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ABSTRACT

The laser engraving process was used to make a gravure on the surface of Ti–6Al–4V alloy. 
The determinative effect of the laser beam was used to engrave the material on the interaction 
region using laser engraving parameters. Among the basic laser engraving parameters; scan 
speed, scan direction, and fill spacing were selected to determine the engraving character of 
Ti-6Al-4V alloy. The Taguchi L18 orthogonal array was used to set up an experimental lay-
out to analyze the effects of laser engraving on surface roughness and engraving depth. The 
signal-to-noise ratios for both surface roughness and engraving depth were calculated using 
the experimental data and also, it was used to decide which factor combination represents 
the optimal process responses. Further, the analysis of variance was used to decide on the 
significance of parameters at a 95% confidence level. The results obtained from the analysis of 
variance revealed that scan speed and scan direction are the critical parameters as p- values are 
lower than 0.05 and affect the surface roughness by 53% and 19%, respectively. However, scan 
speed and scan direction affect the engraving depth by 64% and 10%, respectively.
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INTRODUCTION 

Demand for the development of energy-saving 
machining processes is increasing in some industrial 
applications where cost is important. Manufacturing tech-
niques, especially in precision machining applications 
involving complex geometries, require special cutting 
tool production techniques and tool materials, experi-
ence, and precise machines, so there could be difficulties 
depending on the chosen manufacturing method. Some 

industries use thermal energy-based precision machining 
applications particularly to make miniature grooves and/
or details that could not be machined using tool-assisted 
machining methods [1, 2]. Besides, critical application 
techniques considering dimensional accuracy and sur-
face tolerances are important factors in choosing between 
processing spectra. Laser-Assisted Machining (LAM), 
Electro Discharge Machining (EDM), and Wire Electro-
Discharge Machining (WEDM) are commonly preferred 
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methods in precision machining methods compared to 
the conventional material removal methods to achieve the 
desired geometry using thermal energy [3]. The laser-as-
sisted machining technique for removing material from 
the hard metal is a comparatively effective and promi-
nent shaping technique because EDM and WEDM meth-
ods require metals to be electrically conductive. Material 
removal from hard materials is a critical issue for some 
geometries in precision applications to create a net shape 
in the desired surface profile. The predominant feature of 
the LAM is the absence of tool and tool-dependent defects 
(e.g. wear, breakage, and chatter) [4]. These features make 
the LAM a machining method for miniature gravures 
that could not be machined using tool-based methods. 
The laser beam is used for applications such as milling, 
drilling, marking, engraving, cutting, and sintering [3] in 
aerospace, automotive, biomedical, and electronics indus-
tries [5, 6] in the machining process of precision shapes on 
the workpieces. In particular, some materials that exhibit 
poor machinability [2, 4, 6] using conventional machining 
methods could be manufactured using LAM. Titanium 
alloys are in the groups of difficult-to-machine materials 
[6-10] using conventional machining techniques due to 
their high strength and hardness. Titanium alloys exhibit 
an excellent strength-to-weight ratio [8-10], low density, 
good corrosion resistance, low thermal conductivity, and 
high biocompatibility [5, 11-13]. Due to above mentioned 
inherent properties of titanium and its alloys, its usage 
as the engineering material in aerospace and automotive 
industries, biomaterials [9, 14, 15], and marine applica-
tions [10] has become widespread. 

Laser engraving is a milling process used to evaporate 
the material with the thermal interaction between the laser 
beam and the metal. This thermal interaction is highly 
affected by beam scan speed, frequency, and power. The 
intensity of thermal interaction determines the amount of 
material vaporized in the interaction zone and the amount 
of liquid phase remaining after vaporization. These 
sequential cases ensure the material is removed from the 
interaction region layer by layer. The scan times or the 
numbers of material removal cases determine the milling 
depth. The material that evaporated per scan time deter-
mines the engraving depth, and the material that solidifies 
at the surface following evaporation characterizes the sur-
face roughness. LAM is an effective machining technique 
for small biomedical devices and/or complex geometry in 
an engineering part. LAM techniques use a beam as a heat 

