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In metallurgical processes, metal sheet cutting is usually a basic
technological operation that needs to be performed. All other
technological operations follow the procedure of metal sheet cutting, with
the final aim of manufacturing a final product. Machines used for that
basic metal cutting operation shall be reliable, efficient, fast, and relatively
easy to work with. While working with a laser, the authors noticed the
inefficiency of cutting with nitrogen. Nitrogen bottles got empty too
quickly, which caused additional costs. Inefficient, i.e., excessive nitrogen
consumption requires a more frequent supply of nitrogen. During the
COVID-19 pandemic, nitrogen was not always available, as suppliers
shifted to manufacture oxygen bottles for medical needs. Therefore, the
authors engaged in finding solutions to reduce the consumption of nitrogen
at cutting. The mentioned problem was studied within the experiment that
focused on the optimization of nitrogen use during fiber laser cutting, the
procedure, and results of which are described in this paper. Specimens of
different cutting parameters were prepared and cut to measure their
roughness and burr height. The collected data were used to create a
mathematical model with an ANOVA table. The experiment resulted in the
determination of optimal cutting parameters achieved by the lowest
possible cutting gas pressure.

Keywords: cutting parameter optimization, cutting gas pressure, burr
height, ANOVA

1. DESCRIPTION OF A PROBLEM

A fiber laser is applied in cutting metal sheets with
nitrogen at an initial operating pressure of p, being, 24
bars. Such high operating nitrogen pressure facilitates
high-quality cuts at parameters that deviate from
optimal ones. However, the disadvantage of high
operating nitrogen pressure is slower cutting with the
same amount of gas, meaning it is less productive to cut
at high operating nitrogen pressure than at reduced
operating pressure. In order to get a satisfactory quality
cut and to reduce nitrogen consumption, it is necessary
to lower the operating pressure of cutting. A quality cut
can still be obtained if the operating pressure is reduced
by 2 to 3 bars without adjusting other cutting para—
meters. Such an approach is simple, but it does not
facilitate significant gas savings. While intending to
reduce the nitrogen pressure, other cutting parameters
have to be adjusted, too, in order to obtain a quality
burr-free cut. Parameters are usually adjusted by selec—
ting different values for each parameter at which expe—
rimental cutting is done. Based on the appearance of
cuts, a laser operator decides whether a particular
parameter needs further adjustment to achieve the
desired effect of cutting [1-3].
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2. INTRODUCTION TO CUTTING PARAMETERS

Metal cutting with fiber laser requires correctly set
parameters to make cutting as efficient as possible and
get the highest quality cut. The peak cutting power and
the laser beam frequency can be adjusted. Yet, those
parameters are less important if knowing that the
nominal power is sufficient for cutting metal sheets of a
certain thickness. Other important parameters refer to
nozzle distance from the workpiece, the piercing height
and time, and the cutting height.
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Figure 1. Example of cutting by fiber laser.
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Cutting speed is also an important parameter, which
depends on other para—meters, auxiliary gas type, and
the kind of processed material. Moreover, cutting is also
influenced by the distance of the beam focus from the
upper metal surface. The focus distance is measured in
millimeters, in positive values if it is above the upper
surface of the metal sheet, or in negative values if it is
below the upper surface of the metal sheet. Referring to
the nozzle parameter, it is important to choose the
appropriate type of nozzle, which can be a single nozzle
for nitrogen cutting or a double nozzle for oxygen
cutting. The nozzle diameter can be larger or smaller,
depending on the metal sheet thickness. Before pro—
ceeding with laser cutting, it is very important to check
the laser beam position and adjust it to the center of the
nozzle (Figure 1). Failure to do so may result in poor
cuts, uncut workpieces, or in damaged fiber laser parts
[4-6].

