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Experimental study of laser-oxygen cutting of low-carbon steel
using fibre and CO, lasers under conditions of minimal roughness

A.A. Golyshev, A.G. Malikov, A.M. Orishich, V.B. Shulyatyev

Abstract. The results of an experimental study of laser-oxygen cut-
ting of low-carbon steel using fibre and CO, lasers are generalised.
The dependence of roughness of the cut surface on the cutting
parameters is investigated, and the conditions under which the sur-
face roughness is minimal are formulated. It is shown that for both
types of lasers these conditions can be expressed in the same way in
terms of the dimensionless variables — the Péclet number Pe and the
output power Q of laser radiation per unit thickness of the cut sheet
— and take the form of the similarity laws: Pe = const, Q = const.
The optimal values of Pe and Q are found. We have derived empiri-
cal expressions that relate the laser power and cutting speed with
the thickness of the cut sheet under the condition of minimal rough-
ness in the case of cutting by means of radiation from fibre and CO,
lasers.

Keywords: laser cutting, CO, laser, fibre laser, cutting quality,
optimisation, dimensionless criteria.

1. Introduction

The advantages of laser cutting of materials are high speed
and high quality of the processing. In the last decade, cutting
with the use of high-power solid-state disk lasers or fibre
lasers has been actively investigated and applied in practice.
As a result of numerous studies, it was established that there
are a number of differences in metal cutting by means of fibre
and CO, lasers. The fibre laser has an advantage over the CO,
laser in cutting of thin (less than 4 mm) steel sheets [1]: it pro-
vides a much greater cutting speed than the CO, laser with a
comparable quality of cutting. In the case of thick sheets, the
cutting speeds for both lasers are comparable, but the CO,
laser provides higher quality of the cut.

The reasons for the differences in characteristics of the
cuts made using the two types of lasers are not yet formulated
clearly. According to most researchers, these differences are
of fundamental nature and related to the peculiarities of
propagation and absorption of laser radiation with the wave-
lengths of 1.07 and 10.6 um in the cut channel [2—4].

The comparative experimental studies allow one to
advance in understanding the physical characteristics of laser
cutting with the use of radiation at different wavelengths.
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They were carried out, for example, in papers [5, 6], in which
the energy balance of cutting in the inert gas atmosphere was
studied.

Laser cutting can be carried out in a certain range of its
speeds and for different values of the radiation power. Since
the advantage of laser cutting is high quality of the cut, and its
most important criterion in many applications is roughness of
the cut surface, it is of interest to determine the cutting condi-
tions ensuring minimal roughness. Theoretical solution to the
problem of the laser cutting optimisation in accordance with
the criterion of the cut quality is presently complicated by the
fact that the model of the surface relief formation in the cut-
ting process is not yet elaborated with taking into account all
possible mechanisms. The maximum cutting speed that is
obtainable on the basis of the energy balance is, generally
speaking, not the best in terms of quality of the cut.

In experimental studies, the maximal cutting speed is usu-
ally determined for each particular laser, and then the corre-
sponding value of roughness is fixed. Herewith, the criteria
that serve to select the initial parameters of cutting are not
always clearly formulated. In this paper a different approach
is applied. First, cutting parameters are optimised and the
minimum achievable roughness for each type of laser is deter-
mined. Then, the speed that corresponds to the minimal
roughness is selected.

Another feature of this work is the use of dimensionless
parameters to compare the cutting performance for fibre and
CO, lasers. This allows us to present the experimental results
in the generalised and compact form. In our previous works
[7, 8], the optimisation problem for the CO, laser has been
solved experimentally. The conditions of the cutting quality
in the case of laser-oxygen cutting of steel sheets were formu-
lated in the form of similarity laws — the values of the gener-
alised dimensionless variables ensuring the minimal surface
roughness were found. By way of such variables, the dimen-
sionless laser power and Péclet number were used.

In the present work, the in-depth study of the problem of
laser cutting optimisation is continued, and for the first time
a detailed comparison of the cutting parameters using fibre
and CO, lasers under the conditions of the minimal surface
roughness is conducted. The results are formulated in terms
of the dimensionless parameters.

