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ABSTRACT 

This article introduces the results of measurements and analysis of the impact of laser marking process 

characteristics on the colour achieved. The study was conducted for AISI 304 multifunctional stainless steel 

using two different types of fibre lasers with a pulse width of 10 µs for the first laser and 81ns  for the second 

one. There were different process parameters such as scanning speed and power, that affect the repeatability of 

the colours obtained. Numerous instruments were used to objectively measure colour changes, including an 

optical microscope, FESEM, XRD, a roughness surface tester, an EDS, and a hand colourimeter. Different 

ranges of colour obtained by both types of laser with higher surface roughness when using microsecond pulse 

width. 
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INTRODUCTION 

Laser material processing is applied to a wide range of components with different materials metals and non-

metals[1]. Stainless steel type 304 [2]has admirable physical and chemical properties[3],[4] and after colouring, 

it becomes more practical and decorative[5]. The research on stainless steel surface colouring technology is 

steadily strengthening due to the ever-increasing number of applications. Physical vapour deposition[6], 

magnetron sputtering [7], chemical treatment colouration, electrochemical colouration [8]and organic coating 

colouration are the most popular stainless steel surface colouring methods [9] These techniques 

have a complicated procedure, a lengthy processing time, and high cost of processing. Laser colouring is a more 

convenient, easier, and less expensive approach than conventional colouring. Quick working procedures, high 

processing precision, [10]fast automation, and environmental security are all advantages[11]. Metallic surface 

coloration is currently done with femtosecond[12], picosecond, nanosecond lasers [13],and microsecond 

[14][15].  

The differences in the microstructure and colour-forming mechanism of the stainless steel surface result in 

varying laser parameters [16]. The laser colour marking process confirms that an oxide layer is shaped on ferrous 

minerals such as stainless steel and steel by confined heating [17]. Although the oxide layer produced on the 

surface is typically dark in colour, it can be tuned to produce a range of colours, including red, blue, purple and 

green[18]. The colour developed on the mineral surface is determined by the temperature of the heated layers 

and the depth of heat penetration into the mineral surface[19]. Chromium also affects the formation of colours 

due to changes in the molecular structure and electrons on the mineral surface[20]. 

Laser functions as a source of heat [21], permit the formation of a thin transparent or semi-transparent oxide 

layer. When a parallel monochromatic light beam incident on a transparent or partially transparent substrate at an 

angle, it is reflected repeatedly from the oxide layer's surfaces (from both the oxide and mineral 

surfaces)[22][23]. By rising the thickness of oxide on the surface and thus adjusting the interference effect, a 

colour effect can be detected and monitored, this mechanism produced colour by short pulse width[23][24][25]. 

When using ultrashort pulse-like picosecond or femtosecond pulse width laser This is because their pulse width 

and frequency are different the process of laser-induced periodic surface structure (LIPSS) is used to induce the 

colour on the mineral surface[12].  
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EXPERIMENTAL DETAILS  

There were two separate fibre lasers in use. An industrial ytterbium fibre laser with a wavelength of 1064 nm 

was the first laser. Its selection is dependent on minerals' ability to absorb adequate amounts of radiation [6,7]. 

The laser beam's scanning speed ranged from 2 to 8000 mm/s, a laser with a power range of 1 to 10 W as well as 

a frequency range of 20 to 80 kHz. The pulse width of the laser beam was fixed to 10µs. The second form of 

pulsed fibre laser has a scanning speed of 2–10000 mm/s and a laser power of 1–100 W 

at a frequency ranging from 20 to 200 kHz. The pulse width of the laser beam was fixed to 81 nanoseconds. 

Harness an F-theta lens with an effective focal length (EFL) of 163 mm for a microsecond fibre laser and 119 for 

a nanosecond fibre laser, the spot size of both fibre lasers is 50 m..(50 x 50 x 0.8) mm stainless steel plate 

chemical composition:0.0401%C,0.484 % Si, 1.60 % Mn,0.0399 % P,0.0005% S, 18.9 % Cr, 0.281 % Mo,8.45 

%Ni, 0.144 % Co, 0.541 % Cu, Bal %Fe. The plates had been cleaned and washed with alcohol before the start.  

