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INTRODUCTION 

Many products used in various industries are significantly influenced by 

texture and surface quality [1]. Laser micromachining is an appealing method 

because of the abundance of applications: from cutting [2–5] and drilling [6–

8] of various materials to forming two and a half dimensional (2.5D) structures 

on different surfaces [9,10]. With continuing improvements to laser 

micromachining, further techniques such as laser colouring and polishing are 

becoming popular as well. 

Humans attach a great deal of importance to colours. It aids with object 

and pattern recognition, as well as navigating the environment. In addition, 

particular colours may invoke emotions and create associations, which is 

widely used in marketing and branding. Laser surface colouring has quickly 

surpassed conventional marking techniques [11] since it is an adaptable, 

versatile and environmentally friendly technology with many different 

applications. While the utilization of laser colouring is growing rapidly, the 

colourization process itself has not been sufficiently studied. There are three 

main mechanisms of metal colouring using laser irradiation. First method is 

laser induced oxidation where a substrate material reacts with oxygen 

significantly more quickly when heated by laser irradiation. An oxide layer 

forms on the metal, which is of different colour to the original metal [12–14]. 

Another explanation for the colour change with an oxide layer is the thin film 

effect, when light reflects from the surface of the oxide and the surface of the 

metal, interference happens and if the optical path difference is equal to a 

certain wavelength or its product with an integer a corresponding colour is 

seen [11]. The second method is structural colours that are angle dependent 

and arise from laser induced periodic surface structures (LIPSS). LIPSS is the 

development of wavy structures on a range of materials and requires surface 

characteristics with a periodicity equal to or less than the wavelength of the 

laser irradiation [15]. LIPSS similar to one dimensional grating can produce 

colours due to diffraction. These colours are called structural colours and are 

heavily angle dependent [16–18]. The third method of laser colouring uses 

nanoparticles and nanostructures on metals to activate plasmonic colours. 

These colours are also structural. In contrast to the second mechanism, the 

colour does not change depending on the viewing angle since the surface 

structures that excite the surface colours are randomly distributed without 

regularity. The primary causes of this form of colours are surface plasmon 

resonance (SPR) effects brought on by nanostructures and nanoparticles on 

metals [19–21]. Laser colouring depends on many processing parameters, 

including: laser power, scanning speed, hatch, pulse repetition rate and others. 
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By optimizing the laser processing parameters, it is also possible to gain a 

wanted structural surface change as well, which may result in useful properties 

such as hydrophobicity.  

Similarly, laser polishing is also a wanted and popular laser 

micromachining technique. Because sub-micrometer surface roughness is 

wanted in friction and wear resistance and aerodynamics, laser polishing is a 

very perspective polishing method. Laser polishing allows high precision, a 

vast range of possible materials, reaching delicate places, polishing complex 

forms [22,23], and also the ability to micromachine and polish samples using 

the same laser system.  

However, optimal laser processing parameters such as pulse repetition rate, 

pulse energy, pulse overlap, and others have to be chosen correctly to achieve 

the best results, which is tedious and time-consuming. Lasers and systems 

designed for laser micro/nano-fabrication are improved daily. It is now 

possible to have systems that use megahertz (MHz) and gigahertz (GHz) 

repetitions rates with femtosecond laser pulses and high average optical power 

using burst and biburst (burst-in-the-burst) modes [24]. These modes allow a 

significant increase in ablation efficiency [25,26] as well as significantly 

improve the ablated surface roughness [15] if the laser processing parameters 

are optimized correctly. Laser bursts also provide faster processing due to 

burst energy division into pulse energies closer to optimal fluences, resulting 

in the exploitation of more average laser power [27]. Moreover, because of 

the short time between burst pulses, any residual heat from the previous pulse 

is reused [28]. 

This dissertation was dedicated to finding optimal sets of various laser 

processing parameters to achieve lowest surface roughness using laser 

polishing and highest number of colours and highest colouring rate using laser 

colouring on copper and stainless steel. The dissertation is split into two main 

parts: one for laser colouring and one for laser polishing. Laser colouring was 

performed on stainless steel with low fluence slow scanning speed colouring 

and rapid colouring using higher fluences, where for copper, grayscale 

colouring was performed.  For laser polishing, optimization of number of 

pulses in bursts, burst mode bi-stability, as well as nonlinear and saturable 

absorption influence on laser lift-off threshold was performed. 

Aim of the thesis 

The aim of this thesis was to achieve the optimal number of pulses in MHz, 

GHz, and biburst modes, as well as to achieve the optimal fluence, to minimize 

surface roughness and maximize the number of colours and the colouring rate 
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of metals, therefore increasing the applicability of laser polishing and 

colouring in industrial uses. 

Tasks of the thesis 

1. To investigate the influence of the number of pulses within MHz, GHz 

and biburst modes and their effects on laser polishing and colouring. 

2. To achieve the lowest possible surface roughness on different metals 

after ablation to simulate real life applications. 

3. To achieve the highest number of colours on stainless steel with laser 

colouring more rapidly than has ever been done by optimising laser 

processing parameters. 

4. To achieve functional surfaces that would increase the applicability of 

the coloured surfaces. 

Scientific novelty 

In this thesis laser polishing and colouring was performed on copper and 

stainless steel. Different burst regimes including MHz, GHz and biburst as 

well as different laser processing parameters were tested. Getting lowest 

surface roughness on stainless steel and copper would be very useful for 

industrial applications and it this dissertation, 0.1 µm surface roughness was 

achieved using optimal laser processing parameters. A wide array of colours 

has also been achieved on stainless steel. To the best of our knowledge, 

highest laser colouring rate has been achieved in our experiments. The 

achieved colours are long lasting and the coloured surfaces are hydrophobic, 

which increases their applicability greatly. 

Practical value 

Laser polishing and colouring are used in medical and automotive 

industries as an environmentally friendly, adaptable and long-lasting methods 

to polish and colour free-form parts or instruments as well as potential uses in 

watch making and colouring. Our in-depth experiments that resulted in wide 

range of colours, rapid colouring rates, hydrophobic coloured surfaces and 

sub-micrometer polished surfaces furthers the processes applicability in 

industrial use. 
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Statement for defence 

1. Stainless steel colouring rate reaching 42.5 mm2/s, while using GHz 

burst mode with 4250 mm/s scanning speed, was used to achieve 

various colours, including blue, yellow, orange, purple and dark green 

on stainless steel by femtosecond laser colouring technique due to 

surface oxidation. 

2. All three burst modes: MHz, GHz and biburst, with femtosecond 

pulses can be used for laser colouring to achieve a wide spectrum of 

colours on stainless steel and these coloured surfaces are hydrophobic, 

which increases their applicability. 

3. Dependence of the copper oxide film's transparency on laser 

irradiation intensity due to nonlinear and saturable absorption changes 

the film's lift-off threshold, which is the threshold laser energy required 

to detach a thin oxide film by vaporizing the underlying metal, assists 

laser polishing of the metal surface. 

4. Using GHz burst mode with up to 15 pulses and biburst mode with 3 

pulses in the MHz burst with up to 10 pulses in the GHz burst, it is 

possible to achieve <0.1 µm Ra surface roughness on copper and 

<0.5 µm Ra surface roughness on stainless steel, which shows the 

importance of optimal number of pulses within the burst.  

Author Contribution 

In publication [P1] the author wrote the manuscript, performed all the laser 

colouring and wettability experiments, the data analysis and was responsible 

for the representation of the results in the form of graphs, figures, tables and 

images. 

In publication [P2] the author helped to conceive the original idea for the 

research alongside co-authors, performed some of the ablation experiments 

and analysed the data and discussed the results and commented on the 

manuscript. 

In publication [P3] the author wrote the manuscript, performed the data 

analysis, as well as, SEM, optical and stylus profilers’ imaging. The author 

was also responsible for the representation of the results in the form of graphs, 

figures, tables and images. 

In publication [P4] the author performed the data analysis and manuscript 

corrections. 

In preprint of the publication [PP1] author wrote the manuscript, performed 

all the laser colouring and wettability experiments, the data analysis and was 
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responsible for the representation of the results in the form of graphs, figures, 

tables and images. 

In the preprint of the publication [PP2] author helped to conceive the 

original idea for the project, conducted the surface topography measurements 

and surface roughness measurements using a 3D optical profiler. As well as 

analysed the findings, discussed the results, and commented on the 

manuscript. 
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LITERATURE OVERVIEW 

1.1 Pulsed laser matter interactions on metals 

Through the inverse Bremsstrahlung phenomena, laser energy is directly 

absorbed by metals' free electrons. The electrons are then thermalized through 

femtosecond timescale collisions with other electrons. Since ions are far 

heavier than electrons, the lattice structure cannot directly absorb the laser 

energy. Instead, it is heated by the collisions with the energetic electrons. Only 

a limited amount of energy is exchanged in each electron-lattice collision due 

to the high ion-electron mass difference. Consequently, the electron-phonon 

relaxation characteristic time τe is significantly longer than the electron-

electron collision time τee. Typical metals have τep ranging from tens of ps to 

several hundred of fs. After a few multiples of τep, the electron system and 

lattice finally achieve thermodynamic equilibrium [29]. The well-known one-

dimensional two-temperature model provides a broad description of this 

process and takes into consideration the thermal diffusion, also known as 

Fourier's law, and the energy relaxation between electrons and phonons [30]: 

 

 
𝐶e(𝑇e)

𝜕𝑇e

𝜕𝑡
= ∇(𝑘e∇𝑇e) − 𝑔(𝑇e − 𝑇l) + 𝑆(𝑧, 𝑡), (1) 

 
𝐶l

𝜕𝑇l

𝜕𝑡
= 𝑔(𝑇e − 𝑇l), (2) 

 𝑆(𝑧, 𝑡) = 𝐼(𝑡)(1 − 𝑅)𝛼𝑒−𝛼𝑧, (3) 

 

where C – heat capacity, k – thermal conductivity, T – temperature. The 

subscripts e means the electron system and the subscript l means the lattice 

system. z is the direction perpendicular to the target’s surface and S – energy 

absorbed by the laser excitation. I(t) – is the laser intensity, R – surface 

reflectivity, 𝛼 – optical absorption coefficient. Parameter g denotes the 

electron–lattice coupling. 

The electrons and lattice have enough time to reach thermal equilibrium 

(i.e., Te = Tl = T) after a single pulse stimulation in the ns or longer pulse 

regime. Thus, the normal heat diffusion equation can be obtained from the 

aforementioned equations:  
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𝐶

𝜕𝑇

𝜕𝑡
− 𝑘∇2𝑇 = 𝑆(𝑧, 𝑡) (4) 

 

Ultrafast laser pulses exhibit more intricate phenomena. When electron-

phonon relaxation takes as long as the pulse or more, the electron energy 

cannot go to the lattice before the laser excitation. Comparing the two 

scenarios, the ultrashort laser pulses would have a higher maximum lattice 

temperature at the surface and a shorter thermal diffusion range after laser 

excitation [29]. 

1.2 Laser ablation 

Laser ablation is a process that uses laser irradiation to remove a specific 

amount of material from the surface of a selected sample. For this process to 

take place, it is necessary for the absorbed laser irradiation of the material to 

heat the area where the absorption takes place to the evaporation temperature. 

As the laser irradiation reaches the surface of the material, some of the laser 

irradiation is reflected, some is scattered, some passes through (if the thickness 

of the sample is less than the depth of absorption) and some is absorbed [31]. 

The absorbed part penetrates deeply and is attenuated according to the Beer–

Bouguer–Lambert law: 

 

 𝐼(𝑧) = (1 − 𝑅)𝐼0e−𝛼𝑧 (5) 

 

where I0 is the initial incident light intensity, R is the reflection coefficient 

of the material, 𝛼 is the absorption coefficient and z is the depth. 

The absorption coefficient β is equal to [1]: 

 

 
𝛼 =  

4𝜋𝜅

𝜆
 (6) 

 

where κ is the extinction coefficient and λ is the wavelength of the laser 

irradiation. 

Equation (6) shows that the absorption coefficient is independent of the 

initial laser intensity, but only linear optical phenomena are included in this 

formula. Laser irradiation is used to achieve very high intensities which 

produce absorption-enhancing nonlinear effects. 
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There are several mechanisms of material removal using pulsed laser 

irradiation, depending on the pulse duration and other temporal parameters of 

the material. These temporal parameters are: τe – electron cooling time, τi –

grating heating time and τL – laser pulse duration. The electron cooling time 

is much shorter than the grating heating time, which for most materials is of 

the order of picoseconds [32,33]. There are three different ablation 

mechanisms depending on the pulse duration: 

a) nanosecond and longer: τe < τi < τL 

b) picosecond: τe < τL < τi 

c) femtosecond: τL < τe < τi 

For nanosecond and longer pulse durations the absorbed laser energy melts 

the material and raises the melt temperature to the boiling point. This time 

interval is sufficient to allow the heat to diffuse deeper into the material. As 

the material begins to evaporate, the resulting plasma and vapour pressure 

removes some of the molten material from the ablation cavity, but some 

remains due to surface tension. When the pulse is over, the heat is dissipated 

deep into the material and a stagnant melt layer is formed [33]. Nanosecond 

laser pulses induce a more diverse ablation mechanism because they exert a 

long-time thermal effect after excitation. Machining materials with 

nanosecond and longer pulses produces a variety of secondary ablation effects 

including: heat-affected zone (HAZ), hardened melt layer, surface damage 

due to the shock wave, and a large amount of surface debris deposited after 

ablation. The vapourised material also forms a plasma from the beginning to 

the end of the pulse. This results in plasma shielding, where the plasma 

absorbs some of the radiation and the material is exposed to a lower fluences 

[34]. 

For picosecond and femtosecond pulses, the two primary processes for 

removing material from regions exposed to ultrafast laser radiation are 

spallation and phase explosion. Compressive stresses are produced by the 

quick energy deposition that occurs during the brief laser pulse irradiation. In 

the stress-confinement regime, when the laser-heating duration is less than the 

mechanical relaxation time, these tensions are particularly significant. The 

irradiated sample's free surface may interact with the laser-induced 

compressive stress, producing a tensile wave strong enough to produce 

subsurface cavities. The development and connectivity of these subsurface 

cavities results in spallation, which causes the top layer to separate and be 

ejected from the target [35]. The other mechanism occurs with high-fluence 

laser pulses, where the material removal is dominated by phase explosion.  

The exterior layers of a target are quickly heated when exposed to high-

power ultrafast laser pulses. The regular boiling process caused by the 
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heterogeneous nucleation of vapor bubbles is negligible in such a rapid 

heating process. As a result, the melted surface area in the laser-irradiated 

region is heated past the liquid phase's thermodynamic stability limit. The 

heated melted components quickly break down into a mixture of liquid 

droplets and vapor [36]. A dramatic shift in the ablation plume's composition 

from big liquid droplets to mixed vapor-phase atoms and clusters/droplets of 

varying sizes marks the change from spallation to phase explosion [37]. 

1.3 Laser burst modes 

When micromachining materials with ultrashort laser pulses, negative side 

effects that reduce the ablation efficiency and the quality of the machining 

process occur, such as plasma shielding of the laser beam by the ablation 

products, such as ablated material particles and plasma, as well as thermal 

phenomena at the surface of the material. To overcome these problems, burst 

modes are used [38].  

Burst modes have several advantages. Because of the short time between 

burst pulses, any residual heat from the previous pulse is reused [28]. 

Therefore, when the pulse repetition rate is increased, the HAZ is reduced, 

because the heat is removed together with ablation products. Moreover, laser 

bursts provide faster processing due to burst energy division into pulse 

energies closer to optimal fluences, resulting in the exploitation of more 

average laser power [27]. This also helps preventing plasma shielding effects 

[38]. If pulse repetition rate was increased without changing the pulse energy, 

plasma shielding would increase as well, because the plume of plasma and 

ablated material cloud absorbs, reflects and scatters laser irradiation [39]. 

However, for the MHz burst regimes, there were some drawbacks as well. 

While using the MHz burst mode for laser ablation it has been shown, that 

ablation efficiency drops almost in half when two pulses are used in the MHz 

burst. This happens due to the fact that the ablated material forms an ablated 

material cloud that does not have enough time to dissipate. It was simulated 

that particles can move as fast as 2 km/s [37] when ablated from the target‘s 

material, but the time interval after the first pulse was 15.5 ns, which 

corresponds to only 31 µm [25]. This leads to shielding of the second pulse 

[40]. On the other hand, the overall ablation efficiency increases by up to 20% 

when there are three pulses in the MHz burst because the ablated material 

cloud is heated and some of it is forced to redeposit to the target reducing the 

shielding effect and increasing the samples temperature [41]. 

For the GHz burst modes, the literature is divided whether or not there are 

benefits for laser ablation. An ablation cooling effect was proposed where 
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laser pulses ablate the target material before the residual heat deposited by 

previous pulses diffuses away from the processing region. Using the GHz 

burst mode this effect allows lower fluences to be used for laser ablation, and 

the ablation rate is increased almost by an order of magnitude. In order for the 

ablation cooling effect to be significant, the time between pulses has to be 

reduced to a point where the workpiece does not have time to cool 

significantly [38]. On the other hand it was shown that the ablation removal 

rate is decreased by up to 90% for metals including coper, brass and steel 

[26,42], which contradicts the previous research article. 

1.4 Colour theory 

Colours are integral in human perception, significantly affecting mood, 

decision-making, and interpretation. From nature to various man-made 

designs, colours help people to notice and differentiate objects and affect their 

emotions or even moods. Currently, colours server multiple purposes in such 

fields as safety, communication, aesthetics, culture, marketing and even 

health, where they impose particular reactions or associations. Different 

colour models are used and are highly helpful as they offer a methodical 

means of accurately and consistently representing colours on different 

platforms. One of the most popular colour models is RGB (Red, Green, Blue), 

which creates a large range of colours by adding the three main colours at 

different intensities. In the RGB model, every colour is commonly represented 

by a set of three values, each of which has a value between 0 and 255. For 

instance, white, which is the combination of all three primary colours at 

maximum intensity, is (255, 255, 255), whereas pure red is (255, 0, 0). This 

model is crucial in most day-to-day devices. sRGB (standard Red Green Blue) 

is a standardized colour space within the RGB model, created to ensure 

consistent colour representation across different devices. The model provides 

a baseline for colour accuracy, so when an image is viewed on different 

screens, the colours appear the same or very similar. Nevertheless, there are 

also other colour models that are quite useful and popular. The HSL colour 

model, meaning hue, saturation and lightness, is another way of representing 

colours, but it focuses more on human perception of colour. Unlike RGB, 

which deals with intensity of light, HSL organizes colours differently. First 

one being the hue, which is the type of colour, represented as an angle on a 

colour wheel, like red, blue, or green. Second one being the saturation, which 

is the intensity or vividness of the colour. Lastly, lightness which is the 

brightness or darkness of the colour. Hue is measured in degrees, where red is 

0º (or 360º), green is 120º and blue is 240º. Saturation is measured in 



24 

percentages, where 0% is grayscale and 100% is fully vivid and lastly 

lightness which is also measured in percentages, where 0% is black and 100% 

is white. HSL is particularly useful in design and art because it allows creators 

to adjust colours in a way that feels more intuitive and aligned with how 

people perceive colour. 

1.5 Laser colouring on metals 

Various industries have utilized different colouring methods including 

anodizing [43,44], electroplating [45–47], powder or physical vapor 

deposition coating [48,49], patination [50], as well as heat, chemical and 

electrochemical colouring [51–53]. All these methods have various benefits 

and drawbacks; however, laser colouring has unique and sought-after 

advantages that resulted in its rise in popularity. Laser colouring offers high 

precision, permanence, non-contact nature, versatility with materials, 

environmental friendliness, and suitability for automation and rapid 

production. A wide range of metals have been coloured using laser irradiation 

such as, stainless-steel [54–60], titanium [61–65], copper [66–68], aluminium 

[18,69] and others [70–73].  

Laser colouring is used in the medical field to mark surgical instruments, 

equipment or implants with serial numbers, barcodes and logos, for greater 

differentiation [74]. Because no coatings or chemicals are used, there is no 

added risk of harm to the patients. It is also used in the aerospace and 

automotive industries for marking various parts and components because of 

laser colourings higher permanence and precision which ensures traceability 

and compliance with stringent regulations. Moreover, laser colouring can be 

used as an anti-counterfeiting measure by incorporating hidden or embedded 

colour-changing elements into documents, banknotes [75] and in the jewellery 

and branding industries to colour different decorative designs, detailed 

patterns or logos [65,73]. 

1.5.1 Laser colouring due surface oxidation 

Laser oxidation of metals is a rapid gaseous corrosion process occurring at 

high temperatures. The process of laser oxidation and the growth of the oxide 

layer can be divided into several steps. The first one being, heating of the metal 

surface using laser radiation. When the metal is exposed to laser irradiation in 

air or in an oxygen environment, the energy of the irradiation is transferred to 

electrons which are excited from a lower to a higher energy state. The excited 

electrons quickly return to the ground energy state by transferring energy to 



25 

the lattice, which causes an increase in the temperature of the sample in the 

affected area. After the high temperature causes a reaction between the oxygen 

in the air and the metal. The oxidation process starts with the physical 

adsorption of oxygen on the metal surface. This is followed by the dissociation 

of the oxygen-oxygen bonds and the formation of ionic bonds between oxygen 

free electrons and metal ions, which leads to the oxide germ forming on the 

surface of the sample. The oxide germ expands laterally to form a continuous 

thin film of a metal oxide at the site of the laser exposure. The diffusion of 

cations and anions at the metal-oxide interface results in perpendicular oxide 

growth [76]. Theoretically, the course and outcome of laser induced oxidation 

reactions can be predicted from thermodynamic data and kinetic coefficients. 

However, in reality, the laser heating process involves a number of complex 

factors which make the oxidation a non-isothermal process. The process is 

non-linear and takes place under non-equilibrium conditions. With short pulse 

duration laser pulses, the temperature change can be faster than chemical 

reactions. The reaction rate is high due to the local high temperatures. 

Therefore, the laser induced oxidation process is complex and the variation of 

oxidation rate with time are different from the isothermal processes. Thus, 

providing a universal physical/chemical mechanism is a very difficult task 

[77]. 

The colour changes due to oxidation of the metal when it is irradiated by 

the laser beam is two-fold. First of all, the colour can arise due to the thin film 

effect (Fig. 1). Thin film effect is seen when interference happens between 

reflected light from the oxide layer and the light reflected from the metal 

surface itself.  

