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Abstract

This thesisinvestigats on the ability of using plasmgechniquefor cutting simultaneously two
parallel thin layers at different gap distandesevious esearclemphasisethat plasma cutting can
be optimisedo improve the qualitand reduce phenomanThe investigation performeueviously
was madeprimarily in two-dimensional cutting plarHowever there is a laclof publicationand
researclregarding optimigtion of athreedimensionalstructurecutting. This currentwork would
helpengineerdo understand theracticabilityof thermal cutting such as plasmgpt@cesszonesn
the vehicle chassis similar to box sections or double layareds This researchis aimed at
wheelchair accessible vehidenverterghatperforms modificationgn the chassis floofThis work

is partof theengineering doctorajgrogram

The research questiomaisedof this study lie primarily on assessing the possibility of simultaneous
cutting of a double shee{separated with an air distanaesing plasmaexpressly examining the
possibility toreuse the energy heat exiting the first sheet to perfdrm a cut on the second layer
In addition, optimsing the double sheets cutting, argihg the effect of the heat on thin material and
reduce the resuftg phenomea to their lower level (mainhgurface deformation and heat affected

zones) Lastly, assess the relationship strength betweepanameters and the quality.

Experiments were performed in four progressive phases. The first step was made to test the suitability
of the plasma to procesingle thin sheets of 0.6 mm thickhis stepwas required to analyse the
impact of the heat on the surface deformation and then optimise the cutting to improve the quality
The second phase of the tesex&performedo verify the plasma ability to process a-Siructure

such as double layered zon@$e third phase of test was madeatsesshe cutting parameters
suitable to process two layers simultaneously at a fixed gap 20 heseparametersvere used as

a refeence for theollowing stage The fourth phase was performed to optimise the double sheets
structurecutting process (separated with an air distance) and minimise the impact of the heat

generated during the plasmatoug on the top sheet.

The Hypothess of re-using the heatvas tested and proverue, it is possible to &employthe heat
energy exiting the kerf to perform another.cthe tests showed that there was a considetadade
impact on the surface. However, this can be controlled and reduCedting two sheets
simultaneously may resulb an offset between the top and bottom edge of the@pitimisation
using theDOE basedlraguchiapproachresulted toan improvemenin quality and the egression
analysisshowed a good fiof the models constructedone of the values measured were outside the

interval of prediction Final tests were performed on a vehicle chamsdsthe results showddata



good automation can reduce the cutting prodssapproximatively40min comparedo manual
cutting
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Chapter | nt roducti on

1.1 Overview

Wheelchair Accessible Vehiclesan bedefinedasthe cars or vanghat have been modified by
engineerdo allow a disabled person ttravelin their wheelchaisafely This can be achievday
lowering the floorandassemblinga newcustomizedmanual orautomateyiramp foraneasy access
at the rear or side of the vehiclEhe businessf converting vehicles starteat the end of the2"
world war just after the appearance of the National Health Sewie= help was needddr the
handicap and injured patierts]. The markethaskept growingas the demantbr these vehicles
among wheelchair usengasincreasing Themarket in the UK is expected to increaseate 0f5.7%
for the comingyearup t02025[2].

Allied VehiclesLtd is one ofthe UK leading manufacturers of wheelchaccessiblevehicles
founded in 1993since therthe businessvas growingconsistently Theannual turnoveof Allied
Vehicles isjust over £150 millionThe companyconvers around 100 vehicles each wel@. Due
to theincrease of the demanithe companyeeddo enhanceheir productionlinesandlook for new

possibilities tamprovethe conversiomprocess

The major issueencounterediuring the conversion processises fronthe cutting stageue tothe
complexity of the task and time consumiiigetools usedto process the chassierefoundto have
limitations To performacut outon the underbodsear floorusuallya circularsawis used However,
some areas ithe chassiarecomposed of ghreedimensional structure.g.,doublelayeredzones
rails and boxsectionsthese structures axery challenging andannot be cuéasilyusingmanual

toolsand often leads tdeformatiorat the edgef the materiglprofiling issuesandlack of accuracy

Threedimensionaktructuresuch as hydroformed or stamped sheets imstte vehiclechassisare
necessaryThe evolution of the vehicles during timeasresultedin an increase in mass due to
technology progress armhrts addedo the car[4]. Thereforethese structureplay a big rolein
reducing the weight of the vehicle and the environmental ingdazrbon dioxidgCO ) emission
These structuresan also offer a higher stiffnessence they are extensively used in the automotive

industry[5].



Sectioning the underbody chassis vehaza be a completaskas it require$ir sta good knowledge
andspecializecequipment6]. Therefore finding anadequate methoidr cutting or trimming in a
fast andefficient manner ishighly desirable in the production linespeciallywhen profiling is
involvedor when materiatieformatiorat the edge of theutneeds tde avoided7]. These problems
arealsocommonin similar industrieswhere traditional toolsare usedTherdore, thereis a needo
developanew and efficientuttingmethodd8]. When the process involves contour cutting allgu
a second process to clean dugefrom burrs constant sharpening or changing kit@dess required
[9]. Cutting with thermal methodsan also resultto a deformation of the material, btite tests
showedthat the level of deformatiois smaller compared tmechanicatutting[10].

The proposal of thishesiswas toidentify an alternativesolutionthat can be used to overcome the
issues encountered during the cutting stagegaditional methodsverefound to be limited and time
consuming [11]. Theseproblens areencounterediue to the complexity of the chasstsucture for
instance 3Bstructures hydroformed sheets and mtldiyered zones. Teelectthe suitable cutting
tool, acomparative studgetween method®.g.,plasmaandlasertechnology weremade However,
this highlightedalso a lack of knowledge using ¢ketechniqueswhen complex structuresare
processe(il2]. Thereforetestsare necessaryo widenour understandingegarding processirtese

structures

The motivatiornof this studywasprimarily toinvestigatehe plasma cutting as an alternative cutting
tool toatraditional methodor the WAV industry Plasma is known as a fggocessand widely used

in the industry for metal cutting. Howevergtieis a lack of knowledge and scientific publicatson
abouthow this technology perforswhencutting multiple layerss required Thecommontechnique
usedin the markenhowalaysfor thin sheet metal cuttingis alaser[13], this technique isvidely
used in the automotive industry fioimming, profiling and driling thehydroformed sheet structures
with an excellent quality[14]. Laser technology can result tess heat impact on the material
compared to plasmar oxyfuel cutting[15]. However,this technique is not a cost effective for all

businessefl6].

Plasma technolggwasfoundto beproductive[8] but similarly to laserthey are only knownfor
linear cuttingin one plan (X, Z axis)Thereareno documentatios availableaboutplasma cutting in
two plans in this caseusually mechanicalmethods(AWJ or Saws)are well knownto cutthese
structured17]. Somepublicatiors emphasized thgilasmaprocessinghreedimensionalktructures
is an area of researdn the automotiveindustry which isnot documented12]. Therefore

investigaing on thistechnologyto expandhebounday of its applicationwas required~urthermore

-2-



it is necessary to finthe bestvay to optimse the plasmacutting procesandminimizethe resulted
defecs andensureprocess accuracyresearchmadeby A. Klimpel et al[15] on cuttingmaterials
highlightedthat there is lack of knowledge on how to optisaithemachinefor a specific material
or thicknessas themanufacturersio not provide tis information. Therefore it is necessary to
conduct a experimentatesearch analysi® achieveacceptable qualityResearch questions of this
study can be summarized as follows

o Would that be possible to cut simultaneously two separate sheets with an air gap using plasma
technique?n other wordsgxamining the possibility to rese the energy heat exiting the
kerf of the first sheet to perform a cut on the second layer.

o What would be theféect of the heat generated during the plasma processing on thin n?aterial
primarily in therange of 0.6 or 0.7 mnthis material thicknessan be altered easily if a high
guantity of energy is transferred instantly to the surface of the material, phenomenon such as
surface deformation can occur.

o What would be the sizaf the heat affected zosgenerated during the @dhis can identify
if a second processing is required to remove the alteredratemdergo a microstructure
change.

o Is there a possibility to optirse the cutting processn two plansand edue the resulted
phenomeato a minimum levef?

o Does plasma simultaneous cutting of two sheets cadseiation(edge offsetpetween the
top sheet layeedgeof the cutandthebottom andvhat would be thenaterial lossevel?

o0 What would be theelationshipstrengthbetweerplasmaparaméersandthe quality?
1.2 ResearchAim and Objective

The aim of thighesiswasto investigate orthe possibility ofplasmato cuttwo separathin sheets
with an air gap distancsimultaneouslyand assess the impact of the heat on thin materlals
addition, optimising theprocessof cuttingto reduce the phenomarsuch as surface deformation
and HAZto a minimum degree possibkend analysethe qualityresulted Assess the relationship
strength between the input variables and the output respdoséll this knowledgegap, an
experimentalinvestigaton was performed toevaluatethe possibility tore-use theplasmaheat
energy exiting the first layer to cthrougha second sheetnd achievean acceptable qualityrhe
main objectives of the thesis can be summarised as follows:

1 Analyse the suitability of plasma technique to process thin materials under one millimetre.

1 Use Design of Experiment based on Taguchi parameters design method to perform tests and

extract data on the level of deformation and HAZ size.

-3-



1 Identify The most influential parameters affecting the phenomena and assess the possibility
to minimise the defas.

1 Create a 3D structure experimental models to assess the possibility of plasma to perform a
cut in two sides with one pass.

1 Assess the possibility to optimise the cutting process of a-thneensional structure using
DOE based Taguchi technique an@ntfy the parameters that have the most effect on
surface deformation and HAZ.

1 Assess the relationship between the plasma parameters and the phenomena resulted from the
cutting process.

1 Evaluate the feasibility of the technique and findings on real chassi

The research was madeprogressivdour stages, tharkt sepof theexperimentvasnecessaryo
identify the suitability of plasma to catthin single sheed.6 mmwithout altering the materialkis
was the minimunsheetthickness valueneasured in the floor chassi$his required toassess the
effect of the heagenerated during the cuin the surfacenaterial deformation followed by
optimisng the settings, asprevious researcfi8] raised tlat sheet deformatiorssuemight result if
unsuitableparametersre used Furthermore,HAZ was measuredo evaluatethe edg alteration
thiswould give an indicationf a second processing required The second stageas toproblem
solve tle unknowncutting process(double layered cuttingand identify if plasma capabilityA
modelwasassembledor this experimentusing two identical sheets to create agRucture trial
and errottechnique waadopted in this stagetil obtention of the desired resuftat in two sides)
The gap was incremented to find the maximum gap that can b&hmuthird tess weremade to
identify thesuitableparametes necessarto cut two layerdor afixed gap (20mm)this would be
usedas a starting referender the optimisation of a double sheets cuttinfjhe laststage of
experimentswas made to optimise the double sheet cutting and identify the key parameters

influencing the process.

Three different models were buidtr the optimisationstageusing three different gaggthree levels)
Taguchiparameters design approach was seletegerform nine trialSANOVA was usedas
methodfor the analysis antb identify the effect significanceThe quality obtained was assessed
mainly dross size, kerfvidth, cut edge offset between the two layersterial lardnesssheet
deformation and heat affected zomielth. The awt edgeoffsetanalysisbetween the topndbottom

sheetwascarried outin this studyto assessf the two edgesvere alignedproperly asthis could



cause a engineering problenRegressio models wereconstructedising the least square method

to assess the strength relationship between the input and vatmaliles

Additional &ests were carried ot confirm the resultand verify the level of improvementf the

optimal parameters obtainemhdalsoto testthe accuracy athe mathematical models constructed

Finally, trials were performed oarear floorchassigo assesshe practicality of the findings

1.3 Structure of the Thesis

The concept of thithesiswas organised as follows

U Overview of the work

U Industrial context

Conversion procesand production line issues

Problem Identification (cutting process).

Identify potential alternative tools tavercome the issues encountered
before.

Technigues used in other companies to procesgtelechassis.

U Literature review and knowledge gap identification

Identifications of the most used techniques in the automotive industry.
Cutting techniques evaluah and identification of the most suitable
technology that can be used at Allied Vehicles Ltd.

Plasma cutting related research and ideatiifon ofthe gap

knowledge

U Establish thadequateesearch methodology

Hypothesis identification

Choice of the resgch methodnd Design of Experiment selectitor

data collection

Identification of the input parameters and the output result

Establish of the necessagstsrequired.

Selection of DOE based on Taguchi method parameters optimisation
Assess the mostfimential parameters on the output result using
Analysis ofVariance.

Analysis of the relationship between the parameters and the quality cut

obtained usingnulti-linearregression

U Experimental set up and construct tleeessary experimental models
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- Perform the tests.
- Extract the necessary data.
- Evaluate the quality and optimise the plasma process

- Construct thenathematical models.

Assess the level adheimprovement using optimgarameters.

Test the regression models
U Tesing plasma on real chassir practical implementatiaon

U Interpret the results and identify the limitation of ttesearctandpotentialfuture work



Chap2 ewWheel chair Acclensdsuisbtlret aMe hGocn t

2.1Introduction

The aim of this chaptes to overviewthe productionprocess adopteat Allied Vehiclesto convert
their carsinto wheelchair accessible vehicléihis section of workintendedalsoto illustrate the
issuesencountered during the cutting stagée line analysisat Allied Vehiclesshowed thathe
dominantproblemlay in the cutting stagelue tothe complexity of the task This canresult to an
increase of theehiclecycle time in addition toqueuingproblemsgenerateafter thisstage Overall,
the vehicksexperience three different main phasesluding parts removal, structure modification
and then assembly staggdhe study lookedo similar industres in the UK andalso tothe main
leading converters in the worldsthis would helpgo evaluateand contastthe conversiomprocess.

2.2 Allied Vehiclesconversionprocess

The conversiorprocessat AV can beclassified into éur categoriesthe first phasds vehicle
preparationthis includeshe removal otarpes, rearseatsand bumpersfuel tank trims, exhausts
and brakegpipes,underbodyshieldsremoval and bracing fiand therfollowed by asecondohaseof

chassis alteratiorthe third phasencludesmechanicaASSY andthenelectricalASSY. Full detail is
illustrated in the APPENDIX-A TABLE A1l. This table showdifferent stagesandtime spent to

perform the tasksncludingqueuing time involved after each staparts removed or addéar each

station

2.3 Cutting Stage Issues

A schematic of the floor pathat isfitted on the vehicle chassis is illustrated in the Figure 1 below,
Area close to the cut edge required to have a small deformAtigmod flatness of the floor chassis
around the edgareaof the cut outvould providean effective fitment and sealing between the chassis
and thenew customizedloor pan.In case of using plasma cutting, tHAZ aroundthis edge also
required to be very small (as specified above in section 2.6). Failure to achieve the tolerance would
lead to further issues when fixing the pasing rivets betwee(sealing issueand vibrations) In

addition, Dross needlto besmallto avoid a second processing to clean the edg¢pemainissues



identifiedat Al | i e donversidnilirerhaal§ atthe cutting stage can be summarized as

follows:

Rear Vehicle
Chassis (Top
Floor Underbody)

Chassis Floor Cut Out

Surface Deformation, HAZ,
Dross Around this Area Must be
Small (Tolerance Set by AV)

Figure 1 Schematic of the Floor Pan E8olidworks)

1 Slow cutting procesand unpredictableaverage45 min for a full cut(this was measured
multiple times using stopwatch at the shopflodis requireadditionalstagessometimes
to cover thedaily target(Eight vehicles a dafor Partner)

1 Tolerancegdescribedelow inSection?2.6) were practically difficulto achievausingcurrent

cutting tool(traditional cuttingmethode.qg.,circularsaw, grinder, jigsaw) [19].
Difficult to maintain a straight cut and follow the cutting pg2a].
Gap between the cut lirexige of the vehicle and th@mp assembled can sometirbesvide

up to 5 mmin eachside See Figrel below.



Figure 2: Gapbetweerthe chassis and thilor pan (top view of theunderbog floor)

Profiling accuratelyusing circular saw ispractically not possible Cornersshowed an

alterationas shown in th&igure2 below.

Figure 3: Cuttingprofile.
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1 Thevehicle chassisan be altereavhen using circular sawFigure 3 (a) illustratethe seat
rail after the cutng processthe bladeof the toolcan scratch the materiail the second sheet.
Figure 3 (b)shows the final cut out obtainetthe blade is altering the chassigs cannot be
avoided when using circular sathis can happen whegmocessingorners anglesor cutting
horizontally.

(@) (b)

Figure 4. underbody floorlteration (a)seat rail sheet alteration, (@)assis altetion duringhorizontalcutting

1 Deformation of the chass# the edge of theut (Figure 4), thisisa common problem
usingmechanicatools This problemwasextensivelyemphasisetdy other researcher
when cutting thin sheefg]. The tool whenusedfor a long perioctan beexcessively

exhausting
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Figure 5: Edgedeformation

1 Human labour limitation, this includes exhaustion time consuming potential injuries
uncontrolledoreksand o p e r ashodages 6

1 To perform a full cut out, thengineer must cuh both sides of the underboflym the top
floor andfrom theunderneatldue todouble layered zone$he vehicles requiral to bdlift ed
multiple times ugand down These tasksan put the engineat riskof injury especiallywhen
processing restricted zones.

1 Tool size and weighivhich prevent the engineers perfongnthe task efficiently This tool

can go out of control sometimes during the cutting.
2.4 Chassismaterial

TheMonocoqug Frenchword that measiSingle Shell) Unibodyor integrated structuresthe most

used chassis in the automotive industry nowafjs It consistsof anassembly of the fram&hich

is mainly made ohydroformed parts such &®x sectionrails, gussetsaandstamped steel panels

All partsarejoint together to form a single body using spot welding techsioanly as this process

is foundto besuitable for the steel metal sheets asserifjlyThis type of chassis b#éhe advantage

of redudng the vehicle weightThe top sheet parts of the chassis body and the side parts contribute
to the torsional stiffness and vehiddending[3]. The vehicle structure waslso known fortheir

ability to give a better protection against collis[@8]. Figure5 below illustrats the type of chassis

processed at Allied Vehicles
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Figure 6 Allied Vehicles (Van Chassis)

Thestructureof the chassisan be different from vehicle toother, depending on the category, size
and the loads rpiired The underbody frames madeof multiple parts called sub frameas shown
in theFigure6 below where 1 and 2 are the cross member and 3 L/R are the side members (Left and

Right side) cross members are joined to the side frame by an intermeditds palled Guss€ia3].

Figure 7: Overall design of thenderbodyframechassif23]

To form the underbody, several sheatsl partsare welded to the frame as shown in Egure 7
below. For a typical cathe underbody is formed in overall with part 1 whigkthe underbody frame,
2 is the front floor, 3 is the rear seat cross membangd® are the rear floor front and back side, 6 is

the dash top panélvater box), 7 L/R are the Rocker panels, 8 L/R are the front inner body sides, 9
L/R are the strut tows reinforcement, 10 L/R are the upper rails boxing
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Figure 8:Underbody floor parts assemfhg]

Allied Vehicles underbody chasssuctureis conposed ofa larger framerails andhas a flat rear
floor. This would provide aincreasd space and accommodate more séaitswn aspeople carrier
vehicles The structuref the vehicles dependingn thesize, load and brandhe chassis framfer
thesemodelsneeds to be designddferently (atthe rear sidejompared téhe conventionadtructure,
asthis would helgo reduce the vehiale weight and also to giteemthe stiffness required to make
the entire bodwnideal lightness and strengf#]. Rear frame and cross member parts have different

shapes and larger cross sec{dhdepends on the size and laglshown irFigure 8.

(@) (b)
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(©)

Figure 9 Allied Vehiclescut out structure (a) Fordmodelrearcut out, (b) Partner rear cufc) Partner frontut.

There are 35 worldwide steel sheet manufacturers (from 18 countries in North AfBaragae,and

Asia). Theyhavecollaboraté to reduce the body structure masgsile at thesametime preserve the

safety of thevehicle, performance andomfort atno cost ULSAB consortium(program)was

working for years to find solution to the challenges, reduce weight, cost effectiveness, material
selection, optimise the body design, a better strength and structure performance are the masn concern
After 15months of workn 1995, the researchainlylead by Porsche Enginegtd. SAB consortium

have managed to decreabg 25%the weight of ther e h i lmotystiucureconsiderablycompared

to the conventionalesign5]. The material used for the chassisamedigh Strength Steels (HSS)

the main gradeR4] are shown in th&ablel below. Any steel less than 210 MPa YS is considered

as Mild Steelg24].

Table 1 High steels grad§a4]

High Steel Grades Yield Strength (MPa)
HSS 210 <Y 550

AHSS YS>550

UHSS YS>780

GPS YS>1000

These optimised steels (Soft misteel, reduced in carbon) are mainly desigteaffer a high
strengh with a minimum weight ratioThe more advanced and optimised UH&@des are
competing with the Aluminium structure chagsignsideringall the aspectsuch agost, weightand
strengh). BMW i8 all aluminium chassis incorpogat in their structur@round 40% of the new
grades of UHS$5]. Approximatively 90% of the body structuneere made fromLSAB designed
steels grade, thisanreduce the weight body ayquatrg24].

-14-



2.5Adhesive andsealing

It is importantto understandhe type of coatingapplied to theunderbodyasthis could affect the
cutting process. These layadded to the material surfacen serves a protection against corrosion
and stones impacto preventthe lody in white from corrosion, chippingr water penetratigrihe
assembled chassis vehidiedergoes several stepse-treatedat the beginningBIW stage) cleared
from anyoil and welding residued hefirst action the engineers takéter the prdreamment stagés
the protecton of the BIW againstcorrosion this operations calledsinking stage, e chassiss
submergedn three different baths, digressing, conditioning and phosphatimg following step is
theelectrodeposition batstageto givethestructurean additional strength against the corroskwly
Vinyl chloridesealingis appliedafterto close the gaps beésn sheets welded aprevent them from
water penetratigrthis sealing ieneficialalsoto protect againsthippingandreduce vibration noise
in additionprotection againstorrosion Primeris addedo the surfacéo givethema smoothefinish
andstrengtherthefirst layers,this also helg the structurgo fight againsthipping flying stonesn
addition tofighting corrosion Coating is applied afterwaras the surfacencluding basecoatfor
thecolour appearance) and clear coat to pretrenthassifrom UV lightsand environmental effects
[25]. Special teatment is given to the underbody to fight corrosionhisis subjected to water,
humidity, road salt, and stone impacts from the underneath, usually an additional protection such as

asphalt based materialglyvinyl chloride polyurethane and waareused[2] [9].
2.6 Requirements and Tolerances

Figure9 belowillustrates all themaindimensions of the cututrequired for fitting a new customized

floor pan Cutting blerancecut out)setby theengineeringlesignerst theAllied Vehiclescompany

s 8 mm, this means in this experimehatfor a partsizeof 40 mm width, it is acceptable

to achie 41.5 mm as the maximum value and also it is acceptable to achieve 38.5 mm as the

minimum value, for the length of 150 msize, anythindbetween 148.5 to 151.5 mishacceptable
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Figure 10: CutdimensiongAllied Vehicles, Engineering Design Department, Partner Chassis Design, Solidworks)
Thefigure was taken from Peugeot Partner floor vehicle chassis, dimensions are in millimeters

To identify the alternative cutting tool to traditiomaéthod it was necessarfyrst to understandhe
nature of the cut performexthd the requirementd summary of hecutout charactesticsare given
as follows

1 Thetool needs to movan 3D planto perform the cutting (multiple sheet¢Bee.Figire9
abov@.
Profiling required (including cutting in angles).
Curved surface
Non-homogeneous thicknes8 mm in some zonesvhere 3 sheets are welded together
(measured using calliper)
The materials thin, thickness of theheetssary between 0.6 mm to 3 m[26].
The largest sheets on the underbody top floor were measured JZ6pm

The materiad arecoatedand painted

= =4 4 =

Presence of the sealant materiadome areas underneath the sheets.
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The requirement (See Table 2 below) of the alternative tool neé@dse the ability to deal with the

main points highlighted above in addition to work and respect the tolerances set by the company for

the cut, the criteria of the tool can be summariztbhows:

=4 =2 =4 A4 -4 -2

=4 =/ =4 A4 A A4 A4 -4 A2 -5 -2

Ability to cut thin thicknesses from 0.6m to9 mm.

Ability to cut throughcoatedand paintegheets

Ability to cut through sandwich material.

Profiling ability.

No second processing is required or minimal.

Minimal deformation (in current method 5mm of deformation can be seen in some areas,
mainly at the angles of the cutting profile)

Process in dry conditions.

Automation possibility.

Threedimensional structuresutting capability.

Ability to access restricted areas underneath the vehicle.
Process all vehiclmodes.

Fast cutting Circular saw requires an average time of 45min)
Safe Process

Environmentallyfriendly

Cost effective (cost of operatidimplementatbn)

Reduce the processing time.

Able to cut nofhomogenous sheet thicknesses and surfaces.
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Table 2 Tool Requirements

Tool Requirements
Criterion

2 Sheets Simultaneously
Multiple Sheets

0.6 mm minimum
Thickness

3 Dimensiona(X,Y,Z)
Cutting Plan

Yes Including Sealant and Paint
Sandwich Material

0.2 mm for Single Sheet/ 0.5 mm Doubl

Deformation Sheets Cultting.
Dry
Condition of Cutting
Automatic
Drive
High
Feed Rate

Varying up to 9nm
Homogenous thicknesses

At least¥z Time
Target of Time Reduction

90 Angl es

Profiling

The quality and Tolerances set by the quality are summarised:below

{ Partsize @curacy® ¥ 8 mmfor both single sheets cutting or double sheets cutting (top
layer only).

1 Maximum deformation in single sheet cuttiisg).2 mm and heat affected zones width 0.2
mm.
The deviation between the tsheet cuedge and bottom (offset) 2 mm maximum
Maximum ddormationfor double sheet cutting is 0.5 mm (top sheet) heat affected zones
width is 02 mm (top sheets)

M Dross size maximum of 1 mm
2.7 Related work

A comparative study was performed in this sectionunderstandnow similar businessesare
convertingtheir vehiclesIn the UK therearearound 20 manufacturers approved amglvedin

motability program schem& convert vehicled27]. These companies can lsfightly different
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depending on theiexpertisewhich is necessaryo covercustomed sequirements and needghe
convertersnanufacture differentehicle brand, wheelchair accesslity (whethermrear,side,or dual
entry), ramp or lifting equipment, type of adaptation requiaed whether travel upfront, rear
drive. Below arethelist of the main manufacturers in tHéK andalsoleadconvertersvorldwide
[28].

Gowings Manufacturer started their business in the &ietsbnversiorin 1960, the company was the
first to join the mobility scheme in UK, based in Berkshire Endl#heir mainbrand arePeugeot,
Fiat, Renault, Vauxhall and Fof@9]. The process of conversi@iapted at Gowings similarto
Allied Vehiclesrear side entrynodels, itbegins(after purchasing a base vehicle from one of their
supplier$ by stripping the interigs and covering the sensitive parts, thée wehicleis lifted to
proceedor the undersideemoval, this includealsofuel tank, exhausts, brake pip@® cut outthe
floor, both circular saw and jigsawere usedor sectioning lhe originalmanufactured underbody
chassisThe engineers procedidenfor rebuildingprocessthe vehicleundergochangeshrough the
production lineanda new reconfigured lowered floas implementedSome partsare modified to
adapt the new reconfiguration, thioowd give the wheelchair usean extra room and better

visibility inside the carThe final stage is quality contrahdtestdrive thenstoredin theyard[30].

Brotherwood is one of the largignanufacturers n t he UK based in Dorset,
in the field To converttheir vehiclethe car movesthrough 10 different stage®esearch and
development teartake approximatively 18 montligr a new vehicle to be completely desigribén

the vehicle is prototyped and tested 190 kg wheelchairThe conversiostartsin the shop floor by
stripping the inside and underneath. ddre company remowgealso the front seatthen using a saw

[31] the rear floorchassis car isectionedht the rear side and replaced with mesonfiguredloor,

thenthe process of the 4tauild begin Smilar to allied vehicles, some original parts kept,and the

restare redesigned to fit the ndaweredfloor modele.qg.,fuel tank and exhausbnce the rebuild is
achievedhe car is sent to the quality control department followed by a test[@&8}.eBrothewood
converterhas the experienadsoto convert and lower the rear chassis floor of an electric vehicle

the UK, Nissan eNW¥200 Combi this givesthem an edge of expertise over Allied Vehicles.

Sirus Automotive ione ofthe leacers in wheelchair accessible vehicliesthe UK Headquartered

in Wednesbury, established in 2004, known for their converted vehicle bestRetiault Kangoo

The company received the queenbos. Thewampady hasrihe2 0 0 ¢
experience tananufacture side or rear entry with the possibility of the wheelchair to move up front

[33]. The process of conversion starts by stripping the car theamside, taking front seats out, the
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the car is liftedrom the groundo remwethe underneatparts includinguel tank, exhausindother
parts whichrequires reconfiguration[34]. The cutting toolused for sectioning is circular saw
engineers proceed for a cut out at the rear followed by a clegrang assemb]yehiclerebuild

quality check and test drij85].

Bristol Street Versa have been in the business for more than 25 years, headquaiéest in
Yorkshire EnglandThe company is the'6largest retailer in the UK, specialised in rear and side
entry, their main brarglareFord Connect, VW Caddy, Transporeerd Caravelle, Renault Master
andTraffic. After stripping the floor and the undersides, the engineers use jigsaw and a circular saw
to cut out the floor, sectioning is alsgerformed on thestructurewall of the car, an openings
performedusingjigsawin the rear sidewall of the vehicleto add a new window® offer a better
visibility for the wheelchair userf36]. New reconfigurecand OME partgoriginal manufacturers
equipment are then assembledLastly, the vehicleundego aquality checkand test drivethen
shippedto customef37].

Lewis Reed procesalsotheir modelsin the samemethod atherconvertersstripping the inside

and underside of the vehicle, cutting out the floor with a circulaif{38&}v The floorpan is replaced

with a customised ramp and modulé&e rebuildprocess includeputting back the original and non

original parts To checkif the vehicle § converte@dequatelynin-depthquality checks performed

and thersent to dest drive. Lewis Ree@roupis also oneof the leathg companieshat manufacture
WheelchairAccessibleVehiclesb ased i n Br omb or expegriance inmiafielth 20
specialised in both side and rear entry, the vehicle can be manufactured with a choice of ramp or
lifting device, alsowith the choice of rear, upfront or drive optiocfhemain vehicle brandsedare
Mercedes, EAT or Volkswager39]

TBC Mobility Conversion is a largeonverterof WAV in the UK, founded in 2006they possess
two main factoriedased irBromborough in England ar@o-Tyrone in Northern IrelandrBC are
well-known for their besseller Volkswagen Caddy Maxi Life, Citroén Berlingdwarded in 2012
from Motability as the national suppliefhe company can convert with a choice of rear passenger,
front passenger or drive from wheelchair, with the option of automated or manual veiveettiicle
access device at the rear or sideor [40]. The conversiorprocess is alssimilar to other
manufacturerssectioning the floors performedusing a manual toglghenfollowed by a rebuild

stages and quality contrzll1].
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Braun Ability is one of the world leadsin the field ofwheelchair accessible vehiclg], providing
products to more than 70 country, founded by Ralph Braun in USA, startethubaessn 1972,
known for the state of the art manufacturiibe company wathefirst tobuild aTri-Wheelerbattery
motorised scootefTher main vehicle brandasedon the shop flooare Chevrolet, Toyota, Dodge,
Honda and Chrysler with the possibilitf manufcture aside or reawheelchair accesalsowith
the choice of manual or powered ranih3]. The companyloesnot only convers vans mini-vans
or buses but also for disabled customers whoepsefither type of vehicles such @8V models
giving the Braunability m edgein the conversionfield [44]. The components needed for the
conversion arenainly customised ifhouse to insure the best qualdp]. Contrary tananufacturers
mentionedoeforewhere onlypart of the rear floor is sectiongBraun process their floor differengly
theentirefloor is ranoved, giving the vehiclanextra roomnsideafter fitting the reconfigured parts
[46]. The company can produce the most spacious vehicles in the fd&ikdthe oveall conversion
procesgemainthe samen overall[48], bequn by stripping theentireinteriors andundersides, then
bracing from the inside to keep the shapéhe structurestable thenusing mechanical tools a few
cuts are made at a specific areggots welddrilled then the entire floor is removed A new
reconfigured 80 replacedamiited, wéldedtotherehictkechaskis followed by
a build-up componenthroughdifferentstages The vehicle ighenquality checked andrive tested
[49].

