-

View metadata, citation and similar papers at core.ac.uk brought to you byji CORE

provided by Nottingham ePrints

r The Uniyersitg of
M | Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

Hashemzadeh, M. and Suder, W and Williams, S. and
Powell, J. and Kaplan, A.F.H. and Voisey, K.T. (2014)
The application of specific point energy analysis to laser
cutting with 1 um laser radiation. Physics Procedia, 56 .
pp. 909-918. ISSN 1875-3892

Access from the University of Nottingham repository:
http://eprints.nottingham.ac.uk/27891/1/254 LANE2014 Hashemzadeh_FINALerep.pdf

Copyright and reuse:

The Nottingham ePrints service makes this work by researchers of the University of
Nottingham available open access under the following conditions.

Copyright and all moral rights to the version of the paper presented here belong to
the individual author(s) and/or other copyright owners.

To the extent reasonable and practicable the material made available in Nottingham
ePrints has been checked for eligibility before being made available.

Copies of full items can be used for personal research or study, educational, or not-
for-profit purposes without prior permission or charge provided that the authors, title
and full bibliographic details are credited, a hyperlink and/or URL is given for the
original metadata page and the content is not changed in any way.

Quotations or similar reproductions must be sufficiently acknowledged.

Please see our full end user licence at:
http://eprints.nottingham.ac.uk/end_user_agreement.pdf

A note on versions:

The version presented here may differ from the published version or from the version of
record. If you wish to cite this item you are advised to consult the publisher’s version. Please
see the repository url above for details on accessing the published version and note that
access may require a subscription.

For more information, please contact eprints@nottingham.ac.uk



https://core.ac.uk/display/33573109?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://eprints.nottingham.ac.uk/Etheses%20end%20user%20agreement.pdf
mailto:eprints@nottingham.ac.uk

8" International Conference on Photonic Technologies LANE 2014
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Abstract

Specific point energy (SPE) is a concept that has been successtdlynulaser welding where SPE and power density determine penetration
depth. This type of analysis allows the welding characteristidifefent laser systems to be directly compared. This paper investigates if th
SPE concept can usefully be applied to laser cutting. In orgeotide data for the analysis laser cutting of various thicknessaddéteel

with a 2kW fibre laser was carried out over a wide range i&rpeter combinations. It was found that the SPE concept is applicalaser
cutting within the range of parameters investigated here.

© 2014 The Authors. Published by Elsevier B.V.
Selection and blind-review under responsibility of the Bayerischesrzexstrum GmbH.
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1. Introduction

Fibre laser cutting is widely used in industry to cut sheet metal, most cognsteel with thicknesses of a few miIIime[l-
. There is a lot of interest on how to determine the optimum parametemetiai for a given cutting scenario. A large body
of published work exists in which various parameters are varied stitafty in order to find the optimum combination. This
approach is used for all laser material processing tech@s[S-?], inrladier cuttin. The effects of changing laser
power, traverse speed, focal spot size and power density on tlesprare well documented. It is also widely known that it is
useful to consider the combined term P/V, power/velocity, in such @sfiighk However, the majority of such work considers
only one laser system and in practice the four parameters listee alminterlinked and cannot be completely decoupled. Whilst
there are similarities of observed trends from one system to anoth#ig casunot be directly compared.

Recently Suder et aJ14l] presented laser welding results which involved the novel analysis apptfosméciic point energy
(SPE). The work showed that three basic laser material interaction parametensdposity, interaction time and specific point
energy, allow the welding process to be defined regarding the depthetfgtion and weld width.

1.1. Specific point energy analysis

The basic parameters relevant to laser material processing are power glemsigyaction time T and the beam dimensions
where it meets the workpiece. The average power densitf a laser beam, is given by Equation 1, where P is laser power and
Ais the laser spot area on the sheet surface.

Pp :Z\ 1)

For a point on the centre line of a circular cross section beam with diapater d moving at a speed V the interaction time
T is given by Equation.2As a first approximation this can be taken as the interaction time betwdasehand the material (in
practice the interaction time is progressively smaller as we move away fraertineline of the circular beam).
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The average energy density, i.e. the average energy delivered pareanits the product of power density and interaction
time and is given by Equaticdh

Pd
Pe=peli =1 3)

It is important to note that the same energy density can be generttatifigrent beam sizes. Hence, additional information
is required to fully specify the laser processing conditidi®e energy delivered to the material in the interaction tinmg; of
termed specific point energyH by Suder et aI, can be calculated by EquatidnSuder et aI demonstrated that the
laser welding process can be fully characterised by reference to bpihwtbedensity and specific point energy.