 
Fig. 1 Schematic diagram of the interference effect of the thin oxide film. 

n0 – air refraction index, n1 – oxide refraction index, h – oxide layer 

thickness, θi – light incidence angle. Reprinted with permission from ref. 

[11], © 2019 AIP Publishing. 

If the optical path difference δ is equal to a certain wavelength λ or its 

product with an integer mλ, the specific colour will be seen as shown in Eq. 

(7). 
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𝛿 =

2ℎ

√𝑛1
2−𝑠𝑖𝑛2𝜃𝑖

, (7) 

 

The second mechanism is the colours of the oxides themselves. For 

example, analysis of the composition of laser-induced titanium oxide has 

shown that there is a correlation between the final surface colour and the laser-

induced oxide films. The gold colour is the same as that of TiO, the violet 

colour is the same as that of Ti2O3, all of which is confirmed by X-ray 

diffraction (XRD) analysis. The white colour can be attributed to TiO2 

additives [63,78]. Lu et al. investigated the mechanism of laser colouration in 

stainless steels by quantitative analysis. The laser coloured surfaces were due 

to coloured oxides and spinel compounds, which acted as natural pigments 

with different colour characteristics [13]. 

These two mechanisms are supported and validated by experimental and 

theoretical studies. Studies on titanium and stainless steel show that both 

interference and the colour of the oxide films themselves determined the final 

surface colour. Which of these mechanisms dominates depends on the specific 

colour and the properties of a specific sample [11]. 

1.5.2 Important parameters for oxide formation 

For practical use of laser colouring, the key is to precisely control the 

formation of oxide films to obtain the desired colours. Regardless of which 

mechanism dominates, the thickness and composition of the oxide film are the 

most important factors in determining the final surface colours. The thickness 

and composition are determined by a number of factors: the laser processing 

parameters, the state of the environment and the properties of the sample itself. 

Many studies have been carried out on how each of these factors affects oxide 

films and the resulting colours.  

Li et al. have obtained results using a UV laser which show that oxide 

formation is influenced by laser power, beam defocus, beam scanning 

direction and speed, and number of scans [57]. Lavisse et al. demonstrated 

that fluence is also an important parameter [79]. When the fluence was varied 

from 4 to 60 J/cm2, the colour of the surface changed from colourless and 

yellow at low fluences (<25 J/cm2) to violet and blue at higher fluences. 

Since the colours produced by the laser irradiation are due to the oxide film 

formed by the reaction between the sample and the oxygen around it, the 

influence of the environment on the resulting colours is very important. Zheng 

et al. performed laser colouring in different gases: O2, N2, Ar and He [80]. The 
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results showed that a high concentration of O2 can help to accelerate the 

oxidation and reduce the number of laser pulses required. On the other hand, 

low O2 concentration slows down the oxidation process, but allows a more 

precise control of the oxide layer growth and surface colours. Luo et al. found 

that the O2 concentration has a significant influence on the surface 

morphology and chemical composition of the resulting oxide films and hence 

on the surface colours [80]. Laser micromachining was carried out in four 

different gases: air, oxygen (O2), nitrogen (N2) and argon (Ar) (Fig. 2). It can 

be seen that the coloured surfaces were obtained in air (Fig. 2a) and oxygen 

(Fig. 2b) environments. The colours obtained in the oxygen environment are 

richer than those obtained in air. Meanwhile, in the oxygen-free environments 

of nitrogen (Fig. 2c) and argon (Fig. 2d) only black and grey surfaces are 

obtained. The main reason for these results is that oxygen is needed for oxide 

layers to form and they do form only in air and O2 environment, where oxygen 

is present [81]. 

 
Fig. 2. Various colours achieved on stainless steel with a nanosecond laser 

in different environments: a) air; b) oxygen; c) nitrogen; d) argon. Numbers 

1 – 9 correspond to 10 – 90 mm/s laser scanning speeds accordingly. 

Reprinted with permission from ref. [81], © 2015 Elsevier B.V 

Colours of the laser-treated surfaces are also highly dependent on the 

composition and thickness of the sample. Different colours can be obtained 

on different types of stainless steel using the same laser processing parameters 

[76]. Since the laser colouring process is carried out by heating the sample 

with a laser, the thickness of the sample can have a significant influence on 

the resulting colours. A thick sample can provide higher thermal conductivity. 

Conversely, a thin sample can suffer significant thermal affects [82]. 

With a precise choice of laser parameters, it is possible to obtain a variety 

of individual colours or even a full colour palette [83]. (Fig. 3) shows the 

colour palette obtained on a 304-grade stainless steel surface using a 

nanosecond pulse duration fibre laser combined with raster scanning. Vivid 

colours were obtained with different scanning speeds and different distance 
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between scanned lines (hatch). Both the laser scanning speed and hatch 

increase the area scanning rate, which is important not only for personal but 

industrial use as well. 

 
Fig. 3. Colour pallet on 304 stainless steel using different laser scanning 

speed and line spacing (hatch). Pulse repetition rate was 300 kHz, laser 

power was 4.5 W and pulse duration was 10 ns. Reprinted with permission 

from ref. [11], © 2019 AIP Publishing. 

A CIE 1931 chromaticity diagram can be seen in (Fig. 4). It shows the 

colours that were obtain by D.P. Adams et al. with laser colouring on titanium. 

It can be seen that the resulting colours cover a wide range of x and y values 

and are bright but not saturated. It should also be noted that the colours 

obtained do not cover the entire field. The authors struggled to obtain red and 

green colours on the titanium surface by laser oxidation [61]. This could be 

explained by the thickness of the oxide film, which becomes too large for 

interference effect to occur inside the film [14].  
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Fig. 4. CIE 1931 chromaticity diagram that shows different colours 

achieved with laser colouring using different average laser powers. Red 

diamond shows the unaffected titanium colour. Reprinted with permission 

from ref. [61], © Elsevier B.V. 

1.5.3 Laser colouring due to surface oxidation applications 

Laser colouring can be widely used in various industries to create colourful 

labels, logos and decorative artwork. (Fig. 5) shows specific examples of these 

applications. Laser colouring on stainless steel has been used to produce a bar 

code and different artworks [11]. 

Many laser colouring studies have been carried out on titanium and its 

alloys due to the extremely wide range of applications of this metal. Carey et 

 
Fig. 5. Laser colouring examples on stainless steel: (a) Colour bar code (b) 

painted face; (c) mermaid; (d) cartoon characters. Reprinted with permission 

from ref. [11], © 2019 AIP Publishing. 
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al. and O'Hana et al. both demonstrated that it is possible to change the colour 

of titanium jewellery and to add various ornaments and decorations on it as 

well [84,85].  

1.5.4 Laser colouring due to LIPSS 

Another way of obtaining colours on metals using laser colouring is 

structural colours [86], which are not due to oxidation, but due to diffraction, 

interference or scattering from micro/nanostructures. A surface 

micromachined by laser irradiation can produce LIPSS. Laser-induced 

periodic surface structures (LIPSS) are nano/microscale patterns that form on 

material surfaces when irradiated with ultrafast laser pulses. These periodic 

ripples result from the interaction between the laser and the material. Two 

main types of the LIPSS have been identified, low spatial frequency LIPSS 

(LSFL) and high spatial frequency LIPSS (HSFL) [87]. Both of these types 

can be formed either parallel or perpendicular to laser beam polarization [87] 

and can be conventionally divided to subfamilies depending on periodicity 

and depth-to-period aspect ratio [88]. These surface structures, which 

typically have a spacing in the order of the laser wavelength, are useful in 

tailoring surface properties like wettability, adhesion, optical reflectivity, and 

antimicrobial functions. Like a one-dimensional grating, LIPSS can produce 

structural colours due to the diffraction effect [11]. 

1.5.5 Achieving LIPPS for laser colouring 

LIPSS can be compared to diffraction gratings. A diffraction grating has a 

periodic structure which, due to diffraction, splits the incident light into 

several wavelengths that are reflected off the grating at different angles (Fig. 

6). 
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Fig. 6. White light splitting into different colours due to diffraction. 

LIPSS structures provide a simple way to control the optical properties of 

metal surfaces and their colours. Colours have been obtained with LIPSS on 

various metals including titanium [89], aluminium [18], silver [71], stainless 

steel [75,90] and copper [66]. The fundamental difference from the colours 

obtained from laser colouring due to oxide films is that the colours generated 

by LIPSS strongly depend on the viewing angle. In (Fig. 7a) Zhong et al. [66] 

showed that using a 1064 nm picosecond laser, a copper sample can be 

micromachined to achieve LIPSS on the surface. The spatial periodicity of the 

LIPSS was 750 ± 31 nm, which is slightly lower than the used wavelength. 

The copper sample changes colour when the viewing angle is changed (Fig. 

7b-c). 
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Fig. 7. a) SEM photograph of the copper surface when the average laser 

fluence was 0.43 J/cm2 b-c) photographs of the 25 × 25 mm2 copper sample 

at different viewing angles to achieve different colours. Reprinted with 

permission from ref. [66], © Elsevier B.V. 

LIPSS are highly dependent on polarization. The periodic structures 

obtained on metals are perpendicular to the polarization of the laser beam. 

This correlation makes it easy to control the resulting surface colours by 

controlling the polarization of the laser beam [66,89]. LSFL are typically 

created by irradiating the material surface with nanosecond and picosecond 

lasers. When a surface has a random roughness, interference between the 

incident light and the surface scattered wave can occur which results in LSFL 

[91,92]. While using femtosecond lasers, the mechanism is a bit different. A 

surface plasmon polariton (SPP) is an electromagnetic excitation existing on 

the surface of a metal [93]. The interference between the incident light and the 

excited surface plasmon waves leads to a periodic spatial modulation of the 

surface energy distribution and results in the formation of periodic structures 

on the surface. The interference between the incident laser and the spatial 

harmonics of the excited SPPs results in a finer periodic modulation on the 

samples surface, leading to the formation of periodic nanostructures [11]. This 

is how HSFL are achieved, however, they require higher fluences and their 

period is of a fraction of the incident wavelength [94]. 

1.5.6 Applications of laser colouring due to LIPSS 

Laser colouring due to LIPSS produces colours that are angle dependant. 

LIPSS direction can be control when controlling polarization. This allows for 

some interesting combinations as if LIPSS are micromachined 
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perpendicularly to one another, certain colours and figures will only be seen 

at a specific angle. This allows this laser colouring method to be used for 

decoration and anti-counterfeiting [75]. Lan et al. [75] have shown that angle 

dependant colours have a lot of advantages. (Fig. 8a) shows a laser 

micromachining scheme where a square area is scanned on the surface of a 

301L stainless steel to produce LIPSS. The area of the micromachined square 

is divided into two parts, where the ripples are oriented perpendicular to one 

another. On the other hand (Fig. 8b) shows a slightly more complex 

micromachining scheme. The laser beam will micromachine an overlapping 

five and eight figures, but the laser beam scanning directions are perpendicular 

to one another. In both cases the micromachined LIPSS achieved on the 

samples’ surface were perpendicular to the laser beam scanning direction. The 

machining parameters were: fluence 0.16 J/cm2, beam scanning speed 

4 mm/s, hatch 50 µm.  

 
Fig. 8. (a) Principal laser micromachining scheme for machining a square 

by scanning the beam in two perpendicular directions. The polarisation is 

always parallel to the scanning direction; (b) Overlapping 5 and 8 symbols 

micromachined by scanning the beam in two perpendicular directions; (c) 

depending on the direction of illumination, either one or the other of the two 

parts of (a) is visible; (d) when illuminated from the two directions, the 

entire machined colour area is visible; (f) depending on the illumination 

direction, the different numbers, either 5 or 8 are visible. The red arrows 

indicate the direction of illumination. Reprinted with permission from ref. 

[75], © Elsevier B.V. 

When the incident light coincides with the laser beam scanning direction 

or is perpendicular to the LIPSS on the target’s surface, colours depending on 

the incident lights’ angle are seen in the micromachined shape (Fig. 8c). 

Otherwise, no colours are seen, except for the stainless steel surface being 
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visibly micromachined by laser irradiation. By choosing to illuminate the 

sample with white light from two perpendicular directions at different angles 

of incidence, a combination of the desired patterns and colours can be seen 

(Fig. 8d). The same can be seen in (Fig. 8e) where the pattern for (Fig. 8b) 

was used. Depending on the direction and angle of the incident light we can 

see either a five or eight in different colours [75]. Angle-dependent colours 

can be applied to banknotes, passports, and ID cards to create highly secure 

and difficult-to-replicate holographic effects, similar to current holographic 

security features but with added customization and complexity. 

1.5.7 Laser colouring due to nanoparticles/nanostructures 

The structural colours due to surface ripples depend on the viewing angle. 

However, scanning of metal surfaces with picosecond and femtosecond lasers 

has shown that it is possible to change the colour of metals with the colour 

being independent of the viewing angle. This process is explained by a 

localised surface plasmon resonance effect due to metal nanostructures and 

nanoparticles on plasmonic metals such as gold, silver [73], and copper [20]. 

The dielectric permittivity ε of metals depends on the wavelength of the 

incident light. When the dielectric permittivity of the metal nanoparticles is 

approximately double and of the opposite sign to that of the ambient dielectric 

permittivity, the electromagnetic field is amplified at that wavelength. This 

resonance of the surface plasmons leads to an enhancement of the absorption 

for the resonant wavelength [19,95]. When the wavelength of the amplified 

absorption is in the visible range of light, the reflection properties of the 

surface and the visible colours change. The maximum absorption location 

depends on the size of the nanoparticles, the metal itself and the dielectric 

permittivity of the environment. By controlling these parameters, it is possible 

to control the surface colours of metals. Laser-induced nanostructures are 

usually randomly distributed over the surface of the sample. Examples of 

nanostructures are nanocavities, nanospikes, and nanoparticles.  

1.5.8 Applications of laser colouring due to 

nanoparticles/nanostructures 

Laser colouring of plasmonic metals such as silver and gold offers vibrant 

and durable micromachining of the selected surface. In jewellery and fashion 

accessories, it enables intricate and colourful designs while ensuring long-

lasting wear resistance. Watchmakers use it to enhance dials and bezels with 
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aesthetic details and precise markings, while jewellers use this process to 

create vibrant ornaments on various necklaces, bracelets and earrings [11].  

It has been shown (Fig. 9) that using picosecond laser irradiation in the 

non-burst and burst modes, it is possible to colour different metals including 

silver, gold, copper and aluminium. Vibrant blue, purple and yellow colours 

were achieved as well as intricate drawings were also shown [73]. 

 
Fig. 9. Laser colouring of independent of the viewing angle colours: (a) 

image of an eagle on a silver coin; (b) and (d) image of a butterfly on a 

silver coin before and after laser colouring, respectively; (c) microscope 

image showing the size of the protrusions to be up to 2 mm and the 

roughness of the surface to be between 1 and 2 µm; (e) a 5 kg silver coin 

with a diameter of 21 cm and a thickness of 2.5 cm with a coloured tiger 

and the Canadian inscription (coin (d) is shown next to the coin for 

comparison); (f) a zoomed-in photograph of the tiger to better show the 

contrast between black and white; (g) the colouring of an identical silver 

coin in other colours; (h) a zoomed-in photograph of the eyebrows and the 

nose; (i) the colouring of a gold coin in various colours. Reprinted with 

permission from ref. [73], © Springer Nature Limited. 

1.6 Laser polishing 

Surface texture and quality have a big impact on items' functionality and 

quality in various industries. Numerous industrial applications make use of 

microstructured surfaces [96]. A thin layer of a metal is melted as part of the 

laser polishing procedure in laser micromachining yielding a surface devoid 
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of fractures and other flaws. The goal of this technique is to level out the peaks 

and valleys on metals to a range that is lower. Laser polishing is mainly done 

at three levels. The first method is big area ablation polishing, which involves 

polishing large surfaces. The second being localized ablation where by 

controlling power density only rough surfaces are melted to reach a surface 

level and lastly, polishing by remelting. Surface tension causes material to be 

moved from the peaks to the valleys, smoothing surface roughness in the 

molten state [97]. This is because laser polishing, in contrast to other polishing 

techniques, depends on material conservation. Conventional laser polishing 

can be further separated into laser macro-polishing and laser micro-polishing 

based on the initial surface roughness to be polished and the consequent 

melting depth [96]. 

Continuous wave laser radiation is the primary tool used for macro 

polishing. The polishing process enables the top surface layer of the sample 

to be continuously remelted throughout a range of 10 to 80 mm. The material 

and the initial surface roughness must be taken into consideration when 

selecting the re-melting depth. Fiber-coupled lasers typically have laser 

powers between 100 and 300 W. Depending on the kind of material, the 

desired roughness rate, and the initial surface roughness, the processing time 

ranges from 10 to 200 s/cm2 [98]. Heat conductivity, surface tension, 

viscosity, melting and evaporating temperatures, the starting surface 

roughness of the material to be polished, and the substance's homogeneity are 

some of the thermophysical characteristics that affect roughness [97].  

Laser micro-polishing uses pulsed laser light with a usual pulse duration in 

the range of ns to μs if the goal is to reduce micro roughness and increase gloss 

level [96]. Pulsed laser radiation is typically used for micro-polishing on a 

previously ground and machined surface. The duration and intensity of the 

pulses are the most crucial factors in micro polishing [97]. For micro laser 

polishing the beam is moved along the target’s surface to melt the peaks into 

the valleys and, as a result, gain a more even surface. The molten material is 

already re-solidified when the subsequent laser pulse hits the surface and 

creates a new molten pool [97]. Shallow surface melting is the primary cause 

of this phenomena. The shallow surface melting zone is created by capillary 

pressure and liquid curvature caused by the shallow melting of micro 

asperities, which finally fill the metal surface's valleys with molten metal [99]. 

The laser beam's intensity must be chosen based on the pulse duration and the 

type of material that will be polished. As a result, one of the most important 

parameters for effective laser polishing is laser fluence, which is easily 

controllable using laser bursts. Even little changes in fluence can result in a 

wide range of surface quality finishes. Another major factor is the temperature 
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of the sample’s surface. In the case of stainless-steel, studies have revealed 

that a surface temperature reaching 600 ºC before the next pulse has a 

detrimental influence on surface roughness [100]. However, the accumulated 

heat can be also used as an advantage when using various burst modes. Using 

burst modes with fluences lower than the ablation threshold fluence results in 

a thin melt layer that enhances surface quality, according to several studies 

[101–103]. 

1.6.1 Surface roughness parameters and measurement 

There are quite a few parameters that are numerical values which express 

the unevenness of a surface. However, each parameter is slightly different and 

is used for different purposes. Ra is arithmetic average roughness, which is the 

average of how far each point on the surface deviates in height from the mean 

height. It’s the most widely used parameter because it provides a simple 

overall roughness value and the average roughness is a good first-pass 

indicator of the overall height of the surface texture. It has proven useful for 

tracking manufacturing processes in industries from automotive to medical 

devices. Ra measures absolute deviations from the mean height, treating peaks 

and valleys equivalently. However, many very different surfaces: some 

uniform roughness, some with deep valleys or sharp peaks, may all have the 

exact same Ra value, which means Ra cannot distinguish the location of surface 

features across a profile. A surface with randomly scattered peaks will have 

the same Ra as a surface with those same peaks clustered at one end of the 

polished part [104]. Another parameter Rz is mean peak to valley height which 

is often defined as the average of the sum of the heights of the highest peak 

and the deepest valley across several sampling lengths. The average is usually 

done from 5 highest peaks and 5 deepest valleys. Rz is best for evaluating 

surfaces where the extreme values (peaks and valleys) are critical, such as in 

sealing surfaces or where contact stress concentrations might occur. It can be 

overly influenced by a single abnormal spike or valley, and if the surface is 

noisy, Rz may not represent the overall texture effectively [105]. Third 

parameter is Rq which is the root mean square roughness which is the square 

root of the mean of the squares of the profile deviations. Because of the 

squared values, Rq is more sensitive to peaks and valleys compared to Ra. This 

parameter is used in optical surfaces and precision bearings where small 

variations are important. Nevertheless, similarly to Rz is highly sensitive to 

outliers. In cases where isolated spikes or defects exist, it may overemphasize 

their effect, potentially misrepresenting the typical surface condition [104]. 

Fourth parameter is Rt, which is the total roughness height, which means the 
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vertical distance between the highest peak and the lowest valley within the 

evaluation length. This parameter is used for assessing the full range of surface 

irregularities when even one outlier would be important and it is less 

representative of the general surface roughness. There is also Rp and Rv 

parameters that correspond to maximum profile peak height and maximum 

profile valley depth, respectively. Rp is the height of the highest peak above 

the mean line, where Rv is the depth of the deepest valley below the mean line. 

They are best used for identifying isolated high peaks or deep valleys that 

might cause interference or initiate wear, critical in assessing potential surface 

damage, but offer no information on the distribution of the rest of the surface 

texture. Lastly, Rsk is skewness, which is a statistical measure that describes 

the asymmetry of the surface profile’s height distribution. Where a positive 

Rsk indicates that there are more peaks than valleys and a negative Rsk indicates 

that there are more valleys than peaks. This parameter is used for predicting 

lubrication behaviour and wear characteristics, as the asymmetry can 

influence how surfaces interact under load, but does not provide direct 

information about the amplitude of the roughness [106].  

Surface roughness refers to the fine, closely spaced irregularities on a 

surface, often resulting from the inherent characteristics of the material or the 

machining process used. However, there is another parameter called surface 

waviness that encompasses more widely spaced, macroscopic deviations on 

the surface that are more regular. It arises from systematic process-induced 

patterns, such as overlapping laser beam scanned lines or thermal gradients 

during laser polishing. Unlike surface roughness, waviness reflects larger, 

more regular deviations that can affect functional properties like friction and 

optical scatter [107]. 

Surface roughness measurements can be divided into two primary 

methods: contact and non-contact. The most common contact method is stylus 

profilometry which is broadly used in the industrial sector for measuring 

surface roughness. Contact type stylus profilometers are widely used in 

industrial fields, research, and development. The main reasons for the 

dominance of the roughness tester with a stylus are the accumulated 

measurement and analysis technique to date, self-reliance by measuring direct 

contact with the actual measurement surface, and compatibility with past 

accumulated measurement data [108]. Stylus profilometers, which utilize 

diamond-tipped styluses with typical tip radii of 2–5 μm, offer high vertical 

resolution that is sub nanometer and are widely used for 2D profile 

measurements. However, they risk damaging delicate surfaces and are limited 

by contact-induced wear and a relatively small measurement area. Moreover, 

atomic force microscopes that are used in contact mode provide atomic-scale 
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resolution over very small areas but are slow and less practical for larger 

samples [108]. 

