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INTRODUCTION

The development of many industries is in-
separably associated with miniaturization, which 
in turn requires mastering technologies that en-
able precise micro-machining of materials on 
an industrial scale. Mechanical devices are in-
creasingly equipped with micro-parts, which are 
subject to high-quality requirements, e.g. by the 
electronics, biomedical, aviation, or automotive 
industries [1÷3].

Many manufactured products require ma-
chining, as a process of removing materials and 
making holes [4]. Making holes in different tech-
nologies has been widely used in many industries 
such as manufacturing, mining, and construction 
[5]. In most instances, the most cost-effective and 
efficient process for producing holes in solid met-
al workpieces is drilling. There are many varieties 

of drilling depending on the type and properties 
of the material to be machined, hole diameter and 
depth, tool geometry, etc. [6, 7]. Making holes re-
quires tools, handles, also machine tools - types 
of conventional drilling machines include upright 
machines, radial machines, and various special-
ized machines such as gang drill presses [8, 9]. 
Technological problems that occur during drilling 
are the heating up of the parts and the tool inside 
the hole and the associated need for coolant, con-
trol of chips, the possibility of vibration, which 
accelerates drill wear, or jamming of chips or the 
tool inside the hole [6, 10]. Sometimes chips also 
scratch the fabricated surface, so issues of dimen-
sional accuracy and shape rather than surface 
smoothness are considered. In addition, the qual-
ity of the hole can be affected by defects in the 
structure, friction, and different geometry of the 
formed chip. Therefore, the course of the process 
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and the quality of the holes is an important issue 
[11, 12]. Many machines perform drilling op-
erations including dedicated drilling machines, 
lathes, milling machines, machining centers, and 
special-purpose machines [5, 13].

In manufacturing industries drilling processes 
are not limited to conventional methods, where 
physical contact is made between the cutting tool 
and the solid material. Non-conventional drilling 
processes use forms of energy such as electrical, 
chemical, electrochemical, thermal, and heat, to 
generate holes in the different materials [5, 14].

An issue concerning machining, albeit less 
frequently addressed but presented e.g. in [8], is 
the environmental load of metal waste from chips 
and used tools, overheated coolants, and health 
risks, including toxicity, possible skin diseases, 
respiratory disorders, microbial infections and 
carcinogenicity due to the used lubricants and 
coolants used. Laser machining used to make 
holes in various materials is an effective method 
of precise drilling of holes with diameters smaller 
than 1 mm, which is difficult to obtain with other 
machining technologies, especially concerning 
difficult-to-machine alloys used in aviation [15, 
16]. The quality requirements for drilling micro-
holes are particularly high in the case of parts 
used in the production of aircraft engines [17].

In addition to quality requirements such as 
dimensional and shape tolerance, surface qual-
ity, and economic requirements that make a given 
technology generally available are extremely im-
portant. Such requirements are met by the laser 
micro-hole drilling technology [18]. There are 
many other methods of making holes in sheets, 
such as mechanical drilling, chemical etching, 
electrical discharge, etc., but with diameters 
ranging from several dozen to several hundred 
micrometers, the mentioned techniques have sig-
nificant limitations, which makes the laser tech-
nology dominant in this diameter range [19÷21]. 
Therefore, it is justified to develop the discussed 
method. This is due to the many advantages of 
laser micro-hole drilling, the most important of 
which is the ability to make holes with diameters 
of several µm [22, 23]. An important advantage 
is that the laser technology is non-contact, so 
coolants or lubricants during drilling are not used 
[24]. The feature of non-contact machining is par-
ticularly important in the case of processing thin 
materials, where mechanical contact would cause 
deformation or cracking, which is not the case 
with laser drilling [1, 25].

Laser processing can be used for construction 
materials with various properties, both metals and 
non-metals such as ceramics, composites, and su-
peralloys [6, 26].