Spe = P [IA=PT = Pvd )

It is worth highlighting that results from the systematic variation ofviddal parameters, as well as the effects of
simultaneously changing more than one parameter, can be explaitexdns of SPE. Figure 1 demonstrates that a change in
power density from 1.8/W cm? to 0.4MW cm? could be achieved by either decreasing the laser power or increasing the spot
size. If, for example, we take the welding situation described at pointtheograph and double the laser spot diameter, the
energy density would drop from 1.6MW &mo 0.4 MW cn? resulting in a move from point 1 to point 2 on the graph
(decreasing the depth of penetration from 5 to 3 mm). Howeverjstideunteracted by an increase in the interaction time
because ofhe increase in spot size. This increases the SPE, and results in an autoiftdtimnsipoint 2 to point 3 (increasing
the depth of penetration from 3 to 4 mm). So doubling the laser beameter from the conditions described in point 1 of the
graph results in a decrease in depth of penetration from 5mm to 4mm.

The work of Suder et a showed that the depth of penetration is controlled by the power demsittheSFE but the
weld width is controlled by the interaction ti (see Figure B). The aim of this paper is to determine if this type of
approach can also be used for laser cutting and to determine how intlipatameters effect the key, industrially relevant,
cutting features of kerf width, cutting cost and cutting efficiency.
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Figure 1 Key results from Suder et@(a) Variation of depth of weld penetration as adiion of specific point energy
(b) Variation of weld width with interaction timerfaveld penetration depth of 6 mm achieved with & beam diameter and a range of power-velocity
combinationd15].

2. Experimental methods

Cold rolled mild steel with thicknesses of 1, 2, 3, 4 and 6 mmusad throughout this work. The material to be cut was
clamped to an x-y table and traversed under the laser head. The cut line wasqubsitiove a hollow gully so that molten
material and gas could exit the rear of the cut material without any hindfdhleeser cutting was carried out with an IPG YLR-
2000 ytterbium fibre laser with a maximum power of 2 kW and a ln@6vavelength.12 bar gauge pressure nitrogen was used
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as an assist gas for all cuts, delivered via a 1 mm diameter nozzle with atamdrof§ distance. Throughout the work the focal
plane of the laser was set to coincide with the upper surface of the cut sheet.

Two different focal length lenses were used: 120 mm and 80 mm. Theseseer the three delivery fibres, with diameters of
600pum, 400pum and 20Qum to produce the five optical set ups detailed in Table 1. The focuseddissaeters reported were
measured using a Primes focus monitor. It should be noted #sa# theasurements were made at a pow&00iV for the
120mm lens and 400 W for the 80 mm. There is a slight variation im loégmeter with power, for the 4Q0n fibre when used
with the 80 mm lens the beam diameter increased by less than 2% wiven ipcreased from 400 W to 600 W. The five
different optical set ups were combined with the parameters detailed in Table Bematgethe 106 different parameter
combinations for which results are reported.

Table 1 Measureed focussed beam diameters for the filaloget ups used

Focal length (mm) Délivery fibre (um) Focussed beam diameter (mm)
120 200 0.20
120 400 0.37
120 600 0.60
80 200 0.15
80 400 0.26

Table 2 Parameter ranges

Parameter Values
Velocity (mm mir) 90- 7200
Power (W) 1201672

An important difference between laser welding and laser cutting is that ingciiiingenerally the case that a portion of the
beam passes through the laser-material interaction zone. This is because rihvet dutlination varies with speed, being near
vertical at low speeds where, as shown in Figure.2a, part of the lasemagapass straight through the cut without interacting
with the material. At higher speeds the cut front becomes less perpendiaurksaising the proportion of the beam that interacts
with the material (Figure.2a) but in any case a proportion of the eesflected off the cut front. By using maximum cutting
speeds, as has been done for all results presented in this papehdtassumed that there is sufficient cut front inclination to
make any straight-through losses negligible. This was done byriantelly decreasing power until a through cut was no longer
obtained. Figure.2b shows the precision to which this cut/no cut gmouedary was determined, as can be seen, in each case
the maximum cut speed was established to within 5-10%.