The laser beam was guided by a galvanometric scanner to raster scan a 5cm x 5cm, with the scanning style 

illustrated in Figure 1-a. Thus, the laser beam completed line scans from right to left, and the galvanometer scan 

mirror will adjust the scanning direction for each square 5mmx5mm as illustrated in Figure 1-b. The supporting 

device terminal's E-Z CAD special control program sets the process parameters for both lasers. The laser beam 

speed was varied between 10 and 800 mm/s, with laser power ranging from 2 to 10W and hatching (line spacing) 

of 0.01 mm at an 80 kHz pulse repetition rate. In the presence of ambient air, stainless steel 304 samples were 

coloured. A field emission scanning electron microscope (FESEM), type ZEISS SIGMA FE-SEMs for High-

Quality Imaging, XRD and Energy Dispersion Spectroscopy, was used to examine the surface morphology 

(EDS). 

 

 

 

 

 

 

 

 

 

 

Figure 1. Shows a schematic representation of laser scanning on a sample 

RESULT AND DISCUSSION  

In our experiment, the obtained colour was analyzed using a matrix manner to determine the effect of laser pulse 

width and scanning speed. The other laser parameter remained constant during our experiment. As a result, 

Figure 2, illustrates the effect of the two parameters on the colour plate.  

 

Figure 2. The Influence Of Pulse Width And Scanning Speed On The Colour Plate: (A)nanosecond laser 

(B)microsecond laser example for laser colouring (C) for representative colours selected for study 
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Table 1. The processing characteristics matching to various colours 

Power (W) Pulse width 

 

Repetition 

frequency 

(kHz) 

Hatch distance(µm) Scanning 

speed(mm\s) 

Colour       

ns µs 

8  10 80 10 25 Black 

8  10 80 10 50 Dark brown 

8  10 80 10 75 Brawn 

8  10 80 10 100 Grey 

8  10 80 10 200 Blue 

8  10 80 10 600 Yellow 

8 81  80 10 100 Green 

8 81  80 10 200 Pink 

8 81  80 10 500 Gold 

4 81  80 10 600 Faded yellow 

7 81  80 10 250 Purple 

5 81  80 10 400 Silver 

 

The surface of the colour palette has been examined using optical microscopy to observe the microstructure. 

Each colour's surface is visible through a microscope image as illustrated in Figure 3. 
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Figure 3. Optical  Microscope Images Of The Colour Palettes On Stainless Steel AISI 304, (a)a pink (b)a green 

(c)  a gold,  (d)  a grey  (e)a blue  ; (f) a  yellow  (g) an untreated stainless steel 304. Note: The  laser processing 

characteristics presented in table1 

The samples collected with a short pulse width of 81ns would have a different surface structure, according to the 

microscopic images. Some samples, for example (a, b and c), show a unique periodical microstructure, involving 
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a grooved structure (d,e) coloured with a long pulse width of 10  µs have an irregular microstructure, which is 

possibly due to the surface melting and re-solidifying several times. (f) shown a grain-like structure similar to 

that of untreated stainless steel 304(g), which may be the result of a limited melting of the material; therefore, 

oxidation occurs below the melting point in this case. FESEM photographs of certain samples were taken to 

analyze structures more thoroughly. The electron beam was accelerated to a voltage of 10 kV for all of the 

images. Figure 4 illustrated the outcome for the representative colours chosen for the sample.  

