclusions 

The influence of thermal effects on the surface quality 
for DLIP treated stainless steel and aluminum samples were 
discussed in this work. The objective was to evaluate if using 
an infrared camera, it is possible to detect in-line instabilities 
affecting the surface quality of the produced periodic line-
like patterns negatively.  

The MWIR camera could satisfactorily detect the infra-
red radiation caused by the DLIP process in the metallic 
samples. The obtained results revealed a correlation between 
the recorded infrared signal by the MWIR camera and the 
surface quality. Detailed investigation showed an impact of 
the thermal effects on the quality of the surfaces and the 
amount of solidified material on the line-like pattern. It was 
observed that these physical processes were influenced by 
the used process parameter. 

Threshold values corresponding to the intensity differ-
ence of the infrared signal detected by the MWIR camera 
permitted to classify the obtained surface conditions. The in-
tensity limit for aluminum sheets was around twice times 
lower (18) compared to the determined value for stainless 
steel (38). The thermal conductivity of both materials as well 
as the melting and vaporization temperatures, could explain 

these different investigated values. In the case of exceeding 
this threshold limit, the deterioration of the line-like surface 
pattern was visible, and even differences within the same ar-
eas as well as during the process could be detected using the 
here presented method.  

Future work will be focused on the development of a 
simulation model based on DLIP to compare the here pre-
sented results with the thermal history of metallic samples 
under different process conditions.  
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