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Abstract
The atting process may be divided into twimajor types. The one type isalled asstraight
angle cutting whereblade is incontinuouscontact with metal sheet from one safeedgeto
another side othe edge at the beginning dfi¢ cutting process. The another typekisown
as shearing wherethe blade edge is oblique and progressively proceed from one edge of
metal sheet to other end of metal sheetimdurcutting process. The presestudy has
investigatedstraight angle cuttingand shearing processesy using virtual environment of
software ANSY$9R. An explicit dynamic FEM analysis was used in various simulations of
punching and shearingwvestigations The current study has two four parttn first part,
impact of attack angle variation on stress generated on tool and work piece has been
investigaed. Both punching and shearingrocesses havebeen simulated in software
environment to understand and differentiate both cutting processes. In secorstrpayht
angletool was used to create straight angle cutting environment. Various cutting paramete
including too| metal sheetand cutting process parameteteave been investigated for
straight angle cutting. In third part, obligue angle tool was used to create shearing
environment. Various cutting parameters including tool, metal sheet and cutticgsp
parameters have been investigated for shearing. In fourth padightangle cutting and
obligueangle cutting process has been compared to find out impact of various parameters on
straight angle cutting and shearing and how these may be diff&teshfThe atting process
is complex and depends upon toohetal sheetand cutting process parameters. Tool
parameters investigated in presestudy include tookdge angletool attack angle tool
material and toolthickness. Thenetal sheeparametersaffectingcutting proces$ave been
investigatedn the presentstudyandinclude metal sheeimaterialand metal sheethickness
Cutting process pameters investigated in presestudy inclu@ cutting process speeohd
friction betweemmetal sheeaénd twl. Both punching and sheautting simulationdas been
designed in presestudy by considering guillotining machine.
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1. Chapter 1; Introduction

Metal cutting is performed by raive motion otthe tooledge towards thmetal shee{Baeet

al 2003. There are two types of cutting tsoBingle point cutting tool and multipoint cutting
tool (Dipak et al 2008. By considering single point cuttin there are two typesf cutting
protocol. Straight angleutting andoblique angle cutting process Nerchant 1943 If the
cutting face of theool is at90 degree to thdirection of the tool motioduring cuttingthen it

is known as orthogonal cutting. the cutting face of the tool is less than 90 degree to the
direction of the tool motiorduring cuttingthen it is known asblique angle cutting or
shearing(Shouleret al 2010. Historically, orthogonalcutting processhas been used in
various studiesto investigatecutting process Orthogonalcutting is commonly used in
milling and maciming process(Uhlmann et al 2011).Therefore,the termsstraight angle
cutting andobliqgue angle cutting havbeen used irthe current study to understand the
impact d attack angle on cutting procesbools with straight edgeare used in punching
process either in hydraulic or pneumatic pré&sanget al 2016. If oblique edgeblade is
used in same punching press, then it becomes shéBongieret al 2006).

The cutting processnay be divided into two major typestraightangle cutting an@blique
anglecutting(Jinet al2013. Straight angleutting is used ipunching or mechanical cutting
(Avadhaniet al 2017. The cutting process may well be understood by idensg both
straight angle cutting anobliqueangle cuttingprocesssin a singlestudy. A perpendicular
force is applied on the top of straight angled to@ating a punching or stamping type of
cutting process Gurunet al 2016) Punching is also wel for hole makingiron barcutting
and cutting various sizand shapeof metal plategHambli et al2003. The quality of cut is
comparatively low quality and edges are roitjhan et al 2008) It is rarely used idarge
metal sheetutting,as metakheetwith smoothedgesare desirable in industry.

Metal sheets are cut more precisely by using shearocess Japerset al 2002. Shearing
with obliqueattackangleis used to cut metaheets withprecise anédmooth edgeéBrosius
et al 2011). Sheaing machines may be asmple asguillotine machinesor complexwith
more than onebliqueangle bladegFu et al2005. The punchingvith straight angled blade
is used tacut small strips oimetal sheetOjolo et al2011]). In shearing, three componeiais
force areconsideredgutting force, thrust force and radial forg&aytonet al2009. Only two
components of forgecutting force, thrust force are considered in straighgle cutting
(Gustafssoret al2019.
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Shearing can be simplified by considerieggample of ascissorto cuta paper sheeBoth
upper and lower bladef a scissomakes oblique angle witlpapersheet.Paper sheet is not
supported from either sidBoth blades move simultaneousWith the movement ablades
elastic deformation andebding happens in papsheet, which is converted into plastic
deformationand failure of material in paper shed#timatelyshearinghe paper sheet.

Concept ofguillotining is used in present study to differentiate between straight angle cutting
and sharing.In most ofguillotine machinestwo bladesareused. Lower blade is stationary
and he upper movable blade makes alolique angle with stationary blade creating an
oblique cutting environment, whichs called guillotine shearing.The sheetis clampel on

lower blade. There is a clearance of (1 to 25% of metal sheet thickness) between two blades
moment(Fu et al 2005) As other end of metal sheet is not supported, the shearing is also
accompanied with bending moment. At the beginning of the cuttirgepso an elastic failure
happens in metalheet, which is convertdd plastic deformation bprogressivedownward
moment of upper bladgustafssoret al2016.

In more sophisticateduillotining machine with one oblique edgéthde, the metal sheet on
both sides is supportegHilditch et al 2005) The distance betweehoth side of supporting
blocks is equal to the width of blade plus clearance (1 to 25% of stetat)to allow free
downward moment of obliquedgedblade. If straight blade is used indeaf oblique eged
blade, then it presents a straight angle cutting environrBame concept of guillotining is
used in the present studi. simple model ofGuillotine machine with one blade and two

blades is presented in Fi¢l Metal sheet is clampemh both endt2o minimise its bending.
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Figurel; Guillotine machine with two blades
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Figure2; gallstonemachine with one oblique blade and metal sheet support orsibleth
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1.1Aim & Objectives

The aim of thepresentstudy is to elaborate understandiofgshearing/ oblique cutting in
addition to the optimisation ofarious impacting parameterd.he objectives of the present
study may be summarised as following.
X
X To investigate impact of attack angle variation on stress generated on tool and work
piece in cutting process
X To investigateparametersaffecting straight angle andhearingprocess. Although
there are numerouparameterampacting shearingprocess the currentstudy has
investigate tool factors tool attack angle, tool material, tool thickness andtal
sheet factors metal sheetmaterial, thickness andautting process factarscutting
speedfriction between tool and metsheet
X To observe comparison efraight angled cutting and oblique angled cutting. Various
parameters variation versus stress generated on tool and work piece is compared in

straight angled and oblique cutting processes.
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1.2Background

Straight anglecutting and shearing @blique angke cutting processs are commonly used
cutting methods inndustry(Lalwani et al2008. Both method differ from each othedue to

attack angle of blad@vieenuet al 2014) In straight anglecutting, attack angle istraight90

MG HJY Zeéblignétuttiny; the attackDQJOH LV OHVV (MsiKubk@t alJOGIH AU HH
differentiation ofstraight angleand oblique cutting process has been presented in tabulated
form in appendix O, table 4

The purpose of presemstudy is to elaborate thenderstandig of shearingprocess The
presentstudy has also investigatéde parameters dbol, metal sheeand cuttingprocess,

which may affecttool life span and metal edge smoothn@angopadyay et al 2010. In
straight anglecutting, theblade is at 90 angteto thesurface ofmetal sheet and makes
continuous contadtom one edge of the metal sheet to the other edge from beginning to the
end of cutting proces@lardeepet al 2011). The example of straight angle cutting includes
punching ofhydraulic pressacut down metal bars using 90 angled straight bladdegever,

if blade cutting edges obliqueand not on right angle to the surface of metal sheet, the
process is known ahearingHilditch et al2005.

Guillotine is one of the simpleutting machine usedfor both straight angle cutting and
shearingBenet al2008. It may have one or two bladedf the blades are straight in shape

the phenomenon is called as real shear and if the blade shape is curved, then the process is
called shear operation§&ustafssoret al 2014) Differencein straightangle cutting and
shearingmay well be understood in laboratory investigatioirs laboratory investigatign
various cutting equipmentis required to design an experimental environméiithough,

virtual envionment of software is not real but numerical studies may well present
comprehensive analysif cutting processTherefore,the presentstudy has used software
ANSYS 19-R to invesigatecutting ofmetalsheet insteadf laboratory investigation.

The preset study has taken a simple approach to create understanding of straight angle
cutting andshearingby using concept of a guillotine machine with either a straight angled
edge or an oblique edged toAlsimple CAD model consisting @f singlestraight edgd tool

and a strip of metal sheet is used to create understanding of straight angle cutting. Instead of
changing the angle of motion efraight edged tool, the cutting edge of tool was chatged
obligueangle edgeéin creating shearingnvironment in pgsent study.

