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DETERMINATION OF THE CRITICAL VALUES OF POWER
DENSITY IN LASER MARKING OF TEXTILE MATERIALS

Purpose. Defining the applicability limits of the laser marking of cotton and polyester
fabrics with two types of lasers: L; — CO, & L, — CuBr.

Methodology. Digital data obtained from an experimental study were systematized and
processed analytically, and the results were presented graphically. The dependencies between the
physical variables and parameters that have the most significant impact on the technological
process of laser marking of textiles were worked out.

Results. The working intervals of the surface power density (gs) for the various processes of
laser marking at a speed of v€[40+140]mm/s for CO, and CuBr lasers have been defined. The
maximum values of surface power density (qsmax) for the studied materials at different focal length
and diameter of the working spot have been calculated. The dependencies of the impact time (t,q)
from the laser beam speed in pulse mode have been received.

Scientific novelty. A physical model of the process of laser marking of textile materials is
presented. The limits of applicability of laser marking for cotton and polyester fabrics have been
defined.

Practical value. The optimal values (working intervals) of the main factors of the laser
marking process have been obtained.

Keywords: Laser marking, cotton, polyester, CO, laser, CuBr laser, working intervals.

Introduction. Marking with laser radiation is the process of modifying the surface when
concentrated, coherent and monochromatic, high-intensity electromagnetic energy from a light
beam is directed to the material [1, 2, 3, 4]. The impact is effective when the laser beam acts with a
great power density (108+1011 W.m?) and a duration of impulses between 10ns=10ps on the
treated area. As a result of the focus of the beam the heat is very intense in a small area. The
resulting "mark" has a micro size of 20-200um [5]. Laser marking of textiles allows the creation of
a unique, indelible mark that contains important information about the product.

For the organic polymers, such as textile polymers, the thermal influence of the laser
radiation is expressed in an increase of the textile fibres’ temperature to a temperature at which one
or other processes take place and cause changes in their chemical and/or physical properties.
Depending on the type of material and the reached temperature, laser marking happens as a result of
one or more processes: destruction, depigmentation (discoloration), change in color, burning
(carbonation), melting, evaporation, etc.

Destruction is the process of demolition of the cellulose polymer chain that builds up the
cotton fibres. This demolition is caused by the thermal action of the laser radiation. In the cotton
cellulose, destruction occurs in the range between 150°C and 180°C [6].

Decoloration (depigmentation) is another method used as a result of the thermo-effect by the
impact of the laser which leaves a noticeable mark to the raw surface. The color fading or the
complete removal of the color as a result of the controlled action of the beam on the dyed textile
materials are caused by the photo-decomposition of the colouring agent (dye) without damaging the
fibers of the basic textile material. During this process, the laser radiation penetrates into the
polymer to a depth up to 100um and is absorbed by the colored pigments [7, 8, 9]. The formation
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of a foam-like structure is a partial degradation of the material and it creates gas bubbles, the inside
of which is filled with air or gaseous monomers. They have a depth up to 100pum in material and up
to 50um in height above the surface of the material. The bubbles become visible due to the differing
refraction of the light [10]. Re-crystallization is a process of phase transformation of material from
solid into liquid and then solid again as a result of which the color of the material changes. The
process of vitrification occurs in the textile fibres and they pass from a high elastic into a pseudo-
plastic state. For the cotton, the glass transition temperature is about 220°C and for the polyester
80+90°C. The polyester fibres melt at 260°C.

Evaporation (ablation) occurs when heating the material above the temperature of
evaporation, when the phase conversion of the surface layer (with a thickness ranging from parts of
micron to several hundred microns) starts conversing from liquid or solid (sublimation) into
gaseous form. As a result, channels are formed and a relief is observed. If another layer (for
example coating) is put onto the fabric, through the laser treatment only this layer can be removed
and channels can be formed with a color different from the color of the basic material. The
polyester fibre is destroyed upon reaching 350°C.

Carbonisation is an easy and effective way for laser marking in which a burnout takes place
on the surface of the cotton textile products. The cotton fibres become carbonized at 300°C. The
mark has a yellow-brown color [11]. Marking through carbonation forms images with high and
clear contrast, but there are also undesirable results: a part of the surface of the material can be
destroyed and this reduces its resistance to wear. For this reason, it is necessary to determine the
values of the parameters of the process very accurately and set boundaries of the area of application.

The mark is formed as a result of destruction, vitrification and carbonation for the cotton
fabrics and vitrification, melting and evaporation for the polyester fabrics.

