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Abstract: Surface treatments of metals based on laser marking technology is an important 15 
application in a wide range of industrial fields. By specific combinations of laser processing 16 
parameters, the modified surface leads to different textures with specific roughness and colored 17 
appearance. Most of current works are focused on the modification of color tonality of flat surfaces, 18 

or the development of specific topography features, but the combination of both processes is not 19 
usually evaluated, mainly due to the complexity to control the optical properties on rough surfaces. 20 
This research presents an analysis of the influence of the micro-geometrical characteristics of 21 
periodic patterned laser tracks on the chromaticity and reflectance of Ti6Al4V substrates. The 22 
samples were irradiated with an infrared nanosecond pulsed laser under air atmosphere, taking as 23 

control parameter the scan speed of the beam. A roughness evaluation, microscopic inspection, 24 
absorption and chromaticity examination were conducted. Although micro-crack growth was 25 
detected in isolated case (10 mm/s), the possibility of adjusting the result color were demonstrated 26 
by controlling the thermal affected zone thickness of the textures. Results of rough/colored 27 

combined textures allow opening new perspectives in industrial design, particularly in aesthetic 28 
applications with special properties. 29 

Keywords: Titanium, laser marking; color; reflectance; roughness; oxidation.   30 
 31 

1. Introduction 32 

Surface texturing has recently acquired an important growth in engineering applications, 33 
resulting in significant improvements in load capacity, wear resistance and friction coefficient of 34 
tribo-mechanical parts. Under tribological conditions, texturing geometries remove wear debris from 35 
the sliding track, reducing the involved abrasive effects of these hard particles, and also acting as 36 

lubricant reservoirs [1-2]. 37 
Among the several techniques that can be applied for texturing (micro-drilling, mechanical 38 

indentation, electro-discharge texturing, etc), Laser Surface Texturing (LST) has shown some relevant 39 
advantages regarding chemical and mechanical processes. On the one hand, the laser system can be 40 

adapted to a wide range of parameters, become a faster and more flexible method than machining 41 
operations. On the other hand, these treatments are usually based on laser irradiation processes 42 
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under air atmosphere, avoiding the use of lubricants or coolant fluids that is necessary in some 43 

machining processes [3]. 44 
Therefore, LST is considered as a viable process for surface engineering, contributing to the 45 

development of functionalisation of components [4]. Also contributes to the development of 46 
sustainable manufacturing by means of an environmentally friendly process, in comparison to 47 

chemical and conventional machining [5-6]. 48 
Ti6Al4V is a well-known α+β (grade 5) Ti-based alloy, widely used for the manufacturing of 49 

aerospace parts and biomedical components, mainly due to their good weight/mechanical properties 50 
ratio, high corrosion resistance and excellent biocompatibility.  51 

The ability to maintain control over the main mechanical properties on the surface of this alloy 52 

by LST can produce several benefits. In the healthcare sector, the biocompatibility and biomechanical 53 
behavior are key factors, as well as the improvement of the sliding features under biological fluids 54 
[7-8]. In the case of strategic alloys for the aerospace industry, surface modification treatments are 55 
used to overcome material limitations and to improve its functional performance [9-11]. 56 

In the case of Ti6Al4V alloy, the use of LST is focused to overcome these functioning limitations, 57 

such as poor wear behavior. The unstable frictional response of titanium alloys, coupled with severe 58 
wear behavior under certain rubbing conditions, make the use of this type of alloys difficult to apply 59 
in severe tribological applications [12-13]. 60 

Moreover, the exposure of this alloy to a LST treatment in an air atmosphere -favored by a local 61 

increase of temperature- causes the combination of the external surface layer with the oxygen present 62 
[14], giving rise to the development of a thin protective layer composed by titanium oxides, mainly 63 
in rutile (TiO2) form [15-16]. 64 