19



1.3 Contribution to knowledge

The proposed prograrof researchhas addressed the principal question otreating an
understanding o$traight anglecutting andshearing @blique cutting) procedure The present
studyhas investigatedarious paramters ofmetal sheettool and cutting proce$s minimise
stresontool ad work pieceThe outcome of thpresenstudy may result in annderstanding
of straight angleuttingandshearingorocess in virtual environment of software. Tiresent
study mayalso result inoptimised atting process with minimum and equally distributed

stress orool and work pieceguringstraight angleuttingandshearing process
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2. Chapter 2, Literature review
2.1What is cutting process

The cuting processvas originally defined as orthogoralttingin which a piece of material

is separated by applying enough force to cause materi@iltbut orthogonal cutting is
mainly used in milling and machinimrocesgPawadeet al2008. The term cutting process

is widely usedo cut metallic and nemetallic materials into small pieces by a tool known as
blade or knife(Lalwani et al 2008. The most commorcutting processes inclugainching,
guillotining, stamping, slitting shearingnd mechanicatutting (Mackensenet al 2010.
Attack angle plays a vital role in cutting procebtore research is required to evaluate the
impact of attack angle on cutting procesaddition to other parametgi@rregoet al2010)
Shearing iscommonly usectutting pocessto cut both metallic and nemetallic materias
(Pradeestet al 2016) Non-metallic material includepaper, woogdplastic, leatheand cloth

etc. and themetal material sheetsiclude Steel, Aluminium and rBssetc. (Suhail et al

2010. Metal shets of variable thicknesare used in manufacturirigdustry (Tugrul et al

2005. Various typesof shearingmachines are used cut metal sheets of variogsiality,

size, materiabnd volume according to nature of industghimannet al2011).

Shearingnachine may havene or moreblades.f two blades are used, the shearing angle is
the angle between two blades; upper blade and lower blade. If upper blade is inclined, the
sheet is cut progressively from oeeadto other end andhe process is called stary
procesyWenet al 2013. If both blades are parallel, the sheet is cut once and the process is
called transient procegMastanammaet al 2012). Although both methodsut the sheet but
there is difference of sheared edge in both cases. Lubricait&ty be used to redushkear
stress friction and roughnessf metal plate edge®jolo et al2011). However, goss plastic
deformation of the metal sheaflappens near the cutting edge of the bl@ddemani et al

2008. In straight anglesutting the blade is in continuous contawith metal sheet from one

end of metal plateedge to other side dhe edge at the beginning of the cuttipgocess
(Kundanet al 2014). Shearing is the process of cuttioff metal sheets by applying shear
stress along the thidkss of the sheet by using single or paiblaides(Dong et al 2008)
Shearing happens by severe plastic deformation locally that propagate along the thickness of
the shee{Gurunet al 2016) In shear, locally created fracture propagates deeper into the
thickness of the blank and cut meshleet(Gustafssoret al 2014) The shearing operations
may include blanking, piercing, roll slitting atimming (Hilditch etal 20095.
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2.2 Shearing versus straight angle cutting

Attack angle is the angle between bladigee and the surface of metal sh@atang et al

2018. A cutting process is defined by an attack angle of cutbog(Axelssonet al 1993)
Theangle of attackn a cutting process determinge type of cutting; straight angle cutting

or obligueangle aitting (Wyeth2008.

In straight angle cutting, the nature of cut is rough and procedure may be used in small
industries with no requirement to create precision(8utin et al 2012) As highamount of

force is required in straight angle cutting aheé amount of stress generateoh, tool and

work piecein high as well(Sasimurugaret al 2011) As tool, life depends upon stress and
strain generated during cutting progessaight angle cutting impact negatively on tbfs
(Ulutanet al 2011). Straight agle cutting is actually mechanicalitting of metal sheatith
perpendicular force creating straight attackyle(Roy et al2009. The process isimple asa
perpendicularmechanicalforce is applied to cut metaheet into two or more pieces
Examples mclude hydraulic, pneumatisimple mechanicand punching press with straight
angle tool.Simpleexample oimechanical cutting machine in everyday use includes manually
handledor power operategunchingmachine.The mechanical cut is not sophisticated, @s

it is lesssmooth innatureascomparedo a shear cufSuraratchaet al 2008) Straight angle
cutting createselatively rough edge cut as comparediearing(Asilturk et al2011) The
intensity of wearalso depends upon the hardness of makdktardeepet al 2011) Metal
stamping isa type of straight angle cutting andt areal metal cutting procedur@Kumar et

al 2016. It convers metalsheetinto a desired shape by use of a die under mgtthanical
pressure(Gaudilliere et al 2010. The metal sheet used must be ductile and capable of
bending into the desideshape without any tear or fallhe technique is widely used in small

to mediumsizeindustries to manufacture various mechanical and automobile parts including
door panels, cardaly, tins and manynore (Gaudilliereet al 2010. In panel manufacturing,
panels are obtained by straight angle cutting that run parallel teidee of the paneind

runs from one side of the panel to other end. Usually, base plate on which work piece
material sits is rectangular but may be of otbleapes.

Guillotine may be usedor either oblique or straiglgnglecutting depending upon tregtack
angleof its blade.Oblique cutting or shearing is also called edge to edge cutting as oblique
angle of bhde makes contact at one end of sheet in the beginning and contpropadgate

to other end duringutting process Grzesik2008.
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Shearing bladenaybe eithercurved or straight to get precision cut of metal sheet edge while
sheet is clamped on bosides(Fu et al 2005) Slitting is a type of shearingatried out by a

pair of rotatoryblades (Gurun et al 2016) Trimming is a finishing process in which
previously formed part is finished by removing burr from cut edge. It provides smoothness on
the cutedgeqJyothiet al2013. The shearing is more significant when required size ot shee

is large enough or taemall (Gurunet al2016)

2.3 Significance of shearing

In shearing, cut stes from one end of metal shesmtd propagatéo the other endvhile in
straight anglecutting; theblade has continuous contact with metal sheet from one ehée to
other endf metal sheetBrosiuset al2011)

The metal sheets are used in many industries including mechamufacturing
automotive, aeronauticatpnstruction, electronic and electrica manufacture wide range of
products(Turnbull et al 2011). The range of products manufactured from metal sheets
includes small industrial elements to heavy mechanical complex proMatet al 2012).
Light weight prodicts using metal sheets include packaging, automobile body work and
construction industry items like claddin@ther heavyduty industries manufacturing cranes,
cars, tools, suspensidbridges and rockets, use steel metal shefetsgnificant thickness.
Fine edged metal sheets are highly demangtedananufacturingindustry and therefore
shearing is more demanded than straight angle cutting.

A metalsheetdepending upon its hardness niseycut byusinga singlemethod of cuttingr

a combination of more thmmone cutting metho@Mian et al 2011). Metal material is better
thannonrmetallic materialn strength durability andreliability (Zhanget al2016) Steel and
Aluminum are economical,easily available andmost commonlyused metal sheetdn
manufacturig industry(Wanet al2018.

Both, metallic and nommetallic materialsare cutinto sheetsin manufacturingindustry
(Wyeth 2008) Metal sheetsare manufactuck and transported in small size pieeeslthen
fabricated again to build up largstructuredike deck of shipgBouvier et al 200§. The
purpose of metal sheet cutting includes cutting metal sheets in various sizes, stripping of

metal sheets, hole making and designing in various desired shkassonet al2008.
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2.4 Shearingstress

The force regired to cut the metal sheet decreases with increase in attacK Belgler et al

2009. In straight angle cutting (punching), the cutting edge of the tool is perpendicular to the
surface of sheetn shearingthecutting edge of tool is oblique to tiserface of metatheath
(Soyarslaret al 2010. The shear machine mdaveone or moreblades. If two blades are
used, the superior blade and inferior blade both contribute in to the shear force build up. The
superior blade provides an initial blow oveetmetal sheet resting on the inferior blade. A
small distance known as clearance is present between edges of upper and lower blades
(Tekiner et al2006. The clearance facilitates the fracture of mett@es by increasing shear
force (Hambli et al2003. Stressgenerated otool andmetal sheet dependpon attackangle

in additionto tool size, shape, sharpnessaterial tool speed, tool edge anglacametal sheet
properties like V K H H Wefjal, tRidkWéss andgtiffness(llhan et al 2008) In addition, he

cutting speed also impact on tte®l and metal sheet streg2awadeet al 2008) Tools made

of variousmaterials araised to cut materials ranging from soft materikie food items to

hard material like metal sheand therefore made of variolsrd materials {YWang et al

2018)

Shearing idifferent from mechanicatutting asit is used to cut metal sheets with fine and
smooth edgéWu et al2012) Manufacturersre interested to reduséresson tool and work
piece in orderto enhanceool life and smoothneson cutting edge of metaheet.For
example, smoothly cut steel plates are highly demanded in vessel manufacturing industry.
Therefore, shearing is most commonly used method to cut metal §iaptga2003)

Some examples of straight angle cutting ahdaring machinessed in everyday routine are
represented opage 31, figure -8. Shearing machines in figure 3, 5 a@dnakes oblique
attack angle witithe surface of metal sheet and therefore result in shear cirt suaight

attack agle cutting machine in figure, #ool makes right angle with the surface of the metal

sheet and therefore result in straight angle cutting.
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Figure3; Guillotine metal cuttingshearing) Figure 4; Guillotine machinewith blade angle of 90 Degregtfaight angle

cutting

Figure5; Shearing

Figure6; Shearing

Source https://www.ebay.co.uk/itm/Sheaetatquillotine-shearmanualcutte-2050mml-25mmFast
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2.5 Parameters impactingShearing process

Parameter may be defined in cutting process context as a measurable element oithvatriable
defines cuttingprocess ad impact by its variationBard et al 1974) Many parameters
impact shearing and may be optimised to reduce shearing ginss et al 2013) These
factors may be classified into parameters related to tool, metal sheet and the cutting process
itself (Ilhan et al 2008) Cutting tool factorsnclude size, shape, blade angakceleration,

and material of toolMeenuet al 2014) The factors of metasheetinclude size, shape,
thickness and material of metaheet(Lalwani et al 2008) The cutting process faurs
include cutting forcetemperatureattack angle and contact time of tool and metal sheet
(Hardeepetal 2011]). Stress on the metal sheet and cutting tool depends upon various factors
including degree and level of contact between blade profile andl sietet(Orregoet al

