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Laser surface texturing offers a possible solution for reducing friction
between sliding surfaces in engineering applications. Optimized surface
topography can also contribute to reduced wear and elevated longevity by
modifying the load and speed-dependent friction state in a system. This
preliminaryexperimental study investigates the applicability of affordable
fibre laser marking systems for microtexturing piston rings, in order to
achieve a measurable reduction in friction under subsystem model
conditions. A selection of textures are applied to chromium-coated cast
iron piston rings. The resulting surface topographies are characterized
through confocal microscopy and subjected to friction testing. A
correlation analysis is conducted on surface topography parameters to
identify key laser process parameters. Findings indicate an improvement in
the range of 7-8% in terms of friction coefficient with appropriate texture
size.
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1. INTRODUCTION

Laser technology has revolutionized various fields of
engineering andis extensively used in industries such as
automotive, aerospace, manufacturing, and biomedical
engineering, offering numerous advantages over tradi—
tional techniques. Particularly in mechanical engine—
ering fields, laser applications have been highly im—
pactful, allowing the controlled modification of surface
topology and material properties. Lasers enable
engineers to modify surface topologies by selectively
removing (ablation) or adding (cladding and direct
metal sintering) material and generating precise micro-
or nanostructures (texturing). With the precise energy
delivery of laser techniques, surfaces can be tailor-made
to increase adhesion, modify wetting behaviour, and
optimize friction in sliding contacts.

Taking a look at the scientific literature, a wide
variety of successful engineering application examples
can be found for laser-based manufacturing techniques.
Laser ablation has been successfully used to create
special materials [1], alter surface hardness [2] and
increase wear resistance of components [3]. Several inf—
luencing factors affect the outcome of laser surface
treatment technologies, e.g., base material, laser wave—
length, duration, energy, focusing or angle of incidence.
Chen et al. [4] experimented with laser fluence on a
femtosecond laser to seek the best ablation performance.
Optimal laser fluence was found to be highly dependent
on base material properties. Jia et al. [5] experimented
with sub-microsecond lasers to establish a fast and high-
quality drilling process on ceramics. Findings show a
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direct correlation between bore quality and speed, due
to shortened heat affection and thus reduced material
damage with increased lasing speed. Yan et al. [6]
experimented with continuous high-energy lasers to
understand the ablation process of ferrous metals. As
reported, laser irradiation melts steel in an initial puddle
that grows over time until the sample is fully penetrated.
The molten steel vaporizes during the process at about
3x higher temperaturesthan the melting point of solid
steel. The ablation is also accompanied by molten mate—
rial splashing. Cheng et al. [7] observed the emergence
of residual compressive and tensile stresses due to
extensive heat introduction to the material during laser
cladding. The phenomenon was traced to dissimilar
grain structuresas a result of the temperature gradient in
the melt pool.

For texturing applications, laser process parameters
have a significant effect on the produced surface pro—
perties. Lu et al. [8] experienced elevated surface roug—
hness and groove width with decreasing groove depth as
the incident angle decreased. Implementing laser abla—
tion to create different types of surface textures can
enhance friction properties [9] and alter adhesion
between the base surface and a coating. Caraguay et al.
[10] created grooved and grid patterns on steel samples
and successfully improved the adhesion of an anti-
corrosion epoxy coating. Particularly for automotive
applications, suitable laser surface texturing of running
surfaces can offer lower fuel consumption and reduced
emissions [11]. The technology is not limited to
traditional industrial applications, as it has been
successfully applied to bio-implants to increase cellular
growth and adhesion [12].

With the increasing availability and decreasing cost
of laser ablation equipment, previously unfeasible con—
cepts can be investigated in numerous industries. Laser
surface texturing has been successfully applied to
cylinder bores in the past, to achieve oil retention and
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improve friction [13]. Regarding serviceability and
longevity, texturing piston rings as opposed to the
cylinder could contribute to reasonable improvements,
with moderate added cost. [14-16].

Introducing engineered topological features on the
micrometre scale affects friction in a tribosystem
through a complex set of mechanisms. [17] Microscopic
features, e.g., dimples can both trap wear debris and act
as lubricant reservoirs, contributing to a reduction of
friction through reducing the occurrence of three-body
abrasion and acting as local lubricant sources under
starved lubrication. Furthermore, micro texturing
reduces the effective area of contact, which decreases
the number of asperity contacts in the mixed lubrication
regime. Microtextures also alter the pressure distri—
bution in the lubricant between contacting surfaces,
creating a pressure gradient that contributes to an
elevated load-bearing capacity of the fluid film. Cavi-
tation plays a significant role in achieving a favourable
pressure gradient. [18,19] However, micro texturing can
have a negative impact as well, since it disrupts the
laminar near-wall flow of the lubricant and therefore
contributes to elevated fluid friction under higher rela—
tive velocities. [20] Together, these phenomena have a
measurable impact on friction, which can be visualized
on the Stribeck curve, as presented in Figure 1.

