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Abstract: Laser texturing is a technique of surface modification widely applicable in various indus-15 

trial areas, for example as a substrate pre-treatment for thermal spray coatings. When performed in 16 

air, the elevated surface temperature may induce oxidation of the metallic surfaces, which in turn 17 

may undermine the coating adhesion. The degree of oxidation depends on the substrate material as 18 

well as the processing parameters. This brings about the need for analyzing the oxide amount as 19 

well as its removal if needed. In the current study, the applicability of two widely available methods 20 

for oxide analysis – x-ray diffraction (XRD) and energy-dispersive spectrometry (EDS) is investi-21 

gated and compared. Furthermore, three types of oxide removal methods – annealing in a reducing 22 

atmosphere, gentle laser ablation and acid etching – were applied and their efficiency was demon-23 

strated on three classes of materials – stainless steel, W-based and Ti-based materials. Oxide removal 24 

by laser ablation was additionally analyzed and correlated with in-process fast heat accumulation 25 

temperature measurement. 26 

Keywords: laser texturing; oxidation; thermal spraying; oxide detection; oxide removal; laser clean-27 

ing, temperature measurement 28 

 29 

1. Introduction 30 

Laser surface texturing is a widespread surface modification technology that in-31 

volves altering the surface properties of a material by modifying its texture and roughness 32 

with high-intensity laser beams. The laser-material interaction phenomena may include 33 

localized melting, vaporization or ablation [1]. As a result of these processes, microscopic 34 

patterns such as dimples, grooves, pillars or other shapes can be formed with high flexi-35 

bility, accuracy and reproducibility. Laser surface texturing can be applied on a wide 36 

range of materials, spanning metals, ceramics, polymers and so on. The surface modifica-37 

tions can be directed towards improvement in friction properties [2,3,4], erosion re-38 

sistance [5], wettability [6], hydrophobicity or hydrophilicity [1,3,7], performance in bio-39 

medical applications (such as osseointegration and cell adhesion) [8], corrosion resistance 40 

[7], light absorption [9] or enhanced adhesion of thermal spray coatings [10,11,12,13]. 41 

When the laser processing of metallic materials is carried out in air (which may be 42 

needed for example in high-rate processing [12], where the complex instrumentation 43 

would make a vacuum enclosure too demanding) the elevated surface temperatures may 44 
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lead to oxidation. This in turn can affect the functional properties of the surface. For ex-45 

ample, in thermal spray coatings, oxides on the substrate hinder the formation of a met-46 

allurgical bonding between metallic coating and metallic substrate [14,15], leading to a 47 

reduced adhesion. On the other hand, the adhesion of oxide ceramic coating may be en-48 

hanced by suitable substrate oxidation [16]. In other applications, laser-induced oxidation 49 

of the final metallic surface is carried out on purpose, e.g. to improve the corrosion re-50 

sistance [17,18] or to provide localized electrical insulation in biomedical applications [19]. 51 

Oxidation may also play a role in the formation of so-called laser-induced periodic surface 52 

structures [20]. 53 

Therefore, there is a need for oxide content control on the laser treated surfaces. This 54 

in turn entails its detection (and qualitative or quantitative evaluation) and – where un-55 

desirable – removal. In this work, the applicability of two commonly available analytical 56 

techniques – EDS and XRD – for a comparative/semi-quantitative determination of oxide 57 

content on representative laser treated materials is investigated. A simplified practical 58 

method that circumvents the complications associated with non-ideal samples and allows 59 

a semi-quantitative comparison of the oxide content after different variants of the laser 60 

treatment is proposed. Furthermore, three techniques for reducing the oxides, namely 61 

heat treatment in a reducing atmosphere, moderate laser ablation and acid etching are 62 

applied. The efficiency of these methods is evaluated. 63 

2. Materials and Methods 64 

Three types of materials were used for the testing, all of them as substrates for laser 65 

texturing as a pre-treatment for thermal spraying. These were AISI 304 stainless steel and 66 