2010) Parameteraffectingshearingare optimised to reduce shear stress in cutting process
(Suhailet al 2010) Less shear stress results in longer tool life and smoother edge of metal
sheet(Ulutan et al 2011) The surface finistof final metal sheet and tool life are major
considerations in cutting proce@ds 2000). Therefore metal shearing stuld be optimised in

efficiency, performance, quality and cost of fipabduct Luo 1999)

Tools may vary in size, shape, applicatiote,squantity and materigDipak et al 2008)

Tool wear nust be considered taim economicalmetal cuttingprocess Fu et al 2005)
Cutting tools may wear due to rudtiction, abrasion,aging mechanical use, chemical
decomposition and angle of atta@kyothi et al 2013) Oxygen also plays wtal role in the
early wearof cutting tools(Dipak et al2008) Variousfactorsimpacttool wear in hard metal
cutting (Gangopadhyagt al 2010. Various methods have been used to optimise tool wear
(Sasadeet al 2006. Tool is manufactwed by selection of strongietal, as bol material is

one of the important parameteaffecting shear stress generated in sheafPgwadeet al
2008) Each metal has different properties including strength, hardness, smoothdess an
elasticity (Wang et al X.2018) Some of these properties have advantages while other
properties may have negative impacttoal life (Luo 1999) Tool quality and lifespan may

be improved by optimising tool geometry, material and po(Blas et al 2015) Tool
geometry is optimised to reduce shear stress in cutting pr@gestafssoret al2016) Tool

life is important in the metal cutting procedu¢(Pas et al 2015) Various factors are
considered in manufacturing and selection of shearing (dhn et al 2011) Tool

parameters are optimised to enhance tool life, strength, durability, cost effectiveness and
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smoothness of cutting metal shadiany types of materials including high quality hard steel
are used in manufacturing of stronger cutting t@@ugafssonet al 2016) The hardest
material like diamond has been used in cutting tool manufact(Bundjnski 1992) Diamond
tools are excellent in hard metal cutting prodgssin et al2012) As many factors affect
wear of various metal| cuttingtool may be made ofeinforced metal matrix composites
(Hortonet al2017) The tools made of reinforced material have better life $pdwardet al
2000) However, there are various factors affecting the macHithalmf metal matrix
compositesNlastanammatal 2012)

One of the most significd parameters of shearing the friction betweemetal sheeaind
tool during cuttingprocess(Sasadeet al 2006. The friction betweemetal sheeaind tool
may well be explained bgonsidering Coulomb conditior{Surarathaiet al 2008) Various
friction forces are created during a metal sheet cutting process between metal plate and tool
profile (Turnbull et al 2011) Friction forces may well be understood by describing the
paradoxes of the shear stress and length o$hiear(Edmund 2003)Friction between tool
and metal sheetirectly affects cutting process(Gomezet al 2012) By using appropriate
mathematical equation, it is possible to estimate the impact of increasing friction on
deformation of the sheatetal(Gutknechtet al2015) In a cutting procedure, the increase in
friction demand high cutting foro@rosiuset al2011) Friction between tool and work piece
may be reduced by use of lubrica®jolo et al 2011) The lubricant reducethe contact
length betwee metalsheet and too{ Juneja2003) Lubricants act on the rake face tbe
blade to decrease interfacial shear stress betwestal sheetand tool (Viktor 1999) The
parametersffectingboth straight angleuttingandshearing havéeen presented in fige 7

and detailed in table-3.
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.

Figure7; Cutting parameters
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Tool Factor

Tool Geometry

Blade edge angle

Rake angle

Tool life span

Tool geometry including tool
size, shape, thickness aratige
determines surface integrity

metal sheet, stress during cultti
process and ear of the tool itsel
(Dipak et al 2008) Temperature
rise because of cutting process
due to material flow around th
tool edge Keenu etal 2014).
Sharpness of edge determines
quality of metal sheet (Lalwameit
al 2008). For example, less stre
is generated in case of sharp e(
cutting as compared to chamfer
edge.

Tool edge geometry includg
chamfered angle, chamfer
width and edgehone. Tool edge
geometry ha great influence o
tool life (Gangopadhyayet al
2010. For extra hard metal sheg
negative rake angle with stror
edge (Chamfered horne
geometry is successful to avg
early tool wear (Beret al 2008).
Tool must be strong mugh to
withstand high mechanical ar
thermal stres when cutting har
metal The cutting tool edg
geometry impact on varioy
outcomes of cutting proces
including cutting force, mete
sheet edge finish, temperaty
due to cutting, tool wear, tool lif
and stress at the site of cuttin
Daset al2015)

Rake angle contributes to tl
generation of stress and strain
tool and on metasheet during
cutting process The rake angl¢
may be negative or positive al
plays a vital role in cutting
process Back rake angle i
important in single edge cuttin
tool (Dipak et al 2008). Positive
rake angle reduces cutting forc
Reduced cutting force decreas
the deflection of metal sheet a
tool (Ilhanet al2008). High back
rake angle reduces the to
strength and heatonduction.

Wear and tear of a blade resu
in early replacement of blad
therefore the life span of a bla
is economically significant as

determine the final cost of th
metal sheet (Weat al2013). The
optimised blade with a tmer life
span and excellent reliability mé
be evolved by FEM analysis. TH
cutting process includes vario
phenomenonslike plastic and

elastic  deformation, frictior
forces, thermal stresses, ot}
forces like abrasion, adhesia
absorptioretc.

Tablel; Tool Factor
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Metal sheetFactors

Metal sheetMaterial

Metal sheetThickness

Speed ofmetal sheetmovement

Material has its specific properties includir
<RXQJTV ORGXOXV HODVW
shear strength and many other alifies

Material properties are enough to defing
material. A material undergoes failure if
shear force is applie more than its shes
strength 2QFH VKHDU IRUFH P
shear strength is applied, material is failed |
a part is separated that define fphocess of
shear (Suhail et al 2010. Wide ranges o
cutting toolshave been in use farenturies.
The Finite Element Mé&od in Plane Stres
Analysis has also been used in analysig
stress at tool anthetal sheetn metal cutting
process. Cutting bols may be polished ¢
coated. The coated material may help

decrease stress and roughness irttingu
process.

During the shear cut phenomenon, mic
cracks appear at the site of sheambining
into a completeshear(Turnbull et al 2011)
Experiments in the investigation of mic
hardness on shear zone have indicated th
thickness ofmetal sheetetermine the numbe
of micro hardness on the metasheet.
Therefore, the thicker thmetal sheetthe more
will be micro hardness in number and thinne
the metal sheetless will be microhardness
The shear zone understandingly is significan
the design of a shear cotachne (Ulutan et al
201]). The cutting process has been exami
in straight anglanetal sheetutting providing a
basic understanding of changes in shear z
during and after theheanSuhailet al2010.

The motion of a metal sheet has ms
impact onthe continuity of cutting process
A continuous contact between blade and
metal sheet is required to create a continy
shear aass the metal shedl@stanammat
al 2012. A metal cutting process
dependent on cutting speed, efficiency
cutting machine and quality of cu
(Chaussunar et al2012. In a metal cutting
process design, the selection of an accu
cutting device and speed of cutting mach
determines the economic viability of me
cutting process.

Table2; Metal sheeparameters
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Cutting process parameters

Friction

Cutting Speed

Temperature

Friction has great impact on cutting proce
The metal sheetflow pattern in lubricate(
cutting process has been explairtbd lip line
field for the flow to be calculatedA(nin et al
2012. Similarly, the shear stress distributi
on the plastic part of thenetal sheetlade
contact length has been evolved from

angles at which the slip k&3 joinat the rake
face of theblade.However,good lubrication
or even dipping metal sheetin Carbon
tetrachloride cannot totgll remove sticking
friction. However, the adhesion force may
reduced to a limit depending upon blade
metal sheemmaterid, lubricant properties an
temperature of the cuttingrocess Pawadeet
al 2008. Therefore, it may be concludékat
the lubricant acts to induce steep interfad
shear stress gradient aloriige metal shee
blade contacength (alwaniet al2008.

At high speed of cutting process, the tool ;
metal sheet compression ratio decreas
resulting in longer bladéfe. In other words
various combinationsof impacting factorsg
may be used to describe the relations
between cutting speed and blade

(Uhlmannet al 2011) For example, witing
speed and cutting forceand metal shee
compressiorratio have sigricant impact on
life of blade.Various liquids may be used
decrease adhesive force and thus to iner
cutting speed and bladde. The fluids may
increase cutting speed and blade life
decreasing adhesive force between blade
the metal sheet Therefore, the dry cuttin
phenomenorwithout the use of any adhesi
reducing oil may decrease blade life beca
of resultant increase istress.

The temperature generated during a cut
process alsaaffects the cuttingedge finish
(Mian et al2017). Cutting tools may be coate
with special materialdo reduce friction anc
temperature during cuttingrocess.The finish
at the edge of shearedetal sheetdepends
upon two main factors; blade sharpness
clearance between blade and theetal shee
(Jinet al2013.