VMI Mobility is one of the largest manufacturer in the world based in Arizona, USA, they have more
than 25y e a r s @nceconyeringivehicleg50]. The company can manufacture rear or side entry
accessibility using a manual or motorised lifting device. The factory uses state of the art technology
to convert the cars, building their own vehicle floor inside the factory using robotid@rjpsing
andspot weldng the sheets. The conversibaginsby removing all the insidg trims, carpet, wires

and original front and rear seats exposing the structure of the car, arttldlbedercarriaggarts.

Some sensitive areaf the carare covered,thena bracing system is used to prevent the structure
chassis from eformationafter the cut outThe vehicle is moved then to the cutting station, the
process of the cwtdoptedn this companys different than all the other compani@ée entireloor

is removel byusing state of the art technology welding techniqusdparatéhe floor from thérame

[51], this required t@pplication of théneat to remove the weidy material from the sheets atién
dismantle the floorompletelyfrom the chassi$52]. A new reconfiguredhomemadg floor is
welded carefully to the chassis to give more room to wheelchas. e benefit fromeconfiguring

the whde floor is the flexibility to redesign their own componergguired for theassemblythis

would give the vehicle an original look at the end of the process. After the cutting stage, vehicles are

rebuilt througlout the assembly line adding progressivéigir homemadecomponentseach part
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added is controlled and measured usarigortable Coordinate Measuring Machines (PCM#ds)
insure a best fitThe cars finish their pathway with quality checlind test drivg53].

Rollx Vans, is one of the Americatonverterdbasedmainly in Minnesotawith the experience of
convertingover than45 years The main vehicle brandssedare Chrysler, Dodgéloyota, Honda

for minivans andFord, GMC,Chevyand Dodge for full sizeran vehicles The productsan be
manufactured with rear or side entrganual ramp or powered lift, with the choice of rear, front
passenger fit or drive from wheelchfs]. The conversion of the minivamdergoe®3 stagesn
overallusing thestateof-the-art conversion technique3 hesteps followed are similar to VMI'he
interiors are first strippedhcluding front and rear seats, all the underside @adgsalso remowe
Bracing is assembled fweserveand keeghe shapef the vehicle in placafterthe floor cutting
Sensitive partarethencoveredto protect them from any damage that might be caused during the
conversion proces3 he agineers cutheentirefloor using mechanical tools, mainly reciprocating
saw[55]. The reconfigured hommade floor is then assembled and welded to the chassis using the
latest technology56]. Parts used for the assembly are migadinal equipment manufactured and
Rollx customised componentBaint is appliedat the endo give the vehicle an original look and

then quality check and test drif&7].

One of successful American wheelchair accessible vehicles builder in the market is the Mobility
Ventures known as MAL, previously owned by Vehicle Production Group, designed purposely for
handicap user§s8]. The company tarted business in 2011 in Indiana USA, the vekiglere
criticisedat the beginnindor the basic lookHowever,theseoffereda longer body structure lifié
compare to other converters and longer warranty for customigre brand can design ap-front
passenger with side entry access, manual or powered rampmafition to shorten or widen the

r amp 6 s. THe eehige ihpowered by Ford engifidefeature that made tHgand uniquevas

their homemade chassisvhich was built from ground[59]. There is no alteration made the
structure of the vehiclecontrary to other buildershis givesthe wheelchair users better safety
reliablity, durablity in addition to their wider door accesscompared to the rest othe

manufacturer$60]

Savaria Vehicles Group is another larganufacturer baseith north America, Montreal Canada,
founded in 1979 and bame a public company in 200Zhe businessvasinvolved not onlyin
wheelchair accessible vehicles bilgoawith other fieldsrelated tofinding solutions to disability
problemse.g.,house solutiopwheelchair lifting device for stairs. Due to the increase demand these

last yearsthe company expanded their busin@sdopeneda large newactory in HuizhouChina in
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2007. Savaria distribute their product worldwidg61]. The main brand converted are Chrysler,

Dodge and Toyotaoffering a choicef rear, side and dual entf§2]. The conversioprocesdegun

by stripping all the interior including front seats danpers, then removing the underside, fuel tank,
wheels, exhausts, brake pipes, suspension, leaving the vehicle underbody exposed, theitethe vehic
is moved to the cutting statiovherea reciprocating saws used to cua large section of thehassis

floor at the rear of the vehicl&he engineersweld the customised lowered floor the chassis,
providing 40cmhead room to the wheelchair usérge vehiclehenis rebuiltthrough stages adding
progressively some reconfigured paatsd original componentsTh e company s name
added athe endof the processhen the vehicle is sent to the quality check and test [fi8}e.

All-Terrain Conversions (ATC) is one of the large successéll-known wheelchair accessible
vehiclesbuildersin market, based in the North Carolina USAhe company managed to cretiteir

own unique featureis 2009 by taking a step ahemdroducingthe converted Piclip truckg64] in
addition to SUV and Vans modelBhe new desigean givethe wheelchair users more flexibility to
use their cars, reducing the load and unload time, lkitability and cost less than a minii&b].

The dealer can convert any pigg truck as long it is a GMC Sierra or Chevrolet Silverado but no
older than th014year. SUV conversions use@adillac Escalade and GMC Acadia and Y ukiéor

Van conversion®odge Caraane, Chrysler and Toyota Sienna are the main brands. ATC are known
for their lateral access door and iinside automated ramp design (side access) with an option of
either passenger or driver fi66]. The ®nversion process bew by stripping the inside and
undersidebut prior to cuttingthe floor, the entire side vehiclall is removed including front, rear
door and Bpost replacedby a customised hommade large lateral dooA circular sawis used to
cuta large section of the chassis floor at the side, then replaced by a customesedl lfloor welded

to the chassisLifting device is fitted to load and unload the wheelchtllowed by thedoor
assembly step kwch is mountedto an automated device for opening and clasiRarts and
component are painted to match thrgginal colour The company offers thehoiceto keep the
originalmanufactured or hom@ade upgraded seatsastlythe car igjuality checlkedandthentesed

for adriving.[67]

In the other handousinesses which convert vehiategside the disability domasuch aghe world
well-known luxury vehicles convertei Li mousi ne o, was in the fiel
stretching vehiclesThe stepsof cuting taken to transform tiiemodelsdid noteithershowa big
differentin methods, apar slight variationto adapt their needs. The vehidenversion process

begns from the stripping stagezovering most parts with fire resistant papernthige vehicle is

assembled on a jigndsliced into half using a circular saw cut the roofand reciprocating saw for
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the floorcut[68]. Some Limousine shopfloor use a laser guided detci@asurethe cut path line is
respected asis difficult to perform a precise straight cuts using sg@$ (this issue wakighlighted

in the previous section 3. Extension rails aréhenaddedat the midchassisnside the boxsections
frameto extend the length of the vehicldamped and fixed using bracesetosurethe structure of
the car stays in shaplew galvanised ste@lbor panis added and welded to the chassis, then pillar
post frames welded to the structure followed by a roof panel Ah outer body paneis integrated
with hardened crash baamdwelded to the structurdlartsimplementedare checked foposition
accuray. Painti s appl i ed t o coow,aherfolower byagldss fit dnahérsbuild

of customised partshisincluded new seats, screen, phaneinside lights[69]

K. Mehok[6] in his booksectioning unibody vehiclemphasisedhatin orderto performsections

on the vehicle chassis, itmecessaryo understad first thetype of materiabeing processeandthe
compositionof the component to avoid damage to the car. To perform sectioning on a unibody
chassis efficiently and safely, it requires a specialised tooling and knowledge, each vehicle and car
maker is different, we must al andne®mmesdbtonstot o t
find outwhat are the zonesthat @n be cut andthe onesto beavoid It is possible sometimes to
process two similar vehicles in completely different svayherefore we camever assume that two
comparable vehicles can be cut hmetsame way. The author highlightdwse procedures and
methodsemployed to section the chassis including the materials and toot®mraonly usedn

every shopfloor, for instande remove the front rail, the original equipment manufacturers suggest
drilling the spot welds, detach the rail and replace it with a new part welded at the same location of
the previous spot weldHowever, ifit is required to remove only a small segment of the compaonent

then the manufacturers recommendations for the cut vibeuld disconnect first the negative battery

and the airbag system, mark the cut profile, in some cases it is necessary to perform a cut in two sides
of the component in order to remove the part, front and rear side, then using a grinder carefully and
safdy cut out the unwanted section, then replace it with a new component welded in place making
sure that the part is perfectly positionddeasuing and inspection are necessary before and after
welding. Theauthoremphasisedlso that tk procesgequires aslow cutting to achievea good
accuracyusing tlesetoolsa nd it i s respomsibildyto gesearevehat Sthebest fortheir

businesand welcome anything that$ithe potential to improve the work process.

James E. Daff§70] notedi n hi s book fther at¢omooli ogy d otdlya t
chassis sectioninghe proper procedures of cut must be respectedtlh@cengineer needs to be
precise when cuttingr he authohighlightedthe importance of being aware prior to cutting of all the

reinforcements presennder thechassisfloor e.g., brackets, brake pipeas these partsould be
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damaged during the proceakerefore it mightequire removal before the process. Recommendations
and instructions about sectioning including how and where to cut is usually gutolad the
manufacturers. To section a floor, two main tools are required usually, a circular and reciprocating
saw. However, the authassumedhat for body repairsalso a plasma torch can be used as a cutting
tool. One of the problems faced after cugtsections is the exposure of the material to corrosion, this
issue can be seen using any cutting metfbdreforerestoring all the coating necessary to prevent
the metal from damage is very important. Even though the astiygested an alternative tng

tool to the saws,butit is still not clearfrom his bookif this techniquecanachieve @etter quality of

cut, the effect of the heat on thin sheets of the chassisinsunknown.

Andrew Livesey and Alan Robins¢rl] listed the toolsequiredin everyrepair shofloor in order

to perform acutting taskson a unibody vehicle chassighe author tsessed that the wk on car
structure is complicatkand requird skills and special tools which in general are made of high carbon
andheat treatedTools requiredor cutting are different dependingnthe area of the vehicle where
the work is needed, mainly manual anaveo (pneumatic or electric) hand tool$hese can include

all sort of hammers such as Bumper, dinging, pick and finish, straight and curved pein hiaancher
Dollies, body spoons, body files, hand snips, panel beating tools, clamps, pjoghiess to prevent
distortion while welding, edge setters, Rivet set, in addition to cutting tools which include saws, jig
saws, sanding machines, drills and metabsheEtc. The author referred also to other techniques
such as thermal processimgnich can be used in the automotieg)., oxy-fuel or plasma. fiese
techniques can beasilymechanised to obtain a bettarcuracy butequired a constant vigilance as
toxic fumesare generatedand alsathere is arisk of fire involved due tanflammable materials

Therefore an extinguisher must be close to therkstationduring the process.

Eastwood is another company specialised in providing solutions toresitratims and
customisationThe company was in the automotive refurbishing market business since 1978, known
worldwide today for their expertise including training and quality of their pradudhe field [72].

In theirarticle made ombest way to cut and replace a fl§g@hevy Camaro modgltheystressedt

the cutting stagéhat sawsare usedor the task butlso he assumed thalasma cuttecan be an
option to cut an old floor, the choice according to aléhoris depending on the shop budget and

type of caf73].

I-CAR is an international not profit organisation devoted to giving companies a recoguiieg
edgetraining solutions, information, skills and knowledge required in order to achieve-gunagjty

automotive repair in a safe manner. The organisation was founded in 1979 in USA, all repair
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industries who adopt theGAR methodology of vehicle cutting press and procedures are assured

to perform alteration to the vehicl[7sI-CAR t hou
experts stressed that it was crucial when sectioning parts of the vehicle chassis to respect the
manufacturers procedures and recommendations, failure to comply could resutius sgury in

case of collision. Therefore, industries must avoid a-agpproved cuttind75], especially when
performing cuts on vehicle chassis around reinforcezmmés in the chasdig6]. I-CAR concluded

that instructions and methods provided by the OrigingluEi p me n t Manufacturer
cutting and sectioning chassis were built, V €
high strength steels, therefore a new tests and study must be performed with these new steels to
provide companies witn upto-date sectioning guideline. They emphasised that sectioning and
cutting must be stopped and should not be performed under any circumstance until furtj@ékstudy
I-CAR warned the automotive manufacturers to discontinue the training for cutting and sectioning
vehicle chassis (circular saw is used to cut through the chassis) until new tekinefi®]. This

might be the reason why almast vehicleconverters and repairers are using a similar old methods

and tools to perform a cut. Furthermore, the organisation in charge of training esigiaésr using

the same old methods of cutting and manual tools.
2.8 Summary

Thewheelchair accessible vehicle manufacturers can be categorised into three different categories.
The first group, sections the chassis using a mechanical tool. The second group which removes the
entire floor chassis using mechanical tools or a combinafievelding technology and mechanical

tools. The third category buddheir underbody floom-home The main method usddr the cut out

and conveihg vehicles are traditional toolsich as circular saws or reciprocatsays excluding
Vantage Mobilitylnternational none of tlese companies showed any novelty or better way to cut

the floor. This confirmed the claim of some articlabout the methodology uséar sectioning the

chassisvhich areold fashioned needing revision and practically the samgenyecompany6].

Therearefew industriesspecialised in body repaivho assumedhatthe vehiclechassismight be
processedising a thermal technique such as @uxgl or Plasmg71]. The claim was madeithout
showingany evidencef a real caser mentioningthelevel of thequalitythat can be achieve@ihese
norttraditional cutting methodscould beimportedto thevehicle conversiotbusinesasbut a prior

investigaton on the techniqués required.
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Chap3er Plasma Cutéragure Review

3.1 Introduction

The most usedechniques in the markér sheetmetal cutting are illustrated in this chapterhe
main unconventionauttingmethodsisedn the automotivéendustry for trimming metal sheets were
found to be plasma arc cutting, laser machining and abrasive waterjet E{8}infgcomparisonwas
carried outbetween these technologiesorder to select the most adequate metheeded These
techniquesre assumed to hersatile effective precise andan process materials agood speed
of cut[79].

3.2Plasmaarc cutting

Plasma arc cutting is thermal process that uses a high speed ionised gas waicheach
temperatures a830000°C[80] at the velocity of soud or highe{81]. The technique in general can
cut any electric conductivamaterias. This processs widely used in the industry for cutting and
profiling, it provides a good cutting speed, low investment and apgradst compared to water jet
or laser82]. Therange of metaplatethicknessused for this technology is usualgtweerb to 40
mm for standard maching83], the moreadvancedechnologiexcanprocess beyond that rangp

to 150mm thick[16][84].

Plasma is the fourth state of mattersitormedwhen energy is added to a gaml heated at

high temperature between 5000 to 7@[B]. The atomsare then excited at this stalgading

the electrons tonoveandleavetheir orbits, creating a powerful source of energy called plasma.
Engineers managed to manipulate this energy and asea tool to cut materiahe processs
calledplasma arc cutting=igure 10) Thefunctiorality of the plasma ies alsan the design of the

torch aftertheionizedgas is injected under pressure and forced to exit through a small nozzle bore
athigh velocity, the critical zone at the orifice transforms the ionized gas into plasmnia exeessive
amount ofenergy addeccreating a channel of conductive plasma focused in a cross section causing
thebasematerial to melt angartlyevaporat¢71]. The gas used for plasma is depeowlthe material

to be cutin general air, oxygen, argam nitrogenare usedthe purity of the gas igery important

for the procesas this can affect the electrode life and the qualithefcut.[85].
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Theadvantagesnddisadvantageof the plasma cutting can be summatias follows[19]:

= =2 4
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Figure 11: PlasmaArc Cutting "Courtesy of TWI Ltd"[14]

Fag cuttingprocess
Able to process more materials compared to Oxy fuel

Can process any conductive materials

Plasma is the adequagteocess for cutting stealaterias thickness rangemall and medium

from 5 mm to40 mm.

Smallerheat affected zones compdte oxy fuel.
Low consunable costs

Good quality cut

Theprocesss safe

Disadvantages:

1
1
1
1

Level of noise is high when cutting thick thicknesses
Fumes can be harmful
The | ight generated by the pl asma

Process onlgonductive materials (unless a spetoathdesignis used)
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3.3 Laser cutting

Laser beancutting startedn 196 ,ghis process ithe commormmethodused to cut thin sheets for
various material®.g.,nonferrousor ferrous metalsplastics,stoneswood, ceramics,andrubbers.
Etc.[86] The laser generatesagh intensitynonvisible single wavelengtHight which can be
reflected The beam then directedusing benders or mirroesdfocused ora small aregseeFigure
11). The high energys thenabsorbed andonveredinto heat and caudehe material to evaporate
or melt A compressed gas is usethe procesgshe common gases ax@rogen or Oxygendepends
on the material te cut[17]. Laser cutting is usuallgfag processand thefirst choicefor cutting
sheet metal thickness under 6 m®ome industrih machines showedhe ability to process
thicknesses up to 100 m[87]. Thereare different types of lases usedfor cutting materialsn
addition to thecommonlyusedCO lasers theseare mainly employed for cutting, engraving and
boring Thelaserbeam is generated as a result of an electric discharge p#ssingh aC O gas
chamber The secondtype is the filbe laser (solid state category) whighexpensivecompared to
C O, but their life cycle is higher, also they require less maintenanckess energyxompared to
C O to process the same thin matetldatkness The beam is generated using digdeasnsferred
through a fibreoptic, amplified, and then focusedn the material usingnirror. These kinds of
machinesare very good for engravingarkingand cutting thin material88]. These machines are
better at processing reflective materidlsl: YAG and disk lasers are ranked in the same cagego
than the fibrethere is also the latest model known as direct diode laskd Gtate lasers category)

which gained ground these days in the industry for cutting matf8&jls

Beam
Bender

(Mirror) Laser

Resonator
Laser

Focusing
Head

Focusing —mp———

Laser Gas —

Focal

Nozzle Laser Beam Length

Figure 12CO Lasertechnology(ESAB)[89]
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There are some advantages and drawbacks of cutting witlj28¢ethese are summarised below:

Faster process compared to plasma in thin materials

Fast Cutting speed, excellent at profiling complex shapes
Canachieve a better accuracy than plasma or oxy fuel

Can cut simultaneously sandwich material at varied thicknesses

Small kerf

= =/ =4 4 -4 -

Less heat input to the material (small heat affected zones) compared to other thermal
methods
1 Canprocess metallic or nemetalic materials
Disadvantage:
1 Cost of initial investment is higtompared to other technologies
1 Operating cost is higher than plasma
1 Consumptiorof poweris high
1 Setting the machine requgbigh accuracynd expertise
1 Not suitable foreflective materials

3.4 Abrasive Water Jet

Abrasive vaterjet cutting techniqusonceptonsist of forcing a quantity of watender high pressure
to exit through a small nozzldiameterat velocity higher than speed of sourigeeFigure 12).
Abrasiveparticlesare usedor this proces.g.,silicon carbide or aluminium oxide in order to
increase the material removal ratemean of erosiarin overall any materiahetallic or noAametallic
can be cutisingAWJ. This process is known to cut tkicnaterials. However, it is a slow process
when cutting steel, for instance it require an avecd@®0 mm/minfeed rateo cut through a 3 mm
thick steelmaterial[90]. A narrowedcutting stream andcontrolled movemerntanallow the method
to producean efficient cut andbtainavery precise parfThis process is particularly suitable for hea
sensitive materialwhich are practically difficult to cut using other methobserefore, Heat affected
zones are avoided using this procédsasive water jet cutting xtensivelyused intheaerospace,
automotive and electronic industries. thre automotivesector partssuch adnterior trims, head
liners, trunk liners, door panels and fibre glass body components and bumpaedarasing this

procesg91].
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- Stream

Figure 13: Abrasive water jehead Injecto(ESAB) [92]

The maincomponent®f the machine are iaverall Compressor, Air filter cum drier, Relief valve,
Pressure gauge, opening valmaxing chambemozzle holdernozzle,work piece[93]. After the
abrasivewaterleaves thekerf, the jetcanremain stillunderhigh pressureTherefore a system for

water collection is required to absorb thicessenergy,a catchers used usually under the matéria

Advantages andisadvantagesan be summarised as folloy23]:

1 Can process practically any material

1 There is no heat generated during the cutting and heat affectedozacksallynon
existent.

Thereareno hazard wasshas been reported using this technique

Disposal costare minimal

= =4 =

Excellent accuracy
1 Can process thick materials
Disadvantage:
1 Machine parts can be affected during time by the abrasive dust generated during the cut

1 The speed of cut is slow
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. The proces of cutting is noisy

. The cost of the abrasive is high

3.5 Cutting Techniques Comparison

In the following Table 3 below illustrates thecomparison betweethe nontraditional common

techniques
Table 3 Cutting Techniqgue€omparison
Cutting
Techniques Vs Plasma Laser Abrasive Waterjet
Capabilities

Thickness Range

Used mainly &r 5mm to40mm
plate$83], can cut up to 150

mm[16][84].

Good Quality up to 50mm mild
stee]94] butused mainly to cut
sheets of6 mm or lesf95] as it
provides a fasspeed.

25mm Thick steel materi@l6]

Operating Cost

Low operating co$95][97]

High Operating Co§#5][97]

High operating cost, higher than laser
(dueto maintenanceoutine) [95][97]

Good for nild steelandconductive

Homogeneous angonreflective

Any materials in generagbutlimited

B materiaf[84] material$84] when cutting very hard materi§l9]
Average accuracy around-+/
Accuracy 0.5mn{95][97]( &1 2. 5 mm| C2" Ac(h'zvf 2’0“’;";?7125’:1”}9?] +-0.127mnf95] ( 812 . 5mm m
steel)
Kerf 3.81mm( & Bmm mid steelj98] 0.64mm (&2 Bmm mild steel)98] 0.89mm( &2 Bmm mild steel98]
Distortion Higher thanLase{84] Low dls;ggr?]ristfltter than No detorsionpractically{79] [84]
. Fast in sheetteelbelow 6mnf84] Very slow when processing steel
el ei o Fast i n (8R]@I][ESh [95] [15] compared to plasma or lag#4] [95]

Metallurgy and

Mechanical . Narrow HAZ compared to this process, properties of the material g
Properties Higher than las¢85][84][79] plasm4[95][84][79] very close to the base material
Change [95][84]1[79]

HAZ are neglected usually when using

Cut Edge Quality

Less than lasedross and bevel ca
be seef®7][95]

Better than plasmand close to AWJ
small bevel angle and very small
dros$97] [95]

Better than laser, square edge no drog
practically[97] [95]

Gas, Fumes, Noise, sparks, hot

Gas, Fumes, Noise, sparks, hot
metals, hot slugs, laser beam

High level ofnoise, potential flying
abrasive particles, pumps under high

Hazard metals, hot slugs, electrocution, . ) . . ;
Ultravioletradiatiorf99] (damage eye gnd skin/ Ultraviolet pressure son_we_tlme even if no_t working
radiation]100] risk of hand injury, electrocutigh01]
Capital Cost Effective, low investment Very high investment, higher than Higher than plasma and lower than
Investment compared to other AWJ[95][97] Lasefo5][97]
technologief®5][97]
Speed of cut Fast Process (A Level), 1000mm/min (10mm thick steel). Slow process 38mm/min (10mm
P 2450mm/min (10mm steel)102] [102] steel]102]

Productivity

Very Good Productivity, best on
thicknesses between 6 to 50mm t
lowest cost in this

rangg103][95][97]

Excellent for thin sheets in general
very good production rate up to
6mm, the be§t03][95][97]

Slow process for steel materials but ca
process a variety of material at tight
tolerances and high accuracy without
HAZ[103][95][97]

Laser is most productive on materials thinner than 6rtoterances are excellent on most materials
the operating cost and initial investmeme considerableThe techniquavas found to have some
limitation when processing uneven thicknesgE$4], to overcome thisssue,additional costs are
requiredto adaptthe laseto the type of processg. Adaptivdens andsensors for instant feedback
Plasma in other hand is a universal process, good at processing conductive praterdy mild
stee] it is themost productive process on cartsigelfor medium thicknessesnedium capitafor
initial investmentlow operating cost, fagrocessandgood accuracyAWJ can be considereda
universal cuttingechniquédor all materials including nemetalic materials it is the choice number
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one where hat affected zones are not tolerategdium to high capital cost requiredbut in general
lower compared tdasertechnology but theoperating cosis higherif compared tdaser anglasma
due to the maintenana®utine AWJ is a slow procesfor steel materialscompared to other
techniquesalsoacatcheiis required to collect thabrasive materialfterleaving the kerf. Processing
vehicle chassis with this technique amdler moisture environment can leaghtoblems, in our case
dry cutting is requiretb prevent corrosion generatidbxy-Fuelis a costeffective process also and
could be included@sa cheap option focutting the vehiclehassis However this technology is not
adequate when dealing with very thin materiatanly used for medium and thick plate3uality
issues starts to appear when using this process for thickessr®® mnj105]. Cutting under 3mm
would result todeformation issues andigkling [106], unless the quality and deformatiare not a
requirementor the manufactureand a second processing is at no cAsipecial nozzt to process

thin materials might be used buirre advancedutomation system iseeded71].

After evaluating théechniquesthesuitabletechnologyto perform the tas&nd replace the traditional
cutting in this casewould be the plasma cuttedue to theircost effectivecompared to other
technologies The process is fasgccurate,easy toautomate,and the operatng cost and initial
investmentwaslower thanthe other techniquealls within Allied Vehicles Budget)In addition,
someautomotivebody repaiengineer$71][72] assumed that plasneattermight be used to section
an dd vehicle chassias an alternativd herefore, an investigation on plasma cutiswgecessary to

qualify this technique.

3.6 PlasmaCutting Related Research

Plasma arc is widely used in the industowadaydo process conductive materialhe technige
was found to have good abilityto reduce the cost two to three times avidlst increasng the
productivity to almost three times compared to othercmmventional method@®]. Thereis a lot of
research carried out on plasma cuttimgterials below isthe summary of the main research
conducted. This literature reviewowld helpto identifythe gaps in the field andentify theresearch

guestions

A. losub, Gh. Nagit, F. Negoes{l07], have conducted a research to show the ability of the plasma
arc to cut a sandwich materidhe research consisted of using two outer laminated aluminium sheets
of 0.3mm thick and a thin layer of polyethylene core in the mitlt#grocessvasmadeto assess

the quality cut, surface integrity and heat affected zones, varying the input parameters (current, gas

size, intensity, speed) thenalysethe quality outcome Theresuls showed that itvaspossible for a
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plasma to cut a sandwich reatl. However,the two outer layers and the nsteethad different

material compositionand the melting points for aluminiumvas higher than the polyethylene
Thereforeit wasnot possible to obtain a good quality cut ttuéhemiddle layer excessively expad

to theheat The research showed that the main parameter that influenced the process was cutting
speed The research concluded thatnaachine with agood feedrate can make difference by
increasing the cutting speed the middle layer would be less exposed to the heat and can potentially
result toa betterquality. The researclemphasisedhat the use o#vaterjettechnique would béhe

suitable process to overcome this issiteestudyneverattempedto optimise the plasma parameters

to reduce the phenomenbaforemakingthe finalclaim about the quality result

A study made byr. A. Lazarevich[108] where aHypertherm plasma CNC machimas usedo
cut a different stainless steel material thicknes$es 6, 8, 12 and 15mnThe authorassessd the
relation between the input paramete@urfent, material thickness and cutting speed) and the output
cut resulte.g.,kerf width, surface roughness and angle helieé input plasma setting waaried,
resuls werecollected and analysed usiMATLAB software Ninety-nine recline cuts were made
for four different work piecg The experiments results showed ttet kerf widthwasinfluenced by
the cutting speed and curretite size wasmaller when the cutting speed increhssdwhen the
current decreased the size narrowdtke $urface roughness incrediséth the increase of the speed
and current Bevel angle also increas$eavith the increase of cutting speed and curréitt tests
showed that thethicknessof the materiainteracted withthe cutting speed and curremthen the
thickness increased thdhe speedrequired to slow dowrand currentto increase The author

emphasisethe need ofurther studyconsideringother inpufparameters.

A researchwasundertaken byr. H. Celik [109] on the Effects 6 Cutting ParametersnoS235JR
steelMaterialsusing aCNC PlasmaThe quality cut othe materialfor various thicknesses rangé

4, 6 and 8mnmwas assessagsingcutting speed from 1000mmimto 1500mm/rm, arc voltage 115v

to 125v, amperage from 80A to 130Meat affected zone width, surface rougtsybardnessand

the temperature of the material during the cut were asseBsedesults showed that increasing
amperage the temperature during the cuttingl@/increasgealso the paper highlighted that thickness,
amperage and cutting speed have a significant effect on the heat affected zones, whereas temperature
measured on the top surface and the arc voliegénked to the cutting powehis could reflect on

the shae of the kerf The authoemphasised that temperature and HAZ were affected bigdde

rate this would decreasdy the increag ofthe speedCutting thin sheets required the voltage and
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the current to be at lower level and the speed of cut rtedatshigh for a best quality resulThe
paper highlighted thatutting thick materia required the currenttbe highand the arc voltage at

lower level

J. Aldazabal, AM. Meizoso, SCicero et Al[110] performedanother stug investigating on plasma
parameters effect on the qualityt edgeand heat affected zonefhe experimergtused 15mm
S460M steel gradgo perform multiple straight cuts using HyperthermCNC plasma machine
starting from thenanufacturingecommended settingd/ire EDM technology was then used to slice
layers of 300pum thick on the cut side to assess the HAZ witihidual stress distributiowas
assessedsing xrail and micre hardening The purposeof this workwasto evaluateif a secomwl
processingwas required to remove the unwanted arg@he study showed after measuring and
analysing the specimens that the affected zones smaedl and uniform along the surface and
disappear after 700 pumThe paperhighlighted that using plasmaag less heat affected zones
compare to oxyfuelbut higher than lasetHowever the depth of the heat affected zones in the cut

edgewas uniform with plasma contrary to laser or oxyfuel.

K. Rana, DrP. Kaushik, SChaudhary111] have optimisdthe plasma cut in both term consumables
and quality of cutThe purposeof the workwasto vary the input parameteesg., cutting speed,
current, air pressure and standoff of the nozate, then assess amihimise theheat affected zones
The test was performed on KALPlasma cutter air/air, the thickness of the material was a thin mild
steelplateof 10mm Qualitek4 andTaguchi methodvereusedto optimisethe parameters and their
settings usind.9 orthogonakrrays. The resuls showed that the currentdhenaximum effect on the
heat affected zones with more than 658&n the cutting speeat 34% then stand off and finally the

gas pressure

S.M.llii andM,Coteatd112] conductedh studyonPlasma Arc Cutting Cost$he paper highlighted

that knowledge of the costsechnical and operatingide) were important when working towards
investmentsMathematical formulas were built to illustrate different costimduding maintenance

and toos. The author concludethat itis veryimportar to provethat theselectedool can provide

an economical adntageover traditional cutting They have mentioned also that th&oold s
consumabledife, quality cut and productivity were the main cost advantage compared to other
techniquesnainly for materials suchsmild steelaluminium,and stainless steel fomade range of

thicknessThe author highlighted that plasma is very convenient in matter of quality, operating cost
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and productivitycomparedo other processesh& authoiillustrateddifferentformulasto evaluate
the costbut there was no real détasupport his clainlmor compareather techniquet plasma

S. S. Pawar and K. H. Inamddrl3] haveassessed the Heat Affected Zohas4mm and 12mm
Stainless Steehaterial,known fortheir ability to resistagainstcorrosion CNC plasma Hypertherm
Powermax 1650 air/aivas used for this studyhe input parameters voltage, cutting speed and gas
pressirewere varied, theurrent and gas pressure were kept consgetiings were chosen according

to manufactured ghickness recommendatiai cut Theoutputvariables were analysedjine cuts

of 200 mm straightineswereperformedfor both platesthenspecimens were taken frosach cut,
polishedusing sandpaperd00, 800 and 120&nd chemically etched using Aqua Regia liquid to
expose the materifdr the HAZ analysisDesign of experimenwasused (Taguchparameters design
approach to optimise the input parametersd ANOVAto determine which parametesgre most
influentialon the quality The result showed that the Heat Affected Zones incdeaik the increase

of the Voltage and Gas pressure and desmlwith the increase of cutting speed

L. Schleuss, ROssenbrink, TRichteret al[12] investigatedolasma cuttinga honeycomb structure
thin materialusing a robotic KUKA armThe authoremphasised the lack of knowledgencerning
processinghreedimensionalstructure thin materials using plasma technolagythe automotive
sector Thepurpose was tqualify this proessinstead of a lasetue to high costinvolved thiswork
can bebeneficialto railways industryandalsoto theautomotive industry. Roughnesstaightness,
and burrs were assessed then compared to the laser .qUiaditsesearch concluded that thelity
obtained from the testsusing plasmaon structured materialvere acceptablein general and
highlighted the importance of the distance control between the torehaakgieceto obtain a better

guality. However,an advancedevel of automation waequireddue to complex profile of the cut.

