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Fig. 1 Schematic of laser processing system

SM: sample
TB: test bench
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Fig. 2 Microscopic surface structures of color patch. (a) Yellow patch; (b) orange-red patch; (c) blue patch;

(d) amplified blue patch surface
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Table 1 Surface chemical compositions of 304 stainless steel

Element Fe Cr Ni C Mn O Si

Mass fraction /% 68. 31 18. 81 6.99 4.02 0. 89 0. 66 0.32
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Table 2 Surface chemical compositions of 304 stainless steel after laser irradiation(mass {raction, %)

Element Fe Cr Ni O C Mn Si
Yellow 66.41 18. 21 7.29 4.52 2.29 1. 07 0.21
Orange-red 65.79 17.55 7.14 5.89 2.62 0. 88 0.12
Blue 64. 37 16. 62 7.83 7.61 2. 60 0.74 0.23
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Fig. 3 Elman neural network structure
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Fig. 8 Structures of neural network. (a) net_H; (b) net_S; (c¢) net_B
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Table 3 Training parameters of neural network

Neural network Epoch Learning rate ~ Momentum factor Mu MSE Average error of test values
net_H 43 10°° 0.01 0.0021 0. 00709 0.0404
net_S 28 10°° 0.01 0.001254 0. 0444 0.1333
net_B 25 10 ° 0.01 0. 0040 0. 00949 0. 0405
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Fig. 11 Comparison of actual and predicted brightness values
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Table 4 Comparison of actual color and predicted color

Actual

Parameter Color

H:323°, S:47%, B:74%

H:206°, S:54%, B:66%
H.277°, S:35%, B:60%

H.343°, S:11%, B:52%

Predicted
Parameter Color
H:315.61°, S:43.59%, B:72.80% ‘
H:219.64°, S:46.31%, B:62.86% ‘
H:264.65°, S:38.58%, B:62.24% ‘
H.:352.43°, S:13.14%, B:54.51% ‘
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Fig. 13 Predicted laser coloring pattern
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Fig. 14 Fabricated laser coloring pattern
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Elman-Neural-Network Based Prediction of Microsecond Laser Coloring
on Stainless Steel

Zhang Longda, Li Haofa, An Fengshuo, Wang Zhiwen , Zheng Hongyu
School of Mechanical Engineering, Shandong University of Technology, Zibo, Shandong 255000, China

Abstract

Objective Laser metal coloring technology has the advantages of pollution-free, simple operation, and high degree
of automation, and has broad application prospects in the field of metal coloring. Various colors can be produced on
stainless steel, copper, aluminum, titanium, and other metal surfaces. The laser coloring mechanism on metal
surfaces includes the color of the oxide layer itself, the film interference effect produced by the oxide layer, and the
structural color induced by laser irradiation. The existing theory cannot perfectly explain the surface coloring
mechanism. The quantitative relationship between the laser processing parameters and the coloring effect cannot be
established, which results in poor repeatability of laser coloring processing and hinders the application of laser
coloring technology. With the development of artificial intelligence, artificial neural networks can fit and predict the
data relationship of complex nonlinear systems. Elman neural network is one of the main neural networks, which is
a typical dynamic recurrent neural network. Elman neural network has good global stability and strong computing
ability. In this paper, the laser coloring mechanism is discussed in detail. Experimental data are used to establish an
Elman neural network prediction model to determine the numerical relationship between the laser processing
parameters and the hue, saturation and brightness (HSB) values.
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Methods An ultraviolet microsecond laser (355 nm) is used to irradiate the surface of 304 stainless steel to obtain
laser induced colors. Under the fixed pulse duration, focal length, and fill spacing, the 304 stainless steel surface is
processed by changing repetition rate (20—-130 kHz), scanning speed (150—700 mm/s), and the number of laser
processing cycles (1-12). The surface morphologies and elemental compositions of the color patches are analyzed by
using scanning electron microscope (SEM) and X-ray energy spectrometer. Coloring mechanism is discussed based
on three kinds of coloring mechanisms: structural coloring, film interference effect, and intrinsic color of the
oxidized film.

The color patches are selected to measure the HSB values. Three parallel Elman neural networks are used to
achieve high prediction accuracy for HSB of the color patches. Net H, net S and net B neural networks are used to
predict the hue, saturation and brightness, respectively (Fig. 7). After sufficient tests and adjustments, the specific
structure of the three Elman neural networks is determined (Fig. 8). The prediction accuracy is quantitatively
evaluated by using MATLAB software. After a large number of training tests, the training parameters of net_H,
net_S, and net_B neural networks are determined (Table 3). The HSB values are imported into the established
Elman neural network models as training data. By continuously optimize the parameters, the HSB value of color
patches can be predicted under the given laser processing parameters.

Results and Discussions Periodic microstructure is not induced on the surface of stainless steel, and structural
coloring is not the main coloring reason for stainless steel irradiated by a microsecond laser. Content of oxygen
increases after laser irradiation, so the oxide layer is generated. The color of the oxide layer and the film
interference effect are the main coloring mechanisms. However, the composition of the oxide layer is complex and
cannot be quantified. It is difficult to quantify the accurate relationship between the processing parameters and the
surface color of stainless steel.

Three parallel Elman neural networks are established to obtain a mathematical model between laser processing
parameters and HSB values of color patches. The prediction values and relative errors are shown in Figs. 9-12. The
average relative errors of hue, saturation, and brightness are 4.04%, 13.33% and 4.05%, respectively. Four
color patches are selected from the tested data, and the predicted values are compared with the actual colors
(Table 4). It can be seen that the actual colors show a good consistency with the predicted colors. An image of
CALM lab (Fig. 13) is chosen as an example to prove the accuracy of the model established in this paper. According
to the HSB value predicted by the networks, the surface of 304 stainless is irradiated by the ultraviolet microsecond
laser with the predicted processing parameters (Fig. 14). Comparing the designed image (Fig. 13) with the coloring
sample (Fig. 14), it can be found that the color of the actual processed image has a good consistency with the

designed color.

Conclusions By adjusting the process parameters of the ultraviolet microsecond laser, stable colors including
black, blue, purple, purple-red, orange, and light yellow are induced on the surface of 304 stainless steel. Coloring
mechanism of 304 stainless steel induced by the microsecond laser is discussed and believed to be the color of the
oxide layer and the film interference effect. The HSB values of the color patches are predicted by using the Elman
neural network for the given laser parameters. The predicted results show that the average relative errors of hue,
saturation, and brightness are 4.04%, 13.33% and 4.05%, respectively. The colors of the processed pattern have
a good consistency with the predicted colors.

Key words laser technique; lasers; coloring prediction; Elman neural network; 304 stainless steel
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