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ABSTRACT ¢

n shallow parts it is important to obtain strain
over the \face of the.part if a satisfactory part is to be
produced;rrThe st;ain distributing formability of materials
is an important paraméte; influencing the amount of face

strain in shallow parts. Strain distributing formability is

not well defined or measured.

The increased use in automobile components of high-

strength to weight materials such as dual phase steels
fequirgs' greater precision in ranking materials for
formabi}ity if these steels are to replace the.conveptional
low strength steels. l

In this work an analytical modelling technique simu-
lating a shallow part was déveloped. The technique was Ehen

used to examine how various parameters'(geometric, material,

énd'friction) affect the face strain in a shallow part.

/An  experimental rig was "designed and constructed
which éimulated a simple shaliow_part. The strains in th%
part were measured and used to vériﬁy the accuracy of the
analytical modelliﬁg as well as give some indication of the
friction conditions in a pressing operation. The experi-
mental bottom strains are a possible means for ranking
material formability in shallow pans. This ranking method

and other methods based on tensile test data are disqégsed.
f
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CHAPTER I

INTRODUCTION

1.1 BACKGRQUND

-

g;igh( strength steels are now being used in more
automotive <€omponents than ever before. One of the reasons
for the increased use of high strength steels in automobiles
is the influence of the shortage of oil. .Ehe United States
(a. major user of oil) has been one of the countries most
affected by 0il shortages. In the year 1978, the world
consumption of oil ;mounted to a total of fifty two million
(52,000,000) barrels of oil per day.[l] Of this amount
20,771,000 barrels of oil per déy (39.9%) was consumed by
the United States. Seven m%llion six hundred thousand
(7,600,000) barrels of this was used as fuel in auto-
mobiles. [2]

The United States goverﬁment ﬁas embarked on a
program to reduce the country's consumption of-oil. While
this program has looked at many uses of oil, a large amouﬁt
of the program's effort is centered on reducing.the consump-
tion of oil as fuel in automobiles. Because‘automobiles are
responsible for a large proportion of the United States' oil

consumption this is an area where significant gains could be



made in reducing the amount of o0il consumed.

Thére are many methods by which the-fuel consumption
of automobiles could be reduced, such as lowering maximum
speed 1imits, limiting the engine capacities in automo?iles,
improving engine'efficiendy, using cars léss, redpcing the
size of vehicles, or reducing the weight of automobiles.
All of these methods are under investigation at present and
some.are now being introduced into the latest automobile
designs.

Thepe are several methods where by the weight of a
vehicle may be reduced. These include: .reéuciné the size
of the vehicle (making a smaller car); redesigning the
vehicle ;tructure and its shaﬁe; or bf replacing the low
strength—fo—weight ratio material in the vehicle with
materials- having highex strength-to-weight ratiosl High
strength steels are used for weight reduction.

The United States government has now passed legis-
lation requiring certain .fuel econbmy standards from the
auﬁomobile manufacturers for all futhre cars {3]. To meet
this legislation the United States automobile'manufacturers
have been forced to implement all of the abo&e methods for
reducing vehiclg weight. . While prodﬁcinq a smaller car 15
the easiest method to reduce weight, it is not possible to
reéuce the size of cars by the amount required since the

American automobile buyer prefers large vehicles. For this
g
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reason the use of high strength—-to-weight ratio materials ig
S an acceptable alternative although there maybe a cost
penalties involved with the use of these materials.

High strength-to-weight ratio materials reduce the
weight of a vehicle component because it is possible to use
a thinner gauge of material without reducing the strength of
‘the component. Atfbreéent there are many components of a
vehicle which are made with mild steel, which has 5 low
strength-to-weight ratio. These components are now being
replaced by high strength-to-weight materials such as
aluminium alloys, fibre composites, plastics and high
strength steels. All of these high strength-to-weight ratio
materials tend to guffer from either poor mechanical
formability préperties, or high costs, or both, when
compared with the more conventional mild steel. It is these
two factors which are limiting the wide spread introduction
of high strength-to-weight ratio materials.

There are five major types of high strength steels
uséd in ;utomotivé sheet stamping;

Renitrogenized steel |
Rephosphorized steel
Recovery-Annealed steel

HSLA (high strength low alloy) steei
Dual phase steel

All of these types of steels have been under study as
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possible materials for reducing the weight of vehicles, but
it—is dual phase steels which are of interest in this work.
Dual phase steel has been one of the latest high stfength—
to-weight ratio materials to be developed in recent years.
While this steel belongs’invthe category of high strength
steels, it has better Tmechanical properties than other
conventional high strength steels of similar strength levels
and thus appears to be a likely candidate -as a material for
light weight automobile parts.{4] But the material for a

vehicle component cannot be selected on just the strength

'leJEIF there are several requirements which must be met.

These could be listed as follows;
Formability
Strength
Toughness (fracture)
Fatigue Resistance
Corrosion Resistance
Weldability
Sur face finish.
Paintablity
~:
Stability of properties with time
Cost

The relative importance of each of these requirements is

L

dependent on the current political, social, and economic

conditions. At present the shortage of 0il has led to

-



strength (for weiéht reduction) being an important requi;e—
ment for a material. Whatever matériél is selected for a
vehicle component i£ is usually a compromise on all of’ the
above property requiremeqts since it is not possible ﬁo meet
all of these perfectly; Bef%fe.selecking a material it 1is
necessary thaE the materiai.broperties be known and under-

stood.

1.2 FORMABILITY

4 large part oE_research in sheet metal forming is
deﬁermining how materials behave in press operations and
what mechanical properties describe this behaviour. With
the increasing use of high strength-to-weight ratio
materials like HSLA and dual phase steels there is a greater
need to_undérstand the mechanical properties of materials
much better than is presentlf known if the performance of
these materials in pressing operations is to be predicted.