Laser beam drilling (LBD) can be divided 
into four methods, which are trepanning, single 
pulse, helical drilling, and percussion [27]. Each 
of them has specific characteristics, and the 
choice of the appropriate method is determined 
by the requirements of the target accuracy, ef-
ficiency, surface quality of the holes, and the 
properties of the material in which the holes are 
to be made. The best surface quality of holes and 
dimensional and shape accuracy is most often 
obtained thanks to helical drilling, which uses a 
short pulse or ultra-short pulse. However, a sig-
nificant disadvantage of this method is the rela-
tively low drilling speed. For example, Kraus et 
al. [28] used this method (picosecond), drilling 
micro-holes with a diameter of about 100 µm in 
a sheet of 1 mm thick CrNi steel, making one 
hole took about 2 minutes. This gives an idea of 
how uneconomic this method is, which is why it 
is used where there are reasonable requirements 
for high surface quality and hole dimensions. 
From an economic point of view, it is more rea-
sonable to use other methods if there are no such 
high-quality requirements. Although higher ef-
ficiency of the process is achieved using nano-
second laser machining, but at the expense of 
poorer quality [29÷31].

In industrial applications, trepanning and 
percussion techniques are most commonly used, 
which effectively combine the features of efficien-
cy and satisfactory quality [32]. These methods 
use a millisecond pulsed laser with power in the 
range of 106÷109 W/cm2 [27]. These techniques 
consist of making holes by melting, vaporization, 
and melt ejection [27]. Of the two mentioned 
methods, trepanning allows for better quality, but 
at the same time has significantly lower efficien-
cy, because the drilling speed is 5÷10 times lower 
than in the case of percussion [33].

Generally, millisecond laser percussion drill-
ing is primarily used to produce parts where a 
large number of holes are required due to the high 
efficiency of this method [27]. Many authors have 
addressed the issue of the selection of parameters 
ensuring the quality of holes drilled with a laser 
[34÷36]. However, not only energy and kinetic 
parameters play an important role here. The assist 
gas is also an important aspect.
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Low et al. [37] carried out research on spat-
ter properties during laser percussion drilling by 
using assist gas. An important issue addressed by 
many authors is numerical methods, especially fi-
nite element modeling, which enable the effective 
selection of optimal parameters for laser drilling 
of holes in various materials [38÷40].

The experiment presented in the article in the 
context of drilling holes in the aluminum alloy is 
justified by the extensive use of this type of struc-
tural component in the aerospace, electronics, and 
chemical industries, where millions of holes are 
drilled, especially for assembling [11].

The review of the achievements to date shows 
that making holes, especially of small diameters, 
is easiest using pico- or femtosecond lasers with 
a very small spot diameter and significant pulse 
energy. However, these devices are still expen-
sive and less common in production plants. In 
turn, the laser described in the presented article 
is typically used for marking and engraving, and 
is cheap and easily available on the market, es-
pecially for small and medium-sized enterprises. 
From the point of view of a manufacturer inter-
ested in minimizing production costs, expand-
ing the technological capabilities of an already 
owned device with an additional technological 
operation is an extremely attractive option. The 
results of the research presented in the article 
prove that such a possibility exists when certain 
conditions are met. The experiments conducted 
show that it is necessary to properly select the 
laser parameters concerning a given hole di-
ameter, especially the accuracy of dimensions 
and shape. The nature of the beam’s interaction 
has a significant impact on the obtained quality, 
where the impact on the edges of the hole and 
the accuracy of the shape have a thermal effect, 
consisting of melting and solidifying the mate-
rial. Therefore, the conducted research and this 
article can contribute to the development of laser 
technology for its usefulness and versatility in 
the context of processing often encountered in 
many industries. 

EXPERIMENTAL STUDY OF FEASIBILITY 
AND QUALITY OF MICRO-HOLES

Material and equipment

The samples for the experimental study were 
made from aluminum strep of 0.2 mm thickness 

(ISO Al99.5). The material of chemical composi-
tion in % of mass concentration: Al ≥ 99.5; Fe ≤ 
0.40; Si ≤ 0.25; Zn ≤ 0.07; Ti ≤ 0.05; Mg ≤ 0.05; 
Mn ≤ 0.05; Cu ≤ 0.05 and other ≤ 0.03; was given 
in accordance with [41].

The alloy has a density of 2.71 g/cm3 and a 
hardness of approx. 33 HB, high thermal conduc-
tivity, high plasticity, and good oxidation and cor-
rosion resistance [42].

