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ABSTRACT

The friction condition is an important factor in controlling the compressing
processin metalforming. The friction calibration maps (FCM) areidely used in
estimating friction factors between the workpiece andHimsvever in standard FEA, the
friction condition is defined by friction coefficient factqr)( while the FCM isused toa
constant shear friction factors( to describe the frictiomondition. The purpose of this
research is to find a methad convert the m factor to u factor, so tiF&A can be used
to simulate ring tests with.

The research is carried out with FEA and Design of Experiment (DOE). FEA is
used to simulate the ringpmpression tesf 2D quarter model is adopted as geometry
model. A bilinear material model is used in nonlinear FEA. After the model is established,
validation testsareconducted a t he i nfluence of Poisson6s r
t ekisdhownthatthest abl i shed FEA model is wvalid esp
close to 0.5 iMataei slettohdi od infpHEa&n ocsmemoad eil s
an@f actors are applied at alltsusfhasostheéunt
reduction ratio of t heCMiang beandiselde t 9l dpeesc
deformation of the ring speci men.

Wi t h btalsel i ne Fsamde formalas ebétween the deformation
parameters material mechanical propertieend p factors are generated throughthe
statistical analysiso the simulating results of the ring compression ta&stnethodto
substitute then factor withp factors for particular material by selectiagd applyinghe
M factorin time sequences found based on th&e formulas By converting them factor

into u factor, the cold forging can be simulated.
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1. Background

1.1  Introduction

Metalforming is defined as the process of converting raw materials into finished
or semifinished products with useful shapes and mechanical properties through
processes such as forging, stamgp extrusion and rolling. The advantage of
metalforming over cutting is that it changes the shape and dimensions of the workpieces
without removing material. If used properly, it provides a greater bemef#aving
materials as well as extra mechaniwarits like higher structural strength gained through
strain hardeningMetalforming techniques angrogressing in the direction of net shape
manufacturing, with more precise control on shape with no defRctsinson Ou, and
Armstrong 2004, 549). According to Alting (Boothroyd and Alting 1994)
metdforming involves three flowsmaterial, energy, and informatioWhen it is
classified by stress systems, such processes idded by six system of stressed
compression, tension, tension and compression, bending, shear, and fisiapset
forging process is one of the compression processes, in which there is no lateral
constraint except for friction and consequently noeditimensional confinement
(Mielnik 1991)

Mechanical part®btained through upset forging are very common in industrial
practice, such as engine valves, coupling, bolts, and screws. They are stronger than an
equivalent cast part or machined part. Tikibecause the macrostructure of the material

is continuous throughout the part, giving rise to a piece with improved strength
1



characteristics. Tobtainthis advantage, some specialized machines are reqBigede

1 (weiku.com )shows al50kgpneumatic Bmmer whichis a typical small size machine

for the metal compression operatidinconsists of ampper diealower die, andh power
module that work together in the operatioiDuring metalfornmg, the workpiece is
placed between upper and lower die, and it is deformed under high compressing pressure
provided by the power module whéretwo dies move towards eacther. The die pair

can be flat plateor a complex shape. The power module camallly wheel and slider
crank or a hydraulic power module which includes hydraulic pumps and pipes. The
compressing machine can be eita@nechanical press @hydraulic pess, when it deals

with small workpiece Figure2 shows a pennies press machine driven by hypoarer;

thatis widely used to fornsouvenirs. When a penny is put in the machine, the user rolls
t he ma c h ie@ara éhe pehng csotnpressednto a much timner plate with new
marks on each side. When the workpiegéh extremely large size is required to be
compressed, the compressing machine with hydraulic power module is the oicly cho
for such process. The hadilic press machineas shown irFigure 3 (koteco.co ) which
provides over ten thousands of tons compresingg is a remarkable symbol of the
manufactuing capability. It can be used in manufacturing of large components such as
crankshafts for oceagoing cargo shig and pressure containeia power generation

systens.



Figurel. Pneurﬁdti’cfﬁérfnmeﬂeiku.com ;
koteco.co ) Figure2. Pennies press machine

I

Figure3. 10,000 tons hydraulic press macr(lﬂﬂeo.co )



In the compression process, the friction affects the shape of the workpiece. When
the workpiece contactsith the die, the workpiece is deformed mainly under the pressure
normal to the interface, and at the same time the workpiece flowise tangernal
direction as well. Such tangentilbw depends orthe friction condition of the die
workpiece interface It would lead to higher equivalent stress, which reduces the
workability of the metal block and generates failure such as crackatsine metal block
is rejected. Thus for controlling the quality ¢he product obtained tiough the
compressing process, the friction condition on thewtbekpiece interface is required to
be controlled.In this research the friction condition that is related with compressing

process will be discussed.

1.2  Mechanicdbehavior related tapsetforging

In upset forging process, the workpe is under a uniaxial stresgain state
ideally. The calculation metloof the stress and strain is important, especially for large
strains in the plastic range. Twoethodsfrequently usedn calculation, are engineering

stress and engineering strain, and true stress and true strain. The engineering stress is

and the engineering strain is

whered is the original are4, is the extended length, and is the original length. The

truestress is



A —

whereo is the instant area. The true strain is

- .0- 0 — 1R
wherel is the final length of the test bar.

The calculation of engineering stress and engineering strain is easy in practice
becauseonly simple measurement data riequired but the results from tsion and
compression testg do not match well with each other. In contratste true stress and
true strain are difficult to obtain, but they haabetterconsistency between tension and
compression for applications involving larg&ain. The results & more convenient for
accumulating strains, and are more accurate thélnstantaneouarea value used ihe
calculation. Therefor¢hey are used commonly in research work. Siheeengineering
stress or strain and the true stress or strain can dg easverted the investigation on
the mechanical properties of material ofiearried out in two steps. First, calculate the
engineering stress and strain under particular test conditest®nd, convert the

engineering stress and strain to true steasl strainwhere thetrue stress is
/( - - :)_ ” p = )

and true strain is

The comparison betwedhe engineering stresstrain curve andhe true stress
strain curve is shown iRigure4. These two curves overlap each other at the beginning,

which indicates that their differences are smallring the elastic deformation period.
5



Then the deviation between true stress and engineering gtoyss with the increase of

the strainA is to growcontinuously andA grows slowly and then drops becaus¢hef
necking phenomenorduring the plastic deformatian,Figure 5 shows a typical
engineering stress and strain curve. Elastic Moduyle$d strength, and ultimate stress

are shown on the curve. Sometimes, the yield strength point is not obvious on stress
strain curve, and 0.2% strain is used as the division between elastic deformation and

plastic deformation.

®
=.
3
o
[
S
<
1]

Stress —e

Elastic deformation Plastic deformation

Strain ——=

Figure4. Engineering stresstrain vs. true stressrain



Upper yield point

Ultimate stress

Fracture

[

fo— LOwer yield point

N

Elostic Limit

Stress —»

Limit of proportionality

Strain ——a

Figureb. Typical engineering stress strain curve
Idealized stresstrain curves with plastic deformation are shownFigure 6

(Mielnik 1991) There are four types of curves: type I, rigierfect plastic curve; type Il,

elasticperfect plastic curve; type lligid-linear plasticcurve are shown; and type IV,

elasticlinearplasticcurve

a. Rigid-perfect plastic

b. Elasticperfect plastic



c. Rigid-linear plastic d. Elasticlinear plastic

Figure6. Idealizedstressstrain curvegMielnik 1991)

The engineering stresdrain curves of three typical ductile materials, aluminum
7075, carbon steel 1020, and stainless steel 303 are shawguie 7, Figure 8, and
Figure 9 respectivelyASM International 2002)These materials can be simplified with
an elastidinear plastic material model and represented by three paraméeerSlastic
Modulus E), Yield Point (ip) and Tangent Modulusg) for linear plastic, as displayed
in Figure6d.

Metalforming, such as upset forging, involves large strains plastic
deformation. In engineerg practice, the period of elastic deformation is often neglected
and the corresponding true stress after the yield point is named as flow stress for the large
strain situation. As the elastic deformation is neglected and the plastic behavior of a
workpic e i s considered as i ncompressibl e,

metalforming processes approaches 0.5.

t

h e
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In the upset forging procesiow stresses in the workpiece depend on the strain
path, temperature, and mechanical properties of the matgvigmik 1991) The strain
path refers to the plot of consecutive strain statevhich a curvas joining two strain
states and it may be existing different strain paths between two states, and different
process conditions result in different strain paths. Also, the strain path is sensitive to the
geometry of workpiec€Shah and Kuhn 1986, 22%1) In thering compression testhe
cylinder workpiece is subjected tmiaxial load.The cubic elementised for stresstrain
state analysisn the block is subjected to biaxial stresses in the cylindrical cooedinat
system. Then the stress state can be represented by a axial compressign atess
hoop tension stress ; and the stramcorresponding to them are axial strainand hoop
strain- .

