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Abstract

In manufacturing processes many technological operations are designed, in which the adhesive
properties of the treated surface are very important. These are processes related to application of any
coating on the surface, such as gluing, painting, varnishing and others. Durability of coatings depends
on proper preparation of the surface to which they are going to be applied. Conventional methods,
such as grinding, sandblasting with subsequent washing and degreasing, as well as galvanic treatment
applied to e.g. aluminium alloys - require the use of not only specific equipment but also chemical
substances. They often lead to a significant burden on the environment due to their harmful properties.
In an experimental study, attention was drawn to the significant environmental aspects of such
a technological process and work was carried out to demonstrate whether it is possible to eliminate
toxic and hazardous substances and to create good adhesion conditions by laser processing. To this
purpose, samples were made out of two representative materials: X6Crl7 steel and AW-2024
aluminium alloy, abrasive surface treatment or in a galvanic bath and then washed, degreased and
dried. Laser surface treatment without the use of additional chemicals was proposed as an
environmentally cleaner technology. Surface roughness and adhesion of the test polymer coating were
measured for comparative evaluation of the applied treatment methods. Obtained results were
discussed in terms of the possibility of eliminating harmful influences and implementing laser
treatment as a cleaner technology in the production of components requiring coating.
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1. Introduction

JEL: L70, 179

disruptive and harmful processes. The incentive to implement
changes is the Cleaner Philosophy and its link to the concept

The need to respect the environment, the necessity for
sustainable development, as well as the respect for natural
resources and attention to the quality of human life, have been
presented in various documents around the world (Ciecinska,
2021).

Numerous studies (Berkel et al., 1997; Hens et al., 2018)
have pointed out that many machining processes use toxic
substances, negatively affecting the health of workers, but also
causing environmental hazards due to residues, which are
treated as waste. Used or contaminated fluids and their
packaging are the so-called hazardous waste.

Many processes also emit metallic dusts or vapours into the
air, polluting it and accelerating the appearance of
occupational diseases. The enterprises must respond to
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of the sustainable development. Cleaner Production (CP) is
preventive environmental strategy for its protection,
integration and continuous improvement of processes. The CP
is aimed at increasing the efficiency of production and
services and reducing the risk for people and the environment.
It is represented not only by the declaration of reduction of
negative impact on the environment, but, above all, by the
active management of processes in which less and less water,
energy and materials are used, toxic substances are eliminated
and waste is reduced (Jabareen, 2008; Parris et al., 2003). CP
is based on the principle of waste prevention by planning cost-
effective packaging, rational process design and the use of
clean technologies. Elimination of waste can be achieved in
various ways, through: changes of construction and materials
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in the product, balancing and control of processes by the input-
output method, implementation of good production practices,
but first of all by changing the technology, i.e. the substances,
machines, measuring methods used, as long as it shows
environmentally burdensome features. Only then, through the
CP ideas implemented, the postulate of sustainable

development becomes a reality (Chichilnisky, 1997;
Nowosielski et al., 2007).
The technology of gluing materials is extremely

cumbersome in the context presented. In order to properly join
elements using an adhesive, it is necessary to create the
appropriate conditions of adhesion. This takes place most
intensively in the initial stage of bonding, which is the
preparation of the surface before the application of the
adhesive layer and the curing of the bond. Depending on the
type of material, the procedure varies. In general, it can be said
that for the so-called inherent adhesion, which is responsible
for formation of chemical bonds, surfaces are cleaned of any
remaining dirt, grease and fat. In the case of steel components,
sandblasting, rubbing with sandpaper to remove physical
layers by mechanical treatment, is typical. For degreasing,
acetone, naphtha, TRI, etc. are used to wash the surface. In the
case of aluminium alloys, galvanic baths requiring the
preparation of various solutions from acids and salts are used
more frequently and surfaces are rinsed with demineralised
water after immersion in subsequent solutions (Ciecinska,
2021; Langer et al., 2012).

