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Measuring the melt flow on the laser cut front
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Abstract

The flow characteristics on the laser cut front I0mm stainless steel AlSI 304 (EN 1.4301) areistuich this paper using
High Speed Imaging (HSI). The laser cut samplesewweoduced with a 6kW fiber laser with nitrogen gasist. Previous work
in this field has used unusual cutting parametnsidke the experimentation easi€his work presenisor the first time, HSI
results from standard commercially viable cuttirggmeters. This was made possible by the develapoiemnew experimental
technique. The results presented here suggesthihatut front produced when cutting stainless stgti a fibre laser and a
nitrogen assist gas is covered in bumps which tbaras are covered in a thin layer of liquid. Unttex conditions shown here
the bumps move down the cut front at an averagedspé approximately 0.4m/s. The liquid flows at @aerage speed of
approximately 1.1m/s. The average melt depth abtit®om of the cut zone under these conditionpaimately 0.17 mm.
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Nomenclature
d : Material thickness
D : Cutting depth
Kr : Kerf removal rate
Lr : Liquid flow rate
Umelt . Average melt flow velocity
t : Average melt depth
\% : Cutting speed
w . Average kerf width
: Material density

1. Introduction

In laser fusion cutting of metals a volume of msltreated (by absorption of the laser beam) aad thown out of the cut
zone by an inert assist gas (see Fig. 1).

Laser beam
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Shower of sparks

Fig. 1. The laser ¢gting process (Powell 2011).

During the process a thin layer of melt flows datlva cut front, as shown in Fig. 1. Tani (2004) exm that the creation of
both dross at the bottom of the kerf and striationsthe cut edge (surface roughness) depend oméiefilm condition
throughout the kerf.

Schulz (1999) explains that dross formation istesldo properties of the melt such as its thickreegbvelocity. He compared
this to the experimental observations of viscoas Burface flows around an edge, and the sepaxtibe flow from the solid.

The importance of the melt film on the cut frontalso emphasized by Chen (1999) who concludesflinatiations in the
absorbed laser power and the velocity of the hjged gas jet can create perturbations in the iihaltfhich in turn could give
rise to fluctuating striation patterns on the cdge It is therefore clear that information abdw melt film thickness and
velocity could give more insight into quality pareters in laser cutting.

Laser cutting of steels can be divided into twomeibjects i.e. laser fusion cutting of stainlasgls(usually with-nitrogen
assist gas) and laser oxygen cutting of mild stétl oxygen gas assist.
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In both cases the assist gas is used as a sounoecbfnical energy to blow away the melt in thd.KRarlaser oxygen cutting
the oxygen assist gas also functions as a sourkeatfsince the oxygen undergoes an exothermitisaagith the iron in meld
steel. However, the gas pressures used in theggbmigues are markedly different. Oxygen pressiamed to be less than 2 bar
and nitrogen pressures are usually in excess diat.OFor this reason the melt film behavior forelaexygen cutting and laser
fusion cutting are separately discussed in sedtibrand 1.2 respectively.

1.1 Melt film behavior in laser oxygen cutting

The melt velocity and melt thickness were measimgdubrov (2011) with the use of two spectrometersneasure the
temperature along the cut front. He estimated la speed of 8m/s and reported that this speed i@donith the velocity of the
local temperature minimum along the cut front. Fithie the melt thickness was estimated to ben20The presence of capillary
waves which introduced noise into the temperatueasarements was also discussed. These capillargswaad wavelengths
ranging from 5-300m. Waves with 24m wavelength had a phase velocity of 8m/s whidjisal to the temperature based melt
velocity measurement.

Chen (1999, 2001) reported the existence of artieh that becomes unstable and generates slow vedthe melt surface.
Chen further calculated the surface velocity witmadel based on linearized two-dimensional Navieok®s equations. The
melt speeds were found to have values between.@m/® and melt thickness was between 16r2@or cutting speeds between
10-70 mm/s (0.6 — 4.2m/min).