source and this heat source locally heats the material and 
then subsequently vaporizes from the contact area [16]. 
With the movement of the laser beam on the surface like a 
milling tool, the desired geometry is produced. According 
to the researchers, absence of cutting force and tool wear 
during the machining process, the machining productiv-
ity could be improved by 15%–50% [17, 18]. It also aids in 
to use of different machining strategies and flexibility in 
the production process [16]. Venkatesan et. al. [16] have 
studied the laser machining of hard-to-cut metals; they 
have concluded that LAM improves the machining per-
formance of hard-to-machining metals when compared to 
the traditional machining process. Dandekar et. al. [19] 
have performed hybrid machining using LAM to develop 
the machining of Ti–6Al–4V alloy with decreased cutting 
energy and surface roughness. Rashid et. al. [20] studied 
the impact of laser power on the cutting force and heat in 
the machining process of the Ti-6Cr-5Mo-5V-4Al alloy; 
it was revealed that the power significantly influenced the 
cutting force compared to the cutting speed analyzed. Sun 
et. al. [21] performed a comparative study to analyze the 
reduction of cutting forces and chip formation when laser 
power is used as a process parameter. Dargusch et. al. [18] 
evaluated the performance of cutting tools with different 
coating types for machining titanium alloys. 

The literature overview of LAM of Ti–6Al–4V alloy has 
shown that the studies on creating engraving or milling 
are limited. The present study focused on the application 
of engraving with laser milling parameters on Ti–6Al–4V 
alloy; and the process parameters of laser scan speed (SS), 
fill spacing (FS) and, laser beam scan direction (scan strat-
egy, SD) were evaluated using surface roughness (SR) and 
engraving depth (D). 

MATERIALS AND METHODS

Material
The rod sample with a 14 mm diameter of titanium alloy 

Grade 5: (Ti6Al4V) was used in the experimental studies. 
The chemical and mechanical properties of the Ti-6Al-4V 
alloy are given in Tables 1 and 2, respectively [22].

Laser engraving process 
A 50W Yb: Fiber Laser marking machine (see Figure 

1) with a 1064 nm wavelength was used for laser engrav-
ing applications. A constant value of 160 mm was deter-
mined for the focal length on the processing surfaces. The 

Table 1. Chemical composition of Ti-6Al-4V [wt. %] [22]

Al V Fe C N H O Ti
5.5~ 3.5~ ≤0.3 ≤0.08 ≤0.05 ≤0.015 ≤0.2 Bal.
6.8 4.5
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engraving process was applied to the titanium alloy sam-
ples. The engraving test samples were put on an aluminum 
plate. The engraving area was determined to be a 10 x 10 
mm2 area and was scanned 20 times. It is well known that 
the parameters that exhibit a highly influential effect on 
surface roughness are scan speed, scan direction, and, fill 
spacing. The engraving process was analyzed by consider-
ing three main process control factors and changing lev-
els are given in Table 3. The selected values for scan speed 
(SS), scan direction (SD), and, fill spacing (FS) were deter-
mined by the preliminary experiments for surface rough-
ness (SR). The ranges for SS were determined to achieve 
higher engraving depth (D). In this context, the selected 
values for all the parameters were determined with the aim 

of achieving lower SR at higher D. Based on three control 
factors and their levels, a laser engraving strategy with the 
Taguchi method was executed. The L18 orthogonal layout 
was created to perform engraving experiments and analyze 
the data taken from the machined surfaces. 

The average SR (Ra) and D were measured using a 
Mitutoyo SJ400 stylus-type profilometer and a linear height 

Table 2. Mechanical properties of Ti-6Al-4V [22]

Elongation Hardness Tensile Strength Yield Strength Elastic Modulus Fracture Toughness
[%] [HV] [MPa] [MPa] [GPa] [MPa.m1/2]
13-16 300-400 900-1200 800-1100 110-140 33-110

Figure 2. Laser-engraved surfaces by the test procedure.