The second aspect of creating the right adhesion conditions
is the geometric structure of the surface. The so-called
mechanical adhesion refers to a rough surface on which there
are depressions and bumps, creating specific hooks for the
adhesive, improving the strength of the adhesive bond (Radek
et al., 2021). The abrasive treatment mentioned for steel also
serves to create a surface with a certain roughness and
structure in the case of aluminium alloys the purpose of
galvanic baths is to create a layer of oxides, porous and
strongly bonded to the core layer of the material (Coban et al.,
2019).

However, typical technologies give rise to significant
environmental aspects:

atmospheric pollution by metallic and ceramic dust from

abrasive machining,

emission of toxic vapours from galvanic baths, washing

in special liquids, etc,

solid waste loads in form of used abrasive tools,

load with liquid waste in form of contaminated chemical

solutions for degreasing, washing, after chemical

treatment,

solid waste load in form of residual packaging from used

chemical preparations.

The effect of these aspects is degradation of the environment
and the negative impact on human health.

An important problem is the issue of minimizing or
eliminating the burdensome and harmful technology (Zhu et
al., 2019). For this reason it was proposed to change the
surface preparation from conventional to laser processing
(Montealegre et al., 2010; Ulewicz et al., 2018). This paper
presents the results of an experimental study using a readily
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available and not too expensive low-power fibre laser. It has
been estimated that the results of the laser beam may be
comparable, or even better, than the methods typically used
(Genna et al., 2017; Rotel et al., 2000). An additional reason
for choosing laser processing is the intensive development of
laser equipment observed in recent years, its greater
availability, but, above all, its undoubted advantages (Capello
et al., 2003; Landete-Ruiz et al., 2015; Mandolfino et al.,
2015; Muna, 2018).

2. Experimental work

2.1. Materials

Two materials, used in a wide range of applications, on
which it is useful to apply coatings for various reasons, were
selected for the experimental study:

stainless steel X6Cr17 (1.4016)

aluminium alloy AW-2024
X6Cr17 steel, with the chemical composition shown in
Table 1, is a chromium ferritic stainless steel resistant to many
common corrosive agents. The steel is resistant to water,
steam, alcohols, nitric acid, acetone, benzene, esters,
adhesives, fuel and many other substances. It is not resistant
to hydrochloric, hydrofluoric and sulphuric acids. The
X6Cr17 steel is not suitable for welding.

Table 1. Chemical composition of steel X6Cr17 (in %) (PN-EN
10088-1)

C
<0.08

Si
<1.0

Cr Ni
16.0-18.0 | -

Mn
<1.0

P
<0.04

S
<0.015

It is used in the production of tanks, cisterns, fittings in the
food, textile and automotive industries, pipeline components,
as well as household goods. It is characterised by a very
smooth, mirror-like surface and a hardness of approximately
200 HB.

Aluminium alloy AW-2024 is an alloy with added copper
having the chemical composition shown in Table 2.

Table 2. Chemical composition of the alloy AW-2024 (in %) (PN-
EN 573-3)

Mg Mn Fe Si Cu
1.20-1.80 0.30-0.90 <0.50 <0.50 3.80-4.90
Zn Cr Ti other Al

<0.25 <0.10 <0.15 <0.15 remainder

The AW-2024 alloy is weldable only by friction welding
and has an average machinability. It is used for light products
with high strength, especially fatigue strength, e.g. in aircraft
production. Surface of this alloy is very smooth and matt.
Hardness of the alloy is about 120 HB.

2.2. Experiment concept

In both cases, an 1 mm thick rolled sheet was used to carry
out the experimental work. Samples were cut from it in the
dimensions necessary for the measurements to be made.



BARBARA CIECINSKA / PRODUCTION ENGINEERING ARCHIVES 2022, 28(3), 233-240

Surface treatment was carried out on steel by grinding,
sandblasting and laser processing and on aluminium alloy by
grinding, galvanic bath and laser processing. The samples
were then washed and dried. The samples prepared in this way
were subjected to measurements. Schematic diagram of the
experiment is shown in Fig. 1.

