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ABSTRACT

The most frequently used method for measuring surface roughness is profilographometry. However, with com-
plex and non-homogeneous surfaces, this method may be subject to large errors because of its contact nature and
limitations related to the geometry of the measuring head. In this study, the surface topography was examined on
polypropylene injection moldings produced using an injection mold with a complex molding cavity surface. The
moldings were modified using a Nd: YAG laser, and the obtained structures were examined using two measurement
methods, i.e. contact (profilographometry) and optical (3D digital microscopy). Researchers performed a statistical
analysis to determine the differences between the measurement results obtained for the two methods. Additionally,
the impact of the laser parameters on the modified surface was determined. The obtained results showed significant
differences between the values of measurements made using different methods, especially in the case of surfaces
that were modified by the laser beam to the greatest extent (laser A parameters). In all cases where a statistically
significant difference was found between the measurement results, the mechanical method showed lower rough-
ness values than the optical method, and the average difference between these results was 15%.
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INTRODUCTION

The plastics processing industry plays a very
important role in economic progress. In industries
such as automotive, medicine, aviation or electri-
cal engineering, polymer elements are introduced
as innovative solutions, often replacing materials
such as metal, glass or ceramics [1, 2]. Such activ-
ities result from the dynamic progress in the field
of processing technologies, the number of which
is constantly increasing [3]. The aim of each stage
of manufacturing polymer products is to strive to
obtain the best quality products while maintain-
ing low production costs [4]. The most common
method of plastic manufacturing is high-pressure
injection molding. This technique is character-
ized by a very high repeatability of products and
makes it possible to produce elements with a
complex structure, often unattainable using other

production methods [5, 6]. The surface structure
of each of the manufactured elements is charac-
terized by the shape, size and topography of the
surface, which are caused by the manufactur-
ing process. In the case of the injection molding
method, the quality of the produced structures de-
pends to the greatest extent on the degree of mold
cavity surface finish [7, 8]. Other aspects that may
affect the condition of the surface include the type
of material, mold temperature or processing pa-
rameters [9, 10]. In addition, after the injection
process, plastic elements are often subjected to
additional processing [11]. The correct selection
of methods to change the surface of the products
makes it possible to give them new features or
improve the existing properties [12, 13]. Such a
method is the action of a laser beam on the sur-
face of plastics [14]. Laser marking is most of-
ten used for decorative, utility or identification
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purposes. As a result of the laser beam interaction
with the material, a local temperature increase
occurs, leading to overheating, evaporation or
discoloration the surface, and then the formation
of a permanent mark [15]. The effects obtained
as a result of this process include: foaming, abla-
tion, discoloration and engraving. In addition to
marking the surface of polymeric materials, this
method is also used for metals [16], wood [17]
and ceramics [18]. The most common indicator
used to assess the surface structure of plastics af-
ter the injection process and after post-production
treatment is roughness.

Roughness measurement is a standard meth-
od for determining and evaluating surface prop-
erties. Among the techniques of its measurement,
the most popular are contact methods and optical
non-contact methods. The contact profilographo-
metric method consists in determining the nu-
merical values of the roughness profile param-
eters or mapping it in the form of a profilograph
with known vertical and horizontal magnifica-
tion [19]. During the measurement, the working
elements of the tool come into contact with the
surfaces of the measured object. To carry out
the test using the contact method, a measuring
needle with a known geometry is used, moving
over the surface at a constant speed, and its ver-
tical displacements are converted into an elec-
trical signal [20]. Non-contact optical methods
are based on surface scanning to assess the un-
evenness of the surface layer [21]. The measured
object is illuminated with light of appropriate
modulation, transmitted by optics and focused
on the surface. The light reflected by it returns
through the optical system and reaches a digi-
tal detector searching for a focused beam. The
whole shape is obtained by vertical scanning of
the surface (changing the distance between the
lens and the detector) and successive supplemen-
tation of areas where previously no focusing was
achieved. The image of the surface is shaped by
an optical system that allows obtaining both pho-
tometric information (brightness, color, etc.) and
geometric information (distances, shape). All the
collected data from the images are processed into
a three-dimensional view [22].