How a material behaves in a pressing operation is
determined by :the materials fqrmability. Describing
material formability has proven to be a very difficult task
since there are many factors which can influence material

formability. Formabilify is the ability of a material to
form a given part. it is often confused or interchanged
with ‘ductility which is a material's .ability té undergo

strain without failure. ~Ductility and formability are
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closely ;glated but differ in one respect. Forﬁability is a
function of the strain distribution in a part as well as the
"amount of straining the materiai can undergo. The strain
distribution in a part is_a function of the -geometry, the
friction-conditidns, and the material properties. How these
parameters interact and . how they affect the sgrain
distribﬁtion in a part is an area of great interéft and

potential, but one where little quantitative work has been

done. Chapter three gives more on describing formability.

1.3 SCOPE .

One possible application Qf dual phase steels is in
shallow pan type parts. _?héxaim éf this study has beén to
obtain a more quantitative means'og determining\the forma-
bility of the dual phase steels as compared with other high
sffength steels, with specialééegard to the strain di;tri-
buting abilities of these materials in shallow parts. Dual
phasé steels were used since dual phase steel %s potentia;ly
the steel which may have considerable application in the
automotive field. First a hot rolled dual phase steel is
cenpared with two HSLA (‘high s;renqth low ailoy) stgels Witb,
different strength.‘levels (and formabilities) and a low
strength highly formable steel known. as a; Interstitial
Free (IF) steel.

~2

Becausce of the many factors wihich influencze



formabil™y~ it is difficult to express material formability
in a directfguantitative manner. The mechanical behaviour
of the above materials is expressed in this work by a
‘number of conventional parameters but ﬁone 6E these oa its
own gives a satisfactory indication of strain distributing
behaviour. In én attempt to improve on this aspect of
formability an anaiytical modelling technique 1is developé&
which incorporates many of the material properties which are
thought to 1influence .formability in stretch féﬁﬁing
processes, as well as geometric'and frigggon parameters. '

' To check on the accuracy ané qsefulness of this
modelling, an experimental rig was built and experimental
results obtaimned to compare with the theoretical results of
the model. The ﬁaterials used in these experiments
consigted of four dual phase steels; the Interstitial Free

- steel ; and two aluminium alloys.  Some of  the assumptions
made in Jghe model and the limitations:- of the model are
d%scusseé. A better gﬁderstanding of the geometric,
friction and/material properties, and how thes=2 properties
interrelate to determine material formability is possible
with the analytical modelling technigue presented.

A brief description of the important features of a

dual phase steszl is given in the next chaptetr.



N CHAPTER II

DUAL PHASE STEEL g»\\\

The term "dual phase steel" describes a family of

2.1 INTRODUCTIPON

W)
high strength steels which have a microstructure char—
acterized by twd phases. The two phases are usually a
matrix of ferrite and a second phase of martensite. Some

dual phase steels have more than two phases; the other

phases constituting only a small volume fraction when

compared with the ferrite and martensite phases. The
"martensite"” phase may not, in fact, be pure martensite but
a mixture of martensite and austenite. The second phase 1is
sémetimes refered to as martensite/austenite. In some dual
phase steels there may also be small amounts of other phases
suca as pearlite and lower bainite.  The total amount of
non-ferrite phases varies between 8-20%. It depends on the
way in which the steel is produced, the chemicel composition
and the heat treatment pndé%ss received.

While the term "dual phase” implies only the two
phases, fercite and martensite, the steels which also
contain small percentages of austenite, pearlite and lowar
bainite are also accepted as dual phase steels sins2 thesea

e
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steels tend to have the same type of properties as pure
ferrite-marfensite dual phase steel. More discussion of
th e.other phases will be pfesented later. .

Mhe ferrfzgﬁghase which makes up the matrix of a dual
phase steel usually has the . following properties The
ferrite has a fine grained'equiaxed structu:e;'with a grain
size of around 5 K. The ferrite has a very loﬁ inter-
stitial atom content (for this reason the ferrite is
sometimes refered to as a "clean"” ferritef.' Some precip-
itates and solid solution atoms may be present in the
fefrite. The amount of carbon in the ferrite is usually
very small, in the order of 0.02% so as to keep the
interstitial carbon to a minimum. The amount of inter-
stitial atom content, solid solution atoms, and precipitates
will depend on the chemical composition and the heat
‘treatment process by which the dual phase steel is made.
The strength of tﬁe ferrite in dual phase steels is thought
to be similar to that of . an iﬁterstitial free steel. The
actual strength level will again depend on the interstitial
atom conten;, solid solution content Qnd the amount of
precipitate. ‘_ ~

The - phases that occur in this second phase are
functions of the chemical composition, heat treatment and
type of process by which the dual phase steel‘is produced.

N,
The~.secondary phases can be found in separate grains or as

\
|
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grains which contain more then one éhasé as is the case of
martensite—austepite 'grains. " To get typical, dual phase
mech'anical properties it 1is usually neccessary to have a
significanE amou of_marténsite, bainite, or'austenitexénd
very little pearflite present in the microstructure.

The grains of the second phase are usually sligh;ly
smaller thén those of the farrite and tend to occur at the
triple points of the ferrite grayﬁs since this is-épere the
grains of austenitg are nucleated during the production of
\\fhe‘ dual phase steel. The gréins of second phases are
isolated from each otheg {topologically seéparated) and Ehus
can be described as "islands" of martensite in a ferrite
matrix. The graiﬁ boundapy between thé' ferrite and
martenéite grains 1is usually ﬁery clean and free from
impurities, and in genéral the amount of iﬁpurities in dual
phase steels is very low. The low level of impurities is
thought to be wvery important in de-termining the fracture
behaviour of the dual phase steel.

