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Abstract: Studies relate to two basic methods of steel marking — by melting and by
evaporation. Based on theoretical considerations, preliminary intervals of power density for
laser marking of 50 ChN steel are determined. Experiments are carried out with fiber laser,
operating in the near infrared area. Graphics on the dependence of contrast of marking from
the power density of laser radiation for two methods of marking were developed. Working
intervals of the power density for marking by melting and by evaporation for visual percep-
tion of marking and using the readers were defined.
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1. INTRODUCTION

Laser marking of products made of metals and
alloys is a complex technological process [1,2].
Power density is one of the most important parame-
ters influencing the process. To obtain good contrast
for marking of the product, appropriate working in-
tervals for this parameter must be determined. It is
most quickly achieved by obtaining preliminary en-
gineering-forecast results and conducting experi-
mental studies to clarify the role of power density.
The obtained intervals are used to fill the database
[3] on basic process parameters, one of which is
power density. They help the operator of the laser
technological systems.

2. PRESENTATION

The purpose of the work was to study the in-
fluence of power density on the process of laser
marking by melting and evaporization of structural
alloy 50 ChN steel products with fiber laser and by
receiving the working intervals of power density for
two methods of marking.

The two most used method of laser marking
are by melting and evaporation:

A. Marking by melting

In this method of marking in the zone of im-
pact the material is heated to a temperature above
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that of the melting point to obtain a melt. Optical
properties of the material in this area are changed,
for example, most often it darkens. The obtained
contrast between the area of influence and the adja-
cent zone is presented belowd (Figure 1).

Figure 1. Marking by melting

B. Marking by evaporation

e Creating channels in the material

Under the action of laser radiation the surface
evaporates in the zone of impact, leading to the for-
mation of a channel with a certain depth (Figure 2).
There is a possibility to fill the channels with an im-
aging agent.

Figure 2. Marking by removing material
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e Withdrawal of the layer, affixed on the
sample

The applied layer has a higher absorbance for
the falling laser radiation compared to the base ma-
terial (Figure 3). In the area of influence it evapo-
rates to make a contrast marking as the color of the
base material contrasts with the color of the layer.

50 ChN steel is widely used in industry. It is
used for making the rolls for hot rolling, pinion
shafts, gears, tires, crankshafts, connecting rods,
bolts, exhaust valves, and other major structural

and its basic thermo-physical characteristics are
presented in Table 2 [7,8].

Figure 3. Marling by withdrawal of the layer, affixed on

. AREn e . the sample
parts. Its chemical composition is given in Table 1
Table 1. Chemical composition of the structural alloy steel 50ChN
Chemical composition C Ni Cr S
Content, % 0,46 +0, 54 1,0+14 0.45+0.75 <0.035
Chemical composition Si Mn Cu P
Content, % 0,17 +0,37 0,50 + 0,80 <0.3 <0.035

Table 2. Thermo-physical characteristics of structural alloy steel 50G: thermal conductivity k, specific heat capacity c,

density p and thermal diffusivity a

Terrﬁiiﬁﬁ?gi“, K k, W/(m.K) ¢, J(kg.K) p, kg/m’ a, m*/s
293 45 490 7860 1,17.107°
373 43 500 7830 1,10.10°7°
473 40 510 7800 1,01.10°7°
573 39 560 7770 8,96.10°
673 38 630 7740 7,79.10°
773 37 700 7710 6,86.10 °
873 36 800 7680 5,86.10°
973 32 910 7650 4,60.10°
1073 23 650 7620 4,64.10°
1173 24 610 7590 5,18.10°°
1273 25 700 7560 4,72.10°

Experiments were carried out with the laser
technological system with fiber laser. It operates in
the near infrared area and is suitable for laser marking
of metals and alloys. A general view of laser technol-
ogical systems for marking with fiber laser and its