Among the roughness measurement tech-
niques, linear and surface methods are distin-
guished. In industry, linear 2D measurements
are most often made using the profile meth-
od, specifying such parameters as Ra and Rz
[23]. In this method, it is possible to obtain a
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two-dimensional graph or profile of inequality,
which can be represented mathematically by the
height function z(x). This technique has many
advantages, including a good reflection of the
measured surface and its effective penetration.
However, its use is associated with problems,
which include differences in test results depend-
ing on the type of measuring needle used, the
measurement place and changes caused by the
direction of scanning. Determination of surface
properties using 3D surface methods, on the
other hand, allows the evaluation of the entire
selected surface. The obtained image can be pre-
sented in the form of a mathematical function of
the height z(x, y) of two independent variables
(x, ¥). In this method, the most frequently de-
termined parameters are Sa and Sz. Extending
the assessment range from line to surface often
allows for a more accurate assessment, and up
to 1,000,000 individual measurement points can
be obtained in one measurement. However, this
technique depends to a large extent on the op-
tical properties of the tested surface, because
when light is absorbed or scattered by the mate-
rial, its surface is immeasurable. In many cases,
this is the first parameter to consider when as-
sessing using linear roughness is difficult [24].

During laser marking, surfaces with high
roughness usually absorb more energy. Such a
phenomenon, when using incorrect parameters,
can lead to thermal damage to the modified struc-
ture. Smooth, even surfaces make it possible to
obtain a homogeneous and repeatable graphic
sign, but they are characterized by a higher ra-
diation reflection coefficient [25]. This action
results in a smaller heat-affected zone, which in
turn may affect the difficulties in marking this
type of structure [26]. In addition, laser marking
of plastics results in surface topography with an
irregular structure. This situation is most often the
reason for the uneven distribution of marking aids
or dyes [27]. It is suspected that linear roughness
measurements on such surfaces using the contact
method do not fully reflect the complex topogra-
phy of the structure.

The aim of the conducted research was to
verify methods for evaluating the roughness of
surfaces characterized by an irregular structure
on the surface of plastics, both before and after
treatment of samples by laser marking. In addi-
tion, the influence of the laser beam parameters
on the change of the surface structure of plastics
was evaluated.



Advances in Science and Technology Research Journal 2024, 18(5), 245-257

MATERIALS AND METHODS

Materials

A commercial polypropylene homopolymer
intended for injection molding processing under
the trade name Moplen HP500N (Basell Orlen
Polyolefins, Plock, Poland) was used in the re-
search. According to manufacturer’s declaration
the melt flow rate (MFR) of the material was 13
g/10min (230 °C/2.16 kg). The average value of
Young’s modulus (£) and the stress at yield were
1400 MPa and 34 MPa, respectively. A dyeing
concentrate Weiss K70 (Lifocolor Farben GmbH
& Co. KG, Lichtenfels, Germany) was added to
the polypropylene matrix in a concentration of 2%
by mass. and an LMA additive called Lifolas M
117009 UN (Lifocolor Farben GmbH & Co. KG,
Lichtenfels, Germany) at a concentration of 2.5%.

Samples preparation

Homogenization of the material with addi-
tives was carried out in the plasticizing system
of the single-screw extruder W25-30D manufac-
tured by the Institute of Plastics Processing Met-
alchem (Torun, Poland). The screw diameter (D)
was 25 mm, and the ratio of the screw length to
its diameter (L/D) was 30. Additionally, in the
feeding zone of the screw, there were elements
increasing the intensity of mixing. The temper-
atures in the individual zones of the plasticiz-
ing system were: 135 °C (in the feeding zone),
180 °C (in the compression zone), 200 °C (in the
metering zone), and 200 °C (in the head). The
rotational speed of the screw was 150 rpm. The
obtained cylindrical extrudate with a diameter of
about 3 mm was subjected to cold granulation and
after that process was dried in a Binder FED 115
temperature chamber (Tuttlingen, Germany) for
24 hours at 110 °C. Test samples were made using
a Battenfeld Plus 350/75 injection molding ma-
chine (Battenfeld Kunststoffmaschinen GmbH,
Kottingbrunn, Austria). The moldings with di-
mensions of 108x94x2 mm were produced in a
specially prepared injection mold, the interior of
which was divided into three zones with different
degrees of surface finish. Diversified surface pa-
rameters of mold cavity were obtained as a result
of the electrical discharge machining (EDM) pro-
cess. The plasticized material, as a result of the
injection process under high pressure reflected the
surface of the cavity on the obtained moldings to

a certain extent. The most important parameters
of the injection process used during the prepara-
tion of the samples are presented in Table 1.