Objectives. When marking textile materials, it is not necessary to use a powerful laser
radiation. It is necessary to achieve an optimal mode of the technological process by specifying
values for the parameters of the laser system, under which it will be possible to obtain a mark with
visible contrast without damaging the material and at minimal cost. In this study, in order to
understand the physical nature of the process of laser marking of textile polymers, the interaction of
the laser radiation with the substance of the treated material was analyzed and the limits of
applicability of the physical model were defined. The aim was to work out the relationships
between the physical magnitudes and to make some preliminary calculations in order to analyze
their importance for the optimization of the laser marking of cotton and polyester textile materials
with a view to achieve optimal quality of marks.

Research results. Processes in the material depend to a large extent on the optical and
thermophysical characteristics of the treated material. A part of the light flow (F) which falls on the
processed material is reflected by its surface (Fgr), another part is absorbed (Fa), and a third part
passes through material (Fp), where the respective coefficients are: p-reflection, a-absorption and S-
transmission (Fig.1a). This can be expressed through the energy and will have the following form
(Formula 1):

E=Eg+Er+Ep 1)

where: E - energy of the drop-down light flow, Ea - energy of absorbed light flow, Er -
energy of reflected back light flow, Ep - energy of transmitted light flow.
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In the interaction of the laser beam with the material (Fig. 1b), in the area of processing 2
extra energy is also received as a result of the conduct of other possible processes such as: Egh -
chemical reactions (oxidation), E. - energy which moved to the heat-affected zone around the work
area 3, E; - energy of the radiation emission, E¢o, - l0ss of energy by convection, Epg- technological
process energy (energy for heating, melting and/or evaporation) [12].
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Fig. 1a. Beam falling over the textile material  Fig. 1b. Physical model of the process
of laser marking of textile materials - energy balance

The energy of the laser beam - E that falls on the textile material is transformed into
different energies and the equation of the energy balance can be written:

E=Ea+ Er+Ep+ Epr+ Ech + Ect Er+ Econ (2)

The loss of energy by convection En and the energy of radiation emission E; are negligible,
as the heating of the material takes place for a very short time followed by cooling for almost the
same time. As a result of the heat conduction of the material, the heat spreads deeply in the product,
but the heat-affected zone is small because the time is short and the E. values are small. As a result
of the reflection from the surface, energy losses Er are received and a part of the energy is wasted
by its passage through the fabric - Ep. Taking into account the loss of energies, the following
equality can be written for the energy required for the marking of the material:

Eat Ecn=Epr + E¢ (3)

The process of laser marking of textile polymers is complex and in its realization, influence
of a multitude of technological factors and physical quantities is observed in varying degrees [13].
In order to evaluate the extent of the impact of each of them, it is necessary to analyse these factors
and variables, the links between them and their correlations. In this paper, the factors with the
greatest impact on the process and the most essential links between them are presented. The surface
power density - gs, is @ major technological parameter that determines the quality of the laser
marking process and the contrast of marking. It depends on the average power of the laser source -
P and the area of the beam - S:
4.P (4)

P -2
4= 3= Tt.dz'W'm

()
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For each laser, the maximum power is specified by the manufacturer and cannot be changed.
Therefore, the optimization of this parameter will depend on the size of the circle with diameter d,
formed by the laser beam and called focal spot (5). The change of the focal spot diameter will cause
a change of the surface power density. At the same average power of radiation, the smaller the area
onto which the beam is focused, the bigger will be the value of qgs. The relationship between the
critical power density gs «p, and temperature T is given by the equations (6):

 (T-Tkvm  (T—Tyk , o o=ty
s kp. = 2(1_R)\/a-_tvd_ 2.4 a.de. 1.V ©) TV (7)

(8)

For the process of laser marking, the surface power density gs is associated with almost all
parameters of the technological system (6 and 8): t,4 - time of impact of a laser in pulse mode (7), k
- coefficient of thermal conductivity, o - coefficient of absorption, R - reflection, A- absorption, v -
marking speed, d; - diameter of focal spot, v - frequency of repetition of impulses, 7 - duration of
impulses. The critical values of the surface power density are important for the differentiation of the
ongoing processes at: different speeds of marking - v;, different lasers - L; and different types of
textiles. The minimum diameter of the focal spot d; is calculated for both types of lasers (L;- CO,
and L, - CuBr) and focal length f;. The results are summarized in Table 2. From the theoretically
calculated values for d; at different focal length and diameter of the pull-down radiation, the most
suitable laser system can be chosen.