Figure10 shows the strain paths from some deformation procéksiés, Erturk,

and Lee 1973, 21318) The fracture locus is a plot on the axial stdagop strain

10



diagram which indicates the strain state when fracture hapgheimg theanalysis of the

forging process. It only depends on the matearal noton the strain path. The slope of

the fracturdocushas been shown to be %, because e Poi s s omddrisgtireat i o i s
plastic deformation.

Relations between strain path and fracture locus is showigume 11 (Shah and
Kuhn 1986, 25861) in which one can see how the strain path and fracture l@®us
related. The yntercept on each fractutecus is a characteristic point. At this point, the
fracture of the mat&al occurs when only hooptrainis applied According to M. C.
Shaw(Shaw and Avery 1983, 247} is a constant and should be % of the observed strain
when fracture happens in a uniaxial tensile tesasSshownn Figure11(Shah and Kuhn
1986, 255261), when fracture occurs in the plastic deformation period, all fracture locus
from different materia are parallel to each other, with pls at-0.5 and different vy
intercepts.

For a particular process, when its strain path intersects with the fracture locus, the
workpiece fractures at that particular point, that is, the stain the workpiece could bear
reaches its limit. For material block&ith the same geometry, under different
compressiorconditions such as friction, temperaturéhere are two strain paths, path 1
and path 2. There are two different fracture locus for material A and material B. For each

material, when the strain pathegsabove the fracture locus, fracture occurs.

11
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Figurell. Superpositiorof fracture loci
Figure10. Strain paths for some deformatio and strain path¢Shah and Kuhn 1986
process(Kuhn, Erturk, and Lee 1973, 213 255-261)
218)

Typical deformation states of the cylindrical specimen in compredsgirare
shown inFigure 12. Figure 12a shows the initial geometry of the workpiece. The shape
shown in Figure 12b happens when there is no friction betwedée die-workpiece
interfaces Theupper and lower surfacegrkpiece slide along the diergace during th
axial reduction, and the sideirface holdstraight at all times. The deformation shown in
Figure 12c happens whémere is some friction on the eweorkpiece interfacerhe upper
and low surfaces of the workpiece slide a lisleng theinterface, but frictional force
holds the contact surfaces, so the materedr the interfacein the workpieceflows
slower than the material in the middle. So slight barreling occurs in the cylindrical
specimenFigure12d shown greater barreling happens whewery high frictionfactoris
applied on the interface. From the deformed grid pattern, the flow of the material can be

observed.

12



a. Uniaxial compressiveet up ofcylinder

specimen b. Canpressed material with no frictior

GEEE
)

c. Compressed material with low frictior d. Compressed material with high frictic
Figurel2. Compression of a cylinder material block

1.3  Problem statement
During the designing of ¢o upsetting process, we need to ensure that the desired
deformation of the workpiece for certain material will be achieved without fracture. This

is related with the material properties and the strain path for a certain process. It can be

13



adjusted by thériction condition on the contact interface between the die and workpiece.
Traditionally, the friction condition isalibratedwith the FCM, which is generated with
constant shear friction factors, usually calteéactors, by means of the ring compressio
test and it matches the actual manufacturing process well. However, the physical ring
compression test is costly and time consumindridfion factors can be obtained from
numerical simulation by usinghe finite element methodFEM) software, such as
ANSYS, suchfactors can be obtained easily and economically. However, in standard
FEA, the friction condition is defined
coefficient factor |), which is related with the normal stress on the contact interfate an
is different fromthe m factor. As the FCM generated by the consjarto not have a
good match with the FCM generated by the constarthe problem is whether FEA can

be used to simulate ring tests wjtrand then generate a FCM in whichfactor can b
extracted for the cold upsetting process. In this thesis, numerical simulatiotheand

reverse analysis method are used to maplues with strain to find the best matches.
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2. Literature review
In this chapter, we will review four areas relevant to thesis characterization
of interface friction condition, experimental studies of cold upsetting, computational

simulation and esign of experimest

2.1. Ring compression test
2.1.1 The principle of the ring compression tasd its application

In upset forgingthe shape of the slab, the interface condition, and the state of
stress interact with each other dynamically. Tthes prediction othe stresstrain state
and shape of the workpiece is complicated. A sé¢sifmethods fomaterialmechanical
properties hasbeendesignedraditionallyto simulate the actual compression conditions
for products.Among them,three commonly practiced property tests which involve
uniaxial compressive stress are: conventional solid cylinder axisymmetric compression
test, Pola ows ki 6s compression test arfRblakawski sy mmet r
1949, 250276) The two main drawbacks of the conventional solid cylinder
axisymmetric compression test dhe characterizingpulging of the cylindersidesurface
and the friction on the dieorkpieceinterface The bulging effect does not simply
accumulate but exaggerate the data obtainedostapep during the compressing process,
SO it was necessary to eliminate it in each intermedstége Polakowskimade great
efforts in avoiding such inhomogeneous deformation@o@osed a different method to
deal with these issuéMielnik 1991) It is alsoto compress a cylinder specimen but with

more treatments on it. The pr odwdedintoonbny Pol akow
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steps involving several cycles of loading and machining the cylinder specimen. The
cylinder specimenwas remachined at each load step to keep the cylinder shape at the
same heightiameter (/D) ratio. Not only is the process of this method tedious but
somecritics pointed outthat sucha process can lead to ersaup to 30 percent in data
obtained(Mielnik 1991)

The axisymmeic ring compression test smore commonly usetestthan the
former two tests. A standard rindg-igure 13) made ofthe workpiece material is
compressed betwedwo flat dies Lubricantis appliedto the dieworkpieceinterfaceto
provide the desired friction conditiofigure 13a is the top view of the ring specimen,
Figure13b is the crossection view of the ring specimevith the standard ratio of outer
diameter: internal diameter: height of the ring specimen as.@f32e dieworkpiece
friction factoris zero, the ring deforms the same way as a solid disk, that is, the internal
diameter (ID) will increase. If friction is igihtly more than zero, the ID increase is less
up to some thhold value. Friction beyond thikreshold results in the outer part of the
ring flowing outwards andhe internalpart flowingin the opposite direction i.e. the ID
decreases, as shownkigure14. This phenomenoris enployed to quantify the friction

value at the interfaceThe true advantage of the ring compression test compared to

Pol akowski 0s met hod i s t he way t toree barr el

measurement is required.
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Figurel3. Ring compression test

a Good lubrication b. Poor lubrication

Figure14. Compressed ringubjected talifferent friction condition

2.1.2 The description of the friction condition

In ring compression test, the friction condition on the interface between the die
and ring specimen can be described in two ways, ienfriction coefficient factoq,
according to the Coulomb friction law; another is shear friction fant@ccording shear

friction law. In the Coulomb friction lawy is defined as
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whereUis tangential stress;is normal stres< is the sliding force on the interface along
the interfacial directionlN is normal force on the interface along the normal direction.
While in the shear friction lawhear friction factomis defined as
a -
whereUis the shear stress on the interface along the interfacial diretti@nthe
shear strength of the material. Shear friction fagtors al so ref erred to as
friction facta 0 , I n d imgsandependent of interfacial stre@sartley, Cloete, and
Nurick 2007, 17051728)
According to the von Mises criterion, the tensile and shear yield stresses are
related in the uniaxial stregondition as follows:
, Vot
where, vyield strength, and shear strength.

Thus

As it i s di scus(Avdzdr 1968) tha averdge Qouldd frieionr k
coefficient fator, 4, can be calculated with measured friction factors using the

following relation:

whered is the average surface pressure on the deformation spe@witzur 1968)
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In the metal compression procefise die would interact with the specimen to
provide the internal force for shape change. It is desired to have the shape change
controllable. Thereforethe internal force that causes the unrecoverable deformatio
would be of interest. When the material of the structure is at its yield point,sregual
to, , thus the m factor would be

a Vot.

For materials that do not show strong strain hardening behavior, the axial stress

would keep the level at the yield strength, after the axial stress reaches the yield point,

then the shear fricin factormwould remainasWot .

2.1.3 Establishednethodfor thefriction calibration curve

As mentioned above, the interfafrection condition has an important influence
on the actual shape deformationtb& specimen in the upsetting process. In orier
evaluate the friction condition on the interface of the die and mmeegithe friction
calibration curvg(FCC) is standardizednto plots that represent the deformation in the
ring as it is compressedo plot the FCC, two parameters, the heights ofitig (H), and
the internal diameters of the rintp(, are measured in the ring compression tests. Both
parameters are transformed into shape change ratios. The height reduction ratio is

P @O prnmb
which becomes thecoordinate in FCC.