After oxidation phenomena, transparent oxide films on a reflecting substrate give rise to color. 65 
So, titanium substrate reacts changing the initial tonality to a color range mainly related to the 66 

thickness of the oxide layer and the conditions of the thermal treatment [17-18].  67 
A wide range of color tonalities can be achieved by modifying the main control parameters of 68 

the LST process in Ti6Al4V, according to variables such as thickness and microstructure of the 69 
oxidation layer [19]. 70 

This property, the color, can be considered as aesthetic or non-functional regarding to the 71 

advantages that can provide the LST process, but can be also considered as an easy indicator of the 72 
characteristics of the treated surface. A kind of color can determine a surface characteristic. Also, by 73 
modifying parameters during the LST process, it could be obtained textures with color variations, 74 
such as the color laser marking in steels [20].  75 

There are several studies in the scientific literature that report on the LST of the Ti6Al4V alloy, 76 
mainly focused on the characterization of micro-geometry and the study of the relationship with 77 
tribological behavior, generally evaluated by studying the wettability and surface roughness [2,4,6, 78 
21-22]. 79 

There are also some works that relate the influence of LST parameters on the color of textured 80 

surfaces, mainly by evaluating the optical properties (n, k) of oxide films by using spectrophotometry 81 
and ellipsometry techniques [23-28]. These measurements are useful for calculating the spectral 82 
reflectance, and can then be compared with the data measured by a spectroscope. The appearance of 83 
these titanium laser-grown oxide coatings is described by chromaticity, a standard by which these 84 
identifiers can be compared [29,30]. 85 

However, a lake of knowledge has been detected in the scientific literature about the study of 86 
color / mechanical properties and process parameters. 87 

In this paper, a study of the chromatic changes -in terms of optical reflectance and chromaticity- 88 
and its relationship with the micro-geometrical variations -in terms of roughness-, is reported. LST 89 
parameters in the texturing of Ti6Al4V is key for the control of the surface morphology, that can be 90 

directly linked with the chromatic state. 91 
 92 
 93 
 94 
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2. Materials and Methods  95 

2.1. Laser texturing process 96 

Ti6Al4V titanium alloy (UNS R56400) 50 mm x 50 mm plates with 5 mm thickness were cleaned 97 
by ether-petroleum/ethanol 50% dissolution. This plates were conditioned by mechanical polishing 98 
to an initial surface roughness of Ra<0.05 m and Rz<0.15 m. Ti6Al4V chemical composition (wt%) 99 

is shown in table 1. 100 

Table 1. Ti6Al4V substrate composition (wt%) 101 

Al V Fe C O N H Ti 

6.26 3.91 0.18 0.011 < 0.10 < 0.10 < 0.10 Rest 

 102 

The laser exposure was performed under room air atmosphere, using a commercially marking 103 
machine (ROFIN-SINAR Technologies Inc., Plymouth, MI, USA) based on a 10 W Ytterbium fiber 104 
infrared laser system with λ = 1070 ± 5 nm wavelength, which generates pulses of τ = 100 ns duration 105 
at repetition rate of 𝑓= 50 kHz. The laser spot with a focal diameter of 𝑑= 60 µm was moved over the 106 
surface of the sample with a scanning speed (Vs) range from 10 to 300 mm/s. Texturing process was 107 

developed through bidirectional parallel lines with a 0.1 mm distance between laser tracks. Textured 108 
areas over Ti6Al4V substrate consists of 10 mm x 10 mm size squares. 109 

To evaluate the influence of laser processing parameters on the variation of the properties and 110 
features of the modified surfaces, the scanning speed of the beam (Vs) was taken as control parameter. 111 

Under this assumption, a single energy density of pulse/fluence (Ed) was chosen for the experimental 112 
tests, combined with nine different values of Vs, which are shown in table 2. 113 

Table 2. Laser processing parameters 114 

Nominal Power 

(W) 

Pulse rate 

(KHz) 

Ed 

(J/cm2) 

Vs 

(mm/s) 

10 50 7.07 10 25 50 75 100 150 200 250 300 

 115 

2.2. Evaluation methods 116 

Textured samples were subjected to two different types of analysis, on the one hand, through 117 

the chromatic changes, and on the other hand through the micro-geometrical variations, in terms of 118 
roughness, all induced by the laser treatments. 119 