Figure 1. Laser engraving system.

Table 3. Control factors and their levels

Notation Parameters Levels

1 2 3
FS Fill spacing (mm) 0.02 0.04 -
SS Scan Speed (mm.s-1) 100 200 300
SD Scan Direction (°) 45°/45° 45°/90° 90°/0°
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gauge (Mitutoyo LH-600E BS-Type), respectively. The cut-
off length and the sampling number for Ra were arranged 
as 0.8 mm and 5, respectively; and the calculated pin mov-
ing distance was 4 mm. Both SR and D measurements were 
repeated 2 times in each axis considering the axes of the 
rectangular field. For Ra, a region near the center of the 
rectangular field was determined as the measurement area. 
The laser-engraved surface of all the samples is given in 
Figure 2. 

Microstructural analysis 
The scan direction determines the laser machining 

strategy. The scan direction which greatly affects the sur-
face roughness [23, 24], affects the macrostructure of the 
machined surface and the microstructures of a narrow area 
just below the machined surface [23, 24]. Therefore, the 
microstructural analyses were performed on the cross-sec-
tion of the machined surface to determine the machin-
ing strategy’s effect on the transition zone (between the 
machined surface and base metal). The standard metallo-
graphic procedures were performed on the machined sur-
face’s cross-section; the samples were etched using Kroll 
reagent for 60 s. The optical microscopy studies were per-
formed on the etched surface. The hardness measurements 
were performed on the cross-sectioned surface that was 
located below the laser beam processed area. A hardness 
profile was created starting from craters formed from the 
vaporized and re-cast material. Micro-vickers hardness 
tester (Metkon MH-3) was used in the hardness measure-
ments. The hardness trace was performed with a 50 g load 
for 10 s. 

Methodology of statistical analyses
Determination of the smoothest surface roughness in 

the deepest cavity is a critical issue for the present study, 
and the research question is which machining strategy is 
the best alternative to reach the optimal SR and D. With 
this approach, the Taguchi method combined with the 
analysis of variance (ANOVA) was studied to specify the 
best engraving strategy. In case a process has more than one 
response and these responses affect the process at the same 
or different weight, the Taguchi optimization technique is 
the best solution to identify the unknown information [25]. 
The optimization procedure comprises the stages, namely 
determining the appropriate orthogonal array, determining 
of signal to noise ratio (S/N), predicting optimum process 
parameters and their levels, and ANOVA analysis.

RESULTS AND DISCUSSIONS 

Laser engraving was performed on the surface of tita-
nium alloy test specimens to analyze and explain the impact 
of process variables on SR and D. The variables, namely SS, 
SD, and, FS were selected as process control factors. The 
effects of those control factors having different test val-
ues were analyzed using the Taguchi with L18 orthogonal 

array. The highest D and the lowest SR characterize a better 
engraving process. Therefore, the response characteristics 
should be the lowest SR and the highest D. 

Determining the Appropriate Orthogonal Array
The control factors, SS at three levels, SD at three levels, 

and, FS at two levels, were used to determine the orthog-
onal array and perform laser engraving experiments. The 
degrees of freedom (DOF) of parameters were deter-
mined by the number of parameters. The interactions were 
neglected. Based on the total DOF value of each parameter, 
the L18 orthogonal array was chosen to perform the laser 
engraving tests. A total of eighteen laser engraving tests 
were performed to assign the combination of parameters 
giving the lowest SR at the highest D. The selected L18 
orthogonal array is seen in Table 4.