N

scheme are given in Figure. 4. Laser works in the
pulsed mode, which is suitable for laser marking. The
basic parameters of laser technological system for
marking with this laser are given in Table 3 [5,6].
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Figure 4. General view and block-scheme of laser system with fiber laser
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Table 3. Some basic parameters of laser technologi-
cal system for marking with fiber laser

Parameter Value
Wavelength 4, nm 1064
Power P, W 40
Frequency v, kHz 250
Pulse duration 7, ns 250
Pulse energy £,, mJ 0,16 =2,00
Beam quality M° 1,05
Positioning accuracy, pm 2,5
Efficiency, % 40

Theoretical calculations:

1. Determination of preliminary intervals for
power density for marking by melting

To obtain marking, the power density of the
laser radiation should be sufficient to cause melting
of the material in the treatment zone and / or its par-
tial evaporation. During research it is necessary to
take into account the fact that, with its increasing,
the absorbance of steel increased.

Because the power density of laser radiation
gs is one of the fundamental parameters that deter-
mine the changes in the physical state of the material
in the area of influence for marking, there is a con-
nection between it and temperature 7 of heating of
sample. It can be obtained from the following trans-
formations. According to [4], the time ¢ for reaching
a certain temperature 7 in the area of influence is
obtained
t:ﬁsk2r4(T—];)2 (1)

4ad’*P? ,
where P is the power of the falling laser radiation, &
— thermal conductivity, A — absorbance, a — thermal
diffusivity, 7y — ambient temperature; » — radius of
the working area.

It is recognized that

=4, @)
\%
) 3)
2
and
4p*
- (4)
qs d’

where v is the speed of marking, d — diameter of the
working area.

After substitution of (2), (3) and (4) in (1) for
temperatures less than the melting temperature of the
tool steel, the following dependence is obtained:

_kT-T) |zv (5)
s 24 ad

The power density is one of the most impor-
tant parameters determining the contrast of marking.
Therefore, there is a connection between contrast
marking and temperature. Furthermore, the heating
temperature of the surface of the sample determines
the method of detection — by melting or by evapora-
tion. All this shows that the knowledge of the tem-
perature fields is very important for optimization of
the process of laser marking.

Critical values of power density for melting
gswm and evaporation g¢gs,.,, include the magnitudes
defining the intervals in which performs laser mark-
ing on products of structural steel for various me-
thods - by melting and by evaporation.

The formula (5) may be transformed to de-
termine the critical power density for melting and
evaporization for metals and alloys (including struc-
tural steels).

We will apply the equation of heat balance for
melting of material

Q = Qh + Qma (6)
where Q is the amount of heat received by the ma-
terial; O, — the amount of heat for heating the ma-
terial;

0O,, —amount of heat for melting the material.

Qh = cm(Tm - TO): (7)
where m is the mass, T,, — temperature of melting.
0, = Lym, (8)

where L, is the latent heat of melting.
In consideration of (7) and (8) to (6), the fol-
lowing was obtained

Q=cm(Tm—T0)+me,

O=em(T, ~T)[1+—2o .

oT, =T,
The parameter
L
=" 9
T, -7y ®

is introduced, taking into account the proportion of
the amount of heat necessary to melt the material.

Q=01+5)0h (10)
The amount of heat Q is proportional to the
critical power density melting gs,,. Formula (5) can
be written for critical power density of melting
qSW:(HS)k(Tm_m v (11)
24 ad

With analogous considerations for critical
power, s, the density of evaporation was obtained,

_(+S)KT 1) |7z (12)
Shrv
24 ad
where parameter s’ is given by the expression
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SV — Lm + LV 13
o1, - 1,)" ()
L, — latent heat of vaporization.

If the sample must be heated to a temperature
in the interval T € (7,,; T,), the necessary power den-
sity is given by the expression

_ k[T_Z) +S(]-;n _Tn)] ﬂ
s 24 ad

(14)

2. Determination of preliminary intervals for
power density for marking by evaporation

The upper limit of power (and therefore pow-
er density) of each laser source is predefined and it
is necessary to determine the optimum interval of
modification of power density to achieve good quali-
ty of marking.