The interl deformation ratio is

QU OO pmimp
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which becomes the y coordinate in FCC. The internal diameter response to the height
deformation is sensitive to the initial shape of the ring specintégare 15 presents a
typical FCC plot.It shows thepercentage decreaseinternal diameter as a function of

the percentage of height reduction when a constant friction factor is applied on the
interface of the die and workpiedeCC is plotted when dots on the cham joinedto be

a curve. When a series of FCC are f@ldbn the same chart, tmesultantchart is callech

friction calibration map (FCM)The frictionfactorcan be obtained simply by measuring

the compressed ring and referring to theM~@@r a certin materia] as long as the

interface friction condition is considered constant.

%h
Redction in height

Decrease in internal diamete

%id

Figurel5. Typical FCC plot

The dimension ratio on outer diamet@0): internal diameterlD): height H) is critical
in the ring behaviorMale 6 s r dMake amdcDePierre 1970, 38%)ustrates the

influence of the initial dimension ratio on ring compression test by carrying out
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simulations on aluminum with initial dimension ratio at 6;4®&ure 16, and 6:1.6:2,
Figurel?. The dovious difference isoundby comparingrigure1l6 & Figurel?. As long

as the initial dimension ratios of ring specimens were the sameCtiievere the same.
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The OD: ID: H with 6:3:2 iswidely accepteds standardpecimen geometmin
the ring compr e $Aviizur ©964t 2058304) thedketidalt analysisbwas
used to generateCM Figure 18 (Male and DePierre 1970, 389)o find the friction
condition oneconducs a ring test anthenmatctes theresults to calibration curve3wo

alternative but guivalent measures can beed for FCC: friction coefficient factors
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(Coul omb 6 s a$ shawao irFigurell9 (MALE 1964, 3846), and shear friction

factors, m (shedriction law) as shown irFigure18.
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2.2  Experimental studies
2.2.1. Theinfluenceof the experimental parameters on the FCC

Il n Mal e 6 BMALE 4364, 834€), ming compressiortests were calibrated
with p experinentally at different geometry, strain rates, and temperatures. He also
standardized the initial geometry of the specimen as 6:3:2 (OD: IIMALE 1964, 38
46). The deformation of the specimen would vary at a diffenettial geometry ratio
evenif the frictionfactorswere the same. When the rings took the standard geometry as
initial geometry, the shear friction is 1 at the sticking condition. Annealing treatments
were applied in preparing the testing materials ss&kh Al umi nu m-sBras§opper ,
Mild-carbon steel, and Titanium. Three strain rates’/€E®, 10/sec, and 1.2X1€ec)
were applied to specimens lay50-ton hydraulic testing machine 60 ton vertical
hydraulic press and an experimental driopghammer respeiwely. The dies in the
experiments were hardened to 470 VPN. Their sagfagere gvund to get a snilar
surface profile. The specimens were treated at elevated and low temperatuopgn
tubefurnace was used to pheated the specimens and liquidegien were used to cool
the ring to as low as stdero temperature.Re analyticalsolution from Schroeder and
Webster(Schroeder and Webster 1949, ZBl)was used to treat Ma |
deformation dat foru to obtain theFCM.

Rudkins (Rudkins et al. 1996, 34353) conducted the ringompressiontests
especially focused on the effects of the elevated temperatureSMrand compared it
wi t h Ha n s e ncalibrationtcenegHansen,dBayl and Christensen 198®#)ich
were based on another friction theory. The specimens were pressed by the 3000kN
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hydraulic press machine. Medium carbon steel andead free cutting steel as
manufacturednto standard geometry for ring test, and a borehole was drilled which
enabledthe temperature measurent by means of thermocouple. Threeluctions of
height were used and no lubricant was applied on the interface. Force, displacethent, an
temperature were measured and recorded by means of Siemens data logging system.

Sanctis (de Sanctis et al. 1997, 1290) compared experimental data and
calibration curvesand declared thahat the shear fricin can be a function of surface
roughness, temperature, and strain rate. AI359/SiC/20P was the material usdd in the
experiments. The turning machine and electrical discharge machining (EDM) were used
to get the surface roughness of the ring specime@g atum, and 0.25 pm respectively.

Rings were compressed by setwdraulic computecontrolled test machine under
isothermal and neisothermalconditionsand the strain rate provided by the test machine
were 0.01/sl and 1/sA graphitebased lubricantvasapplied on all the surfaces. When
checking deformations of rings under elevated temperataressistance furnace was
used to heahespecimes to 300 and 458C.

Li (Li et al. 2000, 138142) studied Ti6Al-4V alloy 6 s fri cti on behayv
various temperatures and strain rates.-tatded commercial bar with 20mm diameter
were machined to the standard geometry ratio, 15mm (outer diameter), 7irsenma(
diameter), and 5mngheight). A computecontrolled, servénydraulic Gleeke testing
machine was used to compress specimens lubricated by A5 glass lubricant. The ends of
specimens were recessed 0.2mm to entrap the lubricant. Final true stains were kept below
0.7, so that the errors whidre broughton by the recesed ends were expected to be
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insignificant. Accurate temperature control and measurement were realized with
thermocouples which were welded at the 1spén of the ringHe concluded that the
temperature has greater influence on the interface friction whgrower than 950C

and the strain rate has greater influence when the temperature goes d@r 950

Robinson (Robinson, Ou, and Armstrong 2004, -59) provided physical
experiment with clay to get factors wih several lubricants. The clay was much softer
than metal, so that the compressexperiment was much easier and less expensive.
FCM were provided by FE simulation. Aftéine rings were compressed with different
lubricants, deformation data was comparéith the FCM to get theu.

Split Hopkinson pressure bar (SHPB) was used to measure stress pulse
propagation in a metal bar, and Hartlgiartley, Cloete, and Nurick 2007, 172%28)
conducted research which comhdnéhe ring compression test with the SHPB test
scenario with the ainef understanthg the influence othe friction condition on stress
strain in the compact problerfhe schematic diagram is shownHigure 20 (Hartley,
Cloete, and Nurick 2007, 17a5/28) In the original SHPB test, a short cylindrical
specimen was sandwiched between two metallic bars. A striker wasaBradfirst
(incident) bar to compress the specimea sirain rate over sec. Strain gauges were
attached to each bar to catch the stress
specimes were also compressed in the SHPB, &mwdas shown thathe stresswaves

changedue to different interfacial frigin.
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Figure20. SHPB test schematic diagrgiartley, Cloete, and Nurick 2007, 170%328)

Rao (Rao et al. 2009a, 12B36; Raoet al. 2009b, 1298309) conducted upset
forging of cylinders to determine the ability of material to be forg@dAl-4Cu-2Mg
alloy. Lubricants and specimen aspect ratig=e used to study the effectsf these
factorsonthestrain pathsand the failve locusis alsofound for ths material. Itis shown
that whenductile fracturehappes, the ratio betweehoop strain and axial strain oes
to the maximum point on the strain path. Ring specimens and cylindrical specimens were

obtained from the same ¢ed ingots.

2.2.2. Theintuitive method in deformation study
The grid pattern carved on the surface of a deformed metal is a very good method
to evaluate the amount of metal deformation. For the cylinder specanmenform grid
pattern was marked on the latesarface of the specimen before compressidoad

was appliedon the plane surface of the specimen to observe the metal flows on macro

scalel n Raods experi ment, ring specimens and
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the same casted ingots. Thegispecimens were compressed to get the friction condition.
The cylindrical specimens with gridded pattern on the cylindrical surface were
compressed. The varied grid patterns were recorded by a machine version system
continuously during the compressidfigure 21 (Valberg 2010)is a typical example of
compressed cylinders with well lubricated and rough intesfdtendicates that the hoop
strain at the middle is largenan the hoop strain &he upper or lowerposition of the
cylinder when frictions are applied on the interfaG®od lubrication on the friction
surface would reduce the difference of the hoop strain between the middle and upper or
lower part of the cylindr. Thus it is conclded that the friction conditioan the friction
surface will affect the deformation state of the cylindétsthermore, the upset forging
would be affected by the frictiofactors on the contact interface teen the die and

product.Of caurse, this kind of grid pattern method can be applied in the ring specimen

22

a Lubricated specimen with lather grid b Lubricated specimen with lather gric
pattern pattern

| 2

a Unlubricated specimen with lather gric a Lubricated specimen with lather gric
pattern pattern
Figure2l. Deformed grid pattern after compression (a,b) gragdiitiibrication;
(c,d)unlubricatedqValberg 2010)

in order to get the strain on the surface of the hollow cylinder.
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2.3  Computational studiesf FCC
2.3.1 Classification of computational studies