Table 2
Minimum diameter of the focal spot at the focal length f;
df, um
D f1= 100 mm f,= 160 mm f3= 254 mm f,= 300 mm
mm Ly Lo Ly Lo Ly L. Ly L.
8 253,2 13,8 405,1 22,1 643,1 35,1 759,6 41,5
9 225,1 12,3 360,1 19,7 571,6 31,2 675,2 36,9
10 202,5 11,1 324,1 17,7 514,5 28,1 607,6 33,2

The maximum value of gsmax IS calculated by the formula (6) and the values for d; are taken
when the diameter of the drop-down radiation on the lens is D=10mm (Table 3).

Table 3
Maximum power density at the focal length f;
P, dfl! 4smax1 de! dsmax2 df3) dsmax3 df4! dsmax4
Laser | W | pym |10°W.m™| 4y | 10°W.m™2 | pm | 10°W.m™2 | pm | 10°W.m™2
fi.mm f1 =100 f> =160 fz = 254 fa =300
Ly 50 | 202,5 15,5 324,1 6,07 514,5 2,41 607,6 1,73
L, 10 11,1 103,4 17,7 40,7 28,1 16,1 33,2 11,6

In order to take into account the influence of the temperature, which is transmitted to the
workpiece material by the laser beam, the critical power density is calculated by the formula (6),
where the focal length f,=160mm for marking of cotton (C) fabrics by: destruction (Qsp.s),
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vitrification (Qs«p.s), carbonation (gs«p.«) and for marking of polyester (PET) fabrics by: vitrification
(Uskp.s), Melting (Qsp.r), €vaporation (gsp.u)-

From the calculated values for the critical power density and maximum power density Qsmax,
intervals for the power density in the marking with L; (CO, with A;=10,6um) & L, (CuBr with
A»=0,511um) lasers are received, through the various stages of the process, for cotton and polyester
materials respectively Tables 4 and 5. The values of the temperature - Ti, are taken for the
respective conditions of the material when heated.

Table 4
Intervals for the power density for cotton materials with L; & L,
qs, 10°W.m?
Ne v, Destruction Vitrification Carbonation
mm/s L, L, Ly L, L, L,
1 40 1,15+ 1,77 4,9+7,6 1,77+2,48 7,6+10,7 2,48+6,07 10,7+40,7
2 65 1,47+ 2,26 6,3+9,7 2,26+3,16 9,7+13,6 3,16+6,07 13,6+40,7
3 90 1,73+ 2,66 7,4+114 2,66+3,72 11,4+16,0 3,72+6,07 16,0+40,7
4 115 1,95+ 3,00 8,4+12,9 3,00+4,20 12,9+18,1 4,20+6,07 18,1+40,7
5 140 2,15+ 3,31 9,2+14,2 3,31+4,64 14,2+19,9 4,64+6,07 19,9+40,7
Table 5
Intervals for the power density for polyester materials with L; & L;
qs.10°, W.m™
Ne v, Vitrification Melting Evaporation
mm/s L, L, Ly L, L, L,
1 40 0,54+ 2,16 2,32+9,27 2,16+2,96 9,27+12,75 2,96+6,07 | 12,75+40,7
2 65 0,69+ 2,75 2,96+11,82 | 2,75+3,78 | 11,82+16,26 | 3,78+6,07 | 16,26+40,7
3 90 0,81+ 3,23 3,48+13,91 3,23+4,45 13,91+19,13 4,45+6,07 19,13+40,7
4 115 0,91+ 3,65 3,93+15,72 3,65+5,03 15,72+21,60 5,03+6,07 21,60+40,7
5 140 1,01+ 4,03 4,34+17,35 4,03+5,54 17,35+23,90 5,45+6,07 23,90+40,7

The resulting graphic dependencies (Fig.2) for qgs.i=f(v;) are almost linear and with the
increase of the speed, the surface density of power also increases. When marking by carbonization
of cotton materials for both lasers, it can be seen that for L, almost five times higher gs is needed
than with L; laser under the same conditions of the technological process of marking. When
marking of polyester material by evaporation for both L; and L, lasers, the dependencies show
almost the same as with the cotton materials dependencies, but the L, curve is slightly less steep.
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Power density for C and PET marked with L; & L,

====| 1 Carbonation C  ==#==| 1 Evaporation PET
L2 Carbonation C ~ ====|[ 2 Evaporation PET

gs .108 W.m?

— —— —— .
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Fig.2. Dependencies of the power density from the speed qs «,.=f(v) when marking
of cotton and polyester materials with L; and L lasers
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If we compare the two lasers and both materials (C and PET), when marking by carbonation
and evaporation respectively, there is a greater value of curves for the marking of polyester
materials compared to cotton materials and it is more expressed when marking with laser L.