Incident  — (A) Incident S (B) 20
laser beam laser beam
16 & Cut
Inclination of Inclination of upper —;—
cutting front, § —— cutting front, 6, 1.2
! i —% e=: % No cut
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Cutting direction | \| Cutting direction N Cowet pattaf 0.4

N ]»cut front illuminated

i only by reflected beam 0.0

i :.7 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Lag,L Maximum cutting speed (m/min)

Figure.2- Showing cut front laser beam interactio oes. (A) Slower cutting speed (steep cut front, Seaser beam is lost), (B) Faster cutting speed (less
steep cut front, all laser beam interacts with cut efli)XB) Confirmation of the maximum cut speeds measureihgtinese experiments, results shown for
4 mm sheet thickness, 0.26 mm beam diameter.

Kerf width measurements were made with a Keyence VHX-100 optical miceysttegpresults presented are the average of
three measurements all taken from the central region of the cut én wwrdavoid any effects due to initial acceleration or
deceleration of the table during the start and end of the cut.

3. Results

3.1. Application of specific point energy analysis to laser cutting

Figure 3 displays the power density for each of the 106 cuts pmbdwith the samples ordered in ascending power density.
In order to determine if SPE analysis can be applied to cutting an atermphade to replicate the depth of penetration/SPE
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graph from Suder et aJ1f] (presented as earlier as Figure 1a). This required the identification of grorgsilts with similar
power densities. The groups selected are highlighted in Figure 3. Ic&sethe results refer to a maximum speed cut for the
laser set up/material combination involved and so these results can be inteagreifter maximum speed for the material
thickness or as maximum thickness for the speed involved (see figure 2b). If the results are taken as ‘maximum thickness’ then a
graph analogous to Suder et al.’s ‘depth of penetration’ results can be produced — as presented in figure 4.
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Figure 4 Maximum cut sheet thickness (for the parameised in each case) plotted as a function of speaiit energy for the power density data sets
identified in Figure 3.

From the SPE for cuts in different thickness sheets at different pensitids, ashown in Figure 4, it can be seen that:
1. The same thickness can be cut by decreased SPE and increasedemsityr febr example, with the same power and a
decrease in the beam diameter, the cutting speed is increased, boostittnheiiciency.
2. With the same SPE, the maximum cut sheet thickness can be indogaiseiasing power density.
3. With the same power density, the maximum cut sheet thickness incrétsaxrasing SPE.



Author namd Physics Procedia 0@@14) 006-000 5

3.2.Kerf width
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Figure 5 Kerf width results for cutting of 1 mm sheetkhiess (a) 0.2 mm beam diameter results plotted versus interamigofor different power-velosity
combinations (b) kerf width plotted versus power fdfedent beam diameter

It was mentioned earlier that Suder e{&d] identified a link between interaction time and width of weld produced. The ‘width
of weld’ is analogous to the ‘kerf width’ in laser cutting but in this case (as figure 5a, for example, demonstheties)s a
minimal correlation between kerf width and interaction time. However, thievigtth does vary significantly with beam size
(Figure 5b).

For each beam diameter an increase in kerf width with power densitigecaeen in Figure 5b, with the absolute size of the
variation increasing with beam diameter. This effect is attributed to the bmtdmaving a perfect top hat power distribution. As
the power density of increases for a given nominal beam size theweffeatting diameter of the beam increases because the
edges of the beam profile are not perfectly perpendicular, as illustrated in FigAsdl® power of the beam is increased the
diameter of the beam which exceeds the energy density thresholelforgnthe material also increases. Thus, higher powers
produce wider cut kerfs.

Energy density

Effective beam diameter

Figure 6 Schematic illustrating how region of beameexiing a given threshold varies with power.

4. Discussion

A comparison of Figure 1 and Figure 4 shows that SPE analysiglisadybe to laser cutting within the parameters used in this
study. This means that results from different optical set ups, and ulyrfratel different laser systems, could be directly
compared.