To cut holes a pulsed fiber laser with a power 
of 20 W, a wavelength of 1040÷1200 nm, a spot 
size of 0.03÷0.05 mm, maximum energy in the 
pulse < 2 mJ, and pulse duration >10 ns was used. 
The laser was cooled with air, the processing took 
place in the air. The laser was controlled by soft-
ware. The following parameters were set in the 
program: pulse frequency (kHz), scanning speed 
(mm/s), and power (%) as well as the number of 
repetitions of machining a hole [43].

The holes made in the used material were 
evaluated by measuring the diameter using a Di-
noCapture 2.0 digital microscope. After calibra-
tion, this microscope made it possible to take 
pictures of the samples with a magnification of 
approx. 200 times.

The morphologies of the holes were exam-
ined using an S‐3400 scanning electron micro-
scope (SEM) Phenom ProX (Nanoscience Instru-
ments, Phoenix, AZ, USA).

Purpose and assumptions of the experiment

Experimental studies were conducted to de-
termine the technological possibilities of cutting 
holes with diameters of 1.0, 0.5, 0.4, 0.3, 0.2, and 
0.1 mm with a fiber laser. The experiment was 
carried out according to the scheme:
	• I – laser pre-treatment with different param-

eters adopted;
	• II – analysis of preliminary test results (visual 

and microscopic observation of effects)
	• III – determination of optimal laser operating 

parameters and the necessary number of cut-
ting cycle repetitions to obtain effective mate-
rial separation;

	• IV – making holes with established laser pa-
rameters and number of repetitions, assess-
ment of repeatability of processing effects, 
measurements of hole diameters to determine 
deviations in size and shape

The procedure for selecting hole processing 
variants (stage I÷III) was carried out separately 
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for diameters of 1 mm and 0.1÷0.5 mm due to sig-
nificant differences in the beam interaction time, 
resulting in the efficiency of material separation.

RESULTS AND DISCUSSION

Preliminary tests were carried out in the vari-
ants given in Table 1 to make holes with a diam-
eter of 1 mm. Due to the program’s limitations, 
which do not allow setting the beam impact at 
one point and drilling a hole, the strategy of cut-
ting the hole in a circle was adopted. The variants 
that made it possible to obtain a trace of the beam 
passage visible to the naked eye were considered 
satisfactory (Fig. 1).

The traces of the laser beam in variants 1, 2, 
and 5 were practically invisible, and in variant 6 
– slightly visible. In variants 3 and 4 they were 
visible to the naked eye. In the case of both vari-
ants (3 and 4), the holes were made with a 20 W 
(100%) laser, with a pulse frequency of 20 kHz, 
but with different speeds. The hole in variant 3 
was made with a speed of 100 mm/s, and in vari-
ant 4 with a speed of 50 mm/s. The comparison of 
the machining results is presented in Fig. 2.

Cutting the hole at a slower speed creates a 
more visible heat-affected zone, so variant 3 was 
ultimately considered the most advantageous 
(power 100%, frequency 20 kHz, speed of scan-
ning 100 mm/s). Observing the above results, it 
can be stated that it was impossible to make a 
hole in one beam pass. Finally, it was assumed 
that the parameter enabling effective machining 
would be the number of repetitions of the laser 
beam passes. Variants of repetitions from 10 to 
100, with a step of 10, were assumed. The cutting 
results are shown in Figure 3.

The observations of the cut holes show that 
only two variants: 90 and 100 repetitions, make 
it possible to obtain a fully cut hole (without any 
material left or the need to mechanically remove 
the interior). Therefore, the number of passes 

from 10 to 80 was not sufficient. The dilemma 
remained whether to ultimately make holes with 
90 or 100 repetitions. Visually, the differences are 
small and the processing time is comparable. In 
this situation, to determine the optimal process-
ing conditions, 10 holes with a diameter of 1 mm 
were made in each variant, and then the diameter 
was measured in two perpendicular directions to 
determine the shape deviations and the dimen-
sional deviations. The method of marking the 
measured dimensions is shown in Figure 4.