K. Rakhimyanov, MHeifetz and ARakhimyanov[114] haveconducted research to investigate the
latest plama technology known as high density plasma to cutdt@okeddifferent metals Two
materials were usethe first sheet was made from steel material ST3 and the second was Aluminium
A5M, the two sheets were jditogether using explosive welding technique to create a new bimetallic
sheet of Gnm thick used as structure materidlbe paper emphasised that high precision plasma
was chosen due to their ability to obtain quality of cut closer to laser or wateljatgiee The

objective of the work was to optimise the cut and define the best plasma paraewigesl for the
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processusing two different HD machinesid gase®r each sideThe study concluded that in order
to cut a bimetallic material effectivelyt was necessary to cut on the side of the metal which
possessed a higher melting point.

An experiment was mad® Bahram Asiabanpoudesus JimeneZlara Novoeaet al[18] on stainless
steel materiabf 6mm thick plate Fasma parameters were optimisesing theresponsesurface
approachto improve multiple output variable at the same tintee response analysaucluded
flatness of the surfac@he experiment used the plasma paramegiensarily current, cutting speed,
pressure, standff torch, slower speed of cut on the cureesitool type all at three levels and the
cut direction at two leveld'he output parameterseasured were flatness, roughness, straightness of
cut, bevel angle, dross, the sample size change after the cut, tool life, start point cut quality and the
depth of the cuB9trialswereperformedon the materialManual too$ wereused to assess thetput,

then a design of experiment (design expert software) was implementddntdy the relation
between the plasma variables input and the quality re®Regression models were construdied
predict theoutputresponsesThe esults showed that thgiality of cut overallwas affected by the
torch height, tool type and the direction of the ldotvever, the optimal settingsbtaineddid not
show any improvement during the validation tests, leaving a roomaddditional testn the future

to confirm The response measured and the predicaédeswere close.

Evan L. Floyd, Jun Wang, James L. Regens g 18] have investigated plasma cutting technique
and the effect of the input parametécarrent andprocessig time) on the outpu(volume of the
fume and patrticles characteristigsre measurgdTheresearch aim was to understand the nature of
the fume as it was found that this might rele@sécants such as chronmu Therefore thesegases
could be harmful andceflect on human health if overexposddhe experiment useglstainless steel
ER308L4.8mm thickasa material for tes, plasma current was varied from 20 to 50Aultiple
cutting was performed manuaby different processing time& 10 or30 secondFume chamber and
pump were usetb collect the fume, the volume size gested during each trial was determined
usinga Gravimetric approach, a fibre glass filter was used to catch particles on the top of the chamber
thenassessewith a scan mobility techniquendthenweighed. The results showed after tests that
the rate inceased by increasing the currethie values registered were in ovefdl5 mg/mn when
20A was use@nd119 mg/mn when 50A was usethis last value register@B0 pug/mn of harmful

chromiumgas. Te author claimed that cutting with plasma released more toxic gaduhag the
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welding process The author did not clarify the reason @dmparing plasma cutting to welding
processas these two methods are tammpletelydifferent processes.

P MariyaFelix, K Ramesh and S Roseliffel 6] have assessdle quality cut of a CNC plasma on
SS410 Stainless ste®esign of experiment was used for teets Taguchi method and Analysis of
Variancewere employedo optimise and analyse the effect of the input varsalg.,Cutting speed,
arc voltage and piercing delagt three level®n the output variabee.g., flathess,perpendicular
parallelismand roughnes®Optimum plasma settingseredefinedfor each responsdhefindings
showedhat piercing delay was the nmasfluential for perpendicular and flathess wheneaghness
and parallelismwere respectively cutting speed and aoitage.Even thoughthe authos have
mentionedhat the process was improved using Taguchi metHodeverthere vwereno additional

testsshownperformedn their papeito confirm the claim.

R. Miroslav,M. Jankovic, B. Nedic et 4l.6] have investigated on thasma cutting quality as part
of the research for théatestnon-conventionaltechnologiedor manufacturing application§235
steel plate 15mm thick was used for the experinasrd materialthen17 samples were cuising
CNC Plasma cuttevarying two input parameters, cutting speed and cuatef©, 80, 100, 120A
and also usinglifferent cutting speed vad from 425 to 1585nm/min. The quality was assessed
based on ISO 9013 EN criterithe responses included drdssmation angularity,squareness
melting of the top edgeverage pick to valley (roughness)d dradine. The findings showed that
cutting with plasma alway®sulted to two different sides of quality usually the left @deetter than
the right sidealsoa better quality ofoughness and bevel angiel to 3 degreedeviationfrom the
good side and 3 to 8 degrees in tlght side The authors mentioned that an equal repartition of
guality could be obtained if a swirl gesused Lastly, a good quality wasbtained when the cutting

speed was increaselhe author did not atteptto optimise the process to minimise gfeenomenon

D. B. GhaneL. B. Abhang, P. A. Makasare et [dl17] have conductedesearcton the effectof
differentplasmanozzles on the quality cuthe studyalso includedhe analysis of theffect ofthe
settingsvariationon the quality Fouridenticalmild steelplatesof 200 x 200 mnx 20 mm thick
were used for the tests and fautswere performedising a CNC plasmia each platavith different
nozzles The input variables were plasma totgpe this included! different nozzle&alpak industry,

ESAB, Mass cutting systemlachineandc o mp a wyg oszlevovider, in addition toplasma
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parametersvhichincludedcutting speed, gas pressarelstandoff distance betweeworkpieceand

torch Variables measured were dimension accuracy, roughness and materiadl reizevi he
authorsemphasisethatthe requirements to perform a cut using plasona specific work usually
donotmatchthé act or y6s s et tiThegefreitveas necessaptpbdorm tests to
identify the adequate settingsui t abl e f or t. Mhe resultsrsipoved yhatdihest e e d s
guality obtainedusingt he ¢ o mp a ny ptise awherhavealso zhigHlighted that material
removal ste correlated with théengthof theprocessing time and roughness.

S. Tossen, T. Kavka, A. Maslani et[alL8] have investigated on plasma flame energy flow exiting
the nozzle The mainparameter assesse@smainly gas pressurearying from4.5, 5.5 and 6.5 bar
usingwater stearethanol base mixture&urrent of60 ampers30 cm/mn cutting speed an2mm
standoff distancebetween thavorkpieceand nozzlewerefixed during the experiment, a 15 mm
thick mild steel S235JRslightly rusted was used for the tesihe research used theoretical
approach teestimate the quantitthe energy of the plasmat in different zonesThe size of the
material removed was calculatbdsed orthe kerf width The emperature of the heat exiting the
material was measured usiaghermocouple and water vessel devicderneath thevorkpiece also

a pyroneter infrared was fixed to constantly register the temperatuhecut edgdor 150 mmlong.
The findings showethe possibility teestimatahe quantity of energy required fibrecut by knowing
the material removal size and the temperatlihe plasma energy decreased with the decrease of
plasma flow, furthermore the energjter the kerf showed a decreaseit it was not possible to
effectively estimatehe quantity The research estimatéuat only 20% of the plasma jet energy was

used for the cutting athe rest was dissipatéa the materiabndexitedthe kerf.

The effect of thenature ofdifferentplasma gasson materialas assessday T. Kavka, A Maslani,

M Harbovski et a[119]. 15mm thick mild seel was used for the experiment using different gases
air, nitrogen,oxygen,andsteam based on mixtuod pressurised water and ethyl alcoftble liquid
washeatedand evaporated in the tofjci he currentised wa$0A, cutting speed 30 cmim, stand

off 2mm were kept constant during the experimé&ht gas volurawas varied from 8 ta6 g/mn.

A thermocouple was positioned underneath the working piece to register the temperatare and
pyrometer monochromatic was employfed measure theutting temperaturghen aspectroscopy

was used to evaluate different temperature zonesteBearch showed that air and nitrogen resulted
to a similar kerf feature, the kerf was wider at the top of the work@irdesmaller at the baitn.

Oxygen and stam shapewverewider,and bothkshoweda similar featuref abell-shaped kerf structure
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meauring that theheat distribution was not uniforfor these two gasethe besguality was obtained
using nitrogen The researclshowedthat cuttingusing oxygernwould not result to an oxidation.
Finally, the authors claimed that improving the gas flow would result to a better quality of cut for all

gases

J. Kechagiaset al[120] optimised the CNC plasma parameters to reduce the right side bevel angle
of 15 mm mild steel. Tguchi parameters design method was used to perform Nine (09) trials
considering four parameters at three levels L9 (3*4). ANOVA was used to analyse the results and
identify the most influential parameters.

R. Bhuveneshand B. Abdulnassel{121] optimised a CNC plasma parameters to minimize the
material removal rate and surfaceigbness of aluminum alloy independently. Taguchi parameters
design method was employed with Three parameters at three levels, nine trials were conducted L9
(373) to cut rectangle 100 mm x 40 mm. ANOVA was used to analyse the data and identify the most
influential parameters at 95% interval of confidenc&aRie was used to identify the significant

effects.

S. S. PawaandK. H. Inamdar[113] used Taguchi parameters design method to optimise plasma
parameters, three parameters at three levels and 9 trials were performed L9 (373) to obtain a cut of
200 mm long in two different plates 4 mm and 12 mm thick stainless steel gradesspoase
observed was heat affected zones width using a microscope. To identify the most influential

parameters ANOVA was used at 95% level of confidence.

R. Bhuveneslet al[122] investigated on surface roughness and material removal rate independently
of a 6 mm thick steel grade materfelSI 1017 using a manual plasma. Taguchi parameters design

method was used to optimise four parameters (three levels) and nine trials were performed L9 (3 *4).

Another study was conducted by K. Rana efl2B] to assess the kerf and heat affected zones
independently. Four plasma parameters were optimised at three levels to imprwalithegesult.
Taguchi parameters design method was used and L9 (3"4) was used to cut a 10 mm mild steel.

ANOVA was used as a statistic tool to analyse the results and obtain the percentage of the effects.

Optimisation of holes cutting using plasma matig was performed by J. C. Chen efi#4]. The

main responses assessed independently was bevel magnitude and hole deviation. Four parameters
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were considered for this study at three leveld daguchi parameters design method L9 (3"4) was

used.

H. Ramakrishnan et §#8] usedTaguchi method to optimise four CNC plasma machining parameters

at three levels of a 3 mm stainless steatlg plate. To reduce the number of the runs L9 (3*4) was
chosen to perform a random closed profile. The output assessed independently were surface
roughness, kerf and heat affected zones width using a microscope. ANOVA was employed to analyse
the data a®5% level of confidence for most influential parametersRwdlue was used to identify

the significant effects. Thregimensional surface plot was used to assess the effect of the two most
influential parameters on the response and finally, a regressdel was built for each response to
assess the relationship strength between the input and output parameters.

S. Vatousianos and K. Saloniti25] investigated on CNC plasma cutting of 15 mm mild steel grade.
Three responses were analysed, angle bevel, kerf and heat affected zones (using a microscope).
Taguchiparameters design methas used to optimise four parameters at three level and 9 trials
were performed L9 (3"4) to cut a 150 x 50 mm rectangles. ANOVA and regression analysis were
performed to find out the most influential parameters and the strength relationship between the input

and output parameters.
3.7 Conclusionand Knowledge Gap

Plasmaarc cuttingacquired a massive ground in the industrystiasty e a [A1&]sTremendous
amountof work was carried outon this technology However, scientific publications oplasma
cutting processemainstill limited, thiscan beclassifiedin two categorie®ithermetalplate analysis

or plasmastudy[126], thework performedon the materiafocused mainly on the edge of the cut.
Dattu B. Ghane assessed the effect of plapai@meters and the nozzle type on mild steel cutting
quality [117]. Yahya H Celiklooked atways to optimse the plasmaettingsto reduce heat affected
zones and roughnessr a different mild steel material thicknes4&27]. Another experimental
research made by A. LazareYk08] on stainless steahaterial to assess the influence of the input
parameters on the outpalso to procesmaterials such as Hardox 400 and assess the qliBy

or titanium[129]. S.M.llli carried out a research evhat drives the cost in plasrfil2]. EvanFloyd
looked at the characteristic of the fugenerated during the plasma cuttjd5]. T. Kavkaassessed
experimentallythe effect of different gases the performance of plasma cuttiig 9]. A research
was performed on dual materaliminumand steeprocessed using latest plasma technology known

ashigh density moddll14], other research on sandwighstructuredhin materialsalsowascarried
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out previously [12,19] These articles were primarily assessing plasmting qualityin two-
dimensionalplan andlinear cutting. However, theras no documerdtion availablevhich assessed
plasmawhen an additional plan of cut is requifed instance how plasma would performariting
athreedimensional parsuch as doublayeredor box sectionD. Krajcarz[84] reviewed the three
main bestcutting methods used to cut metaisluding abrasivewaterjet, laser and plasmeneir
conclusion suggestaxhly abrasivewaterjet can perform a cut in muléiyered sheet$.. Schleuss et

al [12] stressed that cutting a tlerdimensional structusawas not awvell-knownfield. To sum up,
considerablevork hasbeen dondor assessing one single sheet. However, there are no scientific
documentations until today investigated on plasma cutting two layetdtaneoushandoptimised

the processS. Tossen, T. Kavka, A. Maslani et[al8] stressedn their experimentatesearch that
only 20% of the plasma energy was usedutthematerial and the remaining energy was dissipated
in the plateand the largest quantigxited the kerf Therefore, in my casthis leftoverheatenergy
exiting the kerf could bee-usedto cut an additional layerThis hypothesis if tested and proved
correct would give the plasma technologystep forwardon their applicatiorand a additional
dimension of cutng. This researclkeould be beneficidlor businesses whekehicles are converted
andacut-outon the chassis floas required assome parts in the underbody chassemade otwo

layers thiswork couldalsobenefitother industies

-42-



Chaptder ResedMedcimhodol ogy

4.1 Introduction

Theaim of thisthesisis to fill a gap knowledge athe feasibility to reuse théaeatenergy exiting the
kerf to perform acut in a secondsheet This researchseeks toidentify the optimised wayfor
processg two layers effectively and reduce the phenoaesultedto their lower level mainly
deformationof the surfacend heat affected zoneBherefore, iis necessary to analyse the effect of
the heat on thin materiahdassess thguality resultsThis studywill helpthe industryto understand
the plasmanbility to process ¢hreedimensional structurdkesearch performed previouggsumed
that plasma technique is not suitable for thmaterials uderonemillimetre due to the high energy
inputtransferred instantly to theaterialsurfacg130][83]. In our case hethinnest shegtartin the
underbody floocchassis vehicleneasured wal.6 mm[26]. Therefore, it is important twlentify the
optimised way to process this range of thicknessyasiag settingnight result to materiallteration
[15]. The Figure 3 below show the process of the research and the methodology approach adopted

in this thesis.
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4.2 ResearchApproach

Experimental method & valid and effective way which is widely used by researchers to collect data
in the engineering field. Trigdnd error involves repeating tests using different combination until
obtention of the results needgB2][133][108]. There are different methods that can be used by
engineersand scientists to conduatsearchTheobjectiveof this thesis igo problem solveandgain

a deeper understanding ofuaique cutting processn addition to measuringphenomea. The
adequatemethodologythat should beadoptedin this casevhen testinghypothesisand examining

the cause and effeds the experimentalquantitatie approachThis wasthe standard approach
adopted by other researché¢fsr a similar worR andthis wasclearly emphasized ithe literature
reviewconductedn the previous chaptefor instancel.. Schleus®t al[12] investigated b plasma
cutting honeycomb material using experimental approActosubet al[107] have conductedra
experimentafesearch using trial and error methioghow the ability of the plasma to cut a sandwich
materialeffectively. S. Pawar et §113] investigated on plasma cutting stainless steel material to
assess HAZ, this was achieved using experimental apprglethodssuchas qualitatre, applied,
fundamentalanalytical descriptiveor conceptional researetere not the most suitable approaches
due to the nature of thistudy especially wherconverting plkenomem into numeria data and

analysing resultsusing a statistical software amecessaryn order todraw a conclusiofil31]. .
4.3 Design of Experiment

Design of experimen(DOE) is a statisticaimethod used irdifferent fieldsas anefficient and
alternativetechnique to the traditional approashich assessedne factor at tim¢134], this was
Introduced in 1920 by R. Fishgr35]. DOE can be divided into three main categori®sreening
design which is more adapteditientify among aconsiderabl@umberof variablesthe key factors.
The second choice is the full factorial desighere all combinations of the factors ansidered
howeverthis method was criticizedue tother high costand time consume.drovercomethese
issues e third methodvas developed by researcheramedfractional factorial approachthis
method possess the potentiabsess the main effect at minimexperimental runs possiblehilst

remaining accuratehis type of design is the most used technique in the induS6y.

One of theproblemsfoundwhen processingheetavas toidentify the optimal cutting conditiorfer
each specific material and thickness requteedbtain the best cutting qualippssibl¢137]. There

are several statistical tools which could be ussda researctechniqueand optimsing method
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howeverto datenone of them wrefoundto be better than the othdhe choice is generally driven
by the type of probleninvestigatedand the objective of the world38]. Among the fractional
factorial desigrs, the DOE based ofmaguchi method i®ne of thewidely usedapproachin the
engineerindield for proces®ptimisatione.g.automotive industryandthis techniques anefficient
tool for quality improvementvhich highlights a reduction in cost and tinfte39]. This methodis
extensively usedvithin theresearch fieldor improvemens and procesoptimisation especiallyin
manufacturingshop floorand metal cutting140]. In generaif we need to examin®ur parametey
at three levels this normally requires= 81 trial$8]. Taguchiapproach foparametersptimisation
processcan reducehe teststo a minimum trialwhilst presering the accuracy This methodis
suitable in my case whersample are doubledn number due to cutting multiple layers
simultaneouslyThe method was also suggested in the literature review.

Taguchimethod isarobust designvhich useorthogonal arrag; the main objectivef the technique
is to build a reliable system that can perform efficiently ef@nconsiderable nuisance (noise) is
present.This method focusson the mean and the quantity of variat{owise)generatedvhen the
input variables chang@ other wordsjdentify the hghestmeancorresponding to thieast quantity

of variation (highessignal to noise ratid)L40].

There are othesuitable methods whichcould be usedn this studye.g., ResponseSurface
Methodology(RSM). However, the research showtbat Taguchivas better at identifying optimal
conditions with less trialiRSMis bettersuitedwhenmorecomplex designs astudiedusing several
factors to assesstwo responses or morat the same timgl41l]. Grey Relation Analysis
(GRA)[142][143] and Fuzzy Neural Network (FNN)144] are anotherapproacheshat could be
adoptedas a research technegtor this workbut similaty to RSM, thesanethodsareusuallyused
for complex designsnulti-response angsisand for decision making vem not enough information
is available For simple designs Taguchi remain the first chp@en though theseactional designs
including Taguchi are weknown for efficiency and cost effectimess However,full factorial
designis the most accuratnd effective when time and costs are not an igsube companyl140].
The limitation of the fractional designgcluding Taguchiis the interactionssometines these

techniques fail to detect thadffectsignificance especially at order three or md40][138][135].
4.4 Factorsand Levels

Figure X4 below illustrates the parameters that can influence the quality cut mainly for surface
deformation and heat affected zones.

-46-



Plasma Model
Controllable Parameters ‘

Intensity
Consumabhles Life
Feed Rate

Voltage

Electrode Type

Orifice Diam eter

Torch Design

Gas Pressure | Sheets G ap ‘ Machine Model

Gas Nature

f Ui Stanc ol Surface Deformation

and HAZ

Chemical Properties
Atmosphere Temperature

’ Thermal Cutting

o Mechanical P t
Atmosphere Humidity. Human Error SER S SRR RS

Surface Condition
Mechanical Cutting

Uncontrollable Parameters Assisted Gas

Material Thickness and Size

Workpiece

Figure 15Ishikawa Diagram for Parameters Identification
4.4 1Parameters

For cutting materialstheconvenient wayo conduct a design of experiment is to includthe study
all the important factors influencing the responseThis codd help to effectively generate the
necessary information and identify the optimum sett[dg€]. The schemati@aboveFigure ¥ was
used tohelpidentifying the important parameters that can be selected iddésign.According to
the literature reviewhie main parameters usedconduct a research plasmaprocessingrecutting
speed, current and pressufet5]. In this thesis, wehave consideredall possibleinput plasma
variablesincluding cutting speed, gas pressamdpower (ntensity I) forthe single sheet cutting
There is an dditional input variableaddedto the study for cuttinglouble shest(air gap distance
between the two sheetd)heplasma torch standff was adjustedutomatically,and the shield gas

was also constant

4.4 2Levels

In metal cuttingwo or three levels are generalchosento conduct experimentspmetime more
levels are used.dine researchersiticized thetwo levels analysias thisnighthave some limitation
and lackof accuracyto generateall the information neededto improve the qualityf139][124].
Therefore, a three levels experimargs selectetbr thiswork.

There is a lack of informatioon scaling levels and hoto attributeanew valugto the factos. Some
researcherfiave selected the settingsndonty as long as theew value has an effect on the

responsg40]. V.P. Astakho139] in his bookmentionedhata simple mathematical formula to set
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the upper and loweraluecould be usedthesenew settingsvererepresentedby +1(upper)and-1
(lower) and Orepresentethe chosen factor valuwe thereference

OYN N QIO

G 7Y

b oT0 ¢ 6 Qi w0E0QI®
w DEU | ~
P 00 P

X (+1) is the newJpper value
X (-1) is the new lower value
X i's t he afthafactod&didreace)lv al u e

9 X represent the variandeterval of the settings in realr{achine settings)

1 Cutting a single sheet (Thr&rameters athreeLevels):
X represent the chosen cutting paramemid-level or level zerg)which in this case was
the closest settingsluesto manufacturingecommendatioplasma parameters for a mild
steel 0.6 mm thick
Cutting speed 8500 mm/min, Air Pressure 75 Psi andditjeR5A
Settings graduations X (Pressure and Intensity are respectis@ mm/ min, 5 Psi and
5A).

From the formulagsbove we obtain:

O p¥ynnai — P Y OYNNQIOd wd OGO/
O pMévE —— pY X | odwe ®=

Replacing the valudsa the equations above we obtain:
Cutting speed Uppéevel 9000 mm/min Cutting speed lower lel/f8000 mm/min.
Pressure Upper level 80 Psi and Lower level 70 Psi

Intensity upper level 30A and the lower28A.

9 Cutting Two separate sheets with air gap distance (Four Parameters at Three Levels):

In this case we have the X upper whigpresents the maximum level obtained for gap

distance at level 20 mrrutting speed 500 mm/min, pressure 80 Psi and current Bs

settings variation w &for Cutting Speed, Pressure and Intensity are respectively 100 mm/

min, 5 Psi and 5A
QO dQQA QEAIQQQI D@ 18N 6 nn Lo
-48-



n

Xlower =0 @®=Xupper-w® W= X upper-2w®

Therefore, we obtain the remaining levels usirggttho aboveequations:

Cutting speed at mitbvel400 mm/min and lower is 300 mm/min

Pressure at mitevel 75 Psi and lower is 70 Psi

Current midlevel 30A and lower is 25A

The higher gapwas fixed to 20 mmp dused was 5 mm, theforewe obtaineda mid-level

15 mm and lowegap10 mm.

4.4.3Response

EN ISO 9013 defined quality cut when processing materials using thermal methods as bevel angle,
material formation possibility on the top or bottom edge (dross or spatter), angularity and squareness,
dradine lag, top edge melting, roughness and average pick to valley in addition to the heat affected
zones and kerf widtfil30]. However, there was another issreounteredvhen processing thin
materials the phenomenois known as theleformation of the surface the material According to
literaturereviewthis was a common issure the engineering field18][146][84]. Furthermorethe
responsas selected depending on thelustryneedsEven though ISO defined theeaning of the

quality in thermal cutting but there is no mention on whdhe accepted quality ley&b], thisis

usually defined by the companit Allied Vehicles,all the quality requirements aset andshown

in the Table4 below.
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Table 4 Quality requirements (Allied Vehieb)

Quality (Allied Vehicles)

Quantitative Value (mm)

Single Sheet Cutting

Double Sheets Cuitting

(Requirements only fo

the Top Layer)

Part Accuracy® 7 8 Width: 38.5 (min)/ 41.5 Width: 38.5 (min)/

(max) 41.5 (max)
Width 40 mm

Length 148.5 (min)/ 151.} Length 148.5 (min)
Length 150 mm (max) 151.5 (max)
Deformation 0.2 mm(max) 0.5mm(max)
HAZ 0.2 mm(max) 0.2 mm (min)
Edge Offset N/A 2 mm (max)
Dross 1 mm (max) 1 mm (max)

4.5 DOE Based Taguchi Parameters design approadProcess

To conductan effective design of experiment based on Tagpammeters design approache
research should follow thetepsbelow[147][138][124]:
1 Problem Statement and the objective ofiloek.
Select a measurable outcome (Response)
Identify the factors affecting the process (response) and their.levels
Build the adequate orthogonal array for the experiment (Tagacameters designethod)
Assign values and perform the experiment
Idenify the optimal settings using the signal to noise ratio
Collect and malyse thedata

Interpret the results

= =4 4 A4 A4 A A -2

Conduct the confirmation tests

There is a tremendous amount of research conducted on plasma cutting usingiDgEguchi

approactparameters desigBased on literature reviewan experimentanbe performed usinthree
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or four parametersnainly at three level&indL9 or L27 can beadopted In this case, due to time
constraints and the cost of the teatsninimum trialusingL9 arraywas selected

There are several statistical tools thataa be used in the researctOne of the most powerful
techniqus used iMinitab. The softwaras a reliableandeffective also extensivelyised as &ool

for hypothesidesting analygng dataand make a meaningful interpretation of the findiigs][147].
Minitab is widely used in the industry to increase quality, solve issues and optimise the fit48¢ss
The software is a user friendly akdown asthe preferred tool for researchers when thsneo
programming obuildingcomplex mathematical formulas compared to MATLAB, Statistica, Design
expert, IBM, Maple or other software. In additidfinitab was chosen as similar articles irstield
suggested this software for variables analjisi®]. The version used is Minitab 19.2.

The Literature refew for plasma cuttingshowed thathe main method used for datnalysiswas
ANOVA (analysis of variangeThis methodwasdeveloped by R. Fisher as an improved version to
overcome the issues encountered using other methods such as T tests 4. Z8fe#BIOVA is a
reliable statistical tool whicks employed by other researchers to analyse datithe effecs of the
parameter$l50]. General linear model (knowgreviouslyas two ways ANOVA) was usddr this
work to identify thevariablesthe mostinfluential on the respons&@heanalysiswas madeat 95%

confidencglevel of significancg [151] knownalsoas the level of uncertainfi52].

To justify thechoice of ANOVA approachthere are two main branchtsat can be identified for
data analysi$or quantitative researcii his isdepending on what the&tudyis invesigatingandif a
hypothesis testing requiredsimilar to this study)then the suitable approashthis casevould be
inferential data analysis method. TkeEhniqueallows the researcher to predict the variables based
on what is being observefpr that ANOVA, T-test or regression for instance can be used. A
Descriptive data analysis is another approach that is mainly used to charactdrcsgegoristhe
sampleswvhich is not the case in this thesis, Mean or Midian techniques can beouapdlysehe

descriptive data

There are thretamiliesof statistical analysis in gener@hi Squared family used & comparison is
requiredor if we seek tdind a deference in groups ang possessnly categaical data (qualitative
data) T-test familyis used if a comparison is performed or to finddliference in meagroups and
if we havebothcategory and continuous dathis includesT -test for two groupsANOVA for three
or more groupsZ-testsis thesamethanT-testbut used when large data is availablerr€lation

family is used when weare studying relationship ande only have continuous data (used for
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estimationmainly). MANOVA is similar to ANOVA but used when two responses are assebsed.
test carbe used in my case, but it can only compare two groups at time which is time gansum
when ANOVAIs availableand in this caseve might failto detect theffectssignificance this can

resultto an inflatedP-value[154].

ANOVA methodwas selectedor this researchasin my case iinvolves testing hypothesigwo

ways ANOVAcan be selectedmo mp ar e t h eof mgroapsibtwo fdcters @ inore on a

single responsare usedvhereas one wa\NOVA compares levels of one factor and one response
only [153]. In overall,in any research it ihepurpose othework thatdictatesthe technique required,
depending onvhatwe are usingf eitheracomparison or relationship study atte type of datave
possess ifitis aategoicali qu al i t atacomien W@au sa 0d atra dgquantitat.i

FurthermoreRegression analysigas used to assess the strength relatioristipeen the input and
the output parameter$his is a powerful way to demonstrdtehe experimenrdl design is valid and
reliable[155]. The oldest and widely used technigaescience is the multivariable linear regression
[156]. In this hesis two mathematical models were bugingle sheet and double sHeehich are

used to analyse the variables for both phenordef@mation and the HAZ.
4.6 Experimental Procedures

CNC Plasmawvas used for the experiments, the macliaeautomatically controthe speed and
direction of the cuin X and Y axis Based on literature reviewhis methodis widely used by
researchers to control the parameters, profile, and perform ctestgyThe model usedor this
research is &€NC Plasma Hypertherm Powermax 1250 Torchmate T80M automatic distance
adjustment torclworkpiece with capacity of 50% duty cydl&58] (seeFigure 15), Voltage 240V
pressure ranging between 40 toF4) and current between 20 to 80A. Plasma with current capacity
up to 200A was categorised by fabricators as low currentimesj159]. This model was chosen
due totheir ability to work at hash conditions, also itheonsumables lifevashigher than standard
plasma up to 10 times longer due to a new patented electrode Hylife implemented in the torch which
preventsnozzle wear. The machine was known for flexibility, quality, reliability and can switch
from manual, CNC to robotiarmwith easd160]. Furthemore, the machinemploysair for both
cutting and shieldinghis gas icommonly employed for cutting materials up to one inch thick. The
techniqgue was convenient also when a low current is[dgjl Air plasma offesa versatile cutting

and a good quality of cut at high speedsthy using air we eliminated the need to purchase the gas

therefore the cost of operation was lo83]. In this work we consider deformation of therface
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sheet, heat affected zones size, dross size and the offset between the two sheets are the main qualitie
to be assessed.

Figure 16: CNC Plasma cutter

The Researctvascategorizedn four differentphasesummariseds follows:

4.6.1Phas One (Thin material cutting)

This stage was necessary to understand the effect of the heat gedarmigthe plasma cutting
process on thin materiahd how the defect®sultedcould beminimised Tests performed would
illustrate the suitability of plasma to process thin material under one millinTéteghinnest sheet

partin the underbodyvehicle chassisfloor measured wa8.6 mm[26]. Therefore,to reduce the
phenomenon ofleformation in thin material® OE based aguchiparameters design approaghs

used andhreeparameters at three levels were considered for the tests. L9 (3*3) orthogonal array was
used to optimise the single sheet, 9 regiesof 40 x 150 mmwere cut from a largsheetsize of

500 mmz x 0.6 mm thick.