Izower density in the function of frequency and impulse power— gs= f(v), gs=f(P,)

v1=40mm/s <¢v2=65mm/s =v3=90mm/s
0,3 - =O==y4=115mm/s —@—\5=140mm/s

’
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Fig.3. Dependencies of the power density from the frequency
of the laser pulse and the impulse power for L,

This can be explained by the different wavelengths of the two lasers. When marking with L,
laser, even at lower speeds, the power density necessary for the realization of marking with good
contrast will be reached. The results of the change of the surface density of power at the change of
frequency in the range 1+24kHz (impulse power - P, respectively) for laser L, at various speeds of
the laser beam are shown in Fig. 3. The relationship between the pulse power and the frequency of
pulse is inversely proportional, allowing even at a low pulse power to reach significant values of the
frequency of pulse.
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Time of impact when marking with L, (a) " Time of impact when marking with L, (b)
o 10 g 05
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Fig. 4. Time of impact (t,q) when marking with L; (a) and L, (b) lasers and different ds

The graphics in Fig. 4 show the dependence of the time of impact t,q of the laser beam from
the increase of speed for the different diameters of the focal spot. The comparison of the graphs for
the two lasers shows that the dependence between the time of impact and the speed of movement of
the laser beam, in the pulse mode of the laser system, is nonlinear. With the increase of the speed,
the time of impact decreases for both lasers. As much the speed is higher, the less it depends on the
diameter of the focal spot. It can be seen clearly that the time required for the impact on the material
with the laser L; is in times less compared to the laser L;. This means that if the laser with vapours
of copper bromide is applied, under the same parameters of the technological process, productivity
would be higher.

Conclusion. From the calculations and the relevant graphics, it can be concluded that when
increasing the speed of marking, the amount of the absorbed energy increases and therefore the
productivity of the technological process of laser marking of textiles will also increase.

On the other hand, when the speed is higher, the time of impact of the laser beam on the
processed material will decrease. If working with smaller speeds, the laser beam will stay for a
longer time on the marking field and will absorb a greater amount of energy. As a result of this, a
bigger contrast of the marking will be achived.

The presence of the two contradictory conclusions is an opportunity to search a compromise
between productivity and quality. For the textile polymers of organic origin, if the surface density
of power is greater than a certain critical value - gs .., the demolition of the fibres, and the fabric in
general, can happen very quickly.

From the above follows that, when marking textile fabrics, the most important condition for
achievement of a high contrast is the determination of the optimal values of the relevant parameters
of the process, including the power density, as the main parameter, and the speed of the laser beam
in its movement on the material.

In this study, the limits of the applicability of laser marking of cotton and polyester fabrics
with two types of lasers have been determined. The working intervals of the surface power density
for the various processes of laser marking at a speed of v€[40+140]Jmm/s for CO, and CuBr lasers
have been defined. The maximum values of the surface power density for the investigated materials
have been calculated. The dependencies of the impact time from the speed of the laser beam in
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pulse mode have been received. The obtained results allow expanding the practical application of
this innovative technology in the textile industry.
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OINPEJEJEHUE KPUTUYECKUX 3HAYEHU YVJIEJbHOM MOIITHOCTHU
IIPHU JIABEPHOM MAPKHAPOBKE TEKCTH/IbHBIX MATEPHUAJIOB
AHI'EJIOBA U., ABIEEBA M.

Texnuuecxuti ynusepcumem I abposo, boreapus

IJens. Onpedenenue npedenos ucnonb308anus 1a3epHOL MAPKUPOBKU XAONYAMOOYMANHCHBIX
U NOMUDPUPHBIX MKAHEU C UCNOIb308aAHUEM 08YX munos aazepos: Ly - CO, u Ly - CuBr.

Memoouka. Llugposvie Oanubie, nonyyeHHvie 6 pe3yabmame IKCNEPUMEHMANbHOLO
UCCNe008anusl,  CUCMEMAmMu3uposanly U 00pabamvléalu  aHAIUMU4eckKy, U  pe3yibmamol
npeocmasenenvl epaguyecku. Pazpabomanvl 3aeucumocmu mexicoy guuyeckumu napamempamu u
napamempamu, KOmMopble OKA3blearom Hauboiee CyuwecmeeHHoe 6IUAHUEe HA MEeXHOI02UYeCKULl
npoyecc 1a3epHol MapKUpoKU meKCcmuis.