The difference between the dimension mea-
sured in a given direction and the nominal dimen-
sion is assumed as the dimensional deviation Dd 
(this deviation can be positive or negative):
	 Dd1 = d1 – dnom	 (1)

	 Dd2 = d2 – dnom	 (2)

The ovality deviation Doval is the largest dif-
ference between the measured dimension and the 
nominal dimension (ideal, i.e. 1.0 mm):

	 Doval = max (│dnom – d1│, │dnom – d2│)	 (3)

where:	dnom – nominal value of the hole diameter; 
d1, d2 – values measured perpendicular to 
each other.

The maximum roundness deviation Dround was 
assumed to be the absolute value of the difference 
between measurements of one hole made in both 
directions:

	 Dround = │d1 – d2│	 (4)

The results of measurements and calculations 
are presented in the Tables 2 and 3.

Observing the holes made under a micro-
scope, it was found that the 90-pass processing 
does not cause excessive burning or edge de-
formation, and the heat-affected zone is not ex-
tensive. Holes made with 100 beam passes have 
more irregular edges, in some cases, there is small 
melting and unevenness, although the heat-affect-
ed zone is comparable. Comparing the results of 

Table 1. Preliminary test plan for 1 mm holes
Sample number Impulse frequency, kHz Power, % Speed of scanning, mm/s

1 20 50 100

2 20 75 100

3 20 100 100

4 20 100 50

5 200 100 100

6 20 100 1000
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Figure 1. Results of trial cutting of 1 mm diameter holes: (a÷f) samples in the preliminary test (mag. app. 50×)

Figure 2. Comparison of holes made with the same pulse frequency and power but different speeds, 
(a) 100 mm/s, (b) 50 mm/s

the measurements, it can be seen that the holes 
made in 90 passes have a higher dimensional 
accuracy. The maximum dimension obtained is 
1.033 mm, while in 100 passes it is 1.044 mm. 
The dimensional spread in the 90× variant (dif-
ference between the maximum and minimum 

dimension) was 0.026 mm (1.033 minus 1.007) 
and was smaller than in the 100× variant at 0.039 
mm (1.044 minus 1.005). In both cases, the di-
mensions defined in the program (software) with 
a nominal value of 1 mm, in reality, had a toler-
ated diameter ‘plus’ (larger than assumed).
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Figure 3. Cutting the 1 mm diameter hole by repeating the number of beam passes: 
(a) 10×, (b) 20×, (c) 30×, (d) 40×, (e) 50×, (f) 60×, (g) 70×, (h) 80×, (i) 90×, (j) 100× (mag. app. 200×)

The accuracy of the hole shape representation 
was also better for the 90× variants. The discrep-
ancy between the actual outline and the nominal 
circle was less, at 0.014 mm, compared to 0.033 
mm for the 100× variant (Fig. 5).

In the context of roundness, the 90× vari-
ant was again more advantageous, the situation 
shown in Figure 6 indicates that the deviations 

from the ideal circle were smaller in value and 
had a smaller scatter (max. 0.021 mm and range 
0.019, respectively). In the 100-pass variant, the 
maximum diameter value was 0.031 mm, and the 
range was 0.025 mm). Therefore, it can be said 
that holes more repeatable in size and shape can 
be made with 90 passes of the laser beam with the 
adopted parameters.
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Figure 4. The adopted rules for measuring the 
diameter of the hole: dnom – nominal value of the 

hole diameter, d1 and d2 – diameter values measured 
perpendicular to each other

Table 2. The diameter of the hole made by 90 beam passes
No of hole d1, mm d2, mm Dd1, mm Dd2, mm Doval, mm Dround, mm

1. 1.010 1.031 0.010 0.031 0.031 0.021

2. 1.021 1.019 0.021 0.019 0.021 0.002

3. 1.028 1.007 0.028 0.007 0.028 0.021

4. 1.010 1.019 0.010 0.019 0.019 0.009

5. 1.023 1.019 0.023 0.019 0.023 0.004

6. 1.026 1.021 0.026 0.021 0.026 0.005

7. 1.028 1.011 0.028 0.011 0.028 0.017

8. 1.015 1.033 0.015 0.033 0.033 0.018

9. 1.014 1.019 0.014 0.019 0.019 0.005

10. 1.033 1.012 0.033 0.012 0.033 0.021

Table 3. The diameter of the hole made by 100 beam passes
No of hole d1, mm d2, mm Dd1, mm Dd2, mm Doval, mm Dround, mm