W-based materials (pure W and W-Cu composite with ~39vol% Cu) as substrates for 67 

plasma sprayed W coatings for potential use in plasma-facing components in fusion reac-68 

tors, and Ti6Al4V alloy as a substrate for plasma sprayed Ti for orthopedical implants. 69 

On the W-based materials, laser texturing was performed with a nanosecond (ns) 70 

laser (YLP-HP, wavelength 1070 nm, max. optical power 200 W; IPG Photonics, USA), 71 

creating a hexagonal dimple pattern. The dimples had 30 µm depth, 30 µm width and 50 72 

µm spacing. Besides the same dimple pattern, the steel samples were textured by a con-73 

tinuous wave (cw) fiber laser (YLR-3000-SM, wavelength 1070 nm, max. optical power 74 

3000 W; IPG Photonics, USA), forming grooves of 25 µm depth and 70 µm distance in 75 

parallel or perpendicular orientation. On the Ti alloy, again a dimple pattern was formed 76 

by a nanosecond laser, with 55 µm depth, 50 µm width and 70 µm spacing. 77 

Surface morphology was observed by scanning electron microscope (SEM) EVO 78 

MA15 (Carl Zeiss SMT, Oberkochen, Germany). EDS was carried out in the same micro-79 

scope, using a Quantax system with XFlash 5010 detector (Bruker, Berlin, Germany). EDS 80 

measurements were performed at 500x magnification (to encompass a number of the sur-81 

face texture features), 8.5 mm working distance, 1 nA emission current and 10 kV acceler-82 

ation voltage. XRD was carried out using D8 Discover diffractometer (Bruker, Karlsruhe, 83 

Germany). Phase analysis was performed with full profile Rietveld refinement using 84 

TOPAS 5 software. 85 

Annealing for oxide removal on the W-based materials was performed in a furnace 86 

filled with hydrogen at 800 °C for 1 hour (similar treatment was used previously to clean 87 

W powder from oxides accumulated by long term storage [21]). Acid etching of the W-Cu 88 

composite material was performed by soaking the samples in 40% hydrofluoric acid (HF) 89 

for 20, 40 and 60 s (similar to treatment used in [22]). Surface cleaning by ‘gentle ablation’ 90 

with ultra-short laser pulses and low pulse energies was carried out with a femtosecond 91 

slab laser (FX 200, wavelength 1030 nm, average power 80 W, pulse duration 650 fs; Edge-92 

wave GmbH, Würselen, Germany) at a variety of conditions. On the W-Cu composite ma-93 

terial, frequency of the laser pulses was varied between 6 and 24 MHz, traverse velocity 94 

was varied between 30 and 480 m/s and number of passes between 1 and 3 (specific pa-95 

rameter combinations will be mentioned below together with the results). On the Ti alloy, 96 

only the 10 MHz at 100 m/s combination was used. 97 
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Fast temperature measurement during laser ablation was done by LabIR Ultrashort 98 

measurement system [23]. InGaAs detector with 5 MHz bandwidth was used for detection 99 

of infrared (IR) radiation through the polygon scanning head [24]. As the pulse repetition 100 

frequency was higher than detector bandwidth (6 to 24 MHz compared to 5 MHz), the 101 

effect of separate laser pulses was not resolved and only average value of heat accumula-102 

tion was evaluated. To decrease noise, averaging from many laser scanning lines was done 103 

(from 412 to 7, depending on the scanning speed from 30 to 480 m/s). The calibration to 104 

obtain temperature values from voltage was done by static heating using small heating 105 

element and measuring through the scan head.  106 

 107 

3. Results 108 

3.1. General approach 109 

It should be noted that the results presented below are semi-quantitative only. The 110 

samples have significant surface roughness (which is the main purpose of laser texturing), 111 

the amount of oxides on the surface is fairly small and their thickness may vary between 112 

the valleys and ridges of the patterns. Precise EDS analysis relies on the assumption of a 113 

smooth surface and homogeneous distribution of the present elements within the gauge 114 

volume. Moreover, oxygen is detected on practically every sample that was exposed to 115 

air. Also, the x-ray intensity of lighter elements is lower than of the heavier ones. The 116 

roughness and spatial distribution present a similar complication for the XRD analysis. 117 