The nontlinearity of the plastic deformatiois the problem to be solved in metal
forming calculation. According to Lange KPohlandt and Lange 1985)as shown in
Figure 22 (Pohlandt and Lange 1985plasticity theory falls into two types, elementary
theory, and technical theory of plasty. The Elementary theory provides exact
equations for a particular metalforming process with a number of simplifying
assumptions. The technical theoriesptdsticity, especially those whiatould provide
the approximate solutions, are widely used i tomputeraided evaluation (CAE). As
early as 1969, Mal@ePierre and Male 1968plved the friction calibration problem by
writing a programwith Fortran 4 and using an IBM Digital Computer. The algorithm of
the FRTRAN program t oo k(Avikw 11964 295304 whzmveab v s i s
based on the method of upper and lower bounds. Recently, more numerical methods were
applied in solving the metalforming processes. D{®ixit, Dixit, and SpringerLink
(Online service) 2008ummarized the approximation methods applied in metalforming
and machining. Two maidifficulties which restrict the application and accuracy of the
computatioml solutions are the uncertamechanicalpropertiesof the materialaindthe
uncertain friction condition during the manufacturing processes. Thesdiffronlties
are the major causes of mbneaiity in computationfor solving the upset forging. Dixit
divided the computational modeling for manufacturing process fimtite element
modeling andsoft computing modeling to deal with ndmeaity as mentioned above.
Finite element modelingneedsproper material models and friction models through
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assumptionso that the relation between shape deformation and loading in simulation has
better consistent with the physical experimefitse soft computing modeling indicate

that the uncertain material properties and friction conditions are not goingfitcetdeat

the very beginning ofhe calculation but will be calculated by the measurement of the
loading and deformation. So some researchers reféoretich a method as inverse

method.

Plasticity theory
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Figure22. Flowchart showing various theoreticmlution methods for metal forming
problems(Pofilandt and Lange 1985)
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2.3.2 Soft computing technique

In the soft computing model, including fuzzy set theory, neural networks and
genetic algorithmthe experimenthdata are takenas input to predicthoseuncertain
parameters that affect the resu#tsch asplastic mechanical propertie$ the workpiece
Actually, the varied material mechanical properties (constitutive relations) and friction
conditionduring theupset forging can bebtained in this wayThisis especially useful to
obtain these parameters which cannot be measured precisely.

Many researcher®llow the soft computing methods to study upset forging. Lin
and Chen(Lin and Chen 2005, 1058078; Lin and Chen 2006, 2$806) applied the
LevenbergMarquardt method in inversing calculation with experimental data to get the
interface friction coefficient factor p, in the upsetting proces§he resulint friction
factor g from the inverse calculations substituted backnto a thermeelasticplastic
finite element model, and the simulatiogsults arec | 0 s e (Lio 1909, 66@683)
experimental dataSzeliga(Szeliga, Gawad, and Pietrzyk 2006, 656/88) conducted
direct and inverse simulatidor the forging processind used the inverse algorithm with
sensitivity analyses. Through the sensitivity analyie,mechanical propertiesf the
material and process parameters obtained are very close txtied ones. Behrens
(Behrens and Schafstall 1998, 28&3) studied thestresses in the die multistage cold
forming piocesses. By using accurgten the contact interface fpeedictedthe stresses
in the dieto avoid early damage. Neural network techniques were used to generate the
dependency of friction values on contact conditisnsh asnormal contact pressure,
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sliding velocity, plastic strain and temperatyrand then to obtain an adaptive friction
factor m. Such adaptive friction factorare verified in a combined cupackward full
forward extrusion process by comparing the measuredwdtitasimulation results from

FEM analysis (FEA).

2.3.3 Introduction of FEA

The FEA technique was first developed for solving complex elaspecdiglens
and structural analysis problem in civil and aeronautical engineering; however, it has
been appliedo problems such as thermal, electragnetism and fluid dynamics. The
FEA is a numerical technique for finding approximate solutions to differential equations.
It is achieved by dividing up a continuum into small elements that can be solved in
relation to each othgiFinite element method yeplacing the continuous problem ay
discontinuous element network. Especially for static problems, the FEA can provide
precise simulation of the physicakperiment These days, the FEM is usedsimulate
the physicalkexperimentin order to save the expensive investment in the physical trials.
Many commercial tools have made the FEA easier to be carried ondustiy with
reliable solutionsFEA solvers have already been used in the ring comsipresests in
previous research. Hatzenbichl@datzenbichler et al. 2012, ¥/8) comparedthe
simulation solutions of the ring compression tesith several commercial solvers, and
observed differencaa FCM among them. The differences weret negligible and they
suggested that the friction coefficient has to be calibratedhi@isoftware used for
simulation.

33



2.3.4 FEA with different material modeling technicie

Generally speaking, FEA simulation tfe metal forming process ia nonlinear
problem. It may involve geometry nonlinearities (GNL), material nonlinearities (MNL)
and boundary nonlinearities (BNL). In the simulation of ring compression, the specimen
is standardized to ban axiatsymmetrical structre The loading keeps symmetry to the
middle plane, so that the geometry will not be a dominant issue. Due to the large
deformation, the specimen will involve elastic deformation and plastic deformation, thus
the material model is nonlinear. Also becaafehe involving of friction on the die
workpiece interface, the boundary condition is also nonlinear. The contact areas, contact
pressures are changing during the simulation. Thus the simulation of the ring
compression test is a combination of MNL andLBISucha nonlinear problem is solved
approximately in FEAn several ways. Inhe NewtonRaphson iteration approach, the
toleranceerror is defined aa convergene value, andhis value is used to determine the
size of each load stap each iterationThe convergence value can be displacement or
force according to the convergence type. Also, the stiffness matrix is an important factor.
If the stiffness matrix is updated each iteration, it would take a lot of efféd generate
the new stiffness atrix.

The FEA input parameters include material models and friction models. Because
of the uncertainty of these models, proper selection and defirafishe material and

friction models is critical for the FEA simulation. Elasgilastic (EP), Rigidplastc (R-
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P), and Rigid viscoplastic (RV) are the commonly used material models as shown in

Figure23 (Mielnik 1991)

FEM for calculation of cold forming processes

1 L
Rigid-plasticformulation Elastic-plasticformulation
¥ ¥ i 1
rodified srmall e
?ﬁgj:::(u;? Wiscoplastic defaormation deformation
model (1) ) W

Figure23. Flowchart showng someFEMsfor analyzing cold forming processes
(Mahrenholtz and Dung 1987;1%)

2.3.5 FEA with different friction modeling technigae

Similar to the material model, many friction models were proposed and studied.
Hayhurst(Hayhurst and Chan 2005,2b) proposedhe use of a combined Coulomb and
friction factor model to describe the frictional behavior betweeworkpiece andhe
die. He claimed that with the aid of acate stresstrain curves, the friction model would
providean accurate predictionf upsetforging. Dancker{Danckert and Wanheim 1988,
217-220)also tried toset upa better friction model for thECM. He clamedthat neither
M nor m friction is generally valid. Whilgu factoris only valid at low normal surface
pressures aneh factoris only valid at high normal surface pressures.

Sahi(Sahi et al. 1996, 28892) proposed aemtanalytical modefor thering test

with a visco-plastic material model to evaluate the friction faater The relatioship
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between the straimate sensitivity exponent and friction factorm was shownin this
analysis.

Yang (Yang 2007, 28%8B00) proposed a refined friction model that works for
steady or unsteady threlemensional processinguch as thexisymmetric and plane
strain casesWith the help of simulationjoun(Joun et al. 2009, 31319) with the help
of simulation, observed the difference bet we
law and the shear friction law, in ring compression test and other processing methods.
Cristino (Cristino, Rosa, and Martins 2011, 1343) studied the influence of surface
roughness and material strength rfactor. He proposed an operator based tbha
sigmoid function. He incorporated the combined influence of both phenomeaa in
modified version of the Amonte@o ul o mb 6 s friction l aw by
compression experiments and simulations.

From 1990 to 1999, LifLin 1995, 239248; Lin 1999, 66473; Lin and Lin
1990, 599612) adopted the thermelasticplastic model for material definition, and
developed a hydrodynamic lubrication model for the description of inteffat®n.
FEM was applied and the experimental data from the forming process aindarm
forming condition was adopted as indotthe deformation simulatiofor the inverse
methodology. Full film lubrication, and mixed and boundary lubrication were applesd.

noticed that the digvorkpieceinterface friction was not constant durirtgetloading and

could be regarded as a function of deformation of a workptedée calculated forging

load and the deformed shape of the workpieces were in good agreement with the results

! This observation will be exploited in this research
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obtained from the upsetting experiments. He also consideredifflieeence between
different regions offriction condition
Il n Guer i n(Guwn et al.s1899,r18307; Wagener and Wolf 1995, 22
26), BayWanhei moés f (Baycl98ir,20223wad adbpted in the simulation
on the upsetting slide tedtigure 24) . He also mentioned the | im
friction model inthe single coefficient i and the advantageBdy-Wa n hei més fr i ct i
model over t he modelwsalisths8es byfcomparihgi the mxperiments,
analysis and simulations. In his work, when reduced contact pressures become greater,

thep will decrease with the increase of contact pressure.
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Figure 24. Layout of upsetting slide te@Guéin et al. 1999, 19207)
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Noh (Hoon Noh, Ho Min, and Bok Hwang 2011, 9935) observed the
deformation characteristics for thol/workpiece interface. Hetudiedsurface expansion,
its velocity, and pressure distributions exerted on the die surface, relative sliding velocity
between die and workpiece, and the sliding distance along the die surfacen#sned
previously, several friction mode{Banckert and Wanheim 1988, 2220; Hayhurst and
Chan 2005, 25; Hartley, Cloete, and Nurick 2007, 170%28)were poposed, however,
p friction and m friction are still the most adopted indicators applied in the ring
compression test study.