Laser marking

The surfaces of the test samples were subject-
ed to a laser beam using the TruMark Station 1000
device (Trumpf Group, Ditzingen, Germany).
With the use of TruTropsMark software (Trumpf
Group, Ditzingen, Germany), four 20 x 20 mm
graphic marks were applied to each of the three
zones of the molding, using different parameters
of the laser beam, whose wavelength A was 1064
nm. The adopted test program included such vari-
ables as: laser path width (0.03—0.09 mm), beam
travel speed (450-5000 mm/s) and a constant pa-
rameter in the form of pulse incidence frequency
(15 kHz). The parameters of the laser beam used
during the marking of specific fields are presented
in Table 2. Figure 1 shows the images of the ap-
plied graphic signs created as a result of the la-
ser beam on the surface of the moldings. The at-
tached drawing shows that adjustable laser beam
parameters not only affect the roughness of the
marked surfaces. Changing the characteristics
of the laser beam also changes the color of the
marked graphic fields.

Surface roughness measurements

In the first stage, the degree of mapping the
roughness of the obtained moldings in relation to
the roughness of the surface of the forming cavity
was analysed. Measurements were made on the
forming mold cavity plate and the results were
compared to those obtained on the surfaces of the
moldings. In the second stage of the research, the

Table 1. Selected parameters of injection molding process

Processing parameters Value
Feed zone temperature [°C] 200
Transition zone temperature [°C] 210
Metering zone temperature [°C] 220
Nozzle temperature [°C] 220
Injection mold temperature [°C] 20
Holding time [s] 8
Cooling time [s] 14
Injection time [s] 0.75
Injection velocity [cm?/s] 50
Holding pressure [MPa] 7.5
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Table 2. Parameters of laser beam

Process parameter Value
Description of marked area A B C D
Head velocity [mm/s] 450 750 1050 1350
Path width [mm] 0.03 0.05 0.07 0.09
Pulse frequency [kHz] 15
Efficency [%] 100
Mode of work pulse

impact of the laser beam and its parameters on the
change in the state of the surface obtained dur-
ing the reflection of the injection mold cavity was
analysed. During the tests, 2D linear roughness
and 3D surface roughness were analyzed. The
roughness parameters determined in the tests are
Ra (2D) and Sa (3D).

Contact-type surface roughness

Roughness measurements using the con-
tact-type method were performed using the Mar-
Surf GD 120 device (Mahr GmbH, Gottingen,
Germany), equipped with the MFW-250 meas-
uring head. Each measurement was made using a
needle with a radius of 2 um, shown in Figure 2.
During the 2D linear roughness measurement,
ten measurements were made along the x and
y axes, on the basis of which the average value
was calculated. The length of the reference sec-
tion Ac was determined during the preliminary
tests, respectively: 2.5 mm for the graphic sym-
bols and background on the EDM A and EDM B
surface, and 8 mm for the graphic symbols and
background on the EDM C surface. In order to
obtain the parameters of 3D surface roughness,
11 parallel passes of the measuring head were
made on the tested surfaces, each with a refer-
ence section length of 2.5 mm (EDM A, EDM
B) and 8 mm (EDM C).