The maximum power density gsmax iS deter-
mined by the expression

_ A (15)
qS max 7Zd 02

where d is the minimum diameter of the spot.

For used fiber laser the following was ob-
tained
Gsmax = 4,16.10'" W/m®.

Computations for critical power density of
melting g, and evaporation gs,,, for different
speeds of marking were performed. The following
preliminary intervals for power density in marking
by melting and evaporation constructional alloyed
steel SOChN were obtained (Table 4).

Table 4. Preliminary intervals on power density for
steel 50ChN

Method of By melting By evaporation
imarking
v, mm/s qs, W/m?
20 4,28.10°+9,08.10° | 9,08.10° + 4,16.10™
30 5,98.10°+ 1,11.10™ | 1,11.10™+4,16.10™
40 6,05.10° + 1,28.10™ [ 1,28.10™+ 4,16.10™
50 6,77.10° + 1,44.10™ | 1,44.10™ +4,16.10™
60 7,41.10° + 1,57.10" | 1,57.10° + 4,16.10™
70 8,01.10° + 1,70.10™ | 1,70.10° + 4,16.10™
80 8,56.10° + 1,82.10™ | 1,82.10° + 4,16.10™
90 9,08.10° + 1,93.10™ | 1,93.10° + 4,16.10™
100 9,57.10° +2,03.10"° | 2,03.10° + 4,16.10™

These intervals are very useful in conducting
experimental research on laser marking of this steel.

Realized tasks:

1. Study of the dependence of the contrast of
marking from the power density for marking by
melting

Samples of structural alloy steel 50G were
prepared. Two test fields on 10 squares with 5 mm-
side were marked. The parameters, which were kept

constant throughout the experiments, are given in
Table 5. Power density of laser radiation are budged
for in the interval ¢s € [0,832.10'; 1,30.10'°] W/m?
with step 5,20.10° W/m’. Laser marking by melting
was realized.

Table 5. Technological parameters, which were kept con-
stant throughout the experiments

Parameter Value
Speed v;, mm/s 50
Speed v,, mm/s 70
Frequency v, kHz 30,0
Pulse duration 7, ns 100
Step Ax, pm 50
Number of repetition, N 1

Figure 5 shows the obtained experimental de-
pendence k* = k*(gs) for marking by melting on the
samples of studied steel with fiber laser. From their
analysis it follows that:

—By increasing the power density nonlinear
increase in the contrast and for the two speeds of the
marking was observed,

—By using Lagrange polynomials dependence
k* = k*(gs) was obtained in an analytical type for the
studied interval
k¥ = — 161,3.10
for speed v; = 50 mm/s;
k* = — 169,3.10 %¢s* + 471,27.10 % — 269,52
for speed v, = 70 mm/s,
where £* is in %, g5 is in W/m?.

—Working intervals for the power density are:
for visual perception of the marking

+ 443,55.10 "% — 237

gs € [1,04.10"; 1,30.10"] W/m* for speed
vy =50 mm/s;

gs € [1,04.10" 1,30.10"] W/m> for speed
v, =70 mm/s.

by using readers

gs € [[0,832.10"; 1,30.10'°] W/m* for speed
v = 50 mm/s;

gs € [0,920.10"; 1,30.10"] W/m> for speed

vy, =70 mm/s.

g P
w P

) // L
//

0,8 09 1 1,1 1,2 1,3
0 , 10" W/m?

k* , %

Figure 5. Graphs of dependence k* = k*(qs) for marking
by melting for speeds: 1 —v; = 50 mm/s; 2 —v, = 70 mm/s
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2. Study on the dependence of the contrast of
marking from the power density for marking by
evaporation

In the second series of experiments we ap-
plied laser marking by evaporation. For the two
speeds were marked were two test fields from 10
squares with a 5 mm-side. The parameters, which
were kept constant throughout the experiments, are
given in Table 5. Power density of laser radiation are
budged for in the interval g5 € [1,87.10'; 2,81.10"]
W/m?® with step 1,04.10° W/m®.