Friction and wear experiments using controlled
model environments present asolution for high
throughput testing of various phenomena in tribology,
e.g., friction reduction through surface microstructure.
Tribometer testing also plays a critical role in evaluating
the friction and wear behaviour of various material
combinations. [21] An alternating tribometer resembles
the kinematics of internal combustion engine pistons,
enabling a simplified assessment of the piston ring and
cylinder tribosystem. [22] This method is also effective
in analyzing the impact of Ilubricants on system
performance. [23] Paulovics et al. [24]recommend
fabricating tribometer specimens from actual engine
components to ensure representative material interac—
tions, surface hardness, and topography.
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Figure 1. The effect of surface texturing on the Stribeck
curve, based on [20]

1.1 Novelty of the current study
Although several papers have touched on the topic of

laser surface texturing functional components, as well as
surface texturing either or both the cylinder liner and the

FME Transactions

piston ring, there are some shortcomings in the available
literature, specifically regarding the analysis of laser-
manufactured surface texture topographies, and the
investigation of friction force along the stroke in a
reciprocating system.Ezhilmaran et al [25] conducted
experiments using a pulsed nanosecond Nd3 +:YAG to
manufacture dimples on moly-chrome ceramic film
coated piston rings. Although a thorough analysis was
conducted including the investigation of texture para—
meters using both tribometric measurements and nume—
rical analysis, the approach is based on Nd*[1:YAG
technology, which generally offers lower efficiency,
lower beam quality and higher associated costs with
regular lamp replacement compared to fibre lasers.
Urabe et al [26] investigated surface texturing on the
cylinder liner using a motored floating liner friction
testing rig and engine bench tests. The study highlights
favourable effects on friction losses, oil film thickness
and fuel consumption, but utilizes texturing in the mid—
dle of the stroke, neglecting the potential benefits of
surface texturing under the most severe conditions
around the top dead centre. Rao et al [27] introduce
laser surface texturing on both the cylinder liner and the
piston ring of an internal combustion engine in various
configurations and compare wear mass loss, exhaust gas
temperature and NO, emissions under fired engine
conditions. However, the study presents no data on
friction performance, nor on the topography charac—
teristics of the laser-manufactured surface textures,
which would help the understanding of how better per—
formance metrics are achieved with the textured engine
parts. Patil et al [28] conducted friction and wear expe—
riments on a reciprocating tribometer to assess laser
texturing on the piston ring of a 0.8 L internal combus—
tion engine. The study reports extensively on the ave—
rage coefficient of friction and wear mass loss, but lacks
insight regarding friction along the stroke, as well as a
detailed analysis of manufactured laser surface texture
topography.Yin et al [29] performed both numerical and
experimental studies on the application of laser-
manufactured micro dimple arrays on the cylinder liner
of an internal combustion engine. The study highlights
the effect of surface texturing on the pressure field in
the lubricant between the contact pair, and reports
motored torque with various texture configurations. On
the other hand, no detailed study is concluded regarding
the manufactured shapes, and motored torque is only
reported at discrete engine speeds, and not as a function
of the stroke.

The present study aims to explore the potential of
reducing friction in the piston ring—cylinder liner system
by micro texturing the ring through laser ablation on a
selection of affordable 355 nm and 1064 nm wavelength
fibre laser marker machines, unlike most existing
research, which predominantly focuses on high-per—
formance femtosecond lasers or cheap, but less precise
Nd:YAG equipment for surface texturing. Furthermore,
this study emphasizes the effect of texturing as a
function of movement along the stroke of a recipro—
cating machine, and presents an in-depth look on the
manufactured surface topography, to better understand
the underlying phenomena and practical effects
resulting from the utilized manufacturing technology.
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2. METHODOLOGY

The experimental design of this study relies heavily on
available materials and equipment. The core hypothesis
of the project laments the possibility of achieving
consistent and repeatable friction reduction in a model
piston ring—cylinder liner environment (i.e.: tribometer
experiment), through micro texturing the piston ring
surface on an affordable fibre laser marker.