Table3; Cutting process parameters
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2.6 Surface finish in shearing process

Surface finish ofmetal sheetedge is significant in manufacturinmdustry @silturk et al
201]). Cutting of metal sheet with smooth edge is one of the signifiegonsof using
shearing instead of straight angle cutting in manufacturing ind¢&angopadhyayet al
2010) Long life d a tool and fine metal sheet quality are desirable for most of manufacturing
industries i 2000). Geometry of the topkedgeangle attack angle, tool material and cutting
force determinegnetal sheetuality and tool life(Tugrul et al 2005) Straight agle cutting
creats roughedged and poor quality metstheet dugo high stress generated during cutting
procesgSuraratchaet al2008)

The surfaceoughness is thquality of surface, whiclplaysan important role in defining the
characteristic of aurface Surface roughness may be defined as the surface level of shininess
or asperity(Ulutan et al 2011) Surface irregularities derivettom wide range of tool and
metal sheefactorsis known as surface roughngtsio 1999) Theroughness propertieké
form, size, shape, pattern adept.of irregularitiesaffectthe quality, chareter and function

of themetal sheefLalwani et al2008)

Visual examination by two examiners may result in two subjecjpreionsabout roughness
of a surfaceTherefoe, an electric measurement instrument knowpraBlo-meteris used to
measure roughness in very small measurement in mille mi¢hbras et al 2008. In a
profilo-meter a very sharp stylus touches across shdace at a constant speed for a set
distance (Figure 8. An electrical stimulusreated by movement atylus results insignal
formationthat is amplified to draw a graphical display on screeprint on paper or saved
digitally (Figure9). The numericalalues of variable signals represém values and texture
of a surfaceoughnessKigure 10).
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Figure8; Basic principle of roughness test.

Figure9; Basic principle of roughness test
Figure10; Basic principle of roughnesesdt.
Source; www.taylor.Hobson.com
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3. Chapter 3; Methodology

The presentstudy consists ofour parts.In the first partof the study, impact of stress
generated on tool and metal sheet in various attack angles of tool models is inveStated.
attackangle ranging 15 Degrees to 90 Degrees has been investigated.

In the secondpart of the study,straight anglecutting of various metal materials has been
investigated for stress generatednoetal sheeand tool.In straight anglecutting, blade edge

is DW HGHJ 1§ DQJOH WR PHWDO VKHHW DQG NHHSV FRQWL
end toamother end. Virtual software environmeraf ANSYS 19-R has been used forAD
modelling and FEManalysis.A combine approach has been used by analysing stress
metal sheeaind tool by usingxplicit dynamic analysis module of in ANSYI®-R. Explicit
dynamic analysismodule provides opportunity to observe stress simultaneously on both
metal sheeandmovingtool during cutting process.

In third partof the presentstudy, shearing ofnetalsheethasbeeninvestigatedIn shearing

the tooledge has anblique attackangle and therefor creatpsogressive contact from one

end of metal sheet to other end of the metal sheet during cpttiegss. The shearing has
been investigated for various combinations of material, attack angle, friction between metal
sheet and tool and cutting velocitfgoth cutting procegs have been compared to evaluate
difference of stress generated on tool aredal sheet

In fourth pat a comparison of straighdngle cutting andshearing processdsave been
investigated for various impacting parameters of tool, metal sheet and cutting prdeess.
current study methodology approdudis been illustrated in figurell
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Prepratory STEP 1

Phase Understanding of attack

Literature Review: angle impact on cutting

iterature research for process

at has already bee

STEP 4 STEP 2
Comparison of Straight Investigation of straight
attack angle cutting and attack angle cutting
shearingprocess process

STEP 3

Understanding
shearing (Obligue an
of metal sheet

Figure11; Present study Methodology
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3.1Experimental Design

Experimentaldesignof the current study consistd four parts A principal experimental
model CAD mode) was designed in ANSYS 1R in softwarevirtual environment. A
geometry consisting on two parts, tool andtal skeetwas designed in Workbench-ROby

using concept oflydraulic or mechanicglress withstraight attack angle bladeroperties of

both materials were defined in engineering material database. The interaction between both
tool and metal sheet was frictiless in default definition. It was changed to frictional and
friction was defined to create real environment. Then metal sveesetipplied fixed support

on fourfaces. Displacement was applied to metal sheet on six faces with step moverent at Z
axis whileother two axes remain free. The tool was selected and welwag applied at the

rate of-10m/sc in ydirection. In analysis setting, time step was defined. The energy error
was set at 100. The desired solution was set for equivalent stress, elaptastindtrain and
deformation Explicit dynamic analyis module of software ANSYS 1R was usedn present

study investigationBoth tool andmetal sheetvere meshed in adjustable mesh size. In the
beginning,tool material was used as tosteelH13 with young modulus of 215 GPand

metal sheemnaterial was used as Aluminium.

In the first part of study, the tool attack angle was modified in principal experimental model
to investigate the impact of various tool attack angles on cutting process. In pacprite

in principal experimental model with tool attack angle of 90 degree was used to investigate
straight angle cutting process. Various parameafiecting straight angle cutting process
were investigated. In thirgart, principal experimental modelith tool attack angle of 30 deg

was used to investigathearingorocessVarious parametersf shearing were investigated.

In final and fourth part of investigation, the stress generated on tool and metal sheet for
various variable parameters was comegdaand presented in graphical manner to illustrate
difference betwee straightangle cutting and shearing proceshe propertes of materials

used in presergtudy are presented appendix8, (Fig.277-286).
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3.2Experimental CAD model

A simple,principle CAD model wasdesignedn ANSYS 19R with tool and metal sheet. A
concept of mechanical press punchohgwvnward was usedhile designing experimental
model. If tool edge is kept straight, it makes attack angle of 90 with metal sheet surface and if
tool edgeis designedwith angle less than 90, then it createsoalique attack angle with

metal surface presenting an environment of shearing.

The experimental CADnodel consist®n two parts; Tool and metal sheet strip. Tool with
thickness of 1.6 mm and withraight edge as presented in Eywas designed. The metal
sheet thickness of 1 mm was designed. Tool material was kept tool material H13 with Young
modulusof 215 GPa and metal shaehterial was kepAluminium Alloy high strengthas
default. The orientadn of tool and work piece metal sheet is perpendicular like a mechanical
or hydraulic press punch a metal stiipmensions of present study experimental model are
represented in Fig 123. Thedetail ofexperimenta{(CAD mode) designed fopresent study

has been presentedhing 12-17. Thetool anglewith value of ® Degree was used wblique

attack angle /shearing investigati@sspresented in Fig.15

3.3 Simulation protocol

To keep similar environménn each simulation, alparameters were kept similarhile
changing the under investigation parametdére interaction between both parts was changed
from frictionless to frictional with value of friction eefficient of 0.1 and dynamic €o
efficient 0.2. Similarly, end time for analysis was set for 0.00Gk#btotal energy error was

set to 100. Displacement, fixed support and velocity with appropriate direction were also
applied on the CAD modeRA clearance of 20 % of the tool thickness equal to 0.32 mm to
left on both side of tool. To avoid buckling of tabsheet, it should be supported on both
sides of tool at upper and lower surface as shown in Fig.16. Fixed support was applied on
four faces instead of designing supporting blocks as represented in Figpel 8imulation
protocol for various investigatns of current study is represented in appendix 11, @lle
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Figurel2, Tool Dimensions
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Figurel3: Metal sheet Dimensions

Figure 14; Tool Thickness 1.6mm, Work piece thidgs 1.6 mm (9(
Angle)

Figurel5; Tool angle 30 in shearing investigations
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Figurel16; Concept of shearing in present study
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3.4Data collectionand results

In the current study, @ investigation intestraightanglecuttingandshearings conductedy

using vrtual environment of ANSYS 1®. Explicit dynamic analysiof work benchwas
used to observe cutting procesgcome inmetal sheeaind tool simultaneouslyStress was
analysed for various toahaterial, metal sheematerial,tool speedtool thickness, metal
sheet thicknesgriction co-efficientand attaclangle.

In both straight angle cutting and shearing investigationsstress was observed against
variation of investigated parameter while keeping other paramatestant Straight angle
study investigationprotocol and shearing investigation protocol waspk similar except
chang in attack angleThe experimental protocol simulationof present studis presented

in appendixl]l, table6- 11. The steps of simulation in ANSYS B used in preserstudyare
presented in Fig.182.

In shearingthe tool attak angle is oblique to the surface of the metal plate. An attack angle
of 30 Degree was adapted felnearinginvestigationin presentstudy.In shearing /oblique
attack angle cutting, the blade touch metal plate surface from one edge of metal plate and
propagate to the other edge when cutting process pro§teaght angle investigations were

performed with tool attack angle of 90 degree.
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4. Chapter 4; Results
4.1 Impact of attack angle variation on cutting process

To investigate various t@ck angles, the principlexperimental CADmodel was used. The

tool angle washanged IlUR P u@&HRI 1 pTBeITAR models with toahngle of 15,

20, 25, 30, 35, 40, 45, 59, 55, 60, 70, 75, 80, 85, and 90 degrees were investigated. To keep
similar environment in each simulation, all other parameters were kept similar. The
equivalentstress elastic strain, plastic strain and deformatgenerated for various attack
angles has been presentedigure 3 in graphical formResult images have bepresented

in figures57to 59in appendxk 7.1.

4.2 Straight angle cutting

In straight angle cuttinghlade,edgeis 90 'deg' angle to the metal sheets and blade is in
contact with metal sheet from one end to other endexyerimental CADmodel with tool
andmetal sheet was designed to investigate straight angle cutting in virtual environment of
ANSYS 19R. Explicit dynamic analysis module of software ANSYSR9vas used to
investigate straight angle cutting. Straight angle cutting process was investigated fo
parameterdancluding tool material, tool thickness, metal sheet material and metal sheet
thickness, friction ceefficient variation and relative speed of todlhe resultf variations
havebeen presented figure 3440 in graphicalform. The resultinages forsimulations for
various variable values haween presented in appendix,7ir8 figures 165276. The result
images for stress generated for various tool materials Ibese presented in appendiig
253272 of appendix 7.3.5The resultimages fo stress generated for various metal sheet
materials havebeen presented ifig.273-276 of appendix 7.%. The result images for
simulations forvarious friction values have been presented in appen8id infigures193

232 The resllts for thickness vaation oftool are presented igraphical form in Fig. 36and
metal sheethickness variation arpresated in graphical form in Fig.37he result images

for simulation forvarious tool thickness amesented in appendik3.1 infigures165176.