2.1 Parameters and properties of cutting with
auxiliary gases

The type and pressure of auxiliary gas used during cutting
are perceived as key cutting parameters. The laser-cutting
process is performed with oxygen, air, or nitrogen.
Cutting thinner sheets is the fastest with nitro—gen and the
slowest with oxygen. Nitrogen used for cutting has to be
of a minimum of 99.99% purity. Such high purity of
nitrogen prevents changing of cut sheets' color. When
cutting with nitrogen, metal is molten only with the laser
beam heat [7]. As an inert gas, nitrogen prevents
oxidation during cutting and blows away mol-ten metal
due to high cutting pressure, which can be between 12
and 25 bars. The higher the nitrogen pres—sure, the more
the cutting parameters and properties can deviate from
the optimal ones, yet a burr-free quality cut can still be
obtained (Figure 2). Higher nitrogen pres—sure also
allows for faster-cutting speed, but cutting with nitrogen
at lower pressure is more cost-effective [5].

Figure 2. Cutting with nitrogen at sufficient and insufficient
pressure; 1 - Appearance of the cut workpiece at sufficient
nitrogen pressure; 2 - Appearance of the cut workpiece at
insufficient nitrogen pressure.

Compared to nitrogen cutting, it is 3 to 5 times
slower. Oxygen cutting pressure can usually range from
0,6 to 1,5 bars. When the laser beam heats the metal to
the ignition temperature, an exothermic reaction occurs
and burns the metal. Oxygen facilitates a 3 kW laser
cutting up to 20 millimeter-thick metal sheets. The
success of oxygen or nitrogen cutting depends on the
focus distance, which needs to be well adjusted to the
upper surface of the metal sheet. On Figure 3 could be
seen when cutting with oxygen, the focus must be above
the upper surface of the sheet, and when cutting with
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nitrogen, the focus must be on or slightly above the

lower surface of the sheet [8,9].
Figure 3. Position of focus depending on the auxiliary

cutting gas; 1 — Position of focus at oxygen cutting; 2 —

Position of focus at nitrogen cutting.

2.2 Experiment description

Aiming to obtain a good burr-free cut at the lowest
possible operating gas pressure, this experiment deter—
mined the interdependence of certain parameters on
specimens cut out of the X5 CrNi 18-10 polished stain—
less austenitic steel sheet with a protective foil. The
sheet was 3 millimeters thick, 1250 millimeters wide,
and 2500 millimeters long. Various cutting parameters
(cutting frequency, peak power) affect the final cut
quality, yet examining all aspects of their interde—
pendence would be complex and superfluous for this
research. Therefore, three cutting parameters were
selected and examined in terms of their optimization
effects on final cuts, while the remaining parameters
were set to a fixed value. The parameters to be opti—
mized were:

- focus distance from the upper surface of metal sheet f,
mm

- operating nitrogen pressure p, bar

- nozzle height measured from the specimen surface h,
mm.

Twenty sets of parameters were determined and
applied on twenty workpieces to obtain data, i.e.,
measures of the arithmetic mean deviation of the profile
Ra, the maximum roughness height Rz, the mean square
deviation of the measured profile Rq, and the burr
height hs. The above-stated parameters were assigned
with different values, as determined by the Design-
Expert software. The interdependence of parameters
resulting from the measured values was used to
determine the minimum nitrogen-cutting pressure at
which burr-free cuts can be obtained [10].

The Design-Expert software was used to determine
the values of cutting parameters for each of the twenty
specimens.

Table 1. Parameters defined for the experiment.

Specimen Focus f, A .
Ord.No. mm preslf::e Ds Nozzle height , mm
1 -1.4054 22.3649 0.401349
2 -3 18.5 0.55
3 -1.4054 14.6351 0.698651
4 -2.5946 14.6351 0.401349
5 -2 12 0.55
6 -1 18.5 0.55
7 -2 18.5 0.55
8 -2 18.5 0.55
9 -2 18.5 0.55
10 -2 18.5 0.3
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11 -2 18.5 0.8
12 -2.5946 14.6351 0.698651
13 -2.5946 22.3649 0.698651
14 -2 18.5 0.55
15 -2 25 0.55
16 -1.4054 22.3649 0.698651
17 -2 18.5 0.55
18 -2 18.5 0.55
19 -1.4054 14.6351 0.401349
20 -2.5946 22.3649 0.401349

Laser cutting was run by the CypCut software, in
which values of the cutting parameters can be set to one
decimal place. Therefore, the parameters listed in the Table
1 had to be rounded to the values presented in Table 2.