Non-contact methods, such as optical interferometers and confocal 

microscopes, enable fast, damage-free, three-dimensional surface 

characterization with lateral resolutions down to approximately 0.1 μm and 

sub-nanometer vertical resolution, but these techniques can be sensitive to 

variations in surface reflectivity, require stringent environmental control, and 

often involve higher costs and more complex calibration procedures. When 

optical measurement instruments are used, unwanted distorted shape 

components are included in the resulting profile according to the beam shape, 

measurement principle, shape of the measured surface, and characteristics of 

light reflection and transmission. However, when contact type instruments are 

used, systematic error occurs between the real contact point and the point 

measured by the stylus tip radius [109]. Similarly, the profile distortion 

phenomenon that occurs with the stylus profilometer also depends on the 

shape and size of the stylus tip [108].  

1.6.2 Laser polishing applications 

Laser polishing is a versatile technique employed across various industries 

to enhance surface quality and performance of components. In the tool and 

automotive industries, laser polishing is applied to moulds to achieve superior 

surface finishes, resulting in higher-quality end products. Furthermore, laser 

polishing is used to improve the aesthetics and durability of various free form 

components, increasing overall wanted characteristics. Kumstel et al. showed 

that moulds and free form parts for automotive industries could be laser 

polished to achieve a wanted surface. The mould for glass forming was 

polished with continuous laser radiation. The mould insert out of grey cast 

iron (EN-GJS-400-15) was ballend-milled to a roughness of Ra 0.8 – 1.1 µm. 

Laser polishing reduced the roughness to Ra 0.3 – 0.4 µm (Fig. 10a). Several 

laser-polished glass forming moulds were tested in the glass forming 

production and the tests revealed an increased wear resistance in comparison 

to manually polished parts. The group also reported an increased in the parts 

hardness due to the remelting process principle during laser polishing  [110]. 

The subsequent heating and cooling result in a heat treatment of the surface 

layer. The group also performed laser polishing on an implantable ventricular 

assist device (VAD) made of the titanium alloy Ti6Al4V, showing the 

applicability in medical field as well, because the surface roughness of the 

blood transporting component is crucial for the bio- and hemocompatibility of 

the whole implant (Fig. 10b).  
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Fig. 10. Laser polishing applications. a) Partially laser-polished mould for 

glass forming; b) Ventricular assist device (VAD), left: initial, fine milled 

state, right: laser polished [110]. 

 

Manual polishing usually leaves grooves and scratches on the surface, 

which can be smeared up during subsequent polishing steps as well as some 

hidden surface defects could be induced. These defects reduce the 

biocompatibility of implants significantly. Manual polishing of the VADs 

takes about 3.5 hours and with laser polishing the time is reduced to 2 minutes. 

The surface roughness using pulsed laser irradiaton with pulse duration of 

150 ns, the roughness of the VAD component, measured by tactile stylus, can 

be reduced from Ra – 0.3 μm to Ra – 0.08 μm [110]. On the same alloy 

continuous wave fibre laser was used to reduce surface roughness from 

10.2 μm to 2.4 μm by another scientific group [111]. 

These applications show the adaptability of laser polishing in meeting the 

stringent surface quality requirements across diverse industrial needs.   
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EXPERIMENTAL SETUPS AND CHARACTERISATIONS 

To perform the experiments, multiple different laser sources utilizing 

different pulse lengths and burst modes were used. A table of the different 

lasers and their parameters is listed (Table 1). A typical optical scheme 

consisted of a laser source, mirrors for beam guiding, a beam expander, 

galvanometric scanner, F-theta lens that can be controlled on a Z stage and XY 

stages that control the samples’ position. 

 

Table 1. Laser parameters used in experiments.  

Laser source 
Baltic, 

Ekspla 

Atlantic, 

Ekspla 

Pharos, Light 

Conversion 

Carbide, Light 

Conversion 

Wavelength 1064 nm 1064 nm 1030 nm 1030 nm 

Pulse duration 10 ns 10 ps 210 fs 210 fs 

Pulse rep. rate 100 kHz 100 kHz 100 kHz 100 kHz 

F-theta lens 80 mm 80 mm 100 mm 100 mm 

Beam 

positioning 

Scangine 14, 

ScanLab 

Scangine 14, 

ScanLab 

Intelliscan 14, 

ScanLab 

Intelliscan 14, 

ScanLab 

Irradiation 

mode 
Pulsed Pulsed 

MHz burst, 

GHz burst, 

Biburst 

MHz burst, 

GHz burst, 

Biburst 

Experiments 

Wettability 

and colour 

change of 

copper 

Laser 

colouring on 

copper, 

Influence of 

absorptions 

on lift-off 

threshold 

Laser 

polishing, Bi-

stability 

measurements 

Laser 

colouring of 

stainless steel, 

Rapid laser 

colouring of 

stainless steel, 

Wettability 

Publications [PP2] [P4, P7, PP2] [P2, P3, P6] [P1, PP1, P5] 

 

The lasers were capable of different burst regimes: MHz, GHz and biburst. 

When the laser is working in the normal pulsed mode (Fig. 11a) at 100 kHz 

the time difference between pulses is equal to 10 µs. These pulses can be 

divided into smaller subpulses with either MHz or GHz intra-burst repetition 

rates and the MHz and GHz burst modes work quite similarly. In the MHz 

burst mode (Fig. 11b), the intra-burst repetition rate is equal to 64.68 MHz 

with a time difference between subpulses of 15.5 ns, while in the GHz burst 

mode (Fig. 11c), the intra-burst repetition rate is equal to 2.27 GHz with a time 

difference between subpulses of 440 ps. The number of pulses within the MHz 

and GHz bursts are notated by letters N and P, respectively. For the biburst 
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mode (Fig. 11d), when we divide the MHz burst pulses further into the GHz 

burst pulses, we get the aforementioned biburst mode. It is important to 

remember, that it does not matter into how many subpulses the pulse is divided 

into, the overall pulse energy stays the same. 

 

Fig. 11. Schematic illustration of the different laser burst modes. a) 

pulsed mode b) MHz burst mode; c) GHz burst mode; d) Biburst mode 

[PP1]. 

For the experiment two different kinds of stainless steel samples and one 

kind copper sample were used. 

 Stainless steel (304, Ekstremalė) plates with the size of 

120 × 120 × 0.4 mm3 were used for stainless steel colouring [P1, PP1, P5]. 

Stainless steel 304 has 18% chromium and 8% nickel and is the most 

commonly used grade of stainless steel with properties such as: excellent 

resistance to the corrosion and temperature, high tensile strength and 

durability, but is still easily formable. A scanning electron microscope (Helios 

NanoLab 650, FEI) was used to visualize the samples. 

For the laser polishing, copper colouring, bi-stability measurements and 

influence of absorptions on lift-off threshold [P2, P3, P4, P6, P7, PP2] 

5 mm × 50 mm × 50 mm copper (CW004A, Ekstremalė) samples were used 

with a surface roughness Ra of 0.1 µm. The copper purity was 99%. The 

ablated surface roughness Ra was measured using a stylus profiler (Dektak 

150, Veeco). A scanning electron microscope (JSM-6490LV, JEOL) was used 

for the samples’ visualization. 

For laser polishing of stainless-steel [P2] (1.4301, Ekstremalė) 

5 mm × 50 mm × 50 mm stainless-steel plates were used with a surface 
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roughness Ra of 0.5 µm. The ablated surface roughness Ra was measured using 

a stylus profiler (Dektak 150, Veeco). A scanning electron microscope (JSM-

6490LV, JEOL) was used for the samples’ visualization. 

In order to change the laser fluence, the sample z position was changed. 

This is known as a z-scan experiment in scientific literature. The beam radius 

increased when the sample was moved in either the positive or negative z-

direction. A well-known D-squared method was used to calculate the different 

beam radii values [112]. During this method, a sample is damaged using laser 

irradiation at different average laser powers, and the radius of the damage is 

measured using an optical microscope (BX51, Olympus). A graph of the 

squared radius of the irradiated damage dependence on fluence is drawn. 

 
𝐷2 = 2𝑤2ln (

𝐹

𝐹th
) (8) 

here D – diameter of the laser irradiation damage of the sample, w – beam 

radius at a given z position, F – fluence, Fth – ablation threshold.  

Fitting Eq. (8) onto the graph allows us to find the ablation threshold as 

well as the beam radius at a given z position. 

 

𝑤(𝑧) = 𝑤0√(
(𝑧 − 𝑧0)𝜆𝑀2

𝜋𝑤0
2 )

2

 
(9) 

here w0 – beam waist, z0 – samples position at beams waist, z – samples 

current position, λ – laser wavelength, which was 1030 nm, M2 – beam quality 

parameter. 

Then when beam radius is calculated for all z positions using Eq. (9) we 

can get the beam waist value. 

Surface wettability was also measured for [P1, P5, PP1, PP2] 

experiments. The static water contact angle (SWCA) was measured by 

depositing a 6 µL volume water drop on a specific laser coloured area using a 

micropipette (Transferpette, Brand GmbH). The sample was illuminated from 

one side by a high-parallelism diode backlight and an image of the drop was 

taken from the other side using a digital camera. The SWCA angle was 

deduced by using ImageJ software’s [113] plugin LBADSA [114]. Each 

measurement was done 5 times and the standard deviation was calculated. 
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EXPERIMENTS 

2 Laser colouring of metals 

2.1 Laser colouring of stainless steel 

While many metals and different colours have been achieved using laser 

colouring, the process has not yet been fully optimized. Copious amount of 

laser processing and material parameters have an effect on laser colouring, 

therefore increasing the time required to perfect the method. MHz, GHz and 

biburst burst modes were tested to achieve the highest number of colours and 

highest possible colouring rate. Laser processing parameters including hatch, 

repetition of scans and laser frequency were also tested to see whether they 

increase the colouring rate. Micromachined surface structure was analysed 

and the static water contact angles were measured to see if the surface became 

hydrophobic. [P1], [PP1], [PP2] and [P5] results will be presented here. 

2.1.1 Experimental setup 

The experiment was carried out using a solid-state laser (Carbide, Light 

Conversion) with listed laser parameters in (Table 1). The beam waist radius 

was 20.6 µm and the beam quality factor M2 was 1.08. Two different laser 

colouring experiments were performed. First experiment was to find which 

burst mode and pulse number within the burst combination produced most 

colours. Results from the [P1] publication will be presented. The second 

experiment was performed to find the highest scanning speed and colouring 

rate possible to achieve colours. Results from [P5] and [PP1] publication will 

be presented. During the first experiment the galvanometric scanner 

horizontal lines were scanned by the laser beam on the stainless-steel plate 

with the controllable scanning speed of 100 mm/s and 333 mm/s. The distance 

between the lines or hatch h was constant and equal to 10 µm. The area of one 

scanned rectangle was equal to 6 × 6 mm2 (Fig. 12). Horizontally in the x 

direction number of pulses in the MHz or GHz burst were changed from 2 to 

9 with a step of 1. For the GHz burst mode 10, 15, 20 and 40 pulses within the 

burst were also tested. For the biburst mode, the GHz experiment was repeated 

while using different number of pulses within the MHz burst, changing from 

2 to 8 with a step of 1. Vertically in the y direction laser output power was 

gradually decreased and equal to 5.6 W, 4.4 W, 3.5 W, 2.8 W, 2.5 W, 1.7 W, 

1.4 W, 0.98 W, 0.73 W, and 0.26 W. This corresponded to pulse fluences of 

7.6 J/cm2, 6.0 J/cm2, 4.8 J/cm2, 3.8 J/cm2, 3.4 J/cm2, 2.3 J/cm2, 1.9 J/cm2, 
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1.3 J/cm2, 1.0 J/cm2 and 0.34 J/cm2
, respectively. Afterwards, the 

micromachined stainless-steel plate with different laser induced colours was 

put in a light box with all white walls (Lightroom, LR0001). Inside the box, 

the samples were illuminated by light-emitting diode (LED) lights, which 

were on the top part of the box and the samples themselves were photographed 

using a digital camera (Leopard Imaging, LI-IMX563-MIPI-AF) equipped 

with 7.05 mm lens and 12 MP CMOS image sensor (Sony, IMX563) that was 

on the roof of the white box to maintain constant conditions for the whole 

experiment. 

 
Fig. 12. Design of the laser colouring experiment. First using a galvanometric 

scanner coloured rectangle squares are micromachined using laser irradiation 

on the stainless-steel plates. Afterwards, the stainless-steel plates are 

photographed inside a white walled light box with LED lights [P1]. 

During the second experiment on the stainless-steel plates, using a 

galvanometric scanner 5 mm horizontal lines were scanned in a square shape 

with a 10 µm distance or hatch between the lines. The area of the square was 

set to 5 mm × 5 mm. An array of squares was achieved where laser scanning 

speed was increased vertically and average laser power was increased 

horizontally. The scanning speed was increased from 1000 mm/s to 

4250 mm/s, while the average laser power was increased from 9.6 W to 40 W. 

The experiment was repeated at different burst modes with varying number of 

pulses within the burst. Other laser parameters were also tested. The same 

experiment was performed but instead of horizontally changing the laser 

power, other parameters, including hatch, pulse duration, laser frequency and 

repetition of scans were chosen.  
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2.1.2 Laser colouring using MHz, GHz and biburst modes 

The CIE 1931 (Fig. 13) chromaticity diagram represents colour based on 

human visual perception and is used in many industries, such as printing, 

photography, television and also scientific literature [12,61,73,90,115–117]. 

The diagram represents all visible colours as seen by the human eye, mapped 

within a two-dimensional space defined by the x and y chromaticity 

coordinates. The horseshoe-shaped curve, known as the spectral locus, 

outlines the limits of human vision in the diagram. Every colour visible to the 

human eye falls within this curve, however not all colours can be replicated 

by technology. Therefore, various approximation models are used, and 

because no model can replicate all colours within the diagram, only the 

colours in the black triangle can be shown. The triangle is an overlay that 

shows the range of colours that can be produced by a specific set of three 

primary colours. In other words, the triangle’s vertices mark the chromaticities 

of the red, green, and blue primaries, and every colour inside the triangle is 

one that can be achieved by additively mixing those primaries. Colours outside 

the triangle cannot be reproduced with the RGB system. The diagram includes 

a point representing white light, located at coordinates x – 0.333, y – 0.333. 

Colours closer to this point appear more desaturated, meaning they look closer 

to white or grey. As can be seen in the colour space in (Fig. 13) a wide range 

of colours was achieved in our experiment, from multiple shades of brown and 

yellow, to blue and green. Notably the hardest colour to achieve was red, with 

only purple colour being close to it. 
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Fig. 13. CIE 1931 colour diagram containing all achieved colours. Black 

triangle shows all achievable colours due to the usage of XYZ colour model. 

Green squares – biburst mode with N = 2 pulses in the MHz burst and a 

scanning speed of 100 mm/s; blue stars – biburst mode with N = 2 pulses in 

the MHz burst and a scanning speed of 333 mm/s, red circles – biburst mode 

with N = 8 pulses in the MHz burst and a scanning speed of 100 mm/s [P1]. 

 

Three different burst regimes: MHz, GHz and biburst were used to achieve 

different colours on stainless steel. 

MHz burst mode was not very effective in producing a broad spectrum of 

varied colours, as shown in (Fig. 14) Only different tones of brown were 

achieved. When using the GHz burst mode, the situation marginally improved 

and more colours, including many hues of green and one very dark purple, 

were produced. The bulk, however, continued to be brown, just like in the 

MHz burst mode. 
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Fig. 14. Stainless steel colour achieved by laser colouring dependence on 

fluence F in the (a) MHz and (b) GHz burst modes [P1]. 

The majority of colours are achieved when using the biburst mode. In 

picture (Fig. 15a) we see the GHz mode with brown and green colours. 

However, starting with the biburst mode in (Fig. 15b) the first blue colour is 

visible. Increasing the number of pulses in the MHz burst yields greater 

number of shades of blue with (Fig. 15f-h) showing that half of the grid is 

either blue or purple. Achieving these colours is a difficult and time-

consuming task because of the parameters involved. We can see that the 

optimal window for achieving colours is between 1.1 J/cm2 and 2.1 J/cm2 

which is quite narrow. Furthermore, while the fluence for the entire burst 

ranges from 1.1 J/cm2 to 2.1 J/cm2, the intra-burst fluence for a single pulse is 

only about 0.01 J/cm2 to 0.02 J/cm2 for purple colours and 0.02 J/cm2 to 

0.04 J/cm2 for blue colours, making the use of various burst modes a very 

practical and precise way to attain such low fluences. 
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Fig. 15. Stainless steel colour achieved by laser colouring dependence on 

fluence F and number of pulses per GHz burst P, at different number of pulser 

per MHz burst N: (a) N = 1; (b) N = 2; (c) N = 3; (d) N = 4; (e) N = 5; (f) N = 

6; (g) N = 7; (h) N = 8 [P1]. 

Scanning speed is also a very important processing parameter for laser 

colouring. Comparing two arrays in the biburst mode with 2 pulses in the MHz 

burst (Fig. 16) we can see that increasing the scanning speed threefold yielded 

only shades of brown. While using a scanning speed of 100 mm/s resulted in 
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a few blue and purple colours. Further optimising the set of parameters by 

increasing the number of pulses in the MHz burst to 8 yielded a high range of 

colours, with more than half of the array being blue or purple. We can see 

these results in (Fig. 13) as well, where the second set of parameters resulted 

in a small range of colours, while the third set spanned throughout the whole 

possible triangle. 

 
Fig. 16. Stainless steel colour achieved by laser colouring dependence on 

fluence F and number of pulses per GHz burst P, at different number of pulses 

in the MHz burst and scanning speed: (a) N = 2, v = 100 mm/s; (b) N = 2, 

v = 333 mm/s; (c) N = 8, v = 100 mm/s [P1]. 

Although we achieved numerous colours, the colouring rate with a 

scanning speed of 100 mm/s is low and is equal to only 1 mm2/s, as it depends 

on the scanning speed and the distance between the scanned lines, so a second 

experiment was carried out to find the highest scanning speed to achieve the 

highest colouring rate. 

2.1.3 Rapid laser colouring using GHz burst mode 

It is important to not only achieve a wide range of colours, but to do it as 

rapidly as possible. To define the speed of colouring a certain area we use the 

colouring rate, denoted as dS/dt, which is defined as the total coloured area 

divided by the processing time. For a square area with side length l, the 

coloured area is equal to l2. The processing time t can be calculated by 

considering the number of lines N needed to cover the whole area, each of 

length l, and the scanning speed v. The number of lines is determined by 

dividing the side length by the hatch h, so N = l/h. Therefore, the processing 

time becomes t = Nl/v = l2/vh. Substituting this back into the colouring rate 

equation yields dS/dt = l2/t = vh. This demonstrates that the colouring rate 

simplifies to the product of the scanning speed and the hatch distance. Thus, 

despite the complexity of various processing parameters, the colouring rate 

provides a straightforward metric for comparison by focusing on these two 

key variables. With a scanning speed of 100 mm/s and a hatch of 10 µm the 

colouring rate in the biburst mode was only 1 mm2/s. Our second experiment 
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was conducted to achieve the highest possible colouring rate while also 

increasing the number of colours. 

Different laser processing parameters result in different colours. Our 

experiment was carried out with P = 2, 4, 7, 10, 15 and 25 pulses within the 

GHz burst and beam scanning speeds from 1000 mm/s to 4250 mm/s. As can 

be seen from (Fig. 17) we get similar results with P = 2, 4, 7, 10 pulses within 

the GHz burst. Increasing the number of bursts further to P = 15 (Fig. 18) 

results in colours that are far less vibrant but still quite similar to the ones in 

(Fig. 17). However, increasing the number of pulses within the burst further 

to P = 25 drastically reduces the number of different colours achieved (Fig. 

18) as only brown and dark green or dark purple colours can be seen.  

 
Fig. 17. Different colours achieved with laser colouring. The laser beam 

scanning speed was increased from 1000 mm/s to 4250 mm/s and average 

pulse fluence was increased from 12.1 J/cm2 to 54.1 J/cm2. The experiment 

was repeated at P2, P4, P7 and P10 pulses within the GHz burst with 

individual intra-burst pulse fluence listed [PP1]. 

When the accumulated pulse fluence is at F – 12.11 J/cm2, for P – 2, 4, 7, 

10, 15 pulses within the GHz burst a pattern of the colours going from light 

green, to blue, to purple, to orange and lastly yellow was seen when the laser 

beam scanning speed was increased from 1000 mm/s to 4250 mm/s. 

Increasing the accumulated pulse fluence resulted in the existing pattern being 

kept, however, the colour transitions were more gradient with more 

transitional colours appearing. When F – 24.31 J/cm2 and higher accumulated 
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pulse fluences were achieved, the colour pattern changed slightly. The starting 

colours were light brown, going to light green and turning into light blue that 

changed to purple, orange and lastly yellow. This allowed to achieve certain 

colours at a much higher scanning speed. Increasing the laser beam scanning 

speed further than 4250 mm/s resulted in unstable and not uniform colours 

that were somewhere between yellow, purple, blue.  

 
Fig. 18. Different colours achieved with laser colouring. The laser beam 

scanning speed was increased from 1000 mm/s to 4250 mm/s and average 

pulse fluence was increased from 12.1 J/cm2 to 54.1 J/cm2. The experiment 

was repeated at P15 and P25 pulses within the GHz burst with individual 

intra-burst pulse fluence listed [PP1]. 

As it can be seen in (Fig. 19) we have also increased the number of colours 

filling almost the entire triangle area. Many different blue, purple, orange and 

yellow colours have been achieved, as well as, a few green and red colours. 

The later are the fewest and most difficult to obtain in our experiments. 
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Fig. 19. 1931 chromaticity diagram. Black dots – achieved colours in the 

experiments. Black triangle – colours that are possible achieve in the model 

[PP1]. 