Wee & Li (2005) solved mass, momentum and poweaggus to obtain the melt thickness for laser oxygetting of mild
steel. They calculated a maximum melt thicknessamgroximately 75m with corresponding maximum surface velocity of
2.5m/s for a 3mm plate.

Yilbas (2006) predicted the dross diameter for lrbmild steel processed with a 2kW €pulsed laser oxygen cutting by
the use of lump parameter analysis (a simplificatid a physical system under certain assumptidn)rder to determine the
dross formation he modeled the liquid layer onrttedt front. For a cutting gas velocity of 50m/sdigained a melt velocity of
1.5m/s and melt thickness of 168. Increasing the gas velocity to 150m/s increakedmelt velocity to 4.5m/s with a melt
thickness of 60m. As expected the melt thickness decreases dine timcreased shearing force of the gas jet. Yilkzdislated
his model only for the dross diameter and not liermelt thickness.

Others such as Tani (2003) and Kaplan (1996) hesated analytical models of the melt film geomdinglination angle,
melt film thickness) and melt film velocity. Tanbtined a maximum melt speed of 3m/s for simulatioansidering a 2kw
CGO, laser source, while Kaplan obtained a melt thisknaf 70 m at 0.5bar oxygen pressure for a 6mm mild stesbpnd CQ
laser cutting.

1.2 Melt film behavior in laser fusion cutting

Wandera (2010) modeled the melt film velocity andresponding melt thickness and compared this antlexperimentally
determined position at which the flow inside thé front becomes turbulent (the so called boundagel point) for 20mm
stainless steel with a cutting speed of 1m/min Bk fiber laser. She suggested a melt velocity betw1400-2200 m/s with a
melt thicknesses of 0.2-0./ for a nitrogen gas pressure between 16-18bakarfdvidth between 600-800n. These values
are unrealistic as they would imply a process wihichuld be entirely dominated by evaporation rathain the actual process
which involves the ejection of molten particlesesg¥ tens of microns in diameter.

Hirano (2011) investigated the hydrodynamics ofedt layer in laser cutting of low carbon mild edtevith nitrogen assist
gas by using a high speed imaging camera. He fauneelt velocity of 3.2m/s while the velocity of tlse called observed
humps was 0.2m/s. He explains that the differenceelocity is due to the fact that the evolutiontleé hump is not due to a
mass flow but due to a phase evolution. Both Gatwlb@003) and Hirano (2011) describe humps as atelimulations which
rest on top of so called shelves. These shelves bagn shown to slide down along the cut front bad. However, Hirano
performed his experiments with parameters whichvarg different from the ones used in actual laséting. He used a focus
spot diameter of 1.7mm (industry standard 0.2 -ninf) and a cutting gas pressure of 2.5bar (indssénydard 10 — 16bar).
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Ermolaev (2014) filmed the cut front from the side a transparent plate with a high speed cameeasthidied melt flow,
melt removal and striation formation. He found tfeatCO, laser cutting there exists a well-developed caftestream of liquid,
while for fiber laser cutting the melt flow is higtunstable with multiple melt ejections from thet ¢ront to the side walls.

Kaplan (1996) obtained a melt thickness of i20and melt velocity of 7m/s for a 3mm mild steedtpland C@laser cutting
with nitrogen assist gas.

In this paper HSI techniques are used to invegiga flow conditions within the cut zone. Of peutar interest are: melt flow
velocity, melt thickness and cut front morpholo@fese results are unique in the published liteeabgcause they use normal
cutting conditions. Previous experimental work hasd exaggerated cut widths and unrealistic cugasypressures.

2. Material and methods

The observation of melt flow down a laser inducettieg front is experimentally rather difficult bmese the cut front is
narrow and surrounded by the recently cut wallthefkerf. For this reason most studies of the wuitfinvolve cuts started at
the edge of the sheet — where the cut front is wis#itle. However, this approach can give mislegdisults because the cut
front is, at this point, in its ‘start up’ phaseher than its eventual quasi steady state.