The carbon content of the second phase martensite
varies depending on the chemi;:i/;bmposition and the heat
treatment process received. T hardness and the strength
of the martensite is related to the carbon content of the

martensite.[5)

-
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2.2 MECHANICAL PROPERTIES Orf DUAL PHASE STEELS

High ultimate te%silesgrehgth"(U.T.S.) is one of thé
mechanical properties of a,duéi phase steel, this can vary
from as low as 90 ksi'to as high as 150 ksi. The strength
level of the Dual Phase steels is a Ffunction '6f the
percentage margensitev and the carbon contents of the
martensite [o0]. Another featu:° of dual phase steelﬁ is the
low yield stress; a dual phase steel of 90 ksi U.Tfé. has a
yield stfess around 50 ksi. Other . types of high strength
steel with an equivalent ultimate'ténsile strengths tend to
have a yield stress.of about ?0 ksi. :Following from the
above properties, thé ratio of ultimate tensile.strengths to
yield stress (ultlmate ten51le strengths/ylnld stress ratlo)

Ufor dual phase steels is also very high, ranglng ‘betwéen 1
to Z:Qi' The importance of this particular property 15\\x
&#iscussed later.

Tne dual pg;se.steels‘also have continuously yigldiﬁg
stress strain curves. High Strength Loﬁ Alloy 'steels tand
to show ludering in the first Egy fpercent of strain.
Ludering in a material limits the number of possible
automstive «applications, as e 1eaﬂ§ to ;stretcher—strain"

<<:ost distincti&e feature of the

ril

’ . { .
dual phase steel's stress strain curVebLs_the-very large

marks in the formed part.The

inerzas> in flow stress that occurs in the first few percent

of strein giving verv high inttial work ﬁérdening ratas.
; _

-

“:‘ o . '.‘-
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X’I‘he work hardenlng rate of dual phase steels
throughout the en51le strain raﬁge is very high as

indicated by the values which are produced. The ;ange of
n valueé for dual phase steelg varies between 6.18 and 0.22.
Typical unlform elongatlon sS?a&néJof 20% in fensile tests
for 90 ksi ultlmate ten511e s@?gngth dual.phase steels have
begb obtained, whlle total elongations of 30%.0: more have

been-rehorded.[7]

B

-

2.;’: MECHANISMS OPERA';L‘ING'IN DUOAL PHASE STE.,‘ELS,.
Dual phase steei is produced by the transformation of
a ferrite»austeéite, m;¢rostrdcture Lo maréensite—ferrite.
Either the_ 'steel must be cooled rapidly to avoid the
formation of peérlite (and bainite) or there mus£ be
alloying elements added which increase the hardenability of
the steel enough so that pegrlité or bainite are not formed
at ﬁhe“slower cooling rate. When the traﬁsforeix?on‘of the
austenite phase to m&ttensite occurs there is an increase iﬁ‘
t volume. Since the martensite phasenis constrained by
;:z\kerrite matrix around it, this increase in volume }eads
to the generation of residual s;resses inrthe ferrite and
the martensite.~ While the stresses in the martensite are
still in the elastic region the ferrite matrix -“yields
plastically. - Using transmission electron microscopy it is
)hich

possible to see the plastic regions in the ferrite

)



surropnd the martensite because of the high density of
dis;ocatiahgfwhich accur..[8) The ferrite grains tend to
have relatively low dislocation density except in the areas
in close proximity to the martensite-ferrite interfaces.
These residual stresses in the martensite have been” put
forward as an explanation for lowering the effective yield
stress of dual phase steels and producing';he initial high
work hardening rate [10]. The continous yielding.behagiour_

of dual phase steels has also been explained in terms of

. . - £ ‘ -
‘dislocations produced in the ferrite as a result of plastic

deformation. |

' -
Another explanation put o?ﬁafﬂ for the high work

’ hardening rate 1is the effect o unLransformed austenite
changing to martensite unég; the applied strain.y While this
effect dees océur [8]1 it is not thegnlg‘mechanism sihce
dual phase steel without any austenit gtill have a low
yield point elongation and high initi work hardening. It
has been suggested [9]1 that the high n vglues and work
hardening throughout the tensile straid-range can be
explained in terms of the Cé%posite theory put forward by
Mileiko [1l1l1. It has alsc been shown that considérable
deformation also occurS in the martensite; this would not be
exbected from a high carbon untempered martensite phase. It

is beldfeved that the low impurity centent (&leanliness) of

the dual phase steel is responsible for a nigh interface

L3
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strength between the ferrite-martensite grain boundary and
‘thus the two phases act as a composite material. The large

~_-—amount of strain _observed at fracture in the dual phase
sfeels 1s also thought to be a function of the cleanliness
of the steel.

These are tﬁe very basic concepts of dual. phase
steels, There are many phenomena related to the dual phase
steels which are not fully understﬁod. Further imformation

ton the mechanjsms and, properties of dual phase steels can be

1

found in Refs. [12] to [18]. L A———

2.4 PRODUCTION OF DUAL PHASES STEELS

\—Q*-___ TN
There are four basic ways of producing a dual phase

steel. These are the ‘Direct From The Mill (DFTM),
Continuous Annealing EgﬁL (CAL), Continuous Annealing

ocess Line (CAPL), and the'Batch-Annealed (BA) techniques.
The chemical composition of a dual phasé steel 1is directly
related to the method used for producing 'a dual phase steel.
At present +the Batch Annealed process -is still in the
experimental stage. a large amount of imformation on the
production of dual-phase steels is also found in Refs. [12]

to [1l8].