Thus, the samples are far from ideal case [25,26,27]. Therefore, the general approach is to 118 

determine the oxides semi-quantitatively by measurements on a) a pristine sample (i.e. 119 

freshly ground metal) and b) sample(s) oxidized by a known process. This way, a practical 120 

boundary between a ‘clean’ and ‘oxidized’ surface can be determined, specific for each 121 

material. For materials with the same type of morphology, at least a qualitative compari-122 

son of the degree of oxidation among treatments with different parameters can be ob-123 

tained. 124 

3.2. Oxide analysis 125 

Representative morphologies of the laser textured steel, W, W-Cu and Ti alloy sub-126 

strates are shown in Figs. 1-4. These give an idea of the size of the texture features 127 

(grooves, dimples) as well as the nature of the various surfaces. The deeper regions of the 128 

grooves and dimples are typically smooth with occasional molten droplets. On the steel 129 

substrates treated by the cw laser, the ridges have similar appearance. In contrast, in the 130 

dimple pattern textures formed by the ns laser, the upper regions have more complex 131 

morphology and typically contain a significant amount of fine particles. These likely orig-132 

inate from the ejection from the depth and redeposition on the top surface. These regions 133 

are likely to experience a higher degree of oxidation, due to higher specific surface. Minor 134 

differences in morphology obtained by similar laser patterns on different materials, can 135 

be also observed. Parts of Figs. 2-4 also show the surface morphologies after distinct post-136 

treatments; their effects will be discussed in section 3.3. 137 

Results of the EDS analysis on the W-based materials are shown in Table 1. In addi-138 

tion to clean and laser treated samples, another example of oxidized surface - treated by 139 

electric discharge machining (EDM) - is included. One can see a clear distinction between 140 

the values obtained on significantly oxidized (LST), moderately oxidized (EDM) and clean 141 

(ground) surfaces. Similar results from the steel samples are summarized in Table 2. The 142 

overall oxygen content is generally lower and the difference between oxidized and clean 143 

surface is less distinct. Yet a boundary value between these two may be established. Such 144 

a result could be expected in view of the surface morphology, where the steel exhibited 145 

much cleaner surfaces than the W-based materials, however, this is a rather indirect indi-146 

cator. On these materials, XRD measurement was also attempted, however, the oxide 147 

amount was found to be below the detection limit. 148 
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(a) (b) 

Figure 1. Surface morphology of steel samples textured with a cw laser. (a) Lines with a width of 70 150 

µm and depth of 25 µm; (b) Grid of perpendicular lines with a width of 70 µm and depth of 25 µm. 151 

 152 

  

(a) (b) 

Figure 2. Surface morphology of W samples textured with a ns laser, dimple pattern. (a) As-tex-153 

tured; (b) heat-treated in hydrogen atmosphere. 154 

 155 

Table 1. EDS results on W-based samples; ‘ground’ represents a clean sample, ‘dimples’ and ‘EDM’ 156 

represent samples oxidized by laser texturing and EDM. 157 

Sample O (wt%) Sample O (wt%) 

WCu (ground) 0.9 W (ground) 1.6 

WCu (dimples) 10.2 W (dimples) 12.2 

WCu (EDM) 6.5 W (EDM) 4.6 

 158 

 159 

 160 
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(a) (b) 

Figure 3. Surface morphology of W-Cu samples textured with a ns laser, dimple pattern. (a) As-161 

textured; (b) after laser cleaning with gentle ablation (6 MHz, 30 m/s, 3 passes). 162 

Results obtained on Ti alloy samples after three types of treatment are shown in Table 163 

3. The oxygen content as determined by EDS in the three variants of laser texturing (reg-164 

ular, with N2 shielding and with subsequent laser cleaning by gentle ablation) does not 165 

show significant distinction with respect to the processing variant. However, there are 166 

marked differences between the results from the LST surfaces, a clean one (freshly 167 

ground) and a significantly oxidized one (long-term storage in open air). The XRD results 168 

show similar values of the oxide content in the regular and N2-shielded LST samples, but 169 

a significantly reduced one in the sample treated by gentle ablation. Apparently, in this 170 

case the analytical technique was able to better distinguish the laser processing variants. 171 