Optical surface roughness

Optical roughness measurements were
made using a Keyence VHX-7000 digital
microscope (Osaka, Japan). The device was
equipped with a zoom lens VH-Z100R. All
measurements were made at a magnification of
500x. To obtain the results of 2D linear rough-
ness, 10 profiles in the x and y axes were used.
The length of the measurement reference sec-
tion had the same value as in the case of rough-
ness testing using the profilographometric
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Figure 1. Test sample with laser marked signs
with various parameters of laser beam

R0.002

Figure 2. Measuring needle used
for roughness measurements

method. For the 3D surface roughness test, 100
individual 2D images were taken between the
highest and lowest points, and then these imag-
es were superimposed. This measurement was
made automatically using the “precise depth
composition” function. Each measurement was
made using a coaxial type of light.
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RESULTS AND ANALYSIS

In the first stage, the degree of mapping the
surface roughness of the specimens in relation
to the cavity of the injection mold was analyzed.
The measurement using a digital microscope on
the surface inside the mold cavity with the desig-
nation EDM A resulted in obtaining an average
Ra(x) value of 2.51 & 0.44 pum. In the case of the
sample part reflecting this zone, the described pa-
rameter was equal to 2.82 = 0.62 um (Table 3).
This means that the average roughness of the
molding surface was nearly 13% higher than that
of the injection mold cavity surface. In the case
of contact-type measurements for the same sur-
face, the average value of the Ra(x) parameter for
the molding cavity was equal to 2.24 £+ 0.18 pm,
while the molding surface was characterized by a
value of this parameter about 14% higher — 2.56
+ 0.27 pm. In the zone with the highest rough-
ness - EDM C, the average value of Ra(x) for the
mold cavity is 12.91 £ 1.75 um (optical method),
while in the case of the molding it is 14.21 + 1.61
um. Thus, an approx. 10% increase in the Ra(x)
parameter was noted. For the same area, the me-
chanical results were 11.83 +£0.78 pm and 13.09 £
0.53 pum, respectively. In this case, the average in-
crease of Ra(x) was also about 10%. In the case of
the EDM B surface, the reported increase for both
methods was 7%. Based on the obtained results, it
was found that the surface of the injection mold-
ings was characterized by a higher value of the
average linear roughness in relation to the aver-
age linear roughness of the molding cavity. Such
a relationship was observed both during measure-
ments using the optical and contact methods. In

addition, optical and mechanical measurements
result in a similar percentage increase in the av-
erage linear roughness of moldings in relation to
the mold cavity for the same surfaces. There was
no significant advantage of the described param-
eter for measurements carried out along one of
the axes. Although for measurements along the
y axis, in most cases a higher average Ra value
was obtained, it cannot be unequivocally stated
by analyzing the standard deviations that greater
roughness is obtained when measuring in carry-
ing out in this direction.

During the analysis of the surface parameter
Sa, similar relationships were obtained between
the 3D average roughness of the molding and
the mold cavity. For the described parameter, the
surface of the injection molding was also char-
acterized by a higher average roughness than the
surface of the mold cavity. The average Sa value
for the surface of the EDM A zone in the mold
cavity during the optical measurement was 2.68
+ 0.26 pm, while for the molding the result was
nearly 13% higher — 3.01 + 0.28 um. In the case
of surfaces with the highest roughness (EDM C),
the difference in the Sa parameter between the
molding and the mold cavity was about 10%. The
recorded results were respectively 14.08 £+ 1.23
pm (mold cavity) and 15.11 £ 1.13 pm (mold-
ing) - optical method. The percentage differences
were therefore similar to those obtained during the
measurements of the average 2D linear roughness.

Figure 3 shows the surface topography for
individual zones of the molding cavity and the
topography of the molding reflecting the given
zone after the injection molding process. The
digital images show a local intensification of the

Table 3. Comparison of the average roughness of the injection mold interior with the obtained moldings

Type of surface Ra(x) [um] Ra(y) [um] Sa [um]
EDM A 2.51+£0.74 2.57 £0.58 2.68 +£0.36
Mold cavity

EDM B 5.05+0.82 5.53 +0.69 6.02 +£0.38
(Optical)

EDM C 12.91+2.36 13.78 +2.16 14.08 + 1.73

EDM A 2.82+0.62 2.84 +0.57 3.01+0.8
Molding

EDM B 543 +1.17 5.61+1.34 6.04 £0.38
(Optical)