Color modification of the surfaces was evaluated by measuring the optical reflectance of the 120 
samples, using a dispersive spectrophotometer (Agilent, model Cary 5000) along with a 150 mm 121 
diameter integrating sphere accessory. Optical geometries 8º/di and 8º/de were used for color 122 

measurements, following the recommendations of the CIE (Commission Internationale de 123 
L’Eclairage) [31] Light reflectance values (LRV) of the textured surfaces were determined following 124 
the recommendations of the British Standard [32]. 125 

For the study of micro-geometrical characteristics of the textures, a roughness measure device 126 
Mahr Perthometer Concept PGK120 (Mahr technology, Göttingen, Germany). 127 

Surface finish features were described by the roughness parameters of asymmetry or skewness 128 
(Rsk) and sharpness of the asperity peaks of kurtosis (Rku). These parameters, which are extracted 129 
from the Amplitude Distribution Curve (ADF), can provide a valuable information about the shape 130 
of the laser tracks shape. 131 

 132 
 133 
 134 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 August 2019                   

Peer-reviewed version available at Coatings 2019, 9, 658; doi:10.3390/coatings9100658

https://doi.org/10.3390/coatings9100658


 4 of 12 

 

𝑅𝑠𝑘 =  
1

𝑅𝑞3
[

1

𝑙𝑟
∫ 𝑍3(𝑥)𝑑𝑥

𝑙𝑟

0

] (1) 

  

𝑅𝑘𝑢 =  
1

𝑅𝑞4
[

1

𝑙𝑟
∫ 𝑍4(𝑥)𝑑𝑥

𝑙𝑟

0

] (2) 

 135 
Being 𝑅𝑞 a parameter that defines the root mean square roughness of the profile ordinates (𝑍) 136 

on the evaluation length (𝑙𝑟) [33]: 137 
 138 

𝑅𝑞 =  √
1

𝑙𝑟
∫ 𝑍2(𝑥)

𝑙𝑟

0

𝑑𝑥 (3) 

 139 
In addition to roughness characterization, laser tracks morphology and crack growth were 140 

studied on cross-section of the grooves by means of optical and scanning electron microscopy 141 

methods. The influence of the laser processing parameters on the development of modified texturized 142 
layers were evaluated by the measuring of hardness from the outer edge of the track. Under this 143 
consideration, the presence of oxidation phenomena, highly related with variations in color and 144 
hardness, was analyzed by using energy dispersive X-Ray spectroscopy (EDX). 145 

3. Results and discussion 146 

Laser texturing processes on the surface performs relevant modifications from the initial features of 147 
the substrate. The main alterations on the substrate can be related to micro-geometrical changes of 148 
the surface and color tonality variations of the samples. Because of the energy incidence of the laser 149 
along the paths used for this study, a material phenomenon occurs, giving place to the development 150 
of a linear parallel pattern of grooves on the substrate. Laser tracks show specific combinations of 151 

shape and size as a function of the processing parameters. In the same way, microstructural and 152 
chemical composition variations are modified in closest areas of the tracks, changing the initial 153 
properties of the titanium alloy. These kind of modification can be easily detected due to color 154 
tonality variations. 155 

3.1. Micro-geometrical morphology of the laser textures 156 

In addition to the color variation, the modified samples show a substrate removal process from 157 
the laser tracks. These removal process results on the development of a linear parallel pattern texture. 158 
However, the use of different processing parameters may induce a wide range of shape and size of 159 
the grooves.  160 

Taking as reference the scanning speed of the beam, a decrease of the grooves depth as a function 161 
of Vs was detected. Affected Ti6Al4V debris deposited on the upper area of the tracks were noticed, 162 
making that the density chart shows two clearly differentiated areas of material, Fig. 1. The analysis 163 
of the Rsk and Rku parameters show significant differences between low, medium and high Vs 164 
ranges. 165 

