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Abstract

A variety of temperature-critical processes can be realized with laser material processing. For example, material surfaces
can be functionalized by micro structuring with suitable parameter selection and processing strategies. Especially in the
field of functional surfaces for tribological, optical, or biological applications micro structuring is versatile.

Further functionalization of the surface is the targeted heating to produce temper colors. The surface is heated locally,
creating an oxide layer that develops a specific color when exposed to light. This process is known as laser coloring. In the
latest literature, mainly the color and material changes related to the laser parameters were analyzed.

In this work, we want to analyze the process of laser coloring with a fast infrared detector. With the help of the detector,
it should be possible to establish a correlation between the used laser parameters, the material, the produced color, and
the measured infrared signal.
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1. Introduction

The use of stainless steel is a common practice in industry. The shimmering surface provides a visually good
impression, and the corrosion resistance prevents the material from deterioration. Therefore, stainless steel
is increasingly used for decorative purposes, such as in the automotive industry. However, the most common
decorative use of stainless steel is in the construction industry (Harrison 2009; Nash 2005).

The appearance can be further changed by discoloring the stainless steel. This can be done by the
generation of thin metal oxide layers on the surface of the material or with microstructures. The color of the
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metal oxide layers is determined by the way light interacts with the oxide layer. For non-iridescent colors,
some light is reflected and some is absorbed on the surface of the oxide layer (Alliott et al. 2023).

The physical effect that produces the color of iridescent metal oxide films is thin-film interference. Thin film
interference occurs when light waves reflected from the top and bottom of a thin film interfere with each
other, resulting in constructive or destructive interference. The outcome is a change of the reflected light,
which can lead to different colors. The thickness of the oxide layer determines the wavelength of the reflected
light and thus the color that is observed (Panjan et al. 2014).

Another effect that contributes to the color of stainless steel is diffraction. Diffraction occurs when light waves
are scattered by the microscopic structures, creating interference patterns that produce different colors. The
spacing of the structures determines the diffraction grating and thus the wavelengths of light that are
diffracted (Ahsan et al. 2011).

There are various processes for producing metal oxide layers on stainless steel. These can be divided into
three categories: Electrochemical or non-electrochemical processes and laser coloring. In electrochemical
processes, an electrolyte is used to either modify the existing chromium oxide layer on the stainless-steel
surface or to deposit a completely new layer on top of the existing oxide. Non-electrochemical processes use
media other than an electrolyte, such as high temperatures in thermal tinting and evaporation followed by
condensation in physical vapor deposition (PVD) (Alliott et al. 2023). In the process of laser coloring, both
electrochemical and non-electrochemical processes are possible. The discoloration of alloy steel by laser was
first introduced by Maeda in 1987 in the patent “Method of improving functions of surface of alloy steel by
means of irradiation of laser beam”. The material was placed in an oxidizing solution of acid or metallic salts
and the Co2 laser was focused on the surface of the material. Due to the addition of the oxidizing solution, this
is an electrochemical process.

In today's literature (Veiko et al. 2014; Liu et al. 2019; Li et al. 2009; Zheng et al. 2002), mainly non-
electrochemical processes are used. Here, the laser is used as a heat source, with gaseous environment (02 or
N2 - also possible with atmospheric environment) contributing to the formation of the oxide layer. A main
aspect which is crucial for the formation of the oxide layer is the temperature. Due to this, precise temperature
control is essential to ensure optimum quality and uniformity of the oxide layer. In recent years, fast IR
detectors have become a popular and effective temperature measurement technique. These detectors offer
several advantages over conventional contact-based temperature measurement techniques, like high
measurement speeds, or excellent spatial resolution (Rogalski 2002).

2. Experimental Setup

In the following chapter the experimental setup such as the parameter study, the imaging of the generated
colors and the measurement setup are described more in detail.

2.1. Formation of oxide layer

At the beginning, the corresponding temperatures must be assigned for the colors. In the production of
oxide layers on AISI304 stainless steel, suitable temperatures are found during heat treatment. Therefore, we
used the colors and corresponding temperatures of the following authors.

Jerzy Labanowski investigated the heat discoloration of AlSI 304 during welding and obtained the following
temperatures for the respective colors (Table 1) (tabanowski und Gtowacka 2011).