To assess the above, a variety of textures were
created on chromium-coated piston ring segments using
IR fibre and UV lasers. Texture shape and size were
selected based on previous experience and literature
review. Manufactured texture shapes were investigated
using confocal microscopy. Surfaces with close to ideal
texture shapes were tested on a reciprocating tribometer
to ascertain the friction coefficient during lubricated
sliding. Well-performing textures were replicated
multiple times on a selected laser machine to evaluate
reproducibility.

2.1 Laser equipment, materials, texture shape

A groove texture shape with a nominal width and length
of 40 x 500 um, a nominal vertical spacing of 200 pm,
and a nominal horizontal spacing of 100 um was selected
based on prior literature analysis performed by Laki et al.
[30], Azmi et al. [31] and Pawlus et al [13]. The depth of
the texture was varied in the range of 0.5 — 6 pum, while
laser parameters (e.g., laser power, repetition rate, feed
rate) were also varied, to assess their effect on the
resulting texture. A total of more than 50 individual
textures were manufactured during the study. Figure 2.
showcases an as-manufactured untextured ring (top), a
ring after being microtextured (middle), and the worn
configuration of a microtextured ring (bottom).

Figure 2. The running surface of the piston ring segments
shows the untextured (upper) and textured (middle)
configuration,as well as the textured surface after
tribometer testing (lower)

Table 1. Laser equipment utilized for the micro texturing
experiments

ID Type Wavelength Power
UVl SX 5005 355 nm 5W
uv2 SX 5003 355 nm 3w
IR1 SX 5050 1064 nm 50W
IR2 SX 5030 1064 nm 30 W

DIN EN 60825-1 [32] compliant UV and fibre lasers
have been applied to ablate the surface of chromium-
coated cast iron piston ring segments to create the
desired texture geometry. Table 1. summarizes the key
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parameters of the utilized laser equipment. IR2 was
used to reproduce good-performing textures in the later
stages of the study. Laser equipment was kindly pro—
vided by EERS-Hungary Kft. for the study.

Goetze GDC 50 chromium-coated piston rings used
in passenger car engines were selected as the foundation
of the study. As-manufactured ring surfaces were
measured to establish initial surface roughness. A mean
arithmetic surface roughness (Ra) of 0.0895 pmand a ten-
point height of irregularities (Rz) of 0.55 pmwas
determined. Piston rings were cut into 33 mm long
sections on a laboratory sectioning machine. Texturing
was applied in the centre region of each ring. The length
of the textured area was 16 mm.The counter-body for
friction experiments werecylinder segment specimens
made from GJV-450 vermicular graphite cast iron.
Cylinder segments were manufactured from the crank—
case of a turbocharged direct injection engine using
electrical discharge machining and finished on a CNC
mill. A mean arithmetic surface roughness (Ra) of 0.489
pmand a ten-point height of irregularities (Rz) of 3.87
pmwas established. Due to the necessary segment length
for fastening in the tribometer, each cylinder specimen
has room for two independent test runs on its surface.

2.2 Surface metrology and friction assessment

The developed surface textures were evaluated on a
DCM3D confocal measuring microscope produced by
Leica Microsystems GmbH (Wetzlar, Germany). A 20X
HCX PL FLUOTAR lens was used with a 0.50 numeric
aperture to capture extended topography slides in a
measurement area of 1.66 x 1.24 mm. The selected lens
allows fast assessment of large surface areas without
sacrificing detail on the investigated topographic
features. Collected topography slides were processed
using LeicaMAP 6.2 (Digital Surf, Besangon, France) to
level the surfaces, fill in non-measured points, and
remove surface waviness before calculating standard
surface roughness parameters according to ISO 25178
[33]. Furthermore, LeicaMAP was also used to generate
single cross-sections, cross-section envelopes, and
height-coded 3D topography renders of the surfaces.
Textured samples were subjected to friction analysis
on a TE-77 High-Frequency Friction Machine (Phoenix
Tribology Ltd., Berkshire, England, see Figure Al. in
the appendix). The test setup is introduced on Figure 3.