X6Cr17 steel samples 1 ; AW-2024 alloy samples

Ia

Conventional

Sand-blasting Galvanic bath
1 1

\ \
\J Y \J \J
Cleaning in acetone Cleaning in water
\J \J
Drying in air

Grinding

»  Measurement of roughness
» Measurement of adhesiveness

Fig. 1. Conceptual plan for the experiment

2.3. Sample treatment

The grinding treatment was carried out with sandpaper of
grit: P120 and P240 with a 1280 rpm grinding head with
manual feed to achieve a uniformly rough surface.

Sandblasting was carried out in a cabin sandblaster with an
operating pressure of 0.6 MPa with an electrocorundum grit
size of 45 um to achieve a similar effect.

The galvanic treatment of aluminium alloy - allodizing -
involved immersing the material in an oxidising and then
sealing bath without the application of an electric current. The
composition of the acid and salt solutions is proprietary and is
used in aerospace plants to coat the surface of aluminium
alloys with a permanent oxide layer. Steel samples were not
allodized.

The laser treatment was carried out using a G3 pulsed fibre
laser with a power of 20W, wavelength A = 1040+1200 nm,
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spot size 0.03+0.05 mm, max pulse energy < 2 mJ and pulse
duration >10 ns.

After the abrasive treatment, the steel samples were washed
in acetone in an ultrasonic cleaner and then dried in air at an
ambient temperature of approximately 20 °C. The aluminium
alloy samples were washed in a water jet and dried in a similar
procedure. After the laser treatment, the samples were not
washed, but cleaned with a compressed air jet to remove
possible material particles.

The types of prepared samples are given in Table 3.

Table 3. Marking and making of samples

Processing parameters
Fre- Num-
Sa:TL])pIe Treat Power | Speed que- ber of | Hatch
ment
w mm/s ncy re- mm
kHz peats
L1 1 0.5
L2 1 0.25
L3 10 0.5
L Laser 20 1000 20 10 0.25
L5 50 0.5
L6 50 0.25
Che- - .
Alod . Oxidising and sealing bath
mical
S Sandblasting with 45 pm electrocorundum,
and . -
air pressure in nozzle 0.6 MPa
P120 Abrasi Sanding with P120 abrasive paper, speed
ve 1280 rpm, manual feed
P240 Sanding with P240 abrasive paper, speed
1280 rpm, manual feed

On the surface of L1+L6 samples, perpendicular transitions
were made with 1, 10 and 50 times repetition in order to create
specific mechanical adhesion conditions (Fig. 2). Parameter
marked as hatch, expresses the distance between individual
beam passage paths.

Fig.2. Laser processing

Since the steel samples were covered with a layer of oxides
after the laser treatment, one cleaning pass was made with the
same laser to remove them, with parameters: power 10W,
speed 1000 mm/s, frequency 1000 kHz, hatch 0.1 mm.

2.4. Measurement

In order to determine the surface roughness after different
types of machining, measurements were made using
a Surtronic S128 contact profilometer with TalyProfile Silver
7.4 software. The measurement results were obtained in form
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of a surface roughness profile and the numerical values of Ra
and Rt parameters expressed in pm.

The adhesion test was performed according to (EN-1SO
4624) using the PosiTest AT-T automatic tester. The dollies
with a diameter of 20 mm were used, the test coating was made
with Araldite 2012 two-component epoxy adhesive, at
23+2 °C and 50+5 % relative humidity. The test consisted of
uniformly applying a tensile force perpendicular to the bonded
surface and gradually increasing it at a rate of 1 MP/s until the
punch broke.

3. Results and discussion

Based on the performed surface roughness measurements,
the Ra parameter was determined as the arithmetic mean of
the ordinates of the profile (the arithmetic mean of the absolute
values of the ordinates inside the elementary section) and the
Rt parameter, as the total height of the profile (the sum of the
height of the highest elevation of the profile and the greatest
depth of the indentation of the profile inside the measuring
section) according to (PN-EN ISO 4287). The values of Rmin,
Rmax and the arithmetic mean Rme were determined. Results
are given in Table 4.