To overcome this problem a new experimental tealigas developed which allows the high speed inga@#S!) camera a
view of the well-established quasi steady statefrouit. This involves using the laser to produceuipath which results in the
sudden falling away of a triangular cut part to@ethe cutting front in action.

The cutting path used is explained in Fig. 2. Rinstlaser cuts along line 1, then returns to teeef the material and cuts to
the intersection along line 2 (without stoppinglrat intersection). As the laser reaches the intémsethe triangle enclosed by
lines 1 and 2 and the edge of the material fallayewrevealing the steady state cut front as itinaaes to cut line 2.

Cutting
Head

Fig. 2. HSI Experimental setup.

Table 1 shows the cutting parametens! Table 2 shows the laser beam parameters usieid ExperimentThe material used
was 10mm stainless steel AISI 304 (EN 1.4301). Hser used was a Bystronic BySprint Fiber 3015 witfriber 6000
resonator.

Table 1. Cutting parameters used.

Parameters Values

Thickness 10mm

Cutting speed 1.8m/min

Laser power 6000W

Focal position -12mm

Gas type & pressure N, & 16bar

Nozzle diameter & type 3.5mm(& Bystronic HK35
Nozzle standoff distance 0.8mm

Table 2. Laser beam parameters.
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Parameters Values
Fiber diameter 100 m
Focusing lens focus distance 200mm
Collimation lens collimation distance. 100mm
Beam focus diameter 200 m

A Redlake NR4-S2 high speed camera was used witwiog setup parameters:

Frame rate of 4000 frames per second with spatsalution of 512 x 496 pixels

105mm Micro-Nikkor lens with focal ratio /4

Band pass filter which blocks process light & mateihe illumination wavelength, as described bystenarg (2014)
Illumination Laser: Cavilux HF diode illuminatioraserwith 810nm wavelength

Particle tracking velocimetry (PTV) was employedhteasure the velocity of bright patches on the swaitace as they flow
towards the bottom of the kerf. PTV determines \thbcity of individual particles in flows and is $&d on the Lagrangian
reference frame. The Lagrangian reference framerwabs fluid motion by tracking an individual featuas it moves through
space and time. The algorithm first isolates irdiral features on the cut front in each frame ofttigd speed video. In order to
find valid correspondences between features inewifft frames the temporal matching problem wasesblwith cross-
correlation algorithms, relaxation algorithms araanbination of both as described in Brevis (2010).

3. Results and discussion

Fig. 3 shows a schematic of the set up for higledpmaging and makes two important points:
1. The melt surface is not flat

2. The melt flow rate is faster towards the melt scefand slower towards the melt/solid interface.
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Fig. 3. The High Speed Imaging set-up.

Fig. 4 shows diagrammatically that there are twirely independent ways of working out the massvflate out of the cut
zone. The first of these can be called the kerforeahrate and is simply calculated from the kerflthj the material thickness
and the cutting speed, as in Equation (1):

Kr =W>d>V>r ()
Where: Kr: Kerf removal rate (g/s)
W: Average kerf width (mm)
d: Material thickness (mm)
V: Cutting speed (mm/s)
: Material density (g/miy

Equation 1 is only validerfor cuttingspeedgV) that enable sufficient heat input into the matddacutting to occur.

The second method of working out the mass flow iratelves working out the liquid flow rate out dfe bottom of the kerf.
For this the fluid stream cross section/2) x kerf width x average melt depth) and the agermelt flow speed of the stream
(Umer) is needed.

Lr :%W XUy X (2)

Where: Lr: Liquid flow rate (a/s)
t: Average melt depth (mm)
Uner  Average melt flow velocity (mm/s)
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As a mass balance it is assumed that Kr = Lr withd//V and directly measurable. With this information thewilo
characteristics in the cut zone can then be inyastd.(\Maperizationis-neglected-in-the-mass-balancethedeasonfor- this |s‘

explained-asfollows.
Pocorni (2014) explains that the maximum tempeeainrthe cut zone is proportional to cutting spe&sithe current work
does not include cutting of thin section materiavery high speeds, mass loss as a result of vagimn is minimal and is left

out ofthe-before-mentioned thmass balancg.