Calculation of Signal-to-Noise Ratio (S/N)
The S/N ratio is used to assign the optimum level of 

control factors that describe the process and analyze the 
parameter variation [15], thus meaning that the calculation 
of the S/N ratio is the first stage of processing experimen-
tal data collected from the measurements on the surface of 
test samples processed using laser engraving process. The 
signal defines the desired value expected from the process 
and the noise is the undesired control factor that could not 
be controlled during the process [26]. The aim of the cal-
culation of the S/N ratio is to reduce the variability [26]. 
The calculations in the S/N ratio are performed using one 
of three different performance characteristics - the higher 
the better, the smaller the better, and the nominal the bet-
ter [26]. Therefore, the quality characteristics for process 
responses should be selected before the normalization pro-
cess. For the present study, the smaller the better and the 
larger the better characteristics represent the SR and the D, 
respectively. The selection of the smaller the better char-
acteristics for SR maximizes the S/N ratio [27-31], and the 
selection of the higher the better characteristics for D also, 
maximizes the S/N ratio. This approach makes it possible to 
deduce that two quality characteristics represent the laser 
engraving process. The quality characteristics representing 
the desired SR and D are given in Eq. 1 and Eq.2, respec-
tively [32-34].

  
(1)

  
(2)

where Yi is the process response and n is the number of 
experiments. 

The SR and D values seen in Table 4 correspond to the 
data measured from the laser-processed surface. The aim 
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of this process is to minimize the SR and maximize the D. 
Based on this aim, the S/N ratios for SR and D were calcu-
lated using Eq. 1 and Eq. 2, respectively. The calculated S/N 
ratios are given in Table 4. 

Determining of Optimum Level for Control Factors and 
Discussion

The optimal combination of parameters for SR and D is 
specified by the mean of the S/N ratio for each level of the 
parameters. In addition, a graph depicted from the mean 
effect of the S/N ratios was utilized to specify the optimum 
control factors combination. The mean of the S/N ratio 
for SR and D is given in Tables 5 and 6. The main effect 
plots (data means), depicted according to measured data 
for SR and D, are seen in Figs. 3a and 3b, respectively. A 
larger S/N ratio is the scale of the robustness of an analyzed 
system, meaning that the variability created by the factors 

that control a process is minimized by the effect of reduced 
noise factors (uncontrollable factors). 

The main effect plot of each control factor of the laser 
engraving process for SR and D is shown in Figs. 3a and 3b. 
The effect of the control factors on the SR and D is evalu-
ated by considering the mean values of control factors for 
SR and D. Considering the SR values given in Figure 3a, 
the SR decreased while decreasing FS and SS. The SR value 
decreased between 45°/45° and 90°/0°. The highest value of 
the mean S/N ratio among all the levels seen in Table 5 indi-
cates the optimal level (minimum SR for the investigated 
parameter. Based on this approach, the minimum SR could 
be achieved while FS was at 0.02 mm, SS was at 100 mm.s−1 
and SD was at 90°/0°. The optimal factor combination for SR 
was FS1SS1SD3. The effect of factors on the D was analyzed 
using the mean data values of each factor given in Figure 
3b. The plots show that the D decreased with increasing FS 

Table 4. Taguchi orthogonal array L18 with responses (measured data for SR and D; S/N ratios for SR and D)

Exp. No FS SS SD SR (µm) S/NSR (dB) D (µm) S/ND (dB)
Exp.1 0.02 100 45°/45° 16.61 -24.41 248 47.89
Exp.2 0.02 100 45°/90° 14.38 -23.16 152 43.64
Exp.3 0.02 100 90°/0° 9.81 -19.83 177 44.96
Exp.4 0.02 200 45°/45° 15.12 -23.59 126 42.01
Exp.5 0.02 200 45°/90° 14.46 -23.2 112 40.98
Exp.6 0.02 200 90°/0° 14.71 -23.35 92 39.28
Exp.7 0.02 300 45°/45° 16.62 -24.41 77 37.73
Exp.8 0.02 300 45°/90° 19.42 -25.76 48 33.62
Exp.9 0.02 300 90°/0° 17.11 -24.67 32 30.10
Exp.10 0.04 100 45°/45° 15.14 -23.6 86 38.69
Exp.11 0.04 100 45°/90° 16.01 -24.09 118 41.44
Exp.12 0.04 100 90°/0° 10.79 -20.66 109 40.75
Exp.13 0.04 200 45°/45° 15.44 -23.77 82 38.28
Exp.14 0.04 200 45°/90° 15.53 -23.82 67 36.52
Exp.15 0.04 200 90°/0° 13.14 -22.37 58 35.27
Exp.16 0.04 300 45°/45° 20.98 -26.44 64 36.12
Exp.17 0.04 300 45°/90° 18.58 -25.38 37 31.36
Exp.18 0.04 300 90°/0° 19.86 -25.96 18 25.11