This work has highlighted a key difference between cutting and welldirvgelding the weld width was previously reported as
being mainly controlled by interaction time, for a given weld penetragpthdfl4[ 15, whereas the results in Figure 5 show that
in laser cutting of a given thickness the kerf width is mainly ciattdy the beam diameter. This difference is due to the fact
that in cutting lateral conduction of heat is severely limited by the cattiamoval of molten material from the cutting zone.
This essentially acts as a cooling process, removing thermal enemgyhie kerf before any significant lateral conduction takes
place. However, in welding there is no such material removal so all the themngy énput from the laser beam remains in the
workpiece and is available to conduct laterally and extend the width of ftenmegion.

In order to usefully exploit this new analysis tool the relationshipgdmst SPE and cutting cost and efficiency will now be
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considered as these are two factors of great interest to industrial laser cutting.

One of the main costs of laser cutting is that of the energy usesd imdbess. For a given cut length the energy input is simply
the laser power divided by the speed. A plot of this energy used pgér Ercut against SPE (Figure 7a) shows that the data
falls on a series of straight lines, with each line starting at the origiithef consideration shows that the plot of power/speed,
against SPE, ((power beam diameter)/speed) would be expected to produce a set of straightlindse gradient of each line
corresponding to 1/beam diameter. This is clearly seen in Figure étie @aita point markers correspond to beam diameter. It is
clear from these results that, within the parameters used in these tests, laelangeiameter leads to a reduction in energy used
per meter of cut.
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Figure 7 Energy used per length of cut plotted ag&R& showing that data forms straight lines, (a) data pmrkers correspond to material thickness (b) data
point markers correspond to different beam diameters.

The analysis can also be expanded to include cutting efficiency. Ceitficigncy, G, is defined here as the ratio of the area of
cut surface generated per second to the energy input from the laser pdr seco
Cerr = ((sheet thickness length cut per second) / energy input per second) = ((sheet thickepeed) / power)

In Figure 8 where results from all thicknesses are plotted, the cutting rffideseen to increase with decreasing SPE, but there
is a lot of scatter in the data and no trend relating to power density isndisiee
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Specific point energy (J)
Figure 8 Variation of cutting efficiency with SPE fall thicknesses, markers indicate power density rangataf d
However, in Figure 9, where a single material thickness is considered, théoiemey results, when plotted against SPE

clearly fall onto discrete lines according to beam diameter.
Again, further consideration reveals that such plots would be expecteatitacp discrete lines of the form y=1borresponding
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to different beam diameters sincg;G ((sheet thickness speed) / power)) and SPE = (beam diameteower) / speed.
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Figure 9 Cutting efficiency results for 2 mm cuts plotedinst SPE, data markers indicate different beam dianeter

Optimal laser cutting will have high efficiency and low cost, i.e. it will haviegh ¥ralue of G#/C..s Equation 5 shows that for

a given material thickness, t, this ratio is proportional to (%4B)this the factor (The Cutting Optimisation Parameter) should be

maximised to optimise cutting as long as the cut quality is acceptable.
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Figure10 shows that the laser cutting optimisation parameter increases as specifengogly decreases. Whilst there is scatter
within the results it can be said that the gradient of the graph incredsesESPE values, indicating the greater sensitivity and
greater gains that can be achieved by decreasing already small SPE valirebelaigain seen (Figutéb) that the results fall

on distinct lines depending on beam diameter, with larger beam diameteysilmare optimal choice for any given SPE value.
This apparent desirability of larger beam diameters may at first seem cotuiterdmowever it needs to be noted that this is for
the cased of fixed SPE, so any change of beam diameter would notebia ékmiation, velocity and power and thereby also
interaction time would all also change in order to maintain the SPE. The geeedabtithinner section sheet having higher
values of The Cutting Optimisation Parameter, (¥/fBigure10c) results directly from the small SPE values that correspond to
the cuts carried out in this work on thinner section sheets.

5. Conclusions

From the work carried out here, and using the definitions of casefficiency previously stated, the following conclusions
can be drawn:

e The specific point energy analysis approach can be applied to laser cuttielj &s laser welding.

e In laser cutting cut kerf width is mainly controlled by beam diameter. dthiekerf width is independent of
interaction time.

e Cutting efficiency increases with decreasing SPE.

e For a given material thickness, within the range of parameters usedehergy efficiency can be maximized by
selecting the largest beam diameter available and then minimising SPE.

e Maximum efficiency laser cutting is achieved when the cutting optimizatetor (V/Pf is maximized (with
acceptable cut quality).

Future work will apply SPE analysis to results from different lasaesys
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