CHAPTER III

MATERIALS

3.1 - MATERIALS

Befare beginning the study of the strain distributing
ability of dual phase steels a preliminary study was
undertaken in which a hot rolled dual phase steel
(henceforth called DPl) was compared with-three other
steels; an interstitial free steel (IF) which is a low
strength highly formable steel; an HSLA 80 steel which is a
stgel of similar ultimate tensile strength to the dual phase
steel; and an HSLA 50 steel which is a steel of intermediate
strength but with similar formability to the dual phase

steel.The materials are described in detail below:-

(1) The Dual Phase Steel (DP1)

The dual phase steel DPl is a “difect from the mill"
type. The steel contains substantial additions of
Mn, Si, Cr, and Mo, primarily to increase the
hardenabifity and suppress the formation of pearlite.
The chemical composition is given in Table I. The
optical micrographs in Figure (1) indicate a fine,
uniform microstructure with freedom from "micro

15
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structural blgging“, while the micrograph obtained in
the scanning electron microscope Figure (2) show a
fine grain equiaxed ferrite with approximately 10%‘
volume fraction of martensite, as determined by the
linear intercept method.[19] The second phase is not
equiaxed but aligned with the roliing directioﬁ: this
probab}y indicates some influence of the rolling
process on recrystallization during the cooling
cycle. Tablg_;l shows the average grain sizes of the

/
two phases. |
/

1]
i

The HSLA B0 Steel
)

This iS“é'high strength, low carbon, pearlite-free
steel which is produced by microalloying with hiobium
and controlled rolling to produce a fine grain
ferrite containing a fine dispersion of niobium
carbo-nitrides precipitated during cooling from the
hot rolling process. The strength in this steel is
obtained‘by a combination of fine grain size, solid
solution hardening by manganese and silicon and the
fine dispersion of carbo-nitrides. This steel was
selected for comparlsOn purposes because it has
similar strength in the completed pa&t’to the’ dual
phase steel, and\lt has been suggested [7] that dual
phase steel could be substituted for the HSLA 80 to

-

‘ ;
('-\_,
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obtaié better formability at similar strengtﬁ-levels.‘
The chemical composition of the ‘steel is given in
Table I./ The micrdgraphs,-;igures (3) and (4), show
a very fine though mixed grain size (see Table I1),
ﬁith some regions of highly elongated ferrite. Some
banding of the microstructure is observed at low
magnification which may be associated with the higher
manganese content. At this level, segregation of the

manganese may occur during solidification of the

ingot.

The HSLA 50 steel

This is a medium strength, low.carbon fine grained
steel which is produced by microalloying with small
amounts of zirconium and controlled rolling to
proeduce a fine grain ferfite. The strength in this
steel is mostly due to the fine ferrite grain size.
This steel was selected for the cohparison because
its forming beﬁéviour was thought to be similar to
that of the dual phase steel [7,16]. The chemical
cdmposition of this steel is given in Table I; it is
a similar alloy to the HSLA 80 except that the
manganese and niobium contents are lower. The
micrographs, Figures (5) and (6), show a uniform
Structure of fine equiaxed ferrite and some pearlite

i
;
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(see Table II). In both the HSLA steels and the dual
phase steel the sulphur content is reasonably low;
however cerium or zirconium have been added to
prevent the formation of stringer inclusions of
manganese sulphide. The inclusion content Es low and
the shape of the. inclusions are generally round

except in the case of the HSLA-80 where some stringer

inclusions were seen.

(iv) The Interstitial Free Steel

The fourth material is an interstitial free steel,
designated I.F. It is a low strength steel, but it

was chosen er the comparison because it has
i

excellent formability in most sheet metal forming
processesr’/?%is steel has very low alloy content
(Table I) and the free carbon and nitrogen in the
ferrite have been removed by first vacuum degassing
and then adding titanium and niobium to form complex
titanium or niobiuﬁ carbo-nitride precipitates. The
micrographs, Figures (7) and (8), show the structure

to be a uniform distribution of coarse, equiaxed

ferrite (Table II).

In subsequent experiments the DPl and high strength

low alloy steels could not be used because the thicknesses
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were too great for the experimental equipment. So four
other dual phasé steels - and two aluminium alloys were
obtained for the tests. The IF steel was also used iﬂ the
shallw pan tests. The materials. are described as follows:-

(v) The Dual Phase 2 (DP2)

Thié is an experimental dual phase steel supplied by
the Republic Steel Company which is’produced by the
CAPL method. It has similar tensile properties'to
that of the hot rolled dual phasé steel DP1l.

Mechanical propertiés are shown in Table III.

(vi) The Hi—-form 80d Dual Phase steel (DP3}

This is a commerdially available duél phase steel
\\/ which is produced by the CAL xnetgzg. 1 Again  this
‘ material has similar tensile propertieé to the dual
phase steels DPl and DP2 aé can be seen from the

mechanical prdperties in Table III.

(vii) Dual Phase steels DP4 and DP5

‘These are two experimental dual phase steels with

-

- similiar properties to the preceding dual phase
steels. Mechanical properties also given 'in Table

IIIX.
S
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(viii) The 6010-T4 Aluminium Alloy s

-

This is a higher strength Al-Mg-Si "alloy in the

solution treated and naturally aged condition. The
yield stress is roughly that of the IF steel but the
formability is much poorer than that of an IF steel.

L d

Mechanical properties are given in Table III.

(ix) The 7146 Aluminium Alloy

This is one of the newer aluminium Blloys which 1is
used for automotive parts. The formability of this
material is very poor comparéd to the 6010-T4 alloy.

The mechanical properties are given in Table TIII.