The result images for stress generated for vasionetal sheet thicknesses aresented in
appendix 7.2 in figuresl77-192The resuliof stress generated for variosigeed®f tool are
presentedn graphical form in Fig.35and result images aregsented inFig.233-252 of
appendix7.3.4 The resultof stress generated forarious applied force ipresented in
graphical form in Fig.39.
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Attack angle variation versus stress
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Figure33; Attack ange variation versus stress
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Sheet material versus Stress (pa)(Attack angle 90 Deg)
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Figure38; Sheet material versus stress(Straight angle cutting)
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4.3 Shearing

The pringple CAD model with two parts, metal sheet and tool was designed in ANSYS 19
for present study was used in shearing investigations. The attack angle war changed to 30
degree. Individual parameters were investigated while keeping other parameters .constant

4.3.1 Stress versus variousnetal sheetmaterial

Only metal sheet material was changed while keeping other parameters constant. Metal
sheet materials oAluminium Alloy high strength, Aluminium AL6061-T6, Aluminium
7039,Aluminium AL 11000, Aluminium AL5083H116 were investigated for stress on tool

and metal sheet in simulationine results were collected for stress, strain and deformation.
The stress generated for Mars metal sheet materials psesented irFig.45 in graphical

form. The resulimages for sess generated for various metal sheet mataralpresented

in Fig.161-164 of appendix 7.2.6

4.3.2 Stress versus various tool material

Only tool material was changed while keeping other parameters constaritmaterialsof

T1 tool steel, H22 tool steel, ool steel,D2 tool steel, H 13were investigated for stress
on tool and metal sheet in simulation®e results were collected for stress, strain and
deformation. The stress generated for various metal sheet madegiptesented irfrig.47in
graphial form. The resulimages for stress generated for various tool matearalgresented

in appendixFig.1411600f appendix 7.2.5

4.3.3 Stress versus various friction values

Only Friction ceefficient was changed from 0.1 to 0.9 keeping other parameters mbnsta
The results foistress strain and deformation were observed in simulations. The results of
friction variation are presented infigure 41 in graphical form. The resultimages for
simulations fowarious friction valuegrepresented imppendix 7.3 in figures89-120.

4.3.4 Stress versus various tool speedhlues

The results of tookpeed variatiorare presented ifigure 44in graphicalform. The result
images for simulations for various friction values are presented in appendix 7.2.3 in figures

121-140.
4.3.5 Stress versus Force applied

The results of applied force variation are presented in figuie géaphicalform. The graph
shows that stress increases by increasing applied force. The amount of stress is comparatively
high in straight angle cutting than shieg.
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4.3.6 Stress versusnetal sheetthickness & stress versus Tool thickness

The tool andmetal sheethickness havémpact on cutting proces#n stress versumetal
sheetthickness investigation, toohickness was taken 1mm constant. In tool thickness
versus stresivestigation,metal sheethickness was taken constant asnin. All other
parameters were same in both investigatidie results for thickness variation for taoke
preseted in graphical form in Fig. 42n addition, metal sheethicknes variations are
presentedn graphical formin Fig.43

The resulimages for simulation for various tool thicknessespresented in appendik2.1
in figures61-72. The result images fottress generated for varionsetal sheethicknesses
arepresentd in appendix 7.2.in figures73-88.

4.4Roughness Test

Roughness test was performasl an independent investigation on laboratory sheared metal
strips. Some strips were guillotine sheared by using hydraulic prdsd®oratory As the
attack angle was keptO3 deg, it presents a shearing environment. Roughness was
investigatedon the cut edgs of the samplesusing aroughness test machin@oughness in
variation of applied forces and metal sheet thickme=® investigated. Both parameters were
investigatedseparately. The cut edge was checked for roughness byprsiiig-meter The
results ofapplied force versusoughness are presented in Fig.4®e results ofsheet

thickness versuughness are presented in Fig.59

50



5.21E+09 6.00E+08
5.21E+09
5.00E+08 -
5.21E+09 —
— 4.00E+08
& 5.21E+09 _ /
7 [
2 5.21E+09 — 7 3.00E+08 /
v ~ 2 /
5.21E+09 @ /
: 2 00E+08
5.21E+09
1.00E+08
5.21E+09
0 0.1 02 03 0.4 05 06 07 08 09 1
A - 0.00E+00
Friction co-efficient
0 05 1 15 2 25 3 35
—— Stress(Pa)(Attack angle 30) Tool Thickness (mm)
H . 1~ H = Stress(Pa)(Attack angle 30
Figure41; Friction versustsess(Shearing (Pl gle 20)
Figure42; Tool thickness verss stress(Shearihg
8.00E+09 2 50E+09
7.00E+09
/ 2.00E+09
6.00E+09 ;a e e e e i i i e
— 5.00E+09 / £ 1.50E+09 f
& / z 7/
] @ F 4
§ 400409 ¥ £ 1.00E+09
= ¥ i wy Y 4
“ 3.00E+09 /- /
2.00E+09 / ™~ / 5.00E+08
’l S—— - -
1.008+09 7 0.00E+00
0.00E+00 o 10 20 30 40 50 60
0.5 1 1.5 2 25 3 3.5 Speed (m/sec)

Metal sheet thickness(mm)

——(Attack angle 30)Stress(Pa)

Figure43; Sheet thickness versus str&saring

—— (Attack angle 30)Stress(Pa)

Figure44; Relative speed veaus stressghearing

51




Sheet material versus stress
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5. Chapter 5; Discussion & Conclusion
5.1Discussion

The nature of cutting islefined by attackangle of tool edgewith surface of metasheet

(Mian et al 2011). If tool attack angle is 9Qu G Hl thefitool makescontinuouscontact with

metal sheet at the beginning of cutting procéssn one endf metalsheetto the other end

of metal shee(Goijaertset al 2001).This type of cutting pcess is defineds straightingle

cutting. Straight angleuttingis mechanical cutting used to arall stripsof metal sheeand

iron bars Mechanical, lgdraulic and pneumatic press are usestiaight anglesutting (Shim

et al 2004) Manual puncher isanother simple example of atght angle cutting For

example,a paper punch is an example of simple punching prodesgescale hydraulic

pressis used to cutlarge paper sheet rollsStraight anglecutting dependupon variable

parameters of cuttingrocesgOjolo et al2011)

The presentstudy has developedn understandingoetween straight angle cutting and

shearingn virtual environment of explitidynamic analysis of ANSYS 1R software.High

cutting force is required in straight angle cuttifighimann et al 2011).Attack argle is a

significant factor in cutting process (Gustafsson et al 2016). In shearing, less fepaiied
ascompared to straight angle cutting (Behrens et al 2014). Software simulation of current
VWXG\ UHYHDOHG WKDW DQ D\hedt brighd, & @ JequirdsRscuttingGHJ § L'
force. However, tool life span may be increased by keeping attack angle between 45 and 55
MGHJ § EHFDXVH QRUPDO IRUFH DQG FXWWLQJ IRUFH LV
Therefore, the resultant force becommesallel to pick axis, thus mimising the bending
momenttensile stresandtherisk of tool failure (Wyeth 2008).

The present study has investigabegbact of attack angleersus stress generated on tool and

ZRUN SLHFH $ EODGH ZLWKedg®Ranhgle W HubeBle withu 844 dvefar and
tear.The attack angle of tool depends upon the hardnessetsl sheematerial. The edge

DQJOH XQGHU MGHJ T LV XVHG W BolFbeaksmihiRniun kttdssw LV V X H
(Turnbullet al2011).The mhimum blade edge angle used in razor blades ranges between 7

WR LG H ét §l 2008 \The edge of razor blade may easily be damaged if used to cut

hard méerial limiting its usefor softtissuesonly (Dalloz et al2009. Another, angle range of

tentR VHYHQWHHQ pGHJ 1 LV XVHG LQ PRVW RI GHOLFDWH EC
DQJOHV LV PXFK EHWWHU WKDQ D Q Jarékiif@s@adarh fine W R Tye
edge Asilturk et al2011). These knifes are used in slicindt $issues and cannot be used to
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cut hard materialThe investigation results oattack angle versus stress for various angles
used in present study is presented in 3g.The comparison results revealed that stress
increases by increasing attack anglewe\er, stress behaviour is complex as stress increase
sharply at lower angles rather than higher angles

Cutting process is affected by parameters of tool, metal sheet and cutting pBeressd|

2008). The factorsimpacting cutting processnclude tod material, metal sheet material,
cutting process parameters, cutting process set up, machine size, shape, scale, set up, cutting
process environment, temperature, frictiase of lubrication during cutting processake

angle, attack angléool edge agle,, speed of cuttingtool thickness, metal sheet thickness
and applied forcgdDaset al 2015.