1. 1.023 1.017 0.023 0.017 0.023 0.006

2. 1.005 1.011 0.005 0.011 0.011 0.006

3. 1.034 1.023 0.034 0.023 0.034 0.011

4. 1.008 1.019 0.008 0.019 0.019 0.011

5. 1.041 1.023 0.041 0.023 0.041 0.018

6. 1.011 1.027 0.011 0.027 0.027 0.016

7. 1.038 1.022 0.038 0.022 0.038 0.016

8. 1.028 1.011 0.028 0.011 0.028 0.017

9. 1.005 1.036 0.005 0.036 0.036 0.031

10. 1.044 1.027 0.044 0.027 0.044 0.017

Following the adopted experimental plan, an 
attempt was made to make holes with a diameter 
of 0.5 mm in one pass according to the variants 
given in Table 4. The variable parameters of the 
laser operation were power, scanning speed, and 

constant pulse frequency. The holes were as-
sessed under a microscope. The results of the ob-
servations are shown in Figure 7.

It was found that none of the variants allowed 
effective cutting of the selected material with a 
thickness of 0.2 mm in one beam pass. On sam-
ples 1–5 made with a power of 10 W (50%), the 
trace after processing is poorly visible. On sam-
ples 6–10 made with a power of 20 W (100%), the 
trace is clearly visible, but in addition to the sat-
isfactory effect on the material, the heat-affected 
zone was also visible. On samples 11÷15 (power 
of 15 W, 75%), this effect is not present, the trace 
after processing is clearly visible. Therefore, vari-
ant 15 was selected for the hole-cutting test, ac-
cording to which it was expected to obtain a cut 
of the material without a clear defect around the 
hole (this was the first criterion for selecting the 
processing parameters). Further test cuts were 
made according to Table 5.

The results of the microscopic observations 
are shown in Figure 8. Despite increasing the 
number of laser beam pass repetitions, it was not 
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Figure 5. Comparison of the degree of deviation of the holes from the actual outline with a diameter of 1 mm

Figure 6. Comparison of the roundness of 1 mm diameter holes

Table 4. Pre-testing plan to assess the effectiveness of 
the beam

Number of samples Speed of scanning, 
mm/s Power, %

1. 100

50

2. 80

3. 60

4. 40

5. 20

6. 100

100

7. 80

8. 60

9. 40

10. 20

11. 100

75

12. 80

13. 60

14. 40

15. 20

possible to cut the material. Increasing the num-
ber of repetitions only caused more extensive 
melting of the material on the diameter of the 
cut. It was considered that cutting with a power 
of 15 W (75%) is ineffective. Therefore, the next 
variant of the execution with a laser power of 20 
W (100%), marked in Table 1 as sample 10, was 
selected for conducting the main tests. A compro-
mise was adopted consisting of accepting a clear-
ly visible heat-affected zone, and the variant with 
the lowest speed was considered likely to obtain 
effective cutting the fastest (due to the most inten-
sive impact of energy on the material).

Finally, the parameters of variant 10 were ad-
opted, i.e. speed 20 mm/s, frequency 20 kHz, and 
power 20 W for performing tests of cutting a hole 
with a diameter of 0.5 mm with a repetition of 10, 
20, 30, 40, and 50 repetitions. The hole was cre-
ated during cutting 20 times, so the cases with 15, 
16, 17, 18, and 19 repetitions were additionally 
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Figure 7. Results of the trial machining of a 0.5 mm hole with one pass of the laser beam: (a–o) subsequent 
variants according to Table 4 (mag. app. 200×)

Table 5. Variants of cutting a test hole
Hole diameter, mm Speed of scanning, mm/s Power, % Frequency, kHz Number of repeats