Besides the commonly used RBG colour model there are other popular 

models such as HSL (Hue, Saturation, Lightness). The CIE diagram (Fig. 19) 

reveals that only a limited number of vibrant green and red colours are 

achieved. Vibrant colours correspond to high saturation levels, typically 

values of 80 or greater. However, the observed saturation of some of our 

colours is quite low, ranging from 20 to 30, while the lightness is relatively 

high, between 60 and 85, at different fluences when using 7 or 10 pulses within 

the GHz burst (Fig. 20, a and b) for the green colours. Increasing the number 

of pulses within the GHz burst to 15 and 25 (Fig. 20, c and d) causes the green 

colour saturation to drop further into the 5 to 20 range, and the lightness 

decreases to between 40 and 70. Similar trends are observed for the red 

colours, with saturation and lightness values never exceeding 60. 
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Fig. 20. Hue dependence on fluence polar diagrams with P = 7, 10, 15 and 

25 pulses within the GHz burst [PP1]. 

Additional burst modes were tested to determine whether more colours and 

higher colouring rates could be achieved (Fig. 21a). In the MHz burst mode, 

regardless of the scanning speed, only brown colours were produced. Notably, 

similar brown hues could be obtained at scanning speeds exceeding 

4250 mm/s. In contrast, in our previous work [56] we primarily achieved 

various colours using the biburst mode at a much lower scanning speed of 

100 mm/s. By increasing the scanning speed to the 1000 – 4250 mm/s range 

and utilizing N2P7 and N2P10 biburst modes, it was possible to produce 

different colours, although these were less vibrant than those in the GHz burst 

modes. Moreover, increasing the number of pulses in the MHz burst mode to 

four or more still resulted only in brown colours. This shows, that the GHz 

burst mode is far superior in achieving vibrant colours and only when 

increasing the number of N by a minimal amount can any colours be visible 

at all in the biburst mode. Multiple scans were also tested (Fig. 21b), however 

no significant changes in colours can be seen. The small visible change can be 

explained by the fluence change due to the fact that some of the material is 

ablated with every scan. The last test was performed to see whether more 

colours or higher scanning rates could be achieved when different burst modes 

were used on top of one another (Fig. 21c). Since MHz burst yielded no 

colours at all, it was not tested. In (Fig. 21c) we can see that vibrant colours 
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can be achieved with P10 ten pulses in the GHz burst and if we use N5P10 

biburst mode with 5 pulses in the MHz burst mode and 10 pulses in the GHz 

burst mode, we will achieve only brown colours. Mixing these two parameter 

sets yielded some interesting results. If the GHz burst mode is used first, with 

biburst mode going after, no new colours are seen. Contrary, if the biburst 

mode is used first with the GHz mode going afterwards, some colours are 

achieved. The new colours are not as vibrant as in the GHz burst mode but are 

more vibrant than the ones in the biburst mode even with optimal parameters. 

While it might be possible to achieve some new duller colours compared to 

the GHz burst mode, the scanning rate would be significantly lower using this 

method since multiple scans are needed and using speeds higher than 

3000 mm/s yielded different shades of brown only. Therefore, due to these 

findings, mixing of the burst modes was not studied further. 

 
Fig. 21. MHz and Biburst mode colouring tests. The laser beam scanning 

speed was increased from 1000 mm/s to 4250 mm/s and average pulse fluence 

was constant at 30.8 J/cm2. N = 2, 4, 7, 10, 15, 20 and 25 pulses within the 

MHz burst were tested for the MHz burst mode. For the biburst mode N2P7, 

N4P7, N7P7, N10P7, N15P7, N20P7, N2P4, N2P7, N2P10 and N2P15 sets 

were tested [PP1]. 

Based on the equation dS/dt = vh, there are two primary methods to 

improve the colouring rate: increasing the laser beam scanning speed or the 

distance between the lines. If identical colours can be achieved with a larger 

hatch spacing, fewer scanned lines are necessary to colour a given area, 
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potentially improving the colouring rate. As can be seen in (Fig. 22), multiple 

colours can still be produced even as the hatch spacing increases. However, 

the colouring rate does not necessarily improve because, to achieve the same 

colours with a doubled hatch spacing, the scanning speed must be reduced 

proportionally. Another possibility to increase the colouring rate could be 

increasing the laser's repetition rate. This could allow for higher scanning 

speeds to be used if pulse overlap is one of the critical parameters for laser 

colouring. Pulse overlap would remain the same if both the repetition rate and 

scanning speed would be increased proportionally. Nevertheless, the results 

shown in (Fig. 22) indicate that increasing the repetition rate produces the 

same colours at the same speed and those colours are significantly less stable 

as well. This could be explained by the intra-burst repetition rate having the 

most significant impact on heat accumulation on the target surface. 

 

 
Fig. 22. Colour change from laser colouring when changing hatch, pulse 

repetition rate and beam scanning speed. P = 7 pulses within the GHz burst 

mode were used with a constant pulse fluence of 30.8 J/cm2 [PP1]. 

Due to the fact that our laser colouring method utilizes hatching, it is 

possible to fill any custom form or figure with lines with a pre-set spacing. In 

(Fig. 23) we can see various shapes and colours that can be achieved using 

laser irradiation. Specifically, (Fig. 23a) displays two half circles with two 

wavy lines in the middle, all in different colours such as blue, light blue, 
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purple, and orange. In contrast, (Fig. 23 b, c, d) present the same floral circle 

pattern with a circle in the middle but in different colour schemes: (Fig. 23 b) 

is entirely blue, while in (Fig. 23 c and d) each leaf and the central circle have 

different colours ranging from shades of blue to purple and orange. Lastly, 

(Fig. 23e) shows the logo of the Center for Physical Sciences and Technology 

(FTMC). These examples demonstrate that even complex shapes are not 

problematic for this method. However, a significant drawback is the process's 

extreme sensitivity to minor changes in fluence. Although the laser’s 

irradiation is highly stable, particularly because we can use high powers and 

divide those pulses into ones with lower individual fluence, we still face 

challenges in maintaining the sample precisely at the focal position. The 

primary issue arises from heat accumulation, which increases the sample's 

temperature and causes slight deformations of the sample surface, thereby 

altering the focal point. Even though, the deformations can be very small and 

hard to see with the naked eye, the colour difference is easily noticeable. 

 
Fig. 23. Laser coloured figures on a stainless-steel sample. a) two half 

circles with two wavy lines: blue colour’s scanning speed 2500 mm/s, grey 

blue – 1150 mm/s, purple – 3000 mm/s, orange – 4250 mm/s; b) floral 

pattern: dark blue – 2650 mm/s; c) floral pattern: blue – 2500 mm/s, light 

blue – 2300 mm/s, purple – 3000 mm/s, orange – 4250 mm/s, grey blue 

(middle circle) – 1150 mm/s; d) floral pattern: light blue – 1500 mm/s, 

turquoise – 1000 mm/s, blue – 2300 mm/s, purple – 3000 mm/s. Laser 

processing parameters: 7 pulses in the GHz burst, pulse fluence 30.8 J/cm2, 

intra-burst pulse fluence 4.4 J/cm2. e) logo of FTMC; dark 

blue – 3500 mm/s, purple – 4000 mm/s. 7 pulses in the GHz burst, pulse 

fluence 43.8 J/cm2, intra-burst pulse fluence 6.3 J/cm2 [PP1]. 

From the three ways that a metal surface could be coloured using laser 

micromachining, two of them can be easily dismissed. Plasmonic metals are 
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materials that support localised surface plasmon resonances which result in 

colours that arise from nanostructures and nanoparticles on the metals surface. 

This effect is the result of the confinement of a surface plasmon in a 

nanoparticle of size comparable to or smaller than the wavelength of light used 

to excite the plasmon. However, this happens in noble metals such as gold and 

silver, with other metals such as copper and aluminium also showing some of 

these properties. While stainless steel nanoparticles can exhibit localized 

surface plasmon resonance (LSPR), the resonances are typically broad and 

weak due to significant damping from high optical losses. The heterogeneous 

composition of stainless steel introduces multiple scattering centers and 

impurities, further hindering the efficiency of plasmonic oscillations. Given 

the weak plasmonic properties of stainless steel, LSPR contributes negligibly 

to surface coloration. Structural colours arising from LIPSS is also not the 

reason our stainless-steel samples are coloured. Checking our sample under 

scanning electron microscope, we did not find any LIPSS on the target’s 

surface, only various different nanoparticles and nanostructures that are 

ununiformly scattered (Fig. 24d-g). Furthermore, structural colours change 

from green, to red and blue depending on the viewing angle, whereas our 

colours do get significantly darker depending on the viewing angle, but do not 

change colour. Lastly there is the surface oxidation. Because the laser is a 

significant heat source and various burst modes also assist in heat 

accumulation [65] it could fasten the oxidation process which results in 

different colours on the stainless-steel surface. The thin film effect would also 

explain two observable phenomena. The first one is our small amount of green 

and red colours achieved (Fig. 19). It could be explained by the fact that the 

oxide layer was too thick for the light to reflect from the sample and 

interference could not be seen. Also, because the colour is dependent on the 

optical path difference which in itself depends on the incident angle of the 

light, it explains why the colour becomes significantly darker when the angle 

is changed (Fig. 24a-c). 
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Fig. 24. Laser colouring tilt experiment: a) 0º tilt; b) 20º tilt; c) 30º tilt. d-g) 

scanning electron microscope images of different colours. Laser processing 

parameters: 7 pulses within the GHz burst, 18 J/cm2 pulse fluence [PP1]. 

In this experiment, a variety of colours were achieved on stainless steel 

using scanning speeds between 1000 mm/s and 4250 mm/s, with colouring 

rates ranging from 10 mm²/s to 42.5 mm²/s. If optimal fluence and pulse 

numbers within GHz bursts are selected, colours such as yellow, orange, blue, 

purple, and dark green can be achieved at the maximum colouring rate of 

42.5 mm²/s. To the best of our knowledge, no other study has reported 

colouring rates of stainless-steel exceeding 15 mm²/s (Table 2). This is also, 

to the best of our knowledge, the highest colouring rate achieved through 

oxidation mechanisms and is only comparable to plasmonic colours obtained 

from nanoparticles and nanostructures on plasmonic metals. 



60 

Table 2. Comparison of laser colouring rates and other parameters in scientific 

literature. *marks the first experiment and ** marks the second one. 

Mechanism Material 
Parameters 

λ, nm v, mm/s h, µm dS/dt, mm2/s 

Oxidation[54] Stainless–steel 532 100 – 600 5 – 15 0.5 – 9 

Oxidation[55] Stainless–steel 1062 50 – 225 10 – 20 0.5 – 4.5 

Oxidation* Stainless–steel 1030 100 10 1 

Oxidation[57] Stainless–steel 355 400 – 500 30 12 – 15 

Oxidation[58] Stainless–steel 532 70 – 600 4 – 10 2.8 – 6 

Oxidation[59] Stainless–steel 1064 2500 10 25 

Oxidation[60] Stainless–steel 1064 50 – 750 10 0.5 – 7.5 

Oxidation[118] Stainless–steel 1061 2.5 – 190 20 0.05 – 3.8 

Oxidation[64] Titanium 1064 25 – 150 200 5 – 30 

Oxidation[61] Titanium 1064 90 – 600 10 0.9 – 6 

Oxidation[62] Titanium alloy 1030 20 – 100 5 0.1 – 0.5 

Oxidation[68] Copper 1030 100 1 – 20 0.1 – 2 

Oxidation** Stainless–steel 1030 1000 – 4250 10 10 – 42.5 

LIPSS[75] Stainless–steel 800 1 – 4 50 0.05 – 0.2 

LIPSS[91] Stainless–steel 515 300 – 2000 1 – 3 0.3 – 6 

LIPSS[119] Copper 800 0.1 – 3 100 0.01 – 0.3 

LIPSS[18] Aluminium 800 0.1 – 16 50 0.005 – 0.8 

LIPSS[120] Silicon 800 1 30 0.03 

Nanoparticles[73] Gold and Silver 1064 11 – 3000 1 – 13.5 0.011 – 40.5 

Nanoparticles[20] Copper 1064 50 – 5000 10 – 20 0.5 – 100 

Comparing colouring rates across the literature is challenging, mainly 

because distance between scanned lines (hatch) is often not listed if the 

parameter remains constant. However, based on the beam scanning speed 

alone, our method is at minimum three times faster than reported in 

comparable studies (Table 3). 
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Table 3 Comparison of laser beam scanning speeds and other parameters 

in scientific literature. *marks second experiment. 

Mechanism Material 
Parameters 

λ, nm v, mm/s 

Oxidation[81] Stainless–steel 1064 10 – 90 

Oxidation[13] Stainless–steel 1064 100 – 1300 

Oxidation[76] Stainless–steel 1064 10 – 500 

Oxidation[83] Stainless–steel 1060 1 – 250 

Oxidation[14] Stainless–steel/Ti 1060 1 – 250 

Oxidation* Stainless–steel 1030 1000 – 4250 

LIPSS[90] Stainless–steel 1030 20 – 33.3 

LIPSS[121] Stainless–steel 240 – 2600 13 

LIPSS[122] Stainless–steel 800 10 – 130 

2.1.4 Coloured surface hydrophobicity  

Changing the colour of a metal is a wanted task, but it could be improved 

with additional surface functionalities. Changing a metals colour and also 

making it hydrophobic would be very beneficial because it would make the 

colours even more long lasting since it would help the metal withstand the 

environment significantly better. For a surface to be consider hydrophobic it 

needs to have SWCA of at least 90º and to be considered superhydrophobic, 

a SWCA of higher than 150º. The SWCA was measured for uncoloured 

stainless steel and also for the first 18 colours for the 7 pulses within the GHz 

burst with 3.5 J/cm2 intra-burst pulse fluence regime. Each measurement was 

done 5 times and the standard deviation was calculated. Uncoloured stainless 

steel was not hydrophobic and had a contact angle of 50.4 ± 4.4º. In (Fig. 25) 

it can be seen that all achieved coloured surfaces are hydrophobic because 

their SWCA is higher than 90º independent of the hue of the colour. Due to 

our usage of femtosecond pulses, the sample had nanostructures and 

nanoparticles (Fig. 24d-g) on the surface after laser irradiation, which lead to 

their increase to hydrophobicity [123,124]. The time frame between the laser 

colouring and wettability tests was greater than 6 months making not only the 

colours but also the hydrophobicity long lasting. The samples were kept in 

ambient air conditions indoors without any noticeable change. 
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Fig. 25. Wettability experiments on laser coloured stainless steel with 7 pulses 

within the GHz burst with 3.5 J/cm2 intra-burst pulse fluence. (a) water 

droplets on the surface of laser coloured stainless-steel, first number under the 

picture is the contact angle with standard deviation, second number is the hue 

of the colour; (b) contact angle dependence hue. Blue line is the contact angle 

on uncoloured stainless-steel – 50.4 ± 4.4º [PP1]. 

2.2 Laser colouring of copper 

A novel, single-step, chemical-free fabrication method for producing 

super-wetting and highly hydrophobic copper surfaces using ns and ps 

lasers was demonstrated. For the first time, simultaneous control of the 

wettability and color of copper is achieved by systematically varying the 

area fraction of the laser-ablated surface, offering a versatile approach for 

surface modification. The study adopted the Cassie, Cassie-Baxter, and 

Wenzel models to explain that as the ablated area fraction increases, the 

contact angle decreases, enhancing hydrophilicity. Furthermore, 

significant visual and optical changes such as variations in color distance, 

gray value, and gray luminance correlate linearly with the ablated area 

fraction, showcasing the transformative impact of laser parameters. [PP2] 

results will be discussed here. 

2.2.1 Wettablity theory 

The characterization of the wetting properties of a surface is defined on the 

static contact angle measured by a sessile droplet technique [125]. For water 

droplets, a surface having a contact angle smaller than 90° is hydrophilic, 

while one larger than 90° is hydrophobic. The Wenzel, Cassie, and Cassie-
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Baxter models are widely used in the research of wetting behaviour and 

surface interactions, particularly in the context of hydrophobicity and super-

hydrophobicity.  

This Wenzel model assumes that the liquid completely penetrates the 

rough surface. The apparent contact angle is a function of the intrinsic contact 

angle and the surface roughness [126]:  

 

 cos 𝜃∗ = 𝑟1 cos 𝜃1 (10) 

 

where θ* – is the measured contact angle on the rough surface, r1 is the 

ratio of actual surface area to projected surface area, and θ1 is the intrinsic 

contact angle on a smooth surface. Wenzel state has a larger surface 

wettability because the liquid on the surface enters the grooves, increasing the 

contact area. 

The Cassie model addresses surfaces with regions of different wettability 

coexist caused by surface chemical heterogeneity [127,128]: 

 

 cos 𝜃∗ = 𝑓1 cos 𝜃1 + 𝑓2 cos 𝜃2 (11) 

 

where f1 and f2 are the fractions of the surface with different wettability 

angles θ1 and θ2, respectively. The fractional areas of two different surface 

components fulfill the requirement for the sum of the fractions must be equal 

as f1 + f2 = 1, this constraint ensures that no overlapping or missing regions 

exist. 

For the Cassie-Baxter model when the composite contact surface is 

composed of air and solid since the contact angle of liquid and air is 180°, Eq. 

(11) can be simplified to [129,130]: 

 

 cos 𝜃∗ = 𝑓1(1 + cos 𝜃1) − 1 (12) 

 

where θ∗ is the measured contact angle on a composite surface, f1 is the 

fraction of the solid-liquid interface area, while the rest fraction (1 – f1) is air, 

θ1 is the intrinsic contact angle. This model assumes that the liquid rests on 

top of surface roughness features, with air pockets trapped underneath. This 

creates a composite surface of solid and air, which can drastically increase 

hydrophobicity. In scientific literature, the terms Cassie-Baxter and Cassie are 

commonly used. Cassie-Baxter is used to refer to uneven surfaces 

incompletely wetted by a liquid when vapor remains under the drop. Cassie is 
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used only for even or rough surfaces of a solid state that is completely wetted 

by the liquid. 

Lastly, the Wenzel and Cassie-Baxter model describes the wetting angle 

on rough and heterogeneous surfaces [130,131]:  

 

 cos 𝜃∗ = 𝑟1𝑓1 cos 𝜃1 + 𝑓2 cos 𝜃2 (13) 

 

which considers surface roughness, where the Wenzel part of Eq. (10) with 

roughness factor r1 amplifies the wetting properties (hydrophilic or 

hydrophobic) and Cassie-Baxter's part of Eq. (11) accounts for surface 

heterogeneity, using a fractional areas f1 and f2 of different surface components 

to adjust the contact angle. 

2.2.2 Experimental setup 

The principal experimental scheme of laser processing using an irradiation 

source with optional pulse durations and a galvanometer scanner is depicted 

in (Fig. 26). 

 
Fig. 26. Principal scheme of laser structuring experimental setup [PP2]. 

Laser structuring experiments were conducted using two laser irradiation 

sources (Baltic HP, Ekspla, and Atlantic HE, Ekspla) with laser parameters 

listed in (Table 1). Both lasers provided light pulses with pulse energy from 

Ep = 1 μJ up to Ep = 60 μJ. Translation of the laser spot on the target material 

at a controllable speed up to vscan = 1.0 m/s provided the controllable distances 

between the transverse irradiation spots and distances between bidirectional 

scanned lines. The array of rectangular areas with transverse spatial 

dimensions of 11.5 × 12 mm2 was laser textured in 29.9 s processing time 

including all scanner delays. The texturing rate of ~ 5 mm2/s excluding delays 
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of the scanner was achieved for the area of the whole scanner field of 

60 × 60 mm2. The path of the scanned beam on the copper sample followed a 

snake-like trajectory consisting of parallel lines of overlapped laser pulses. 

The beam was scanned along the horizontal axis at a speed of vscan = 1.0 m/s. 

The distance between consecutive laser pulses was Δx  = vscan /  frep = 10 µm. 

A slower translation of the beam, at a speed of 10 mm/s, was applied along 

the vertical axis. The distance between scanned lines in the vertical direction 

(hatch) was Δy = 5 µm. The polarization of the beams was oriented along the 

vertical axis. The laser power was changed during the test from 0.1 W to 

0.9 W (step 0.1 W, 9 tests) and from 1.0 W to 6.0 W (step 1.0 W, 6 tests) 

which provided controllable laser fluence on the sample. The 15 rectangular 

squares were marked using each laser at different laser powers which provided 

different laser fluence on the samples. The 15 different values of laser fluences 

were used, from 0.16 J/cm2 to 1.44 J/cm2 (step 0.16 J/cm2, 9 tests) and from 

1.6 J/cm2 to 9.6 J/cm2 (step 1.6 J/cm2, 6 tests). Laser untreated copper is 

declared in graphs at the laser output power of 0.0 W and corresponding laser 

fluence of 0.0 J/cm2. 

2.2.3 Contant angle and other measurements  

The contact angle measurements methology is listed in Experimental 

setups and characterisations section. While, for the optical microscope 

imaging, digital images of both laser-processed and untreated copper surfaces 

were captured using an optical microscope (Nikon Eclipse LV100). 

2.2.4 Area fraction evaluation 

The digital image processing procedure used for area fraction calculations 

of laser-damaged Cu is presented in (Fig. 27).  
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Fig. 27. Digital image processing procedure designed for area fraction 

calculations: (a) step 1 – microscope imaging of laser-treated copper 

surface; (b) step 2 – colour image split to red (R), green (G), and blue (B) 

channels; (c) step 3 – colour-to-grayscale conversion by Eq. (14); (d) step 

4 – grayscale image conversion to a black-and-white binary image using 

Eq. 15; (e) step 5 – calculation of the area fraction of AF = 27.3 ± 2.3 % by 

Eq. 17 [PP2]. 

In step 1 (Fig. 27 (a)) microscope color image of laser treated copper 

surface was taken. In step 2 (Fig. 27 (b)), the color image was split into red 

(R), green (G), and blue (B) channels. In step 3 (Fig. 27 (c)) the image was 

transformed to the grayscale mode by calculating the grayscale value GV 

using the formula [132]: 

 

 𝐺𝑉 = max (𝑅, 𝐺, 𝐵) (14) 

 

where R, G, and B are the red, green, and blue components, respectively. 

The five color-to-grayscale conversion methods have been tested in our work: 

intensity, luminance, luma, luster, and value 7. The value method has been 

chosen because of the highest achieved contrast between grayscale images of 

the laser-treated and untreated Cu. In step 4 (Fig. 27 (d)), the grayscale 

pictures were converted to black-and-white binary mode by using a certain 

threshold value GVth using formula [133]: 

 

 𝐵𝑊 = {
1, if 𝐺𝑉 ≥ 𝐺𝑉th

0, if 𝐺𝑉 < 𝐺𝑉th
 (15) 

 

Where he threshold was selected as a mean of average values of untreated 

Cu (0.0 W) and laser-treated copper at maximum available laser power 

(6.0 W) [133]: 

 

 𝐺𝑉th =
𝐺𝑉untreated + 𝐺𝑉max fluence

2
 (16) 
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The threshold value calculated by Eq. 16 was GVth = 0.48 ± 0.02. 