EDM C 14.21 + 1.61 13.89 + 1.81 15.11+£1.13

EDM A 2.24 +£0.58 2.32+0.39 243+0.16

Mold cavity

EDM B 478 £0.73 4.94 £0.93 5.36 £ 0.31
(Contact)

EDM C 11.83+1.78 1291 +1.71 12.84 +0.63

EDM A 2.56 +0.47 2.51+0.46 2.56+0.18
Molding

EDM B 5.13 +0.69 5.32 £0.51 5.72+0.34
(Contact)

EDMC 13.09 £ 1.53 13.12+1.23 14.31 £ 0.46
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Figure 3. Topography of the tested surfaces of the molding insert and polypropylene moldings
obtained using digital microscope: (a) surface of the EDM A molding cavity, (b) surface of the EDM
A molding, (c) surface of the EDM A molding cavity, (d) surface of the EDM C molding

micro-elevations formed by the material. Their
presence and quantity result in a higher value of
the average roughness for the molding in relation
to the mold cavity. On the EDM A zone of the
molding cavity, the biggest difference between
the highest and the lowest point is equal to 30.00
pm, while for the molding it is 41.5 pm. In the
case of the EDM C surface, the values of 105.42
pm (mold cavity) and 122.91 pm (molding) were
obtained. Higher values of roughness parameters
for injection moldings may result from the vis-
cosity of the material. As a result, polypropylene
does not penetrate into the sharp depressions visi-
ble in the image of the topography of the forming
cavity, despite maintaining the correct processing
parameters. This could be due to the formation of
a thin insulating layer formed by air molecules,
which was closed in the irregularities of the sur-
face of the interior of the mold.

Analyzing the mentioned and other results, it
can be said that although the average values of Ra
and Sa for optical and mechanical measurements
were not the same, the increase in the surface
roughness of the moldings relative to the interi-
or of the mold cavity was at a similar percentage
level. However, it is not possible to directly com-
pare the results for both measurement methods
due to the way the measurement is carried out by
both devices. During the analysis of the measure-
ment methods used, it was found that the average
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values of roughness parameters obtained during
optical measurements were higher than those
obtained by the mechanical method. In the case
of measuring the average roughness Ra(x) of the
EDM B surface of the forming cavity, the meas-
urement using the optical method showed a result
of 5.05 + 0.52 um, while for the contact method
it was 4.78 &+ 0.23 um. Thus, an increase of over
5% was recorded. However, this difference is in-
significant and the results are within the standard
deviation range. For the EDM A and EDM C sur-
faces, an increase of 11% and 9% was recorded,
respectively. In the case of the average roughness
of the injection molding, the results remained
at a similar level, with differences ranging from
6% (EDM A) to 9% (EDM C). In addition, when
comparing the optical method with the mechani-
cal method, differences in standard deviations for
measurements of the same surface were noted.
The values of standard deviations determined dur-
ing measurements using a digital microscope are
higher than those obtained by the profilographo-
metric method. Such a difference may be due to
the greater measurement accuracy of the optical
microscope. This device for measuring indenta-
tions uses a beam of light, which is reflected from
the tested surface and returns to the device, where
the distance between the highest and lowest point
of the tested surface can be determined with high
accuracy. The profilometric device uses a needle
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with a given radius, which does not penetrate as
precisely as a beam of light between the cavities
on the surface, resulting in lower measurement
accuracy. The principle of measurement by both
devices, which allows to explain the differences in
both research methods, is illustrated in Figure 4.
The analysis of 3D surface roughness Sa re-
sulted in obtaining similar relationships. In this
case, each of the surfaces was also characterized
by higher Sa values during the optical measure-
ment. The average value of Sa roughness on the
EDM B surface of the mold cavity determined
by the optical method was equal to 6.02 = 0.58
um. When measuring the same area using the con-
tact-type method, the result was 5.36 + 0.31 pm. In
the case of surfaces with higher roughness (EDM

b)