4.6.2Phase Two 8D-Structure Cutting Capability)

This stage will determine the capability of plasmg@éoform acutin two sperate sheets with an air
gapdistancg(3D-Structuré simultaneouslyTwo identical sheetsf 500 mn# and0.7 mm thick was
used to creata threedimensional structurehis was assembled usibglts, washers and nuts, the
two sheet were separated using spaceesdatsired distance. The plasma graeters were varied
randomly using trial and erromethod a series of cuts 150 miong were performeduntil the
obtention ofthe cut in two sidegsimultaneously. To identify the maximum gap that can be cut, the

spacers were changeaglincrease the distance gap between the two sheets
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4.6.3Phase Three Cutting Parameters Identification)

Thethird experiment was made to determine skerting parametergquiredto cut two layersThe

gap was fixedt 20 mmdistanceébetween the two layeras the quality cushowed detterlevel than

the higher gap (quality was assessed visuallize Settings which resulted to the best quality cut
were used as a referereeda gartingpoint for the nexset ofexperimentvhich meant tooptimise

the parameterd'wo identical 0.7 mnthick sheets were assembled to create a 3D structure similar
to previous model andseriesof straightlinescutof 50 mm long wereerformed

4.6.4Phase Four (Parameters Optimisatiorof a Double Sheetfs

Taguchiparameters designethod was used to optimisedaimprove the qualitpf a double sheets
(3D structurg. Four parameters at three levels were considered i®itdbts including the gap
distancebetweerthe layers Thereforgthree models were built different distance 10 mm, 15 mm
and 20 mm(gap levels)sheets of 300 minx 0.7 mm were usefr the assemblyof the models
bolts, nuts and washevgere usednd the sheets weseparatedisingspacersat a desired distance.
L9 (3"4) OA was chosen for the experiment and nine trials were pertbtaneut rectanglesf 150
mm x 40 mm.Three trialsfor each modelwere madgethe models werekept cooling at room

temperature after each trial.
4.7 Samples preparation

The samplesallectedfrom the experiments were scannétn a small piecgof 20 x 10 mmsize
were taken from each trial in the same areahel machine used fosectioring was Buehler
AbrasiMatic 300 abrasive cuttinghe pieces werenountedon a 40mm diameter mouldThe
mounting press used was SimpliMet30BQehler automatic model andettCompound used was
ProbeMet, pressed to 290bars at 1500@ specimensbtainedweregrinded andgolishedusinga
rotating machine AutoMet300 Buehler moaeéth a sandpapers, P120, P240, P400, P800, P1200

Grit Sic, followed by a mirroring processsing 9um and 3um Metadi Supreme Diamadhdn
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0.05um MasterPrep Alumina solution, finally, samples were etcisaty5 % Nital acid[164] to
expose the gaingeeFigure16.

(© (d)

Figure 17: Samples PrepationMachinegPictures Taken a&AFRC). (a) AbrasiveSectioningMachine[165], (b)
Mounting Press (c) Grinding andPolishingMachine (d) Sample<Obtained

4.8 Measuing Methods

4.8.1Deformation, Kerf, Dross andEdge Offset

The instrument uset measure thdeformation kerf anddrosswasa 3D ATOS TripleScariFigure
17)this technique ithestateof-the-arttechnologyusedfor surface analysighistechnique is widely
usednowadaysdn the metrologyfield andalsoin the automotive industryT his technology uses a
norrcontact blue lighf166] andjust with onesingle scan it can take up to 16 million pointsthof
surfacewith anaccuracy ofL0 Microns(0.01 mm)[167], this can be considered as the error of the
equipment this means the part measured and the actual one can have a 0.01 mm diffEmence
technique can achieve higher accuraoynparedo a digital gaugei-urthermore, this method was
suggested by researchassan efficient way toapture features detail in short tinvbeethersmall or
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large scal¢168]. GOM inspectwasusedas a software tmeasure the maximum deformation of each
specimenusing Gaussian best fit virtual plan methothe values obtained were in millimetres, a
simulation of the deformation watustratedon the surface toontrastifferent levels of distortion,
zones with the red coloware theareaswhere maximumdeformation levekcompare to the plan
constructedThe 3D scanner can revedl thefeatureswith precisionmaking the assessment easier
for also measuringther phenomemsuch askerf and drossvhich weredifficult to assessising
alternativetools suchasfeelergaugedial indicatorgauge or calliper.

Figure 18 Atos 3D TripleScarfAFRC)[165]

The offset cut edges the shift between the top and bottom edgEkis phenomenon waa very

importantto measurgas this can cause issue when fittinge¢hstomised floor paiWe noticed after
the testghat therds a difference is size between the top and bottom sampédifpe wasused to
measurethe sizesof each sample and then mathematically have calculatedthe offset and the
differencebetween the upper and lowdregs. The tolerance of the offset in easide was set to 2

mm maximum

4.8.2Heat Affected Zones (HAZ)

Microscope LEICA DM12000Nsee Figure 18y as used to assess the heat affected zthreesiodel
magnificationavailablewas5, 10, 20, 50 and 100 timeEhe equipment offers r@solution in both
directions (X,Y) of 0.01pmand an accuracy of +b um [154]. The size of the affected zonesasv

measured from the cut edtgethe base metahe valus obtained weran millimetres
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Figure 19 Leica DM12000 MicroscopfAFRC)[165]

To identify the HAZ under the microscopenasnecessary to know first the structure of the material,

the difference between steel grains, also how these gains were formed. When metal is heated at high
temperature above the transformatiogreée and below the melting point austinite grains are formed,
each grain is composed of millions of atoms arranged in a space lattice cube, at room temperature
atoms are arranged in body centred cubic form (BGAhen critical temperature is reached
(trandormation temperature) the atoms are reorganised and change shape to face centred cubic (FCC)
space latticethis change is called allotropZarbon atoms are significantly shahey arescattered

around the iron atoms in the interstitial spaten theallotropy transformation begins an additional

room is generated in the lattice increasing the capacity for carbon accommodation. Below the
transformation temperatuamdallowing time for cooling, the lattice change back to initial form BCC
causing the gdon atoms to migrate away, the process is called diffusion, this process will contribute

in the formation of the pearlite grains in later stfig#9].

At normal cooling time during solidification small crystals are formed in the austinite padaio

meet with their neighbouring crystals, a new form of light white tinted grains due to iron presence
appears called ferriteThese types of grairdlow the material to possess the ductility properties,
then progressively during the cooling process, the diffusion of carbon begins and starts to form
pearlite grainsvhich can be seen as a zebra structure grains, white is the iron and black hashed line
areiron carbide(cementite)these types of grairgive the properties of hardness and strengitie
proportion number of grains ferrifgearlite can be different depending on the amount of carbon

present in the material (low, medium or high carbonlsté¢he material is high in carbon then the
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pearlite grains will be dominant and vis vej5@0]. The other scenario is when the material is cooled
quickly not allowing the diffusion process to happetunally. Carbon atoms wuld be trapped in

the space lattice and become distorted allowing only a small quantity of cadsmape, a new form

of grains appears known as martensite which can be seen under the microscope as grains with black
thin cementite needles shape oriented in any random directions, these grains are hard and brittle,
similar grains can be formed when cogliprocess is fast but not as fast to form martensite, known

as bainite grains seen under the microscope with similar appearance to pearlite, thinner black
cementite needles shape oriented roughly in the same direction at around §07tt].6Iese grains

are excessively present at the cut edge when a thermal cutter j$Q8jeéFigurel9.

Heat Affected Zone is the volume material between the cut edge and the base material which the
mechanical propertiewere altered due to high heat input andtfaooling This area is weak
comparedo the unaffected base and can easily crack and cause probleneg it is undesirable

for engineering applicationslAZ can be divided into four areas, the closest to the unaffected base
material is called temperedne, then partly changed area, recrystalised and grain growth area which
are close to the cutting ed@&€2][173]. This different area in the HAZ can be contrasted (heat tint)

ard visible due to high temperature distribution impact across the material and surface oxidation
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during a cutln overall theHAZ size is depending on the material used, the quantity of heat applied
and the length of exposuf&73].

4.8.3Microhardness

To identify the maximum hardness resuliafder thecutting a series of micro hardening tests were
performedfrom 0.1 mm of theedgeof the cutup to 5 mmincrementingeach 0.3 mmStruers
Durascan 70 model machine Vickers Microhardness HV was used for th&tgste. 21), 1kg force

load applied for 1Zecond The hardness of the unaffected metal base was measured first and an

average value of HV 128as measured
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Figure 21 Struers Durascan 70 Microhardri@s<]

4.8.4 Measurementandling

In any experimental research it is important to make surdhbanethod of measurement used is
reliable and valid. Thisvould ensurethat other researchers can replicate tdws(in the same
conditiong and obtain the same resuli$ie observationabr measurement error can be seen as the
difference between thieue and measured valu&€o ensure the validity of theesultsin this study,

the measurementasrepeated three ties The samples were alsaspectedusingthe conventional

methodssuch agalliper, gap filler and micrometre gauge as shown ir-thare22 below.
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Figure 22 Measuring Equipment

Therearetwo typesof error to minimise, random error which naturally happens subhraan error
and also the systematic esavhich can occur when equipmeastot properly calibrateflL75]. In
this researchdue to time constraiatand the scope of workhe measurement errors were not
calculated. However, these warenimised,and the validity of the measurement was ensured by
following thesesteps

1 Repeat the measurement three tianas compare the values obtairjegbstretest) in addition
to conventional inspectiomethod

1 Ensure the following set of measurement are not biased by the previoufosiegjardthe
previous tests to be sure the values obtained are not biased).

1 The measurement was double checked for accuracy with other researchérmoratory
techniciango eliminate the human error.

1 Make sure tht the technicians in the laborat@me fully rained and have enough experience
to perform the measurement (this was applicable onl@@oAtosTriple Scanmeasurement
and s aunfpdeetchirgy precegs
Check for consistency of the measurement using differentswéameasuring instruments.
Ensue theequipment are accurate to eliminate the instruments epretgninarytestswere

performedto verify the reliabilityand propre calibrationf the equipment.
4.9 Summary

In this chaptera detail of theexperimental procedsllowed in this research wagiven. This work
was performed in four different phassetarting from thin layer analysis tedtsp sheets cutting tests,
identification of the effective parametdestsand optimization of the two sheets cuttilegts The

main ponts of this chaptearegiven below
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Experimentalquantitativemethodology was selectedl this thesisas this researcimtend to
verify a hypothesisf plasma heat remployment.

DOE based Taguchi parameters design was selected as the adpguadeh toeduce the
cost, number of trials and optimize the process.

Ishikawa diagramvas used to identify the main parameters to assess the surface deformation
and HAZ phenomena.

L9 (3"3) wasselectedo process a single sheet 0.6 mm thick

CNC plasmawas selected for the tests and the input parameatehsded cutting speed,
intensity,and air pressuri®r single cutting. In addition, gap distance between the two sheets
was considered as an input pagder in the double sheets cutting

L9 (3"4)was usedor asimultaneous cuttingf two parallel sheets with an air gap distgnce
the thickness of the sheets used was 0.7 mm.

To ensure the validity of the data collected, the measurenesrepeated three timesd

the same values were obtained in each process.
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Chapier Data Collection and Anal

5.1 Introduction

The initial stage of the experimentas performed to analysengle layer cuttingusing Taguchi
parameters dé&m method. Thesecond stage of tests were mainlyagsess the possibility of-re
employment of the heat power exiting the Kerperform an additional c¢simultaneous cutting of
double sheetsY.he third stage was to identify the adequsatiéings required to procetss structure
the fourth stage was made to optimise the process andeddeicefects to their minimum level
possible ANOVA was used to analyse the results at 95% level of ceméiel the most influential
parameters were identified. Lastly regression models werstructedto assess the strength
relationship between the input and output variables.

5.2 Experimental Process

The material used for the experiments was a thin shedédsrotbed deep drawing steel DCO1 grade,
similar steel used for some underbody vehicle chassis floor @Gk The chemical composition
of the material is 0.12% Carbon, 0.6% Manganese, 0.@%%phorus and 0.45%lfur[177]. The

mechanical properties of the metal are given inTihlele5 below:

Table 5 Mechanical Properti¢s77]

Youn Yield Tensile 0 Strain Strength
Density Modul 9 s s Elongation  Anisotropy P oi s s hardening C ﬁg.
(6) kgl E%IIDJ us Yt:\;:sps Rtrl\js; A/80mm n rati o exponent koe icient
(GPa)  Y(MPa) R(MPa) o o0 )
7.83 210 140280 270710 Min 28 1.53 0.35 0.21 619

Five modek were prepared for the experimentaddition to flat sheethe first testused a single
layer 500 mm square and 0.6 mm thickhe secondnodelwas assembled for the double sheet
cutting, wo identical sheetsf 500 mm square and 0.7 mm thiskere usedassembledsingblots
nuts and washerspacers were used to keep the gapdatsaeddistancebetween the two sheets (16,
25, and 35mm)The third model waassembledo identify the starting points at fixed gap of 20mm
between the two sheetsor the last experimenthree identical models at different gaps 10, 15, 20
mm distance between the lagevere assembled for optimisation proce&) mmx 300 mnx 0.7

mmwere assembled in the same manner
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The CNCplasmamachine was checked and calibraieensure the validity of the tests and eliminate
the errorsThere arewo categorie®f errors[178] identified in plasma cuttingerrors after cutting
which can be compensatdédy optimising the process and the errors beboittingand thesean be
controlled by following tle stepsabovebefore thestarting the experiments
1 Assist the operator from start to finishexperiment process
1 Check the level of flatness of the sheets with digital prob gauge
1 Ensure the techniciamsetrained and qualified.
1 Perform initial tests to verify the accuracy of the machine size of the parts obtained using
a calliper thisalso includes o f t war eds pr o graphicrsipéenrgr. er r or an
Assess the level of phem@na obtainetb the manufacturer standards.
Replace all the consumabtEheckfluctuation of the voltagand air flow
Ensure the accuracy of the torslorkpiece distance using filler gafgrc voltageautomatic
height control)
Check the screen for anyrer.
Verify the correct setting by two engineers, pressure gauge indicator, proper voltage,
amperage and cutting speed.
The gap between the two shee@swaintained using spaceata desiredength(as needéed these
were placedaround the modglhe length of the spacersvas checkedwith a calliperbefore use
Different spacers were used for different gapso spatulas were used to handle the top samples
carefullyduring and after the cutting, this will prevent tbp sampledsrom bendingunder the effect
of their weight and also from colliding with the lower she€tesmallpiecedakenfrom the samples
to analyse the HAZ wereutfrom the sama areawhere the defect meant to be maximal (at the corner
see Figure 22 The parameters were identified usingial tests as explained in the 5.2.3 section.
Preliminary tests were performed to check the quality of the cut obtaifled. would give an
indicaion if the correct settingaere used.After each test the model were left to cool at room
temperature before proceedinghe next trial. For the experimenh phase foureachmodel(three
models at different gaps)as separated into three zones faxed properlyusing bolts, nuts, washers
and spacers between the sheets as shown in the ERjoetowto avoid thedeformation to move to

the next trial. The levels of the parameters were calculated as explained in the dedtibn
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Figure 23 Experimental ModelSeparation into Three Zones

5.2.1Phase One Single SheetCutting

In thisstage a flat sheet of 500 x 500 x 0.6 mm was used to verify if plasma machine can result to

an acceptable cunt thin sheetsvithout altering the surfacén other words, assessing the effect of

the heagenerated by plasma cutting on thin materials.

Taguchiparameters desigmethodwasselectedand orthogonal arrayasconstructedor this test

to cut and optimise the quality (defoation and heat affected zormaainly). Nine tests wreselected

(seeTable7) and nne rectangles of 150 x 40 mifhe parameters chosen were three input vasgable

[145], cutting speed, current and gas pressure at three lev8)saE8shown in the Tabbelow.

Table 6 Parameters antieirlevels

parameters / Levels L1 L2 L3
Cutting Speed (mm/min) 8000 8500 9000
Air Pressure (Psi) 70 75 80
Current (A) 20 25 30
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Table 7 Experimental Layout

Trials Cutting Speed Pressure (Psi) Intensity (A)
(mm/min)
Test 1 8000 70 20
Test 2 8000 75 25
Test3 8000 80 30
Test 4 8500 70 25
Test5 8500 75 30
Test 6 8500 80 20
Test7 9000 70 30
Test8 9000 75 20
Test9 9000 80 25

5.2.1.1 Deformation Measured

Nine samples of 40 x 150 msizecollected from thé&s00 mm? single sheet p&6 mm thik and
then scanned using 3D Atos TripleScadime Figure 21 below shows one of the specimdisial
number one) scanneshdassessedsingGOM software The entirescannedgspecimers figurescan
befoundin the APPENDIX-C FIGURESCL1 at the end of thithesis

Plane 1
& Nominal | Actual Dev. Check
0.18 (Flatness 1)

+0.09

Figure 24 scannd part (Trial number one)

Nine values measured using GOM Inspect were recordddlole8 as shown below:
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Table 8 Deformation results (mm)

Trials Deformation
(mm)
Trial 1 0.18
Trial 2 0.12
Trial 3 0.16
Trial 4 0.18
Trial 5 0.22
Trial 6 0.30
Trial 7 0.20
Trial 8 0.28
Trial 9 0.18

The results showedn Table 8abovethat the deformation did not exceed 0.3 mm. The values
measured fluctuatetbetween0.12 mm to 0.3 mmThe minimum value was obtained using
parameters of the trial number 2 and the maximum deformation was obtained when parameters of
the trial number Bvere usedThe tolerance set for the deformation i2 hm maximum, it is
noticeable that most of the trials were within the tolerancdy trial 5, 6 and 8ell outside the

tolerancevalue

5.2.1.2 Heat Affected Zones measured

Figure22 b el ow s hows o0 n dtrialodj meadsared fos laeat @ffeetal zones using a
microscope Thevalues obtained were shown in the tadlbelow. The remainingigurescan be
found in theAPPENDIX-C2. The boundary between the unaffected zones (base material) and the

area that undergo material change can be contrdsiedo the amount of carbon released to the
surface. This can be also contrasted by the grain size (larger comparaff@¢oted grainsand the

structure of the grains as explained befarsection 4.8.2.
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Figure 25Trial 4 Heat Affected Zones Width for Single Sheet

Table 9 Heat Affected Zones Measured

Trials
HAZ(mm)

Trial 1 0.403
Trial 2 0.383
Trial 3 0.221
Trial 4 0.179
Trial 5 0.154
Trial 6 0.167
Trial 7 0.212
Trial 8 0.195
Trial 9 0.161

Based on thdable9 above the values of the heat affected zones width varied from 0.154 mm to

0.403 mm. The valueare showinghat a second processing might not be required due to small size

of thedefect(less than half millimetre in sizeThe minimum value was obtained usirayameters

of the trial 5 whereas the maximum width measured was obtained when parameters of the trial one

is used.The tolerance was 0.2 mm maximdan the heat affected zondsials 1, 2, 3 and 7 were

falling above the tolerance value.
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5.2.1.3 ParametersOptimisation and Analysis

Taguchiparameters design approaelas usedas an optimisation techniquthis would help to
achieve the best quality possiblhe requirement of the study was to minimise the phenamien
thedeformation and HAZTherefore asmaller is the better option was chosen, the equation is given
as follon[113]:

{7 i T8 Ao

Y is the observed response and n is the number of trials.
n: is the number ahe observed values
The results obtained from ti@aguchiparameters desiggxperiment are shown in ti@able10below:

Table 10 Data Colleotd from the tests

Trials Sheet Deformation HAZ (mm)

(mm)

Response S/IN Response  S/N Ratio

Measured Ratio Measured
Trial 1 0.18 14.8945 0.403 7.8939
Trial 2 0.12 18.4164 0.383 8.3360
Trial 3 0.16 15.9176 0.221 13.1122
Trial 4 0.18 14.8945 0.179 14.9429
Trial 5 0.22 13.1515 0.154 16.2496
Trial 6 0.30 10.4576 0.167 15.5457
Trial 7 0.20 13.9794 0.212 13.4733
Trial 8 0.28 11.0568 0.195 14.1993
Trial 9 0.18 14.8945 0.161 15.8635

5.2.1.4 Signal to NaseRatio

Using S/N ratiowe canidentify the optimal settings that can be used to reduce the defects to their
lower level. The highest value of the S/N ratio represents the optimal sgti®jas shown in the
Tablelland 2 below and S/R Ratim Figure23 and24.

-69-



Mean of SN ratios

Table 11 S/N Ratiofor Sheet Deformation

Level Cutting Pressure Intensity
Sheet Speed (Psi) (A)
Deformation (mm/min)
1 16.41 14.59 12.14
2 12.83 14.21 16.07
3 13.31 13.76 14.35
Delta 3.57 0.83 3.93
Rank 2 3 1
Table 12 S/N Ratio for HAZ
Level Cutting Pressure Intensity
HAZ Speed (Psi) (A)
(mm/min)
1 9.781 12.103 12.546
2 15.579 12.928 13.047
3 14.512 14.840 14.278
Delta 5.799 2.737 1.732
Rank 1 2 3
Main Effects Plot for SN ratios
Sheet Deformation
; Cutting Speed (mm/mn) Pressure (Psi) Intensity (A)
8000 8500 9000 70 75 80 20 25 30

Signal-to-noise: Smaller is better

Figure 26 Optimal Parameters for Sheet Deformation
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Mean of SN ratios
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Cutting

Main Effects Plot for SN ratios
HAZ

Speed (mm/mn) Pressure (Psi) Intensity (A)
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8000

Signal-to-noise: Smaller is better

Mean of Means

0.250

0.225

0.200

0.175

0.150

Cutti

8500 9000 70 75 80 20 25
Figure 27 Optimal Parameters for HAZ
Main Effects Plot for Means
Sheet Deformation
ng Speed (mm/mn) Pressure (Psi) Intensity (A)
8500 9000 70 75 80 20 25

8000

Figure 28 Parameters Effect for Sheet Deformation

-71-

30

30



Main Effects Plot for Means
HAZ

e Cutting Speed (mm/mn) Pressure (Psi) Intensity (A)

0.30

0.25

Mean of Means

0.20

0.15
8000 8500 9000 70 75 80 20 25 30

Figure 29 Parameters Effect for HAZ

From theFigures 2 and 5 abovefor signal to noiseratio, the highest value of S/N Ratio
corresponding to theptimal parameters to minimise the sheet deformation are Cutting speed at
8000mm/nin, pressure at 70Psi and Intensity at 25A whereas Heat Affected Zones are Cutting speed

at 8500mm/nm, pressure at 80Psi and Intensity at 30A.

The main effect plot for meancan indicate the parametendluendng the respores. The levels
possessag the highest inclination line to the horizongadd largest amplitudare theones that have
the most influencgl80]. It is clear from the sheet deformation means gdpigures25 and 2%
that cutting speed and Intensity have a considerable level of inclinadimparedto Pressure
However the highesteffect for the heat affected zones was mainly cutting speddhen the other

parameters at approximatively the same effect leuethepressure is slightly higher

5.2.1.5Analysis of Variance (ANOVA)

ANOVA is an effectivestatistical toousedby researchern® analyse the effect tiieparameterand
obtainan approximative percentage of the controlled varialvldsh were most influenial on the
responseThe analysis was done at 95% confidenhes represergthe level of uncertainty152].
Thismeans thaif the tests are repeatadsecond timéhereaults obtained will be mtchingprecedent
one at 95% In this study, the purposef using ANOVA was to identify the most influential
parameters, the significance of the effects and assess the interadilmnsfore, repeat
measurements were made but without estimating the errors due to time constrainéssmogpé of

the work The results obtained can be seen in the Table 13 below.
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Table 13 Contribution Effect

Contribution

Sheet
Source HAZ Deformation

Cutting Speed (mm/nin) 70.05% 42.47%

Intensity (A) 8.01% 51.71%

Pressure (Psi) 15.01% 4.45%

Error 6.93% 1.37%

Total 100.00%

Table 13 above showsthe most influential parameters on both responses deformation and heat
affected zones obtained using ANOWAe canconclude thatutting speed hehighimpact on both
phenomenalAZ at 70% and deformatiod3%. Intensity has biggeseffect on surface dermation

to just belows2%whereas HAZhowed amall effectof just aboveB%. Pressurealsodid not show

a big impact on both responsésit it reflected met on the HAZcompared tsheetdeformation,
respectively 191% and 445%.

We assune that the efiects of the plasma parametesa the responsarecausedueonly to random
chanceand there is no differende the process of generating datas would be considered as the
hypothesis testing this analysignull hypothesiy P-Value isa statisticalapproachthat cantestif

the hypothesis is tru@he alternative hypothesis would mean that the eferetsignificant andid

not resultdue torandom chancerhe interval of confidence selected in this study is 95%, therefore
any RValue that is smaller than 5% (or 0.0%an be considered &videncethat theeffectsare

significant,and thealternativehypothesiss acceptedh this case

Based ornthe ANOVA results obtained from Minitakthere is,thereis a statistical evidenceor

surface deformation phenomentmatthe effecs of cutting speed and intensigye significanas the
P-Values obtained were less than 0[051], the values obtained were successively 0.031 and .0.026
There was no evidence that presduad a significant effect as theVRlue was 0.235. In the other

hand, the results showed that there was no statistical evidence that the effects were significant for the

heat affected zones.

R-Squared known as the coefficient of determinattmat cangive an indication of quality of the
modeland the level of predictiofi81]. The Valuecan illustrate the percentile of the variation in the
response that can be explained by the variation of the input varigbkss.though, R? can give an

indication on how good the model can be predictive. Howevisralsoknown tha adding variables
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to the modekouldincrease the value of Régardless ofvhetherthe value addedan benefit the
model or not. Adjusted R? can be used in this case to eliminate thisgbee values increasenly

if the variable addedcontribute to the robustness of the mod#82]. R-Squared and Adjusted-R
Squaredobtained fromthe analysis resultvere respectively 98.63% and 94.52% for surface
deformation whereas HAZ was 93.07% and 72.28%.

5.2.1.6Interaction

The interaction plot graphs beldwigure 27 for deformation andrigure 2B for HAZ were obtained
usingMinitab. The graphdlustratethatthe effect of one parameter is depending on thed tehother
parameter$183]. The results showed thé#tereis an interaction between the parametersboth
deformation and heat affected zon&ke variation of the response was affected by the change of
both parametersevel. However,for both responses tre were no statistical evidence that the
interactions were significant as tRevalue obtained for all interactions were above thealue of

0.05.The analysis was done@dertwo and at 95% level of confidence
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Figure 30 Variable Interactions (Deformation)
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Interaction Plot for HAZ (mm)

Cata Means
L
4 Cutting
Speed
03 {mnimnfonn|
Cutting Spead {rirm,/mmn) —:r 8000
— EE00
1 . _ :::: S -#- 5000
os Pressure
{Psi)
Loz —— 70
Prassure (Psi) —— 75
L T &0
" Intensity (4]
—— 20
o3 —— 25
Intensity (&) - - 30
L2+

Figure 31 Variables Interaction (HAZ)

5.2.1.7 Three-Dimensional Surface Plot

Threedimensional surface plotas usedo assess the effect of the two most influential parameters
on the surface deformation and the heat affected zmsisownn theFigures30and 3 below. The

surfaceplot for surfacedeformation showed thaisingthe power at level onandcutting speedat

HAZ

HAZ (mm) 03 ‘

80

T/ Pressure (Psi)
<70

8000

8500

Cutting Speed (mm/mn)

Figure 323D Surface Plot HAZ
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level twocanresult to a maximum deformatioRlowever, using power akevel twoassociated with

cutting speed at level one the deformattan bereduced to theilowestlevel. Heat affectedones

surface plot showed a maximum defect when both cutting speed and pressure at leVakone

minimumvalue can be obtained if cutting speed used at level two mainly or three using pressure at
level three

Deformation

0.30

0.25
1eet Deformation (mm)

0.20

0.15

25 .
! \ ‘ Intensity (A)
8000
8500 20

Cutting Speed (mm/mn)

Figure 333D Surface Plot Surface Deformation

5.2.1.8Single Sheet Modelling

In this section, two equations wearenstructedthe first was to estimate the deformation of the

sheets and the second was for the hffatted zones.

I.  Assumptions

From theFiguresbelow 31 and32 of the residualglots for fits which isthe difference between the
observed and predictadlueswere space andfalling randomly to the horizontdine (zero value
mid-axis) [184]. Percentgrapts showedthat the variation and the distribution of residuals was

practically similar for each level
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Residual Plots for HAZ (mm)
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Figure 34 Residuals and fits gragbr HAZ
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Figure 35 Residuals and fits graph for surface deformation

These two conditions were necessary to asshatettiere is a linear relationship betweenitipait
parametergnd the responsén addition,multicolliniality between the independent variables were
analysed using pearson correlatidhe coefficient for each independent variable in the regression
modé can indicate the average change of the response when the independent variable is changed by
one unit assuming the other terms remain constant. However, if multicolliniality exists then this
would not be the cagé&85]. From the correlation analysi®snducted usinylinitab, the oefficients

of Pearson r obtained were all equal to zehis indicates that there was no linear relationship
between the independent variables
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Normal Probability Plot
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Figure 36 Response prediction Surface Deformation
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Figure 37 Response prediction for HAZ

From theFigures 33 and 3dbove it is clearthat the residuals are all scattered along and close to the
diagonal line which represents the ideal normal distribution. Errors are the verticalalistineen

the residuals and the diagonal likecurateregressiomequireghat the distance of residuals (errors)

to beverry small In this casethis condition is satisictory aghe residuals are normally distributed

Therefore the numerical datdollows the assumption and the model ugEgB].

Il. MathematicalModelling

The general muhvariable linear regression model can be writen as fol[@&]:
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O @ @w + b x## é++ébt bx  +é (1)

Y: is the doserved valuéresponse)
X tare thg independent parameters
b :is the Y intercept (prediction of the response when parameters suposed equal to zero)
b Y b : are the coeffients of the regression
change of x whilehe remaining parameters stay constant)
. is the error term

K: is the number of parameters

The general equasion for regressafiove (Equation 1) wheihree main parameters of the plasma

are usedtan be given as follows:
W ® @+t b X +b X +(2)

Where respectively X , X and X are cutting

The number obbservations from the experiment n =TBerefore Equation 2 can be written

(04

G © OHE G GFg F GFGE F
w

”oiF 0 wgoF ¢ ok F afaF F F

I L X - 4
UG G Goc CFoF  GRo €@
L) X

U®w @ G G GFw F GFo F

From the equation3 above, the generale equation for an observation is:

W O @gtb #x +# b+ x T

We concider the variate of the estimate valua the Equation givenx(x =x , ,X )X as
Eypg=® g oFoF ofw | (5)
WhereE(y/x) in the Equation5aboves t he | i near .fl&8pTherefsel on est i
y#= E(yhd +
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yi= #R Y = yi- Ry
yi s the ob sietheerdictedadue and is Re error
The purposeis to minimise the errors between the observed or actual values y and the predected
values of the modé, this techniqués knownasleast squaremethod189][190]. Summingthe errors
would result tozero B 'Q 11 due to some residuslocated under the regression lipessess
negatif signs and the esabove the line are positive and when aluesl are added we obtain zerro
to overcomehisissuewe need to square each error to eleiminate the minus signs and change all the
values to positivid91].

Usingthe equation4) : ® O @G GFWF  GFoF

0 ® @G FOF  GFoF

The equation obtained above was for one parti@baervation, for n observations the equation

becomes :

We square the equation to obtain 8uen Squarederrors (SSH :

® O w0 YUYEB

(Whenr = 0=1Y x

To estimate the coefficient of the mditiear regression model (br = i to k) in a way thathe
Equation 6 foISSE is minimal we need tonake thederivative of the sum squares with respect to b
set to zerd192]
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Alternatively, here is a easier wag solve his problemwhenusing a large number of variables, it
is conveniento convert these equatioabove (0)nto matrices and vectors, the equatitmencan

betransformed into

W p LG FGEF S
h’(d:” &P ngdFFdFB W . Fﬁ
5 cy
2K _2X XX X~y 6 X
Owe Op wg OF wFd T oF O &
X % X X X X
dOO O0p ® ¢ Fo @ o Q
(ni 1) (n) T (k+1)

Where n is the number of observation (in our case n=9) and k is the number of parameters (k=3)

We consider that:

G5 p g6 Fog F i S
_GF, P GF cGF FGF g & _F,
X XX % % Cx T
X XXX X GF X
OO Op ® ¢ Fo @ o O
Then:
Y = X 8B + E
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The equatior8 above is the muliinear regression model (MLR), the objective is to estimate the
model parameters of the vector Bb= ( , b  whicly minimise theg errors to allow the model
to be closer to the ideal (theoritical) lif93].