In step 5 (Fig. 27 (e)), the area fraction f1 of the laser-treated copper Cu in 

percent was calculated by averaging the equation of binary image intensity 

100: 

 

 𝑓1 =
1

𝑛
∑ 𝐵𝑊𝑖 × 100%

𝑛

𝑖=1

 (17) 

 

where n is the total number of picture pixels, i is the pixel index, BWi is the 

binary black-and-white intensity of each pixel in the picture. The 

computational error in the area fraction f1 evaluation was taken as the standard 

deviation of measurements from five sections of the microscope images. 

2.2.5 Luminance and color distance evaluations 

The luminance GL of grayscale was computed from RGB optical 

microscope images by using a formula based on the NTSC standard [133,134]: 

 

 𝐺𝐿 = 0.3𝑅 + 0.59𝐺 + 0.11𝐵 (18) 

 

where R, G, and B are red, green, and blue components of the sample 

images after laser treatment 

The color distance CD was calculated between digital optical microscope 

images of the copper surface before and after laser treatment was calculated 

by using equation [135]: 

 

 𝐶𝐷2 = (𝑅u − 𝑅f)
2 + (𝐺u − 𝐺f)

2 + (𝐵u − 𝐵f)
2 (19) 

 

where Ru, Gu, Bu, Rf, Gf, and Bf are red, green, and blue components of the 

sample images before (untreated) and after laser treatment (at a certain value 

of laser fluence). The averaging procedure is performed by using equation 20: 

  

 〈𝐺𝑉〉 =
1

𝑛
∑ 𝐺𝑉𝑖

𝑛

𝑖=1

 (20) 
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where the average is denoted by angle brackets, n is the total number of 

picture pixels, i is the pixel index, GVi is the grayscale value of each pixel in 

the picture. The standard deviation as a computational error in the grayscale 

value 〈𝐺𝑉〉 evaluation was taken from five sections of the microscope images. 

The average color difference ⟨CD⟩ and the standard deviation of it were 

calculated from the data achieved from five sections of images as well.  

2.2.6 Copper colouring and wettability 

The experimental results of the wettability and color change of copper 

depending on the laser fluence are depicted in (Fig. 28):  

 
Fig. 28. (a) Water droplet images on copper surface treated by laser at different 

laser fluences. (b) RGB colour digital optical microscope images of the Cu 

surface. (c) Colour optical microscope images converted to grayscale mode. 

(d) Grayscale images were converted to black-and-white binary images with 

the threshold value of GVth = 0.48 ± 0.02. (e) The reconstructed average colour 

of colour images of copper. The scale bar provided in (b)(i) is valid for all 

images in (b-d) rows [PP2]. 

Water droplet images on copper surfaces treated by laser at different laser 

fluences are provided in (Fig. 28 (a)). The measured contact angle θ∗ values 

are given below each image. The contact angle decreased with increasing laser 

fluence for both nanosecond and picosecond laser irradiation regimes. The 

contact angle also decreases to zero degrees, the Wenzel model can not be 

directly applied for the interpretation of the experimental results.The 

microscope RGB colour images are provided in (Fig. 28 (b)). The average 

grayscale luminance ⟨GL⟩ calculated by Eq. (18) is given below each image. 
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The size of each RGB microscope image is 0.87 × 0.65 mm2. The RGB colour 

image conversion to the grayscale mode is provided in (Fig. 28 (c)). The 

average grayscale value ⟨GV⟩ calculated by Eq. (20) is given below each 

image. The grayscale image conversion and black-and-white images are 

provided in (Fig. 28(d)). The area fraction is calculated from black-and-white 

images by using Eq. (17) given below each image. The area fraction of the 

laser-ablated surface increases with increasing peak laser fluence for both 

nanosecond and picosecond laser irradiation regimes. The reconstructed 

colour of microscope RGB images of the surface of copper is provided in (Fig. 

28(e)). The average colour distance ⟨CD⟩ calculated by Eq. (14) is provided 

below each image. The grayscale luminance ⟨GL⟩, grayscale value ⟨GV⟩ and 

colour distance ⟨GV⟩ of each image increased linearly with increasing peak 

laser fluence for both nanosecond and picosecond laser irradiation regimes.  

The plots depicting how different surface characteristics (contact angle, 

color distance, gray value, and gray luminance) vary with the ablated area 

fraction for two different laser pulse durations: τₚ = 10 ns and τₚ = 10 ps is 

depicted in (Fig. 29) 
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Fig. 29. Water static contact angle θ∗ (a), colour distance CD (b), depend on 

the area fraction f1 of laser-ablated copper. The open squares and open circles 

correspond to laser processing using irradiation at different pulse durations of 

τp = 10 ns and τp = 10 ps, respectively. The dot, dash, and dot-dash lines in (a) 

are fits of the experimental data point by Eq. (11), Eq. (12), and Eq. (13), 

respectively. The horizontal error bars indicate the standard deviation in the 

area fraction measurements taken from five sections of the microscope 

images. Vertical error bars in (a) correspond to the difference in contact angle 

measured on the left and right sides of the droplet. Vertical error bars in (b) 

indicate the standard deviation in the colour distance evaluation from five 

sections of the microscope images [PP2]. 

The contact angle decreases as the ablated area fraction increases, meaning 

the surface becomes more hydrophilic (Fig. 29 (a)). For Cassie model Eq. (11) 

the contact angles of θ1 = 0° which correspond well to the experimental value 

minimal contacted angle of <4° of laser structured copper at high fluence 

(8 J/cm²) (Fig. 28 (a)(vi)), and θ2 = 129° correspond well to the experimental 

value maximal measures angle of laser structured copper at low fluence 

(0.48 J/cm²) (Fig. 28 (a)(ii)).  

For Cassie-Baxter model Eq. (12) the contact angles of θ1 = 0.0° which 

correspond well to the experimental value minimal contacted angle of <4° of 
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laser structured copper at high fluence (8 J/cm²) For the combined Cassie-

Baxter and Wenzel model Eq. (13) the contact angles of θ1 = 4° which 

correspond well to the experimental value minimal contacted angle of <4° of 

laser structured copper at high fluence (8 J/cm²) (Fig. 28 (a)(vi)), and θ2 = 98° 

correspond well to the experimental value maximal measures angle of laser 

unstructured copper (0.0 J/cm²) (Fig. 28 (a)(i)).  

There is good agreement between experimental data and theoretical fits, 

especially for the τₚ = 10 ps pulses (Fig. 29 (a)). The colour change increases 

linearly with the ablated area fraction. A linear fit is provided: 

CD = (0.1±1.5) + (0.79±0.02)f1 (Fig. 29 (a)). The τₚ = 10 ps pulses appear to 

cause a more rapid color change compared to τₚ = 10 ns pulses at low ablation 

fractions. (Fig. 29 (b)). The gray value decreases as the ablated area fraction 

increases, suggesting that the surface becomes darker as more material is 

ablated. The linear fit equation is: GV = (91.3±1.5) − (0.79±0.02)f1 Similar 

trends are observed for both τₚ = 10 ns and τₚ = 10 ps, though there may be 

subtle differences in behaviour at low ablation fractions (Fig. 29 (c)). Gray 

luminance decreases as the ablation fraction increases, consistent with the 

gray value trends. The linear fit is GL = (72.8±1.1) − (0.66±0.02)f1. Both 

τₚ = 10 ns and τₚ = 10 ps pulses show similar trends, with a gradual reduction 

in luminance as ablation increases (Fig. 29 (d)). 

2.3 Summary 

Laser colouring on stainless steel was investigated by optimising different 

burst modes and scanning speeds. Other laser processing parameters were also 

tested including: pulse repetition rates, number of scans, hatch and 

combinations of the burst modes.  

It was shown that laser colouring on stainless steel can achieve numerous 

colours including blue, purple, dark green, brown, yellow and others if the 

parameters are chosen correctly. Out of the three used burst regimes, MHz 

yielded only brown colours, while majority of colours have been achieved 

using the GHz and biburst mode. The GHz burst mode colours had greater 

variety and were more vibrant. Increasing other parameters such as pulse 

repetition rates, number of scans or hatch does not increase the highest 

possible colouring rate.  

While using biburst or combination of burst modes, it be might be possible 

to achieve some new duller colours compared to the GHz burst mode, 

However, since neither the colouring rate nor vividness of the colours did not 

exceed the GHz burst mode results, mixing of the burst modes was not studied 

further. 
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Optimizing the number of pulses withing the GHz burst with the scanning 

speed allows for the highest colouring rate and the greatest interval of colours 

to be achieved simultaneously. To the best of our knowledge, fastest stainless-

steel colouring rate of 42.5 mm2/s has been achieved with optimal parameters. 

The colouring method is due to the oxide formation on the targets surface, 

because stainless-steel is not a plasmonic metal and no LIPSS were seen under 

the scanning electron microscope. Because the laser colouring method is 

based on hatching, various intricate designs including the logo for the Center 

of Physical Sciences and Technology (FTMC) was coloured. The coloured 

surfaces were also hydrophobic for all achieved colours which increases the 

applicability greatly. The colours remained unchanged for a period of time 

greater than 9 months and the wettability was tested 6 months after the 

colouring, making both effects long lasting. 

A novel single-step and chemical-free fabrication method for the 

creation of super-wetting and highly hydrophobic copper surfaces using 

nanosecond and picosecond lasers was shown. The wettability and colour 

of copper were controlled by controlling the area fraction of the laser-

ablated surface. Our adopted Cassie, Cassie-Baxter, and Wenzel models 

indicate that as the ablated area fraction increases, the contact angle 

decreases, indicating that the surface becomes more hydrophilic. Both 

colour distance, gray value, and gray luminance change linearly with the 

ablated area fraction of the copper surface, indicating significant visual and 

optical changes due to surface modification. The pulse duration (ps or ns) 

plays a role in the degree of these changes, with shorter pulse durations (10 

ps) typically having a stronger effect.  
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3 Laser polishing of metals 

Laser polishing using pulsed laser irradiation is a widely used technique to 

reduce the roughness of the target’s surface. While performing laser polishing 

on metals, laser processing parameters were optimised to achieve efficient 

laser ablation, as well as, laser lift-off threshold of an oxide/metal structure 

was included into the ablation model. Furthermore, bi-stability effect on laser 

ablation was also measured for laser polishing. Results from [P2], [P3], [P4], 

[P6] and [P7] will be presented here. 

3.1 Influence of nonlinear and saturable absorption 

While performing laser polishing experiments we have noticed that the 

copper had an oxide layer on top of the metal that affects laser 

micromachining and decided to further investigate the mechanism to see 

whether it has a significant impact on the laser polishing.  

Metals are covered with oxide layers with thicknesses ranging from tens 

of nanometers to tens of micrometers [7], which usually are semi-opaque 

semiconductors and transparent insulators depending on the bandgap. 

Though, incoming laser irradiation first interacts with the metal oxides and 

only afterward with the metals themselves. However, the metal oxides are 

hard to ablate because they possess high laser ablation thresholds [8], which 

are by the order of magnitude higher than the metal ablation thresholds [9], 

and the laser ablation is initiated on an oxide/metal interface during the lift-

off process [10]. The lift-off process is where laser irradiation reaches the 

metal surface going through the thin oxide film, it then heats and vaporises the 

metal sample and causes rapid thermal expansion and stress accumulation at 

the interface between the thin oxide film and the metal sample. This leads to 

buckle delamination and the thin film oxide detaches. This thin films lift-off 

threshold is lower than the ablation threshold of the oxide itself. Nonlinear and 

saturable absorption [11] are commonly observed when metal oxide films are 

exposed to intense light with intensities ranging from MW/cm2 to TW/cm2. 

Therefore, those oxide layers covering the metal affect the fraction of the 

incoming laser irradiation dose that reaches the target substrate depending on 

the intensity applied. The laser lift-off threshold of the metal covered by an 

oxide is influenced by the nonlinear processes in the oxide layer and has to be 

taken into account. Thus, the laser lift-off threshold of an oxide/metal depends 

on the laser intensity applied and can be called the effective lift-off threshold 

fluence.  
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Therefore, novel experimental and theoretical research on the effective 

laser lift-off threshold change with varying peak intensities in z-scan 

experiments has been created. Results from publications [P2] and [P7] will be 

discussed here. The nonlinear and saturable absorption in the oxide layer on 

the metal substrate are the two most influencing factors for the effective laser 

lift-off threshold dependence on the different peak intensities in z-scan 

experiments. The existing analytical normalized transmission equation of the 

semi-transparent thin layer in open aperture z-scan was incorporated into the 

effective laser lift-off threshold dependence on the sample position in the 

newly presented model. The z-scan-type laser ablation experiment was 

conducted, and lift-off thresholds were measured at different sample positions, 

which caused different beam peak intensities on the processed oxidized copper 

target material. The numerical calculations using the new proposed model 

equation coincided well with the experimental results of effective laser lift-off 

threshold dependence on the z-scan position. 

3.1.1 Influence of nonlinear and saturable absorption on 

laser lift-off threshold 

The laser-irradiated area consisted of two distinct areas, laser ablation of 

pristine copper and lift-off of the oxide layer (Fig. 30a). The thickness of the 

oxide layer measured from the height profile was L = 1.0 ± 0.1 µm (Fig. 30b). 

 
Fig. 30 (a) SEM micrograph, (b) profile, and (c) diameter squared D2 versus 

peak laser fluence F0 of ablated copper and removed oxide layer from copper 

substrate by lift-off technique. The oxide layer thickness L = 1.0 ± 0.1 µm was 

evaluated from the height profile. The oxide lift-off threshold 

fluence 0.57 ± 0.03 J/cm2 and copper ablation threshold 2.6 ± 0.3 J/cm2 were 

retrieved from line fits of experimental data points by Eq. (8) in (c) [P4]. 

The fluence threshold was measured by D2 method described in 

Experimental setups and characterizations section. The line extrapolation of 

D2(Ep) to the D2
 = 0 µm2 in Eq. (8) gives the threshold pulse energy Epth, the 

function slope is related to the beam radius w, and the ablation threshold then 
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can be evaluated by Fth = 2Epth/(πw2). The optical microscope (Eclipse LV100, 

Nikon) was used for the measurements of the ablated diameters of pristine 

copper and diameters of the removed oxide layer of Cu2O/Cu samples (Fig. 

30c). Threshold values of Fth = 0.57 ± 0.03 J/cm2 and 2.6 ± 0.3 J/cm2 were 

retrieved from line fits by Eq. (8) for oxide lift-off and copper ablation, 

respectively (Fig. 30c). The literature value of the lift-off threshold for copper 

oxide removal from the copper sample is Fth = 0.62 J/cm2 (τ = 12 ps, 

λ = 1064 nm, fp = 100 kHz, w = 17 µm, N = 1) [136]. The literature value of 

ablation threshold of copper by (τ = 0 ps, λ = 1064 nm, fp = 50 kHz, 

w = 41.8 µm, N = 1) laser is Fth = 2.0 J/cm2 [23]. The literature threshold 

fluence values coincided well with our current work. 

The light attenuation propagating through a linearly and nonlinearly 

absorbing material can be described as [137]: 

 

 d𝐼

d𝑧
= −𝛼𝐼 − 𝛽𝐼2 (21) 

 

where I = I(z) is the peak intensity within the sample material, depending 

on the propagation distance z in the sample; α is the linear absorption 

coefficient; and β is the nonlinear absorption coefficient. The normalized 

transmission through the sample can be extracted from the solution of Eq. (21) 

and expressed as [138]: 

 

 
𝑇 =

𝑒−𝛼𝐿

𝛽𝐼𝐿eff + 1
 (22) 

 

where I is the incident intensity, L is the physical sample thickness, and Leff 

is the effective thickness of the sample [138]: 

 
𝐿eff =

(1 − 𝑒−𝛼𝐿)

𝛼
 (23) 

Because of the linear absorption saturation behaviour, the linear absorption 

coefficient α = α(I) depends on the peak intensity I, and for homogenous 

saturation can be expressed as [139]: 

 

 
𝛼(𝐼) =

𝛼0

(1 + (
𝐼
𝐼s

)
2

)

 
(24) 
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where α0 is the low-intensity absorption coefficient and Is is the saturation 

intensity. The Gaussian beam intensity in the z-scan- type experiment can be 

expressed as: 

 

 
𝐼 =

𝐼0

1 + (
𝑧

𝑧𝑅
)

2 
(25) 

 

where I0 = 2Ep/(π𝑤0
2τ) is the peak pulse intensity in the center of the 

Gaussian beam at a focus position, w0 is the focused beam radius at 1/e2 level, 

τ is the pulse duration, zR=π𝑤0
2/(λM2) is the Rayleigh length, λ is the 

wavelength of irradiation, and M2 is the quality parameter of the Gaussian 

beam. 

The direct bandgap for Cu2O is 2.1 eV [140], which is larger than the 

photon energy 1.17 eV at the wavelength of 1064 nm. The linear absorption 

coefficient of Cu2O is α = 5.2 × 103 cm−1 [141]. Therefore, the transmission 

of a linearly absorbing oxide layer at low peak intensities in the GW/cm2 range 

evaluated by Eq. (22) is T0 = exp(−α0L) ≈ 60%, and the layer can be assumed 

as semi-opaque. The saturation intensity of the linear absorption coefficient 

for Cu2O is Is ∼ 0.1 TW/cm2 [142]; thus, the semi-opaque oxide layer 

suddenly becomes fully transparent, when peak intensities exceed the 

saturation intensity. However, by further increasing intensity, the nonlinear 

absorption becomes dominant, and the oxide layer changes to opaque again. 

The nonlinear absorption coefficients of Cu2O are β = 4.3 × 10−9 cm/W [141]. 

Thus, a focused picosecond laser beam with high peak intensities up to 

3 TW/cm2 obtained in our experimental conditions induces nonlinear 

absorption in the transparent oxide layer on top of the copper target. The 

nonlinearly absorbing oxide layer transmits only a part of the incoming laser 

beam to the metal substrate and has to be taken into account when predicting 

effective ablation characteristics of an oxide/metal structure. Equations 

(22) – (25) have been numerically solved and normalized T/T0 transmission of 

the Cu2O layer was calculated (Fig. 31a). 
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Fig. 31. a) Calculated normalized transmission T/T0 (colour scale) versus 

sample position z (bottom axis) and peak pulse intensities I0 (left axis) for 

Cu2O layer. The three different absorption regions are indicated: yellow, 

linear absorption; green, linear absorption saturation; brown, nonlinear 

absorption. Profiles of normalized transmission T/T0 (right axis) 

dependence on the sample position z (bottom axis) at different peak 

intensities I0: (b) 0.05 TW/cm2; (c) 0.2 TW/cm2; (d) 0.5 TW/cm2; (e) 

0.9 TW/cm2 [P4]. 

At low peak pulse intensities of I0 ≈ 0.05 TW/cm2 that are smaller than the 

saturation intensity Is ∼ 0.1 TW/cm2, just linear absorption is observed with 

no saturation and very small nonlinear absorption in the focal position 

z ≪ ±zR; thus, almost constant normalized transmission T/T0 ≈ 1 in all sample 

z positions is observed (Fig. 31b). With the peak intensity values of 

∼ 0.2 TW/cm2 exceeding the saturation intensity, the oxide layer becomes 

nearly fully transparent T/T0 ≈ 1.7 with a sample position close to the focal 

point z ≪ ±zR (Fig. 31 c). When peak intensity reaches the value of ∼ 

0.5 TW/cm2, the nonlinear absorption equals the linear intensity saturation; 

thus, the normalized transmission in the oxide layer reaches a value close to 

T/T0 ≈ 1 in the focal region z ≈ 0 mm (Fig. 31 d). However, the nonlinear 

absorption is very sensitive to the peak intensity and occurs only in fine focus 

z ≪ ±zR. Out of the focus in z ≈ ±1 mm, the Cu2O layer is still transparent with 

a transmission value of T/T0 ≈ 1.7 (Fig. 31d). When peak pulse intensity 

reaches a high value of ∼ 0.9 TW/cm2, the nonlinear absorption exceeds the 

absorption saturation, and normalized transmission drops to the value of 

T/T0 ≈ 0.4 in the focal point. Therefore, the Cu2O layer becomes opaque in the 

focal range of the beam. However, the defocused beam in the Rayleigh range 
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z ≈ ±zR is still transparent because of the saturation of linear absorption with 

normalized transparency of T/T0 ≈ 1.7 (Fig. 31e). 

The z-scan-type laser lift-off threshold evaluation experiments with 

controlled laser peak pulse intensities have been conducted in this work. The 

peak pulse intensities I0 were ranging from 20 GW/cm2 to 3.0 TW/cm2. The 

Rayleigh length of the focused beam was of zR ≈ 0.83 mm. The squared lift-

off diameters of an oxide layer from copper at different positions z are 

depicted in (Fig. 32a and b). 

 
Fig. 32. Lift-off diameter squared D2 of oxide layer removed from copper 

dependence on the laser pulse energy Ep at various sample position z values 

ranging from (a) 0.5 mm to 3.0 mm, step 0.5 mm and from (b) 0.0 mm 

to − 2.0 mm, step − 0.5 mm. Solid dots represent the experimental data points, 

error bars are the statistical deviation from average crater diameter from 10 

dimples ablated using the same pulse energy, and solid lines are fits by Eq. 

(8)[P4]. 

Pulse energies of 20 different values have been used at each of the 11 fixed 

z-scan positions with a fixed laser spot radius on the sample. Every test has 

been repeated 10 times to get the statistical deviation errors bars. Experimental 

data points of ablated crater diameters were fitted using Eq. (8), and laser spot 

radiuses at different sample positions z were retrieved as fitting parameters 

and its errors. The laser spot radius values on the sample ranged from 

w0 = 17.2 ± 0.3 µm in the focal region to w = 48.6 ± 1.2 µm out of focus. The 

fit of experimental data points by Eq. (8) (Fig. 32a and b) also provided 

information about the effective lift-off threshold fluence of the oxide/copper 

structure at various positions z of the sample (Fig. 33a). 
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Fig. 33. (a) Effective lift-off threshold Fth.eff of oxide/copper dependence on 

sample z position. Solid dots and error bars represent the effective lift-off 

threshold values retrieved from the fitting parameters by Eq. (8) (Fig. 27a and 

b), and the solid gray line is the fit of experimental data points by Eq. (26). (b) 

Principal visual scheme of the proposed model with semi-transparent Cu2O 

layer on top of the Cu sample. The different Cu2O layer transmission cases are 

indicated depending on peak pulse intensities: (c) out of focus with sample 

positions z/zR ≫ ±1, low intensities of the defocused beam, and linear 

absorption with transmission value T0 ≈ 60%; (d) sample position z/zR ≈ ±1 in 

the saturable absorption intensity region with transmission value T ≈ 99%; (e) 

sample position z/zR ≈ 0 in the focus of the beam and high peak intensities, 

and nonlinear absorption exceeds absorption saturation in the oxide layer and 

transmission drop to T ≈ 44% [P4]. 