These temperatures and colors are like those given by the British Stainless-Steel Association, with the
difference that at 420 degrees purple/brown is produced instead of red brown, and at 450 degrees dark purple
instead of dark red (British Stainless Steel Association 2023).
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The eight colors, which range from yellow to dark blue/black, serve as a reference for the following
investigations. To subsequently create the colors on a stainless steel sheet with 1,5mm thickness, the
nanosecond laser from TRUMPF "TruMark 5020" with a maximum average power of 20 W, a scanner, and a F-
Theta lens with a focal length of 160mm is used in combination with the "TruMark Station 5000". A preliminary
investigation was carried out in which a wide range of parameters was examined. Promising parameter
combinations were further used as the basis for the experimental plan.

Based on a parameter with the appropriate color, a parameter study was carried out. By varying the feed
rate as well as the focus position, it was possible to create a change in color. From this parameter study, the
following eight colors were chosen for the following investigations (Table 1).

Fig. 1. Result of the Parameter study

Table 1: Temper color parameters

Color Temperatures  Scan speed Power [W]  Defocus Frequency Puls Hatch
[°C] [mm/s] [mm] [kHz] duration [um]
[ns]
Light Straw 290 420 20 5 224 30 50
Yellow Straw 340 320 20 5 224 30 50
Dark Yellow 370 275 20 5 224 30 50
Brown 390 250 20 5 224 30 50
Purple and Brown 420 225 20 5 224 30 50
Dark Purple 450 165 20 5 224 30 50
Blue 540 125 20 5 224 30 50
Black 600 75 20 5 224 30 50

2.2. Imaging of the generated temper colors

There are several methods for analyzing colors. One is the classical optical investigation with the help of a
light microscope. Another one would be for example the spectral analysis. Higginson et al., for example, uses
color spectrography to observe color development during the process and an optical microscope to image the
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colors (Higginson et al. 2015). In this work, the colors are investigated with the help of an Axio Zoom optical
microscope from ZEISS.
The colors can be depicted as follows:

e —

Dark blue-

2.3. Measuring the produced temper colors

The measurement of the temperature during the laser coloring process is done with the help of a fast IR
detector. This was also used by Martan et al. to measure temperatures during laser engraving (Martan et al.
2021; Martan et al. 2007; Martan et al. 2019). The used detector was a HgCdTe photodetector which observes
an area of about 0.5 mm in diameter at an acquisition rate of 5 MHz. This makes it possible to detect and
resolve signals even in very short time windows - as they often occur in laser processes - with the lowest
possible time resolution in the range of 32 ns. Consequently, with the help of this detector it is possible to
measure the temperature rise of each parameter set individual.

The measurement setup follows the schematic below:
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Fig. 3. Schematic representation of the measurement setup

The IR radiation of the process is guided from the surface by using two parabolic mirrors through a
germanium filter and onto the detector. The signal thereby was recorded with an oscilloscope.

3. Algorithm of heat detection

At the beginning of each measurement, the noise of the base signal was recorded, with the lowest signal
representing the value of the base characteristic Uy (Fig. 4 a). Then, the signal from the photodetector was
recorded while the laser beam was coloring the surface of the processing fields. Due to the rather slow process,
several line edits are performed to a field in the measurement area, which can be seen in Figure 4 a.
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Fig. 4. Determination of the heat accumulation: a) - determination of the maximal signal Umax and the residual heat Ugg; b) -
determination of the peak signal Upeak
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The signal recording takes place in a 140 ms time window. The detection of the residual heat takes place
within the hatching line which has the highest value. This hatching line is in a time window of about 15 ms.
This is the part of the signal at which the process temperature is reached, and the process stabilizes. The
remaining quantities of the algorithm can be determined from the measurement curve a). The software
"WaveStudio" of the company Teledyne LeCroy already offers the possibility of an evaluation of the measuring
signal by means of "peak to peak measuring". This possibility was also used and the maximum voltage Unax
was calculated as the difference between the noise Us and the maximum measured voltage Ums.

Umax = Unmp — Up (1)

The points Ums and Us as well as the following point Umc are not indicated as a number, but only used by
the software "WaveStudio" for the evaluation. Likewise, the heating per pulse Upeak can be determined
thereby. It represents the difference between the maximum measured voltage Um»r and the minimum
measured voltage Umc within a hatching line (Fig. 4 b).

Upeak =Unp — Up (2)

As a result, the values of the distance Unax and Upeak from Figure 4 are obtained, which are used for further
calculations. The further calculations include the detection of the residual heat. Using the peak voltage Upeak,
the residual heat Urn can be determined as the difference between the maximum voltage Uwmax and the peak
voltage Upeak-

URH = UMax - Upeak (3)

4. Experimental Results

In the following Chapter the experimental results such as the observed color shift, the influence of the Line
energy and the Feed rate are presented in more detail.