While there is not a tight correlation between the EDS and XRD results, both techniques 172 

show marked distinction between the clean, moderately oxidized and heavily oxidized 173 

samples. While the EDS provides compositional information based on individual ele-174 

ments, the XRD provides information based on crystallographic phases. In this case, the 175 

oxide phase was identified as corundum phase (Al2O3). In literature, the oxidation prod-176 

ucts of Ti6Al4V alloy were typically Ti-based [28,29,30] or a mixture of Ti- and Al-based 177 

oxides [31,32,33]. However, these cases mostly concerned isothermal oxidation, while the 178 

process during laser ablation is highly dynamic. Moreover, a fraction of the oxide scale 179 

present before the laser treatment may have been retained, due to different ablation 180 

thresholds of the oxide and the base metal. Also, the XRD is not particularly sensitive to 181 

small variations in elemental compositions, so the possibility of the corundum phase con-182 

taining Ti, Al and V elements cannot be ruled out. 183 

 184 

Table 2. EDS results on steel samples. ‘Ground’ represents a clean sample, ‘grid’, ‘lines’ and ‘dim-185 

ples’ represent samples oxidized by variants of laser texturing. 186 

Sample O (wt%) 

Steel (ground) 1.7-2.1 

Steel (grid) 2.9 

Steel (lines) 3.9 

Steel (dimples) 3.5 

 187 
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(a) 

 

(b) 

 

 

 
 (c) 

Figure 4. Surface morphology of Ti alloy samples textured with a ns laser, dimple pattern. (a) Reg-188 

ular texturing; (b) texturing with nitrogen shielding; (c) texturing with subsequent gentle ablation. 189 

Table 3. EDS and XRD results on Ti alloy samples; ‘ground’ represents a clean sample, three lines 190 

with ‘dimples’ represent samples oxidized by variants of laser texturing, ‘grit-blasted + storage’ rep-191 

resents an example of significantly oxidized sample (initially treated by grit blasting, then stored a 192 

long time in open air). 193 

Sample O (wt%) oxide (wt%) 

Ti (ground) 0.6 0 

Ti (dimples) 11-12 17.9 

Ti (dimples + N2 shielding) 13-15 18.1 

Ti (dimples + laser cleaning) 11-12 2.4 

Ti (grit-blasted + storage) 31 52.9 

 194 

A short note on the experimental scatter concerning the values presented in Tables 195 

1-6: For the EDS values, obtained with the current setup, typical standard deviations were 196 

in the range 10-15% of the presented value; for the XRD values, it was around 1% (absolute 197 

value). These numbers refer to a single measurement; on top of this, a spatial variation 198 

from place to place may be considered. When such variation was observed with a non-199 
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negligible extent, ranges from several measurements are shown. In this regard, it should 200 

be noted that the XRD data were taken from a much larger area – ~3 cm2, compared to 1.1 201 

mm2 for EDS. 202 

3.3. Oxide removal 203 

EDS results from W-based samples treated by annealing in hydrogen atmosphere are 204 

shown in Table 4. For both materials, the oxygen content was significantly reduced with 205 

respect to the laser treated surface. However, the process appears to be more efficient for 206 

the WCu sample, where the content was comparable to a clean sample, while for the 100% 207 

W sample, it was still slightly higher. As can be seen in Fig. 2, there is no marked effect on 208 

the surface morphology. 209 

EDS results from the W-based samples treated by HF etching are presented in Table 210 

5. Compared to the laser treated surface (Table 1), the oxygen content is markedly reduced 211 

for all etching times, although still a little higher than for the hydrogen annealing treat-212 

ment. There is no apparent trend with respect to etching time, thus 20 s immersion appears 213 

sufficient to significantly reduce the amount of oxides. Similarly to the previous case, there 214 

was no marked effect of this treatment on the surface morphology. 215 

Table 4. EDS results on W-based samples annealed in hydrogen atmosphere. 216 

Sample O (wt%) 