MEASURED
PROFILE

(), the measurement of the Sa parameter using the
optical method showed the result of 14.08 + 1.23
pum, while the measurement using the mechanical
method gave the result of 12.84 + 0.83 pum, so 9%
lower. Surface roughness measurements carried
out on the molding were characterized by similar
changes. These differences are most likely caused
by the measurement accuracy and the method of
measuring the parameter by both devices. The
profilographometer for measuring Sa uses 11 par-
allel passes of the needle of a given measuring
length over a defined area. The distances between
the individual passages of the needle have a cer-
tain length, therefore it is not possible to exam-
ine the entire analyzed area, but only a part of it.
The digital microscope collects information about

SCANNING
SURFACE

Figure 4. Mapping of the surface by measuring devices: (a) contact-
type device with a measuring needle (b) digital microscope
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Figure 5. Topography of the tested surfaces of the molding insert and polypropylene moldings
obtained using contact-type device: (a) surface of the EDM A molding cavity, (b) surface of the
EDM A molding, (c) surface of the EDM A molding cavity, (d) surface of the EDM C molding
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the difference between the cavities from the en-
tire examined surface. The probability of dimples
in the entire area is therefore much greater than
when examining with a needle. Figure 5 shows
the surface topography for individual zones of the
molding cavity and the topography of the compact
reflecting the given zone after the injection mold-
ing process, obtained from the device using the
contact method for testing roughness.

The test results obtained during the second stage
of the experiment (Table 4) prove that the action of
the laser beam on the molding surface in some cas-
es results in an increase and in others a decrease in
roughness in relation to the base value (background).
The adjustable parameters of the laser beam are re-
sponsible for this fact. The average linear roughness

of the compats surfaces marked as EDM A and EDM
B increased in relation to the background after the la-
ser marking process, regardless of the beam param-
eters used. On the other hand, in the case of the EDM
C surface, reverse relationships were obtained. The
highest increase in Ra, both on the surface of EDM
A and EDM B, was recorded during the application
of graphic marks using the operating parameters of
laser A (0.03 mm, 450 mm/s, 15 kHz). Laser mark-
ing using the other parameters also resulted in an
increase in average roughness, but the increase was
not as high. The average roughness of the moldings
on the EDM A surface was 2.82 + 0.42 pm, while
after marking with beam A operating parameters, an
increase of Ra(x) to 5.13 & 0.43 um was noted (opti-
cal measurements). The recorded increase was 80%.

Table 4. Comparison of roughness parameters made by optical and mechanical methods obtained on the moldings

and laser marked surfaces

Type of surface Ra(x) [um] Ra(y) [um] Sa [um]

EDMA 2.82+0.42 2.84 +£0.37 3.01+£0.28

Background (Optical) EDM B 543 +1.17 5.61+1.34 6.04 +0.68
EDMC 14.21 + 1.61 13.89 + 1.81 15.11+£1.13

EDMA 2.56 £ 0.27 2.51+0.16 2.56 £0.18

Background (Contact) EDM B 5.13+0.39 5.32+0.51 5.72+0.44
EDM C 13.09 + 0.53 13.12+0.23 14.31£0.36

A 5.13+0.43 5.24 +£0.49 5.54 +0.43

EDM A B 3.62+0.61 3.24 £0.51 3.88 +0.36
(Optical) C 3.23+0.39 3.33+0.72 3.41+047
D 3.05 £ 0.66 2.88+0.61 3.19£0.45

A 4.62+0.23 4.49+0.42 476+0.11

EDM A B 3.01+0.17 3.32+0.09 3.44 £ 0.09
(Contact) C 2.99+0.16 2.91+0.21 3.23+0.12
D 2.61+0.31 2.89+0.32 3.14 £ 0.06
A 11.19+£1.13 10.59 £ 1.15 11.58 £ 0.89

EDM B B 5.63 + 0.96 5.67 £0.71 6.01 £0.67
(Optical) C 5.54 +0.48 5.91+0.55 5.86 + 0.39
D 5.44 +0.81 5.68 £ 0.52 5.92 +£0.45