3.2 ~ DESCRIBING FORMABILITY

?ormability has been described with the aid of
many different ﬁests and indices [20]. Simulative tests
such és the fukui, or the Erichson test [21] have been. used
to detg:mine formability for some limited geometries. The
disadvantages of simulative testing is that the test is only
useful when comparing iﬁ to a real application of similar
geometry and fricti&n conditions. This and other problems
have stopped the. ‘wide spread use of specific simulative
tests. One of the most useful ways of deséribing material
formability is with the use of Forming Limit Curves (FLCs)

developed by Backofen, Keeler and Goodwin [22,23]. Forming

1

\ L
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1imit curves are generated by stretching material over a
domed punch under a range of strain conditions. The strain
condition in a sheet is described by the ratio of the two

principal strains in the plane of the sheet,
Cl = B 52 (3.1)

It is assumed the process is one of simple probortiangl
straining. The limit strains at necking are then plotted
in the principal strain space.

Forming limit curves indicate the peak strains that
can be tolerated in a part but do not account for the strain
" distributing ability. of a material. To .describe this,
various indices based on the tensile test have been used.
The simplest way to describe the material “work hardening
with a single value is the strain indet_ji which .is
determined by fitting the Ludwik equation to tensile stress
strain curves, i%ﬁ.,

o =K (e) (3.2)

The use of instantaneaus n values n* and the normalized

slope % g% as functions of strain have élso been suggested

-ﬁ describing formability. Even though the strain
A

hafdening capability can be described by these parameters

s '_"‘-,7 (
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the prediction of strain distribution from these parameters
is not possible due to the influence of other factors such
as geometry of the tooling and the friction condiﬁions.
There- has been l}ttle‘wo;k describing the f£friction
conditions which occur between the punch and the workpilece
in a pressing operation and friction coefficients calculated
from the usuql slider tests may not be appropriate for
pressing operations. The work' of Duncan. et al. T124]
suggests that (there are other‘parameters which affect the
friction in the pressing type of operation which are not
present in sligg( tests. Clearly more quantitative data on
friction in pressing operations is required if material

strain distributing ability and formability are to be

=%,

by

accuriﬁely determined.

3.3 FORMABILITY IN SHALLQW PARTS

In some shallow pizis such as the hoods or door
panels for .automobiles it is necessary to produce the part
so that plastic straining ccurs throughout the whole

region. This is done ¢t cthrol shape and stiffness and to

N

minimize springback problems. This type of part ;L produced
y -

by a pure stretching type of operation. A sheet of material
is gripped in a hender or die ring and then §{retched over a

punch to the required shape. The clamping die is such that
4Ny dbag%;g in of the sheet is minimized and carefully

4

] S
;

———
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controlled. Draw beads are often used o facili¥ate the

correct amount o;:‘ draw in. A'difficulty-'in making this type

of part is producing enough plastic strain across the fa:::e

f the éunc_h withput having the material fail in the side

lll region between the punch and the clamping die. A

~\@rial must have a certain amounﬁ of work hardening to

overcome the friction around the punch nose radius and

pltoduce the necessary plastic strain over the punch face
required for a satisfactory part.

While the forr&ing' limit curves will show(Q\ow nuch

strain a material éan undergo before failuf& in i:he side

e ~==rwall region of a shallow part thé-re are vex:nyew indicators

of how well a material can di'stlribute the strain against the

friction ar;\t\md the punch nose. Although it is related to

the material's work hardening it is very difficult to define

Kq&;_ - this material -property. The use of the son;e tensile test

-~

parameters do give some indication but not in as quanti-

=

" tative manner as would be prefered.
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Fig. la= - Optical Micrographs of the
dual phase steel X120
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dual phase steel X900 ‘
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Fig. 2a - optical Micrographs of the

X120

HSLA 50 steel
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Fig. 2b - Optical Micrographs of the

HSLA 50 steel X900
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- Optical Micrographs of.the

'HSLA 80 steel

. 3a

Fig

X120

Y
/

.

optical Micrographs of the
HSLA 80 steel

3b

Fig.

X900
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Fig. 4a - Optical Micrographs of the
"1.F. steel X120

Fig. 4b - Optical Micrographs of the
I.F. steel éggo -
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Fig. 5 - Scanning Electron Micrographs
of the D.P. steel

S

Bo—r

10 um.

Fig. 6 -~ Scanning Electron Micrograph
6f the HSLA 50 steel.
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Lt Fig. 7 - Scanning Electron Micrograph
of HSLA B0 steel

Fig. 8 - Scanning Electron Micrograph
of the I.F. steel
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T LE IT
R
(\/fGéBén’Size*

MATERIAL SIZE (um)

D.P. 4.73 (Ferrite)

1.51 (Martensite)

I.F. 35.0
HSLA 50 4.9
HSLA 80 2.76

ar -

%

*Determined by linear'&ntercept method
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- CHAPTER IV

PRELIMINARY WORK

4.1 TENSILE TESTS

~

Tensileé tésts were performed on all of the materials
\

except for the dual phase steels DP4 and DP5. The tensile

data %or these two materials was sué%lled by the Irland

-StFEi Company. Extensive testing was done onﬁphe DPl, the

-~ —
e ___.—"HSLA steels,,and the IF steel in preliminary work.