The equatiorobtained §) aboveof the sum squared errors:

SSE =B 6=Eo E

where E is the error viistheidranspasg® Wi t( mT 0371 ml) meinn

S
F

ey
( 6.6.) &

R

o]

X
o

Qa

Starting from the equatio)

I
<

Y = X B - E Y E

We have
SSE=B ¢ =EoE = (Y-XB)o(Y-XB)
= YOY - YXBT (XB)oY + (XB)XB
= YoY - YXBT BoXoY + BoXoXB

Using matrices, vectors and scalar properiiess, possible to chang€ XB = B X Y, as the
product r esul tdimension theirranspbdsaremain thé dafdé4i(kbhowing that
(XB) =B X and (Y) =Y [195][196], therfore BX Y can be written as (XBY which is equal
to[Y (XB)] , the result of this product is a scaler with al(jLldimention The product of the
dimentions of (¥n) x [nx(k+1)] x [(k+1)x1] will result to (1x1) dimention scalarand by

definition its transposeemain the sameve obtain the following result

[Y(XB)]o= Y{XB)
We write
SSE = YY - 2BoXoY + BoXoXB
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To minimise the sum squared errors we need to find the derivative of SSE with respect to B set to

zero
—
T
- 2XoY + XoXB + XXdBo=0
(——— ¢8" ¢88"hdhi is the derivative of a product transpose victor with the
same victor, the r gtakingintoacsounethautaelproduct reult ddXsor 2 1

(k+1)x(k+1) symetric matrithatis independent of B, see matrix bebdwX for symetry)197][198],
thenwe obtain:
22X +2XHB= 0  of = XxXB

Where Barepresents the vector estimated coefficients that minimise the SSt#ltes of the B
vector are a the real value of the regression and theorically can not be calculated, therfore we only
estimate their values, for this reason we use the hutBé{d®99], if we multiply each side by the
inverse matrix (XX ) T ( A Audéntity nfatriX[280) (X X) W= X) XBs3Xe
obtain then the final equation:

B=(XXX) o X (9
Using the data collected from the experimdiitan be estimted usinghe Equation 9 aboyave

have:

Table 14 Data Parameters and Observations

Cutting Pressure | Intensity | Deformation | HAZ
Speed (Psi) (A) (mm) (mm)
(mm/min) X X Y Y

Trial 1 8)800 70 20 0.18 0.403
Trial 2 8000 75 25 0.12 0.383
Trial 3 8000 80 30 0.16 0.221
Trial 4 8500 70 25 0.18 0.179
Trial 5 8500 75 30 0.22 0.154
Trial 6 8500 80 20 0.30 0.167
Trial 7 9000 70 30 0.20 0.212
Trial 8 9000 75 20 0.28 0.195
Trial 9 9000 80 25 0.18 0.161
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We can use the datbtained previously from the experimerfiable 14 above) for numerical
applicationsandassign values to variablesafd Y in the matrix and vector obtaingdeviously(7)
and resolve the equatio8)( starting first with top sheeteformationY . We obtain:

® Y P YMMIR M T Ig:
TP G SP WX U G o
AT @ AP mmWT oI o Al
AT W, A WU TGy & A
Y A8 & X=Ap YumXuow B i E=&
oY TR A Ap YUTWTG R & & P
O g Op wnnigmoft Oy
T Y P WAMRRULGT oy
Onp @ Op wnnmmwmncg® o uy
(9x1) (9x4) (4x1) (1)

We usethe equation9) to estimate the coefficients of vec# B =X ) X¥ X

R 1) @ 1
RIS QUK
UMMW oI
YU TG Y
YUTTTX LU OR
YummWI T
WTMTMI T OoT
WTTMIX UL QT
WnNnWTnc &

P P P P P P P P p
YPMAWIAWATHPU WU THPO T TR,
X7 Xu ygm Xxm Xuv Ygm xXTm xXu Ym

¢m ¢U oM GCUL OM GM OGN GTm GU

Calculate XX =

so 33330

(4%9) x (9x4)

(4x4)

The inverse of a square matrixx® can be calculated using the following form{281]

(XOX ) f = =

The matrix inverse exists onlytifiedeterminant [XX |  [201p

det [X X| = 303750000000 0

The convenient way to calculate the inverse when we have a large matrix with n columns and n rows,
usually larger than ¢2) is to transform 8 8 into identity matrix by modifying, adding or

subtracting the lines dnat the same time we perform the same and identical operations
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simultaneously to an identity matrix, once we transform the matrix into identity then the other identity

matrix become the matrix inverg202].
O sO0° @BLHOWO

w XxXeuvmm QXU SRR P
XQUM@EIU P XULVTMORTAYX L@MA@P G L JTTIT
@PXUL LVLYXOoOXULTMOTMTXXULVPOUYWXUVY T
CQULU pwWwpQUITEMPeYX UL LX XUV n

88 sO

4447 A
47° 3 A
© 4344

To obtain in the first column and first row a value of 1, then we need to multiply the first line by
76500 and the second |Iine by 9 then we divide
thismethod (multiplying lines, adding, dividing asdbtracting) until we obtain the identity matrix

in the left side, then the right side matrix become the inverse , the final result is given as follow.

POy pYommm pig pQ

P T M T
mTp MTT PYOTMIMMPIPVNMMANNN 11
m TP T p7¢ T pfpum T
T T T p pxoQ 11 T pfp v T
Therefore, the matrix inverss:
¥ T T T
. _ % T

X X) I = r 7

T T

The following step wao calculde the producimatrix below:

TP

r‘yg%‘f

o P p P p P p p P ﬁ’n@%

Xy LunrtnpnnnpnnmuanannmnnmnnmnnllImn&@
XM oXu wm o oxm xu wm xm xu ym STA%

CT (@Y} OTt (@Y} OTl CTt OTl C Tt (V) (’TT[&FY
T Y

O @

(4x9) 1) ( %1) ( 4
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Therefore, we obtain the coeffeients

o ™ pT
e Ag minnmooe

A TBtTC Qo

AF T8 T @

Using these coefficients in the mditiear regressionf theequation(2) We obtainthe Equation
10 below

I -&.414 + 0.000066. XOB6+X0. 00266 X
Samethar®® we have used T rat her than Y as it i s
Therefore:

Deformation(f ) = -0.414 + 0.000066xCutting Speed (mm/mind-60266xPressure (Psi)
0.006I I ntensity (A) €é. (10)

To obtain the multlinear regression model for the heat affected zdfles: =X X XY X

™ no P YTMMIXTMCT S

F

5@ Vg yP WITRU G e
AT G AP WMTMWmon & A Fa
AT X 40 AP WU TG Y, & &%

Y APpuas X=Ap YUNMTXULUOR B =2 E=& %
TR 7 Gp QUMW G T & P
Ong pf Op wnnymoft Oy
T wu P WAMRXUCGT -y
o 9@ Op wnmmmcg o W
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XX) T was calculated previously. Therfore:

PO@my pYommm pig o0

= pYXommpifpu NN T
- pIg T plpu T T
(0] T m  plpuT .
mao
h’g?fg
p p p P P P P Y Y r,"n@xi)
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o P
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o — & mMInypx
T8ITTU WO
¢ — O
Replacing the coefficients the equatior{2) we obtainthe Equation 11 below
T = -P. BBO01IA.60X8-D7 0X593X

Therefore:

HAZ (t ) = 2.33- 0.00QL46xCutting Speed (mm/min)0.0B17xPressure (Psi)
0.0®B93Intensity (A é . ( 11)

5.2.2PhaseTwo i plasma Capability to cut through two layers.

This experimentaktagewas primarily completed tassesshe ability of the plasma to cut with one
pass through tweeparatedheets A 3D-Structurewas created using two sheetsb0D x 500 x 0.7
mm. The gapwas maintaineat a desired distanaesing spacerdAfter few trials the spacers were
changed usinglifferentlengtls to increase the gaghstancebetweenthe two sheetsThe spacers
were measured for accuracy using a calllpefiore the assemhlA straight lines of 150 mrong
werecut at differentsettings starting from the edgéthe modelafter each paghelower side of
the modelwas checkedo verify if the cutwas also performe(Figure 35. The successfuduts are
shown in theTable B below.The full testresultscan be seen in ti ®PENDIX-B Table B1
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() (b)
Figure 38: First Experiment(a) part Assembly(b) Top Cut view of the test mod€t;) Bottom SideView

The results confirmethe assumptiomadeandshowedhat the energy exiting the first sheet can be
reused to make an additional cut on neighbouring layer. Hence, cutting two distant layers
simultaneously with plasma was possiblethigrestricted by the gagiistance The 35 mm gap trials

did not achieve full cut on the lower layer.

Table 15CNC Plasma Tests 1 results

Gap Distance Pressure Intensity  Cutting
between the two Speed
layers (Psi) (A) (mm/min)
16 mm Gap 90 70 2000
80 90 2000
25 mm Gap 75 90 2000

5.2.3Phase Three Starting Reference

The secondexperiment was made to determine #fiective starting parameters necessary to cut
two layers at acceptable level of qualifhe gap was fixed to 20mbetween the two layees the
maximum gap for the test as the 25mm ga5 mmdid not show ajood qualityor completecut

The cut qualityat this stagevas assessed visuglihe settings which resulted éogoodquality cut
were used as a reference astdrting point for the next experiment to optimise the parameters.
Straight line cuts of 50mm longere made on the top side of the maaghg different settingéSee
Figures 36 and 37 The settings which resulted to a cut in two layers were showre ihatble 16
below. The full tests can be seen in (kBRPENDIX-B Table B2
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Figure 39 Second Set of the Tests for Parameters Identification (Top View of the Model)

Figure 40 Second Set of the Tests for Parameters Identification (Bottom View of the Model)
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Table 16 CNC Cut Test 2 results

Pressure Intensity

Tests Cutting Speed
(Psi) (A) (mm/min)
Trial Number 7 80 45 500
Trial Number 8 80 45 750
Trial Number 9 80 45 700
Trial Number 12 80 35 500
Trial Number 13 80 33 500
Trial Number 14 80 30 400
Trial Number 16 80 25 300

Trials that showed a cut on both sides of the test model were successively Aug&erl2, 13, 14
and 16 but &detterquality cut wasobtained using parameters of the trial number 12, pressure 80psi,
Intensity 35A and cutting speed 500mnAnT herefore, tlse valuesvould be used asraference

settingfor the next stagef optimisation usingraguchiparameters desigapproach

5.2.4Phase Fouri Optimising the Double sheets cutting

At this stage ofthe experiment,cutting speed, gas pressuard currentwere used as thmput
parametersn addition toa gap distance between the two sheets at three levels 10, 15, .20 mm
Orthogonal arrayssing nine trials, four parameters at three lel®163"4) was constructeds shown

in theTablesl7 and18 below. Three trialsn each modelvere performed, model ord® mm, model

two 15 mm and model three 20 mactangle®f 40x150 mnsizewerecut The full result of models

and samplesollected can be seen on thBPENDIX-D1.

Table 17 Number ofParameters and levels

Parameters / Levels L1 L2 L3
Cutting Speed (mm/nin) 300 400 500
Air Pressure (Psi) 70 75 80
Current (A) 25 30 35

Gap between the two sheets(mm 10 15 20
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Table 18 Experimental Layout

Trials Gap Cutting Speed Intensity (A) Pressure (Psi)

(mm) (mm/min)
Triall 20 500 35 80
Trial2 20 400 30 75
Trial3 20 300 25 70
Trial4 15 500 30 70
Trial 5 15 400 25 80
Trial6 15 300 35 75
Trial7 10 500 25 75
Trial8 10 400 35 70
Trial9 10 300 30 80

Sixteen {6) specimens collected from this experiment, Six from each model and three from each
side. Samples were analysed quality, this includedkerf analysisdross, cut edge offset between

the top and bottom sheéiardness, éataffectedzonessize andsheetdeformation.

The model with the 20 mmapdistanceresulted onlyto four samples, three from the tsmleand

only one from the bottom sheet, trial 3 resulted to an uncompigtéalf profile) on the bottom

sheet and the trial 2 perfoed only a smalsizeof cut. This might be the cause of the accumulation

of the heatind pressure of the plasma gas (expansion caused by the air blow) in the gap between the
two sheets in addition to slower speed used, this can result to an increaseyap thistance
Therefore plasmahasfailed to perform a cut in two sheets simultaneoukiythis case, itvas not
possible to scan the two samplesdeformation analysias the two samples were stack to the model
However, it was possible to assess the half sample obtained on the bottoftrishé&®tfor other

phenomena

In this work, the requiremenivasto fit the new customisefloor planon the top of theinderbody
vehicle(top sheet)Thereareno requirementfor the lower sheetssuming theut is generatednd
if the edge is clean and the offset between the two éslgss than 2 mnPhenomenan the lower

sheetwerenot importanta second processing to clean the edge wvesoidablgbased on the data
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obtained for dross)rherdore, thereis noneed to estimate thmissing datan the lower sheetas
thesewould notbe used oadd any value to this current study

5.2.4.1Surface Deformation

Samples collected (16 rectangles150x40mm, 0.7mm thick) were scannesinga 3D ATOS
TripleScanand then inspected wittOM Inspectsoftware using Gaussian best fit virtual plan
methal. Figure 38 below shows the result obtaidefrom the scar{Trial one bottom sheet}ull
scanned parts can be seen iNARPENDIX-D FIGURESD2.

1./9
1.60

4 'v Plane 1
&l Nominal  Actual Dev. Check 1 0.80
3.50 —-m= (Flatness 1)

0.00

|
1 -0.40

-0.80

-1.20

-1.51

Figure 41 PartScannedor a double layered cuttingrial Numberone Lower Sheet Specimen

Table 19 Surface Deformation

Samples Surface Deformation (mm)
Top Sheet Bottom Sheet
First Jig Model Trial 1 0.55 3.50
20mm Air Gap Trial 2 1.15 /
Trial 3 0.97 /
Second Jig Model Trial 4 1.03 3.67
15mm air Gap Trial 5 0.91 3.33
Trial 6 0.85 3.90
Third Jig Model  Trial 7 1.45 3.72
10mm air Gap Trial 8 0.42 2.03
Trial 9 1.12 2.82
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The results from th&able 19 showed that the deformation phenomenon on the bottom sheets was
higher compared to the samples from the top sheets. Minimum value registered for the top sheet was
0.42 obtained from 10 mm modahd maximum deformation was 1.4%n from the same model.

The bottom samples exhibited a minimum deformation of 2.03mithe lowest gap modand a
maximum of 3.9mnon 15 mm gap modeOnly trials 8 achieved the tolerance requi(@®d mm
maximurm) on the top sheet.

5.2.4.2Dross

Dross is the accumulation of unwadhtmaterial formed during the cutting process on the top or
bottom cut edg¢203]. The phenomenon can be caused by a number of factors such as high or low
cutting speed, torch standoff, surface condition and worn consuf@@dle Gom Software was used

to measure thdross sizdgaking into consideration the highest value meas(sedTable20). The
analysis showed thahé values on the top samples were varied from 1.3 mm t(kd &m model
gap)to 2.7 mm trial 220 mm model) The bottom samples dross sizes were slightly higitérl.9

mm as a minimum value trial one and 3.3 mm as a maximum size obtained usingNoatial
achieved the tolerance required (1 mm maximum) in either top or bottom Bheatquirements

set at the comparfpr this phenomenowasto perform a second processing to clean the edge if the
drosssizeis higher than 1 mmBased on theesults of thelable 20 below, a second processing to

clean the edgeasnecessary.

Table 20 Dross Size

Samples Dross(mm)
Top Sheet Bottom Sheet
First Jig Model Trial 1 2.3 1.9
20mm Air Gap Trial 2 2.7 /
Trial 3 21 3.3
Second Jig Model Trial 4 1.6 2.7
15mm air Gap Trial 5 2 2.6
Trial 6 2.1 3
Third Jig Model Trial 7 1.8 2
10mm air Gap Trial 8 1.3 29
Trial 9 2.1 2.6

5.2.4.3Kerf

Kerf can be considered as the void generated on the worlkgieicey the plasma cutting process

The width of the kerf is affected in general by the incorrect choice of the parameters such as slow
cutting speed, highmperager pressure and also by the orifice of the plasma nozzle. To achieve a
correct parts sizeswally the CNC plasma needs to be adjusted from the software kerf compensation
[205]. Gom analysis was used to measure tik Kée top sampleseeTable21) showed a smaller

width size compared to the bottom ones with a minimum of 1.4 mm using parameters of the trial 5
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and maximum of 1.9 mm obtained with trial 1. The bottom samples exhibited a maximum width of

4.7 mm using tal number 9 and minimum size was 2.4 mm using trial 5.

Table 21 Kerf Width
Samples Kerf(mm)
Top Sheet Bottom Sheet

First Jig Model Trial 1 1.8 2.7
20mm Air Gap Trial 2 15 /

Trial 3 1.6 3.7
Second Jig Model Trial 4 1.6 2.7
15mm air Gap Trial 5 1.4 2.4

Trial 6 1.7 3.6
Third Jig Model Trial 7 15 25
10mm air Gap Trial 8 1.8 4

Trial 9 1.9 4.7

5.2.4.4Cut Edge Offset Between theTop and Bottom Sheet

The analysis showed that samples obtained from the bottom of the model were slightly smaller than
the ones collected from the top side and were not identical. This meant that there was an offset
betweernthetop sheet edges and bottom ones for the sameWentraditional cuttingis usedto

cut the chassidhetoleranceset at the company for the offg@2 mm maximumdifferencebetween

the top and bottom layersut edgein any sideas shown in the Figurg9 below (the full quality
requirements set by the company can be seérabie 3 above in section 4.4.3)o assesghe
difference, a calliper was usedneasure the size of each sampled then compareithe top and

bottom specimen dhe samérial. Theresuls weregivenin theTable22 below.

Top Sheet

Sheets Gap

Edge Offset
Tolerance
Maximum 2 mm /
in Either Side

Bottom
Sheet

Figure 42 Offset Between the Top Sheet Cut Edge and the BaiBmiidworks)
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Table 22 Cut Edge Offset Deviation

Samples Cut edge offset deviation (mm) Total Surface lost % of the total
Between top and bottom of the bottom sample size lost
specimens for each side (mm?)
First Jig Model Trial 1 1.45 542.59 9%
20mm Air Gap Trial 2 / / /
Trial 3 1.25 468.75 7.8%
Second Jig Model Trial 4 1.15 431.71 7.2%
15mm air Gap Trial 5 1.65 616.11 10.27%
Trial 6 135 505.71 8.43%
Third Jig Model Trial 7 1.28 479.85 7.99%
10mm air Gap Trial 8 1.1 413.16 6.89%
Trial 9 13 487.24 8.12%

Thewidest offset was obtained using parameters of the trial 5 with offset of 1.65mm and surface loss
of 616.11mm?2, the totalample sizeeduction was 10.27% helowest deviation was achieved using
parameters of the trial numbertBearea lost was 413.18m2with a size reduction below 7%he

results showed that plasma can also work within the tolerance (2 mm maxsetiopn)he company.
Furthermore, the size of the sample obtained from thé&ategrs were in all trialgalling within the
tolerances sab 7 8 OQMWMDT ™ 8 mmandlengthipuv @ 8 & & . However,

this was not causing any issue as the CNC software possess the abditypensatand adjusthe

sizeof the partgKerf Compensation)

5.2.4.5Heat Affected Zones

The heat affected zones was measured using an optical microscope as showigimede below.
The rest of thé-iguresare given in thé\APPENDIX-D FIGURES D3. The HAZ analysis resuligre

shown in theTable23 below. We can sefeom the resultshat the heat impacted the lower sheets in

overall compared to upper sheefhe model with a smaller gap possessed a lower value in
comparison with 15mm gap model or 20mThe minimum value measured among the top sheets
was 0.632 mm using parameters of the trial 7 whereas the maximum size was 1.441 mm with trial 6.
The bottom samples exhibited a minimum sizd @45 mm with trial 9 and a maximum of 3.446

mm trial 5.Thevalues obtained were all above the tolerance set (0.2 mm maxjifithe size is

higher than thigolerancevalue then a second processing is necessary to remove the altered edge
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(CompanyO0s r equi rTeengeatty requifernents sethbg AVHE@gary)is given ira
Table 3(in 4.4.3 section).

Figure 43HAZ Width Trial SevenUpperSde

Table 23 HAZ Width
Samples HAZ (mm)
Top Sheet Bottom Sheet

First Jig Model Trial 1 0.844 2.36
20mm Air Gap Trial 2 1.126 /

Trial 3 1.222 3.089
Second Jig Model Trial 4 0.947 2.191
15mm air Gap Trial 5 0.714 3.446

Trial 6 1.441 3.230
Third Jig Model Trial 7 0.632 1.924
10mm air Gap Trial 8 0.834 1.781

Trial 9 0.682 1.245

5.2.4.6Hardness

Serie of micro hardening tests were performed to find out the maximum hardness change in the
material for each trial. The punching started at 0.1 mm from the edge of the cut up tagmm
0.3mm steps, this should cover all the altered [@@8&]. Struers Durascan 70 model machine Vickers
Microhardness HV was used for the tests with 1kg force &mgodied for 12 secorsd The hardness

of the unaffected metal base was measured priory to the test and obtained an average value of HV
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123. The maximum hardness values measured, and the hardness proportion increase are shown in
theTable24 below.

Table 24 Hardness test values and percentage of change

Samples Hardness (HV)
Top Sample Bottom Sample
HV Max  Hardness Change HV Max  Hardness Change

First Jig Model Trial 1 205 66.7% 199 61.79%
20mm Air Gap Trial 2 177 43.9% / /

Trial 3 147 19.5% 157 27.6%
Second Jig Model Trial 4 172 39.8% 174 41.6%
15mm air Gap Trial 5 153 24.4% 150 21.9%

Trial 6 200 62.6% 200 62.6%
Third Jig Model Trial 7 139 13% 151 22.7%
10mm air Gap Trial 8 132 7.3% 183 48.7%

Trial 9 157 27.6% 146 18.7%

The Table 14 above showed that the material hardness was increased in all specimens and was
maximal at the edge of the cut varied from 7.3% to 66.7% for the top samples whereas the bottom
exhibited a change starting from 18.7% to a maximum of 80.5% increase. Tasttgidness value

measured was for the models with a larger gaps 20mm and 15mm trials one and six.

5.2.4.7Variables Optimisation and Analysis

One of thdfocusef thisthesiswas to invstigate onplasmacuttingto identify the settingsequired
to achievean effectivecutwith only one pass two sheetseparated with an air gagdsoto illustrate
that phenomenon such dsstortion or HAZ can be controlled and redutedheir lowest levebn

the top sheet (new customised flpamand chassis assemhly)

I. Signal to Noise Ratio

This section was carried out to find out the effective parameters which can achieve a simultaneous
cut in both sheets and at tireantime reduce theurface defanation mainly othe HAZ width on

the top layer taheir minimum value. Taguchparameters desigwas employed to optimise the
processsmaller is the better was selectedptimise the settings and reduce the phenomgrv&@j.

The equation is given as follows [113]:
{7 i L
Y is the observed value (respE®, and n is the number of trials made

Theresults obtained are shown in thables 5 and B below summarised data collected from the

tests results.
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Table25 S/N Ratio for the Top Sheet Deformation

Level cuttin
Top Sheet Gap S egd Intensity Pressure
Deformation p
1 1.1078 0.2306 -0.7145 2.5143
2 0.6580 2.3801 -0.8184 -1.0099
3 1.4145 0.5695 47131 1.6759
Delta 0.7564 2.1495 5.5315 3.5242
Rank 4 3 1 2
Table 26 S/N Ratio for theHAZ
Level cuttin
HAZ Gap S egd Intensity Pressure
Top Sheet p
1 2.96222 -0.53013 1.72342 0.10275
2 0.07525 1.15732 0.92218 -0.07280
3 -0.43301 1.97727 -0.04115 2.57450
Delta 3.39523 2.50740 1.76457 2.64730
Rank 1 3 4 2

The results aboveshowed that the highest S/N Ratio for top sheet deformatiaapsl.4145
corresponding to level three, cutting speed801level two, intensityl.7131level three and pressure

2.5143level one. Howeverfor the heat affected zones the highest S/N texgid was for the gap
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2.96222level one, cutting speetl.97727level three, intensity 1.72342 level one and pressure
2.57450 level thre€ ' his canalsobe seen clearly from the graptis theFigures 41 and 4elow.

Main Effects Plot for SN ratios
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Figure 44 Main Effect Plot S/N Ratio for th€op Sheet Deformation
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Figure 45:. Main Effect Plot S/N Ratidor the Top SheetHAZ.

The S/N Ratioshowed thathe optimal parameters required to cut a th@eensional parand

achieve less deformation possible on the top sireettting speed level two 400 mm/min , Pressure

at level one 70 Psi, Intensity at level three 35 A using a larger gap at level@hmee. 20 minimise

the Heat Affected Zones on the top sheet it is necessary to use Cutting speed at level three 500

mm/min, pressure at level three 80 Psi, Intensity at level one 25 A using a smaller gap level one

10mm.
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Main Effects Plot for Means
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Figure 46 Main Effect Plot for Means Surface Deformation
Main Effects Plot for Means
HAZ
cutting speed Intensity Pressure
11
2 10
©
7}
=
~—
5}
c 09
o
[}
=
08
07
10 15 20 300 400 500 25 30 35 70 75 80
(@) (b)

Figure 47: Main EffectPlot for MeansHAZ.

The maineffectplot abovefor mears in Figures 43 and 4ghowedthe mainfactorswhich reflected
on the responselevek with the higheiinclination line to the horizontand those Wh thelonger
amplitudearethe mostnfluential [180]. For the top sheet deformatigintensity and pressusgere
the main effe cutting speedand gap are less influentialHowever,it is clear fromThe Heat
Affected Zone Means graghatthe gap, cutting speed and pressure are the most influéntiaks

whereas intensity has legbanimpactdue to smalamplitude
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il. Analysis of variance (ANOVA)

ANOVA analysis waperformedat 95%level of confidence The contribution of each parametir
represented in th€able 2 below.

Table 27 Effects Contribution

Source Contribution
Top Sheet Deformation HAZ

Intensity 63.93% 8.75%
Pressure 26.36% 28.61%
Gap 2.24% 37.31%
Cutting Speed 7.47% 25.33%

Theresults abovehowedthatprocessingimultaneouly two sheetsthe toplayerdeformatiorwould
mainly be affectetdy the intensity and then gas pressure, respech388% ad 26.36% The other
factors dd not show a considerahblmpacton the surfac#atness However gap, pressure and cutting
speedwere the most influential factors affectinthe HAZ with 37.31%, 28.61% and 25.33%

respectivelythe impact of the intensity wasnall

The results obtained showatsothat there wastatistical evidencthat the intensyt had significant
effect on the top sheet deformation with avdue of 0.034. However, there was no statistical
evidence of the effect significance for any independent parameters on the HAZlas$obtained

were greater than 0.05, the analysis wasedat 95% level of confidence

iii. Interaction

Interaction plot inFigures 45 and 46below illustrate the effect of the gap distance on the response
depending on the level of the second parameter. The deformation on the top sheet can be reduced
when cutting two separate layers simultaneously if the largest gap 20 mm is processedhesing eit
parameter at settings level three. The 10 mm gap distance associated with pressure 70 Psi also showec
a |ittle deformati on. However, 15 mm gap did
but a slight improvement can be seen using 75(Rgting speed at level two 400mm/min can result

to a small deformation if associated with a small gap 10 mm but when 15 mm gap model is used then
the speed settings have only a small effect with a slight improvement seen using 300mm/min. The

intensity atlevel three 35A would show less deformation cutting any gap.

The HAZ showed a better result and size reduction when 20 mm gap is used with either parameter at
setting level three. The gap distance 15 mm would require using pressure setting 80 Hsi liessbta

HAZ whereas 10mm gap a slight improvement can be seen if 75 Psi pressure is used. The cutting
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speed at level two 400mm/min is suitable for 15mm gap but for 10 mm gap it is adequate to use level
three 500mm/min even though it showed only a smdtifhice. Intensity is more effective if lower
setting at level one 25A is used to perform a cut on either 15 or 10mm gaps. Even though the graphs
showed an interaction effect. However, there is no statistical evidence that these interactions are
significart as the Rralues were above 5%.

Gap
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Y cutting

speed
‘\:‘.__:’L: —e— 300
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ey —h - 35
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Figure 48 Gap Interactiorior Top Sheet Bformation
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Figure 49 Gap Interaction for Top Sheet HAZ
iv.  Three-Dimensional Surface Plot

The surface plot irFigures 47 and 4&elow showsthe response reaction with the two most
influencial plasma parameters for both phenomenon material deformation and heat affected zones in
the top sheet. When cutting two layers simultaneously, the miningfionndation can be obtained

when the machine is operating at power level three (Intensity 35A) using the pressure at level one,
the highest value of the deformation can be obtained if the power is used at level one associated with
pressure gas at level twbhe HAZ showed that a lower value can be obtained when using a small
gaps (level one primarely) especially when associated with average pressure gaz (level two),
increasing the gap would result to an increase of the phenomenon especially when lowspaessure

used.
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Figure 51 Surface Plot for Top Sheets HAZ
v. Double SheeModelling
Regression models were constructedthe two phenomena (deformation and HA@)assess the

strength relationship between the input parameters and the output variables. The objective of this

section was to estimate the response based on wdétarnt and observed from thgrevious
experiments.
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1 Assumptions

The fitsin Figures 49 and 5®elow showsthat for both responses, residuals were spaced and falling

randomly around the horizontal zero axis and were not following any pattesncan give an

indication that therrors were unpredictabj@84]. The normal ploin Figures 51 and 5Zhows that

the variation and the distribution of the residuals was similar for each level with no outliers observed.

The two assumptions were necessary to conclude thaislzdieear relationship between the factors

and the response. Therefore, it was possible to build a sfodeégression and the coefficients can

be trusted207].
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Figure 52 Fits graph Surface Deformation
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Normal Probability Plot
(response is HAZ Top sheet)
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Figure 55R e s i dgraphlfod tep sheet HAZ

Personds correl ati on a nmadltigobiriakty betiveewtbedinddpdndent t h «
variables for both phenomen@s the coefficients obtained were all r =Furthermore, aood
regression model required the residuals to be scattered along the diagonal and close to the theoritical
line with small errors. Based on tRgyures 53 and 54dow, it is clear that residuals were normally

distributed and close to the line. Henmgressiormodels can be constructgiB6].
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-107-



Normal Probability Plot
(response is HAZ Top sheet)
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Figure 57 Probability Plot top sheets HAZ

Ii Mathematical Modelling

The number of parameters involved in this regression were four parameters ltensity, pressure, gap,

cutting speedisingone responsd-rom the Equation 1 wide MLR can be written as follows
« 4 e+ b x +b (¥2) +b x +

Where respectively xx, x and x are intensity, pressure, gap and cutting speed

We collectechine observationgrom the experiment (n = 9)ve can write :

~

5 ® GX6E G GRg F GFGS F QY5 M ¢

o, 5 ) ¥ — YN Ty N

o o ok ¢ otk FoofoF F WoF M F

1 L X _

0o O g GROF  Gop Gy (13)
L) X

U® G oW G o FoFo F am M
From theEquations {3), thegenerale equation feandomobservatiorcan be giveras
« 4 feoctb x + b+ xb+x (14)

From theEquationabove(14) we conciderthe variateof the estimatevalue ygiven x (x =x , ,X

X , A

E(y/lx)=®0 g AFRD AFpd AWOD | pu
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We replace the Equatiorblin the Equation 4 we obtain: y = E(y/x) +

WhereE(y/x) is thelinear regression estimaiie [188]

Therefore y R Y =y -R

y is the obsevedalug isRhe predicted value andis theresidual errar

In thesame manner dsr modelling for single sheethich was demonstarted alreaggieviouslyin

the section (Il)we simplify the Equations 13 and we writatin form of matrix and vectorand we

obtain:

W  p mGAFAFah S
h,od:(~7 oGP FCOFFAFFaRF ) F.