Figure 6 shows the obtained experimental de-
pendence k* = k*(¢s) for marking by evaporation on
the samples of studied steel with fiber laser. From
their analysis we can draw the following conclu-
sions:

By increasing the power density nonlinear in-
crease in the contrast and for the two speeds of the
marking was observed;

The rate of increase of the contrast is
for interval gs € [1,87.10'°; 2,39.10'"] W/m?
7,69.107"° %/(W/m?) for speed v; = 50 mm/s;
11,5.107"° %/(W/m?) for speed v, = 70 mm/s;
for interval gs € [2,39.10'°; 2,81.10'"] W/m?
4,76.10""° %/(W/m?) for speed v, = 50 mm/s;
7,14.10"° %/(W/m?) for speed v, = 70 mmy/s.

By using Lagrange polynomials, the depen-
dence k* = k*(gs) in an analytical type for the stu-
died interval was obtained.

k¥ = — 2,739.10 Pgs* + 19,243.10"%s + 42,594
for speed v; = 50 mm/s;
k* = — 4,108.10 g + 28,85.10 %5 + 20,4

for speed v, = 70 mm/s,
where £* is in %, gs is in W/m?.
The working interval for the power density
coincides with the whole studied interval, 1.e.
gs €1,87.10"; 2,81.10"] W/m®.
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Figure 6. Graphs on dependence k* = k*(qg) for marking
by evaporation for speeds: 1 —v; = 50 mm/s;
2—v, =70 mm/s

3. CONCLUSION

The results obtained from experimental stu-
dies allow the formulation of the following state-
ments:

— Upon marking by melting the contrast of
marking highly depends on the power density of the
laser radiation;

— Upon marking by evaporation the contrast
of marking was hardly influenced by the power den-
sity of the laser radiation;

— The relationship between the contrast of
marking and the power density can be expressed
analytically by Lagrange polynomial of the second
degree.

The paper is dedicated to International Year of
Light and Light-based Technologies, 2015 (IYL
2015).
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OJPEBMBAKBE PAIHUX NHTEPBAJIA I'YCTUHE EHEPI'MJE JIACEPA
ITP1 O3HAYABABY YEJIMKA 50 ChN

Caerak: VcnutuBama ce 0IHOCE Ha JIBa IJlaBHA METO/Ia 32 O0MIbEKaBahE YeTIHKa
— TOIUBCHEM WU HCHapaBambeM. Ha OCHOBY TEOpHjCKHUX pasMaTpama ojapeheHu cy
NpeJMMUHApHE WHTEPBaIM TYCTHHE CHare 3a Jjlacepcko oOmibexaBame venanka 50 ChN.
ExcniepuMenTr cy pal)eHH ca ONTHYKHM JIacepoM KOjH paiu y OJHCKOM HH(paupBEeHOM
noapy4jy. Ypahen je rpaguuku npukas 3aBHCHOCTH KOHTPAcTa OOMJbEKaBama O] TyCTHHE
CHare JIacepCKOr 3payca 3a IBHje METOIe O3HaYaBama. JleUHNCAHN Cy PaIHU HHTEPBAIH
IYCTHHE €Hepruje 3a OOWJbeXKaBame TOIUBCHEM U HCIapaBameM pajd BH3YyEIHE
nepleniyje O3HaYaBama U KOpUIIhemne JuTaya.

Kibyuyne pujeun: jacepcko oOMIbexaBame, CTPYKTYpHA JIerypa 4YelMKa, ONTHYKH
Jacep, KOHTPACT, TOIUbEIbE, HCTIapaBamke, T'YCTUHA €HEeprHje, PaaHu HHTSPBAaN.
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