It was found that the effective lift-off threshold is highest near the beam 

waist z = 0 mm, then we saw a sharp drop of effective lift-off threshold to a 

minimum value at z = ±1 mm, and afterward it increased again (Fig. 33a). A 

similar drop of the laser-ablated volume per pulse in z-scan ablation at the 

sample position of z/zR ≈ 0 has been observed by Chen et al. [143]; however, 

the drop of ablation rate was not attributed to the increase of threshold fluence 

in their research. Thus, in this work, we have proposed a new model for the 

effective lift-off threshold fluence, which considers the attenuation of the 

incoming laser irradiation by the oxide layer on the metal substrate. 

In our proposed ablation model, the laser irradiation is attenuated by the 

semi-transparent oxide layer, and only a fraction of the incoming laser beam 

reaches the copper target. The principal visual scheme of our threshold model 

of a semi- transparent Cu2O layer with the thickness of L = 1.0 µm on the Cu 

substrate is depicted in (Fig. 33b). The Gaussian picosecond laser beam is 

focused by the objective lens, and the peak pulse intensity is varied on the 

target material by controlling the z-scan position of the sample. The three 
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different absorbing scenarios depending on the peak pulse intensities applied 

are linear absorption, a saturation of linear absorption, and non linear 

absorption depicted in (Fig. 33 c, d and e), respectively. By having the sample 

out of the focal position, moderate values of effective lift-off threshold of 

Fth.lin ≈ 0.60 J/cm2 are observed (Fig. 33a). This is explained by our proposed 

model that when a highly defocused beam z/zR ≫ ±1 with low peak intensities 

is applied on the sample, only linear absorption is observed in the attenuating 

Cu2O layer (Fig. 33c) thus, just a fraction T0 ≈ 60% of the incoming laser beam 

interacts with the copper in the oxide/metal interface, and moderate energy 

densities are needed to ablate the copper target material. However, when laser 

intensities reach the saturable absorption, the oxide layer suddenly becomes 

transparent, and almost all incoming laser irradiation reaches the pristine 

copper. Thus, the drop of effective lift-off threshold to ∼ 0.36 J/cm2 is 

observed (Fig. 33a). It is graphically depicted in our proposed model with 

moderate intensities above the saturation intensity at sample position z/zR ≈ ±1 

and moderate peak intensities with the normalized transmission of the oxide 

layer of T/T0 ≈ 1.67 (Fig. 33d). Thus, the major part of the incoming laser 

irradiation T ≈ 99% is transmitted through the oxide layer. When peak pulse 

intensities in the focal range reach the TW/cm2 values, the nonlinear 

absorption becomes dominant and exceeds the absorption saturation; 

consequently, only a fraction of the incoming laser beam reaches the copper, 

and the effective lift-off threshold increases to the value of 0.81 J/cm2 (Fig. 

33a). It is explained with our model that at the focal position z/zR ≈ 0, the beam 

is focused, and the highest peak intensities are achieved; therefore, the non-

linear absorption is reached, and the oxide layer becomes opaque T/T0 ≈ 0.74 

(Fig. 33e). Only a small fraction T ≈ 44% of the incoming laser beam goes 

through the Cu2O layer and reaches the Cu substrate. 

Therefore, taking into account linear absorption, absorption saturation, and 

nonlinear absorption in the model, it can be assumed that the effective lift-off 

threshold of oxide/metal is the product of the ablation threshold in linear 

absorption regime Fth.lin at low peak intensities and the inverse normalized 

transitivity T0/T of cuprous oxide layer defined by Eq. (22). The effective lift-

off threshold can be expressed as follows: 

 

 
𝐹th.eff = 𝐹th.lin (

𝑇0

𝑇
) (26) 

 

The effective lift-off threshold Fth.eff = Fth.eff(z) defined by Eq. (26) depends 

on the sample position z in the z-scan-type laser ablation experiments. The 
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model fit is in good coincidence with the experiment (Fig. 33a). The new 

model predicts the fall of the effective ablation threshold to minimum values 

of Fth.eff ∼ 0.36 J/cm2 near the sample position of z ≈ ±1 mm. Also, the model 

predicts a steep rise of ablation threshold value up to Fth.eff ∼ 0.81 J/cm2 in the 

focus of the beam. The moderate values of effective ablation threshold Fth.eff 

close to Fth.lin ≈ 0.60 J/cm2 out of the focus are also predicted. 

3.2 Laser polishing on copper and stainless-steel 

3.2.1 Experimental setup 

A state-of-the-art solid-state laser (Pharos, Light Conversion) with laser 

parameters listed in (Table 1) was used in the experiment. The beam radii 

values were needed in various sample z positions during the experiment and 

were measured using a well-known D-squared method. The beam radius in 

the focal plane was equal to 21 µm. The rectangular-shaped cavities with a top 

dimension of 2 mm × 1 mm were ablated in the copper and stainless-steel 

samples (Fig. 34). The distance between scanning lines was kept constant at 

10 µm, and the scanning speed was set to 333 mm/s. The sample position was 

changed in the z-direction in order to get different fluence values. Each 

rectangle was scanned numerous times in order to achieve a depth that could 

be easily measured using a stylus profiler (Dektak 150+, Veeco). Using the 

stylus profiler, 2 mm length rectangular shaped cavities surface roughness’s 

Ra were measured using Eq. (27), without any ISO standards being kept: 

 𝑅𝑎 =
1

𝐿
∫ |𝑍(𝑥)|𝑑𝑥

𝐿

0

 (27) 

where L – profile length, Z(x) – deviations from the mean line along the 

entire sampling length. 

 During the MHz and GHz burst experiments, the number of pulses in 

bursts was changed from N = 2 to N = 9 and from P = 2 to P = 25, 

respectively. During the biburst experiment, every N and P combination was 

tested. 
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Fig. 34. Design of laser milling and polishing experiment. Rectangle cavities 

were ablated in a copper and a stainless-steel sample. Beam size was changed 

in columns by changing the sample’s z position. N or P were changed in matrix 

lines. v is the scanning speed and was kept constant at 333 mm/s, h is the hatch 

and was 10 µm, w0 is the beam radius and was changed from 21 µm to 95 µm. 

The dashed line represents galvanometric scanners’ mirrors’ jump [P3]. 

3.2.2 Beam characteristics 

D-squared method described in Experimental setups and 

characterisations section was repeated for all z values, which were 0.2, 0.4, 

1.0, 1.4, 1.9, 2.4, 2.7, 3.1, 3.8, 4.9 mm in both directions. Measured beam radii 

values are shown in (Fig. 35).  
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Fig. 35 Laser beam radii at different samples z positions. Black squares – 

experimental data, blue line – equation (9) fit. The received parameters were 

beam waist w0 – 20.8 ± 0.4 µm, beam quality parameter M2 – 1.08 ± 0.03 

[P3]. 
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3.2.3 Laser polishing on copper and stainless steel 

While using MHz burst mode with fluences lower than 0.5 J/cm2 the 

surface roughness was quite high, reaching around 1 µm in copper (Fig. 36a). 

We can see also scanning electron microscope pictures (SEM) in (Fig. 36). 

The rectangle cavity marked with a blue dot, two pulses in the MHz burst were 

used and the depth is equal to 36 µm with a roughness of 1.07 µm. From 0.5 to 

1 J/cm2 fluence, the surface roughness improved greatly to an interval from 

0.2 µm to 0.5 µm. The lowest roughness is seen with 4 or more pulses in the 

MHz burst. There are a few effects at play here. First of all, there is the 

incubation effect, which is the ablation threshold decrease with increasing 

number of pulses in the same spot [144]. Secondly and most importantly, is 

the heat accumulation. Subsequent pulses reach the target material before the 

heat affected zone has cooled off so less energy is needed to remove the 

material [145]. We can see in (Fig. 36) a SEM image with a much more even 

surface with a low roughness of 0.23 µm and an ablated depth of 18.1 µm. For 

fluences higher than 1 J/cm2 the roughness increased again to an interval of 

0.5 – 0.7 µm. With higher fluences particle shielding also has a stronger 

negative effect scattering and absorbing the incoming laser irradiation. We 

can see in (Fig. 36) a SEM image marked with a black dot of a milled rectangle 

with a surface roughness of 0.53 µm. It has been shown [25] that the highest 

ablation efficiency was reached when a MHz burst had 3 pulses. The 

aforementioned regime resulted in relatively good quality of surface 

roughness compared to other results. However, it could be improved by 

adding a polishing step using N = 6 regime to decrease the surface roughness 

even further. 

We see similar tendencies with stainless steel (Fig. 36b), but because 

stainless steel has a higher specific heat capacity 0.500 J/(g∙K) to copper’s 

0.385 J/(g∙K) it takes more pulses and higher fluences to reach the optimal 

heat accumulation. For fluences lower than 0.8 J/cm2 the surface quality is 

quite poor. Visible graining can be seen in (Fig. 36) SEM image with a red 

dot. The ablated depth is equal to 41.7 µm and the surface roughness is 

5.4 µm. For higher fluences than 0.8 J/cm2 and with 5 and more pulses in the 

MHz burst we have seen the optimal window for highest surface quality on 

stainless steel. In (Fig. 36) a SEM image with a green dot showed a surface 

roughness of only 0.67 µm while using 7 pulses in the MHz burst. However, 

a similar finish quality can be achieved with less pulses in the burst but higher 

fluence as we can see in (Fig. 36) SEM image with a black dot, where using a 

fluence of 4.4 J/cm2 and 2 pulses in the MHz burst, 0.63 µm surface roughness 

was achieved. Stainless steel had an overall higher surface roughness but that 
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was due to the fact that the starting roughness was higher as well and equal to 

0.5 µm compared to 0.1 µm of copper. 

 

 

 
Fig. 36. Surface roughness dependence on fluence and number of pulses in the 

a) GHz burst and b) biburst modes. a) Black dot and solid line 2 pulses in the 

GHz burst, 1.1 J/cm2 fluence, 0.10 µm surface roughness; green dot and solid 

line 3 pulses in the GHz burst, 0.5 J/cm2 fluence, 0.10 µm surface roughness; 

blue dot and solid line 5 pulses in the GHz burst, 0.16 J/cm2 fluence, 0.72 µm 

surface roughness. b) N – number of pulses in MHz burst, P – number of 

pulses in the GHz burst. Black dot and solid line N = 3, P = 2 pulses in the 

biburst, 0.6 J/cm2 fluence, 0.20 µm surface roughness; blue dot and solid line 

N = 3, P = 5 pulses in the biburst, 0.07 J/cm2 fluence, 0.74 µm surface 

roughness; green dot and solid line N = 3, P = 3 pulses in the biburst, 0.4 J/cm2 

fluence, 0.08 µm surface roughness. For all color dots, scanning electron 

microscope pictures are shown. 

Using the GHz laser polishing regime, for copper the surface roughness 

was in the 0.1 – 0.35 um interval for the vast majority of fluence and number 

of pulses within the burst combinations. SEM images of 0.1 µm roughness is 

Copper MHz 

Stainless steel MHz 
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shown for two and three pulses in the GHz burst in (Fig. 37) marked with 

black and blue dots, respectively, with different fluences the first one being 

0.5 J/cm2 and the other 1.1 J/cm2. Even taking the worst results for the GHz 

burst polishing regime, the roughness was only 0.53 µm as is shown in the 

(Fig. 37) SEM image marked with a blue dot. This was the worst combination 

of parameters being 5 pulses at 0.22 J/cm2 fluence when the sample is 3.8 mm 

out of focal plane. GHz burst mode uses heat accumulation to its fullest effect 

because of the incredibly small time window between subsequent pulses. 

However, we should keep in mind that it has been shown that the ablation 

efficiency drops by about 90% [42] in the GHz burst mode so it should only 

be used as a polishing step. As we can see from (Fig. 37a) the polishing 

process is very parameter independent. 

In the biburst mode polishing, the surface roughness again becomes more 

parameter dependent. The vast majority of parameter combinations will lead 

to a surface roughness of lower than 0.5 µm. However, using 10 and less 

pulses in the GHz burst and fluences for each individual sub-pulse lower than 

0.6 J/cm2 will result in roughness lower than 0.2 µm. SEM images are shown 

in (Fig. 37b). High quality polishing was shown in SEM images with black 

and green dots, corresponding to N = 3, P = 2, 0.10 µm roughness and N = 3, 

P = 3, 0.08 µm roughness, respectively. Again, the low surface quality is only 

seen in the very out of focus 3.1 mm and more, milled cavities, and low 

fluences such as in (Fig. 37b) SEM image with blue dot. Overall, bibursts 

result similar surface roughness at optimal parameters but slightly higher 

roughness for sub-optimal ones. These tendencies do not change depending 

on the number of pulses in the MHz burst. 
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Fig. 37. Surface roughness dependence on fluence and number of pulses in the 

a) GHz burst and b) biburst modes. a) Black dot and solid line 2 pulses in the 

GHz burst, 1.1 J/cm2 fluence, 0.10 µm surface roughness; green dot and solid 

line 3 pulses in the GHz burst, 0.5 J/cm2 fluence, 0.10 µm surface roughness; 

blue dot and solid line 5 pulses in the GHz burst, 0.16 J/cm2 fluence, 0.72 µm 

surface roughness. b) N – number of pulses in MHz burst, P – number of 

pulses in the GHz burst. Black dot and solid line N = 3, P = 2 pulses in the 

biburst, 0.6 J/cm2 fluence, 0.20 µm surface roughness; blue dot and solid line 

N = 3, P = 5 pulses in the biburst, 0.07 J/cm2 fluence, 0.74 µm surface 

roughness; green dot and solid line N = 3, P = 3 pulses in the biburst, 0.4 J/cm2 

fluence, 0.08 µm surface roughness. For all colour dots, scanning electron 

microscope pictures are shown [P3]. 

As with copper, the GHz burst results in the highest quality on stainless 

steel with vastly different parameters We can see in (Fig. 38a) SEM images 

with red and black dots with surface roughness of 0.66 µm and 0.55 µm was 

reached with 2 pulses in the GHz burst, 1.1 J/cm2 fluence, and 3 pulses in the 

Copper GHz 

Copper Biburst 
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GHz burst, 0.5 J/cm2 fluence, respectively. As with copper, the only poor-

quality results are received when the sample is 3.8 mm or more out of focus 

when the fluence is 0.1 J/cm2. An example is shown with a SEM image with 

green dot, with a corresponding surface roughness of 1.4 µm. 

For the biburst mode surface roughness (Fig. 38b) was similar to the GHz 

burst mode at optimal parameters with the roughness of 0.57 µm at N = 3, 

P = 2 in SEM image with black dot and 0.45 µm at N = 3, P = 2 SEM image 

with a red dot, respectively. A high surface roughness is shown as well with 

the SEM image with a green dot, corresponding to a surface roughness of 

1.89 µm at N = 3, P = 15. 
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Fig. 38. Surface roughness dependence on fluence and number of pulses in the 

a) GHz burst and b) biburst modes. a) Black dot and solid line 2 pulses in the 

GHz burst, 1.1 J/cm2 fluence, 0.66 µm surface roughness; red dot and solid 

line 3 pulses in the GHz burst, 0.5 J/cm2 fluence, 0.55 µm surface roughness; 

green dot and solid line 8 pulses in the GHz burst, 0.1 J/cm2 fluence, 1.4 µm 

surface roughness. b) N – number of pulses in MHz burst, P – number of 

pulses in the GHz burst. Green dot and solid line N = 3, P = 2 pulses in the 

biburst, 0.6 J/cm2 fluence, 0.57 µm surface roughness; black dot and solid line 

N = 3, P = 3 pulses in the biburst, 0.4 J/cm2 fluence, 0.45 µm surface 

roughness; red dot and solid line N = 3, P = 15 pulses in the biburst, 0.05 J/cm2 

fluence, 1.89 µm surface roughness. For all colour dots, scanning electron 

microscope pictures are shown [P3]. 

 

Stainless steel GHz 

Stainless steel Biburst 
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3.3 Bi‑stability in femtosecond laser polishing by MHz bursts 

It has been shown that ablation efficiency in the burst modes has 

bi-stability, which means that the ablation efficiency depends whether there 

are equal or even number of pulses within the burst. The same thing to an 

extent, can be seen with laser polishing as well. Also, in majority of the 

reports, the shielding or/and re-deposition are indicated as the main reasons 

resulting in bistable dependence of ablation efficiency on the pulse number in 

the burst. The redeposition hypothesis by second sub-pulse for copper has 

investigated and verified by atomistic simulations [146]. The re-deposition 

has been experimentally studied by shadowgraph technique; however, no 

clear experimental evidence of re-deposited material was found [41]. The 

shielding effect has been identified as the dominating effect resulting drop in 

ablation efficiency for the second sub-pulse in time-resolved experiments for 

copper [147]. It has been shown experimentally that incoming irradiation is 

attenuated by ejected particles, vapor, and plasma of the previous pulse, thus 

reduced ablation efficiency is observed for even pulses [148–150]. For odd 

pulses, higher efficiency is observed, because the previous even pulse 

produces fewer ablation products and more incoming laser radiation reaches 

the sample [151]. This leads to bi-stable ablation and polishing efficiency. 

3.3.1 Experimental setup 

A solid-state femtosecond burst laser (Pharos, Light Conversion) with laser 

parameters listed in (Table 1) was used for the experiment. The number of 

pulses per bust number was controlled from N = 1 (single pulse regime) to 

N = 9. Rectangular-shaped cavities have been ablated by laser into copper 

plate samples with transverse dimensions of 2 mm × 1 mm. The laser 

processing experiments were conducted at room temperature in air. Several 

layers ranging from 3 to 21 were ablated to increase the cavity depth up to 

100 µm for the higher accuracy of depth profile measurement. The Rayleigh 

length of the Gaussian beam was 1.2 mm and was more than 10 times larger 

than the cavity depth. The saturation behavior of ablation depth per layer was 

never reached and the laser-milled cavity depth had a linear dependence on 

the number of ablated layers. The lateral distance between bi-directional beam 

scanning lines of Δy = 10 µm and scanning speed of vx = 0.33 m/s, were kept 

constant during experiments. 
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3.3.2 Bi-stability 

The surface roughness Ra of laser ablated cavity bottom dependence on 

laser fluence was investigated experimentally with the burst fluences ranging 

from 0.52 to 9.9 J/cm2 and 9 different numbers N of pulses in the burst (1, 2, 

3, 4, 5, 6, 7, 8, and 9). The experiment showed bi-stability in surface roughness 

Ra depending on the laser processing parameters (Fig. 39). The surface 

roughness Ra dependence on the burst fluence and the number of pulses in the 

burst are depicted in (Fig. 39a). The burst fluence was increased from 0.52 to 

9.9 J/cm2 and the number of pulses in the burst was increased from 1 to 9. The 

surface roughness Ra in most of the cases was slightly smaller for even 

numbers (N = 2, 4, 6, and 8) than for odd numbers (N = 1, 3, 5, 7, and 9) of 

pulses in a burst if compared to the same burst fluence at large values 

(2.3 J/cm2 − 9.9 J/cm2) (Fig. 39a). However, for small values of burst fluence 

(0.52 J/cm2 − 1.7 J/ cm2) opposite behaviour could be observed with a surface 

roughness Ra smaller for odd than for even numbers of pulses in the burst 

(except for N = 1) (Fig. 39a). This bi-stability effect of surface roughness Ra 

depending on the burst fluence can be seen when the profiles of the colour plot 

depicted in (Fig. 39a) are extracted at constant odd and even numbers of pulses 

in the burst (Fig. 39b-e). For example, for N = 8 the surface roughness Ra was 

slightly higher than N = 9 for several fluence values, and slightly lower for the 

rest of the fluence values with a relative difference in roughness only of 2% 

(Fig. 39b). For N = 6 surface roughness Ra was slightly lower than N = 7 up 

for all fluence values ranging from 1.7 up to 4.6 J/cm2. The average relative 

surface roughness Ra difference increased to 39% (Fig. 39c). This ablation 

regime can be called the bi-stable regime (Fig. 39c). Moreover, for N = 4 and 

N = 5 bistable surface roughness Ra from 1.7 J/cm2 to 9.9 J/cm2 is observed 

(Fig. 39d). The average relative surface roughness Ra difference was 18% (Fig. 