&y U, o, Y
25~ oaX X X X Xy em S
OO Op g WF OF MW &FN o &
. SRR N T SN S S S
w0 0p w g Fo Fo @ 9Y & O

(ni1) victor d{mgntiok+1) matri xk+tdi ind(nrtii o)n

Where n is the number of observation (in our case n=9) and k is the number of parameters (k=4)

We consider that:

o P G5 g G5 FGg F 5 M N ¢
_aF, P GF cGF FGF FGF X > F_
Tx X% %X x- 956y oy O
Y - (2)’(1)57 ’ x —(-"Yp (bg (bF‘ (bF (bl’(ﬁ’ y B —(\:AIFFFV and E —ﬁ ~
% XX X X X 5O X
oW O p ® o Fo Fo @ o & O
Theoveral resultan be written then as: Y = X 1 (B) + E

The Equation16 aboveis the multi-linear regressiomodel(MLR), the objectivewasto estimate
the model parameters of thevedBor (b , b , wbhich minilmise,the érrofp its lowest
valuein order to allowour regression line to be clas® the ideal (theoriticalpredictionline as
much as possiblg.93].
The equation of th8um SquaredErrors

SSE=B 6=Ei E
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Where E is the error vi sitsoanspeseThaddenomsiaion ofdi me
how theestimateHds obtained isalreadygiven in the previoussection (I) for single sheet
modeling The Equation can be written as follows:

F=(XX) ¥ X (17)
The Table 28 below represents the datbtained from the experiemnts performed previously.
Using tresecollecteddataon the equation constructed abo%@)(we canestimatels

Table 28 Data Parameters and Observations
Parameters [ Observations |
Top Sheet  Top Sheet
Deformation HAZ

Trials Intensity  Pressure Gap  Cutting Speed

()/?) (l;si) (n;(m) (mrT;émin) (mm) (mm)
Y Y

Trial 1 35 80 20 500 0.55 0.844
Trial 2 30 75 20 400 1.15 1.126
Trial 3 25 70 20 300 0.97 1.222
Trial 4 30 70 15 500 1.03 0.947
Trial 5 25 80 15 400 0.91 0.714
Trial 6 35 75 15 300 0.85 1.441
Trial 7 25 75 10 500 1.45 0.632
Trial 8 35 70 10 400 0.42 0.834
Trial 9 30 80 10 300 1.12 0.682

For numericalapplicatiors, we assign values tall variablesX andY in the matrix and vector

obtained starting with top sheet deformatidata We obtain:

T L P OUL YT CTMUTT Ig-'-
ﬁszﬁ)lh P OTMXULGTMTT B &y _E
2 T80 2 VX TCT O T ® 2, o
APST G, AP OTUXTIPUUTA  »OEA AL,
Y =~op X=Ap U YTpL T TA B adks E=A %
T & Ap GUL XU PU O TAT GF A~ P
Opg & Op ¢UL XU PTUL TN o WO Y Yy
.T8 ¢ P CUXTTPMTIMT w
Opp & Op omympmonk o upy
(9%1) (9%5) (5x1)  (9x1)

We use theguation (7) to estimate the coefficients vectorB%

B=(XX) ¥ X
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P CUYMGMUTT
HP OTIXUCMT
P P P P P P P P P AP GUXTCMOTI
5y0OU OTM QU OT CU CU GU OU OTRy AP OTXTPU U T
Wecalculate firsX X=a@pm xuv XT XT YT XU XU XT WUTkK{ AP CU YT P U T TAT
M QM ¢TI PpU PU PU PT PT PTT OP CU XV PU CTAT
QUM MMOTITU TMTTH MTMO M TV T MO TIQT Op QU X U p T U TN
P CUXTPMIMT
o
(591 45 p omymp o nk

PUNS)

Q
Q

(5%5)

The inverse of aquarematrix (5x5) can be calculatedsing thefollowing formulabelow[201].

(XX) =% =

Thematrix inverse exists only if it meets the conditmfrthedeterminantX X|  i[2010. Using
matricescalculator we obtainedtheresult K X| = 182250000000@vhichi s 0 tHerefore we can

compute the matrix inverse.

The demonstration of how the inversatrix is obtained is already given inglprevious section for
single sheet modelling section (lI).

The matrix inverse ofX X ) T can be written

7
N

XX) =T~ 7 T
7
7

&

Thefollowing step wagalculaing the product below:

Pfﬁ)lﬁ T
P P P P P P P P P AW ¥
yO0OL OTT U OTT QU OULU QUL OV orﬁ‘ﬁpfﬁﬁ, &y
XY =&FYT XUu XT XT YT XU XU XT UTRT AT@ B = 7Y
M QT CT PU PULU PL PT P PTT OTRHEF (Y

QU TITIT TLTIO TLTIV TUTIT TUTIO TT TV TT TIT T TIO' TIQt (’ng@v -

™ &
2 00w
Opp & 4

2Ny

(5%9 ) 1) Y((®X1)

-111-



T oo pfu prc¢ pIpm pIpu T & ”’r,Y —2 ¢du
5 PTU pIlpum m n T & & & A ~ &y TBIUL /O
WBZ(XX) ¥ =X& pIg T[ pfpum T T a1l &&=, — :" = A& TEITT VA
plomm ™ n oplpum W a & OF v T8 p T X
& plpum T T n pfpmm@T — o —& & T T QU
000 Puw

(5%5) 1) =(581)

® U
) ) »Ac T8IV TRO
Therefore, we obtain the coeffeients Bs= :YAF T8I T U &
AF T8I p T X
o An 8T U

Usingthese coefficients ithe multtlinear regressiofEquation15) we canobtain

r =2.15i 0.0503 X + 0.0053 Xi 0.0107 X + 0.00015 X

Replacingthevariablesthe mathematical equatidinatestimateshe deformation on the top sheet
and at the same time can perform a cuto parallelthin sheet separatedvith an air gap distance

is given as

Deformation Top Sheet (mm) = 2.15-0.0503i | nt en £.0063y PAPR s $-0.01687i ( Bap)
+0.00015 Cutting Bpee@ ( mm/ m

Similarly, we can build theegressiorequationfor the Heat Affected zones (HAZ) using the same

approach.

P CUYNMCMUTT

HP OTXUVCMTT
p p P P P P P P P AP QU XTI CTOTJT
HyOUL OT QU OT U OULU UL CULU OTFy AP OTXTPU UL T
XX=@APYT XU XT XT YT XU XU XT WUTKI AP CU YT PU T TAT
M ¢TI ¢T PpU PL PU PT PTT PTT P CULUXUL PU O TAT
GUTTT MMOTMTU MM TMOTTW MM TTMO TP Op U XUL P TUL TN
P CUXTPMTI M
Op onmymnpnond

éy Yy
XX & &
o] o

(5%5)

The inverse of the matrix (X) was calculategbreviously.
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T T T T 7
y 1 7 &
XX) Ta=7 x &
T T
o 7 T o
(5x5)
The matrix product will be then:
Tt  —
PPE N
P P P P P P P P P oaploL o
#OUL OT CU OT CU 0L GU OV OTH ABTX n
XY &®T X0 XU XT Ym XU XU XTI wm'l'r’me}(pm:ﬁ—:"
CTM ¢T CT PpU PUL PU PT PTT PTT P8 TH ~
U TUTIT TOTIO TUTIV TT T T TIO TU TV TT 0T 7T 700 IOt Oy 0@ v — &
,T[fﬂJGT
OCpy@ & O
(5x9 ) A1) ( ¥1)( 5
T of pFu [)(S pfpm pfpum ﬂ’ o n’ of O ww
N PTU ploum m n LA AR Py & iyt
B =X) XY =Xa& pIcC T plpum T moxl —F=Y — % -5 AF micuK
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Therefore, we obtain the coeffeients Be=y AF 18t ¢ L &
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dA N T8 T p WO X
Using theEquation15we obtain:
I = +D.0184X -0.0254 X +0.0348< -0.001m7 X

Replacingthe name®f the variablesn the equation aboyeve obtairthe mathematicdbrmula
which estimates thaeat affected zones on ttap sheet and at tteame time can perform a cut in
two parallel thin sheets separated with an air gap distance

HAZ Top Sheet (mm) = 2.39+0.0 1 8 Htenbity (A) - 0.0 2 5 Bres$ure (Psif 0.0 3 4 8ap (mm)
- 0.001537 Cutting Speed (mmmin)  (19)

Jdii R-Squared

In order to find out if regression models can estinthteresponse at an acceptable level, it is
recommended toerify the RSquared predictor, known as the coefficient of determination that can
assess the quality of the modele valuecan ndicate the strength of the relatstmp between the

factors and the respongi81]. R? can give an indication of the percentage of variability in response
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Y that can be explained by the variability of the parameters Udextest of the proportion (R?)

remain unexplaineflnknowr) due to the errors, meaning that thet of the proportion (R?) does

not represent the inadequacy of the model. An important point to emphasisiee high or low

value of R? generally can give an indication of the model strength but it has been proven that R? can
be misleading in some cases, meaning that we could get a poor R? for a good model and vice versa
[208]. In cetain casesa low RSquared caalso meethe requirement of the model built, it does not

mean necessarily that the model is pddre convenient wawasto usethe prediction interval to

satisfy the requiremenfg09].

The equation is given below:
VYYYYO
NV

" B B w !
B ®
€ 4 B 1
Yo p 5 (10

. Averageresiduals value
I : Predicted value
Y : Observedralue
n: Number of observed values
SSE: Sum squared errors
SST: Sum squared total error
To computeR?2, we use the formuld8) and (9) to estimate thé , and tke prediction intervals
were taken from Minitab &5% confidencel-or the numerical applications we use the data from

the Table29 below:.

s = Top sheet Def@0508atli mtne if@IOFRY =P & slsbur e ( Psi
-0.01071 Gap 000043 +«utting iMpeed (mm/ m

s = shieet BAZ (mm) =2.396 . 0 1lliBtehsity (A)-0 . 0 2P5ebsure (Psi)® . 0348 1 G
(mm)-0.00153%7 Cutting ipeed (mm/ m
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Table 29: Estimation values

Trials Parameters Observed Values Estimated Values
Intensity | Pressure | Gap Cutting Speed Top Sheet Top Sheet
(A) (Psi) (mm) (mm/min) Deformation HAZ F (mm)/ F (mm)/
X X X X (mm) (mm) Prediction Interval Prediction Interval
Y Y

Trial 1 35 80 20 500 0.55 0.844 0.67 0.92

Y 01.38 0. 2 60058
Trial 2 30 75 20 400 1.15 1.126 0.88 1.112

Y O1.84 0.550Y O
Trial 3 25 70 20 300 0.97 1.222 1.09 1.3

Y 02.22 0.640Y O
Trial 4 30 70 15 500 1.03 0.947 0.93 0.911

Y 01.94 0.310Y (¢
Trial 5 25 80 15 400 0.91 0.714 1.21 0.719

0.190Y O 0.120Y O

Trial 6 35 75 15 300 0.85 1.441 0.67 1.1835

Y O1.69 0.580Y O
Trial 7 25 75 10 500 1.45 0.632 1.26 0.52

0.180Y O Y 0O1.14

Trial 8 35 70 10 400 0.42 0.834 0.71 0.98

Y 01.79 0.350Y O
Trial 9 30 80 10 300 1.12 0.682 1.004 0.79

Y 02.08 0.160Y O

The second step is to comput ®mdfdidvs mean o f or

B 8 8 8 38 38 38 38 38 38
C ° = = 0.939

8
R = =0.938

ComputeRzfor the top sheet deformation

e 6 ¢ 'co_ 8 8 8 8 8 8 8 8 8 8
S P B ¢ co P 8 8 8 8 8 8 8 8 8 8
8 8 8 8 8 8 8 8
=0.53
8 8 8 8 8 8 8 8

We canassumehat 53% of variability of the response (Top Sheet Deformation) can be explained

by the variability of the plasma parameters.

ComputeR-squaredor the Top Sheet Heat Affected Zones:

YE 6 B F!Fo_ 8 8 8 8 8 8 8 8 8 8
P B F ro 8 8 8 8 8 8 8 8 8 8
8 8 8 8 8 8 8 8
=0.78
8 8 8 8 8 8 8
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The result Rsquared showed th@8% of variability of the response (Top Shé#AZ) can be
explained by the variability of the plasma paramet¢i35% confidence.

5.3 Confirmation Tests

Additional tests wereequired to verify the level of improvement achieved in quality using the
optimal parameters, al$o assess theffectiveness of theathematical models construciadtheir
level of predictionThe parameters of the plasma machining were selected rndioem the results
were compared against the calculatathiesof the mathematical modeAll the specimens collected
from validation tests were processed and assessed in the same manner than theusalyg@es

previously The full test validatioriFigures obtainedfor the deformation and HAZan be found in
the APPENDIX-E.

5.3.1Single Sheet

1 For optimal parameters, the values measured are given Trakihe30 below.

Table 30 Optimal parameters tests

Cutting Speed Pressure Intensity Measured
(mm/min) (Psi) (A) (mm)
Deformation 8000 70 25 0.09
HAZ 8500 80 30 0.148

The optimal parameters showed a slight improvement for both responses. The heat affected zones

alteration was reduced from 0.154 mm to 0.148 mm whereas the deformation was reduced from 0.12
mm to 0.09 mm.

1 Forregression modelalidation we obtaing the resultshown below irifable31

Table 31 Predicted Tests Analysis

Trials Cutting Pressure | Intensity Deformation (mm) HAZ (mm)

(msrglen?i?\) (Psi) A) Measured | Predicted | Prediction | Measured | Predicted | Prediction

Interval Ingerval

Test 1 9000 80 30 0.27 0.219 0.050.38 0.0942 0.087 00. 3
Test 2 9000 70 20 0.30 0.25 0.090.42 0.215 0.23 00. 4
Test 3 8000 75 20 0.23 0.199 0.040.35 0.327 0.333 0.120.55
Test4 8500 70 20 0.28 0.219 0.060.37 0.291 0.301 0.080.52
Test5 8000 70 25 0.09 0.15 00. 3 0.169 0.32 0.130.56
Test 6 8500 80 30 0.20 0.185 0.0290.34 0.148 0.16 00. 3

Table31 aboveshowed that althe estimatedaluescalculatedwereclose to the measured results

obtained frontestsvalidationand none othe values wertalling outside the predicted intervalhis
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indicatedthe model constructed faadequatelyand can be trusted. Therefore, there is a strong
relationship between the input variables and the ougs this model cabe trusted

5.3.2Double Sheets

The results obtained for the optimum parametergicationare shown in th&able32 below.

Table 32 Optimal parameters tests

Gap Cutting Speed Pressure Intensity Measured

(mm) (mm/min) (Psi) (A) (mm)
Deformation 20 400 70 35 041
HAZ 10 500 80 25 0.38

Second set of tests to validate tbgressiorequationare shown in th&able33 below

Table 33 Predicted Tests Analysis

Gap Cutting Pressure | Intensity Deformation (mm) HAZ (mm)
(mm) (msn?frr?i?\) (Psi) ®) Measured | Predicted | Prediction | Measured | Predicted | Prediction
Interval Interval

Test 1 20 500 70 25 0.64 1.125 .258 1.1 0.993 0.331.65
Test 2 20 300 80 35 0.68 0.645 Q1778 1.3 1.23 0.57-1.89
Test3 15 500 70 25 1.11 1.178 .25 0.85 0.819 0.19-1.44
Test4 10 300 80 35 1.19 0.752 (1.88 09 0.882 0.22-1.54
Test5 20 400 70 35 0.41 0.607 Q1.68 0.8 1.33 0.7-1.96
Test 6 10 500 80 25 1.06 1.28 0.152.42 0.38 0.391 Qa1.05

The validation tests result showed a better quality using optimal parameters for both respagses

small reduction obtained for the top sheet deformation compared to the results measured in previous
experiments whereas the HAZ result obtained from the validation displayed a lower HAZ width and

a decrease in size to just below 50% using the optimalnedeas. Tie values measured in the
validation tests were all close to tb@&lculated valueby the equations and none of them fell outside

the predicted interval

5.4 Summary

An experimental investigation was performéml assess the possibility to-vse he heat energy

exiting the kerfduring the plasma cuttingnd alsdo find the optimakutting process necessany

reduce the phenomarmo their minimum leveduring a simultaneous cutting of two separate thin
sheets.The investigation researctvas performedin four progressive stage$he hypothesis was

tested experimentally and was proveue. Datawascollected and analysea regression models

were constructed fothe surface deformation and the heat affected zones to assess the strength
relationship between the input parameters and the response, this was performed for both single sheet

and double sheets cuttinghe main finding®f this chapteare as follows:
-117-



The Experimerg were performed in four stages, single sheets analysis tests, plasma cutting
two sheets capability tests, parameters identification tests and double sheets cutting
optimisation.

DOE based Taguchi parameters desigisused,and optimal paraeters were identified for

both phenomena surface deformation and heat affected zones.

Both optimal parameters showed in improvement in quality (a reduction in surface
deformation and heat affected zones.

ANOVA was used to identify the mostfluential parameters for surface deformation and
HAZ.

The assumptions for the regression analysis were checked and two foodeformation

and HAZ werebuilt for each procedgsingle sheet and double sheaifting).

The mathematical modelgere validated,and the predicted values were falling within the
predicted interval.
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Chapéer Practical | mpl ementati on

6.1 Introduction

This sections performed tashow how the findingsf this researcltan be implemented on a real
world. For the tests acrappedvehicle chassis rear floor segment was used (OEM part with no
modifications made and the paint was not remov.used the same machifoe controlling the
paramegrsand the feed ratéd propre method of cutting and path was generated for each vehicle
brand, thiswill help to process the chassis in an efficient way and reduce the tool travelling time
between top and undernedlie underbodyvehicle

6.2 Rear Floor Chassis Cuting

The testsvere made oscrapped chasspart (Allied Vehicles Partner Cags shown in th&igure
50 below The materiatontairedseahntundernedt somes h e eonhed Bhe results showed théie
cutting process was reflectetlamaticallyby the sealant asxcess fume and fire was generated.
Therefore,a quickremovalof the sealantising a sand belt toavasrequired(only on the plasma

pathwag).
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(a) (b)

Figure 58 Peugeot Partner Chassis Cutt{ayTorch PositiorBefore Percingb) Plasma Torch During the Cutting
Process

The tests showed thaedving thesealantmaterial underneath the chassigght result to a
deterioration of the qualityut However after renoving the seantfrom the plasma path the quality
resulted to a better finish, matching but not identical ® dhesobtained from theexperiments
performedon clean sheet€£ven though, the quality was goddit the test showed that the paint also

has a slight effect on the cut. S&gure51 below.
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Figure 59 Different Cuts with or withouBealantUnderneath th&heet

The Figure 52 below canillustrate the difference when the plastoech travelsthrough a material
containng sealant underneatie sheets and thene without asealant The mid zone (witmo
sealant) of the cut showedbetter quality compared to the outer zones of the cut edge.

Figure 60 Cut EdgeQuality (Sealant underneath the material)

On the Figure 53 below, afterremoving the sealaritom the plasma pathwaysing a sand belthe

guality resultwas increased dramaticallyith no second processing required.
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Figure 61 Quality Obtained afteSealantRemoved usingandBelt.

To performthe entirecut out on the vehicle floaffectively, it wasnecessary to follow sonsteps
and alsca kespoke automateahachineryor a robotic arm wasequired to control the spegpiath,

movement of the tool in-8imentional space arttie other parameters.

6.3 PlasmaCutting ProcessAutomation

Robotic arm wagound to bea betteioptionto automate therpcessdue totheir popularity ad wide
spread in the automotivedustryfor tasks such asutting, trimmingor welding[210]. Even though
CNC can provide a better accurg@/005mm compared t®.1 ~ 1 mm)and repeatabilityf0.002
mm compared to 03~ 0.3 mm). HowevelCNC is very limitel when anonlinearcutting is involved
or a complex trajectory e.threedimensionaktructure cutting211]. Six axis robotic arnis taking

the leadasthey can be operated witsimple programmsandcanwork at full time[212].

In this study, the requiredreachto perform the task iapproximatively3 mlong, thiscanallow the
sectioning on AVchassis flooifor all vehicle brands,and also to discard the scrapped parts. The
largestvansfloor measured waapproximatively 2500 mm long and 850 mndes Theplasmaarm

robotusually (depending on the companies requiremeeils tgpossesagoodisolaion from high
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frequencies current, isolation shield from dust, dross and spatdgrated wititorch height control
(voltage sensing height contnmlounted on the torch with constant feedfaakvision systenmwas
required tarecognise the partghiclemodekin less than 0.1 secorfgl3], this offeredafast and a
betterflexibility than sensing probmagnetic gripper, tool changer mounted at the end of the arm
robot thiswill allow to switch between the gripper and the torch at the eedabthe taskas required.
Tool holderwas also requiredhis needs to be integrated as part of the robot path cycle when
switchingfrom gripper and torch, fume extractor to reduce smalsafety cagf214]. Fire detector

and control system must be implemented.

One of thawvell-knownand most implemented robotic anmthe automotive industrg Fanud215].

The selected model ( a ¢ cto pedormmtlge fldorachassis eut icFamRA ny 6
2000IB 125L R30IA 6 axis the reach waist above3 m, this will cover all the vehicles brandbe

loads wad 25kg The model is well knowralsofor plasma cuttingthis was suggested by the robotic
company) The cost of thearm robotwasapproximatively £1300€or a usedarm only without any
accessoriesThe approximativeamount for the implementation of the robotic amluding the

requiredautomagd systens and safetyvas quoted to 110k (Global RobotRuotg.

Some of the potential issues that can faced when implementing the plasmeobetie arm and all
theequipmentequired can be summarised as follows:
1 Implementatiorspace thezonerequiredfor the installation of the arm cdoe an issuat the
shopflooras this was estimated to four time the normal spaogared to manual processing
1 Ethic problems, even though a smoke extractor is required. Howaveercentage of
pollution and air contamination is expected.
1 Culture issueven thought this technique showed an effective cost saving and time reduction,
however there is still some resistance and fear of change at the company.
1 Lack of an adequatskills, thisincludesthe installationprocessto British standard and
regulation in additionalsoto operatingskills.
Initial cost of investment
Op e r arédandascy
Risk assessment

Maintenance issue.

= =4 A 4 -2

Factory layout change issues.
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6.4 Cutting Procedures:

The process of the cutting required the tool to follodeéinedpath, theFigures 54and 55below
illustrateone of the vehicles thatllied Vehicles us¢éo convert angperform a cut oufford van short
base) The vehicle needs to hglifted to goproximatively 1m5thigh to offer enough room to the
robotic arm to access the underneath car. The robotic arm camuisien system to identify the
vehicle and pathway required for the outa fast mannefThe double layers cutting with a gap up to
20 mm would be cut simultaneously with one pass fiteerupper isle of the chassis flooHowever

beyond this gap distance, the toeduiredto cutthe sheetseparatelyprocessingnelayerat time

Figure 62 Vehicle Chassis (Allied Vehicles)

Once the arm is positioneohd set,lie adequataevay tosectionthefloor efficiently was to move the

plasma torch robotic arm to the edge rear vehicle at positioas shown in th€igure 55 below.

Figure63 Cutting Profile.
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The torchneeds tonoveundeneaththe underbodyfirst performing cuts around the radseat time
atclockwisedirectionas shown in th€&igure 56 below with yellow linesOnce the torclmeacheshe
position numbepnethen the arm can continuously finish the falfowing anticlockwise direction
until the position numbewo again This would allow to keep thdetterquality cutto the outer side
of the cut outeven though there was no noticeable charfigiee qualiy as the sheets were very thin

Figure 64 Underneath th&ehicleCut Profile

The estimation of the@rocessing timéor this typical vehicle modaian be calculatedVe consider
a speed 08000 mm/ min for single sheet ad@0 mm/min for a double sheet cut.
Cutout length 1900nm, width 800 mm, rail800 mm periphery rail width 150 mm andear box

section 500 mm periphery.

The ptal peripherysizeof the profile path on the top side vehi¢l®00150 x2) x 2 = 320@nmon
the top sidgneed to be cut at 8000 mm/mifihe rails under the cavhich would be cut at 8000
mm/minhave aotal length(500 + 3008)x2= 2800 mm, in addition to travellinglistancebetween
the railsunderneath the chassigdien the Robot at re§1906-3x300-500%2+800= 1800mm. The
cutout width at the fronfpossessedouble layered sheetdé 800 mm long and te rails with gap
around 20mm and 150 mm witleerefore the total length would be (800 +150 x4) = 1#@f this

would be cut at 400 mm/min speedl summaryis given in the Tabl&4 below.
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The totalperiphery covered at 8000 mm/min was 7800.rfihe total periphergovered using 400

mm/min was1400 mm.The estimation of the ding time is approximatively5 minutes this isa

reduction o040 minutescompared to mechanical cutting methods

Table 34 Feed Rate and Trajectory of tRebotic Arm

Quantitative Values

Sigle Sheet Double Sheet
Feed Rate (mm/min) 8000 400
Total Profile Length (mm) 6000 1400
Total Traveling Distance of th 1800 0
Robot at Rest (mm)

6.5 Summary

The tests on a real chassis showed an effectiiteng using plasma techniquehe main findings of

this chapter are as follows:

T

Coated material did not reflect considerably on the quality compared to clean shedts used
previous tests

A good electric contact between the work piece and the plasrequied or Hernatively a
special torch design might be used.

Seahnt on the chassis reflected on the quality cut.

It was necessario remowe the material which is located under the chassis on the plasma
pathwayin order to obtain a good quality cut

To speed up the cutting process it is recommended to program the arrtorpbdorm the
tasks at a specific way

Plasma technologgan reducethe processing timéo approximatively5 minutesas an
estimationcompared tdraditionalmethodused at the companyhe processing time using
manual cutting was approximatively 45 mins as an avgragasured usingtopwatch.

This newcutting techniqguean guarantee a constagmbcessingime. In the other handhe

operators failed to keep a consttinting for processinghe samevehicle brand
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Chapter Di scuamrsd o@Goncl usi on

Plasma arc cutting an efficienttechnique for metal cuttingdowever, until today it was n&hown
if this methodcan cut two layers witlair gap simultaneouslyThis would help the industry to
understandetterthis technologyand their capabilities, also to show the legbroacho process

these structures.g.,Rails, box section®r doublelayered zonewithout the need to cut in two sides

The aim of thisvork was to investigate otne possibility ofplasmato cuttwo separatthin sheets
with an air gap distancsimultaneouslyand assess the impact of the heat on thin materials
addition ofthe optimisation of the cutting process and the analysis ofréfetionship strength
between the inpuparameters and the quality obtained. The objestiwere to assesthe
effectivenes®f plasmato cut thin sheetander one millimetrebuild a 3D structures for the tests
perform the experiments usirgDOE method, optimise the process of cutting using the Taguchi
parameters design approach at minintuals, assess the quality obtained (surface deformation and
HAZ mainly), identify the most influential parameters using ANOV@onstruct mathematical

models that represent the desagrdlastly test the findings in a real chassis.

The research questioasidresedin this studylay mainly onassessing thpossibility tore-use the

excess heat energgxiting the kerf to perform an additional cuin other words cutting
simultaneouslywo sheetgseparatedavith an air gajp In addition,to identify theoptimal parameters
requiredto processdouble sheets (to reduce the resulted phenomena to their lower level) and
analysing the effect of the heat generated during the cut on thin mateeatifying the maximum
deviation between the top and bottom edfe cutwasalsoone of the key researcjuestionsas

the offset could cause a problenthk tolerances are not respectedstly, assess the relationship
strength between the input and output factdherefore, to test the hypothesis and assess the cause
and effectguantitative experimental method was adopted in this research and DOE was selected as
an effective way to reduce tlesting and time of the process. Taguchi parameters design was found
to be the adequate approach for this thesis to perform the experimentaimtmum trial whilst
preserving the accuracy compared to other techniques. The limitation of this research lays in the
numberof tests performed to optimize the parameters (perfomhednimum trials L9). Thisnight

result to the analysis to fail detecting the significancthebtherparametergffect and interactions.

The tests werdividedinto four differentstages The first phasevasmadeto evaluataf plasmawas

ableto perform a cubn thin materials 0.6 mmvithout altering the surfacandalso assesthe effect

-127-



of the heat on the flatness atie edge of the cuThe following testsvereperformed to assess the
plasma capability to cuigimultaneously two layers with air gapand identify the maximum gap
that can beut simultaneouslyThe third phase of the tests were made mamiglentify the suitable
cutting settings required for an effective procdes a fixed gap 20 mmThe last stagef the
experiment wasnadeto assesshe possibility to optimise the procemsd reduce the defect

The hypothesis was tested and provare andthe experimentshowed thaplasmatechniquecan
performa cutin two separatéayers simultaneously. Hence, the reuse of the plasma heat power after
exiting the first sheetvas possible contrary to what wasassumedoreviouslythat only waterjet
among the nottraditional techniquegossesadthe abilityto process two layers simatieously84].

The experimerd revealed that processing two lay&vas subgct tothe gap distane between the
sheetsThe power of the plasma was limited as the tests were performed using low current plasma
technology, a more advanced plasmas might achieve a higher gatingestswereperformed by
incrementing th@ap of thewo layers, the highest distance whichutesd to afull cut in two layers
simultaneously was 2m, but this lacked qualitylests at 35 mm gap did not achieveomplete

cut on the bottom side

Cutting single thin shees DCO1 grade materiaht 0.6 mmthick using a plasmaesulted togood
quality without alteringthe surfaceThis contradictedprevious researctiaim assuminghat plasma
was not suitable for th range of thickness¢$57]. Testsshowedthat plasmacuttercanresult toa
deformationas low as 0.12 mm, the maximum valu#aonedin all samples observed was30nm,
eventhoughthe defect weremeasuredHowever this was novisible. Trials number 5, 6 and 8 were
outside the tolerance required (0.2 mm maximudrhg parameters that affected mostly deformation
were intensityfollowed by cutting speeduccessively 51.71% and 42.4,/%oth effects were
statistically significantThe 3D surce plotshowed that in order to achieae effective cuandkeep
the deformatiomt their lowest levet is recommendetb avoidusing high or low intensity associated
with fast cutting speedhis meanthat if a moderater elevated feed rats usedandif either low or
high poweris employedhenthis wouldresult toa higher degreef surface deformatiormherefore,

it wasimportant tousethe adequatesettings Taguchiparameters desigmethods showed that an
optimal cutting parameteaan be identifieind reduce the defect to their Istkevels, it was found
that the best parameters that can resuntoptimal cut were cutting speed 8000 mim/npressure
70 Psi and 25AThe optimal settinga/ere tested and resulténl a small imprgement 0f0.09 mm

deformation whichis 0.03mm less than thiwwestvalue measured
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The heat affected zoneslues measurefdr 0.6 mm single sheeaterevaried from 0.154 to 0.403
mm, the quality obtainesvasacceptable, themaximumsizemeasuredavasless tharhalf millimetre
The parametewhich affected mostlyhe sheets ascutting speedavith more than 70%The results
showed that the effect was statistically significdie other parameters did rethibita big impact
The surface it suggestethatin orderto reduce the heat affected zofteswasnecessaryo avoid
using low speed especially when associated with weak predisisrenightexpo® the material to
longer period of heatOptimal input variables were obtained using Tagyshiameters design
methodat cutting speed 8500 mmim pressure 80 Psi and intensity 30/ke settings showed an
improvement on the qualitgsult,the heat affected zonsze was reducedom 0.154 t00.148mm.
Tolerance set to 0.2 mm maximuthere is no second processing requifidte drossand kerfsize

were very smaland not noticeable.

The interaction graph®r single sheet cutlustrateda dependencyboth deformation and HAZ)
Thereforetheeffectof oneparameteon the responsaightdependnthe level ofanothemparameter
However,there was ncstatisticalevidenceshowingthat thesanteractions weresignificant. This

might be thecauseof thelimited tests performeth this research (9 trials)

The ests showed that cutting simultaneously two separated stieetdfect of the heat on the lower
sheets was highe@ompared tdhe top sheetsexcluding the hardness which did reothibit a big
differencebetween the top and bottom layefhtis might bethe result othe heat energy flowvas
focused at théop anddiverged after exiting the kecfausing the edge of the top sheets to evaporate
ard the bottonlayersto melt The drossizeon the top shestwerefrom 1.3 mm increasing to 2.7
mm whereas the bottom sheets showed a minimum ohi9all the dross measurederebeyond

the tolerance required (1 mm maximyiiis meanthat a second poessing might be requiretihe

kerf was almost steady for the top sheets less tinam vith slight variation, the bottom kerf showed

a higher value to almost 5mrhe part size accuracy set was 56 mm, all the samples measured

on the top sheets werearatein sizeand nonef themwere outside the tolerance.

Simultaneous cutting can result to@ticeable reduction in siz# the bottom samples compared to
the topside.The phenomenon of edge offset might be the cause of the plasma flamevabape
uniform after exiting the first sheas explainedh the sectiorabove The bottom layeyedgeof the
cut required to be within the tolerance of 2 mm maxinaompared tohte top edgelLarge offset
might result to engineering problerauch aditting issues ompoor sealingof the new customised
floor pan(this might result to watgsenetratiorand corrosionssue$. The tests showelthat cutting

with plasmacan result tca materialloss of 10.27 %compared to the original pantith 1.65 mm
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deviation between the upper and lower eddfeis wasregistered for thd5mm gaptestmodel 5™
trial.