A 9.74 £ 0.41 9.26 + 0.48 10.12+£0.21

EDMC B 5.39 +0.46 5.61+0.43 5.93+0.18
(Contact) C 5.34 £0.35 5.27+0.27 5.66 + 0.26
D 5.36 +0.32 5.56 + 0.09 5.67 £0.23
A 11.54 + 1.36 11.67 £ 1.61 11.94 + 1.34
EDM C B 12.39+3.27 1421+28 15.46 + 1.97
(Optical) Cc 12.71 £ 1.46 11.51 + 2.56 13.85+0.78
D 13.49+1.88 13.16 £ 2.52 14.36 + 1.12
A 10.08 + 0.64 10.66 + 0.91 10.43+0.78
EDMC B 12.59+ 1.28 11.27 £ 0.51 15.26 £ 0.98
(Contact) Cc 12.19+0.32 12.95+1.44 13.84 £+ 0.52
D 12.33+0.98 12.79 £1.03 13.94 £+ 0.84
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Figure 6. Comparison of the surface topography after the laser marking process in relation to the background
on the surface marked as EDM B a) background topography of the EDM B compact b) topography of the
graphic mark on the EDM B surface obtained with laser operating parameters A (0.03 mm, 450 mm/s, 15 kHz)

In the case of the EDM B zone, with the same
laser parameters, the increase was even more Vvis-
ible — from the value of 543 + 1.17 um to 11.19
+ 1.13 pm, i.e. by more than 100%. The operating
parameters of laser A caused a stronger interference
of the laser beam on the tested surface, which sig-
nificantly deteriorated the surface parameters. The
topography of the EDM B surface before and after
the laser marking process is presented on digital
microscopic photos. The process of foaming and
carbonization took place on the surface of the mold-
ings as a result of thermal effects. In Figure 6, there
are some bubbles enclosed under the top layer, the
amount of which resulted in the observed increase
in roughness. In addition, it was observed that by
changing the adjustable laser parameters within
one zone of the plate, it was possible to obtain an
average roughness that differed by about 31% for
EDM A, 68% for EDM B and 47% for EDM C.
Taking into account the remaining parameters of
the laser (B, C, D), it can be concluded that with

the increase in the width of the beam path and the
speed of the laser head, the difference between the
roughness of the graphic mark and the background
was smaller. Parameters B, C and D result in too
low power density of the laser beam, which makes
the surface roughness close to the background. The
comparison of the results obtained during measure-
ments made using the contact and optical methods
confirms the conclusion obtained during previ-
ous measurements that the optical method results
in higher roughness values. A graphical summary
of measurements made by two methods for each
of the analyzed surfaces is shown in Figure 7 (Ra
roughness) and Figure 8 (Sa roughness). As men-
tioned earlier, a different relationship between the
average roughness of the compact and the graph-
ic mark was observed when marking the EDM
C zone, for which the average linear roughness
of each graphic field was lower in relation to the
background roughness. In this case, the marking
of moldings using the A parameters resulted in a
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Figure 7. Comparison of the Ra roughness parameter for all surfaces made by optical and mechanical methods
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Figure 8. Comparison of the Sa roughness parameter for all surfaces made by optical and mechanical methods

decrease in the average value of the Ra param-
eter from 14.21 £ 1.61 pm to 11.54 + 1.36 um,
i.e. by about 20%. The other parameters of the
laser operation (B, C, D) also caused a decrease
in the average roughness value, which remained
at a similar level and amounted to about 10%. The
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EDM C surface of the sample is the surface with
the highest roughness among those analyzed.
With such selected parameters of the laser oper-
ation, there are difficulties in even greater viola-
tion of the structure of the surface layer. Based
on the decrease in the average roughness value,
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Table 5. Results of the Student’s t-test for roughness measurements made using two methods (optical and