Table 4. Results of surface roughness measurements (in pum)

X6Cr17
Ra Ra Rt Rt
. Ra me .
min max min max
L1 0.899 | 1.310 | 1.105 7.58 7.74 7.66
L2 0.897 | 0.963 | 0.930 6.83 9.69 8.26
L3 2.28 2.36 2.320 | 30.40 | 34.00 | 32.20
L4 4.92 5.01 4965 | 3750 | 34.70 | 36.10
L5 9.65 10.20 | 9.925 | 53.60 | 55.80 | 54.70
L6 1540 | 15.70 | 1555 | 62.30 | 67.40 | 67.85
Sand 1.77 1.97 1.870 | 15.00 | 16.00 | 15.50
P120 0.754 | 0.797 | 0.776 6.02 6.65 6.34
P240 0.508 | 0.569 | 0.539 3.86 4.67 4.27

AW-2024

R_a Ra Ra me R.t Rt Rt me
min max min max
L1 1.10 1.13 1.12 1440 | 1550 | 14.95
L2 1.79 1.81 1.80 17.20 | 19.00 | 18.10
L3 8.50 8.54 8.52 50.30 | 56.80 | 53.55
L4 13.00 | 13.30 | 13.15 | 51.00 | 57.80 | 54.40
L5 11.00 | 13.20 | 12.10 | 63.90 | 69.40 | 66.65
L6 16.20 | 1750 | 16.85 | 70.20 | 84.60 | 77.40
Alod 0.534 | 0.646 | 0.590 4.89 5.80 5.35
Sand 1.81 2.31 2.06 14.10 | 16.90 | 15.50
P120 2.34 2.49 2.42 17.30 | 18.60 | 17.95
P240 1.02 1.37 1.20 8.06 11.00 9.53

Sample Rt me

Sample

The applied processing methods allowed to obtain surfaces
of different roughness and structure. Fig. 3 and 4 show the
surface roughness profiles of the tested samples.
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Fig. 3. Surface roughness profiles of AW-2024 samples made by
the selected methods
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Fig. 4. Surface roughness profiles of X6Cr17 samples made by the
selected methods

Comparison of the obtained surface roughness measurement
results is shown in Fig. 5.
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The test results of the adhesion of the test adhesive coating
to the surfaces prepared by the selected method are given in
Table 5. The peel strengths omin, omax @nd the arithmetic mean
ome, given in MPa, were taken into account.

[um] Comparison of Ra mean parameter
20
15

: |‘|
I I. =
L2

L4 L5 L6 Alod Sand P120 P240

B Ra me - AW-2024 Ra me - X6Cr17

a)
[wm] Comparison of Rt mean parameter
100
80
60
40
20
0 | | L »
L3 L4 L5 L6 Alod Sand P120 P240
mRt me - AW-2024 Rt me - X6Cr17
b)
Fig. 5. Surface roughness parameters: a) Ra, b) Rt, in the tested
samples

Table 5. Results of adhesion measurements on X6Crl17 steel and
AW-2024 alloy samples

X6Crl7 AW-2024

Omin GOmax GOme Gmin GOmax GOme
L1 1.10 1.30 1.20 1.04 1.56 1.30
L2 1.24 1.63 1.44 1.74 2.39 2.07
L3 191 2.16 2.04 1.73 1.90 1.82
L4 2.02 2.24 2.13 2.34 2.54 2.44
L5 3.47 3.63 3.55 2.55 2.77 2.66
L6 2.28 2.39 2.34 1.86 1.92 1.89

Sand 1.83 2.65 2.24 - - -
Alod - - - 0.38 0.72 0.55
P120 0.76 1.10 0.93 1.10 141 1.26
P240 0.99 2.15 1.57 0.86 0.89 0.88

Sample

Comparison of the results is shown in Fig. 6.
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Pull-off test results

L6 Sand Alod P120 P240

HAW-2024 X6Crl7

Fig. 6. Comparison of surface adhesion test results

Laser surface preparation gives various results. In the case
of aluminium samples L1 and L2, a single pass of the beam
makes it possible to obtain roughness comparable to abrasive
treatment with P240 paper. This is Ra = 1.12; Ra = 1.80 and
Ra = 1.20 pm, correspondingly.

On steel samples, a single beam pass only on sample L2 can
be compared to abrasive treatment with P120 and P240 paper.
This is Ra = 0.93; Ra = 0.776 and Ra = 0.539 pm
correspondingly.