Table 5. Main effects of S/NSR

Level S/NSR

FS SS SD
1 -23.60* -22.62* -24.37
2 -24.01 -23.35 -24.24
3 - -25.44 -22.81*
Rank 3 1 2
*Optimal level 

Table 6. Main effects of S/ND

Level S/ND

FS SS SD
1 40.02* 42.89* 40.12*
2 35.95 38.72 37.93
3 - 32.34 35.91
Rank 3 1 2
*Optimal level 
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and SS. Also, the effect of SD on the D indicates that the D 
value decreased between 45°/45° and 90°/0° as in SR. The 
maximum D could be achieved while FS was at 0.02 mm, 
SS was at 100 mm.s−1 and SD was at 45°/45°. The optimal 
factor combination for D was FS1SS1SD1. The optimal com-
bination determined from the highest S/N ratios for SR and 
D is reported in Table 7. It is seen in Table 7 that the FS of 
0.02 mm and SS of 100 mm.s−1 are the optimal levels for 
both SR and D. 

As for the optimal level for SS, there is a similarity 
between optimal SR and D. While the optimal level for SR 
was 100 mm.s−1, the optimal level for D was 100 mm.s−1, 
explaining that a decrease in SS increases D and decreases 
SR. The optimal level of SD was different for SR and D. The 
optimal level for SR and D was 90°/0° and 45°/45°, respec-
tively. The optimal level of each control factor for SR and D 
was one of the engraving process conditions tested (Table 
4-Exp. 3 and Exp. 1).

Predicting Optimum SR and D
Prediction of optimal SR and D was performed by 

selecting the highest S/N ratio among the levels for each 
process parameter. A formula given in Eq. 3 [34] is used to 
determine the optimal SR and D [34]. 

  
(3)

Using Eq. (3), the optimal SR, S/NSR, D, S/ND are calcu-
lated as follows:

The predicted S/N ratio and the mean value for SR were 
-21.43 dB and 11.47 µm, respectively. Also, the predicted 
S/N ratio and the mean value for D were 47.05 dB and 191.2 
µm, respectively. 

Performing of ANOVA
Analysis of variance (ANOVA) was used as a statistical 

decision-making technique to determine the significance 
of the variables on SR and D. The statistical significance of 
the control factors was analyzed at a 95% confidence level 
(α=0.05) and the probability value (p-value) was used to 
decide about the significance of each variable on the SR and 
D. This means that if a p–value is less than 0.05, the relevant 
factor being investigated is significant. In addition, percent-
age contribution is used to explain the importance of fac-
tors on SR and D. The ANOVA for S/NSR is given in Table 
8. According to the p–values given in Table 8, except the 
FS, SS and SD are statistically significant. The percentage 
effect of the parameters on SR was calculated in descending 
order SS (53%), SD (18.7%), and FS (1.6%). The results in 
the ANOVA analysis for D seen in Table 9 indicated that all 
the factors are statistically significant due to p–values less 
than 0.05, meaning that these parameters exhibit a signif-
icant effect on the D. The control factors, SS, FS and SD 
affect the D by 64%, 14.1%, and 10%, respectively. 

Hardness Measurements
The hardness profile starting from the re-cast layer 

towards the base metal for each engraved surface was 
obtained. Figure 4 shows the cross-section of the engraved 
surfaces. The hardness profile was created as a function of 

Table 7. Optimal levels of each control factor considering 
the main effect of S/NSR and S/ND

Level SR D
FS 0.02 0.02
SS 100 100
SD 90°/0° 45°/45°

Figure 3. The graphs for mean values for SR (a) and D (b).
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the distance and the distance between successive hardness 
traces was set to be 25 µm. 