The deformatiorregistered for the top sheewvas varied from 02 mm to1.45 mm whereas the
bottom showed a maximum deformation of 3.9 niime wider gaps showedess @&formation value
compared temallgap onthe top sheethis might bedue tothe wider spacebetween théwo sheets
which offeredmoreroom for aeration and heat dissipatidimere was a missing data in the in the
analysis for the bottom layers trialadd 3, for the 20 mm gap model. The trials did not result to a
full cut, this might be the result of the gap between the two sheetsdedéduoe to accumulation of
the heat, gas pressure and due to lower cutting speedlingechissing values were not estimated as
these would not be us@dthe analysis (there is no requirements for optimising the lower sheets).

Taguchiparameters desigmethod was used faptimisation processt was found that the best
parameters resulted to a lower deformation were cutting speed 400 mm/min, pressure 70 Psi and 35A
intensity using a larger gap 20mwnalysis of varianceshowedthat the top shegtwere mainly

affected by the intensity at 63.93%e effect was statistically significafdllowed by the pressure

at 2636% with no evidencef the effectsignificance this might be due to limited tests used in the
design L9.ThreeDimensionalsurface plot shwed that cutting simultaneously two shegtew

power and low pressure would result to a high deformafitwerefore it was recommendetb

employ a high intensity with low gas pressufée results showed a very small improvement in
deformationusing optimal parametefsom 0.42mm to 0.41mm. However, the tolerance for the

deformation on the top sheet was meb (@m maximum).

Heat affected zoneseasured varied from@B2 tol.441mmon the top sheet, the values were higher
onthewidergap,the lower samples were varied frdn245 to 3.446 mnTaguchiparametergesign
approachshowed that cutting speed 560n/min, pressure 80 Psi, intensity 25 A and 10 mm gap
were the best opti@to achievea minimum heat affected zondhe parameterthatinfluencedthe
response were gap at 37.31%, pressure 28.61% and cutting speed. 2508&Xer there was no
evidence statistically thdahese effects were significarithe surface plot showed thatlarge gap
between two sheets wouldsultto a high defect when a low presswasused, itwvasrecommended

in this caseo attribute a high pressure for a better residivever to achieve the lowest heat affected
zones possible then a small gdistancewas recommended usingvaragepressure Validation
showed aimprovementnd a reduction in size froh632 to 0.38mMm. However, second processing
might be required to reduce the size of the altered material, the tolerance was (@2nmet

maximum).
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The interaction plofor both phenomemshowed an interference between the varmbWaen
processing a double layeretherefore the effect of onenput variable on the responsas also
depending on the level of another input variablee interactions showed thdéformation on the

top sheet can be reduced when cutting two separate layers simultaneously if the largest gap 20 mm
is processed using either parameter at settings level three. The 10 mm gap distance associated with
pressure 70 Psi also showed a litédatmation. However, 15 mm gap did not show a big difference
bet ween pressureds settings, but a slight 1 mp
two 400mm/min can result to a small deformation if associated with a small gap 10 mm buiSwhe

mm gap model is used then the speed settings have only a small effect with a slight improvement

seen using 300mm/min. The intensity at level three 35A would show less deformation cutting any
gap.

The HAZ showed a better result and size reductioena20 mm gap is used with either parameter at
setting level three. The gap distance 15 mm would require using pressure setting 80 Psi to obtain less
HAZ whereas 10mm gap a slight improvement can be seen if 75 Psi pressure is used. The cutting
speed at ledewo 400mm/min is suitable for 15mm gap but for 10 mm gap it is adequate to use level
three 500mm/min even though it showed only a small difference. Intensity is more effective if lower
setting at level one 25A is used to perform a cut on either 15mni@apsEven though theesults

showed an interaction effebetween variabledHowever, there is no statistical evidence tihat t

effects of thanteractionsweresignificant as the faluesobtainedwere above 5%The limitation

of the tests performg@t minimum trialsynight be the reason of tldesign failing to detect the level

of significance for thgg a r a mmteractios.s

To assess the strength of the relationship between the input variablesasftibis response, two
mathematical modelénulti-linear regressionyvere buit for both deformation and heat affected
zonesaffecting the upper layefhe analysisvas maddor the DC0O1 steelgrade material fosingle
sheet 0.6mnwith three variablesndfor adouble shest cuttingalso (0.7 mm thick materialjvith

four variables Coefficientof determination which assessed the quality of the model was computed
and resultedo an acceptable values for all modd@lse method used to build the equations was least
square errors approachhe equations wetested, anthe results showed a close values between the
estimated and the measues none of the measured values weugside the interval of prediction.

This was a good indication that the relathip between the input variablesd the quality result
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wasstrong, andite modelsan represerthe experimentadlesign. Even though, the equations were
tested and provided a good results. However, the interval of the predigassbghtly wide.

A final test wagerformed on a real chassesdemonstrate the suitabilignd practicability of the
findings of thisstudy. The testesultsonachassis showed that it was necessary to remoysealing

(if applicable depend®nt h e v e h i ant a@eswhibhwasloahtedunder theshees asthis
mightresult to adegradation ofjuality cut, risk of fire anéxcessivesmokegenerationThe removal
of the sealingvas requirecbnly on the plasma pathwayhis confirmed also the claim of some
articleswhich emphasised the necessity verifying and knowingthe partswhich areprocessed
before proceeding to any type of cutting in order to aliogdgeneratioft]. The results showed a
considerable deferende quality before and after removing the sealant mateFia. paintdid not
show a bigmpactand reductionn quality (only in low scale andot noticeable) apart a bla¢kt
accumulated at theut edgecaused byhe fume this matchedhe claim of previousarticle[10]. A
goodelectricconnection between work piece aheé electrodevasnecessargspeciallyat the start
for the first sparKpiercing or alternativelyotherplasmamodelcan be use{B], these wrereferred

to nondirectarctransferplasma cutting216]. The estimation for processing the underbody vehicle
chassis floor was estimated to approximatively 5 mins. Even thtwgtests showed an effective
cutting. However, théechnique used to assdks practicabilitywasa CNC plasma, this was tested

only in homogenou$lat andfor linear cutting

The literature review showed that practically the same cutting method wasyehpb process the

chassis (mechanical tools) in most companies that converted cars to wheelchair accessib[@)ehicles
Tests demonstrated that plasma cutting can be a good and fast alternative solution. The technique
showed a better ability compared to circular sag., profiling or cutting sharp corners where
mechanical tool clearly showed limitations processing the chassis effe@sdlystrated before

Tests showed that plasma can process and cut parts at higher speed rate, meaning that the cycle time
for processing the full chassis cut out can be reduced to approximately five minutes, this is a reduction
of 40 minutes. Furthermore, plasma technique can be mechanised. Hence, the operating cost can be
eliminated. The quality cut obtained from cutting simultarsdy two sheets was subject to
company6és requirements, this meant it can be
Certainly, a better quality can be achieved by processing one layer at time. However, extra costs
might be required for a et automation. In addition to supplementary tasks involved. To sum up,
Plasma cuttecan be shapednd structured o s at i sfy t hEoweverthisrequired s ne

first to understangbroperlythe challengesand what we trying to achieyalsothe naure of material
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and thestructure of the partshen we carcustomise, readjust, and build the cutting tool needed

meet thandustrydemand.

This alternativetechniquefor cutting the chassis floawas acknowledged by the company (Allied
Vehicles) The feedback was to process one sheet at time in or@soid asecond processing
However, this required automation reinforcement to rentbeescrapped sheessiing magnetic
gripperin order to robotic arm taccess the second lay@&he installation of the technique is still

under review due tsome implementation issues faced such as budget, area where to implement,

factory layout change issues and fear of change. In addition to the pandemic delays.
7.1 Conclusion

To sum upPlasma cuttingvasinvestigaed for thesuitability of cutting two layers simultaneously.

The aim of the research was to identify whether the heat energy exiting the kerf possess enough
power to cut through an additional layer and the effect of the heat on thin mateei@periments

were performedn four progressive stageBDOE basedTaguchiparameters desigmethodwas
selected as thadequat@echnique to optimise the parameters and reduce the deformation and heat
affected zones to their lowest level. Analysis of variawae found tdbe an effective approach to
analyse the datéor this researchMathematical models wereonstructedo assesghe strength

relationship between the input and response variableskey resultsareas follows:

1 Plasma technique can process thin matewdlsout altering the surfa¢eéhis was tested
on DCO1 steel material 0.6 mm thick, a good quality cut wasraata

1 Bothresponsesneasured in single sheet wesraall and did not exhibit a visible defect,
deformation OO0.3mm and HAZ ovisidarlherefoder o s s
a second processing to remdkie alteredareas was not necessary for sirgjieet.

1 The optimal parametefer deformation to process one sheetrefound to be atting
speed 8000mm/m, pressure 70Psi and Intensity 25A whereas HAZ are 8500mm/m
80psi and 30A.

1 The most influential parametengerecutting speed and Intensity for deformation
whereas for the heat affected zomesmainly cutting speed.

91 Both optimal parameters showed an improvemenquality, a reductionin HAZ from
0.154 to 0.148mm and sheet deformafiam 0.12 to 0.0&hm.
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Cutting simultaneously two parallel sheets spaced with an air gap was pdbsildeergy
leaving the kerpossess enoudteat energyo cutthrough asecond layerbutthe ability
wasrestricted by the gagistance

The responsesneasuredn double sheetshowed a higher impact on the bottom sheets
compared to the top side overall

The quality cut analysis showed that a second processing to remove the heat affected zones
and drosswas recommendedhen cutting two layers simultaneouslyHowever, this
remandepending on the companyO6s requirement
The size of the HAZ wa$.45mm maximum on the top sheet and 3.45mm as a maximum
onthe bottom

The cut exhibited an increasématerial hardness up 66.7&the edgand dross sizeas

up to 2.7mm on thapper layer whereas the bottom was up to 3.3mm.

The edge of the cut on the top shesttswedan offset compared to the bottom edies

meant thatower samples were smaller than the upggmcimens

The kerfmeasured wawider on the bottom side dhe jigalmost 5 mm for the 10 mm

gap model gbtained with the th trial).

The optimal parameters fourfdr cutting two sheets simultaneously arebucethe
deformation on the top side were cutting speed level two 400imnEressure at level

one 70Psi, Itensity at level three 35A and Gap at level three 20mm, whereas the optimal
parameters to minimise the Heat Affected Zones size were Cutting speed at level three
500mm/min, pressure at level three 80Psi and Intensity at level one 25A and gap at level
one Dmm. Both optimal parameters showed improvementn cut quality,almost50%
decrease in HAZ size amery small improvement of deformation.

The most influential parameters for the top sheet deformataathe intensity and then
pressure whereas the aaféecting the HAZ was mainly the gap and then predsilicved

by cutting speed.

Regression modelsere constructefbr both single sheet and double layered cutting
assess the relationship strengtiiswas made for the deformation phenomenon and HAZ
The measured values from the validation tests akmEose tothe data calculatedsing
theregressiorequations and were ddlling within the range of the predicted interval

Both regression modeter the double layered sheets cuttsigpwed a god fit valueand

R-squared respectively for top sheet deformation and HAZ of 0.53% and 0.78%.
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1 Tests were made on a vehicle chassis and after removing the sealant under the sheets along
the cut profileit showed an effective cutting. The paint had a very small effedhe
quality.

1 Usingan adequate automated system in addition to a good method of cutting would result
to an effectivecut in a short timean estimation ofan approximatively40 mincan e
achievedcompared to manual cutting

7.2 Limitation and Future Work

The limitationsand tke work that can be don@nd addedo widen this researcaresummarised as

follows:

7.2.1 Limitation

1 This research was done with a minimum ti@l(both single skets and double sheets cutting),
this isdue to the large number of sampéesilable and collected fdhe analyss, time
constraints and the cost of the experiments. tommon thathe analysisin this case might
fails to detect thevidence osignificanceof some parameters the interactions when using
small size of experimental

1 The interactions effects in this research were not considered in the regression antilgss as
was no statistical evidence of tegnificance of the interactions in the ANOVA results
However, the literature showed that at low trials the detection of the effects might be lost

1 Even thoughthe measumentwererepeated andhecled multiple times for accuracgnd
alsoto minimise tle errors However,due to the scope of this research and time constraints
theerrors in measurementere not estimated

1 In this study the numberof the testsperformed,and he samplescollected from the
experimentswvas significart. Assessingall the speimmens requireda long period of time.
Therefore, replicating the experiméatestimate the variability wouldbt be convenient due
to time constraints and thegh costs involved

1 The regression models constructedre tested and showed a good representation of the
experimentadesign. However, the interval was slightly wide due to the limited number of
tests performed.

1 The tests were performed using a CNC plasma low current. Therefore, cutting two layers
simultaneusly with an air gap distanae this study is based on tipgasma moddhere is a
high probability that other powerful plasma can achieve a cutting in two lagerg wider

gaps than the ones resulted in these experiments.
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l

The tests on a real chasgehicle were made using CNC technoloblpwever, the literature
showed that robotic arm is the adequate technique for-bmear cutting or nofhomogenous
surfacesThe tests performed were only on scrapped chassis vehicle part. Therefore, the time
requrred forprocessing the entire cut out was an estimation.

The implementation of the techniqwas acknowledged by tiAdlied Vehiclescompany but

still under reviev. Therefore, it is too early tassume thahis concept can be implemented

in other similarcompanies.

7.2.2 Future Work

T

The research was performed using minimum tridépeating the same experiment using
full factorial designin addition toincluding the interactions in the regressiondelswould
result certainly to better aratcurate modebwith atight interval ofpredictions.

The analysiswas carried outising a common technology of plasmahe cutting edge
technology used these days is the high density plasma (HD) known for its capability to
achieve a high quality cuimilar to laser techniq(i&l4]. Therefore repeatingthe same
experments using thistateof-the-art HD Plasma andompare the quality results would be
beneficial

This work was performedonsideringfour variables, intensity, pressure, cutting spaad

the gap distance between two layers, adding the thickness ofateeahas a fifth variable
would result to a bettemnderstanding of theimultaneouslouble sheets cuttingrocess.
Replicatingthese experiments to assdéissvariability in the testsvould also be beneficial
for this researchin addition ofanalysinghe variability in measurement to estimate the errors.
There was no work has been done in this bedare thereforeoneof theaimsof this research
was to generate the necessianpwledgefor a simultaneous cutting of two layeesd then
thefindings of this workcan be useds a referenc® build ar accuratesimulation modeand
help making decision amatedict new values

Replicating this experiment using Laser cuttileghniqueand tlen compare the quality

obtained and the processing time to plasma cwibetd bebeneficial.

-136-



References

[1]

[2]

[3]
[4]

[5]
[6]
[7]
(8]

[9]
[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]

[20]

Friars Motor Company, 2020, O6A BrFriasfMotbti st ory o
Companyo, Fr i ar évailddet https:@noww.friirstiotbréompar)y.co.uk/brief
history-wheelchairmobility-car/.[Accessed: 19un2020].

CalvinBarné t , 2018, O0The Drivers of the Accessible
Mag. [Online].Available: https://thiis.co.uk/thdriversof-the-accessiblavheelchairvehiclemarket

growth-2/. [Accessed: 19un2020].

Al li ed Vehi cl eBackgrauBd2Ad ,I idéeQ@o nvpeahny |l es Groupb, AV
https://alliedvehiclesgroup.com/about/compdrackground/. [Accessed: 1Rin2020].
Fan, J., and Njuguna, J., 2016, OAn Introducti.i

inTranport Structures?é, Lightweight Composite Str
Analysis and Performance, J. Njuguna, ed., Woodhead Publishing, Nieuwegein, Netherlarids, pp. 3

34.

Nikitin, A., Schleuss, L., Ossenbrink, R., and Michailov, V.,201 6 Cor r osi on Behavi
ZinccCoated Structured Sheet Metal 6, Int. J. Corr
Me h ok, K., 2007, O6When | s Sectioning Appropria
body repair news, 46(10), pp.T832.

Ramesh,V.R.,, 204, O AAdvanced Wel ding Equipment & Cont
FabricRtoQuest 6, Il ndian Weld. J., 37(1), p. 19
Bal asundar am, H. R. R., and Karthikeyan, N. G.
Quality Characteristicsonss321 Using Plasma Arc Cuttingdo, J.
40(2), pp. 311/60.

Mi rosl av Radovanovi c, M. M., 2011, oO6Model ling
Nonconventional Technol ogi e NecBw.yl5(é)wp. 43880 . 4/ 201
Rajni kant C Bidajwal a, M. A. T., 2014, O6éPar ame

Cutting A R e viilndemaétional J. Innov. Res. Sci. Technol., 1(7), p. 147.
Prateek Kumar Gaut am,procéss pametersblpl@na aréciitting ispwggs i s 0

design of experiment 6, I nt . Res. J. Eng. Techn
Leander Schl euss, Thomas Richter, Ral f Ossenbr
of Structured Sheet Metals in Comparison t h Laser Beam Cutting6, J.
143.

Eltawahni, H. A., and Olabi, AG . , 2011, 60ptimi sation of proces
|l aser cutting for advanced materi al so, Dubl in
Borries Burkhard, 200y The Hy dr of o-LaserReb/otl ud ,i olnnt . hydrof ot

[Online]. Available:
http://www.hydroforming.net/hydro/home/html/modules_op_modload _name_News file_article_sid_
105_mode_thread_order _0_thold_0.html. [Accessedut@020].

Klimpel, A . Chol ewa, W. , Banni ster, AL, Luks a, K.,
S., and MartirMe i z o0 s o, AL, 2017, OExperi ment al l nvest.i
Plasma Arc Cutting Parameters on Edge Quality of glength LowAlloy (HSLA) Strips and

Pl at es 6, Int. J. “Wipp.69MEnuf. Technol ., 92(1
Nedic, B., Jankovil, M., Radovanovili, M., Laki
of Pl asma Cuttingé, 13t h | inSeerrbniaattiroinbadl 1 3C o nS eerr bei
Society, Kragujevac, Serbia, p. 314.

Morphy, G., "Hydroformed Automotive Components: Manufacturing Cost Considerations," SAE
Technical Paper 20001-2672, 2000https://doi.org/10.4271/20001-2672

Asi abanpour, B. , Vejandl a, D. T. , Ji menez, J .,
Pl asma Cutting Process by Design of Experi ment
losub, A., Nagit, G., and Negoes¢ F. , 2008, 6Pl asma Cutting of (
Form., 1(SUPPL. 1), pp. 134%350.

Li mousi ne, 2020, 6Stretching A Car Il nto A Li mo

-137-


https://doi.org/10.4271/2000-01-2672

[21]

[22]

[23]

[Online]. Available: https://bigcars.com/blogfstchlimousine/. [Accessed: 1®lay-2020].
Applicationsi CarBodyi Body Structures. The Al uminium Auto
Assoc2013. p.2[Online]. Available: mozextension://84d63aadil5+42788ale
fd94c2c5el134/enhancedader.html?openApp&pdf=https%3A%2F%2Fwww.european
aluminium.eu%2Fmedia%2F1543%2F1_aam_bsidyctures.pdf. [Accessed: -24g-2021].
Venkatesh, D., and Govind, N., Z01 6 Model I i ng and Structural Ana
Chassiso, 714189., pp. 14134

Morello L., Rossini L.R., Pia G., Tonoli A. (2011) Body Work. In: The Automotive Body

vol 1. Mechanical Engineering Series. Springer, Dordrecht. https://doi
org.proxy.lib.strath.ac.uk/10.1007/988-007-05135 4

[24]

[25]
[26]
[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Lesch, C. , Kwi at on, N. , and KI| os e, F. B. , 2017
Aut omotive Applications 1T Tailored Properties
Int., 88(10).

Taub, A., Krajewski, P., Luo, A., and Owens, J
Processing over the Last 50 Years: Tib6z Aut omot
Consortium, U., 06AdvanA¥GBodysStucturd MaterlaleMaeralpt s UL S

Selected for the ULSAB\VC Body StructureBody Structure Part-§5. Li st 6,
WAV CA, 2020, O6Wheelchair Access Vehicle Conver
Available: https://www.wavcao.uk/membership.html. [Accessed:-Bry-2020].

Ltd, M. O., 2020, OFind a Dealer | Cars and WA
Scheme [Online]. Available: https://findadealer.motability.co.uk/motability/FindDealer.aspx?t=2.
[Accessed05-May-2020].

Mobility, G.,iGhW2O0ng8s6AMobt | Us$ yd, Gowrings [ Onl
https://www.gowringsmobility.co.uk/abouts. [Accessed: GMay-2020].

Scheme, M., 2017, 6 HWEwe ellsc haa i WA VA cCcoblstilibel de? Ve hi

Scheme [Online]. Available: https://www.youtube.com/watch?v=jZrfW7SiL48. [Accessella5

2020].

Brot herwood, 2011, 6 B r bratherevsodv\Whealchal Aacgssible ehiBleaso f i |
YouTube. d& [Online]. Aem@nilach?v=4Eehphdu t4M. $Accessedvdby. vy o u
May-2020].

Brotherwood, 2020, OoBrotherwood, WAV Conversio
https://www.brotherwood.com/conversipnocess/. [Accessed: dday-2020].

Aut omoti ve, s, |[202ovahAbomt Through The Years
[Online]. Available: https://sirusautomotive.co.uk/abast. [Accessed: GKlay-2020].

Aut omoti ve, S. , 2020, 60VW Caddy Van Conversion
[Online]. Available: https://sirusautomotive.co.uk/xeaddyvartconversionenmseatsandparts/.

[Accessed: 0-May-2020].

Aut omoti ve, S. , 2016, 6Sirus Aut-o'matTiuvwe 6L tfdO.n | W
Available: https://www.youtube.com/watch?v=p_xUg&Uké&feature=youtu.be. [Accessed: 07

May-2020].

BSV, 2016, 6Bristol Street Ver sa | WivYea Tabhaidr

Bristol Str. Versa [Online]Available:
https://www.youtube.com/wah?time_continue=149&v=uFVnNFOtU1E&feature=emb _title.
[Accessed: 0-May-2020].

Ver s a, B. S. , 2020, O60Hi gh Quality Conversions
Ver sab, BSV Mobi l . [ Onl i ne] . Av ai-cbnadmsiors. https:
[Accessed: 0-May-2020].

Group, L. R. , 2020, OWheel chair Accessible Veh

Devel opment . 6, LAeailable: httRse/avdv. [wi€reebgronpecd.uk/wheelchair
accessiblevehicle-designanddevelpment/#148518448972385c37aecd.[Accessed: 08Vay-

2020].

Group, L. R. , 2020, OWheel chair Accessible Veh
Available: https://www.lewisreedgroup.co.uk/wheelckaicessiblevehiclethelewis-reedstay/.

[Accessed: 08viay-2020].

Group, T. M. c. ., 2020, O6About TBC Motability |
https://www.tbcconversions.com/mobility/abeus/. [Accessed: O&lay-2020].

-138-



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]
[60]

[61]

Conversions, T. Coavarsiond8NortherIfeland | UKOGoTBTCU be 6, Donnel |
NI. [Available]: https://www.youtube.com/watch?v=fhopJn_do[Accessed08-May-2020].

Press release news, Stunkellen, S., 2019, 06We
news[Online]. Available: https://www.braunability.eu/en/information/news/press/201-9hse
braunability/.[Accessed: 1May-2020].

BraunAbility, 2020, 6éHandicap Vans, SUVs, Whee
[Online]. Available: https://www.taunability.com/us/en/mobilitproducts/wheelchaiaccessible
vehicles.html. [Accessed: Aday-2020].

Ford, 2016, 0 BaFRkouExplorérContessiooMXVWor |l dés First Whe
Accessible SUV | Ford Mediamgo[Ondinet Availdble: For d Medi
https://media.ford.com/content/fordmedia/fna/us/en/news/2016/02/09/braurabirtis-worlds
first-wheelchairaccessiblesUV.html. [Accessed: T®ay-2020].

Braun Ability, 201¥%qu Touned ,d eWNasheDalinehMuadablet sy.
https://www.youtube.com/watch?time_continue=47&v=0GpmSN_aSEA&feature=emb _title.

[Accessed: 1May-2020].

How itds made, and Br au nBhaonAbilitytWheelchairOAtcéssibled Ho w | t
Vehicles-Y o u T u b e 6 Ayaixbld: httpsé/vww.youtube.com/watch?v=FW_0KmUROEA.
[Accessed: 1May-2020].

Study, B. C., 2019, ODesigning Freedom of Move
Braun Abil., p. 2 [Online]. Available: https://www.signicast.com/knowledggter/case
studies/~/media/project/signacast/Signicast_Braunability Freedom_of Movement.pdf. [Accessed:
15-Feb2020].

BraunAbility, 2020, 6 What Il s a Conversion Van?
BraunAbility [Online]. Available: https:ww.braunability.com/us/en/resources/conversion

van.html. [Accessed: tBlay-2020].

BraunAbility, 2Th8B YourdRBmpeaan! PaktlY d u Ttub e 6, BraunAbi |
[Online]. Available: https://www.youtube.com/watch?v=gmPLnCiMklc. [Access8dvay-2020].
VMI 2020, OAbout Vantage Mobility I nternation

https://www.vantagemobility.com/aboeuini/. [Accessed: 1:May-2020].
How ités build, and Vantage Mo4WVMIWheelchairvarer nat i

YouTubed [Online]. Availabl e: ht tkp/Accessédn@w. yout
May-2020].
Kent Swart, 20009, 6Pl asma Cutting and How It W

https://www.thefabricator.com/thefabricator/article/smamagement/plasrautting-andhowrit-
works. [Accessed: £8un2020].

V MI 2020, 6How |t dés Buil t: Handi cap Van Conve
[Online]. Available: https://www.vantagemobility.com/heswantis-built/. [Accessed: 1May-

2020].

Rol |l x Vans, 2020, OWheel chair Van Conversion M

[Online]. Available: https://www.rollxvans.com/abeus/ourstory-2/. [Accessed: ::May-2020].

Rol |l x Vans, 2 0 1 XheelohBRmAcck s i Wahprs VeEhit cbes. YouTube
[Online]. Available: https://www.youtube.com/watch?v=I6RQiGQUM6M. [Accesseday-

2020].

Rol |l x Vans, 2014, 6The Roll x Vans -Whacdlubreadi r A
[Online]. Available: https://www.youtube.com/watch?v=Fpoz5ijhia8. [AccessedMady-2020].

Rol |l x Vans, 2020, 6Conversion Process | Handi c
[Online]. Available: https://www.rollxvans.com/converbur-vehicle/theprocess/. [Accessedl-
May-2020].

Ben Coxwortfi, vadlls ©®MYi gned Specifically for
[Online]. Available: https://newatlas.com/mvanfor-wheelchairusers/19921/. [Accessed:-May-
2020].
MV-1, 2 0 1-¥The @GniyRurposBuilt American Made Mobility VehicleYou Tu b e 6 .
RUSTY BLACKWELL, 2016, -16 Mo,biGart yDrViewn.t u[rCnsl iMVe ] .
https://www.caranddriver.com/reviews/a15098391/261dhility-venturesmv-1-first-drive-review/.
[Accessed: 13viay-2020].
Savari a, 2015, 0 A b Whetlch&@ra\ecessitilea/ehiclesropuoTruabtei.odn [ On | i
Available: https://www.youtube.caolvatch?v=BDr6xn1GFv8. [Accessed:-May-2020].

-139-



[62]
[63]

[64]

[65]
[66]

[67]

[68]
[69]
[70]
[71]
[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Savaria, 2020, OHow to Choose the Right Vehicl
Available: https://www.wheelchairvans.ca/vaonversion/. [Accessed: Iday-2020].

Savaria, 201490 How Wheel chai fYovuaTnusb eAor ef QMaldiene] . Avai l at
https://www.youtube.com/watch?v=D80d9mne6Gw. [Accesseddy2020].
BrandL Mobility Finance, 2020, OATC Wheelchair

Brand.Mobil. Financ. [Onine]. Available: https://www.brandimobility.com/arrainconversions.
[Accessed: 14May-2020].
Al-Terrain Conversions, 2020, 6ATC | Wheel chair
Available: https://www.atconversions.com/. [AccessedMiad/-2020].
ATC, 2020, OATC | nvAgaiable:r y 6, ATC [ Online].
https://www.atconversions.com/listings/?location=pAccessed: 14ay-2020].
ATC, 2019, OHow One Company Makes Acces-sible V
YouTubed Ajalabld: i ne] .
https://www.youtube.com/watch?time_continue=124&v=f2cx83xL3QU&feature=emb _title.
[Accessed: 14May-2020].
Li mousi ne, 2018, OYrbouwm ulbiendo s| Ofrlei nMalde Avail abl e:
https://www.youtube.com/watch?v=_lokLRog3kk. [AccessedMES-2020]
Li mousines, W, and Vehicles, S., 201236 6A Str
Northhapton. UK.
James E. Daffy, and Robert Scharff, 2003, Auto Body Repair Technollagyes E. Duffy, Robert
Scharff- Google Books, Ringgold Inc, Rtand, USA.
Andrew Livesey, A. R., 2019, The Repair of Vehicle Bodies, Routledge, Taylor and Francis Group,
Abingdon, Oxon.
East wood, 2020, O6Why E a&sailabl@ bttdsd/wwweeassvood.com/dbodt On | i
us.[Accessed: 18lay-2020].
Kevin Tetz, 2014, O6Removing Rusty Floor Pans (
[Online]. Available: https://garage.eastwood.com/tacticles/howto-removereplacefloor-pans/.
[Accessed: 18vay-2020].
I-CAR, 2-CARRO Aboud Us 6-CARI[Online]. Available: https://infodcar.com/aboutis.
[Accessed: 1May-2020].
I-CAR, 2017, O6Structural Sect-CARRepaigbili§fTeclc edur es:
Support [Online]. Available: https://rtsciar.com/collisiorrepairnews/structuraisectioning
proceduregyeneraimotors.html. [Accessed: 19ay-2020].
John Huet{AR, FEFO0L17Yo0wolIOEM on S-eacntdi oDnoi nndgt- oEv elro nCl
Repairer Driven NewsRepairer Drivenvalabews 6, RDN
https://www.repairerdrivennews.com/2017/08/4&ifollow-oemontsectioningor-dontdo-it-and
donteverclip/. [Accessed: 1May-2020].
I-CAR, 2 -CAR3Repladement (SPS10) and Sectioning (SPS11) of Steel Unitized Structures
Y o u T u®nkné]. Alvailable: https://www.youtube.com/watch?v=2XA82lj5bLk. [Accessed: 19
May-2020].
Szatani ak, P. , Novy, F., athodm plal reiwsi ocnz , 0 fR. G u t2t0i 1n4c
Metal2014- 23rd International Conference on Metallurgy andédvials, Conference Proceedings,
W. S.A,, ed., MeTal, Brno, Czech Republic, pp. i7733.
Mer t , T.aterj& €uttiy techbolgy and its comparison with other cutting methods in some
aspect, Acad. J. Sci ., 1(3), p . 275.
Andrés, D., Garcidrl., Cicero, S., Lacalle, R., Alvarez, J. A., Masifieizoso, A., Aldazabal, J.,
Bannister, AL, and KIlimpel, AL, 2016, 6Charact
Ther mal Cutting Processes by Means 5mf Small Pu
Nemchinsky V. (2017) Heat Transfer in Plasma Arc Cutting. In: Kulacki F. (eds) Handbook of
Thermal Science and Engineering. Springer, Cham. https://doi.org/10.10e~3/832003
8 281
Romi na Ronquill o, 2019CutdtUinmed st Bmamag, PThhemas
[Online]. Available: https://www.thomasnet.com/articles/customamufacturing
fabricating/understandinglasmaarc-cutting/. [Accessed: 1Nov-2019].
Kechagias, J., Petousis, M., Vidakis, N., and Mastorakis, N7 201 6 Pl asma Arc Cut ti
Accuracy Optimization Employing the Parameter
1.

- 140-



[84]

[85]

[86]
[87]
[88]
[89]
[90]
[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Krajcarz, D., 2014, O6Comparison Metal Water Je
Engineering, 24th DAAAMnternational Symposium on Intelligent Manufacturing and Automation,
Elsevier, Science Direct, Kielce, Poland, p. 840.

ESAB, O0The Basics of Plasma Cuttingto, ESAB Kno
https://www.esabna.com/us/en/education/blogltagicsof-plasmacutting.cfm. [Accessed: BSep

2019].