mechanical)
p-value
Type of surface
Ra Sa

EDM A 0.0785 0.0028*
BG EDM B 0.1964 0.3319
EDMC 0.0185* 0.0319*
A 0.0055* 0.0038*
B 0.0014* 0.0090*

EDM A
C 0.0692 0.3230
D 0.0013* 0.7600
A 0.0013* 0.0031*
B 0.4022 0.5538

EDM B
C 0.3680 0.1220
D 0.7910 0.0633
A 0.0059* 0.0549
B 0.7237 0.7142

EDM C
C 0.2191 0.9980
D 0.0090* 0.2391

it can be concluded that by using the appropriate
parameters it is possible to smooth the surface. In
the previously conducted own research [26], the
surface roughness Ra of moldings containing 10
wt. microsilica ranged from 1.5 (laser parameters
B, C, D) to about 9.5 (laser parameters A). As in
the described studies, the laser parameter A (450
mm/s, 0.03 mm) resulted in the greatest degree of
interference in the surface layer of the material.
Statistical analysis was performed based on
the Student’s t-test for dependent samples, and
the p-values are presented in Table 5. The analysis
was aimed at determining whether the measure-
ment method (contact or optical) had an impact
on the determined roughness values for specific
surfaces. Statistical significance was assumed for
p < 0.05. The test showed that the methods used
to determine roughness may give different re-
sults. The Ra parameter differed depending on the
measurement method used for 8 out of 15 tested
surfaces, while for the Sa parameter it was 5 out of
15 surfaces. This is due to the fact that the meas-
urement of the Ra parameter is burdened with a
larger measurement error than the Sa parameter.
Both the Sa and Ra parameters, measured
using the two measurement methods considered,
differed from each other for each laser-modified
surface with A parameters, except for EDM C (Sa
value). It should be noted, however, that for this
surface the p-value was 0.0549, which is a value

close to the significance level of the test. Set of pa-
rameters A caused the greatest changes in the sur-
face topography, and the roughness of the surface
obtained in this way reached higher values in op-
tical measurements than in contact measurements.
It can therefore be concluded that providing suffi-
ciently high thermal energy results in the creation
of a surface with a complicated topography that
cannot be fully characterized by profilographome-
try. Significant differences in measurement results
between the two methods were also observed in
the case of EDM surface A, where, in addition to
differences for the set of laser parameters A, sig-
nificant differences were also observed for param-
eters B (Ra and Sa) and D (Ra). EDM surface A
was characterized by the lowest roughness, and
its laser modification using parameters A and D
caused a significant change in the surface topogra-
phy, which resulted in an increase in its roughness.
In the case of the EDM B surface, the measure-
ment method had the least impact on the obtained
roughness result. No significant differences were
observed between the values of the Ra and Sa
parameters obtained using different methods, for
the background surfaces and those modified with
a laser with parameters B, C and D. This may be
due to the fact that in the case of EDM B surfaces,
laser modification with parameters B, C and D did
not significantly change the roughness of this sur-
face in relation to its background.
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CONCLUSIONS

The conducted research verified the possibil-
ity of replacing the contact method of measuring
the roughness of surfaces with complex structures
with an optical method using 3D digital micros-
copy. Additionally, the influence of Nd: YAG laser
parameters on the roughness of the structure of
polypropylene moldings was examined. Based on
the test results, it was determined that a laser with
appropriately selected parameters is able to sig-
nificantly change the topography of the surface of
polypropylene moldings. Roughness change up
to 106% were noticed as a result of laser treat-
ment. Additionally, it was found that in the case of
surfaces with high base roughness (Ra ~ 10 pm),
laser processing reduces the surface roughness by
up to 24%. The opposite tendency was observed
for surfaces with lower roughness (Ra ~ 5 um
and Ra ~ 3 pm), where laser modification only
resulted in an increase in roughness. The largest
changes in roughness relative to the background
occurred as a result of the use of laser parameters
guaranteeing the delivery of the greatest amount
of energy to the sample surface (parameters A).

Comparison of roughness values determined
using two measurement methods allowed for the
conclusion that the roughness determined using
the optical method was in all cases greater than or
equal to that measured using the contact method. It
can therefore be concluded that the optical method
allows for a more accurate characterization of sur-
faces with complex topography because it takes
into account surface areas that are inaccessible to
the measuring head used in profilographometry.
The average Ra and Sa roughness values deter-
mined using the microscopy method were, respec-
tively up to 15% and 14% higher than the values
calculated for the contact method. The analysis
carried out allows us to conclude that the 3D mi-
croscopy method (stitching images in the vertical
axis) allows for very accurate characterization of
complex structures, such as the surface after elec-
tro-discharge machining or after laser marking.
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