WCu (dimples, annealed) 0.6 

W (dimples, annealed) 3.4 

 217 

Table 5. EDS results on W-based samples treated by HF etching. 218 

Sample O (wt%) 

WCu (dimples, HF 20 s) 1.9 

WCu (dimples, HF 40 s) 1.8 

WCu (dimples, HF 60 s) 2.8 

 219 

Table 6. EDS results (in wt% O) on WCu samples treated by gentle laser ablation, along with time 220 

resolved temperatures (in °C) measured during the process. Since there were varying combinations 221 

of pulse frequency and traverse velocity, and three parameters altogether, their values have to be 222 

presented inside the table as well. Bold numbers indicate the parameter values, regular numbers 223 

present the oxygen content from EDS (wt%) and heat accumulation temperature (°C) measured by 224 

LabIR Ultrashort.  225 

Frequency (MHz) No. of passes Velocity (m/s)   

 

 
 30 60 120 

6 1 2.1, --- 2.2, 416 2.4, 411 

 2 2.3, 415 2.1, 413 3.1, 412 

 3 2.3, 413 2.1, 412 2.4, 410 

 

 
 60 120 240 

12 1 2.1, 391 2.6, 387 2.9, 385 

 2 2, 385 2.4, 382 2.8, 376 

 3 2, 380 2.7, 376 2.6, 375 

  120 240 480 

24 1 3.6, 365 4.2, 366 5.7, 336 

 2 2.9, 356 3.7, 353 5.1, 344 
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 3 2.6, 340 3.8, 348 4.4, 321 

As-textured  9-12   

 226 

EDS results from the WCu samples treated by gentle ablation with various parame-227 

ters are presented in Table 6. The traverse velocity was chosen to obtain the same overlap 228 

of laser spots on surface in the same column of the table with changing pulse frequency. 229 

In the first column the distance of laser spot centers is 5 µm (overlap 87%), in the second 230 

column 10 µm (overlap 75%), in the last column 20 µm (overlap 50%). So in each column 231 

the material surface gets the same number of laser pulses, but with different pulse energy 232 

and in different time interval. With increasing frequency, the pulse energy is decreased 233 

(to have the same average power) and time of treatment is shortened. From the obtained 234 

results, one can make several observations. The effectiveness of oxide removal generally 235 

depends on the laser treatment parameters. For the high frequency and high traverse ve-236 

locity ranges, the degree of oxide removal increases with a number of passes. At the same 237 

time, it increases with decreasing velocity. For the lowest frequency (6 MHz), the oxide 238 

removal is the most effective, while the other two parameters do not have any pronounced 239 

effect. Even the least intense treatment (24 MHz, 480 m/s, 1 pass) resulted in noticeable 240 

oxide reduction. Such treatment also has an effect on the surface morphology, as shown 241 

in Fig. 3. Comparison of Fig. 3a (as-textured surface) and 3b (treated with gentle ablation 242 

at the most intense setting) reveals that the major geometrical features of the texture are 243 

preserved, while only the micromorphology is affected. Specifically, the microroughness 244 

on the texture ridges is partially smoothed. In this figure only the most diverse examples 245 

are shown, while at other parameter combination, intermediate effects were observed. 246 

The heat accumulation temperatures measured during the gentle pulsed laser abla-247 

tion are shown in Table 6. Although intuitively the heat accumulation should increase 248 

with increasing pulse repetition frequency, as mentioned e.g. in [34], in this case the ob-249 

served temperatures decreased with increasing frequency. It is due to the decrease of 250 

pulse energy with increase of frequency, while having the same pulse overlap. 251 

 252 

 253 
Figure 5. Correlation of oxide content after laser cleaning with heat accumulation 254 

temperature during laser cleaning. Indicated is value of 370 °C as a transition from partial 255 

to full oxide removal. 256 

 257 

When analyzing correlation of oxide content with heat accumulation temperature 258 

(Fig. 5), interesting result is found. At temperatures higher than ~370 °C the oxide is re-259 

moved completely and at low temperatures the removal is only partial and the oxide val-260 

ues are scattered. The ablation is done in short time (hundreds of picoseconds to units of 261 