S R Rajpurohit, P. . D. M. P.,iR2R4a2ReviSéwi@tib
Eng. Res. Appl., 2(2), pp. 4b461.
Grepl, M., Pag8l, M., and tketiraT,s Db.f, VAGI D,uso LTa

Polytech., 52(4), p. 62.

The wel ding | nsti t-CuttengPro2e3sesI Wl 6. aWet dCutit nshg [ O
Available: https://www.twiglobal.com/technicaknowledge/jobknowledge/cuttingprocessesase-

cutting052. [Accessed: 28ct-2020].

ESAB, OHow Does Laser Cutting Work?6, ESAB Kno
https://www.esabna.com/us/en/education/blogAtimaslasercuttingwork.cfm. [Accessed: F2ug-

2021].

Brogek, M., 2017, 6Steel Cutting Using Abrasiyv
Engineering for Rural Development, EngineeringRural Development, Prague, p. 1.
Abr asi v e Abrasive watgdebcutingd ,6 | DC Tedbht/nol ., pp. 15

ESAB, OHow Does Waterjet Cutting Work?6é, ESAB
https://www.esabna.com/us/en/education/blogAtimeswaterjetcutting-work.cfm. [Accessed: 12
Aug-2021].

Andreas W. Momber and.Kovacevic 1998.Water Jet CuttingPrinciples of Abrasive

Water Jet Machining® Edition. SpringeiVerlag London p5-18, DOI: 10.1007/9781-447115724.

James Harris, and Milan BrahdtdustbiDdl| beE€seti Bg
Laser Solut. ManufAvailable]: https://www.industrialasers.com/cutting/article/16490449/cutting
thick-steelplate. [Acessed: 202D3-10].

Jim Colt, H. Il ., 2014, O&éDeter mini nfuelfllaseroBest P
Abrasive Waterjet ?08, 1180 [Avhilabie]nhttp:/illendumstdelrcahi/mgp, pp .
content/uploads/2014/11/ppk339 msild.pdf. [Accessed: 20D3-10]

Steffen Donath, 2FLN.ctdWat erMed cdito dGu tatnidn @A ppl i ca
[Online]. Available: https://www.etmnronline.com/watefet-cutting-functionmethodsand
applicationexamplesa-834966/[Accessed: 1Mar-2021].

ESAB, OESAB Knowl edge CeinPtlraes,mawh aLta slesr ,t hoer BMastte
[Online]. Available: httig://www.esab.co.uk/gb/en/education/blog/wisathe-bestvalue-plasma
laseror-waterjet.cfm. [Accessed: ddar-2021].

ESAB wel ding and cutting products, OKnowl edge
Available: https://www.esabna.com/us/etication/blog/whais-cutting-kerf.cfm. [Accessed: 10

Mar-2021].

Heal th and Safety Executive HSE, 1997, 6Pl as ma
[Online]. Available: https://www.hse.gov.uk/foi/linternalops/ocs4¥®/0c668_22.htm. [Aassed:
10-Mar-2021].

Rich Greene, 2008, 6Laser Safety in the I ndust
https://www.thefabricator.com/thefabricator/article/lasercuttingflaaéetyin-the-industrial

workplace. [Accessed: Iar-2021].

Kme c , Jsaf20wdrkdéng conditions f oiBultein&ngwat er |
6. Issue 2pp. 113 116.Hunedoara, Romania.

Pergel , V., HI oc h, S. , Tozan, H. , Yagi ml i, M. |,
AbrasiveWat er j et (AWJ) Technology with Selected Un
J. Phys. Sci., 6(24), pp. 558593.

Radu, C. , Herghel egi u, E. , and Schnakovszky, C
Unconventional Cutting Techhoo gi es on Cut Surface Qualityéd, [
1271 132.

Sobi h, M. , Crouse, P L., and Li, iLUnderstandiags e r C

the ProblerP aper 408606, 25 Th | nt er noAlLasers andElect@ptiosg r e s s

ICALEOOG6, Journal of Laser Applications, Scottsdale, AZ, USA, p@. 1

Jim Col t, 2011, O6Nati onal Robotic Arc Wel ding
-141-



Recent Technology Enhancements That Allow for EasidroRc Integration, AWS, FMA.,
Hypertherm, Muskego, USA, p. 17.

[106] Kirkpatrick, I.(1999), "Profile cutting options‘Aircraft Engineering and Aerospace Technology
Vol. 71 No. 5.https://doi.org/10.1108/aeat.1999.1277 1eaf.QR 55 63.

[107]  osub, A., Nagit, G., and Negoescu, F., 2008,

Mater. Form., pp. 1342.350D0OI: 10.1007/s1228908-0113 1.

[108] Lazarevi c, D. A., 2014, OExperiment al Research

iipp, 124(304), p. 291.

[109] ¢el i k, Y. H., 2013, oOlnvestigatingintCNG Effects
Pl asmabé, Mater. Manuf. Process., 28(10), p. 10

[110] Aldazabal, J., MartiMe i z 0 s 0, A, KI'i mpel, A, Bannister, ,
Mi crostructur al Features of Plasma Cut Edges i
8(6), p. 447.

[111] Rana, K., Kaushik, P., and Chaudhary, S., 2013
Taguchi Met hod?é6, I nt . J. En h a bld.. Res. Sci. Tec

2201 1ii, S. M., and Cotea®fostM,, 2009 J.0Raaema A
689 692.

[113] Pawar , S. S., and I namdar, K. H. , 2017, 6Analy
SS 3161 Pl atesd6, ijirset, 6(5), p. 8165.

[114] Rakhimyanov, K., Rakhimyanov, A., and Heifetz, ®1.0 1 5 , -PrédisiorgRfasma Cutting of the
Steel- Al umi num O0Bi metallic Compositionfidéd, Appl. M

[115] Wang, J. , Hoang, T., FIl oyd, E. L., and Regens,
Oxides Emissionfror'st ai nl ess St eel Pl asma Cutt i niga®, Ann.

[116] P Mariya Felix, K. R. and S. R., 2017, O6An 1 nv
Roughness during Plasma Cutting Oglnol&hgiResi, on S

5(6), p. 160.
[117] Dattu, B. G., Abhang, L. B., Makasare, P. A., & Kharad, B. N. (2019). Optimization on operating
parameters of CNC plasma machine by experimentatiglaniager's Journal on Instrumentation & Control
Engineering, 7(1)26-32. doi:http://dx.doi.org/10.26634/jic.7.1.15952

[118] Ka v k a, T. , Tossen, S. , Masl ani , AL, Konr ad, M.
Investigation of Energy Balance in Plasma Arc
[119] Ka v k a, T. , Magl 8§ni , A. Hr abovskl, M. |, KSenek,

Study of the Effect of Gas Nature on Pl asma Ar
46(22), pp. 113.
[120] Kechagias, JStavropoulos, P., Maropoulos, S., Salonitis, K., Air, H., Academy, F., Base, D. A., and

Design, I ., 210PardmeterdOPtimizatidn ef CMQI Plasec Cutting Process
Quality I ndicators Using Taguchi EnDeecgmberpf EXxp
pp. 128 133.

[121] Abdul nasser, B. , and Bhuvenesh, R. , 2016, 0PI a

Al umi num Al l oy with Two Thickness by Using Tag
on Functional Materials and Metallly (ICoFM 2016), AIP Conference Proceedings, Perlis,
Malaysia, pp. 16.

[122] Bhuvenesh, R. , Nori zaman, M. H. , and Manan, M.
on Manual Pl asma Arc Cutting Macikb@éni ngo6, I nt .

[123] Ran a, K., Kaushi k, P. , and Chaudhary, S. , 2013
Taguchi Met hod©o, I nt . J . Enhanc. Res. Sci . Tec

[124] Chen, J . C. , Li, Y. , -Based SixCS@mma ApfRaach £0.Qpize Plastha |, 0Ta
Cutting Process : An I ndustri al Case Studydod, I

[125] Sal oni ti s, K., and Vatousi anos, S. , 2012, OExp
Processo, Procedia CIRP.

[126] Freton, P., Gonzate J. J., Gleizes, A., Peyret, F. C., Calillibotte, G., and Delzenne, M., 2002,
ONumeri cal and Experiment al Study of a Pl asma

- 142-


https://www.emerald.com/insight/search?q=Ian%20Kirkpatrick
https://www.emerald.com/insight/publication/issn/0002-2667
https://doi.org/10.1108/aeat.1999.12771eaf.002
http://dx.doi.org/10.1007/s12289-008-0113-1

[127]

[128]

[129]
[130]
[131]

[132]

[133]

[134]

[135]

[136]
[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

cel i k, Y. H. , 2013, 6l nvest i gvaterialeQutinCNE Ef f ect s
Pl asma6, Mater. Manufilo60Process., 28(10), pp. 1
Chamarthi, S., Reddy, N. S., El'i pey, M. K., an
Plasma Arc Cutting Parameters on the Unevenness Surface of H@@dtater al 6, Pr ocedi 8
64, p. 855.

Gariboldi, E., and Previtali, B., 2005, OHigh
Titaniumb6, J. Mater. P8%cess. Technol ., 160(1)
Nedic, B., and Lakic, GttiGngd2013thoRQubaéeinhgtiod
Tri bol ogy, Serbian Tribology Society., Serbiat

Deb, D., Dey, R., and Balas, V., 2019, Engineering Research Methodology. A Practical Insight for
Researchers, Springer, Gatgwizast, Singapore.

Che, M., Marcu, M. V., and | or da-Cdstefools&d, 2020,
Artificial Intelligence Technigues to Automatically Detect Operations Done by a Sizaid
Manually Driven Banddawb, For . MDPI , 11(7), p.
Ji ao, Y., Pei , Z . J ., Lei, S. ., and Lee, E. S.,
Forecasting of Manufacturing Processeso, Il nst.
Norcross.

Bowden, G. D., Pichler,B.Bnd Maurer, A., 2019, O6A Design of
Accelerates the Optimization of Coppdediated FF1 uor i nati on Reactions of

Reports, Nat. Res., (May), pp. 10.

Ujah, C. O., Popoola, A. P. I., Popoola, O. M., &nd gbodi on, V. S., 2019, 06C(
Plasma Sintering Parameters of@INTs-Nb NaneComposite Using Taguchi Design of
Experi ment o, Il nt . J. Adv . Manuf . Technol ., p .

Jiju Antony, 2003, Design of Experiments for Engineers and Sciemisti®rworthHeinemann

Elsevier, Oxford.

Mi shra, A., and Gangele, A., 2012, O6Applicat
Wear Wi dth in Turning Operation of Al SI 1045
John,R.D.and P.,2018 6 Ap p | i ¢ a tBasedDesigh of Experinnentsfor Industrial
Chemical Processesd, Statistical Approaches Wi
Chemical Processes, V. Silva, ed., Intech Open Science, London, pp5038

Astakhov, V P., 2012, Statistical and Computational Techniques in Manufacturing, Design of
Experiment Methods in Manufacturing: Basics and Practical Applications., Springer, Aveiro,

Portugal.

Astakhov, V. P., 2016, Design of Experiments in Production Engimggdvianagement and

Industrial Engineering, Springer International, Aveiro, Portugal.

Mohd Sazali Md Said, Jaharah A. Ghani, Mohd Shahir Kassim, Siti Haryani Tomadi, C. H., 2013,
6Comparison between Taguc NMaethoddlegy (R&M) Inptidhiziflje s po n s
Machining Conditiond, 1st I nternati onal Confer
P.D.Z.M. Prof. Dr. Bo Bergman, Prof. Dr. Masayoshi Koike, ed., International Conference on Robust
Quality Engineering Editoriakuala Lumpur, Malaysia, pp. £64.

i o
S

Syl ajakumar i, P. AL, and Ramakri shnasamy-, R. ,
Responsebd, Materials (Basel) ., 1743(11), p. 4
Muhamedagic, K., Begitlajdarevic, D., Ahmet, C., and Mehned i ¢ , M. , -Réspohse , 6 Mu |

Optimization of Plasma Cutting R&@hdaammt ers Usi n
international symposium on intelligent manufacturing and automation. annals of daaam and
proceedings DAAAM International, Vienna, Austa, p. 1079.

Chiang, Y., and Hsi eh, H. , 2009, 6Applying Gre
Improve The Yield of ThiFi | m Sputtering Process in Color Fi
the 13th IFAC Symposium on Information CotRsoblems in Manufacturing, IFAC, Moscow

Russia, p. 408.

Venkat esan, S. , Mo h an, P., Ranjith Kumar, T. ,
Investigation and Optimisation of Treatment Parameters in Plasma Arc Cutting of D3 Tool Steel by
Respone Sur face Modi ficationo, | CRTCCNT, l nternat

Computing, Communication and Networking Technologies, TamilNadu, India., p. 3.

Smith, R. E., 2010, Prefab Architecture: A Guide to Modular Design and Construction\/lefn

& Sons Inc, Hoboken, N.J. USA.

Durakovi c, B. , 2018, 6Design of Experi ments Ap
-143-



[148]

[149]
[150]

[151]

[152]

[153]

[154]
[155]

[156]
[157]
[158]
[159]
[160]

[162]

[163]

[164]
[165]

[166]
[167]
[168]
[169]

[170]
[171]

[172]

Period. Eng. Nat. Sci., 5(3), pp. 4225.

Ali, Z., and Bhaskar, S. Bearz®hlandd Dagiac Aftaad ty
Anaesth., 60(9), pp. 66869 [Online].Available:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5037948kcessed: 01Jun2020].

Paul Boughton, and Michell e Paret, LRORdd, &NQge
[Online]. Available: https://www.engineerlive.com/content/anakgkita. [Accessed: 6un2020].

Sinharay, S., 2010, O0An Overview of Statistics
Education, Elsevier, New Jerzy USA, p. 6.
Abe, J. O., Popool a, O. M. , Popool a, A. P. .,

Taguch| Design Method for Optimization of Spark Plasma Sintering Process Paramete®Abr Ti
4/h-BN Binary Composited@gp12Eng. Res. Express, 1(

jim frost, oO6Understand Precision i{StatiskceBydi cti ve
Ji mé6, Stat. By Jim Mak. Stat. intuitive [Onli
https://statisticsbyjim.com/regression/predictignecisionappliedregression/[Accessed: 05ep

2019].

Phul I i, R., Arora, P., and Ne eTes Analisis of Kariance2 0 1 9
and Covariance6, Ann. Card. Anaest hi8&8i a. Wol t e
LeicaMicrosystems, 2011, Leica DM8000 M & DM12000 M, Wetzlar Germany.

Cl audia Angelini, 2@h90veéRegrevssgi SciAmalePsirect

Bioinforma. Comput. Biol. Sci. Direct, 1, pp. 72230.

D. J. Bart hol omienmAnalyg8i9AmMal ysRiesgrersd | nter pretati or
Int. Encycl. Educ., 3.

Tsiolikas, A., Kechagias, J., Salonitis, K. a
Qual ity during CNC Pl as ma.Agpk Eng. Oavi 10,pn3g5. Pr ocesso
Hypertherm, 2013, Hypertherm, Powermax 1250, Plasma Arc Cutting System, Operator Manual.

Ma x , H., Jared, R. , Don, A., and Kathl een, L.,
Copyright Owner . Furthe Repr oducti on Prohibited without Pe
Weld. Eng., 74(2), p. 3.

Hypertherm, 2004, OHypertherm, Powermax1250 G3
Pl asma Cutting Techr&l ogyod, Hypertherm, pp. 2
ESAB,2019 OPI| asmRe Cammé mdjed Gas es 0-eduta®APBnlikechowl!l . ¢
Available: https://www.esab.ca/ca/en/education/blog/plasaténgrecommendedjases.cfm.

[Accessed: 28Nov-2019].

Hypertherm, 2015, 6Gas Sgllflcdmiomu ngu i Stea if rolre sPd a
Tips Tech. Guid. to plasma gas Sel. [Online]. Available:
https://www.hypertherm.com/learn/articles/guiteplasmagasselection/. [Accessed: 26ov-

2019].

Thyssenkrupp, 2018, Dedprawing Steels DD, DC Und X Product Information.

Strathclyde University, Advanced Forming Rsearch Centre, Equipment DireBtoohure2016.

[Online]. Available:
https://www.strath.ac.uk/media/lnewwebsite/centres/advancedformingresearchcentre/AFRC_equipm
ent_brochure.pdffAccessed: 05un2020].

GOM. , 2018, 6At os 3D Scanner Avalledept ur e 3D, Gom.
https://www.capture3d.com/3aetrologysolutions/3gscanners/atesompactscan. JAccessed: 23
Aug-2019].

Capture 3D, 2020, O0GOM WTOS3 OG ,iApdlabler Sc@ml ijne] .
https://www.capture3d.com/3aetrologysolutions/3escanners/atesiple-scan [Accessed: 04un

2020].

Ki m, C. , Lee, T. ., Ki m, M. S.

, and Kim, T. S
onFiberRei nf orced Pol ymer Packaging S
I
r

bstrates?o, I

2014, 6The Metallurgy and Wel dabi ty of a Car

moodl| emec h, |l earn easy, 2014, 6P perties and

The Welding Institute, OAustenite -M&Vt bens wie B

[Online]. Available: https://www.twiglobal.com/technicaknowledge/fags/fagvhatarethe

microstructuralconstituentsaustenitemartensitebainite pearliteard-ferrite. [Accessed: 28Aug-

2019].

Sl oder bach, Z. , and Paj ak, J ., 2015, 6Det er min
-144-

u
[
0



[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]
[182]
[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

I ncluding Changes of Structured, Arch. Met al | .
The Wel di ng | nst itAffecteceZone HAHRAT WII 65, t ThWI Apdsaate:l i ne] .
https://www.twiglobal.com/technicaknowledge/faqs/whas-the-heataffectedzone.[Accessed:
23-Aug-2019].

Struers, Ensuring Certainty, DuraScan@&nuall1.2016A / 6214012Printed inDenmark2017,
AutomaticMicro/Macro hardness testddburaScan 590/80 G5 Page 5[Online]. Available:
https://sertechnologies.com/wpontent/uploads/2017/04/DuraSe@b.pdf [Accessed: 0Qun

2020].

Stephanie Glen, 2016, atéiMermaslurEmrenrt) &r rdtrat(.ObBle
Available: https://www.statisticshowto.com/measurerrenor/. [Accessed: 18ug-2021].
ArcelorMittal, 2018, O0Ext r ac t-HighfFamabiitylSteelsfart o mo t
Drawing Draving Steels Appl i cati oné, Automot. Worl dw. , p . :
Vasil e, R. , Racz, S. G., and Bologa, O., 2017
Steel Sheets Formability with Hydroformingé,
HUAFEI , 2 0 i2 Of Cuttingh\Hffect ApdsProcessing Size Error Of CNC Cutting Machine
ACnc Plasma Cutter GuWvaithele fittps:/thadddténe.éom/analysn | i ne] .
cutting-effectandprocessingsize error-of-cnccuttingmachine/JAccessed20-Aug-2021].

V. N. Gai tonde, S. R. Karni k, J. P. D. , 2015, 6 M
Taguchi Met hod with Utility and Modified Util]i
104.

Kumar Das, M., Kumar, K., Kr Bara n , T. , and Sahoo, P. , 2014, 60
Parameters in Plasma Arc Cutting of EN 31 Steel Based on MRR and Multiple Roughness
Characteristics Using Grey Relational Analysi s
Adam HayesSquazddé®j ndo6Ri ond, I nvestopedia [Online
https://www.investopedia.com/terms/giquared.asp. [Accessed:-D2c2019].

Christensen, R., 2017, 6 Comme niSquared infFikdiDesigi ar g et
Experi menGesad20lyy , BaArm. St at375. 71(4) , pp. 373
Dhanal akshmi, S., and -RpeoaeCpimiraibnwfProdess,Paranzterin o M
CNC Turning of Lm 25 Alloy Using the Tagueiir ey Appr oachod, Met al s (Ba
Ji m Fr os turReéidiidl Blatskto Evisure Trustworthy Regression Res@8tatistics By

M

Jiméb, Stat. By Jim Mak. Stat. intuitive [Onli
https://statisticsbyjim.com/regression/cheekiduaiplotsregressioranalysis/. [Accessed: 62ep

2019].

Allen, M. P. , 1997, 6The Problem of Mul ticollinea

Springer, Boston USA, pp. 17680.

Minitab blogeditor 2013, ORegressi on A-S8aqudredandAssessHtew Do |

Goodnesof-F i t ndab bldg[Online]. Available: https://blog.minitab.com/blog/adventuias

statistics2/regressioranalysishow-do-i-interpretr-squareeand-assesshe-goodnessf-fit.

[Accessed: 31Aug-2019].

Bremer , M. , 2012, OMul tiple LiMah26lARE,@r essi onbd

18,21,22,23 [Online]Available:

http://mezeylab.cb.bscb.cornell.edu/labmembers/documents/supplerranttiple regression.pdf.

Mol ugar am, K., and Rao, G. S. , 2017, 6Correl ati

Transprtation EngineeringChapter 6Elsevier,ButterworthHeinemannp. 323.

https://doi.org/10.1016/B978-12-8115558.000064.

KubovskT, I ., Krigté6g&k, L., Suja, J., Gajtansk

60pti mi zat i onrtheCuttiiafWpodra seerds Maot eri al s by a Co2

10(22), pp. 616.

Wil liams, M. N. , Al bert o, C. , and Grajal es, G.

Evaluation Article 11. Assumptions of Multiple Regression: Correcting@Miios concepti ons d

Work. Umass Educ., 18(1), p. 8.

Marco Pei xeiro, 20 lUaderstandirgthe EheoryIReevgarredsss iant a S ci ¢

Mediu. Data Sci. [Online]. Available: https://towardsdatascience.com/inegaession

understandinghetheory-7e53ac2831b5. [Accessed:-Dec2019].

Mol ugar am, K., Ra o, G. S. , Mol ugar am, K., and

Transp. Eng., p. 282.

Marco Peixeiro, 20 Uh,ded lsit menar nRe docha&sassph Em.,rpy 6, S
- 145-



[194]

[195]

[196]

[197]

[198]
[199]
[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]
[211]

[212]
[213]

281 [Online]. Available: https://linkinghub.elsevier.com/retrieve/pii/B9780128115558000052.
[Accessed: 1Dec2019].

H i ni nh, 2 0 1 BepnomefRicsMnglish as a &armanic LanguagstuDocu Lecture
2-Regression Analysiso, Bvailame: Ant wer pen, p. 1 [
https://www.studocu.com/en/document/universitgitwerpen/englislasagermanie
language/lecturaotes/2multireg-econometrics/167630dew. [Accessed: 1ec2019].

Kel l er, F., 2010, o6Comput at ilecturell: Algebraio Areperie® n's o
of Matrices; Transpose,; I nner and OutizZlr Produc
[Online]. Available: http//www.inf.ed.ac.uk/teaching/courses/cfcs1/lectures/cfcs_I10.pdf.
Education, T., 1392, O6MATH 304 Linear Al gebra

Math TAMU Educ., p. 3 [Online]. Availabléittps://www.math.tamu.edu/~yvorobet/MATH304
2010A/Lectt06web.pdf.

Beck, N., 2001, o60OLS in Mataford WK Rwaifae]: , Lect . N o
https://web.stanford.edu/~mrosenfe/soc_meth_proj3/matrix_OLS_NYU_notes.pdf. [Accessed: 07
05-2019.

Petersen, K. B. , and Version:, M. S. P., 2012,
waterloo, Waterlo€Canadap. 6 and 10.

Cottrell, A.,20B, 6 Regression Basics i n Mai3r[Availabl€er ms 6,
https://users.wfu.edu/~cottrell/ecn215/ols.pdf. [Accessed)3Z019].

Barnes, R. J., 2006, 0 Mainnesota, USA[Avhilabtee nt i al 6, Sp
https://atmos.washington.edu/~dennis/MatrixCalculus.pdf.

Pearson education td)20 0, &éThe I nverse of a Matri xo, Pear ¢

aid kit, p. 5.5.1 [Online]. Available: http://www.mathcentre.ac.uk/resources/Engineering maths first

aid kit/latexsource and diagrams/5_5.pdf. [Accessedd@22019].

Kindre d , P., 2012, O6Matrices , Transposes and | nv
Lecture 7.6, Spring, p. 4 [Online]. Awvailabl e:
lect07.pdf. [Accessed: 2bec2019].

Jim Colt, 2015tia9ghaenWeWwWeéd, PCep, Troubleshoot
Fabr. [Online]. Available:
https://www.thefabricator.com/thewelder/article/cuttingweldprep/troublesheotiaglasma

cutting-partii. [Accessed: 140ct-2019].

American Torch Tip,200, O6How To Reduce Dross and Sl ag Dur
[Online]. Available: https://www.americantorchtip.com/blog/rediatessandslagbuildup.

[Accessed: 14Dct-2019].

Hypertherm, 2019, 60Troubl eshoot ilemg-ClRl asma Cutt
Angul arityé, Hypertherm Shap. Possibility [ Onl
https://www.hypertherm.com/custorraupport/gettinghe-mostfrom-your-products/cuuality/cut
angularity/?region=EMEA. [Accessed:-Txct-2019].

Open Universi®Ayc Z018jngBl aOLmanlLearn [Online].
https://www.open.edu/openlearn/sciemaathstechnology/engineering
technology/manupedia/plasraac-cutting. [Accessed: tNov-2019].

Minitab, 2019, O6Resi dual Pl o tise]. Available:F i t Regress
https://support.minitab.com/ars/minitab/18/helandhow-to/modelingstatistics/regression/hew
to/fit-regressiormodel/interpretheresults/alistatisticsand-graphs/residugblots/.[Accessed: 05

Nov-2019].

Lewis-Beck, M.,Br y ma n , AL, and Fitqiurag eldibao SAGE, E2acyz||
Methods, p. 1189Accessible]:http://pages.stat.wisc.edu/~mchung/papers/R2.pdf.

Frost, J ., 2 0 1 4quarédHNeed to BéXgtha tDiosetsi cRs B yics idtuitined Ma |
[Online]. Available: https://statisticsbyjim.com/regression/kugh-r-squared/. [Accessed: Jan

2020].

Bogue, R. , 2011, 6Cutting Robot s: A Review of
J., 38(2), pp. 113118.

Pée z , R. , Guti ®rrez, S. Cc. , and Zotovi c, R. , 20
Future Chall engesbod, Ann. DAAAM PO c . Il nt . DAAA
Def aux, M. , 2004, O0Wel ding and Cutil),p.g. Robot s

Sam Dal ey, 2020, 0Si X Automotive Robotics Comp
Available: https://builtin.com/robotics/automotrearsmanufacturingassembly. [Accessed: d¥ec
- 146-



2020].

[214 Ken Trumbull, 2006h a4PRadwma 6Cutftbng WwOnline].
https://www.thefabricator.com/thefabricator/article/cuttingweldprep/plasmizngwith-a-robot.
[Accessed: 22un2020].

[215] Sam Francis, 2018, 630 Industri al Robot Manuf a
Available: https://roboticsandautomationnews.com/2018/01/GiBkB@striatrobotmanufacturerso-
watchin-2018/15542/. [Accessed: d%ec2020].

[216] Kogel schat z, U. sPr2684sr edé Ptlmessnahdrichinol ogy 6, Pl
46(B), p.B65.

- 147-



APPENDI X

APPENDIX-A Stages and Line Layout

The stages required for converting the vehicles including the parts added and removed in each
stage.

Table Al Vehicle Conversion Process

Work Performed Cycle Queuing
Time(mn) Time(mn),
prior
admission
Preparation Cut Remove rear Bumper, carpet, plastic panels, protect front seats, put 255 10
bracing frame, mark the cutting profile, and then cut and put the cros
member
Cables Wiring Wiring implementations 35 55
Brakes Implementation of new brake pipes and bleed brakes 58 45
Loom/ Battery ABS wire loom, Fuel Sender Unit Wires loom, Electro Reel Wire Loo 45 40
Pin Switch wire, clips, connectors, wire protector
Pan Fit FrontPan, D Loop spreader plate, Ramp Module, Brackets 40 40
Suspension Suspension damper Mount, suspension bracket, shock absorber, spi 50 15

Electro reel bolt

Fuel Tank Charcoal Filter (Petrol Car: Foam Tape, Connectors, Fuel line cable, 50 25
Rubberhose), Fuel Tank, Wire Hoses, wire protector, ADblue Tank (f
Diesel Car), FAP tank (For Diesel Car), FAP Bleeder

Exhaust Exhaust pipe, Bracket, Rubber mount, Heat Shield refit. 50 15
Winch Loom Winch control, Wiring Kit 45 105
Side Bumper Gloss Black Paint, Bumper end caps, Small Brackets, Large Bracket 20 5

Winch\Sensors Earth Wire, Winch, @straint, Electro reel harness and Mount, 40 10

Mushrooms Bolts, Red Rubber, Cups cover, Bracket seat mount, Br¢
Sticker Parking Sensors (additional cgter)

Carpet/Winch Cover| customised carpet, Double sided tape, Plastics pan covers, reel box 40 20
black caps

Seats/Belts Q-straint upper brackets,-&raint belt kit, Dloop, Cap, seat belts, Seat 40 5
Mid-Bumper Fit CustomisedMid-Bumper, Brackets, side covers, plastic caps. 50 20
QC Visual Control, fuel fill 30 30

PDI Final check and vehicle memory computer reprograming 60 20

Test Drive Take the car for a test road 20 20
Total Time 928 480
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APPENDIX-B Double LayeredCutting and Trials Results

The table belovB1 shows different setting for the trials performed to assess the capability of the
choserplasma tehniqueto cut simultaneously two layers, the setimgererecorded.

Table B1 Settings Used to cut two layersimultaneously:.

Distance Tests Pressure Intensity | Cutting Cut performed
Between Speed
the (Psi) (A) (mm/min) Top Bottom layer
two Sheets Layer
16 mm Trial Number1 82 40 2000 yes None
Trial Number2 82 50 2000 yes None
Trial Number 3 82 80 2000 yes None
Trial Number4 90 60 2000 yes None
Trial Number5 90 70 2000 yes Yes
35 mm Trial Number6 70 90 2000 yes None
Trial Number7 75 90 2000 yes None
Trial Number 8 80 90 2000 yes None
25 mm Trial Number9 80 90 2000 yes Yes
Trial Number 70 90 2000 yes None
10
Trial Number 75 90 2000 yes Yes
11

The Table below B2 shows the trials made to determinsetimgs suitable to use asutting
reference for the optimisatiofaguchi experiment, settings of eddhal were recorded asllows.

Table B2 Settings Recorded for the Trials Performed Cut Twd.ayers Simultaneously at a
Fixed Gap
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TESTS

Pressure Intensity Cutting Speed

Cut performed

(mm/min) Top Sheet Bottom Sheet
(Psi) I(A)
TRIAL NUMBER 1 80 45 8000 Yes None
TRIAL NUMBER 2 80 45 6000 Yes None
TRIAL NUMBER 3 80 45 5000 Yes None
TRIAL NUMBER 4 80 45 4000 Yes None
TRIAL NUMBER 5 80 45 2000 Yes None
TRIAL NUMBER 6 80 45 1000 Yes None
TRIAL NUMBER 7 80 45 500 Yes Yes
TRIAL NUMBER 8 80 45 750 Yes yes
TRIAL NUMBER 9 80 45 700 Yes yes
TRIAL NUMBER 10 80 45 600 Yes None
TRIAL NUMBER 11 80 30 500 Yes None
TRIAL NUMBER 12 80 35 500 Yes Yes
TRIAL NUMBER 13 80 33 500 Yes Yes
TRIAL NUMBER 14 80 30 400 Yes Yes
TRIAL NUMBER 15 80 20 300 Yes None
TRIAL NUMBER 16 80 25 300 Yes Yes

- 150-



APPENDIX-C Single Sheets Parts Scannezhd Material Microstructure

figures C1 below & toi) represent the trials performéal assess the deformatitor a single sheet
0.6 mm using a Taguchi methoddptimise the cutting process. Thgures are in alphabetic order

for trial one to ninesuccessively.
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Figure C1 Parts Scanned forDeformation Single Sheets 0.6 mnrespectively(a) to (i)
Represent Trial one to Trial Nine
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sheets 0.6 mm, the specimens are in order from (a to i) represent samples from trial one to trial

Thefigures C2 below represent thveidth of the Heat Affected Zones measuredtfog single
nine.

(b)
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