Theimpactof friction is significant inboth straight angle cutting arstieaing (Lemide et al

2009) The effect of lubricant may be introduced bylaemg constant friction theory by an
independent friction and normal force quaattite model ofubrication Qjolo et al2017). In

present studyhe comparison ofnvestigation resultbetween straight angle and sheering for
eachparameter arpresentedn graphical form to see various out conmeduding equivalent

stress, shear stresdastic and plastic strain and deformatiorhe results revealedhat
dynamic friction ceefficient has an inverse impact on stress generated in straight angle
cutting and shearingThe stress increases with increase in dynamic frictieafficient. The

stress is high in straight angle cutting as compared to shearing. However, the pattern of
increase in stress by an increase in frictioreffizient is similar. The compeon of results

for Friction coefficient versus stress on tool and metal slagetpresented in Fig 5@s

stress generated on tool and metal sheet is important in designing an optimised cutting
process, thetress was compared for each investigatedhpaterincluding tool material, tool
thickness, attack angle and metal shpgametersncluding metal sheet material and metal
sheet thickness, friction eefficient variation and relative speed variatitime comparison
results have begoresented in figie 5056.

Tool and metal sheet material are affecting factors in cutting process irrelevant of the nature
of cutting process (Mastanammetial 2012). The selection ofool materialis significant as

tool undergoes huge stress during cutting procdban et al 2008. As indicated by present
study, the stress is comparatively high in straight angle cutting than shearing. Selection of
tool material for hard metahearing, depends upon factors like material of metal sheet ,
thickness of metal sheet, cuttimgarameters, cutting speed, friction, use of lubricants,
temperature and pressutdardeepet al 2011). The present study has used tomterial of

T1 tool steel(Young modulus 190 GpaH22 toolsteel(Young modulus 200 GpayV1 tool
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steel (Young modulus205 Gpa) D2 tool steel (Young modulus 210 GpaH 13Young
modulus 215 Gpayvhile keeping metal sheet material Asiminium Alloy high strength

The comparison results sfraight angle cutting and shearing indicated that the less stress is
generated forstronger tool materialSimilarly stress generated in straight angle was
comparatively more than shearing for same tool material. The comparison of tool material
versus stresgenerated is presented in §§.

Stronger and harder tool material is used dotting stronger metakheets Klambli et al

2000. Selection of tool material depends upon material to be cut ®Vexh2013). As a
principle toolmaterial is always strongand powerfuthanwork piecematerial (Pawadet

al 2008). Tool material goesnder huge stress in cutting process and stress generated
depends upon material to be cBagimurugaret al2011). Normally, blade material is high

grade structural steel but in extreme case, tool made of diamond is also used to cut hardest
ard strongesmetal sheetljipak et al 2008. If tool material is too hard, it may break easily

and if it is too soft, it might not be suitable for cutting. Therefore, material is carefully
selected for tool manufacturing by considering suitable combination of hardmess
toughness in the manufacturing industry (Detgl 2008.

The rretal sheet material has great impact on cuttad and cuttingprocess Klingenberget

al 2003. Metalshave material propertydefining stiffness, ductability, elasticitystrengthand
hardnesf metal sheet¢Barlatet al 2003) Among the material properties, the hardness is
understandable quality to select best material for tool manufacturahgani et al 2008).

The toughness of material is the ability of material to stand agatttire (Wanget al

2018. More is the toughness, better is the material strength (Chadéveh 2009). The
hardness of the material is measured on a special scale known as Rockwell C scale. However,
the hardness and toughness are entirely different giepef a material. A material may be

hard but not though or a material may be tough buthaad (Chaussumieet al 2012).For
example, glass is a material that is hard but not tough. Heat treatment is performed on steel to
create a balance between haskhand toughness during the preparation of tool bltktal

sheet material has great impact on stress generated on tool and metal sheet in straight angle
cutting and shearing. More stronger tool material is required for cutting harder metal sheet.
The present study has investigated impact of various metal staetialswhile keeping tool
material and other parameters constant. In metal sheet material variation tool material of H13
with young modulus of 215 is kept constant for sheet material&lofinium Alloy high
strength, Aluminium AL6061-T6, Aluminium 7039, Aluminium AL 11000, Aluminium

AL5083H116 Various grades of Aluminiumvere used to observe how stress variation
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happens agnst sheet material variatioBoth straight angle cutting and shiegrcomparison
indicated thatmore stresss generated for stronger metal sheet material. Similarly stress
generated in straight angtitting was comparatively more than shearing for same sheet
material. The comparison of sheet material versus sgessated is presented in fig 54

best combination of metal sheet and tool material is required to get economical and better
cutting process (Pawad al2008. Due to oblique angle, shearing is much better for smooth
edge cutting and provide less wear atr on tool. Other conditions like friction,
temperature and use of various sizes and shapes of tool and metal sheet also affect

smoothness on metal sheet edges.
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Figure53; Relative speed versus stress (comparison)
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Metal sheet material versus stress

Tool material versus stress
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Tool and metal sheetundergo huge stresses during cutting proachss to applied force
(Lalwani et al 2008) The blade% life span is enhanceifl the stress generated due to shear
force create minimum and uniformly distributed stress on bl&des{ al 2005. Another
significant finding in the straight angle cutting process is the magnitude of normal cutting
force that remains constant despite the change in one of the four compohéitton
(Gangopadhyagt al 2010). A huge cutting force is required in straight angle cutting process
as compared to shearing with same cutting parameters. Shear is an easy cutting process as
compared to straight angle cutting process (punching)epso(Suraratchast al 2008. In
presenstudy,comparison results for applied force versus stress indicated that stress increases
by increasing applied forc&he amount of stress increase is higher in straight angle cutting
than shearing for sae anountof force. The comparison results for force versus stress are
presented in Fig.58 he roughness on metal sheet cut edge increases with increase in cutting
force (Tugrulet al2005).
Thickness of tool andnetal sheeimpact stressgenerated irshearingand straight angle
cutting (Dipak et al 2008).More stress is generated fihicker metal sheeaind withthicker
blade. Thickness ofmetal sheetmpact roughness as roughness increases with increase in
metal sheethickness l(han et al 2008. The comparisomesuls of present studfor stress
versus tool and metal sheet thickness are presented in F&2 Fhe thicknessf metal
sheet impact roughness as roughness increases with increase in metal sheet thiokness.
present study results indicate that ftriesreases versus increase in thickness of tool or metal
sheet. However, the stress generated versus tool thickness or metal sheet thickness is
comparatively high in straight angle cutting than sheariflge roughness on metal sheet cut
edge increases thi increase in cutting forcand metal shedhickness It was revealed in
laboratory investigationsf Aluminium sheet thickness verstmughnesand agresented in
appliedforce versusoughnessn Fig.4849.
The motionof tool towardsmetal sheetsurface is significant If Tool edge direction is
perpendicular to the surface of the metal sheet, it is called straight cutting. If tool moment
towards metal sheet surface is oblique, then shearing is defined. The speed of tool is
important as stress increasesth increase in tool speed. The present study has also
investigated tool speed as a parameter of cutting process and found that stress on tool and
work piece increases with increase in speed of tool. However, the increase in stress is
comparatively highin straight angle cutting than in shearing for tool speed versus stress
investigationsThe comparison results of present study for speed versus stress are presented
in Fig.53
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A clever approach is required to select tatthck anglematerial shape andize, thickness

and material of metal sheet to design an optimised cutting proéesisi et al2013. In most

of casesmorethan one cutting processes are combined to get precision cut and longer tool
life. Therefore,optimisation of cutting process i©mplex and need further research and
study.

5.2Conclusion

The presenstudy has been focused toeate undetanding ofstraight attack angle and
shearingprocess. In addition to designing and investigatagaring process, eritical
straight anglecutting process was also investigated and comparedyuilotine cutting
approach was adopted to understatrdight angleand oblique cutting in presenstudy. If
blade angle is at 9 G HJ tHe surface afnetal sheetit is calledguillotine punching and it
presents a picture aftraight angleutting. Similarly, ifguillotine blade is oblique and makes
an attack angle lessnety, it presents a picture lilkabliquecutting and is called aguillotine
shearing.

The presenstudyhas alsanvestigate the impat of blade edge angléool andmetal sheet
materia] friction betweemmetal sheetcutting speed, tool anaetal sheethickness andool
attackangle forstress generated @ool and thework piece Stress generated in bagtraight
angleandoblique cutting process for various materials of tool andtal sheets different.

The current study has revealed that tool must be made of stronger materiakethhsheet
otherwise tool will be damagedrietal sheeis harder than tool.

Thetool edge angleddow D p G Hgl cinsidered less durable. A balance of angle selection
in preparationof cutting blades for hard metal sheets therefore depends upon many factors
including metal sheettool andcutting procesgarametes. A blade with more than 3G HJ 1
of edge angle is considered more durable in cutting hard metal sheets. The roughmetak of
sheefcut edge is increasedth increasing the edge anglEhe currenstudy has revealed that
an attack angle of 551 G Higd tie bestangle Tool life span mayurther be increased by
keeping attack angle between 45 and|56 1 as fiormaforce and cutting force is same at
the attack angle of 45 G Hahdftress generated is minimum.

The current study has revealed thtterial properties ahetal sheeand bol material hava
direct link with stress generated on tool ametal sheetVarious materials have been
investigated for tool anchetal sheetMore harder is thenetal sheetmore stress is generated.
To cut ahard andstronger metal sheetnaterial,thetool made of harder and strongeateial

is requiredHigh-gradesteel has been found kbatin cutting hard metal sheets
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Tool andmetal sheethicknessaffectboth straight angleandshearingorocess. More stress is
generated fothicker metal sheetand with thicker tool. When compared betweestraight
angleand shearing, it was revealttht less stress is generateghearingor same thickness
of metal sheeand tool while keeping other values constant.

Similarly, more stress is geraed if fricion is high béveenmetal sheeaind tool.When
compared betweestraight angleand shearing it was found that less stress is generated
shearingfor same friction betweemmetal sheetand tool while keeping other cutting
parameters constant.