Temp. '

sensor Load

Ring Motion

segment

1 L

4L -~
Cylinder Heated
segment ] | vat

Figure 3. Schematics of the ring-liner model system in the
TE-77 High-Frequency Friction Machine [34]
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Laser-textured piston ring segments were fastened in
the upper (oscillating) sample holder, which was also
used to apply a predefined load to the friction pair.
Cylinder segments acting as counter-bodies were
mounted into the stationary lower sample holder (heated
vat), which is also responsible for the temperature
conditioning of both specimens and the utilized
lubricant. Each friction test is run for 120 minutes at 20
Hz motion frequency, with a 10.4 mm stroke and 200 N
load. Lubrication is ensured through 8 ml of Shell
PC1654 0W-30 engine oil, with the vat heated to 100°C.

The following values were measured during the
operation: friction force, alternating motion frequency,
load, specimen temperature, and contact potential. The
coefficient of friction is determined according to the
Coulomb friction equation, as a ratio of the measured
friction force and imposed normal force (load). Contact
potential is a means of monitoring the friction state in
the system. A 50-mV voltage is applied between the
cylinder and ring segment, and potential difference is
measured during friction and wear experiments. This
potential difference rarely drops under 50 mV under
expected working conditions. An onset of moderate
wear or lack of lubricant quickly leads to an increase in
asperity interactions, that result in a momentary flow of
electricity, which is indicated by a decreased potential
difference (i.e.: contact potential) value.

Roughness and topology evaluations were carried
out in the Surface Analysis Laboratory, while friction
measurements were done at the Tribology Laboratory at
Széchenyi Istvan University.

3. RESULTS AND DISCUSSION

The results of experimental surface texturing attempts
were analysed regarding texture shape and friction re—
duction to evaluate the feasibility of producing func—
tional surface textures with low-cost fibre laser equip—
ment. An initial assessment of manufactured sur—face
textures through confocal microscopy revealed obvious
outliers, where the established microtexture was barely
distinguishable from the original surface texture or the
created grooves had excessive spatter along the edges.
These outliers were discarded from further assessment.
As a result, a total of 44 individual microtexture
configurations were tested on the tribometer.

A box plot of measured friction coefficients with the
tested microtextured piston rings is presented in Figure
4. as a concise summary of preliminary testing. Textures
are categorized into 3 bins, based on the achieved
friction reduction. Samples achieving a reduction in the
coefficient of friction above 3% were labelled “better”,
samples between -3% and 3% reduction were labelled
“neutral”, and samples below -3% reduction were
labelled “worse”.

3.1 Texture shape and performance assessment

The highest achieved reduction in coefficient of friction
was 7.79%, meanwhile, the largest friction increase was
7.06%. A high number of investigated texture configu—
rations yield neutral, or disadvantageous friction states.
Figure 5. presents average profiles and envelopes of the
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surfaces corresponding to the best and worst achieved
coefficient of friction, along with a neutral performing
surface. Figure 5. also highlights the cause of the
negative effect, which can be traced back to spattering,
i.e., the appearance of relatively tall asperities on the
boundaries of the manufactured grooves.

0 =
H—
. =

better neutral worse

Friction reduction [%]
o N B D

Figure 4. Box plot of measured friction coefficients with the
investigated microtextures, binned to “better” (> 3% imp-
rovement), “neutral” (between -3% and 3% improvement)
and “worse” (< -3% improvement) categories.

This is a common phenomenon in laser ablation
applications and is explained by the observation of Yan
et al. [10]. As the available laser power is insufficient
for sublimation, a molten metal puddle is created, which
has a significantly higher vaporization temperature. The
metal pool then displaces according to the
thermocapillary effect [35],[36], due to the temperature
difference between the melt zone and the rest of the
surface. The displaced material solidifies, and the
resulting hills on the surface topography contribute to an
increased roughness and ultimately to an increase in the
coefficient of friction [37]. Neutral surfaces showcase
indistinguishable texture traces; hence these have
minimal effect on coefficient of friction.

Interestingly, the best-performing surface texture
also displays moderate spatter. Compared to the worst,
the apparent differences are the overall feature height
and the width of grooves. Best-performing textures have
a characteristic depth of ca. -4 um, and a maximum
asperity height of ca. 5 um due to spatter. The
characteristic groove width is nearly equal to the
nominal beam diameter of 50 pm. In contrast, worst-
performing textures have a characteristic depth well
below -10 pm, and a maximum asperity height around
10 pum, while the groove width is typically below the
nominal beam diameter.

3.2 Texture reproducibility, friction response

To assess reproducibility, the best-performer texture
configuration was replicated using the fibre laser IR2.
The results of texturing experiments on samples 105L,
160L and 174UL depicted in Figure 6.show some
asperities larger than 5 pm due to spatter. Characteristic
groove widths of 50 pm were measured, which is close
to the nominal beam diameter.