For lower scanning speed, an increase trend was detected on each roughness studied parameters. 166 
Based on the interpretation of the ISO 4287 and ASME B46.1 standard, higher values of Rsk>0 implies 167 
that the laser tracks maintain greater volume of material below the midline of the profile, which is 168 
understood as larger grooves caused by more aggressive treatments. For Rku parameter, an increase 169 

trend with values greater than 3 are indicative of a sharp profile, confirming the existence of deep 170 
and narrow textures. 171 
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Figure 1. ISO 4287 Rsk and Rku behavior as a function of Vs 

 172 

Medium Vs ranges (75-150 mm/s) involve a decrease in the values of Rsk and Rku. This fact 173 
results in softer asperities caused by the laser beam, and lower deep of the tracks. From these Vs 174 
range, some material debris detachment can be observed on the closest areas of the grooves. 175 

The use of high ranges of Vs (200-300 mm/s) reduces the intensity of the treatments, giving rise 176 
to softer textures with low deep semicircular tracks. These treatments promote the uniform behavior 177 

of the roughness values, with Rsk < 0.5 and Rku < 2. 178 
The analysis of the probability density function (Adf) from the material ratio curve (BAC) of the 179 

measured profiles reveals the existence of two different curves based on the shape and size of the 180 
textures. On the one hand, from lower scanning speeds (10-50 mm/s), the BAC curve shows a single 181 

maximum in the Adf located in the midline of the roughness profile. Furthermore, when Vs increases, 182 
a displacement of the material below the midline was detected, as illustrated in Fig. 2a. On the other 183 
hand, Vs ranges from 100 mm/s to 300 mm/s results in the generation of specific distributions, 184 
showing two maxima in the Adf located on both sides of the midline of the roughness profile, Fig. 2b. 185 

 186 

 
(a) (b) 

Figure 2. Different behaviors on probability density function as a function of Vs  

In addition to micro-geometrical modifications in terms of roughness, the LST treatments, may 187 
induce microstructure variations and oxidative phenomena on the modified layer. 188 
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3.2. Influence of LST on thermal affected zone and microstructure 189 

As a consequence of the texturing process on the surface of the Ti6Al4V, microstructural changes 190 
were caused. A rapid temperature increase focused on small areas, and cooling processes in 191 
laboratory atmosphere, may affect the initial structure of the alloy. Furthermore, the development of 192 
the LST processes under room air atmosphere induce the presence of oxidative phenomena on the 193 

Heat Affected Zone (HAZ).  194 
The Ti6Al4V (UNS R56400) alloy used for this research shows an α+β equiaxed microstructure. 195 

However, the surface treatment and the introduction of oxygen (as a α-phase stabilized element) 196 
results in significant changes on the microstructure and mechanical properties of the alloy. As can be 197 
seen in the figure 3, the HAZ close to the textures tracks is highly influenced by the intensity of the 198 

treatment, quantified by the Vs. 199 
As described, the HAZ shows an important dependence to the scanning speed of the beam. The 200 

increase of the Vs implies that the beam remains less time over the same section of the alloy, giving 201 
rise to reduced tracks and consequently decreasing the HAZ, according to [15, 34], Fig 4. 202 

 203 

 
(a) (b) 

Figure 3. Heat Affected Zone of textured tracks (a) 50 mm/s; (b) 75 mm/s 

 204 

 205 

 
Figure 4. Thermal affected zone and laser tracks deep as a function of Vs 
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Regarding to the microstructural modification, the rapid cooling process of the treated areas, 207 

may be the main cause to the transformation from a equiaxed grains of a α+β to martensitic structures 208 
with laminar shape grains near to α phase, Fig. 5 [36].  209 

 210 

 
Figure 5. Microstructural and composition changes induced by laser treatment (Vs = 50 mm/s) 

 211 
One of the most representative effect -in addition to the martensitic transformation- is the 212 

appearance of oxidative phenomena, mainly due to the increase of the temperature under air 213 

atmosphere, in which oxygen may enrich the composition of the modified layer.   214 