0.5 20 75 20 10, 100, 200, 300, 
400, 500

checked. The results are shown in Figure 9. Dur-
ing the microscopic evaluation, it was found that 
the hole with the best edges, without burns and 
material residues was obtained after 20 beam 
passes. This variant of processing the hole with 
a diameter of 0.5 mm was adopted as the stan-
dard. The presented procedure for selecting the 
best variant was repeated to determine the meth-
od of making the remaining micro holes, i.e. with 

diameters of 0.4, 0.3, 0.2, and 0.1 mm. Table 6 
gives the obtained test result together with the es-
tablished multiplicity of beam passes, and Figure 
10 shows examples of holes with the best qual-
ity. To assess the repeatability of machining effects, 
perform diameter measurements, and determine 
dimensional and shape deviations, 10 holes were 
made with the above diameters, taking into account 
the optimal number of repetitions (Fig. 11). 
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Figure 8. Results of hole cutting tests according to the selected variant: a) 10 repetitions, b) 100 repetitions, 
c) 200 repetitions, d) 300 repetitions, e) 400 repetitions, f) 500 repetitions (mag. app. 200×)

Figure 9. Test hole cutting results with the selected number of passes: a) 10, b) 15, c) 16, d) 17, e) 18, f) 19, 
g) 20, h) 30 (mag. app. 200×)

In the experiment, the diameter was measured 
in two perpendicular directions to determine the 
shape and the dimensional deviations, according 
to the relations (1)÷(4) and Figure 4. The obtained 
results are given in Tables 7–11.

SEM MICROSCOPIC OBSERVATIONS

The quality of laser cutting, defined by the 
dimensional and shape accuracy and edge prop-
erties, as well as the structural properties of 
the cut material, is primarily determined by the 

parameters of the cutting process. Considering 
different diameters of holes cut using the same 
parameters, it can be observed that the highest di-
mensional and shape accuracy was obtained for 
holes with the largest of the considered diameters, 
i.e. d = 0.5 mm. Despite the acceptable accuracy, 
however, this variant showed defects typical of 
laser cutting technology. These are primarily 
melting in the cutting line, which results from 
too high a cutting feed rate, as shown in SEM 
micrographs (Fig. 12). Additionally, splinters of 
molten metal were observed on the surface of the 
sheet metal in the area of the heat-affected zone. 
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Figure 10. Micro holes obtained with a fixed number of repetitions (mag. app. 200×)

Figure 11. Micro holes made for measuring purposes (mag. app. 20×)

Table 6. Number of laser beam pass repetitions for holes with a diameter of 0.1÷0.5 mm
Diameter, mm 0.5 0.4 0.3 0.2 0.1

Number of repetitions 20 18 17 12 8

Incorrect correlation of feed speed with techni-
cal gas pressure leads to the phenomenon of inef-
fective removal of molten metal when using too 
high a cutting feed speed, which causes melting. 
On the other hand, too low a feed speed results in 

overheating of the material, which causes local 
changes in the properties of its structure. In the 
discussed issue of thin sheet cutting, a precise in-
dication of the optimal feed speed at which there 
would be no melting and at the same time no 
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Table 7. Results of measurement of 0.5 mm micro holes
Nº of hole d1, mm d2, mm Dd1, mm Dd2, mm Doval, mm Dround, mm

1. 0.498 0.490 -0.002 -0.010 0.010 0.008

2. 0.492 0.481 -0.008 -0.019 0.019 0.011

3. 0.484 0.477 -0.016 -0.023 0.023 0.007

4. 0.490 0.472 -0.010 -0.028 0.028 0.018

5. 0.499 0.490 -0.001 -0.010 0.010 0.009

6. 0.490 0.489 -0.010 -0.011 0.011 0.001

7. 0.487 0.479 -0.013 -0.021 0.021 0.008

8. 0.490 0.482 -0.010 -0.018 0.018 0.008

9. 0.498 0.496 -0.002 -0.004 0.004 0.002

10. 0.484 0.490 -0.016 -0.010 0.016 0.006

Table 8. Results of measurement of 0.4 mm micro holes
Nº of hole d1, mm d2, mm Dd1, mm Dd2, mm Doval, mm Dround, mm

1. 0.387 0.369 -0.013 -0.031 0.031 0.018

2. 0.378 0.373 -0.022 -0.027 0.027 0.005

3. 0.386 0.378 -0.014 -0.022 0.022 0.008

4. 0.376 0.379 -0.024 -0.021 0.024 0.003

5. 0.347 0.365 -0.053 -0.035 0.053 0.018

6. 0.387 0.363 -0.013 -0.037 0.037 0.024

7. 0.384 0.363 -0.016 -0.037 0.037 0.021

8. 0.397 0.381 -0.003 -0.019 0.019 0.016

9. 0.397 0.388 -0.003 -0.012 0.012 0.009

10. 0.399 0.397 -0.001 -0.003 0.003 0.002

Table 9. Results of measurement of 0.3 mm micro holes
Nº of hole d1, mm d2, mm Dd1, mm Dd2, mm Doval, mm Dround, mm