The grooves are well-defined, with a continuous
valley between the groove boundaries. An average
improvement of 7.1 % with a 1.3 % deviation was
registered in term of coefficient of friction for the
textured samplesas a result of the reproducibility study.
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Figure 5. Average (solid black line) and envelope (grey filled area) of roughness profile series for neutral, best, and worst
performing surface textures, with a corresponding surface snippet showcasing the topography

Groove width reference: ¢=——+ 50 pm : 100 pym Em

Figure 6. Typical groove topography from repeated
texturing experiments showing samples 105L, 160L and
174UL. Some asperities larger than 5 pm can be found as a
result of spatter (marked with “a”). Characteristic groove
widths are close to the nominal beam diameter of 50 ym
(marked with “b”).

To understand how the imposed texture affects the
friction state, a detailed look was taken at the friction
force progression using high-speed data acquisition
during friction and wear testing. The utilized friction
testing instruments are capable of registering friction
force and current position at a 20 kHz acquisition rate,
allowing for a depiction of friction force along the
stroke resulting in the dynamic stroke friction response
curve presented in Figure 7. High-speed acquisition data
was saved for 5000 entries, which corresponds to 5 full
strokes, considering 20 Hz motion frequency.

Comparing an untextured and textured ring’s friction
response curve yields the following insight:

e Both curves follow a periodic pattern corresponding
to the reciprocating motion of the sample, as
anticipated,

e friction force rises steeply at stroke reversals (~+4
mm) for both the textured and untextured sample,
however, the untextured ring displays somewhat
higher peak friction force values,

e the textured sample shows slightly higher oscil—
lations in the mid-stroke region.
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Figure 7. Dynamic stroke friction response curve of an un—
textured (red) and textured (blue) piston ring as a result of
high-speed data acquisition during friction and wear tes—
ting, depicting the variation in friction force along the
stroke.

Furthermore, the high-resolution acquisition of fric—
tion force and position also enables the calculation of
friction work along a stroke by using the Simpsons
formula. Since friction force values are stored as signed
values due to the bi-directionality of the friction sensor,
the absolute intermittent friction work values are taken
and summed to obtain the total friction work for 5
strokes. The corresponding average friction work can
then be given for both cases:

e untextured ring W =711.7 mJ / stroke
o textured ring W = 678.8 mJ / stroke

Although the difference appears to be insignificant,
it still amounts to a 4.62 % reduction in friction work,
which is comparable to the reduction in coefficient of
friction reported earlier. The disparity between friction
work and friction coefficient can be attributed to the
fact, that the reported coefficient is an extremum of
values recorded during the 1-second accumulation
window for low-speed acquisition, whereas the average
friction work was calculated using a significantly larger
number of values and is representative of the full stroke.

The TE77 High-Frequency friction machine can also
monitor the friction state by applying a contact potential
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— a 50 mV differential potentialbetween the friction
pair. When the two surfaces are isolated by an unin—
terrupted layer of lubricant, the measured value hovers
around 50 mV - i.e., fully hydrodynamic lubrication.
This value can drop below 49.5 mV when an asperity
contact occurs either due to an abrupt change in velo—
city, that leads to the breakdown of the lubricant film, or
a momentary bridging of the surfaces by metallic par—
ticles in the lubricant — i.e., wear debris.

A brief look at the high-speed contact potential data
in Figure 8. further highlights the beneficial effect of
surface micro texturing, especially around the reversal
points. The measured value fluctuates between 49.5 mV
and 50.5 mV, which indicates a mostly intact lubricant
film. Reoccurring values below 49.5 mV are only
characteristic of the untextured surface.The textured
piston ring consistently stays over 49.5 mV at the
reversal points, exhibiting a more favourable friction
state.

H textured

49 hydrodynamic
¥~ untextured contact range

DTHSD Contact Potential [mV]

-4 -2 0 2 4
Stroke [mm]

Figure 8. Contact potential along the stroke for an
untextured (red) and textured (blue) piston ring as a result
of high-speed data acquisition during friction and wear
testing, depicting the variation in the quality of lubrication.

Both the friction response curve and the contact
potential curve demonstrate a preferential behaviour of
the microtextured surface over the as-manufactured
reference surface topography.

4. CONCLUSION

The study aimed toassess the feasibility of manu—
facturing microtextured surface modification on piston
ring samples with affordable and accessiblelR fibrelaser
tooling with the required reproducibility. The laser-
textured specimens were subjected to friction and wear
testing on a reciprocating rig and primarily evaluated
based on their reduction in friction.Samples were also
analysed using confocal microscopy to determine
texture shape and correlate shape and friction loss.