The results of the hardness measurements are given 
in Table 10 and Figure 5. The hardness of the base metal 
was measured to be between 302-326 HV 0.05. The highest 
hardness value among all the hardness values by means of 
distance was obtained with the process parameters of 0.02 
mm FS, 100 mm.s−1 SS and 45°/90° SD. The other highest 
hardness value at the re-cast layer was obtained with the pro-
cess parameters of 0.04 mm FS, 200 mm.s−1 SS and 45°/90° 
SD. These hardness values were measured to be 1283 and 
1184 HV, respectively. Notably, a clear observation, drawn 

from the hardness values, is that the highest hardness val-
ues were obtained with the process parameters of 0.02 mm 
FS, 100 mm.s−1 SS, and 45°/90° SD. It is clear that the hard-
ness profile of each engraved sample (Figures 5a and 5b) 
exhibited similar trends except Exp. 2. 

Laser-assisted machining methods are controlled by 
initial laser power (P, W), machined area (A, mm2), beam 
spot diameter (D, mm), and scan speed (mm.s−1). The rele-
vant equations are given in Eq. 4 [24, 35]. 

   (4)

Table 9. ANOVA results for S/ND ratios

Source Process Parameters

FS SS SD Error Total
D.F. 1 2 2 12 17
Seq. SS 74.73 338.90 53.18 62.76 529.57
Adj. MS 74.73 169.45 26.59 5.23 -
p 0.003 0.000 0.025 - -
Percentage Contribution (%) 14.1 64 10 11.9

Figure 4. The processed (engraved) surface.

Table 8. ANOVA results for S/NSR ratios

Source Process Parameters

FS SS SD Error Total
D.F. 1 2 2 12 17
Seq. SS 0.76 25.56 9.01 12.90 48.24
Adj. MS 0.76 12.78 4.50 1.075 -
p 0.415 0.01 0.042 - -
Percentage Contribution (%) 1.6 53 18.7 26.7
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where Ev is the volume energy density (J/mm2), t is the 
interaction time between laser beam and metal [24, 35]. 
The laser beam diameter and scan speed determine the 

interaction time. It is well known that for a constant beam 
diameter and initial laser power, any increase in inter-
action time between laser beam and metal increases the 
volume energy density. In this study, the laser beam diam-
eter, initial laser power, and machining area are kept to be 
constant; therefore, the scan speed determines the volume 
energy density. The highest hardness value depending on 
the distance was obtained when the volume energy den-
sity was at the highest value which was obtained with the 
lowest scan speed. An increase in volume energy density 
increases the amount of vaporized metal at the interac-
tion area, resulting in a rough surface profile caused by 
deep cavities behind. This leads to a harder re-cast layer 
on the laser-processed surface. It is well known that the 
re-cast layer consists of many craters at different depths 
and widths. Those craters determine the surface profiles of 
laser processed surface. 

The surface profile of the re-cast layer is affected by the 
laser machining strategy (scan direction). The rough surface 
is seen in Figure 6a; this surface was obtained when the FS, 
SS and SD were set to be 0.02 mm, 100 mm.s−1 and 45°/90°, 
respectively. It was revealed that the re-cast layer was con-
sisted of two different regions, namely craters and subsurface 
layer (Figures. 6a-f). One of these regions, namely subsurface 
layer was found to be located under the craters; it was solidi-
fied slower than the other region. Besides slower solidification 
rate, subsurface layer exhibited different characteristics origi-
nating from the hardness value and microstructural evolution. 

Figure 5. Hardness profiles as a function of distance start-
ing from the re-cast layer.