3.3. Hardness variation and crack growth on textured surfaces 215 

An increment in the oxygen composition from the thermal oxidation, and the phase evolution 216 
to martensitic structure, makes possible the increase of the hardness of the modified layer. By the 217 
study of the hardness from the edge of the tracks, a direct relationship can be observed between the 218 

scanning speed of the beam and the increase of hardness on the thermal affected area. Under this 219 
consideration, the use of very low scanning speed (10 mm/s) results in the best results, in terms of 220 
penetration ability of the treatment. Taking as a reference the hardness of the untreated substrate 221 
(Ti6Al4V) with a nominal value of approximately 349 HV, by means of the laser surface treatments, 222 
a textured layer was obtained with a new hardness value more than four times higher than the initial 223 

one, Fig. 6. 224 
Using the high performance conditions for the hardness increasing (Vs = 10 mm/s), a maximum 225 

penetration range of 60 µm was determined through the measurement results to obtain significant 226 
mechanical improvements. Under this thickness, the laser treatment for this purpose may not be an 227 

effective mean. On the other hand, mainly due to the cooling processes, in rare cases the existence of 228 
micro-cracks may occur, Fig. 6, according to [35]. Crack growth over the track surface is caused to the 229 
solidification process of the vaporized titanium alloy and the oxidation that takes place during the 230 
beam displacement.  231 
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Figure 6. Hardness variation based on Vs and detail of micro-crack on laser track 

3.4. Color tonality variation of laser textured surfaces 233 

Laser radiation treatments may affect both the micro-geometrical topography and the 234 
physicochemical properties of the surface. One of the most representative effect of the laser texturing 235 

process on the Ti6Al4V surface may be the color tonality variation. Under oxidation phenomena, the 236 
titanium substrate reacts changing the initial tonality to a color range mainly related to the thickness 237 
of the oxide layer and the conditions of the thermal treatment.  238 

When the tonality variations in the textures were analyzed, a sample color dependency was 239 
detected on the scanning speed of the beam. Under the range of Vs used, a color palette with golden 240 

and near blue tones were developed, fig. 7. As it was detected for previous parameters, the existence 241 
of three different ranges of Vs (Low, medium and high rates) also results in separate behaviors in 242 
terms of the development of color tonalities, in accordance with the fluence groups of [36]. 243 

 244 

 
 

Figure 7. Color palette generate under different scanning speeds 
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On these samples, the chromaticity coordinates Y10x10y10 were calculated from the reflectance 246 

spectra as measured with the integrating sphere and considering the standard colimetry observer 247 
CIE1964 and the illuminante D65. Values of the x10 and y10 color coordinates for the samples under 248 
study are shown in the CIE1931 chromaticity diagram, Fig. 8a.  249 

The study of the different color coordinates shows reveals that the chromaticity coordinates 250 

(X10y10) are located in a small area on the center of the two dimensional diagram. This fact indicates 251 
a color locus quite reduced for this alloy and the parameters used in the study. However, through 252 
variations on the laser processing parameters, a wide variety in the color palette can be induced, 253 
according to [37].  254 

The CIE 1931 color space (x10; y10 and Y10 (LRV)) indicates a singular point of the LRV value 255 

for 50 mm/s scanning speed of the beam. This feature can be observed on the synthesized color image 256 
of the lower Vs range, Fig. 7. Furthermore, a general growing trend was noticed for the color 257 
coordinate values (x10; y10) as a function of the Vs, Fig 8b. Likewise, most intense colors of the laser 258 
texturing conditions that were used in this research are located under higher values of Vs. However, 259 
there is a point of singular behavior for 50 mm/s, in connection with a change of trend in the shape 260 

of the laser tracks, mainly in terms of Rku. In addition, thanks to the micro-geometrical features of 261 
the textures under this processing conditions, an increase in the HAZ thickness was achieved, giving 262 
the best results to generate intense and lightness tonalities. 263 