Cutting speed,V

Kerf removal rate:
4 kr=wdvp
S/

Longitudinal
View
t
Umelt
" Liquid flow rate:
Lr = (/2). W.t Uy p
Bottom

View Bottom surface
of plate

Melt layer

Fig. 4. Two different ways of working out the mdissv rate out of the cut zone.

Measuring the flow rate of the liquid stream is esimentally difficult because the kerf is very rmawr and there are no
markers to follow the flow on the liquid surfaceSHwas used to measure the downward velocity ahibrspots on the liquid

surface (see Fig. 5) and this gave the results slowig. 6 (a).
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Fig. 5. Three frames from the HSI film showing thevement of a bright spot down the cut frofite frame rate was set to 4000 frames per secasdgifiing
a time difference of 0.25ms between frames.
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Fig. 6 (a) Bright spot velocity; (b) Kerf width;)&erf removal rate.

Fig. 6 (b) gives the kerf width as a function oftng depth and from this and the cutting speesd ftossible to calculate the
kerf removal rate (Kr) as a function of cutting trefFig. 6 (c)). As a first approximation the siifigld melt geometry shown in
Fig. 4is assumedGiven this geometry and the kerf removal ratg.(Bi(c)), the flow velocities given by the HSI rmaeements
(Fig. 6 (a)) would require a melt thickness (tapproximately 1mm in the bottom half of the kerfjigh is not compatible with
an average kerf width of 0.6mm.

Clearly then, the bright spot velocities given iig.F6 (a) are related to a feature of the flow vkhis not the surface flow
velocity. It seems probable then that the brighttspn the HSI video correlate with humps below thelt surface which are
eroded by a combination of hot fluid flow and entedh laser beam absorption, so that they move dbwrcdit front. Fig. 7
presents a schematic cross-sectional view of ypis of cut front.
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Fig. 7. The morphology of the cut front (longitodi cross section).
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The existence of moving bumps is supported by SEklges and cross sections of the solidified cutt fasrshown in Fig. 8 (a).
Fig. 8 (b) shows the bumps more clearly becausarhge has been expanded in the x direction.
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Fig. 8 (b) Logitudinal cross section of the cutifre- Image expanded in the x direction to showbiinaps more clearly.
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As HSI cannot be used to directly measure the fiate of the liquid down the cut front an HSI videas taken of the droplets
being ejected from the bottom of the cut zone. digh these droplets are accelerated by the gasgeby gravity, their velocity
during their first millimetre of flight will refletthe speed of the liquid flow they were ejecteair In-flight speed
measurements of these droplets are presented.if.Fifhe average flow rate was 1.1m/s with a v&jaeinge between 0.5 and
2.2m/s. This range is probably due to the randuf rates in the liquid stream on the cut fromwlflow rates at the liquid-
solid interface, maximum flow rates on the outefate of the melt). As a first approximation an ggeemelt flow velocityof
1.1m/s at a cutting speed of 1.8m/min and kerf vftapproximately 0.5mm gives a melt depth atitbtom of the kerbf
approximately 0.17mm, which is not unreasonable.

Fig. 9. The velocity of a number of droplets in flist 1mm of their flight out of the bottom of ttkerf.
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4. Conclusions

The results presented here suggest that the autt froduced when cutting stainless steel with eeflaser and a nitrogen
assist gas is covered in bumps which themselvesoaered in a thin layer of liquid. Under the cdiatis shown here the bumps
move down the cut front at an average speed ofoappately 0.4m/s. The liquid flows at an averageezpof approximately
1.1m/s. The average melt depth at the bottom ofctitezone is approximately 0.17mm. These resulfedded on a new
experimental technique which allowed HSI observatibcuts carried out under standard cutting patarae
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