2. Experimental procedures

The cutting was carried out using an IPG/IRE-Polus ytter-
bium laser with a collimator (IPG, model D5-WC/AC) hav-
ing the power of 2 kW and the beam parameter product BPP
(the product of the beam radius in the near field and the angu-
lar radius of the beam in the far field) equal to 3.8 mmmrad.
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The beam diameter at the focusing lens after the collimator
was 17 mm at the focal length of the lens of 200 mm; the cut-
ting was performed at the power of 0.5-2 kW. A continuous
CO, laser with the BPP equal to 4.7 mm mrad was used as
well [9]. The cutting was carried out in accordance with the
traditional scheme by means of circularly polarised radiation
having the power of 0.5-3.5 kW. Radiation was focused by a
ZnSe lens with a focal length of 190 mm. The beam diameter
on the lens was 25 mm. The fibre laser was used for cutting
the sheets of St3ps low-carbon steel of 3, 5 and 10 mm in
thickness, while the sheets of 5, 10 and 16 mm in thickness
were cut by the CO, laser. The jet of oxygen was formed by
means of a conical nozzle in the laser cutter chamber: at the
gas overpressure of 0.25 MPa in the case of cutting the sheets
of 3 mm in thickness, and 0.05 MPa in the case of cutting the
sheets of 5, 10 and 16 mm in thickness.

As a measure of roughness (typical height of inhomogene-
ity) the R. value was used. The roughness was measured using
an Olympus LEXT laser confocal scanning microscope and a
Rank Taylor Hobson profilometer (Series Form Talysurf).
By means of the layerwise scan method, the microscope
allowed one to obtain a three-dimensional picture of the sur-
face and determine the roughness value in a given section. In
our case, the R. value was defined in two sections — at the
distances of one-third and two-thirds of thickness of the
upper sheet surface. The larger of these two values was chosen
to characterise the sample.

Optimal parameters were found in two stages. Initially, a
two-parametric optimisation was carried out: the optimal
position of the beam waist and the cutting speed (further des-
ignated as V) was determined for a given power value. The
beam focus position defines the cutting width, the optimal
value b" of which is determined for each power value. After
that, at the second stage, the radiation power was optimised.
Of several pairs of 7, and b" values corresponding to differ-
ent powers, those were selected for which the surface rough-
ness of the cut was minimal. These values are designated as
Vopt and by, and the corresponding laser power was consid-
ered optimal.

The relationship between the roughness R. of the surface
cut and the cutting parameters can be represented in the form
of the functional dependence

R.=F(W, Ve, h,b,Ap,pg, thg, tg, Cons Ao Prvs Trns Lo /), (1)

where W is the radiation power; V7, is the cutting speed; /4 is
the thickness of the cut sheet; b is the cut width; Ap is the pres-
sure difference of the process gas across the sheet thickness;
Pe> Ug, and u, are, respectively, the density, average speed and
dynamic viscosity of the process gas; ¢, Am,» Pm» Tm» and Ly,
are, respectively, specific heat, thermal conductivity, density,
melting temperature and specific heat of melting of the mate-
rial being cut; and f'is the focal length of the lens.

It was experimentally shown in previous papers [7, 8] that,
for the description of the surface roughness R. when cutting
the low-carbon steel with the use of CO, laser radiation with
oxygen as the process gas, the function

R.
h

= @(Pe.0.4) 2

can be used instead of (1), with the following dimensionless
parameters: Pe = V_ bp el = Vbly is the Péclet number; y
=An/( pmCm) 1s the material thermal conductivity; and Q = W/

(AnhT,) is the laser power. The symbol 4; denotes the set of
parameters that characterise the system of radiation focusing,
the laser beam quality, the properties and chemical composi-
tion of the material to be cut. These parameters in our study
are constant.

It should be noted that the possibility of existence of func-
tion (2) that describes, via these dimensionless parameters, all
the diversity of the experimental data for two different lasers
with the radiation wavelengths differing by a factor of 10
requires experimental verification. The second fundamental
problem of practical importance was to experimentally deter-
mine the form of this function and to find out whether it has a
minimum similarly to the case of CO, lasers. The dimensionless
parameters given above correspond to the dimensional combi-
nations W/h, Vb that can be determined experimentally.

To perform the optimisation, i.e. to determine the mini-
mum of R._, we varied the thickness / of the cut sheet, laser
radiation power W, cutting speed ¥, and cutting width b.

3. Experimental results

The maximum amount of data on the cutting by means of
both CO, and fibre lasers has been obtained for the material
thickness of 5 mm. Figure 1 shows the photographs of the cut
surface made at the radiation power of 1 kW and optimal cut-
ting speed of 0.8 m min~! for the fibre laser and 1.5 m min™!
for the CO, laser under the condition of minimal surface
roughness. A similarity in the surface structure can be seen for
both types of the lasers. Regular strokes are observed in the
upper part of the cut surface, while in the bottom those
strokes become chaotic. The correlations between the zone
depths, groove steps and their angles of inclination in both
cases are close.