 264 

 
(a) (b) 

Figure 8. (a) Color chromaticity diagram of the textures (b) Color coordinates behavior as a function of Vs 

3.5. Reflectance of the colored titanium surfaces 265 

Most of the researches about the reflectance of titanium alloys subjected to oxidative processes 266 
are focused on the development and analysis of continuous and flat surfaces. However, the 267 
possibility to incorporate additional properties by means of specific roughness topographies is shown 268 

as a gap in the study of this treatments. The sample color and reflectance shows an important 269 
dependency on the light incidence angle. This fact makes relevant the influence of the surface finish 270 
on the optical properties of the textured Ti6Al4V substrates. 271 

The significant variation on the surface reflectance confirms the strong capability of the laser 272 

texturing processes for modifying the optical properties of metallic substrates. Wang et al. studies 273 
demonstrate that rough surfaces imply lower reflectivity values [28]. Under these considerations, 274 
may be confirmed that a decrease on the Vs led to a decrease in the absorption coefficient () of the 275 
surfaces. This fact indicates an attenuation of the reflectance properties as a function of the oxide layer 276 
thickness, obtained for lower scanning speeds.  277 

Three main different groups of absorption coefficient behavior were also observed as in previous 278 
analysis of micro-geometrical and chromaticity properties, Fig. 9. Regarding to absorption coefficient, 279 
higher Vs values results in an increase of the reflectance of the textures. On the other hand, more 280 
aggressive treatments based on lower Vs generates surfaces with lower  values. The optical 281 
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absorption phenomenon is in addition directly connected with the geometrical characteristics of the 282 

laser induced topography. The shape and depth of the laser grooves makes difficult the reflectance 283 
properties of the modified surfaces, resulting in low absorption coefficient values. 284 

 285 

 
Figure 9. Absorption coefficient values of the laser textures 

4. Conclusions 286 

In this research, specific topographies combined with color surfaces of titanium have been 287 

obtained by changing the laser scanning speed in air atmosphere, using a fiber nanosecond pulsed 288 
laser. Experimental results confirm that the textured samples exhibit different roughness values 289 
combined with colorized surface, enhancing mechanical properties as hardness.  290 

The development of the laser treatment under atmospheric environment contributes to the 291 

generation of an oxide film on the surface of the alloy. Mainly due to the rapid heating and cooling 292 
stages, associated with pulsed laser irradiation, these treatments also affect the 293 
Ti6Al4Vmicrostructure by transforming the closest areas of the laser tracks of the native surface to α′ 294 
martensite. A maximum area of higher than 4300 m2 on cross-sections of the textures, and track 295 
depth as large as 174 μm were measured for the lowest scanning speed experiments (10 mm/s). 296 

Extreme temperatures focused on small spot diameter and cooling nature may affect the 297 
formation of the oxide film and the phase transformation close to the tracks. This may be the cause 298 
of the existence in isolated cases of crack growth over the texturing channels under most aggressive 299 
treatments (10 mm/s).  300 

The existence of three scanning speed (Vs) ranges with clearly differentiated behaviors has been 301 

verified for all the evaluated parameters. Samples treated under lower range are characterized by 302 
deeper and narrow textured tracks with large thermal affected areas (HAZ) that induces important 303 
increases in hardness and lower absorption coefficient () values on near blue/grey color surfaces. 304 

Chromaticity values are located in a small ellipse on the center of the CIE 1931 color coordinate 305 

diagram for all texturing conditions used in study. Main changes in optical properties of the textures 306 
were presented as increasing in the color coordinates (XYZ) and lightness (L*) as a function of the 307 
scanning speed of the beam. However, higher  values were detected in medium ranges of Vs. This 308 
suggest that the optically active film is strongly influenced by the deep and shape of the textures, in 309 
addition to the thickness of the HAZ. 310 

This combined topography/color texturing method provides a new methodology for the 311 
development of multi-functional surfaces, expanding the application range of materials and 312 
increasing the performance of novel manufacturing processes. 313 

 314 
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