Sofuoglu (Sofuoglu, Gedikli, and Rasty 200838348; Sofuoglu and Gedikli
2002, 2734; Sofuoglu and Rasty 1999, 3335) developed a technique, which is called
the open die backward extrusion test (ODBET) to calibrate the friction with simulation.
Figure25a shows the layout of the test. A cylinder specimen is placed between flat upper
and lower platem On the upper platen, a through hole is drilled #r&specimen is
placed concentric with the holehere the material can flow out during the compression
process Figure 25b shows thatluring specimen compressiomaterialis extruded from
the hole on the upper platen. With this techniguis,calibrated with the height reduction
and extrusion height of a cylindepeximen and the calibration plot is shownFigure
25c. In this plot, the x axis is the reduction ratio, and the y axis is the material extrusion
height ratio.Sofuoglu pointed out that the friction calibratiomees (1) are affected by
the material properties and test conditions after conducting physical ring compression test

as well as simulation with elastptastic material model.
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3. Research overview

The dieworkpiece friction condition in upset forging is an important factor which
will influence the deformation of the workpiece, stress ondiee and fracture of the
workpiece. In the pset forging process, such friction is described by rthéactor
according to the shear friction law. AN S Y Sdiver, the friction is defined by factor
according to the Coulombés friction | aw.
calibrate the friton factor by measuring the changes of internal diameter and reduction
of the ring. To determine tHection factor, workpiece material is used to manufacture a
ring specimen anth factor is obtained by a ring compression test using the same die and
lubricant. The purpose of this research is to find a way toays®per setting ofl to
simulate the compression process in the FEA software, so that the setfincaofbe

used to replace the specifitfor a particular material in simulation.

3.1 AlternativeStrategies

Two possible strategies are considered to replacen faetor bythe u factor. One
is applying different regions with differeptfactors, i.e., amulti-regions strategyHigure
26); the other is applyig differentu factors according to the axial reduction volume.,
a multi-stages strategyF{gure 27). Before conducting detail treatment @n decision
making is carried out by comparing the advantage andivhsdage of these two
strategies.

a. The multiregions strategy: The reason that it is possible to apply the-multi

regions strategy is that the ratio between areas aitlifferent u will influence the
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deformation. When the ring specimen is compressedotal contact regions will change
in size, so the ratio between areas with diffenslties ofp would change. After the
initial contact region is dividedthe friction coefficient factors in theubregions are
assigned with differentalues ofy, suchasps, Pz as shownn Figure26. The area ratio

of different regios is uncertainduring the compression. When a combinationugfy,

can correctly simulate the deformation equivalent to the valum,ahen them is
obtained. However, thisannot provide useful information to generate new combination

of pu valuesfor anothem value.

i,
uvalue

S

e

20% U ST

foaal recuction ratio

Figure26. Apply different regions Figure27. Apply p1, u2 and u3 in
with p; andp, sequence
b. The multistages strategyBince the friction condition on the interface between
the die and specimen influences the sliding of the interface, and then influences the
variation of the internal diameter of the ring specimen, it isiptesthat the incremental
quantity of the diameter of the ring specimen correspontiinthe axial reduction

changes when the boundary conditions change. Also, the material deformation that has
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already happened would not indluenced;the variation of iternal diameter of the ring
specimens is accumulated during the axial reduction of the ring. Thus the deformation,
that is, the change of the diameter can be accumulated stage by stage. Therefore, it is
possible to find out the friction condition ¢ime contact interface between the die and the
specimen by measuring the deformation of the ring specimen. That is to say, at each stage
of the deformation, a friction factou, can be found through the variation of the diameter
of the specimen, and severadlues of p can be obtained through the different
deformation at different stageThe advantages of this strategy are that, if it works for
one scenario, it would be as simple as curve fitting for other scenarios. Data, such as
those related with the influeacof friction on deformation for a particular compressed
material, can be reused. Therefore, this is a better approach because we can obtain a set
of newp factors to replace another equivalentactor.

Based on above discussion, it is the msiifiges sategy that was investigated in

this research.

3.2  Research procedure

The quantitative relatiahip between frictionfactor and deformation for the
selected material is needed for the msitige strategylhe design of experimentDOE)
method can be used get such a relatiahip. Before carrying ouexperimentson the
simulationfor statistical analysjst is importantto establish a reliable FEA moddihis

processs shown as a flowcham Figure28.
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The frst step is toset up a nottinear baseline FEA model ane this model to
simulate the compressed ring to geECC with a constantu factor, andcompare the
simulation with existing data from the recent reseafdte second step is teerify the
FEA model with mechanicalpropertiesof different materiad to make surethat the
established FEAgeometricalmodel 6 s def or ma ttheochangenother e s p o nd s
material. The hird step is toobserve the barreling in the FEA simulation to tet
detailed contactcondition in the FEAThe fourth step is tocarry out a simulation witha
threestage(just pick a 3 stagprocesgor example)compression proceds/ usingthree
M in sequence to see how thariation ofp influencesthe deformation of the ring. With
information gained fronthe experiments listed aboymodificatiors will be required for
the baseline modeghndthena reliableFEA model will be established foihe multi-stage

K model.
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| Establish a baseline FEA model],

for ring compressing test ) ]
Simulation of the ring test Modiﬁcatior} on contact
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Compare the FCC
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Verification of the FEA model
with different material

No

Convergence
checking
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FCC responds on
material propertie

Yes

Yes Reliable FEA

Experiments on contact
condition in FEA

Figure28. Flow chart of the research procee

To devise the mukstageyd model a DOE must be carried out through FEA
simulation to establish the relatiship between material properties and deformation
when aparticularu factor is appliedo the interface. This can be further broken down to
4 substepsas it is shown ifrigure29.

a. Use DOE method to get the factor combinationsekpreriments irstdistical
analysis. Thematerial model idoptedan elasticplastic materialThus the deformation
patern of thematerial is relevant to elastpastic analysis criterion by Elastic Modulus,
Yield Strength, and Tangent Modulus.

b. Run FEA simulation with all material property combinations defined by DOE

method for selected factor.
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c. Carry out DOE malysis with different materials at each selected reduction ratio,
so that the quantitative relatisimps between deformation and material properties are
obtained athe selected reduction ratio andagparticularu factor.

d. Go through suistepb andc for all p factors

Factor Combination/ 15 mechanical properties of material
L
FEA Simulation on all factor combination
with one selected p

DOE analysis on one reduction level

inished with selected
eduction levels (1

Yes

Finished with
arious p factors (1

Yes

Comparing with m-FCC and get p
factors at all reduction levels

!

Verify u factors in FEA

Figure29. Flow chart of selection qf factors

After these steps are donguantitative relations between deformation and
material properties are obtained for all reduction ratios jarfdctors which areof
interested. Whethe m factorfor the interface anthe workpiece material are determined,

the u factors whose deformatisrare closest to the deformation of FCC with m factor at
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each reduction division poiatre usedThe oneappiesthe set ofu factorsstage by stage
in sequence in the FEA and compare its deformation with the deformattbe fyfactor,

so that the correctness of the substitution would be verified.

3.3  Design of experiment

The quantitative relati@hips between material mechanical prdjge and
deformation at particularp factor andthe particular reduction ratio ar® be obtained
from statistical analysis through FEA simulatitmoughDOE analysis.When analyzing
properties withthe statistical method, good experimentation plannimgmportant in
improving the computatiorefficiency by reducing the number of runs required. DOE
became an important science topic, along with the development of technology,
commercialization, and product realization activities. Applications of D@fude
evaluating physical objects, chemical formulations, structures, components,
manufacturing process improvemenaday,the usage of DOE even extendghe non
productdevelopment settinMontgomery 2009)

The FCM developedfrom ring compressin reflects the material behavior
obtained in the manufacturing process. DOE can be used to find the sdiatioetween
material properties arttie FCM.

Properties of the actual materials and some other parametethe ring
compression process are not controllable in physical tests. Material propseier

iterations can be suggested through DOE, but not all iteration of material properties is
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possible due to material availability. However, software carkwall in simulating any
material property combinations because of the development of FEA simulation software.
It is reliable to carry out a series of simulations with controllable parameters in the
material compression problem. In this research, simulsitwere organized and carried

out witha DOE strategy.