Pezyrvmamut. Onpeoenenvl pabouue unmepaaibl NOBEPXHOCMHOU YOEeIbHOU MOUHOCMU ({s)
07151 PA3IUYHBIX NPOYECCO8 A3EPHOU MAPKUPOBKU cO ckopocmbio v [40 + 140] mm / ¢ Ons nazepos
na CO; u CuBr. Paccyumanbl MakcumaibHvle 3HAYEHUS NOBEPXHOCHMHOU YOeNbHOU MOUWHOCMU
(Qsmaxy) 0151 uccredyemvix mMamepuanod npu PAaziuyHOM QOKYCHOM pacCmosHuu u ouamempe
pabouezo namua. bevinu nonyuemvr 3asucumocmu épemenu 6osoeticmeus (tg) om cKopocmu
JIA3EPHO20 JIyYa 8 UMNYIbCHOM DeXCUMe.
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Hayunas noeusna. Ilpeocmaenena ¢pusuueckas mooenv npoyecca 1a3epHou MapKuposKu
MEKCMUIbHLIX Mamepuanos. Onpeoenenvl panuybl NPUMEHUMOCMU JA3ePHOU MAPKUPOBKU 0.5
XZI0N4amoOyMaNCHbIX U NOTUIPUPHBIX MKAHEIL.

Ilpakmuueckas 3nauumocme. Ilonyuenvl onmumanbHvle 3Ha4eHUs (paboyue uUHMepPEabl)
OCHOBHUIX (haKmMopos npoyecca 1a3epHoll MapKUPOSKU.

Knrwouegwvie cnoea: nazepnas maprkuposka, xaonok, noauscmep, COqr-nazep, nazep CuBr,
pabouue uHmepeavl.

BU3HAYEHHS KPUTHYHNX 3HAYEHB TIUTOMOI IOTY X KHOCTI
IIPU JTABEPHOMY MAPKYBAHHI TEKCTHJIBHUX MATEPIAJIIB
AHT'EJIOBA, . ABJIEEBA M.

Texniunuti ynisepcumem I abposa, boneapis

Mema. Buznauenus mesxic 3acmocy8anHs 1a3epHO20 MApPKYBaHHs OAB808HAHUX 1 noiedipHux
MKAHUH 3 BUKOPUCMAHHAM 080X munis nazepis: Ly - CO, i L, — CuBr

Memoouxa. [Lugposi oOani, sKi ompumani 6 pe3yibmami eKCNepUMEeHMAIbHO20
00CNIONCEHHS, CUCTNEeMAMU3Y8an ma O0OpoONAIU AHANIMUYHO, | pe3ylbmamu npeocmasieno
epaghiuno. Po3pobneno 3anexcnocmi mise Qizuunumu napamempamu i napamempamu, aKi Marome
HaUbinbW iICMOMHULL 8NIUE HA MEXHOI02IYHUL NPOYeC NA3ePHO20 MAPKYBAHHS MEKCMUIIO.

Pezynomamu. Busnaueno poboui inmepeanu nogepxnesoi numomoi nomysscHocmi (qs) ons
PI3HUX npoyecie nazepro2o mapkyeanus 3i weuoxicmio v [40 + 140] mm | ¢ ona aaszepise na CO; i
CuBr. Po3paxosami MaxkcumanvbHi 3HAYEHHs NOBEPXHEBOI NUMOMOI NOMYHCHOCMI (Gsmax) O
docnidacysanux mamepianie npu pisHitl ¢oxycuiti iocmani i diamempi pobouozo niasmu. bynu
OMPUMAHI 3aNeHCHOCMI Hacy 6nausy (tyg) 6i0 WBUOKOCMI N1A3ePHO20 NPOMEHIO 6 IMNYIbCHOMY
PedNcuMi..

Haykosa mnoeusna. Ilpedcmaeneno @izuuny mooenv npoyecy aa3epHo20 MApPKYE8AHHS
MEeKCMUIbHUX ~Mamepianie. Busnaueno medxci 3acmocysamHs 1a3epHO20  MAPKYBAHHA  OJA
0aB0BHAHUX | NONIeIPHUX MKAHUH.

Ilpakmuuna 3unauumicmes. OmMpumaHo ONMUMATLHI 3HAYEHHS (poOoui  iHmepsaiu)
OCHOBHUX YUHHUKIB NPOYeCy 1a3epHO20 MAPK)YEAHHSI.

Knrouoei cnosa: nazepne maprxyeanus, oasoena, noaiecmep, COr-naszep, nazep CuBr,
poboui inmepsanu.

208