Based on the gathered experimental evidence, the

following conclusion can be formulated:

e cheap nanosecond 1064 nm fibre laser marker/
engraver machines are capable of producing
functional surface textures within the range of ~5
um depth,which facilitates the broader adoption of
friction-reducing surface microtextures in complex
engineering systems, e.g., select tribosystems of an
internal combustion engine,

e ecven without systematic parameter optimisation, a
friction reduction of 7.1% was achievable and
reproducible on 3 samples with 1.3% deviation,
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which could be further improved by utilizing e.g., a
response surface method-based optimisation for
fine-tuning texture parameters,

e best-performing surface textures typically showed a
relatively shallow depth of 5 um compared to the
50 um width and 500 pm length of the utilized
texture shape,alongside moderate asperity growth
at the boundaries of the shape,

e  worst-performing textures generally showed a high
asperity peak growth with >10 pm height as a result
of excessive melting and relocation of the melt pool
through thermocapillary effects,which are expected
to be improved by introducing an inert atmosphere
during laser texturing, and experimenting with
defocusing the laser beam to better control ablation
power,

e using surface micro texturing, the anticipated fric—
tion reduction was achieved by reducing the peak
friction force at and around stroke reversalsby
maintaining a favourable friction state, as highlig—
hted by the measured contact potential.

The presented study has its limitations, mainly due
to equipment availability, which prevented the syste—
matic analysis of laser parameters using robust evalu—
ation methods, e.g., Desing of Experiments. A struc—
tured approach would allow for an in-depth correlation
analysis regarding the effect of not only laser power,
repetition rate and feed rate but also defocusing and
using an inert gas to assist the process. With precise
control of these parameters, the unwanted phenomenon
of asperity growth around texture edges(spatter) could
be further reduced, which could lead to additional
improvements in the coefficient of friction.
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APPENDIX

Figure A1. Plint TE-77 High-Frequency friction machine in
the Tribology Laboratory of the Department of Propulsion
Technology at Széchenyi Istvan University.

NPEJUMHUHAPHA CTYAUJA O JIACEPCKOJ
TEKCTYPH NOBPIIMHE KJIUITHUX
IMPCTEHOBA MOTOPA NYTHUYKUX
AYTOMOBUJIA
I'. Jlaku, I'. KoBau, A. llIBajrxapT, A.JI. Hal)

Jlacepcko TeKCTypupame TMOBpIIMHE Hyau Mmoryhe
pemiee 3a CMameme Tpema u3Mely  KIM3HHX
MOBPLIMHA y WHKCHEPCKUM arumkandjama. OnTuMu—
30BaHa Tomorpaduja MOBpIIMHE Takohe MOXKe JONpH—
HETH CMameHOM Xabamy W NMPOILY)KEHOM BEKY MOIM—
(uKOBamEM CTama Tpema y 3aBICHOCTH 0f] onTepehema
u Op3mHe y cuctemy. OBa mpennMUHApHA EKCIIepPH—
MEHTaJHa CTYAHja UCTPaXyje NPHUMEHJBHUBOCT IPHUCTY—
[IAYHUX CHCTEMa JIACePCKOI o0ejekaBama BJIaKaHa 3a
MHKPOTEKCTypHUpahe KIUITHUX MPCTEHOBA, Kako O ce
HOCTHUIJIO MEPJBUBO CMABEHE TPEHA Y YCIOBUMA MO—
Jena noxacucrema. M300p TekcTypa ce mpuMmemyje Ha
KJIMITHE TIPCTEHOBE O] JIMBEHOT IBoXkha 000KeHe Xpo—
MoM. Pesynrtupajyhe Tomorpaduje moBprinHe Cy OKa—
pakTeprcaHe KOH(OKaITHOM MHKPOCKOITHjOM M TOABP—
THyTe TecTHpamy Tpema. CIpoBe/ieHa je KOopenannoHa
aHalM3a Tmapamerapa Tororpaduje IOBpIIHHE Ja Ou ce
WICHTU(DUKOBAIM  KJBYYHH IapaMeTpH  JIaCepCKOT
npoueca. Hanasu ykasyjy Ha noOoJbluame y pacioHy of
7-8% y norneny koeduuujeHTa Tpewma y3 onrosapajyhy
BEJINYMHY TEKCTYpe.
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