Generally, 7 steps are needed to carry out the DOE. The first otiee is
recognition of problem statement. In this research, DOE is applied for establishing the
relatiorship between material propees and deformation under differdnttion factors
The ®condstep is theselection of the response variablde hird step is thechoiceof
factors, levels and ranges. Thaufth step is thechoice ofthe experimental desigithe
fifth step isthe perbrmance ofthe experimentThe sxth step is the conducting a
statistical analysis of the datalhe seventhstep is drawingconclusions and
recommendationgMontgomery 20092)This research uses the stratefiycussed above
Following such procedures, Davi(@avim and MyiLibrary 2012plso carried out case
studies on freéorming of a conical cup, chip formation in machining, and drilling
numerically with the help of DE. DOE is done according to the standard DOE

procedure for the FEA simulation on ring tests in this research.

3.3.1 Objective of the experiment

Thefriction factorsand material properties have important infleean the actual
shape deformation @he specmen in the upsetting process. The purpose in this research
is to find a method to determine the propan different stages ahe upsetting process
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to reach the desired shape deformation. The desired deformeters specifically to
curves plot inFCM under the constant shear friction. Througle DOE, relatioship

between deformation, material properties, e factors are determined quantitatively.

3.3.2 Selection of response variables

The concern of the ring compression testhiat the diametewariation of the
internal cylinder of the ring specimerorrespondingto the axial reduction in the
compression procesAs the diameter variation and axial reduction are presented in the
form of friction calibration curve, the characters of the curve candeeteeated as the
characters of the ring compression test. The slope of the FCC curve istbampand is
used as the response variable in the DOE simulafmtails of the usage athe

deformationsaarediscussedn the next chapter.

3.3.3 Potentialfactasto be used

In this research, DOE analysis is used extensively, and the research consist of a
serial of DOE analysigu factors and reduction ratios of the ring argortant factors
that determine the shape of the ring sample after compression parwdsseyare used
as constantsni each DOE analysisAfter recording the shape of the ring samples at
variousconditionsduring the compressing procedutiee data from the same factor and
same reduction ratio are grouped for one of the DOE analysis nesbarchThe range

of thee factor used in this research is from 0 to 0.57. The selgctadtors aré), 0.02,
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0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.10, 0.12, 0.15, 0.20, 0.30, 0.40, and 0.57. The selected
reduction ratios are 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%5%nd 5

The Poissonb6s ratio represethéetanstesee st r ai
direction tothe axial direction.The plot in the FCC is based tre measuremernaf axial
reduction and diameter dilation of a ring specimBEm.e Poi s s o ntdtee FCGt i o af f
plot. In previous research, it has been shown tiastrain rate of the processing and
temperature will affect the defmation of the compressed ring

The hardness of the surface is used to represent how difficult it is to deform the
surfaceof a materialwithin a small region. So it willaffectt he i nt er-f aceds
topology resisinceto the compressinglhe friction condition is related to the micro
topology ofthe interface. It is said that the friction on the interfacdiferentalongthe
area during a compressiprocessand so the hardness can also be a potential factor.

The material is described by alliear elastieplastic model. Smooth constitutive
curves areonvertedto a bi-linear curve with three parametetle elastic modius, the
yield strength, and the tangent modulus. So the factors that may affect the deformation
results ard® 0 i s s 0 pténrgperatugestrairorate hardness of surfagelastic modulus

tangent modulysandyield strength

3.3.4 Selection of potential taors

ThePoi ssonédés ratio i s asanotoredftievariallee a con:
factor for the DOE. The data of hardness is not available in previous physical
experiments. Hence, though the surface hardness is considered in the FEA simulations
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and considered as contact stiffness, the model cannot be validated as no comparison can

be done between FE sitation and experimental results. Therefdhes contact stiffness
isassumedtobeaconstdht. i s assumed that t heffedtseomper at ur
the FCC are because of their influence on material constitutive relations. So these two

factors are taken care of in the constitutive relatyms. The bilinear constitutive

relatiorships are used to simplify the general constitutive curvés. linearized relation

of points on the constitutive cwevbefore yielding was used fotastic modulus. The

linearized relation of points after yielding was used for the tangent modulus. The
intersected point of these twimés was considered to blee yeld point. Thus factors

which aregoing to be used in the experimeameé the three characteristic performances of

a material, that i€lastic ModulusTangent modulusyield strength

3.3.5 Factor levels

The elastic modulus is the slope of the first sectibthe btlinear curve. The
yield strength is the intersection point of the first linear section and the second linear
section. The tangent modulus specifies the slope of the second section, where plasticity is
the dominant cause for deformation. By chegkime material handbodkJnited States.
Dept. of Defense 1966P8 constitutive curves of metals were selected from common
material catalogs such as steel, aluminamagnisum nickel, at various tempatures,
from room temperature to 700 Hable 1). Four point data were picked from the

constitutive curvesas shown ifrigure30. The x axis is strain value and y axistgess.
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Figure30. Schematic diagram for the picking of special point on the S8&ai Chart

The dastic modulus was estimated by the first two points, whike tangent
modulus wa estimated by the other two points. Theeisection point of the two lines
was the yield strength point. After processing all thesetitotige curves, the ranges of
the dastic modulus, yield strength, and tangent modulus were obtained. Acctdimey
selected 28 me tva lelations, Ithe naega 0Of the elasscidulus wasi
from 6490ksi to 30800ksi; the range of the tangent modulus was from Oksi to 13000ksi;
the range of the yield strength was from 17.14ksi to 268ksT.able 2, &b & &b are
slopesof i / which are theelastic nodulus andangent nedulus respectivelywhile &cois
the yield strength(0).

Tablel Selected materials properti@snited StatesDept. of Defense 1966)

: . Tangent Yield Temperatur
Material Elastic Modulus Modulus Strength o
Al6061-T6(*1) 9671.933 718.638 39.216
Al 2024 T62(3) 10887.502 984.76 55.78B
Al 2024-T62(3) 10887.502 984.71% 55.78B
Al 6061-T6(*2) 10037.90 745.025 38.98
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Al 7175T74(*2) 10816.052 854.3526 73.645
Al 2024-T851(*2) 10946.432 1405.523 64.523
5086:H34(*2) 10319.436 1399.792 31.973
AZ31B-O(*3) 6490.620 242.516 17.140
ZK60A-T5(*2) 6805.987 93.347 35.670
Ti-8Al-1Mo-1V(*3) 6490.620 242.516 17.140
Ti-8Al-1Mo-1V(*2) 14183.227 1231.820 106.676 550F
Ti-8Al-1Mo-1V(*2) 18262.367 1205.335 137.258
duplexannealed Fi
8AI-1Mo-1V(*2) 15569.491 1674.801 89.767 550F
solutiontreated and 16592.885 2635.839 163.4419
aged Ti6Al-4V(*2) 9969.6789 3634.254 74.183 550F
annealed F4.5Al-3V-
2Fe2Mo(*2) 16448.181 2641.263 136.915
annealednconel
625(+2) 29884.702 703.9% 72.53
solutiontreated and
aged Inconel 718(*3) 30791.226 3295.781 179.969
. 13139.903 084.128 66.865
Steel 183(%2) 9656.364 583.559 36.900 1400F
Al 2024T3, aramid | g1 759 1482.666 | 35.430
fiber-reinforced(*2)
9Ni-4C0-0.20C(*2) 28096.026 4247 .457 194.433
250 grade 28873.084 3847579 | 268.131
maraging(*2)
AM-350 (SCT 850) 30148.513 8093.001 170.267
stainless steel(*2) 23799.019 7004.366 128.326 800F
17-7PH (TH1050)
) " 23187.166 4045.003 104.0378
stainless steel (*2)
12.5Ck1.0Ni-15.5Co
2.0Mo stainless steel 30727.484 12965.466 169.017

(*2)

*1: tensile stresstrain
*2:compressive stresstrain
*3: tensile and compressive streggin




Table2 Range of factors (material properties)

a b ¢
, . Tangent Yield
Factors Elastic Modulus (ksi) Modulus(ksi) Strength(ksi)
level
Levels Hiah
g 30800 13000 268
level

3.3.6 Constraints on factor comimtions

Since theelastic modulus, tangent modulus, and yield strength are related, the
tangent modulus ialwayssmaller tharthe elastic modulusThus Pbr each constitutive
relation, when designing the experiment, there should be a constraint betwseiwthe
factors. By checkip al | t he medtinaTakded, thd smalkest mto betwedne
elastic modulus and tangent modulus of all metals is 2.thisaés set as one constraint.
Also, the smallest ratibetweenthe elastic modulus antheyield strength of all metals is

100, and thiss considered as another constraint.