Table 2. Parameters applied to specimen cutting.

Specime Nitrogen Nozzle height h,
n Ord. Focusf, mm pressure p,

No. bar mm
1 -1.4 22 0.4
2 -3 19 0.6
3 -1.4 15 0.7
4 -2.6 15 0.4
5 -2 12 0.6
6 -1 19 0.6
7 -2 19 0.6
8 -2 19 0.6
9 -2 19 0.6
10 -2 19 0.3
11 -2 19 0.8
12 -2.6 15 0.7
13 -2.6 22 0.7
14 -2 19 0.6
15 -2 25 0.6
16 -1.4 22 0.7
17 -2 19 0.6
18 -2 19 0.6
19 -1.4 15 0.4

20 -2.6 22 0.4

Cutting at the set parameters was done by using a
single nozzle with a diameter of 2 millimeters. At a cut—
ting pressure of 24 bar with a single 2.0 nozzle, the best
cut appeared burr-free on the lower edge. The cutting
speed was constant at 3 m/min. The laser beam power
was 3 kW, and the frequency was 5 kHz (Figure 4).
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Figure 4. Set-up of parameters in the CypCut software [7].
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Before starting the cutting process, the selected
nozzle was checked, and the laser beam was positioned
to the center of the nozzle to avoid the laser beam's in—
correct position from affecting the quality of the
specimens' cut. Specimens were 40 millimeters wide
and 60 millimeters long. In the CypCut software, the
path layer was planned, and the piercing position was
placed on the outside contour at a length of 2 milli—
meters to obtain a full rectangular cross-section without
holes. Cutting was done outside the contour to avoid
possible burrs or roughness on the cut. The cutting
parameters did not cause roughness; it rather occurred
because of high heat input, melting, and blowing of the
material around the piercing spot [11, 12]. Specimens
had a protective foil on their upper surface, so the
cutting surface was protected from accidental damage.
In certain cases, the protective foil significantly affects
the quality of the cut; therefore, the process of cutting
the specimens included the removal of protective foil
with a laser beam along the cutting path (Figure 5).
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Figure 5. Path layer planning for cutting of specimens by
the CypCut.

The parameters of focus f, pressure p, and height h
were adjusted for cutting specimens at the appropriate
pressure. Before starting the cutting process, the ope—
rating pressure was set to the lowest defined value of 12
bars. After cutting all samples at a common value of the
pressure parameter p, the pressure was increased to a
certain value, and the procedure was repeated until
reaching the pressure value of 25 bar. The cut speci—
mens were labeled with a predetermined ordinal number
and stored.

3. MEASUREMENT OF SPECIMENS AND DESC-
RIPTION OF MEASURED VALUES

The cut specimens were measured to obtain the arith—
metic mean deviation of the profile Ra, the maximum
roughness height Rz, the mean square deviation of the
measured profile Rq, and the burr height hs. The surface
roughness of specimens was measured with a measuring
device equipped with a gauge. Roughness of specimens
was measured on the 60-millimeter-long side can be
seen in Figure 6. Roughness was measured at a
reference length 1 of 12,5 mm with a profile sample
length Ac of 2,5 mm. The number of measuring sample
lengths N was 5.
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Figure 6. Measurement of specimen roughness.

Burr height Asc was calculated by subtracting the
value of material thickness t, which was 3 mm, from the
measured value referring to the minimum distance
dmin. The distance was measured with a Vernier scale,
i.e., nonius, that facilitates measuring up to five-
hundredths of a millimeter. After measuring the distance
dmin, the value of material thickness t was subtracted,
and the value of the burr height s was obtained (Figure
7). That value was entered into the table of measured
values. The following expression was used for the
calculation of the burr height:

hs = dmint (1)

where:

- hs — measured burr height, mm

- dmin- the minimum distance between the speci—
men's upper surfaces and the measured burr peak, mm
- t — specimen thickness, mm

Figure 7. Measuring of specimen's burr height.