Standard 2" gauge length tensile tests were performed
on these.materials and the results shown in Figure (9). The
cfosshead speed was 0.2 in./min. Both the HSLA steels ex-
hibited 3-4% yield point elongation. The IF steel showed a
large, 47%, total elongation while that of the dual phase
steel was significantly greater than the HSLA 80 but less
than the HSLA 50; the dual phase and HSLA BO.had similar
tensile strengths. : - ' -

The tensile parameters are summarized in Table III.
The flow stress at various small plastic strains are given
as these are required in certain commercial specifications
for dual phase steel. 1In addition, tests were performed in

the 00, 45° and 90° direction and it was found that the

planar anisotropy of the dual phase steel was very small.
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'To assess the variability of the dual phase material, tén

tests were performed in the rolling direction. The wvaric-

ation in flow stress in the first 3% of plastic strain was.

about 15% ile thg'range in ultimate tensile stress was
much small
In. addition to measurements of uniform and total
elongation, measurements were made of the reduction of area
at fracture, R.A.%, by measuring the cross-sectional area of
the fracture surface in the tensile samples. The reduction
df area for the dual phase steel is greater than that for
the HSLA 80, but less than that for the HSLA 50. ’
The true stress strain curves are’ shown in Figure
(10) . The n 3 d K values for the steels weré obtained by
intting a pow:tL;gM to the true stress—st;ain values over
the strain range of 0.01 to 0.2; these are given in Table
IIT. The fit was good for the HSLA steels but not for the
IF or DP §teels, where a "double n" behaviour with a higher
—n-value ag low strains was seen. This has been observed in
Lthér dual phase and interstitial freg\steels [25,26]. The
results given are therefore for an avéraée n and K value and
illustrate in general‘the high work harden%ﬂg behaviour of
the interstitial frée steel, the siailar work hardening

behaviour of the HSLA 50 and DP steels and the lower work

hardening behaviour of the HSLA 80 steel.

In addition to the conventicnal single-speed tensile
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tests, "step change" tests were performed in which the speed
of the tensile test machine was stepped up instantaneously

from 0.2 to 2 in./min. and, after a short time, returned to
-

the lower speed. When the speed was increased, the flow
stress increased, and from measurements of the flow stress

. before and after the increase in speed, the strain rate

kY

sensitivity, m, was determined, where

log (61/02)
m =155 (8,78, (4.1)

N

The value of m plotted against str§in is shown in
Figufe (11). It is notable tﬁat the dual pﬁase steel shows
a considerably higher strain rate sensitivity than the other
high strength steels, particularly E}fggall strains.

Tensile tests were also doné on the materials used in
the shallow pan experiments to be described below. The
tensile data for the DP4 and DP5 DuallPhase steels was
provided by the Inland Steel Company. The n and K
parameters and some other- tensile parameters are given in

table III. Strain rate sensitivity tests were

these materials as the strain rate sensitivity wa not used

in the modelling work of later sections. Figurels (12) to

{18) show the true stress strain curves for thesg aterials.

t done on

C
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4.2 HYDRAULIC BULGE TEST

In the hydraulic bulge test the material is stretched

o Sy
under biaxial tendion by applying a uniformipressure to one
side of a cifcular d'éphram of the sheet. ELom readings of
the pressure applied,) radius of curvature and extension at
the pole, a plot of membrane stress versus thickness strain
is determined [27].  Only some oé the materials were tested
in biaxial tension, theSe are the DPl, DP2, .DP3, 'HSLA 80,
and the IF steels. For the DP1 Dual Phase steel and the
HSLA 80, fhe original fpicknesses (0.134™ and 0.090") were

too great for the capacity of the bulge tester, so material

was ground from each side leaving the middle section of the’

steel approximately 0.050" thick, before testing. (A
tenéile sample was also taken from the DP steel to confinQ
that the grinding process had not significantly altered the
properties of the steel.) In Figures (ig) to (21)  the

stress strain curves from the bulge \test as well as the

tensile stress strain curves are shown.

It can be seen that the bulge\ test gives sﬁressl
strain information at strains far greater than is obtainable
with the tenéile test, since the tensife test is limited bf
the formation of a diffuse neck at modgrate sgrains. It can
also be seen that the_ténsile test curve does not always
his is bécause the

superimpose onto the bulge test curve.

curve calculated from the bulge test is equiﬁalent to the

I PP

wre TR G FL
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through-thickness properties of the sheet while the tensile
test measures strain in the plane of sheet, in the direction
c%f the applied load. The diféerence between the two cﬁrveé
is thus due to the normal-anisbtropy of the material [28].
The results indicate that the HSLA 80, DP2, DP3, and IF
steels are stronger in the thickness direction than‘in the
plane of the sheet, however in the case of the HSLA 80, the
tensile curve is for a full.thickness sample.”
While an increase in the strength level is observed

in some bulge tests as compared to tensile tests, the shape

of the stress strain curve does not alter very much. From

this it is assumed that the plane strain stress strain curve .

is similar-in shape to that of the simple tension condition.

A comfion method of charaterising the stress strain curve is

to fit\the data to the Ludwik equation, see equation (3.2).
The strain hardening index n is quite often used to describe
the shape (work hardening) of a stress strain curve.- The
- tabulated values of n in table III were calculated usiné a
curve fitting program on the computer from the tensile' data
but the statistical analysis of the fit showed the results
" to be a poor f{t. This was due to the small range of- strain

found in the tensile test.

)

\
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4.3 WORK HARDENING AND STRAIN DISTRIBUTING ABILITY

As well as using the strain index n to describe work
hardening plots of normalized slope, 1/¢ do/de and the
instantaneous n value, nf as functions of strain are shown
in Figures (22) and (235 to (25) respectively‘ﬁor the bPl,
DP2, DP3 steels using the bulge test results. The‘ two

1 d * '
parameters, = E% and n can be shown to be related as

-follows 3.

n" = e/¢ do/de L (4.2)

\//

*
It can be seen from the n curves that the n:-value is not a

constant for all materials and therefore the use of the
Ludwik equation (3.2) is not a suitable déseription‘éf_the
stress strain curve if an accﬁrate fit is requiréé. Figure
(26) shows the comparison of the IF, DP1l, and HSLA 80
normalizéd slope. The @igher the curve the better the
formability so the IF material has the highest formability
and phe.HSLA 80 has the lowest of the three.