3.3.7 The experiment plan

With factors, levels, and additional constrains determined as input information,
the experiment is designed usingg s of t war e MfAlDieusadiopcocausEteper t s 0.
classical factorial design cannot deal with experimemith factors not completely
independent to each oth&utin t he fADesi gn Expertso, the opt
surface is a good choice wherere are constraints between factors.

With three factors, 15 combinations are needed for an optimal design as there is

no need to have replicate runs in the computer aided experiments. Thus 15 runs are
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A

performed for statistical analysis. Trable 3, the coded factors O6A0G,

generated from the 6éDesign of Expertd for st

representing elastic modulus, tangent modulus, and yield strength respectively. Thes
factors

coded factors have to bmearly converted to actual

simulation runs by applying the rarggef each actual factor with following equations
where 6 a 6 Elastis modulus, 6 b 6 aimgent mddulus, andé ¢ 6 ieldsstrength

regectively which are corresponding to the definition in section 3.3.5

O —2p 0 OQOT QT

@ Zp 6;

& "—2p 8 PROWYC

The new experimentgdarameterg e ner at ed i n tdregiveiDesi gn E

Table 3. Parameters, which are mechanical properties of elplstatic materials, in both
coded form for statistical analysis and actual form for simulation runistae together.

Table3 The codedind actual factors

Combina _Coded parameter_s _ Actual parameters _
tion Elastic | Tangent| Yield Elastic . Tangent Yield _
Modulus| modulus| strength| modulus(ksi)] modulus(ksi)| strength(ksi)

code A B C a b o
1 1 -0.3 -0.5 30800 6363.636 79.85472
2 1 0.43477 -1 30800 13043.44 17.13962
3 1 -1 -1 30800 0 17.13962
4 | 0027 g8 | O000%) 18068 | 6545455 | 1426019
5 0.44 0.19 -0.4 23993.2 10818.18 92.39773
6 0.3 -0.24 -1 22291.5 6909.091 17.13962
7 -0.4 -0.53 -1 13783 4272.727 17.13962
8 -1 -1 -1 6490 0 17.13962
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9 1 1 [ 000999] 30800 0 143.8229

10 1 1 [-0.01001 6490 0 141.3143
0.61257

11 27| 050763 003 | 26090.84 | 4476.088 | 138.8069

12 1 0'42477 0.00999| 30800 13043.44 | 143.8229

13 1 043479 05 6490 51383 | 79.85472

14 0 1 05 18645 0 79.85472
0.62811

15 : 0.9 |-049263 26279.60 | 363.6364 | 80.77871

4. Development andalidationof FEA model for ring compression tests

DOE is carried out othering compression test with various madéproperties. The first
part of this chaptediscusseghe establishment oFEA model. The second part of this

chaptercoversthe simulation results and final solutitor the FEA model.

4.1

processingin which the problem type is defined to determine whether the problem is
structur al
Then the element types used in the simaifgtimaterial properties, contact, elements
meshing, boundary condition and loading are defined. Thedtapils solving the model.
In this stage, a solver is chos@ng. linar solver or nofinear solver);load stepsand

substeps areleterminedand he numericakolution for the problem is giveithe fourth

As mentioned in chapter 3, a reliable FEA model is established first kbfore

Introduction of ANSYS

The general working procedure for ANSYSin four steps. The firstepis pre

anal ysi s,
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stepis postprocessing. In this stage, the solutions are reviewed,aemth forms of
tables, chartto presenstresgs strairs and displacement and etc.

There are three sources of Aorearity in static structural problems: material
nortlinearity (MNL), boundary noitinearity (BNL), geometry noiinearity (GNL). Of
these, the first two are present in ring compression simulalfiothis situation, the
material model and contact model are tefothe most critical issues that affect the

credibility of the simulation results.

4.2 Contact modeling

When modeling contact phenomenon in a problem, such t upset forging
process, boundary conditions such as friction factor, contact area, contstir@rand
material properties on theontact interface are changed during the process; therefore, the
numerical simulation of contact phenomenon is a-livear problem. Boundary nen
linear (BNL), which is so called contact problem, needs to be well atkfithat is, the
numerical characters of the interface friction condition should be defined properly. In the
ring compression test, the interfacial friction condition has significant influence on
deformation, and cannot be measured precisely. Therefoee sithulation of ring
compression test is a typical contact problem with all the boundary conditions actively
changing; the contact condition should be defined very carefully.

In ANSYS, the contact interface is defined by contact pair, in which one side of
the interface ighe target, and the other sidetise contact. Generally, theide withthe

large suiface or thesurfacewith higher stiffness will be defined dle target, and the
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contact is the deformabkurface For the upset forging, thdie is mh more rigid than
the workpiece, so the surface of the die is treated as undeforsuafaleein FEA.

In reality, there is ngenetration of one material intbe other, but in FEA, this
condition is approximated by a contact algorithm. Severaltact &orithms are
availablein ANSYS such apenalty methodAugmented Lagrange, Lagrange multiplier
on contact normal and penalty on tangent direction, and pure Lagrange multiplier on
contact normal and tangent direction. The Augmehtgrange method usuallgads to
better stiffness matrix conditioning and is less sensitive to the magnitude of the contact
stiffness compared to the pure Lagrange. It is the default algorithm in ANSYS, and is
adopted in this research. The Augneshtagrange method actually combs the
Lagrange multiplier method arttie penalty method when solving the contpobblem
When the element penetration is less than 0.1 of the contact element thickeess,
penalty method would work; however, in othsituatiors, the Lagrange multiplie
method works better. The stiffness matrix is also an important parameter. Higher stiffness
values decrease the amount of penetration, butldvtead to illconditioning global
stiffness matrix and convergence. ldeally, the stiffness is high enough,thdit®ntact
penetration is acceptably small. the pure penalty method, the normal stiffness is
defined agGuide 2007)

O Qan,
where"Qis the normal forceQ is the normal stfhess factor, and is the penetration;
while in the AugmerdgdLagrange method, the stiffness is defined as

0 Qxd  _,
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whereee i s an extra term to make the ndxy mal for
(Guide 2007)In the simulation such as the ring compression problem, the convergence is

often a challenge. Due to its insensitivity d¢ime stiffness matrix, the adoption of

Augmented Lagrange algorithm would make the satioih convergere easier. Thusn

this researchthe Augmented Lagrange algorithm is selected.

4.3  Materialmodeling

In upset forgingmaterial plasticity will dominate the deformation. So in ANSYS,
any selected material will be simplified to elagtlastc material model. Material
plasticity can be modeled by-lnear elastieplastic curve, multlinear curve. Multi
linear curve can be used to reconstruct the constitutive relation as close to the accurate
constitutive r el at iagytofiral sompamtve patarheters bdbwedn i t 6 s
two multi-linear constitutive curves. The bilinear elagilastic modeis chosen because
only three charactergl@stic nodulus,tangentmodulus, andyield strength)arerequired
for sucha model. Then constitute relations of different materials can be compared by
comparing these three characters.

T. S. Robinsonés simulation results are
research, clay was used to find the relatiop between friction and deformation. The
clayis much softer than general metals, so on one hand, physical experiments cost less to
be conducted; on the ot hervetuaaislseversldimes s of t

lowerin order than the general constitutive curvéhafmetal so that lessrrs would be
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brought in when simplified the materials. Material used in FEA is as close to the
Robi nsonds ma tAsfirst, the mategal npodah ANSYS i€ set as muki
linear model for verification test®Once themulti-linear material modelvorked, the
material model was changed tioe bi-linear material modelwhile keeping allother
settingsfixed. In ANSYS, the maximum number of input data pointstifi@multi-linear
material model is 100. The constitutive curve is implemented pog# with one

hundred input data frofigure31 (Robinson, Ou, and Armstrong 2004 -59).
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Figure31. Constitutive curve of clagnaterial(Robinson, Ou, and Armstrong 2004 - 54

59)

In the multi-linear material model of ANSYS, even though multiple precision

points were picked from constitutive cunam elasticity module was still required. The
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elasticity nodule wa acquired from the slope of the initial section of the curve as
2.5MPa (Robinson, Ou, and Armstrong 2004,-54). Also, the material was set as
isotropic material.

The Poi ssonos rati o I s ficance pnr tbep elasticy  whi c
deformation. It is a constant that defines the ratio of the material's deformatibe in
transversal direction to the axial deformation when the specimen is deformed under the
axi al | oad. The val ue o fuentofacwmrs inoedasstrongat i 0 W
relationship between tintemal dlaméter, rwmehtis io the o f t he
transversal dimension, and the axial deformation were observed in the ring compression
test. The range of t heb. Whenasideally 6ompressbtei o i s
material issubjected taaxial load, it won't have any dilatation in the transversal plane.
The Poissondés ratio is zero, and even the ¢t
For anideally incompressible material,henit is subjected to a uniaxial compression,
the total volume of the specimen would be constant and the deformation in the axial
direction would reflect on the transversal plane directly.