4.1. Shifting colors

After the series of tests had been carried out, it was first examined how the colors created during the
measurements corresponded to the desired colors. It was found that the parameters used lead to a shift in
the color gradient. The reason for this is that during the measurement a significantly smaller field of approx.
0.5 x 0.5mm? was processed. This leads to a higher heat accumulation between the individual hatching lines,
which in turn leads to the colors shifting to higher temperatures. Due to the temperature shift, the parameters
were assigned based on their colors. Due to the reassignment of the parameters, only 5 of the original 8 colors
could be produced.
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Fig. 5. Capture of the colors created by the parameters, during the measurement. Color shift during the heat accumulation in a smaller
processing field

4.2. Influence of line energy

The line energy is the first parameter which is set in correlation to the voltage. The line energy describes
the energy input per line in J/m. In comparison, the measured voltage increases almost exponentially with
increasing line energy. The energy per unit length is directly related to the feed rate (E = Pm/vs). Thus, the
energy per unit length approaches the x-axis asymptotically, which means that the energy per unit length
approaches zero with increasing feed rate. Due to the correlation, it can be said that from a line energy below
0,09 J/m the voltage increases nearly linear, above 0.09 J/mm, there is an exponential increase in voltage (See
Figure 6).
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Fig. 6. Voltage over line energy
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4.3. Influence of feed rate

When observing the voltage over the feed rate (Fig. 7), it becomes apparent that the voltage decreases with
increasing feed rate. The values approach the x-axis asymptotically with increasing feed rate and follow the
course of a hyperbola. The course of a hyperbola can also be seen during the line energy over the feed rate,
whereby a dependency between the average power and the feed rate, as well as the voltage becomes
apparent.

The single pulse fluence was chosen so low that the heat accumulation is necessary to generate the desired
temperature. Increased heat accumulation can be achieved by varying the feed rate.
The voltage of the heat accumulation increases significantly in the range < 225 mm/s. This suggests that
parameter sets with feed rates < 225 mm/s are strongly influenced by heat accumulation. Consequently, there
is a rapid increase in voltage, which is also accompanied by a color change. Based on this, it can be said that
to produce tempering colors, the feed rate > 225 mm/s should be selected to keep the influence of heat
accumulation as low as possible. To still produce the desired colors, the other parameters are adjusted in such
a way that the single pulse fluence increases, but the heat accumulation remains low due to the high feed
rates.
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Fig. 7. Voltage over feed rate
4.4. Voltage and Temperature

When plotting the voltage as a function of temperature, the voltage increases almost linearly with
increasing temperature. This behavior has also been observed for the line energy and indicates that the voltage
increase is proportional to the temperature. By this comparison a calibration of the measurement setup seems
to be possible. By converting the measured voltage values, the absolute temperatures during the process are
obtained. The absolute temperatures are calculated using the formula T = U*k, where k stands for the
calibration factor. The calibration factor is determined from the linear equation and represents its slope.
However, since the structure has several degrees of freedom, the calibration is difficult, because it is only valid
as long as the structure remains identical. For these reasons, only relative voltage values were considered in
this work.
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Voltage vs. Temperature
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Fig. 8. Voltage over temperature for a determination of the calibration curve for absolute temperature calculation
5. Conclusion

In the present study, temperature during laser coloring was investigated. It could be determined that the
used measurement setup is suitable for temperature monitoring during laser coloring. It is possible to acquire
signals with a high temporal and spatial resolution during the process. With subsequent conversion of the
voltage values based on the acquired calibration lines, additional measurements of the absolute temperature
can be realized. It was visible that the feed rate is a decisive factor in heat accumulation. Therefore, feed rates
higher than 225 mm/s should always be used when selecting parameters. At feed rates lower than 225 mm/s,
heat accumulation increases exponentially, making it difficult to achieve the desired temperature accurately.
However, high feed rates result in lower heat accumulation. To still generate the necessary temperatures for
the corresponding colors, the single pulse energy must be increased. Furthermore, the function only counts
within the intended limits of 75 — 420 mm/s. feed rate. Therefore, further investigations outside the limits
defined by us are reasonable. The extrapolation of the curve indicates that with increasing feed rate the
residual heat in the material increases again. This contradicts the practice because with increasing feed rate
there is no spatial overlapping of the single pulses anymore. For these reasons, the investigation would have
to be conduct with feed rates > 500 mm/s.
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