After completing the measurement procedure, Table
3 was created to overview the measured values for each
specimen.

748 = VOL. 50, No 4, 2022

Table 3. Measured values of specimens' roughness and
burr height hs.

Ord.No. Ra,ym Rz,pm Rgq, pm Lef1eire l::;lliht P
1 6.27 39.59 7.81 0.3
2 5.25 27.44 6.34 0.35
3 5.01 27.64 6.20 2.00
4 5.03 28.85 6.19 0.15
5 6.61 35.53 8.03 2.80
6 5.60 33.39 6.97 2.10
7 5.80 33.14 7.03 0.10
8 5.83 31.45 6.91 0.10
9 6.42 36.93 7.73 0.10
10 6.77 37.31 8.47 0.05
11 7.31 41.27 8.89 0.90
12 6.62 41.00 8.37 0.80
13 7.27 42.94 9.01 0.05
14 6.32 40.31 8.01 0.20
15 9.56 44.65 11.05 0.15
16 5.08 31.71 6.36 1.80
17 7.41 38.96 8.91 0.05
18 7.17 37.42 8.68 0.15
19 4.95 32.97 6.29 1.75
20 5.72 35.23 7.17 0.10

4. OPTIMIZATION OF NITROGEN CONSUMPTION

Optimization of nitrogen use is performed in the
Design-Expert software. The measured values were
entered into the software. The measured roughness
values did not provide a response based on which the
interactions between the parameters could be deter—
mined. There was no response because the roughness of
the cut surface was mostly affected by the cutting speed
parameter, which was sufficient to achieve satisfactory
roughness. The burr height values gave a response
based on which the interaction between the given
parameters was determined. The burr height was the
most affected by the gas pressure p. The lower the gas
pressure, the higher the burr height, and vice versa. In
Table 4, the quadratic model was applied to establish
interactions between the parameters.

Table 4. ANOVA table for the quadratic model of burr height.

Sum of Mean F-
Source df p - value
square square value

Model 1309 9 145 986 00007 Signific

A -Focus 433 1 433 2938 0,0003
B-

Nitrogen 349 1 349 23,68 0,0007

pressure
C-Nozzle s | 105 709 00238
height

AB  0,0903 0,0903 0,6123 0,4521

1
AC 0,1653 1 0,1653 1,12 0,3147
BC 0,0378 10,0378 0,2563 0,6236

1

1

1

A 1,66 1,66 11,28 0,0073
B? 2,64 2,64 1791 0,0017
C? 0,0803 0,0803 0,5441 0,477
Residual 1,48 10 0,1475
Lack of fit 1,46 5 02923 1,98 0,1674
Pure Error 0,0133 50,0027 0,01
Cor Total 14,57 19
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Values presented in the ANOVA table 4 were obtained
by measuring specimens and by processing the obtained
data. The final formula for the model was also obtained:

h, =19.23194+4.75255- f —1.34973- p—
~0.814426 - h—0.046234 - f - p+1.62635-h- [ +

()
+0.119664- p-h+0.961083- 2 +0.028665- p* +

+3.37734 - h?

Expression 2 shows the regression model of the burr
height of the machined surface of corrosion-resistant
AISI steel on the cutting parameters, focus (factor A),
nitrogen pressure (factor B), and nozzle height (factor
C) with the actual values of the factors.
where:

- hg—calculated burr height, mm

- f- focus, mm

- p - operating nitrogen pressure, bar
- h - nozzle height, mm

burr height (mm)
) 7|
]
i s
g
T

-1.4054

1.7027

. 14.6351
A: focus (mm) 16.5675

18.5
204325
-2.5946  22.3649

B: nitrogen pressure (bar)

Figure 8. Interaction between burr height hs, focus f, and
nitrogen pressure p - quadratic model

Figure 8 shows the interaction between burr height,
focus, and nitrogen pressure; burr height decreases as
the focus penetrates deeper into the material; it can also
be seen in equation 2 that f* is positive, indicating the
possibility of finding the smallest burr height for certain
parameter values. The focus curve has an extremum
(minimum = second derivative greater than zero) at the
point where the first derivative equals zero. The local
minimum burr height is at a focus distance of —2,5 mm.