The results of measuring the surface roughness as a func-
tion of the cutting speed for the fibre laser are shown in Fig. 2.
It is seen that, in the upper part of the cut surface, the rough-
ness does not virtually depend on the speed, slightly decreas-
ing with increasing speed. In the bottom part of the surface,
wherein larger structures are observed, the roughness depends
on the cutting speed and possesses a minimum at V., =
0.8-0.9 m min..

Figure 1. Photographs of the cut surface of the sheet of low-carbon
steel with a thickness of 5 mm when cutting with the use of (a) the fibre
laser (W =1kW, V,=0.8 m min~!) and (b) the CO, laser (W =1 kW,
V,=1.5mmin"!).
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Figure 2. Dependences of roughness on the cutting speed when using
the fibre laser with the power of 1 kW and the sheet thickness of 5 mm
in the vicinity of the top (o) and lower (m) surfaces of the sample.

In the first-stage experiments, the optimal speed V. and
cutting width »* were found for each laser power. The results
of such an optimisation for a thickness of 5 mm, when cutting
with the use of the fibre and CO, lasers, are shown in Figs 3
and 4.

b*fmm | |= CO, laser
o fibre laser
0.8 E
0.6
04 r
0.2
1 1 1 1 1 1 1
0 0.5 1.0 1.5 2.0 2.5 3.0  WkW

Figure 3. Optimal cutting width vs. radiation power for the fibre and
CO, lasers at V= V.

Figure 4 shows the maximal cutting speed V.., above
which the cut disappears. Note that, when cutting with oxy-
gen as the process gas, the maximum speed always exceeds the
optimal one and does not depend on the laser type within the
experimental scatter of values.

The dependences of the optimum cutting width (Fig. 3)
and speed (Fig. 4) on the power are fundamentally different
for the CO, and fibre lasers. In case of the CO, laser, the val-
ues of V. and b" increase linearly with increasing power,
while in case of the fibre laser they remain virtually constant
(VS =0.7-0.9 m min~' and 5" = 480 — 514 um in the power
range of 0.5-2 kW).

The generalised data for different sample thicknesses in
the cutting optimisation by two parameters — the speed and
width of the cut — are shown in Fig. 5 in the form of depen-
dences of the Péclet number Pe” = V_'b"/y, which is calculated
by the optimal speed and optimum cutting width, on the
dimensionless laser power Q = W/(A,,hT,,). The thermal char-
acteristics of pure iron were used.
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Figure 4. Maximum cutting speed V,,,, and cutting speed V. corre-
sponding to the minimal surface roughness as functions of radiation
power for the fibre and CO, lasers at # = 5 mm.
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Figure 5. Péclet number corresponding to the minimum roughness as a
function of dimensionless radiation power for the metal samples of dif-
ferent thicknesess /.

As can be seen from Fig. 5, the data for different thick-
nesses are described in the dimensionless coordinates by a lin-
ear dependence Pe*(Q), whose form is determined by the type
of the laser. In the case of the fibre laser, this dependence is
‘degenerate’ — within the experimental error, different values
of the laser power correspond to the same optimum Péclet
number. Thus, in the range of parameters under consider-
ation, when cutting with the use of the fibre laser, a minimum
surface roughness optimised for the speed and cutting width
(focus position) can be achieved if the Péclet number Pe* =
0.35 is provided, regardless of the thickness of the cut sheet
and laser power.

In case of the CO, laser, different optimal Péclet numbers
correspond to different values of the dimensionless power,
and the dependence Pe*(Q) is close to linear.

The measurements show that the roughness correspond-
ing to the optimal speed and cutting width depends on the
power — it changes along the lines in Fig. 5, which represent
the dependences Pe"(Q). The generalised data derived in the
optimisation of cutting with respect to three parameters — the
cutting speed, position of focus relative to the surface (cutting
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Figure 6. Experimental dependences of the surface roughness R./h
on the Péclet number Pe = V_b/y and the dimensionless power Q =
WI(AhT,) when cutting the sheets of 5 mm in thickness by (a) the CO,
laser and (b) the fibre laser.