39d). A slightly different bi-stability was observed for N = 2 and N = 3 pulses 

(Fig. 39e). For low fluence values ranging from 0.52 to 2.3 J/cm2 surface 

roughness, Ra was higher for an even number of pulses in burst with the 

average relative surface roughness Ra difference of 26% (Fig. 39e). For high 

fluence values ranging from 3.3 to 9.9 J/cm2 surface roughness, Ra was higher 

for an odd number of pulses in burst with the average relative surface 

roughness Ra difference of 31% (Fig. 39e). The bi-stability effect of surface 

roughness Ra depending on the number of pulses in the burst can be seen when 

the profiles of the colour plot depicted in (Fig. 39a) are extracted at constant 

burst fluence (Fig. 39f-i). For example, for Fburst = 1.7 J/cm2 the surface 

roughness Ra sudden jumps are seen for every next number of pulses in a burst 

from N = 1 to N = 6 (Fig. 39f). The gradual decrease of the surface roughness 



91 

Ra with an increasing number of pulses in a burst from N = 1 to N = 9 for larger 

values of burst fluence of Fburst = 2.3 J/cm2 with small sudden jumps are 

observed (Fig. 39g). The decrease of the surface roughness Ra with an 

increasing number of pulses and larger values of burst fluence of 

Fburst = 4.6 J/cm2 with large sudden jumps are observed (Fig. 39h). For the 

largest burst fluence of Fburst = 9.9 J/cm2 the bi-stable regime with sudden 

jumps of drastic decrease of surface roughness Ra at even numbers (N = 2, 4, 

6, and 8) of pulses is observed (Fig. 39i). This bi-stability regime of surface 

roughness Ra depending on the burst fluence can be seen when the surface 

roughness of N pulse burst depending on (N + 1) pulse burst is extracted from 

colour plot (Fig. 39a) and depicted in (Fig. 39j–m). The bi-stable regimes 

occur because for surface roughness Ra every even number (N = 2, 4, 6, and 

8) several possible values of surface roughness Ra exist corresponding N + 1 

odd numbers (3, 5, 7, and 9) every even number. The experimental results 

provided in (Fig. 39) showed stable and bi-stable surface roughness Ra regions 

depending on the burst fluence and the burst length. The laser polishing 

regime with the lowest overall value of surface roughness Ra of 0.23 µm was 

found at the burst fluence of Fburst = 4.6 J/cm2 and the number of pulses in a 

burst of N = 6. 
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Fig. 39 Experimental results of bi-stable behaviour of surface roughness Ra 

of laser ablated cavity bottom. (a) Surface roughness Ra of laser ablated 

cavity bottom of copper (colour scale) dependence on the burst fluence (top 

axis) and the number of pulses in femtosecond burst (left axis), the squares 

indicated by black colour are not measured points because of pulse laser 

fluence below the ablation threshold. The surface roughness Ra (right axis) 

dependence on burst fluence (top axis) at different numbers of pulses in 

burst: (b) N = 8, 9; (c) N = 6, 7; (d) N = 4, 5; (e) N = 2, 3. Profiles of surface 

roughness Ra (bottom axis) dependence on the number of pulses in the burst 

(left axis) at different burst fluences: (f) 1.7 J/cm2; (g) 2.3 J/cm2; (h) 

4.6 J/cm2; (i) 9.9 J/cm2. The surface roughness Ra created by (N + 1) pulse 

burst (right axis) dependence on surface roughness Ra created by N pulse 

burst (bottom axis) at different burst fluences (colour scale): (j) N = 8; (k) 

N = 6; (l) N = 4; (m) N = 2. Pulse duration τFWHM = 210 fs, laser wavelength 

λ = 1030 nm, burst repetition rate fburst = 100 kHz, and the temporal distance 

between pulses in burst tpulse = 15.5 ns (intra-burst pulse repetition rate 

fpulse = 64.7 MHz) [P2]. 



93 

3.3.3 Shielding and redeposition 

The bi-stable behaviour of ablation efficiency initiated by bursts of 

ultrafast pulses has been reported in numerous of scientific papers for copper 

[25,26,41,148,151], brass [152] and aluminium [152]. The shielding or/and 

re-deposition has been identified main reasons of bi-stable behaviour of 

ablation efficiency depending in the pulse number in burst in most of the 

research works. Shielding together with the redeposition effect are wildly 

attributed to bistable ablation efficiency in the field, however, the mostly it is 

only hypothesis with no direct observation of the phenomenon. The shielding 

and re-deposition of copper target has been experimentally studied by 

shadowgraph technique with similar experimental conditions (wavelength 

1030 nm, pulse duration 400 fs, repetition rate 400 kHz, delay between pulses 

12.2 ns, fluence 0.69 J/cm2, spot diameter 44 µm) [41]. The shielding effect 

by ablation cloud has been directly visualized via the shadowgraph technique, 

however, no clear experimental evidence of re-deposited material was seen 

[41]. Generally, for the re-deposition, the negative ablation depth for the 

second sub-pulse in burst is supposed to be measured, resulting the efficiency 

decrease for two sub-pulse burst below 50%, if compared with a single pulse 

ablation efficiency of 100%. Since some material ejected by the first pulse is 

reposited by the second, and the total volume ablated by both pulses is less 

than that ablated by a single first pulse is divided by double pulse energy of 

two sub-pulses.  

3.4 Summary 

The attenuation of the incoming laser beam by a copper oxide layer on a 

copper target was included in the ablation model and the new model had a 

good agreement with the experimental data. 

Using 210 fs laser pulses in the burst and biburst regimes, copper and 

stainless-steel samples were ablated to receive the highest surface quality. It 

was shown that both MHz and GHz bursts are useful in reducing surface 

roughness, with MHz burst having the advantage of higher ablation efficiency, 

while GHz bursts were very parameter independent for the surface quality. 

The GHz bursts make use of the heat accumulation better because of the 

shorter time between pulses. Ra surface roughness of 0.23 µm, 0.1 µm and 

0.08 µm were achieved for copper in the MHz, GHz and biburst modes, 

respectively. As well as, a large number of parameters yielded < 0.15 µm Ra 

for the GHz burst mode. The same tendencies were seen for stainless-steel. 

The lowest surface roughness for the MHz burst was 0.63 µm, 0.55 µm for 
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the GHz burst, and 0.45 µm for the biburst mode. Using the MHz burst mode 

the ablation efficiency is the highest while using 3 pulses in the bursts at the 

optimal fluence, but the surface roughness is lowest with 6 pulses within the 

burst. GHz and biburst modes have a much lower ablation efficiency, but a 

significantly higher polishing quality that could be used a finishing step to 

achieve the wanted surface roughness. 

As with efficient laser ablation bi-stability in surface roughness Ra 

depending on the laser processing parameters can be seen due to the shielding 

and re-deposition effects. 
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CONCLUSIONS 

1. It was shown that all burst modes: MHz, GHz and biburst mode can 

produce colours on stainless steel, with MHz burst having only brown 

colour and GHz having the largest spectrum of vivid colours due to 

oxidation process. 

2. Highest colouring rate in scientific literature due to oxidation was 

achieved using the GHz burst mode equalling 42.5 mm2/s. 

3. Due to the laser colouring process depending on hatching, it was 

shown that any kind of shape can be coloured even with multiple 

colours at once. 

4. Different laser processing parameters, including: hatch, pulse 

repetition rate, number of scans and burst mode mixing were tested but 

did not yield significant amount of new colours and did not increased 

the colouring rate. 

5. Due to usage of femtosecond pulses, the coloured stainless steel 

sample had nanoformations on the surface, which made the coloured 

surface have a SWCA of greater than 90 degrees making them 

hydrophobic, which increases their applicability. 

6. Grayscale colouring and wettability control was shown for copper 

samples. 

7. Lift-off threshold changes due to copper oxide transparency that 

depends on the laser irradiation intensity because of the nonlinear and 

saturable absorptionn. 

8. Surface roughness of 0.23 µm, 0.1 µm and 0.08 µm were achieved for 

copper in the MHz, GHz and biburst modes and lowest surface 

roughness of 0.63 µm, 0.55 µm, and 0.45 µm for the stainless steel. 

With stainless steel having a higher surface roughness due to the 

highest starting roughness. 

9. GHz burst mode yielded the lowest average surface roughness Ra, 

especially for copper which was < 0.15 µm due to a better usage of 

heat accumulation. 

10. It was shown that with efficient laser ablation bi-stability in surface 

roughness Ra depending on the laser processing parameters can be seen 

due to the shielding and re-deposition effects. 
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SANTRAUKA 

Įvadas 

Daugeliui įvairiose pramonės šakose naudojamų gaminių didelę įtaką daro 

paviršiaus kokybė ir šiurkštumas. Lazerinis mikroapdirbimas yra patrauklus 

metodas dėl gausybės taikymo sričių: nuo įvairių medžiagų pjovimo ir 

gręžimo iki dviejų su puse dimensijų (2,5D) struktūrų formavimo ant įvairių 

paviršių. Nuolat tobulinant lazerinio mikroapdirbimo technologiją, 

populiarėja ir kiti metodai, pavyzdžiui, lazerinis spalvinimas ar lazerinis 

poliravimas. 

Lazerinis paviršiaus spalvinimas greitai pranoko įprastinius ženklinimo 

būdus, nes tai yra lengvai pritaikoma, universali ir aplinkai nekenksminga 

technologija, turinti daugybę įvairių pritaikymo sričių. Nors lazerinio 

spalvinimo panaudojimas sparčiai auga, pats spalvinimo procesas nėra 

pakankamai ištirtas. Egzistuoja trys pagrindiniai metalo spalvinimo lazeriu 

fizikiniai mechanizmai. Pirmasis – tai lazerio sukelta oksidacija, kai įkaitinta 

lazeriu medžiaga žymiai greičiau reaguoja su deguonimi. Ant metalo susidaro 

oksido sluoksnis, kurio spalva skiriasi nuo pradinio metalo spalvos. Kitas 

spalvos pasikeitimo susidarius oksido sluoksniui paaiškinimas yra plonos 

plėvelės efektas. Kai šviesa atsispindi nuo oksido ir metalo paviršiaus, įvyksta 

interferencija, ir jei optinio kelio skirtumas yra lygus tam tikram bangos ilgiui 

arba jo sandaugai su sveikuoju skaičiumi, matoma atitinkama spalva. Antrasis 

metodas nuo kampo priklausančios struktūrinės spalvos, atsirandančios dėl 

lazerio sukeltų periodinių paviršiaus struktūrų (LIPSS). LIPSS, veikia 

panašiai kaip ir vienmatė gardelė ir dėl difrakcijos matomos spalvos. Šios 

spalvos vadinamos struktūrinėmis spalvomis ir priklauso nuo žiūrėjimo 

kampo. Paskutinis lazerinio spalvinimo metodas yra plazmoninės spalvos. 

Šios spalvos taip pat struktūrinės. Skirtingai nuo antrojo mechanizmo, spalva 

nesikeičia priklausomai nuo žiūrėjimo kampo, nes paviršiaus spalvas 

sužadinančios paviršiaus struktūros pasiskirsčiusios atsitiktinai, be 

dėsningumų. Spalvos matomos dėl paviršiaus plazmonų rezonanso (SPR) 

efekto, kurį sukelia nanostruktūros ir nanodalelės ant metalų paviršiaus. 

Lazerinis spalvinimas priklauso nuo daugelio apdirbimo parametrų: lazerio 

galios, pluošto skenavimo greičio, atstumo tarp skenuojamų linijų, impulsų 

pasikartojimo dažnio ir kitų. Optimizuojant lazerio parametrus, taip pat galima 

gauti ir norimą struktūrinį paviršiaus pokytį, kuris gali lemti naudingas 

savybes, pavyzdžiui, hidrofobiškumą. 

Lazerinis poliravimas taip pat yra pageidaujamas ir populiarus lazerinio 

mikroapdirbimo metodas. Kadangi submikrometrinio paviršiaus šiurkštumas 

pageidaujamas trinties, atsparumo dilimui ir aerodinamikos srityse, lazerinis 
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poliravimas yra labai perspektyvus poliravimo metodas. Lazerinis 

poliravimas leidžia pasiekti didelį tikslumą, gerą apdailos kokybę, platų 

galimų medžiagų pasirinkimą bei lengvą sudėtingų formų poliravimą. Taip 

pat ta pačia lazerine sistema galima apdirbti ir poliruoti bandinius. Tačiau 

norint pasiekti geriausius rezultatus, reikia tinkamai parinkti optimalius 

lazerinio apdirbimo parametrus, tokius kaip impulsų pasikartojimo dažnis, 

impulsų energija, impulsų persiklojimas ir kitus, o tai yra varginantis ir daug 

laiko reikalaujantis darbas. Lazeriai ir sistemos, skirtos lazerinei mikro ir nano 

gamybai, kasdien tobulinamos. Dabar galimos sistemas, kuriose naudojami 

MHz ir GHz impulsų pasikartojimo dažniai su femtosekundiniais lazerio 

impulsais ir didele vidutine optine galia, naudojant impulsų vorų ir bivorų 

(vorų-vorose) režimus. Šie režimai leidžia gerokai padidinti abliacijos 

efektyvumą, taip pat gerokai pagerinti abliuojamo paviršiaus šiurkštumą, jei 

tinkamai optimizuojami lazerinio apdorojimo parametrai. Lazerio impulsų 

voros taip pat užtikrina greitesnį apdirbimą dėl impulso energijos padalijimo 

į mažesnes energijas, artimesnes optimaliam energijos įtekiui, todėl 

išnaudojama didesnė vidutinė lazerio galia. Be to, dėl trumpo laiko tarp voros 

impulsų pakartotinai panaudojama bet kokia išlikusi ankstesnio impulso 

šiluma. 

Ši disertacija buvo skirta rasti optimalius lazerinio apdirbimo parametrų 

rinkinius, kad būtų pasiektas mažiausias paviršiaus šiurkštumas naudojant 

lazerinį poliravimą ir didžiausias spalvų skaičius bei didžiausia spalvinimo 

sparta naudojant vario ir nerūdijančiojo plieno lazerinį spalvinimą. Disertacija 

suskirstyta į dvi pagrindines dalis: viena skirta lazeriniam spalvinimui, kita – 

lazeriniam poliravimui. Nerūdijantis plienas buvo spalvinamas lazeriu 

naudojant mažo energijos įteko ir mažo pluošto skenavimo greičio spalvinimą 

ir spartų spalvinimą naudojant didesnius energijos įtekius, o varis buvo 

spalvinimas naudojant pilkąją skalę.  Poliruojant lazeriu buvo optimizuojamas 

impulsų skaičius vorose, vorų bistabilumas, taip pat netiesinės ir sotumo 

absorbcijos įtaka atsiskyrimo slenksčiui. 

 

Darbo tikslas 

Disertacijos darbo tikslas – pasiekti optimalų impulsų skaičių MHz, GHz 

ir bivoros režimuose, taip pat rasti optimalų energijos įtekį, kad būtų 

minimalus įmanomas paviršiaus šiurkštumas ir maksimaliai padidintas spalvų 

skaičius bei metalų spalvinimo sparta, taip padidinant lazerinio poliravimo ir 

spalvinimo pritaikomumą pramonėje. 
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Darbo užvadiniai 

1. Ištirti impulsų skaičiaus MHz, GHz ir bivoros režimuose poveikį 

lazeriniam poliravimui ir spalvinimui. 

2. Pasiekti kuo mažesnį metalų paviršiaus šiurkštumą po abliacijos 

imituojant realų taikymą. 

3. Optimizuojant apdirbimo parametrus, pasiekti didžiausią spalvų 

skaičių ant nerūdijančiojo plieno spalvinant lazeriu greičiau nei 

kitos mokslinės grupės. 

4. Gauti lazeriu apdirbtus paviršius, turinčius naudingas savybes, 

kurios padidintų spalvotų paviršių pritaikomumą. 

 

Mokslinis naujumas 

Šiame darbe buvo atliekamas vario ir nerūdijančiojo plieno poliravimas bei 

spalvinimas. Buvo išbandyti skirtingi impulsų voros režimai: MHz, GHz ir 

bivoros, taip pat skirtingi lazerio apdirbimo parametrai. Mažiausias 

nerūdijančiojo plieno ir vario paviršiaus šiurkštumas būtų labai naudingas 

pramoniniam naudojimui. Šioje disertacijoje naudojant optimalius parametrus 

buvo pasiektas 0,1 µm paviršiaus šiurkštumas ant vario paviršiaus. Lazeriniu 

spalvinimu ant nerūdijančiajam plieno buvo gauta daug ryškių spalvų. Mūsų 

turimomis žiniomis, mūsų eksperimentų metu buvo pasiektas didžiausias 

lazerinio spalvinimo greitis. Pasiektos spalvos yra hidrofobinės, o tai labai 

padidina jų pritaikomumą. 

 

Praktinis pritaikomumas 

Lazerinis poliravimas ir spalvinimas naudojamas medicinos ir automobilių 

pramonėje kaip aplinkai nekenksmingas, lengvai pritaikomas ir ilgaamžis 

laisvos formos dalių ar instrumentų poliravimo ir spalvinimo būdas, kuris taip 

pat gali būti naudojamas laikrodžių gamyboje ir spalvinime. Mūsų išsamūs 

eksperimentai, kuriuos atlikus pavyko išgauti platų spalvų spektrą, didelę 

spalvinimo spartą, hidrofobinius spalvotus paviršius ir submikrometrinius 

poliruotus paviršius, dar labiau padidina procesų pritaikomumą pramonėje. 

 

Ginamieji teiginiai 

1. Ant nerūdijančio plieno, naudojant femtosekundinius impulsus 

GHz impulsų voroje, dėl paviršiaus oksidacijos buvo pasiekta 

42,5 mm²/s spalvinimo sparta esant 4250 mm/s pluošto 

skenavimo greičiui, kuri leido išgauti skirtingas spalvas: mėlyną, 

geltoną, oranžinę, violetinę ir tamsiai žalią. 



99 

2. Visi trys impulsų voros režimai – MHz, GHz ir bivoros, naudojant 

femtosekundinius impulsus gali būti naudojami lazeriniam 

spalvinimui, siekiant išgauti plačią spalvų gamą ant nerūdijančio 

plieno, o susiformavę spalvoti paviršiai yra hidrofobiški, dėl ko 

didėja jų pritaikomumas. 

3. Dėl netiesinės ir įsisotinimo sugerties vario oksido plėvelės 

pralaidumo priklausomybė nuo lazerinės spinduliuotės 

intensyvumo keičia plėvelės atsiskyrimo slenkstį, t. y. slenkstinę 

lazerio energiją, reikalingą plonai oksido plėvelei pašalinti 

išgarinant pagrindinį metalą, o tai prisideda prie efektyvesnio 

metalo paviršiaus lazerinio poliravimo. 

4. Naudojant GHz impulsų voros režimą su iki 15 impulsų ir bivoros 

režimą, kuriame MHz impulsų voroje yra 3 impulsai, o GHz 

impulsų voroje – iki 10 impulsų, galima pasiekti mažesnį nei 

0,1 µm Ra paviršiaus šiurkštumą ant vario ir mažesnį nei 0,5 µm 

Ra paviršiaus šiurkštumą ant nerūdijančio plieno, kas pabrėžia 

optimalaus impulsų skaičiaus voroje svarbą. 

 

Autorius indelis 

Publikacijoje [P1] autorius parašė rankraštį, atliko visus lazerinio 

spalvinimo ir drėkinimo matavimo eksperimentus, duomenų analizę ir buvo 

atsakingas už rezultatų pateikimą grafikų, paveikslų, lentelių ir nuotraukų 

pavidalu. 

Publikacijoje [P2] autorius kartu su bendraautoriais padėjo sugalvoti 

pirminę tyrimo idėją, atliko kai kuriuos abliacijos eksperimentus, analizavo 

duomenis, aptarė rezultatus ir pateikė pastabas dėl rankraščio. 

Publikacijoje [P3] autorius parašė rankraštį, atliko duomenų analizę, taip 

pat padarė SEM, optinio ir adatinio profiliavimo prietaisų nuotraukas. 

Autorius taip pat buvo atsakingas už rezultatų atvaizdavimą grafikų, paveikslų 

ir lentelių pavidalu. 

Publikacijoje [P4] autorius atliko z-skenavimo eksperimentus, analizavo 

duomenis ir taisė rankraštį. 

Publikacijoje [PP1] autorius parašė rankraštį, atliko visus lazerinio 

spalvinimo ir drėkinimo matavimo eksperimentus, duomenų analizę ir buvo 

atsakingas už rezultatų pateikimą grafikų, paveikslų, lentelių ir nuotraukų 

pavidalu. 

Publikacijoje [PP2] autorius padėjo sugalvoti pradinę projekto idėją, atliko 

paviršiaus topografijos ir paviršiaus šiurkštumo matavimus naudodamas 3D 
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optinį profilometrą. Taip pat analizavo gautus rezultatus, juos aptarė ir pateikė 

pastabas dėl rankraščio. 

 

Publikacijų ir konferencijų sąrašas. 

Disertacijos rezultatai pateikti 4 mokslinėse publikacijose [P1-P4], dvejose 

mokslinėje publikacijoje, kuri šiuo metu vis dar spausdinamos [PP1-PP2], ir 

3 konferencijų tezėse [P5-P7]. Dar penkios mokslinės publikacijos [P8-P12] 

ir 2 konferencijų tezės [P13-P14] buvo parašytos, tačiau nėra susijusios su 

disertacija. 

Disertacijos rezultatai taip pat buvo pristatyti 10 konferencijų [C1-10]. 

Disertacijos autorius pristatė [C1-C9] žodinius pranešimus, o [C1-C3] buvo 

išrinkti tarp geriausių konferencijos pranešimų. Dar 15-oje konferencijų 

pranešimus skaitė bendraautoriai [C10-C25], tačiau šie pranešimai nebuvo 

susiję su disertacija. [C17-C20] disertacijos autorius pristatė kaip stendinius 

pranešimus, o [C20] buvo pristatyta ir kaip žodinis pranešimas. 

 

Eksperimentų rezultatai ir diskusija 

Šis skyrelis yra paremtas keturiais moksliniais straipsniais ir trimis 

konferencijų tezėmis leidžiamuose periodiniuose mokslo leidiniuose 

turinčiuose cituojamumo rodiklį bei vienu moksliniu straipsniu, kuris šiuo 

metu yra priduotas į leidyklą. Eksperimentinių rezultatų ir diskusijos skyrius 

skirstomas į dvi pagrindines dalis: lazerinio spalvinimo ir lazerinio 

poliravimo.  

Lazeriniam spalvinimui ištirti buvo atlikti du eksperimentai. Pirmojo 

eksperimento metu buvo norima išsiaiškinti, kuris voros režimas ir su kiek 

impulsų voroje leistų gauti didžiausią spalvų kiekį. Norint sumažinti 

kintamųjų skaičių, pluošto skenavimo greitis bei atstumas tarp skenuojamų 

linijų buvo pastovus ir atitinkamai lygus 100 mm/s ir 10 µm. Ant nerūdijančio 

plieno buvo skenuojamos linijos, kol buvo gautas 6 × 6 mm2 nuspalvintas 

kvadratas. Buvo spalvinimas kvadratų masyvas, kur vertikaliai buvo 

keičiamas energijos įtekis nuo 0,34 J/cm2 iki 7,6 J/cm2, o horizontaliai 

impulsų skaičius vorose. Gauti rezultatai parodė, kad MHz impulsų voroje yra 

gaunamos vien tik rudos spalvos, GHz voroje labai mažas spalvų intervalas, o 

impulsų bivoroje gaunamos rudos, pilkos, geltonos, oranžinės, mėlynos, 

žalsvos ir violetinės spalvos. Naudojant tuos pačius parametrus bivoros 

režime, tačiau padidinus greitį iki 333 mm/s spalvų intervalas vėl sumažėjo. 

Nors pirmo eksperimento metu buvo gautas nemažas spalvų skaičius, tačiau 

skenavimo greitis nebuvo didelis, dėl to buvo atliktas antras eksperimentas. 