Whet her the Poissondés rati o thegnaterialt omat i c
starts the plastic deformation in ANSYS simulation is not shown in literature. So one of
the verification tests were carrietsout to

research

4.3.1 Element type and meshing
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In numerical calculation,he simpler the geometry is, the easier the numerical
computation would beln the ring compression test, the geometry of the ring shaped
cylinder is axisymmetric, and the load is uniformly distributedthe contact interface
between the die and the ringhereforethe geometry of the ringvas establishedvith
cylindrical coordinatein ANSYS, and wassimplified to a 2Dplot by using half of the
crosssection of the ringKigure32.The O PLANE 18 2 Gne theaetemantsoke d t o d
the ring specimen, and took AFull integratioc
for the el ement behavior, and OPurTlee di spl a
element type used was axisymmetric element. Also in the upsetiegss, the upper
and the lower die are simply flat plates, thus the loading conditions are exactly the same
on two sides. The response to the upper and the lower die is mirrored by the plane of
symmetry in the middle. So a quarter of the cross secfidmreaing was established as it

is shown inFigure32.

a. Ring specimemnd its layout with die
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b. Cross section of the ring Symmetry plane X

c. Quarter elements model
Figure32. Establishment of Finite element model

Thus in the ANSYS geometry modeling, the cylindrical ring was represented by a
rectangle block. As mentioned in previous section, test did not just take the
dimension of the specimen into consideration, but the dimensional ratio of the specimen
was also accounted for. The compression result was then represented by the ratio of
deformation in two directions. The FCC is an-isotion contour plot. After each
simulation run, the axis deformation and radius deformation were delivered for data
processing.

As the deformation would be quite sensitive to the initial geometry, the standard
geometry of the ring specimen was used for compasrthis researchThe standard
ratio, the outerdiameter OD): internatdiameter ID): height {) is 6:3:2,is similar to
many test cases in literatsreSpecifically, n this research, th®D is 0.75in,ID is
0.375in, andH is 0.25in. After convertinghie 3D model to a 2D axisymmetric model, the

height of rectangle is 0.125in, and the width as 0.1875in and it is offset from the axis as
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0.1875in, representing a quarter of the cigesstion. In ANSYS, the axisymmetric
element has thg axis as the axis dhe revolution. The offset from the-gxis was the
dimension of thenternalradius of the ring.

As the square elements were considered to save numerical calguliigon
geometry is dividednto 40 elements along the height and into 60 elements along the
width to makeeach el ement a square. The dieds def
ideally, would be rigid, so a horizontal line used to represent it. Amoripe four
element techniques that could have been chosen from, trial runs showed that the element
technique influences the convergence of the calculation, and the full integration provides
the best convergence performance compared to reduced integration, enhanced strain, and
simplified enhanced strain integration in this simulation.
4.3.2 Boundary conditia setting

In the quarter models shown inFigure 32c, the top right of the crossection
was used, so the symmetric boundary condition was set on the bottom of the rectangle.
The actual value of the force was mftconcern and result of interest was the ratio of
deformation during the processing, so the loading was defined by the displacement of the
top die in the ANSYS. 60% of the axial reduction ratio was applied as the ultimate
loading. As mentioned in previsusection, the axial symmetrical model was used; the
PLANE 182 was wused to define the el ement C
integrationo for the el ement technology, n A
APure di spl ace me malabon.Figure33tshows the loadimpeimANSYSo r
with fAS0 mar ks for symmetrical pl ane, and
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Figure 33, the top straight line was tested the displacement in »axis, sothat the die

can only move in yaxis when simulating the compression process.

Figure33. Load in ANSYS

Contact character is another important input in setting up of the simulatior. In th
ring compression test, the die should be stiffer than the specimen, so it was set as the
0t arget 0. The interface on specimen side wa:
simplified to the 2D model by defining it as an axisymmetric structure,ojhestraight
line and the todine of the rectangle represent timerface area between die and the
specimen. Thus, when these lines were selected in the contact pairs, they were defined as
surface to surface contact. This was the place where the cdetaenés were generated.

Also, for numerical purpose, the vertical lines which represent internal cylinder surface
and outer cylindrical surface are combined with the top straighthideare thanother
contact pair in case the cylindrical surface mowassrthe die in the simulatioihe
contact on the top of the specimen and normal direction vector of the contact elements
are shown irFigure 34. The long horizontal line at the top is the die, and assigned with
target element; while vertical short lines on it are the normal direction vectors of the

contact pair.In Figure35, it shows the contact between die and cylindrical surfabe
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definition of the die is the same Bgyure 34. The two long vertical lines represent the
internal and outer cylindrical surface and they are assigned with contact element, while
the short horizontal lines are the normal direction of the contacd paithese contact

pair, contact element wa&ONTACT 174 and target element wa8 ARGET 16%

Such combination ofCONTACT 172 and 6TARGET 16% enabled the surface to

surface option for the contact, which was used in this research.

m Contact elements

Figure34. Contact on top surface and their normal vectors
_Contact elements

Figure35. Contact between die and cylindrical surface

Considering the convergence of the solution, the stiffness factor of contact
elements were set as 0,@ihich meant the interface was soft. Contact elements would be
deformed easily in the normal direction. With soft normal stiffness assigned, the contact
elements and target elements in the same contact pair required less force to penetrate each
other with nodes or edges of elements. The penetration accompanied with the soft

stiffness matrix only served the numerical calculation, and had no physical significance.
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The softened specimen interface made the numerical calculation easier. In the data
analysis, tk deformation of specimen interface caused by the normal stiffness would not
be considered. As the die was treated as a rigid interface, the position change of the die
interface represesthe deformation of the specimen. In ANSYS, the interfiaiction
condition was defined by the Coneddedrobbés f r i ct
specified In this research, the rangejofvas varied from 0O to 0.57.
4.3.3 Solver specification

The ring compressionaslarge deformation during the plastic deformation, o th
nonlinear large deformation switch turned on in the solver. Some of runs may not be
easy to converge, so the options related tessefpae left undecided to be determined by
the system automatically. When the system determines thstepb automatally, the
number of suksteps is determined by the convergence, and default force and moment
convergence values are 0.005. As the final rebdt®methe history of deformations, it

is required to store every sstep during the simulation, in the salsetting.

4.4  Verification of the baseline FEA model
4.4.1 Experiments for the verification on baseline FEA model

InRo bi ns o nRobinsom,oQukand Armstrong 2004,-59), t he Poi ssonc¢
ratio is 0.3 ande is adopted fom 0 to 0.57 discontinuouslyhile in the compression
process, as most of the loading period, the stress is over the yield strength, and the
material behaviodisplaysas plasticity. The ideal plasticity material is incompressible,

and the Poisson rati® i0.5. FEA experiments in this section will sort out how the
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Poi ssondéds ratio should be set in AKKSBYS. Al s
influence ofmaterial properties on the deformation was demonstrated.
With the baseline FEA model estabkshin the previous section and material
model , experiments with Poissonds ratio at
Poissonds ratio) at s e v|e=0.%¥ | (high fricgtianpu=@In | ev el :
(middle friction), p=0.05 (low friction) ad p=0 (no friction) were used. As shown i
Figure 32, the displacement of the node on the left down corner of the rectangle (the
center of the internal cylinder surface) in X direction, and the displacement nbdiee
on the right upper corner of the rectangle (the upper interface) in Y direction were the
output for the FCC plot.
The experiment of demonstrating the material properties effects on FCC took the
clay constitutive relation fror® o b i n s o n §(Robimsens @uaandcAnmstrong 2004,
54-59), and LY12 to compare. Asettingsin the FEA were the sanas to each othdyut
the material model changed. The friction applied on the contact paj=@as?.
4.4.2 Results and daussions on baseline FEA model validation
In this section, a set of comparison simulation runs are presented with the aim of
verifying the previous theoretical deductio
ring compression testhe finite model ad boundary conditions discussed in the previous
sectionareapplied in ANSYS. Froniigure 36 to Figure 38, x-axis is the percentagof
the height reduction, andaxisish e per centage of the ringds ir
In Figure 36 and Figure 37, each curve represents the deformations of the ring
specimens under specific constara n d P o i s 8 Also&igureB6andiFigure37
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When theyu is set tobe 0.57, which is gtremely high, the general pattern of the
internal diameter of the ring is shrimkj. Those two curves correspamgito u=0.57have

a positive relation betweer-axis and yaxis. It means that the internal diameter will

[ [ [ [ [
Hohinson test
(v u=057 v=0.45
M u=057 =005
¥ u=01=045

———u=0.1=0.05

O u=0.05y=0.45

#® =005 =0.05 /

* =0 y=0.45

10 20 30 40 40
DEFORMATION, %%

Robinson test

69

70

wi t h























































































































































