Figure 9 shows the interaction between burr height,
focus, and nozzle height. The nozzle height curve has an
extremum (minimum = second derivative greater than
zero) at the point where the first derivative equals zero.
The local minimum burr height is at a nozzle height of
0,4 mm. The burr height decreases when the nozzle
height decreases, it can also be seen in equation 2 that h?
is positive, indicating the possibility of finding the
smallest burr height value for certain parameter values.

Figure 10 shows the interaction between burr height,
nozzle height, and nitrogen pressure. The burr height
decreases when the nozzle height is smaller; the nozzle
height recommended by the machine manufacturer is
0.8-1 mm; from Figure 10, it can be seen that reducing
the nozzle height can also reduce the nitrogen pressure,
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which affects the nitrogen consumption and cost
reduction. In equation 2, it can also be seen that p’ is
positive, indicating the possibility of finding the smal—
lest burr height value for certain parameter values. The
nitrogen pressure curve has an extremum (minimum =
second derivative greater than zero) at the point where
the first derivative equals zero. The local minimum burr
height is at a nitrogen pressure of 19 bars.

burr height (mm})

-1.4054
-1.7027

A: focus (mm) 0.401349

0475675
055
0624325

-2.5946 0.698651
C: nozzle height ([mm)

Figure 9. Interaction between burr height hs, focus f, and
nozzle height h.

burr height (mm)

0401349

0475675 ki

5
C: nozzle height (mm) l624325 204325 B niteogen pressuare (bar)

0698651 22.3649

Figure 10. Interaction between burr height hs, nozzle height
h, and nitrogen pressure p

In the production of metal sheets, manufacturers need
to pay particular attention to sheets' thickness since this
parameter is important for further processing of metal
sheets into final products. When working with a fiber
laser, an operator has to be informed about the power re—
quired to cut a specific type of material. How—ever, laser
power and frequency are not the only key cutting para—
meters that need to be properly adjusted. They are usually
always set to their highest values to facilitate fast cutting.
Cutting speed is a very important cutting parameter. Yet,
other parameters, such as the focus distance from the
sheet metal upper surface, the nozzle height, and the
operating gas pressure, influence it. Therefore, those
parameters must also be correctly set [13-16].

Cutting parameters required for optimized nitrogen
use had the following values:

- focus f=-2,5 mm

- nozzle height #=0,55 mm
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- operating nitrogen pressure p,= 1,9 MPa
Final reduction of the pressure 4p is calculated as:

Ap:( _ﬂJ.100:(1—2j~100:22.9% 3)
P 2.4

where:

- Ap - the percentage of operating pressure reduc—
tion, %

- po - initial operating pressure, MPa

- p' - optimized operating pressure, MPa

The nozzle height #=0,55 mm was chosen as the
optimal parameter since, at this height, the burr height is
close to zero and does not cause any technological
problems during cutting (frequent touching of the
workpiece).

By optimizing the operating pressure of nitrogen
both for constant and optimized cutting parameters, the
operating pressure was reduced by 22,9%.

5. CONCLUSION

It was determined that the burr height 4s depended on
the cutting parameters. The burr height got lower when
the value of the nozzle height h and the focus value f
were reduced, i.e., when the focus value was theo—
retically nearly ideal, which, in this case, was hs=-3
mm. The burr height hs decreased as the nitrogen
pressure p increased. When selecting the condition at
which the burr height 2s=0 mm and nitrogen pressure p
was minimal, the parameters of focus f and nozzle
height h resulted in a burr-free cut obtained at the lowest
value of nitrogen pressure. Such selection confirmed
that the mentioned three cutting parameters provided
satisfactory cuts.