Cutting sped is another important factor that impact stress generatetktah sheeand tool
as a result of cutting proces3utting speed is an indirect index of cutting foldegh cutting
speed and high cutting force also result in increased stressetah sheeand tool.When
compared betweestraight angleand shearing it was found that less stress is generated
shearingor same cutting speeshile keeping other cutting parameters constant.

Similarly, comparison of stress generatedtraight anglendshearingprocess revealed that
lessstress is generated shearingas compared tatraight anglecutting process fosame
cutting force while keeping other cutting parameters constant.

Comparatively shearing generate less stress as comparestr@ight agle cutting process
under samevalues for cutting parameters. It is not possible to investigate all cutting
parameters simultaneouslylherefore, one parameter wasinvestigated keeping other

parameters constant.

5.3 Further research and study

Although presenstudy is quite comprehensive ¢neating an understanding betwestraight
attackangleandshearing procedsy using virtual environment ANSYS 19R software, a
laboratory investigation may enhance the demonstration céamity of both processes.
Although, he current study has also investigated apé&misation of tooland metal sheet
cutting parameters, more parameteay be optimised to reduce stressratal sheeand
tool. Thecurrent studyhas considerenhost of cuttingparameterdut some may ned further
investigationto prolong tool life and achieve better finistetal sheet

The present study has takeoftware simulation approach bwsing FEM analysisto
investigatevarious cutting parametert would be better to uskboratoryinvestigatons as
well for each part ofthe study to practically validate simulation and numerical results.
Although laboratory invegjation has been carried out to understand learofng@ughness

measurement, it would be better if laboratoryestigations were caed out to validateach
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result of the current studyTheoretical results obtained by numericaptimisation and
simulation may providan economical approach to optimise paramgteototype must be
designedefore nanufacturing of actual produd®resent study has focused stnaight angle
and shearindpy consideringGuillotine machine.Many factors including health and safety,
environmental factors, use of blade, nature of cut material, room temperature, stiffness of
material, blade handle, size bfade and the nature of bladehas not been considered
properly.

Further study and more reseaishrequired to dagn an optimisedeconomical safe and
environmentally friendlycutting process It may add more value if carbon foot print and
complete cdron life cycle of blade manufacturing is considered in blade desigAingpre
comprehensivestudy may include industrialapproach and F XV W R Bphibfi o
development a perfedesign of cutting bladendsmoothedgedmetal sheet
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7. Chapter 7; Appendix-Shearing
7.1 Attack angle Investigations

7.1.1 Attack angle 45
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Figure57; Elastic straipAttack angle investigation
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Figure58; Plastic strain
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Figure59; Equivalent stress
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7.20blique angle xInvestigations
7.2.1 Tool Thicknessversus stress

a. Tool thickness= Inm
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Figure61;Deformation(oblique angle simulation)
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Figure62;Elastic strain
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b. Tool thickness= 1.3mm
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Figure 66;Strain
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c. Tool thickness= 1.6 mm
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7.2.2 Metal sheetThicknessversus stress

a. Metal sheet Thickness; Inm
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b. Metal sheetThickness; 1.3mm
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c. Metal sheetThickness; 1.6mm
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Figure83; Stress

4
0.053702
0.026851
0 Min

0.000

0.080(m)

L —

Figure82;Elastic strain

el
-7.2875e6
-2.2515e7
-3.7743e7
-5.297e7
-6.8198e7 Min

0.000

0.040

0.080(m)
]

Figure84;Shear stress

0.090

ANSYS

2019 R2
ACADEMIC

ANSYS

2019 R2
ACADEMIC

81




d. Metal sheetThickness;2.8 mm
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7.2.3 Friction versus stresslnvestigations

a. Friction eo-efficient versus stress0.9
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Figure9Q; Elastic strain
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b. Friction C o-efficient versus stress0.8
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c. Friction eo-efficient versus stress0.7

0.000 0.100(m)
0.050

Figure97;Deformation

1.1183¢!
7.4353e

3.7277e7
0 Min

Figure99; Equivalent stress

ANSYS

2019 R2
ACADEMIC

0.000

Figure98; Elastic strain

ANSYS

2019 R2
ACADEMIC

-8.1016e7
-1.0059e8 Min
X

Figurel0Q, Shear stress

ANSYS

2019 R2
ACADEMIC

0.100(m) bix

ANSYS

2019 R2
ACADEMIC

0,050

85




d. Friction eo-efficient versus stress0.6
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e. Friction eo-efficient versus stress0.5
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f.  Friction eo-efficient versus stress0.4
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g. Friction eo-efficient versus stress0.3
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h. Friction eo-efficient versus stress0.2
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7.2.4 Velocity of the tool relative to thework piece tinvestigations

a. Cutting speed ( ® m/sec) versus stress
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b. Velocity of the tool relative to thework piece (40 m/sec) versustress
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c. Velocity of the tool relative to he work piece (30 m/sec) versus stress

0.05819
0.029095
0 Min

Figure129 Deformation

235038
0Min

Figure131; Equivalent stress

0.000

0.025

- 0050

0.073

0.100(m)

ANSYS

2019 R2
ACADEMIC

ANSYS

2019 R2
ACADEMIC

A

0.13693
0.068467
0 Min

Figure130; Elastic strain

Figure132 Shear stress

ANSYS

2019 R2
ACADEMIC

ANSYS

2019 R2
ACADEMIC

93




d. Velocity of the tool relative to thework piece 0 m/sec) versus stress
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e. Velocity of the tool relative to thework piece (L0 m/sec) versus stress
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7.2.5 Tool material versus Stress

a. Tool material steel (T1 tool stegl
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b. Tool material steel(H22 tool stee)
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c. Tool material steel (W1 toolsteel)
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d. Tool material steel D2 tool stee), versus stress
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e. Tool material steel H 13)

ANSYS

2019 R2
ACADEMIC

Figure157; Deformation

ANSYS

2019 R2
ACADEMIC

4.4922e7
299487
1.4974e7
0 Min

Figure159 Equivalent stress

0.10617
0.079625
0.053083
0.026542
0 Min

Figure158 Elastic strain

L | 6
L 2.1851e6
-2.1292e6
-6.4436e6
-1.0758e7
-1.5072e7
-1.9387e7 Min

Figure160 Shear stress

ANSYS

2019 R2
ACADEMIC

ANSYS

2019 R2
ACADEMIC

100




7.2.6 Metal Sheet material versus Stress

Metal Sheet material (Aluminium Alloy high strength) versusStress
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7.3 Straight Angle investigations
7.3.1 Tool Thicknessversus stresstlnvestigations

a. Tool thickness= 1mm
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b. Tool thickness= 1.3 mm
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c. Tool thickness=1.6 mm
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7.3.2 Metal sheetThicknessversus stress

a. Metal sheet Thickness; 1Imm
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b. Metal sheet Thickness:; 1.3nm
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c. Metal sheet Thickness:; 1.6nm
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d. Metal sheet Thickness2.8 mm
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7.3.3 Friction versus stresstlnvestigations

a. Friction eo-efficient versus stressO
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b. Friction eo-efficient versus $ress, 0.9
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c. Friction eo-efficient versusstress 0.8
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Figure203 Equivalent stress Figure204; shear stress
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d. Friction Co-efficient versus stress 0.7
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e. Friction eo-efficient versus stress0.6
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f. Friction eo-efficient versus stress0.5
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g. Friction eo-efficient versus stress0.4

Figure218 Elastic strain
Figure217, Deformation

Figure219 Equivalent stress

Figure220 Shear stress

118




h. Friction eo-efficient versus stress0.3
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Figure223 Equivalent stress Figure224; Shear stress
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i. Friction eo-efficient versus stress0.2
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Figure227; Equivalent stress
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J.  Friction eo-efficient versus stress0.1

Figure229 Deformation ) ) )
Figure230, Elastic strain

Figure231Equivalent stress Figure232 ; Shear stress
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7.3.4 Velocity of the tool relative to thework piece tlnvestigations

a. Cutting speed 50m/sec) versus stress

Figure233 Deformation

Figure234; Elastic strain

Figure235 Equivalentstresqspeed 10m/sec)

Figure236 Shear stress
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b. Velocity of the tool relative to thework piece (40 m/sec) versus stress

Figure237; Deformation Figure238 €lastic strain

Figure24Q Shear stress
Figure239Equivalent stress
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c. Velocity of the tool relative to thework piece (30 m/sec) versus stress

Figure241; Deformation Figure242 Elastic strain

Figure243 Equivalent stress
Figure244; Shear stress
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d. Velocity of the tool relative to the work piece (B m/sec) versus stress

Figure245 Deformation Figure246, Elastic strain

Figure247, Equivalent stress )
Figure248 Shear stress
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e. Velocity of the tool relative to the work piece (D m/sec) versus stress

Figure249 Deformation
Figure250; Elastic strain

Figure251; Equivalent stress Figure252 Shear stress
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7.3.5Tool material versus Stress

a. Tool material steel (T1 tool steél

Figure253 Deformation Figure254; Elastic strain

Figure256, Shear sess
Figure255Equivalent stres€T ool material T1)
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b. Tool material steel (H22 tool steel)

Figure257, Deformation Figure258, Elastic strain

Figure259Equivalent stress Figure260, Shear stres
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c. Tool material steel (W1 toolsteel)

Figure261; Deformation Figure262 Elastic strain

Figure263 Equivalent stress Figure264 Shear stress
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d. Tool material steel D2 tool stee), versus stress

Figure265 Deformation
Figure266; Elastic strain

Figure267, Equivalent stress Figure268 Shear stress
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e. Tool material steel H 13)