1. 0.272 0.264 -0.028 -0.036 0.036 0.008

2. 0.271 0.274 -0.029 -0.026 0.029 0.003

3. 0.284 0.272 -0.016 -0.028 0.028 0.012

4. 0.276 0.273 -0.024 -0.027 0.027 0.003

5. 0.270 0.273 -0.030 -0.027 0.030 0.003

6. 0.272 0.266 -0.028 -0.034 0.034 0.006

7. 0.266 0.261 -0.034 -0.039 0.039 0.005

8. 0.256 0.253 -0.044 -0.047 0.047 0.003

9. 0.285 0.258 -0.015 -0.042 0.042 0.027

10. 0.293 0.276 -0.007 -0.024 0.024 0.017

overheating phenomenon would occur requires 
many experimental tests due to the lack of an ad-
ditional gas nozzle for removing melted material.

Since the work considered different diameters 
of cut holes using the same parameters, therefore, 
cutting of different lengths of circumferences was 
carried out, which resulted in different relative 
speeds. In the case of the smallest of the consid-
ered hole diameters, i.e. d = 0.1 mm, effective 

material removal was not achieved precisely due 
to too high relative cutting speed. This is mani-
fested by the area of solidified metal, which was 
melted, but it was not removed by the technical 
gas (because it is not there), hence the desired 
hole cut was not achieved (Fig. 13). In this case, 
it is possible to observe a similar width of the heat 
affected zone (HAZ) as for the hole with a diam-
eter of d = 0.5 mm. Based on the EDS analysis, 
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Table 10. Results of measurement of 0.2 mm micro holes
Nº of hole d1, mm d2, mm Dd1, mm Dd2, mm Doval, mm Dround, mm

1. 0.191 0.199 -0.009 -0.001 0.009 0.008

2. 0.174 0.143 -0.026 -0.057 0.057 0.031

3. 0.199 0.176 -0.001 -0.024 0.024 0.023

4. 0.160 0.172 -0.040 -0.028 0.040 0.012

5. 0.187 0.173 -0.013 -0.027 0.027 0.014

6. 0.195 0.176 -0.005 -0.024 0.024 0.019

7. 0.158 0.182 -0.042 -0.018 0.042 0.024

8. 0.173 0.164 -0.027 -0.036 0.036 0.009

9. 0.180 0.159 -0.020 -0.041 0.041 0.021

10. 0.173 0.181 -0.027 -0.019 0.027 0.008

Table 11. Results of measurement of 0.1 mm micro holes
Nº of hole d1, mm d2, mm Dd1, mm Dd2, mm Doval, mm Dround, mm

1. 0.065 0.071 -0.035 -0.029 0.035 0.006

2. 0.068 0.100 -0.032 0.000 0.032 0.032

3. 0.066 0.088 -0.034 -0.012 0.034 0.022

4. 0.039 0.052 -0.061 -0.048 0.061 0.013

5. 0.083 0.058 -0.017 -0.042 0.042 0.025

6. 0.099 0.081 -0.001 -0.019 0.019 0.018

7. 0.087 0.099 -0.013 -0.001 0.013 0.012

8. 0.062 0.096 -0.038 -0.004 0.038 0.034

9. 0.073 0.075 -0.027 -0.025 0.027 0.002

10. 0.082 0.094 -0.018 -0.006 0.018 0.012

aluminum oxide layers were shown at the outer 
circumference of the cutting line.

DISCUSSION OF LASER TREATMENT 
ACCURACY

Making micro holes with a fiber laser accord-
ing to the adopted scheme requires prior deter-
mination of whether the obtained accuracy of 
the execution is satisfactory. Comparing the ob-
tained results, it can be stated that to cut the hole 
effectively, the number of beam passes should 
be reduced along with the decrease in the di-
ameter of the hole being made. Deviations from 
the nominal dimension are an indication of the 
tolerance of the drawing dimensions, taking into 
account the fact that the obtained holes may be 
larger, as noted for the diameter of 1 mm (Tables 
2 and 3), or smaller than the nominal dimension 
in the case of smaller diameters. Graphs illustrat-
ing this tendency for hole diameters smaller than 

1 mm and the repeatability of their execution are 
shown in Figure 14.