-
- kS

4.4 RANKING OF MATERIALS

In shallow pérts strains range fro' a2 few percent to

. _ -
40% throughout the part ané it is not always known what sec-

tion of the normalized slope curve or the n* ,curve is re-

lated to the strain aistribuiing ability of the material i

r
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N

. tpis type of part. To form a satisfactory shallow part it
N . . .
‘is (uaually necessary to have a minimum of two percent plas-

\\<\HWCE° train throughout the'paﬁt to get the required stiffness

-

and /shape control while minimizing springback problems.‘

Becausé these par?giare produced by strechirg o@er é?
punch as described in‘chaptepr--- three it is also neéessa\f‘fr_
that the material have a high rupture strain in the side
wall as well as the strain distribu®ing abiliﬁy necessary to
genérate the 2% or more strain over the face of the puﬁch.
Forming limit curves can be used to determine the material's
rupture strains in the side wall,  but th?.strain distri—
buting ability ©f materials has yet to be characterized’
properly.

There are several parameters based on the tensile
‘test which. can be 'used as indicators of “mateial strain
distributing ability. The-mﬁst-commonly used parameter i%
the strain index n from thé Ludwik equation (3.2). . Another
common parametef used,@s‘the uniform strain, € o?ﬁstrain at
maximum load as taken from the load extension graph of the
_tensize test. The uniform strain is Gery conveniént to
m?asure and from the Considére analysis shquld be equal to
the strain'indgx-n. Another parameter is- the U.T.S./Y.S.
ratio from the tensile test which is also easily determined.

There "is.some experimental correlations between all- three

of these parameters and the press performance of materials.

P

Coemreremrmoa L
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-

Thougp the correlation indicates that as the n value, the

N—

~ . . .
uniform'straln-eLl and the U.T.5./Y.5. are increased thgre is

better performance from a matgriai; the scatter of experi-
mental results is such that only a very general rating of
materials is possible. A possible rating index could be
derived from the normalized working hardening curves; for
example the wvalue of normalized work hardening at some
particular strain. Just what st}ain to use is not known but
a wvalue df 2% seems to be a reasonable.guess since this is
the minimum strain required over the punch face.

Figure (27) shows thé four parémeters, the n valué,
the wuniform strain eu,'the.lLT.S./Y.S. ratio and the gg%
value at 2% strain aé bar charts for all the materials
exahined. As can be seen from the graphs there is
d'sagreement between the four parameters as to the relative
ranking of materials. | ‘

Several interesting points can be observed }egarding
the various paraﬂeters for the dual phas While the
DP2 steel appears to have an n value similiar to that of the

IF steel this may be misleading. The plot of instantaneous

n, n* for the bulge test shows a drop in value at higher

strains. The high n value from the tensile test is due to -

the extremely high work hardeZiDg’in;bhe‘£ert few percent,
¢nhd the fact that tensile strain range is too small for a

good fit of the Ludwik equation (3.2).
. 4

.

-
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This material is a good example of the danger of
relying only on tensile data. The DP4-steel is another case
where the n value may be misleadipig; bulge data not shown
here indicate higher n values at higher strains.

While i£ would beipossible to look at other tensile
. parameters such as Reducgion in Area for rating materials
these are not considered since there is no evidence
indicating any direct connectlion between = strain
distributions and these-parameters. One exception is the
strain rate sensitivity, u which does have a minor effect on
sfpain distribution ;s shown by the work of Conrad [29]7and
Ghosh [30].

The usefulness of the various rankings in Figure (27)
is guestionable since each parameter has some disadvantages;
these are:

For the U.T.S./Y.S. ratio only Fhe yield point, 0%
_plaétic strain and the strain at maximum- load €,
are used to detegmine the value. of thg U.T.5./Y.S.
ratio. Neither - of these strains are directly_-

related to the straining in a shallow pan.

The uniform strain parameter is only '~ one point
on the stress strain curve which. also does not
- directly 'relate: to the straining in the part. To

measure the uniform strain accurately is difficult
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e seen frbm the load

in some materials as ca
extension graphs in Figyre (9). The strain rate

sensitivity also effecfs the value of the uniform

strain.

The value of the normalized work ‘hardening
parameter, élthough taken at a strain ;elated to
the strains in a shallow part, is still only taken
at one strain. The influence of the strain in the : \
side wall is not allowed for. | |

The n value is an averaging parameter over the
strain range 0% to 20% but may not be .a good fit
and does not take accoﬁnt of strains highgf than ‘
those in the tensile test which occur 'in the side

\
wall regions of shallow parts.

i
+ : ' -
© Friction plays a part in determining the amount of
face strain but none of the above parameters

include the influence of f;iction.

There 1is some change in the ranking for some

materials (soygb}7146, DPl{ DP5) depending on the parameter

e

R R N O L BIDE T B SRS W

used. Since the parameters are measured differently and

-

suffer from the disadvantages described above discrepancy

g




~

44

among the rankings is not unexpected. There is the question
as to which one of these parameters is the better indicator
of shallow pan formability agd just how accugate is it.

What is required is some indicator which includes the
influence of friction, minor changes in th&ﬂ§paﬁﬁ of the

5 .

stress strain curves over the range of strains that are seen
in shallow parts, and i;s directly related to the amount of
face strain found in a shallow part;' A test which simulates
a shalloQ pan and in which the bottom strain is measured
experimentally and used as an indicator for ranking material
would be a good method of determining shallow pan
formability.