Increasing the number of passes to 10 in both materials
resulted in a significant increase in surface roughness. For
AW-2024 alloy on L3 and L4 samples, Ra was obtained in
range of 8.52+13.15 pm. For L3 and L4 steel samples, Ra was
obtained in range of 2.32+4.965 pum. This means that the
effectiveness of the laser beam on X6Cr17 steel is lower. This
is due to the different chemical composition and hardness of
the material.

Increasing the number of beam passes to 50 causes a further
increase in surface roughness: for AW-2024 on samples L5
and L6 the Ra parameter in range of 12.10+16.85 pm (about
2x more than for 10 times repetition), for X6Cr17 in range of
9.925+15.55 pum (this is an increase of about 3 times). Thus,
the nature of the change in the Ra parameter is different for
both materials.

From the point of view of mechanical adhesion, the
parameter Rt may be useful, whose values also increase with
an increase in the number of times the laser beam passes. In
the case of aluminium samples, Rt increases by about 3+4
times in the L3 and L4 variants and by 7+8 times in the L5 and
L6 variants. This means the formation of significant depths
and heights on the surface, which may improve the adhesion.

By analysing the surface roughness profiles, it can also be
concluded that after both chemical and abrasive treatments the
surface is rough in different ways, but this is random. After
laser treatment, when a predetermined hatch parameter is set
as the distance between individual beam paths, the surface has
regular depths and highs. However, the character of surface
changes varies for the tested materials, due to their properties
and susceptibility to the laser beam energy. By setting
a technological parameter (hatch), the character of surface
roughness profile can be determined.

Increasing surface roughness, however, does not increase
adhesion in the same way. The pull-off test shows that there is
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a limit to the improvement of the adhesive properties. This
feature is known from conventional bonding methods and is
also confirmed in the case of laser processing. According to
(Jakobczak, 2022), a value from 2 MPa upwards is considered
to be satisfactory adhesion. The obtained results show that
chemical and abrasive treatments do not give positive results.
The results obtained for X6Cr17 steel after the treatment with
P120 and P240 paper, where the peel strength is 0.93 MPa and
1.57 MPa, respectively, are highly unsatisfactory. Only
sandblasting can be considered effective for mechanical
adhesion when ome = 2.24 MPa. In the case of AW-2024 alloy,
the situation is worse - both abrasive and chemical treatments
did not give good results. For both materials, laser treatment
gives much better results. When paying attention to the surface
roughness, it can be concluded that a single pass of the beam
is the least effective (the least rough surface). Better results
were obtained after treatment with 10 times repetition - values
above 2 MPa. In the case of X6Cr17 steel, further increasing
the roughness after 50 beam passes is associated with an
improvement in adhesion (for specimen L5 ome = 3.55 MPa),
but for AW-2024 alloy the adhesion deteriorates. Adhesion
properties are also affected by the degree of mesh compaction.
For both steel and AW-2024 alloy in variants L2 and L4,
denser mesh (hatch = 0.25 mm) improves adhesion, but in
variant L6 it worsens.

4. Summary and conclusion

Based on the results of research presented in the article, it
can be concluded that the use of a commercially available low-
power laser can be an effective way to prepare surfaces with
good adhesion properties. Therefore, the laser processing can
be recommended as a substitute for classical methods, often
burdensome for the environment.

Experimental tests give knowledge of the specific
application of the chosen device and it is reasonable to
perform them in order to determine the correct and optimal
machining parameters. From the shown example, it can be
concluded that extending the machining process by increasing
the number of beam passes, thus producing a surface with
considerable roughness, makes no sense from the adhesion
point of view.

Need for further research is also justified by the
observations of the difference in the effects of a beam with the
same parameters on different materials. Without the
knowledge of treatment results, it is impossible or difficult to
design technological processes. In general, it can be suggested
that similar results should appear for materials with surface
hardness and roughness similar to the properties of the
materials presented in the paper.

Experimental studies allow the conclusion that laser
processing can be considered as a cleaner technology for
surface preparation for adhesion of chosen materials.
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