Although optimization of cutting requires more
material, detailed measurement, and modeling, it provi—
des better cutting results and final savings. When the
operating gas pressure is higher than the optimal value,
other cutting parameters do not have to be ideally set,
yet the cutting shall still result in good cuts. In this
experiment, when cutting stainless steel, instead of
following an iterative procedure, the cutting parameters
were optimized on cut and examined specimens. Within
the described experiment performed on metal sheet
specimens, measurements and modeling resulted in a
reduction of operating gas pressure by 22.9%. It is
possible to improve further this procedure applied to
fiber laser cutting. Testing the cutting speed parameter
for optimization of nitrogen consumption would
potentially result in a determination of parameter values
that facilitate faster and more cost-effective cutting of
stainless steel with a fiber laser.
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NOMENCLATURE

hy measured burr height, mm
dmin  the minimum distance between the specimen's
upper surfaces and the measured burr peak, mm

t specimen thickness, mm

N calculated burr height, mm

f focus, mm

P operating nitrogen pressure, bar

Ap the percentage of operating pressure reduction, %
Do initial operating pressure, MPa

D1 optimized operating pressure, MPa

ONITUMU3ALINIA EOUKACHOCTH
YIIOTPEBE A30TA Y PE3ABBbY
AYCTEHUTHOI HEPBAJYREI YHEJIUKA
JIACEPOM CA BJIAKHUMA

M. Iycnapa, B. Matumjyk, . Bunakosuh,
C. Ceamak

VY MeranypiiKuM TMpOIECHMa, CeuYCHe JIMMOBA je
Hajueniie OCHOBHA TEXHOJIOIIKA OIepalja Kojy je
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noTpe6HO m3BpImUTH. CBe OcTaje TEXHOJIOIIKE Orepa—
LIFje OfIBHjajy C€ IO MOCTYTIKY Ceuerha JTMMOBA, ca Kpaj—
BUM [UbeM H3paje (uHAJIHOr Tpou3Boja. MarinHe
KOje Ce KOPHCTE 3a Ty OCHOBHY OIEpalHdjy ceuerha
MeTana Mopajy OuTu moysnane, edukacHe, Op3e u
penaTMBHO J1ake 3a pai. TOKOM pajga ca Jacepom,
ayTOpH Cy NPUMETHIN Hee(hMKAaCHOCT Ceuerha a30TOM.
Boue azora cy ce mpebp30 mcnpasHuie, MTO je h3a3—
BaJI0O JgojaTtHe TpolukoBe. HeedukacHa, OIHOCHO
MMPEeKOMEpHA TMOTPOIIkA a30Ta 3axTeBa demhe cHaO—
JIeBabE a30TOM.

Tokom nanpemuje LIOBU/I-19, a3oT Huje yBek Ouo
JOCTyIIaH, MOIITO Cy ce nobaBibaunM mpedanmim Ha
NpOM3BO/BY OoOlla ca KHUCEOHHUKOM 3a MEIUIIMHCKE
notpede. Crora cy ce ayTopu aHTaXOBaju Ha
NPOHAJIAXKEY pellekha 32 CMambemhe NOTPOLIbE a30Ta
npu ceuewy. Ilomenytn mpoOieM je mpoydaBaH y
OKBHPY €KCIIepUMEHTa Koju ce (Qoxycupao Ha
ONITHMU3ALN]y yrnoTpede a3oTa IpH JIACEPCKOM Pe3amby
BJIaKaHa, YWjH Cy NOCTYNAaK M PE3yiTaTd OIMCAHU Yy
OBOM pajy. Y30pLH pa3IMuUTHX [apaMeTapa ceuema cy
NPUIIPEMJbEHH U HCEYCHH Ja O ce M3MepHiia BUXOoBa
XpanaBocT W BHCHHa MBHIA. [IpUKyIUbeHN momanu cy
kopumheHH 3a Kpeupame MaTeMaTH4KOI MoAesla ca
AHOBA TabenoMm. EkcniepiMeHT je pe3ynTupao oape—
huBameM oONTHMaNHUX NapaMeTapa pe3ama IOCTUT—
HYTHX HajHWXUM MOTYhHUM IPUTHUCKOM PE3HOT raca.
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