The data in Table 1 allow one to present and compare in
simple and clear form the conditions for obtaining the mini-
mal roughness of the cut surface by using two types of the
lasers. The dimensional dependences are more convenient for
practical purposes. To gain the minimal roughness in the case
of the CO, laser, it is necessary to increase the laser power
proportionally to the thickness of the cut sheet, so as to sat-
isfy the condition W/h = 200220 W mm~'. No significant
changes in the surface roughness occur when cutting with the
use of the fibre laser in the range W/h = 200-320 W mm™',
whilst the power increase does not lead to an increase in opti-
mal velocity at a given sheet thickness (see Fig. 4). It is there-
fore advisable to use the same power for both lasers, namely
200 W per 1 mm thickness of the cut sheet.

The cutting width does not refer to the adjustable param-
eters of laser cutting, it represents a characteristic of the cut,
which complicates the use of the condition Vb, = const.
For the fibre and CO, lasers, the optimal cutting width
increases with the thickness of the cut sheet. Herewith, the
laser type virtually does not affect the dependence of the cut-
ting width on the thickness (Fig. 7). The data in Fig. 7 are
approximated by the dependences b, = 0.35 + 0.02/ for the
CO, laser and by, = 0.32 + 0.0274 for the fibre laser. This
allows one to exclude the cutting width from the conditions
Voptbopt = const and, within the experimental scatter of £15%,
express the optimal cutting speed via the sheet thickness by
means of an analytic dependence. The relations for the opti-
mum cutting speed appear as follows: Vi, = 11/(0.35 + 0.02/)
for the CO, laser and V= 7/(0.32 + 0.027h) for the fibre
laser, where b, and /i are taken in millimetres, and V,p, — in

mm s

width) and laser radiation power — are shown in Fig. 6 in the
form of plots of the surface roughness R./h as functions of the
Péclet number and dimensionless power.

In fact, Fig. 6 presents the experimentally defined func-
tional R./h = ®(Q,Pe") for both types of the lasers. It can be
seen that this function is cup-shaped and possesses a mini-
mum that corresponds to the optimum cutting conditions:
Pep = const, O, = const. Optimal values of the dimension-
less parameters are given in Table 1.

Table 1. Optimal dimensionless parameters of cutting.

Parameter CO; laser Fibre laser

( = 10.6 um) ( = 1.07 um)
peopt = Voplbopt/y 0.5 0.35
Qopt = W/(/lthm) 16 16—26

The sections of the cups R./h = const in Fig. 6 are of ellip-
soidal form; their large axes coincide with the lines in Fig. 5,
being the result of optimisation with respect to two parame-
ters. In the case of the fibre laser, the cup is elongated along
the axis of the dimensionless power that corresponds to the
condition Pe = const, while in case of the CO, laser the cup is
tilted to this axis at a certain angle.

The data show that the similarity law (2) is common to
both types of the lasers, but its details, in particular, the form
of the dependence R./h = ®(Q,Pe) and the optimal Péclet
numbers are different. In the case of the CO, laser, the depen-
dence R./h(Q) has a pronounced minimum. When cutting
with the use of the fibre laser, there exists a wide range of the
Q values with a weak power dependence of the roughness.

bop/ M [ 07C6 Taser, oy, = 0.35 + 0.02%
08 o fibre laser, by = 0.32 + 0.027/
0.6
0.4
N [
02 f
0 5 10 15 20 h/mm

Figure 7. Optimal cutting width at the optimum focus position and op-
timal radiation power and cutting speed as functions of the sheet thick-
ness for the fibre and CO, lasers.

4. Conclusions

We have compared the laser-oxygen cutting of the low-car-
bon steel with the use of the fibre laser (the wavelength of
1.07 um) and the CO, laser (the wavelength of 10.6 um). As a
result of generalising the experimental data, the conditions
under which the surface roughness of the cut is minimal have
been obtained. These conditions are expressed in the form of
similarity laws in terms of the dimensionless variables, namely
the Péclet number V_b/y and the laser power per unit the sheet
thickness W/(A,hTy,). The conditions are the same for the two
types of the lasers: V,bop/y = const, W, /(A,hTy,) = const.
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The values of the dimensionless variables that correspond to
the minimal roughness when cutting with the use of the fibre
and CO, lasers have been found. Simple relations have been
derived from the similarity laws, which allow one to deter-
mine the basic original parameters of the laser cutting for a
given sheet thickness — the laser power and cutting speed cor-
responding to the minimal roughness.
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