However, the change in hole diameter can be 
significant, as seen in the calculations given in 
Table 12 and Figure 15, which take into account 
the percentage decrease in diameter as:
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	 (6)

where:	Pmin, Pmax – accordingly: minimum or 
maximum percentage diameter differ-
ence; dnom – nominal (ideal) diameter of 
hole; dmin, dmax – accordingly: minimum 
or maximum diameter of hole obtained 
from the measurements; and presented as 
a range Pmin ÷ Pmax.

The numerical analysis of the diameter values 
and deviations should be supplemented by a visual 
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Figure 12. SEM images of the 0.5 mm diameter hole

Figure 13. SEM images of the 0.1 mm diameter hole
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Figure 14. Hole sizes and their repeatability for diameters: a) 0.5 mm, b) 0.4 mm, c) 0.3 mm, 
d) 0.2 mm, e) 0.1 mm
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Figure 14. Cont. Hole sizes and their repeatability for diameters: (a) 0.5 mm, (b) 0.4 mm, (c) 0.3 mm, 
(d) 0.2 mm, (e) 0.1 mm

Figure 15. Percentage loss of hole accuracy
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assessment. Some holes (including those with di-
ameters of 0.1 and 0.2 mm) were characterized 
by many shape defects and measurements in two 
planes may not reflect the actual outline of the hole. 

CONCLUSIONS

Each implementation of new technology for 
practical use requires an analysis of the efficiency 
and effectiveness of the new solution. The pre-
sented work has shown that an unconventional use 
of a laser marker for cutting holes is possible. The 
testing method was utilized to determine the opti-
mal operating parameters of the laser for process-
ing a specific material, in this case, aluminum tape. 
In the context of the created holes, one of several 
possible cutting techniques was used: a strategy of 
multiple beam cutting along a designated circle. 
For holes with a diameter of 1 mm, it was estab-
lished that the best variant can be achieved using 
a beam with a pulse frequency of 20 kHz, a scan-
ning speed of 100 mm/s, a power output of 20 W, 
and 90 passes. The resulting outcome is favorable. 
In addition to the material separation effect, it was 
discovered that the cut edges remain undeformed, 
the dimensional scatter, recorded at 0.026 mm, is 
acceptable, and the heat-affected zone is minimal. 
Dimensional deviations were “in plus”, which is 
significant for product design and marking manu-
facturing accuracy on drawings. Smaller holes 
can also be cut, but the technological parameters 
must be adjusted due to the considerably shorter 
duration of the beam’s impact and lower effective-
ness in material separation. The holes should be 
cut with a 20 W laser, at a speed of 20 mm/s, a 
frequency of 20 kHz, and the number of passes 
should decrease accordingly for smaller hole di-
ameters (20 passes for 0.5 mm, 18 for 0.4 mm, 
17 for 0.3 mm, 12 for 0.2 mm, and 8 for 0.1 mm). 
However, cutting holes with diameters between 
0.1 and 0.5 mm presents challenges with accuracy. 

In cases of 0.5, 0.4, and 0.3 mm diameters, the 
quality of the hole is acceptable, but for 0.2 and 
0.1 mm, this type of beam becomes ineffective. It 
has been shown that the edges of the holes deform 
during processing, the holes lose their intended 
shape, and the dimensional accuracy is inade-
quate. Additionally, the repeatability of processing 
is greater for larger holes (i.e., 1 mm and 0.5 mm), 
and the observed dimensional deviations tend to 
be “in minus”. The quality and repeatability di-
minish significantly with decreasing diameter, and 
for holes of 0.1 mm, the cutting technique with the 
selected laser is rendered unusable. Furthermore, 
the non-overlapping position of the ranges of di-
mensional deviations obtained in two planes may 
suggest inaccuracy in the laser execution system, 
specifically the galvo head. However, understand-
ing the size and nature of execution errors is es-
sential in any applied technology, thus making the 
conducted research highly utilitarian.
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