Antro eksperimento metu norint išlaikyti didesnes impulsų energijos vertes 
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buvo pasirinkta GHz impulsų vora ir energijos įtekis buvo keičiamas nuo 

12,1 J/cm2 iki 54,1 J/cm2. Vertikaliai šiuo atveju buvo keičiamas skenavimo 

greitis nuo 1000 mm/s iki 4250 mm/s. Gauti rezultatai parodė, kad 

optimizavus impulsų skaičių GHz voroje, skenavimo greitį bei impulsų 

energijos įtek įmanoma gauti labai ryškias ir šviesas spalvas: geltoną, 

oranžinę, žydrą, mėlyną, violetinę, rausvą ir žalsvą. Taip pat, dėl didelio 

bandymų skaičiaus, spalvos gradientiškai pereina iš vienos į kitą. Padidinus 

impulsų skaičių GHz voroje iki 25, gaunamos tamsesnės spalvos. Efektyvus 

lazerinis spalvinimas buvo vertinamas pagal spalvinimo spartą, kurios 

didžiausia vertė siekė 42,5 mm2/s, o tai mūsų žiniomis yra sparčiausias 

lazerinis spalvinimas mokslinėje literatūroje ant nerūdijančio plieno. Buvo 

atlikti ir kiti tyrimai norint padidinti lazerinio spalvinimo spartą, bet išlaikant 

didelį spalvų kiekį. Iš pradžių buvo tikrinami MHz ir bivoros režimai su 

didesniais pluošto skenavimo greičiais. Kaip ir pirmojo eksperimento metu, 

MHz impulsų vora leido gauti tik rudus atspalvius, tačiau bivoros atveju, buvo 

gautos tokios pačios bet žymiai tamsesnės spalvos, kaip ir GHz impulsų 

voroje. Didinant MHz impulsų skaičių bivoroje rezultatai tik prastėjo, o tai 

parodo, kad GHz impulsų vora yra geriausia lazeriniam spalvinimui. Taip pat 

buvo išbandyta keli skenavimai vienas ant kito, tačiau reikšmingų spalvų 

pokyčių nepastebėta. Nedidelį matomą pokytį galima paaiškinti energijos 

įtekio pokyčiu dėl to, kad maža dalis medžiagos abliuojama kiekvieno 

skenavimo metu. Paskutinis tyrimas buvo atliktas siekiant išsiaiškinti, ar 

galima pasiekti daugiau spalvų arba didesnę spalvinimo spartą, kai vienas ant 

kito naudojami skirtingi impulsų voros režimai. Kadangi naudojant MHz vorų 

režimą buvo gautos tik rudos spalvos, jis nebuvo išbandytas. Jei pirmiausia 

naudojamas GHz impulsų voros režimas, o po to bivoros režimas, gaunamos 

pilkos spalvos. Priešingai, jei pirmiausia naudojamas bivoros režimas, o po to 

– GHz vorų režimas, yra gaunamos tam tikros spalvos. Naujos spalvos nėra 

tokios ryškios kaip GHz impulsų voros režime, tačiau yra ryškesnės už tas, 

kurios gaunamos tiesiog bivoros režimu, net ir esant optimaliems 

parametrams. Nors, lyginant su GHz voros režimu, būtų galima pasiekti kai 

kurias naujas blankesnes spalvas, taikant šį metodą spalvinimo sparta būtų 

gerokai mažesnė, nes reikia daugkartinio skenavimo. Todėl dėl šių išvadų 

impulsų vorų režimų maišymas toliau nebuvo tiriamas. Buvo parodyta, kad 

lazerinio spalvinimo sparta priklauso nuo skenavimo greičio ir atstumo tarp 

skenuojamų linijų dS/dt = vh. Taigi, yra du pagrindiniai spalvinimo spartos 

didinimo būdai: padidinti lazerio spindulio skenavimo greitį arba atstumą tarp 

skenavimo linijų. Atlikti tyrimai parodė, kad net ir didėjant atstumui tarp 

skenavimo linijų, vis tiek galima gauti tam tikras spalvas. Tačiau spalvinimo 

sparta nebūtinai padidėja, nes norint gauti tas pačias spalvas, kai atstumas tarp 
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skenavimo linijų padvigubėja, reikia proporcingai sumažinti pluošto 

skenavimo greitį. Kita galimybė padidinti spalvinimo greitį galėtų būti lazerio 

pasikartojimo dažnio didinimas. Tai leistų naudoti didesnį skenavimo greitį, 

jei impulsų persidengimas yra vienas iš svarbiausių lazerinio spalvinimo 

parametrų. Impulsų persidengimas išliktų toks pat, jei proporcingai padidėtų 

ir impulsų pasikartojimo dažnis, ir impulsus skenavimo greitis. Vis dėlto gauti 

rezultatai rodo, kad, didinant pasikartojimo dažnį, esant tam pačiam 

skenavimo greičiui gaunamos tos pačios spalvos, be to, šios spalvos yra 

gerokai mažiau stabilios. Tai būtų galima paaiškinti tuo, kad vidinis impulsų 

voros pasikartojimo dažnis turi didžiausią įtaką šilumos kaupimuisi ant 

bandinio paviršiaus. Kadangi lazerinio spalvinimui naudojamas linijų 

skenavimas (angl. hatching), linijomis galima užpildyti bet kokią pasirinktinę 

formą ar figūrą. Pritaikant gautus parametrus buvo nuspalvintos įvairios 

figūros: du pusapskritimiai su dviem banguojančiomis linijomis viduryje, 

stilizuota gėlė bei Fizinių ir technologijos mokslų centro (FTMC) logotipas. 

Šie pavyzdžiai rodo, kad lazerinio spalvinimo metodui net ir sudėtingos 

formos nekelia problemų. Tačiau didelis trūkumas yra itin didelis proceso 

jautrumas nedideliems energijos įtekio pokyčiams. Nors lazerinė spinduliuotė 

yra itin stabili, ypač dėl to, kad galime naudoti dideles galias ir tuos impulsus 

padalinti į mažesnio atskiro energijos įtekio impulsus, vis tiek susiduriame su 

iššūkiais, kaip išlaikyti bandinį tiksliai židinio padėtyje. Pagrindinė problema 

kyla dėl šilumos kaupimosi, dėl kurio padidėja bandinio temperatūra ir 

atsiranda nedidelės bandinio paviršiaus deformacijos. Nors deformacijos gali 

būti labai mažos ir plika akimi sunkiai pastebimos, spalvų skirtumas yra 

lengvai pastebimas. Iš trijų būdų, kaip galima nuspalvinti metalo paviršių 

naudojant lazerinį spalvinimą, du iš jų galima lengvai atmesti. Kadangi 

nerūdijantis plienas nėra plazmoninis metalas, jame nėra matomos spalvos 

gaunamos dėl paviršiaus plazmonų rezonanso. Struktūrinės spalvos, 

atsirandančios dėl LIPSS, taip pat nėra mūsų nerūdijančio plieno bandinių 

spalvos priežastis. Patikrinę savo bandinį po skenuojančiu elektroniniu 

mikroskopu, bandinio paviršiuje nebuvo matomi LIPSS. Buvo matomos tik 

įvairios skirtingos nanodaleles ir nanostruktūros, kurios yra nevienodai 

išsidėsčiusios. Be to, struktūrinės spalvos, priklausomai nuo žiūrėjimo kampo, 

keičiasi nuo žalios, raudonos ir mėlynos, o mūsų gautos spalvos, priklausomai 

nuo žiūrėjimo kampo, tampa tik tamsesnės, tačiau spalvos nekeičia. Galiausiai 

yra paviršiaus oksidacija. Kadangi lazeris yra šilumos šaltinis, o įvairūs 

impulso vorų režimai taip pat padeda akumuliuoti šilumą apdirbimo vietoje, 

tai gali pagreitinti oksidacijos procesą, dėl kurio nerūdijančiojo plieno 

paviršiuje atsiranda skirtingos spalvos. Plonos plėvelės efektas taip pat 

paaiškintų, kodėl spalvos tampa gerokai tamsesnės. Kadangi spalva priklauso 
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nuo optinio kelio skirtumo, kuris pats savaime priklauso nuo šviesos kritimo 

kampo, tai paaiškina, kodėl keičiant kampą spalva tampa gerokai tamsesnė. 

Metalo spalvos keitimas yra norima užduotis, tačiau ją būtų galima pagerinti 

gaunant papildomas paviršiaus funkcijas. Metalų spalvos pakeitimas ir 

hidrofobizavimas būtų labai naudingas, nes spalvos taptų dar ilgaamžiškesnės, 

nes padėtų metalui žymiai geriau atlaikyti aplinkos poveikį. Buvo matuojamas 

statinis vandens drėkinimo kampas (SWCA), kiekvienas matavimas buvo 

atliekamas 5 kartus ir apskaičiuojamas standartinis nuokrypis. Kad paviršius 

būtų laikomas hidrofobiniu, jo SWCA turi būti ne mažesnis kaip 90º, o kad 

būtų laikomas superhidrofobiniu, SWCA turi būti didesnis kaip 150º. 

Nespalvotas nerūdijantis plienas nebuvo hidrofobiškas, jo drėkinimo kampas 

buvo 50,4 ± 4,4º. Buvo parodyta, kad visos pasiektos spalvos yra 

hidrofobiškos, nes jų SWCA nepriklausomai nuo spalvos atspalvio yra 

didesnis nei 90º. Laikotarpis tarp lazerinio spalvinimo ir drėkinimo bandymų 

buvo ilgesnis nei 6 mėnesiai, todėl ne tik spalvos, bet ir hidrofobiškumas yra 

ilgalaikis. Mėginiai buvo laikomi įprastomis oro sąlygomis patalpose ir jų 

būklė pastebimai nepakito. 

Lazeriniam poliravimui ištirti buvo atlikti trys skirtingi eksperimentai. 

Atliekant lazerinio poliravimo eksperimentus buvo pastebėta, kad ant vario 

metalo viršaus yra oksido sluoksnis, kuris turi įtakos lazeriniam 

mikroapdirbimui, ir ši sąveika buvo ištirta, kad būtų įvertina  įtaka lazeriniam 

poliravimui. Metalai yra padengti oksidų sluoksniais, kurių storis svyruoja 

nuo dešimčių nanometrų iki dešimčių mikrometrų ir kurie, priklausomai nuo 

draustinės juostos pločio, paprastai yra pusiau skaidrūs puslaidininkiai arba 

skaidrūs izoliatoriai. Bandinį pasiekusi lazerinė spinduliuotė pirmiausia 

sąveikauja su metalų oksidais, o tik po to su pačiais metalais. Vario (Cu) 

bandinys su vario oksido (Cu2O) sluoksniu buvo abliuotas naudojant 

pikosekundinę lazerio spinduliuotę skirtingose padėtyse lyginant su pluošto 

sąsmaukos padėtimi. Energijos įtekio slenkstis buvo matuojamas pagal 

abliuoto kraterio skersmens priklausomybę nuo impulso energijos. Tiesiškai 

absorbuojančio oksido sluoksnio pralaidumas esant mažam smailiniam 

intensyvumui yra GW/cm2 eilės ir buvo apskaičiuotas pagal T0 = exp(−α0L) 

formulę. T0 = 60%, o tai reiškia, kad sluoksnis yra pusiau neskaidrus. Cu2O 

tiesinės sugerties koeficiento soties intensyvumas yra Is ∼ 0,1 TW/cm2 ; todėl 

pusiau neskaidrus oksido sluoksnis staiga tampa visiškai skaidrus, kai 

smailinis intensyvumas viršija soties intensyvumą. Tačiau toliau didinant 

intensyvumą, dominuojančia tampa netiesinė sugertis, ir oksido sluoksnis vėl 

tampa neskaidrus. Netiesiškai sugeriantis oksido sluoksnis praleidžia tik dalį 

įeinančios lazerinės spinduliuotės į metalo paviršių, todėl į jį reikia atsižvelgti 

prognozuojant efektyvias oksido ir metalo struktūros abliacijos 
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charakteristikas. Esant mažam maksimaliam impulsų intensyvumui 

I0 ≈ 0,05 TW/cm2, kuris yra mažesnis už soties intensyvumą Is ∼ 0,1 TW/cm2, 

stebima tik tiesinė sugertis be soties ir labai maža netiesinė sugertis židinio 

padėtyje; todėl visose bandinio z padėtyse stebimas beveik pastovus 

normalizuotas pralaidumas T/T0 ≈ 1. Kai didžiausios intensyvumo vertės ∼ 

0,2 TW/cm2 viršija soties intensyvumą, oksido sluoksnis tampa beveik 

visiškai skaidrus T/T0 ≈ 1,7, kai bandinys yra arti židinio padėties. Kai 

didžiausias intensyvumas pasiekia ∼ 0,5 TW/cm2 vertę, netiesinė sugertis 

prilygsta tiesiniam intensyvumo įsotinimui, todėl normalizuotas oksido 

sluoksnio pralaidumas židinio srityje pasiekia vertę, artimą T/T0 ≈ 1. Tiek 

sugerties įsisotinimas, tiek netiesinė sugertis turi įtaką efektyviam abliacijos 

oksido pašalinimo nuo metalo  slenkstiniam energijos įtekiui, kuris naujame 

abliacijos modelyje gali būti išreikštas kaip 𝐹th.eff = 𝐹th.lin (
𝑇0

𝑇
). Šis modelis 

gerai sutampa su gautais eksperimentiniais rezultatais. 

Antrojo eksperimento metu vario ir nerūdijančiojo plieno bandiniai buvo 

apdirbami naudojant 210 fs trukmės lazerinės spinduliuotės impulsus su 

7,3 W vidutine optine galia. Ant vario ir nerūdijančiojo plieno bandinių buvo 

abliuojamos stačiakampio formos ertmės, kurių viršutinis matmuo buvo 2 mm 

× 1 mm. Atstumas tarp skenavimo linijų buvo pastovus – 10 µm, o skenavimo 

greitis – 333 mm/s. Bandinio padėtis buvo keičiama z kryptimi, kad būtų 

gautos skirtingos energijos įtekio vertės. Kiekvienas stačiakampis buvo 

nuskenuotas daug kartų, kad būtų pasiektas gylis, kurį būtų galima lengvai 

išmatuoti naudojant adatinį profilometrą. Atliekant eksperimentus su MHz ir 

GHz impulsų voromis, impulsų skaičius vorose buvo keičiamas atitinkamai 

nuo N = 2 iki N = 9 ir nuo P = 2 iki P = 25. Atliekant bivoros eksperimentą 

buvo išbandyti visi N ir P deriniai. Naudojant MHz impulsų voros režimą su 

mažais energijos įtekiais ir nedideliu impulsų skaičiumi MHz voros metu, 

abiejose medžiagose buvo pastebėtas didelis paviršiaus šiurkštumas. 

Padidinus impulsų skaičių iki 4 ir daugiau, dėl mažesnio energijos įtekio 

sumažėjo paviršiaus šiurkštumas dėl inkubacijos efekto, t. y. abliacijos 

slenksčio mažėjimo didėjant impulsų skaičiui toje pačioje vietoje, taip pat dėl 

šilumos akumuliacijos. Vėlesni impulsai pasiekia apdirbimo vietą medžiagoje 

anksčiau, nei atvėsta termiškai paveikta zona, todėl medžiagai pašalinti reikia 

mažiau energijos. Esant didesniems energijos įtekiais dalelių ekranavimas taip 

pat turėjo didesnį neigiamą poveikį išsklaidant ir sugeriant įeinančią lazerio 

spinduliuotę, todėl padidėjo paviršiaus šiurkštumas. Mažiausias vario 

paviršiaus šiurkštumas buvo 0,23 µm, o nerūdijančio plieno – 0,63 µm. 

Geriausi rezultatai buvo pasiekti naudojant GHz impulsų vorą, nes, esant 

plačiam energijos įtekių ir impulsų skaičiaus intervalo, vario paviršiaus 
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šiurkštumas buvo labai mažas < 0,15 µm. Šis voros režimas dėl trumpo 

pasikartojimo dažnio efektyviau išnaudoja šilumos akumuliacija. Mažiausias 

vario paviršiaus šiurkštumas buvo 0,1 µm, o nerūdijančiojo plieno – 0,55 µm. 

Panašūs rezultatai buvo gauti ir naudojant bivoros režimą, kai mažiausias 

paviršiaus šiurkštumas buvo 0,08 µm variui ir 0,45 µm nerūdijančiajam 

plienui. 

Trečiasis eksperimentas buvo atliktas todėl, kad iš ankstesnių 

eksperimentų matėme, jog efektyvi abliacija turi bistabilumą, o nelyginio 

skaičiaus impulsai yra daug efektyvesni, ypač 3 impulsai MHz voroje. Norėta 

patikrinti, ar taip pat yra ir poliravimo lazeriu atveju. Eksperimentiškai buvo 

ištirta lazeriu abliuoto ertmės dugno paviršiaus šiurkštumo Ra priklausomybė 

nuo energijos įtekio, kai impulsų vorų energijos įtekis buvo keistas nuo 0,52 

iki 9,9 J/cm2, o impulsų skaičius MHz voroje nuo 1 iki 9. Eksperimentas 

parodė, kad paviršiaus šiurkštumas Ra priklausomai nuo lazerinio apdirbimo 

parametrų yra bistabilus. Daugeliu atvejų paviršiaus šiurkštumas Ra buvo šiek 

tiek mažesnis esant lyginiam nei nelyginiam impulsų skaičiui voroje, jei 

lyginsime su tuo pačiu voros energijos įtekiu esant didelėms vertėms 

(2,3 J/cm2 – 9,9 J/cm2). Tačiau esant mažoms energijos įtekio vertėms 

(0,52 J/cm2 – 1,7 J/cm2) galima pastebėti priešingą efektą, kai paviršiaus 

šiurkštumas Ra yra mažesnis esant nelyginiam nei lyginiam impulsų skaičiui 

voroje. Pavyzdžiui, N = 8 atveju paviršiaus šiurkštumas Ra buvo šiek tiek 

didesnis nei N = 9 ties keliomis energijos įtekio vertėmis, o likusioms 

energijos įtekio vertėms yra šiek tiek mažesnės, santykinis šiurkštumo 

skirtumas buvo tik 2 %. N = 6 atveju paviršiaus šiurkštumas Ra buvo šiek tiek 

mažesnis nei N = 7, kai energijos įtekio vertės svyravo nuo 1,7 iki 4,6 J/cm2. 

Vidutinis santykinis paviršiaus šiurkštumo Ra skirtumas padidėjo iki 39%. Šį 

abliacijos režimą galima vadinti bistabiliu režimu. Be to, esant N = 4 ir N = 5 

stebimas bistabilus paviršiaus šiurkštumas Ra nuo 1,7 J/cm2 iki 9,9 J/cm2. 

Vidutinis santykinio paviršiaus šiurkštumo skirtumas buvo 18%. Daugumoje 

mokslinių darbų pagrindinėmis abliacijos efektyvumo bistabilumo 

priežastimis, priklausomai nuo impulsų skaičiaus voroje, buvo įvardytos 

dalelių ekranavimas arba pakartotinis nusodinimas. Šie procesai ypač matomi 

esant antram impulsui impulsų voroje, nes pirmo impulso išabliuotų medžiagų 

debesis nespėja pasitraukti iš apdirbimo vietos ir ekranuoja antrą impulsą.  
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Pagrindiniai rezultatai ir išvados 

 

1. Buvo įrodyta, kad visi impulsų voros režimai: MHz, GHz ir bivoros 

režimas gali būti naudojami gauti spalvas ant nerūdijančio plieno. MHz 

impulsų voros režimas pasižymi tik ruda spalva, o GHz - dideliu ryškių spalvų 

intervalu. 

2. Buvo pasiekta didžiausia mokslinėje literatūroje nurodoma lazerinio 

spalvinimo sparta 42,5 mm2/s ant nerūdijančio plieno, kai spalvos gaunamas 

dėl oksidacijos efekto. 

3. Kadangi lazerinis spalvinimas paremtas linijų skenavimu (angl. 

hatching), buvo parodyta, kad galima skirtingomis spalvomis nuspalvinti bet 

kokios sudėtingos formos figūrą. 

4. Buvo išbandyti įvairūs lazerinio apdirbimo parametrai, įskaitant: 

atstumą tarp linijų, impulsų pasikartojimo dažnį, skenavimų skaičių ir impulsų 

vorų maišymą, tačiau nebuvo gautas reikšmingas naujų spalvų kiekis ar 

padidinta spalvinimo sparta. 

5. Kadangi buvo naudojami femtosekundiniai impulsai,  ant spalvotas 

nerūdijančio plieno paviršius buvo matomi nanodariniai, dėl kurių lazerio 

apdirbtų spalvotų metalų paviršių drėkinimo kampas buvo virš 90 laipsnių, 

kas parodo jų hidrofobiškumo savybes ir padidina jų pritaikomumą. 

6 Buv parodyta vario bandinių pilkosios skalės ( angl. grayscale) 

spalvinimas ir drėkinimo kampo kontrolė. 

7. Buvo pademonstruota, kad ant vario esantis vario oksido sluoksnis 

slopina varį pasiekiančią lazerinę spinduliuotę, o tai turi įtakos oksido/metalo 

struktūros lazerinio atsiskyrimo slenksčiui, priklausomai nuo fokusavimo 

padėties ir su ja susijusiu lazerio smailiniu intensyvumu impulse. 

8. Naudojant MHz, GHz ir bivoros režimus buvo atitinkamai pasiektas 

0,23 µm, 0,1 µm ir 0,08 µm vario paviršiaus šiurkštumas, o nerūdijančiojo 

plieno mažiausias paviršiaus šiurkštumas atitinkamai buvo 0,63 µm, 0,55 µm 

ir 0,45 µm. Nerūdijančiojo plieno paviršiaus šiurkštumas buvo didesnis dėl 

didžiausio pradinio bandinio šiurkštumo. 

9. GHz impulsų voros režimu gautas mažiausias vidutinis paviršiaus 

šiurkštumas Ra, ypač vario, kuris buvo < 0,15 µm daugelio impulsų verčių, dėl 

geresnio šilumos akumuliacijos panaudojimo. 

10. Buvo parodyta, kad esant efektyviai lazerinei abliacijai, dėl dalelių 

ekranavimo ir pakartotinio nusodinimo efektų galima pastebėti paviršiaus 

šiurkštumo Ra bistabilumą priklausomai nuo impulsų skaičiaus voroje. 
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