Table 10. Hardness values as a function of distance starting from the re-cast layer

Exp. Factors Distance/Hardness values (HV 0.05)
No FS SS SD 0 25 50 75 100 125 150 175 200 225
1 0,02 100 45°/45° 1119 1017 900 773 713 677 643 665 317 298
2 0,02 100 45°/90° 1283 1197 1239 1197 1072 1060 883 660 643 617
3 0,02 100 90°/0° 773 808 806 788 695 501 483 409 435 444
4 0,02 200 45°/45° 985 1006 918 794 689 480 365 319 320 291
5 0,02 200 45°/90° 788 584 665 345 341 317 294 289 283 292
6 0,02 200 90°/0° 686 661 633 672 613 584 456 340 306 313
7 0,02 300 45°/45° 528 643 353 356 317 315 305 306 320 327
8 0,02 300 45°/90° 753 773 532 315 302 262 270 277 286 278
9 0,02 300 90°/0° 544 549 379 321 306 303 319 313 321 329
10 0,04 100 45°/45° 603 589 603 570 631 593 701 689 388 359
11 0,04 100 45°/90° 967 927 809 726 683 553 374 344 322 315
12 0,04 100 90°/0° 818 795 766 781 780 773 549 562 399 371
13 0,04 200 45°/45° 707 660 655 460 325 319 317 321 315 325
14 0,04 200 45°/90° 1184 918 714 618 345 319 309 319 317 306
15 0,04 200 90°/0° 818 883 874 589 345 335 329 339 327 321
16 0,04 300 45°/45° 900 1016 593 394 349 305 293 317 317 271
17 0,04 300 45°/90° 660 553 498 371 305 321 296 301 303 310
18 0,04 300 90°/0° 900 1038 516 322 315 323 349 335 347 337
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The lowest thickness value of the subsurface layer among six 
re-cast layers is seen in Figure 6f. This microstructure image 
was taken from the specimen, engraved with the machining 
condition of 0.04 mm FS, 300 mm.s−1 SS and 45°/90° SD. 
When the engraved specimens, seen in Figs. 6a and 6f, are 
compared to each other, it was concluded that FS and SS were 

effective in characterizing the re-cast layer. A similar re-cast 
layer given in Figure 6a is seen in Figure 6c, as well. The dif-
ference between machining conditions is FS and SD. Those 
two re-cast layers were obtained using SS of 100 mm.s−1. Any 
decrease in SS led to a higher volume energy density, meaning 
that higher engraving depth and deeper interaction zone.

Figure 6. Surface profiles and re-cast layer after the laser engraving process.
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CONCLUSIONS

The laser engraving process was employed on Ti6Al4V 
alloy using a 50W fiber laser. The effects of parameters were 
analyzed by the laser beam-titanium alloy metal interac-
tion; and the result of this interaction was assessed using 
characteristic process responses, namely surface roughness 
(SR) and engraving depth (D). A L18 orthogonal array was 
used to analyze the three laser milling process parameters 
with different levels. The following conclusions are drawn:
a) Considering the selected process parameters, it was 

seen that the interaction between the laser beam and 
Ti-6Al-4V alloy managed SR and D.

b) The optimal level of each process parameter for SR con-
sidering the highest S/N ratio was stated as FS1SS1SD3. 
The percentage effect of the parameters on SR, ranked 
in decreasing order, was SS (53%) > SD (18.7%) > FS 
(1.6%). 

c) The optimum values for engraving depth considering 
the highest S/N ratio was the first level of FS, SS, and SD 
which was stated as FS1SS1SD1. The parameters, namely 
SS, FS, and SD affect the D by 64%, 14.1% and, 10% 
respectively. 

d) The FS affects SR and D by ~2% and 14%, respectively. 
It was concluded that the effectiveness of the fill spacing 
on SR is quite small. The selected levels for FS indicate 
that they do not make a significant difference.

e) The results obtained from the ANOVA analysis revealed 
that the scan speed was highly effective on both SR and 
D.

f) The highest hardness of the re-cast layer was measured 
to be 1283 HV; and it was obtained with the process 
parameters of 0.02 mm FS, 100 mm.s−1 SS, and 45°/90° 
SD. 
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