Appl. Sci. 2024, 14, x FOR PEER REVIEW 9 of 11 
 

 

nanoseconds) after the femtosecond laser pulses and the measured temperature is the heat 262 

accumulation in hundreds of nanoseconds. But anyway the process seems to be governed 263 

by thermal effects, as was observed for similar process (cleaning, polishing) by laser abla-264 

tion of AM1 superalloy [35], where the change of the process was found in similar tem-265 

perature range, from 325 to 405 °C of calculated heat accumulation. In this case, the in-266 

crease of repetition frequency also led to a decrease of heat accumulation temperature. 267 

The scatter of the oxygen values on left side of Fig. 5 (high frequency, 24 MHz) is due to 268 

different number of passes. When repeating the laser process, the oxides on the surface 269 

are partially removed in each pass, but the heat accumulation should stay the same. The 270 

measured difference in heat accumulation can be due to change of emissivity caused by 271 

oxides removal. This does not happen for lower frequencies, where the oxides are re-272 

moved already in the first pass. 273 

 274 

4. Conclusions 275 

The presence/absence or quantity of oxides on laser textured metallic materials can 276 

be beneficial or detrimental, depending on specific application. From this stems the need 277 

for oxide detection and control. In this work, two methods for the analysis of oxygen/ox-278 

ide content - EDS and XRD - were applied on three classes of industrially relevant mate-279 

rials. While there are other techniques suitable for this purpose (e.g. X-ray photoelectron 280 

spectroscopy [18,25], Raman spectroscopy [20,25], Auger electron spectroscopy [25] or 281 

secondary ion mass spectroscopy [25]), this work focused on two techniques widely avail-282 

able in materials laboratories. The laser textured surfaces present a non-ideal case for such 283 

analysis, due to surface roughness and inhomogeneous spatial distribution of the species 284 

in the gauge volume, besides the oxides being present in small quantities. Therefore, fully 285 

quantitative evaluation was not attempted. Instead, a simplified practical approach was 286 

taken, providing relative, semi-quantitative results. By comparison of results on pristine 287 

samples and those oxidized by a known process, a distinct boundary between ‘clean’ and 288 

‘oxidized’ surfaces can be established, specific for each material. For materials with the 289 

same type of morphology and measured in the same setup, a relative comparison of the 290 

degree of oxidation among treatments with different parameters may be obtained. This 291 

can then be used as feedback for the laser treatment process – selection of specific process 292 

parameters, process modification, or for a decision whether a dedicated post-treatment is 293 

necessary. The applicability of this procedure using EDS was successfully demonstrated 294 

on stainless steel, W and WCu composite and Ti alloy. For XRD, the oxide content in the 295 

investigated steel and W-based materials was below the detection limit; useful results 296 

were obtained only on the Ti alloy. Thus, for these small oxide contents, XRD turned out 297 

to be applicable only on a limited range of materials. Also, the nature of the information 298 

provided by these techniques differs. While EDS determines the fraction of oxygen as an 299 

element, XRD yields a fraction of the oxide as a phase, with the added benefit of identify-300 

ing the phase’s structure. 301 

Three techniques of oxide removal were also investigated – annealing in a reducing 302 

atmosphere, acid etching and ‘gentle’ laser ablation. On W-based materials, all three meth-303 

ods were proven to be effective in oxide removal. For the gentle laser ablation, a depend-304 

ence of the results on several process parameters, namely the pulse frequency, traverse 305 

velocity and number of passes, was found. The heat accumulation temperature measure-306 

ments revealed a threshold value of ~370 °C below which the oxide content values were 307 

scattered and above which the oxide was removed in a stable manner. Besides the effect 308 

on oxide content, the chosen parameters also affected the micromorphology of the tex-309 

tured surface, which can have an influence on the coating adhesion as well. The other two 310 

methods did not affect the micromorphology significantly. The selection of a given 311 

method would be governed by their availability, effectiveness in oxide removal, experi-312 

mental demands, effects on micromorphology, etc., while all these aspects would have to 313 

be evaluated for a specific application. 314 
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