 

Figure 4. FESEM Images Of Different Sample Surface: (a)a pink (b)a green (c)a blue (d)  a grey (e)  an 

untreated sample 

Oxide layer morphology shows different structure when using nanosecond laser pulse width  81ns is nano-

structure pores like resemble a coral reef and when decrease speed becomes more dense structure. While in a 

long pulse width the resulting micro-structure like soil thirsty for water(mud structure).  Surface phase and 

elements analysis indicate that a thin oxide layer was formed on the sample surface after laser irradiation. EDS 

and XRD  were used to measure the element content of the sample before and after laser irradiation to determine 

the changes of the surface elements. As shown in Figure 4. 
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Figure 5. EDS Analysis Of The Sample Surface: (a) sample by laser nanosecond irradiation at speed 200mm/s, 

(b) sample by laser nanosecond irradiation at speed 100mm/s (c) sample by laser microsecond irradiation at 

speed 200mm/s, (d) sample by laser microsecond irradiation at speed 100mm/s, (e) untreated sample 

Fe, C, Cr, Mn, Si, Ni are the surface elements of the untreated sample. Oxygen elements emerged on the sample 

surface after laser irradiation, with the result of an increase in the content of oxygen elements to varying degrees. 

The content of oxygen elements on the surface of grey and blue samples increased by 20% and 22.1%, for 

microsecond pulse width and 21.2 % and 23.5 % for pink and green samples, respectively, for nanosecond pulse 

width. The oxygen content on the sample surface increases as the scanning speed and pulse width is reduced, 

according to the processing parameters for each colour in table 2. It means that the oxide content on the sample's 

surface has increased. The thermal absorption effect of the material is improved, and the reaction with the 

surrounding gas is more complete, due to the longer contact time between laser and sample in case of 

microsecond pulse width and high peak power of short pulse duration in the case of a nanosecond. Each coloured 

sample had a lower Fe content than untreated samples, although the Cr content on the sample surface had 

increased for all coloured samples. Only with samples coloured by nanosecond pulse width  Ni element appear. 

On the sample surface, chromium and iron oxides were formed, according to preliminary analysis.  

The normal Gibbs energies for the formation of Cr2O3 are lower than those of Fe2O3 according to the Ellingham 

diagram for mineral oxidation reactions. As a result, Cr will favourably react with oxygen to form an oxide on 

the stainless steel surface [26]. Furthermore, the surface of stainless steel exposed to long-pulse laser fluence is 

primarily Cr2O3+ Fe2O3, while the surface exposed to short-pulse laser fluence is primarily Fe2O3+ Cr2O3+NiO. 

Previous research on laser colouring of stainless steel has shown that a diversity of colours can be attained and 

that surface pyrolytic reactions can result in a multi-phase structure [27][28]. Oxide films developed on stainless 

steel differ in thickness, phase, and composition as a function of laser processing characteristics. A “duplex” 

phase structure with a Cr-rich interfacial layer and a Fe-rich overlayer results from thicker oxides [6].                                                                               

Table 2. Laser characteristics for the colouring process. 

Value Unit Symbol Laser characteristics 

80 KHz F Repetition frequency 

8 W P  Power 

10 µm H Hatch distance 

100,200 mm/s V Scanning speed 

81,10 ns,  µs w Pulse width 
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SURFACE ROUGHNESS 

In this research, the roughness of the specimen is measured via SRT-6210 devices. The analysis of surface 

roughness on the colour making of the surface of the sample has been an exploration of their roughness in 

matching to scanning speed, as illustrated in figure 6. The results show that roughness values of the surface were 

less in the case of ns pulse width. 

 

Figure 6. Roughness a  Test of The Samples 

CONCLUSION 

Due to the lack of microsecond laser having been applied to stainless steel, we presented a study using a 

microsecond fibre laser and another nanosecond unit with different scanning speeds and power to colour stainless 

steel. Owing to variations in the thermal interaction of the laser for the mineral surface and the absorption 

influence, the sample surface creates various colours as the scanning speed and power are changed. Although, it 

is suggested that a precise range of laser treatment parameters, such as long pulse width and decreasing speed, 

will result in the make of mainly dark colours, such as grey, black, and dark brown while upward scanning speed 

or decreasing pulse width, such as a short pulse width in nanosecond samples, would result in the formation of 

brighter colour nanosecond pulse lasers with lower surface roughness. 
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