Figure269 Deformation

Figure270 Elastic strain

Figure272 Shear stss

Figure271; Equivalent stress
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7.3.6 Metal Sheetmaterial versus Stress

f. Metal Sheet material (Aluminium Alloy high strength) versusStress

Figure273 Defoermation
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Figure274; Elagic strain
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Figure275 Equivalentstress (sheet material)
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Figure276; Shear stress
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8. Appendix- Material properties
8.1 Material used in tool investigations

8.1.1 Tool material steel (T1 tool steel)

Figure277; Tool material steel (T1 tool steel)
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8.1.2 Tool material steel ((H22 tool steel)

Figure278 Tool material steel ((H22 tool steel)

Souce;https://www.steefrades.com/Stedbrades/ToolSteetAnd-Hard-Alloy/60/153/ASTM_H22.pdf
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8.1.3 Tool material steel (W1 toolsteel)

Figure279 Tool material steel (W1 toaiteel)
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8.1.4 Tool material steel (W1 tool steél

Figure280 Tool material steel (W1 toaiteel)
Sourcehttps://tubingchina.com/AISI-SAE-W1-tool-steel.htm
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8.1.5 Tool material steel (D2 tool steel), versus stress

Figure 281; Tool material steel (D2 tool steel)

Sourcehttps://www.azom.com/article.aspx?ArticlelD=6214
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8.1.6 Tool material steel (H 13

Figure282 Tool material steel (H 13)

Source; https://www.azom.com/article.aspx?ArticlelD=9107
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8.2 Metal sheet materials used in simulations

8.2.1 Metal Sheet material @Aluminum Alloy high strength)

Figure283 Metal Sheet material (Aluminium Alloy high strength
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8.2.2 Metal Sheet material (Aluminium AL2024 )

Figure284 Metal Sheet material (Aluminium AL2024)
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8.2.3 Metal Sheet material (Aluminium 7039 With Young modults )

Figure285 Metal Sheet material (Aluminium 7039 With Young modulus
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8.2.4 Metal Sheet material (Aluminium AL 1100-O )

FigureZ286, Metal Sheet material (Aluminium AL 1160 with Youngmodulus)

145



9. Appendix L: Roughness Test

Figure287, Roughnessasst sample 1; 1 mrthickness Figure288 Roughness testample 2;1,5 mm thickness

Figure289 Roughness testample 3; 1.8 mm Thickness Figure290 Roughness tessample 3; 2 mm Thickness
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10.Appendix 10; Straight angle versusOblique cutting

Straight anglesutting

Oblique cutting

The cutting angle of the tool makes right angle to the directio

motion

The cutting angle of the tool does not make right angle tg

direction of motion

Themetal sheetiow in the direction normal to cutting edge.

Themetal sheenakes an angle witmormal to cutting edge.

In Straight anglecutting two components of force; cutting force g
thrust are considered and can be represented byc@@rdination

system.

In oblique cutting three components of force are considered; cy
force, thrustforce and radial force. It cannot be represented by
coordination system and require 3Droordination system for|

representation.

The tool has lesser cutting life as compared to oblique cutting.

The tool has higher cutting life as compared stoaight angle

cutting.

The shear force act per unit area is high which increase the

development per unit area.

The shear force act per unit area is low which decreases thg

development per unit area.

Themetal sheet flow over the tool

Themetal sheetflow alorg the sideways

Table4; Straight angleversus Oblique cuttingomparison
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11 Appendix; Experimental conditions

11.1 Tool edge angle variation versus stress

No | Study Constants Variables
5 | Stress versus Tool Edg¢ Tool Edgeangle variation
angle variation X V—_-l_Om/sec . 15 Degree, 200 Degre€25 Degree30 Degree, 35
x Friction Coefficient=0.1 Degree, 40 Degree45 Degree,50 Degree, 55, Degrel
x Metal sheet thickness= 1.6 mm 60, Degree65, Degree70 , Degree75, 80 Degree,85
X Metal sheet= Aluminium Alloy high
strength
X Tool material;Tool steel H 13 with Y|
215GPa

Table5; Tool edge angle variation versstsess
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11.2 Straight angle study experimental conditions

Appendix no Study Constants Variables
1 Stress versumetal X Tool edgeangle 90 Metal sheet Thickres Variation;1 mm, 1.5mm, 2mn
sheethickness X V=-10m/sec 2.5mm,3.1mm,
x Friction Coefficient=0.1
X Tool material; Tool steel

H 13 with Y 215GPa
Metal sheet Aluminium
Alloy high strength

Tool Thickness 1.6 mm

2 Stress versus too
thickness

Tool edgeangle 90
V=-10m/sec

Friction Coefficient=0.1
Tool material; Tool steel
H 13 with Y 215GPa
Metal sheet Aluminium
Alloy high strength

Metal sheet Thickness=
mm

Tool Thickness Variation;1 mm, 1.5mm, 2mm, 2.5mm,3

Table6; Straight angle study experimental conditions
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11.2.1 Straight angle study experimental conditiongcontinued)

Appendix no Study Constants Variables
3 Stress versu X Tool edgeangle 90 Friction  coefficient  variation;  Friction  ceefficient
friction co-efficient X V=-10m/sec 0.1,0.20.3,0.4,0.5,0.6,0.7,0.8,0.9.
variation x Tool material; Tool steel
H 13 with Y 215GPa
X Metal sheet Aluminium
Alloy high strength
X Tool Thickness 1.6 mm
X Metal sheet Thickness=
mm
4 Stress Versus X Tool edgeangle 90 Velocity of the tool relative to thevork piece; 10m/sec,
Velocity of the X Friction Coefficient=0.1 | 20m/ses, 30m/sec, 40m/sec, 50m/sec
tool relative to the x Tool material; Tool steel
work piece H 13 with Y 215GPa
variation

Metal sheet Aluminium
Alloy high strength

Tool Thicknes= 1.6 mm
Metal sheet Thickness=
mm

Table7; Straight angle study experimental conditions
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11.2.2 Straight angle study experimental conditons(continued)

Study

Constants

Variables

Stress versus Tool materi

X

Tool edgeangle 90

Tool material;

variation x V=-1l0m/sec X T1 tool steel
X Friction Coefficient=0.1
X Metal sheet Aluminium Alloy high X HZ22 tool steel
strength_ X W1 tool steel
X Tool Thickness 1.6 mm
X Metal sheet Thickness=1 mm x D2 tool steel
X H13
6 | Stress versus metal shg x Tool edgeangle 90 Metal sheetmaterial,
material variation X V:_-l_O m/sec o Aluminium Alloy high strength
x Friction Coefficient=0.1 Aluminium AL6061-T6
x  Tool material;Tool steel H 13 with Y Ajuminium 7039
215GPa Aluminium AL 1100-O
X Tool Thickness 1.6 mm Aluminium AL5083H116
X Metal sheefhickness=1 mm

Table8; Straight angle study experimental conditions
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11.3 Oblique anglestudy experimental conditions

Appendix no Study Constants Variables
1 Stress versumetal X Tool edgeangle ® Metal sheet Thickness Variation;1 mm, 1.5mm, 2n
sheethickness X V=-10m/sec 2.5mm,3.1mm,
x Friction Coefficient=0.1
X Tool material; Tool steel

H 13 with Y 215GPa
Metal sheet Aluminium
Alloy high strength

Tool Thickness 1.6 mm

2 Stress versus too
thickness

Tool edgeangle ®
V=-10m/sec

Friction Coefficient=0.1
Tool material; Tool steel
H 13 with Y 215GPa
Metal sheet Aluminium
Alloy high strength

Metal sheet Thickness=
mm

Tool Thickness Variation;1 mm, 1.5mm, 2mm, 2.5mm,3

Table9; Oblique angle study experimental conditions
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11.3.1 Straight angle study experimental conditiongcontinued)

Appendix no Study Constants Variables
3 Stress Versus X Tool edgeangle ® Friction  coefficient  variation;  Friction  ceefficient
friction co- X V=-10m/sec 0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9.
efficient variation x Tool material; Tool steel
H 13 with Y 215GPa
X Metal sheet Aluminium
Alloy high strength
X Tool Thickness 1.6 mm
X Metal sheet Thickness=
mm
4 Stress Versus X Tool edgeangle ® Velocity of the tool relative to thevork piece; 10m/sec,
Velocity of the X Friction Coefficient=0.1 | 20m/ses, 30m/sec, 40m/sec, 50m/sec
tool relative to the x Tool material; Tool steel
work piece H 13 with Y 215GPa
variation

Metal sheet Aluminium
Alloy high strength

Tool Thickness 1.6 mm
Metal sheet Thickness=
mm

Table10; Oblique angle study experimental conditions
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11.3.2 Straight angle study experimental conditions (continued)

No | Study Constants Variables
5 | Stress versus Tool material x Tool edgeangle ® Tool material;
variation x V=-10m/sec x T1 tool steel
X Friction Coefficient=0.1
X Metal sheet Aluminium Alloy high X HZ22 tool steel
strength X W1 tool steel
X Tool Thickness 1.6 mm
X Metal sheet Thickness=1 mm x D2 tool steel
x H13
6 | Stress versus Tool material x Tool edgeangle ® Metal sheetmaterial;
variation X V:.-l.O m/sec . Aluminium Alloy high strength
x Friction Coefficient=0.1 Aluminium ALG061-T6
X Metal sheet Aluminium Alloy high| aAjuminium 7039
strength Aluminium AL 1100-O
X Tool Thickness 1.6 mm Aluminium AL5083H116
X Metal sheet Thickness=1 mm

Tablell; Oblique angle study experimental citi@hs
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