-~ It would be advantageous to knoﬁ how the geometry,
friction and material parameters interelate to influence the
amount of face. strain. For a better understanding of. the
interelationship of thes? parameters an analytical modelling

technique was developed and is described in the following

chapter.

[y
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- CHAPTER V

ANALYTICAL MODEL

5.1  STIMOLATIVE MODELLING

It is ﬁell known that the sxfain.jistribution and

J. -~
limits of forming in these components depend on the geometry
of the part, the tooling and the blank, on friction at the

tool/workpiece interface and on material properties. In the

absence of any satisfactory modeling technique, the detailed

. nature of the interaction between these vaaiables is not

known, or at least not known well in a quantitative manner.
The only available modelling techniques at present are based
on F{Eite Element Modé{iizi’yéﬂM). |

Finite element modelling is now being used in some
agplications which involve the prediction of material
formability for given part geometries. .The'éinite element
modelling technique sufferé frsm several disadvantages which
inhibit its wide spread use. The major disadvantage is that
the accuracy of finite element modelling ig very poor for
quelling‘in the plastic region of thi stress~strain curve
unless a very l?pgthy computational techniquerié employed.
The larger the plastic itrain the poorer the acchraqy. Thus

it is not particularly suited to applications in sheet metal

-
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forming which involve large plastic strains.
To get the best accuracy frbm finite element model-
ling it is neccessary to have expertise in numerical methbds

and in-f&nite element modelling. The "black box" épproach

is not really appropriate in metal forming applications

where the variables can change drastically from one appli-

cation to the next. The amount of computer time required
faor any finite element modelling is also very large, though

with the introduction of larger and faster computers this

t

may not be a problem in the future. The final pfobl with
finite element modelling which would be common: E&all
possible techniques is the lack of information concerning
material properties and the workpiice/tool ¥riction

conditions.

With finite element modelling the interaction of the

various parameters, material, geometric, and friction can

6n1y be observed from the modelling res&its} It would be

advantageous to develop a modelling techniq&gﬁggbreby/KEE\\\H

interaction of the parameters could be dbse;ved in th fgmqL

of{g@uations as well as from the modellin@ results. A model
ch is simpler to understand and use, as well as, requiring
less compﬁter time could be put’to beneficial use. To this

end an analytical modelling technique was developed which

included all of the above mentioned parameters.

m\ﬁ\
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5.2 ANALYTICAL MODELLING

This te%hnique is similiar toY finite eleme

[

ling but employs a very small number of elements. In this
modelling several assumptions are made aboTt thé- strain
conditions and a macroscopic approach tq‘ the eqﬁilhbrium
equations is .used. In ‘the approach adoézggg%ere, coﬁplex'

stampin§s are £irst idealized to the extent that they can be

analyzed by simple techniques without losing th? e features

5.8 .

A"

on which the interaction of the variables depend. The model
is then used to'generate(bgeoretical curves which indicate \\

-»

the influence on f;rming of changes in particurarﬂﬁqi?ables.
The model is as deScribed below. \ ‘

Fiéuf% (25?'shows a schematic of a{shallow pan’Pé;t -
and the typical strain distr{EEE}om fbund throughou%'the
par ‘Thé strain‘,‘zal is the strain in the plaﬁe of -the
. Sheet éarallel to the plane of the diagram.' The geometry is_ -
described by the folk&wing dimensions; the.die_half width,‘gw
W; the pdnch half width, a; the punqh qose radiusp,R: thg

clamping radius, R.; and the -material thickness, t,- To ,,

simplify the description the die half width i‘s; taken as{ \ ‘.

unity, W=l.0 so that all other dimensions, inEluding the ~

depth, H bécome ratios with respect to the die half width. .

L]

®  The shallow pan part is assumedhto’be two dimensional

»
having a width in the direction perpendicular to the plane

of figure (28) equal to ﬁnity: The strain cdndition is

VU o B
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p—

. : ", - ™
assumed to be plane strain so that the strain perpendicular -

to the plane of the figure e, is zero. Thus the strain

| 5]

ratio, B as defined by

B = cz/el {5.1)
4
is also zero.. In the fihal model ,the value of 8 could. be
véhéedtfrom the plane strain condition. The plane strain
condition is .ghosen since this is a common strain condition
where failurke‘ioacﬁr-s .
The next ;Eep is to idealize the geometry.. Refe#ring ,
£o figure (iBb) it can be seen that there areﬁtwo major_
levels of strain, that in the wall seqtion, BC and that on
the\face of_the pﬁnch, AB. Note the slight inérease in
sffain le;el at-pbints B and C due to tﬁe superposition of
Jthe~ben§iﬁg strains over the radii. The bending strains
are ignoFed in this modélling—sﬁnce it . is found in practice
that bénding strains are negligible if_R/t ratios greater
‘thén 4 o5 aré'used in.the tooling. The idealization of
the part is to reduce the radii B and C to cornefé/
'éonqé;ting.the two sections AB annd BC; we assume that
[ ’ . a
material_can_slide atound the corner at B. Figure (2%a)
shows the idealized part_béfore“the punch has penetrated,
whiié figure (29b)’;hows the-papé at a depth H and figure

-

(29c) shows the sStrains in the two sections. The original =

¥

9.
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lengths of the sections AB and BC as can be seén from fiqure

(29) are
.

n

. AB = a ; BC={(l-a) o (5.2)

r
N
, ,

The bottom section AB undergoes a strain of “1b while the

e

wall section BC undergoes a strain of €14’ SO that the final

lengths of the sections arée

A'B'

a.exp (elb) v ‘ (5.3)

It

B'Cs {l-a). exp (clw)

The total length of Ythe strip which is the sum of A'B' and

B'C can be re to the side-wall angle and initial
~
geometry, i.e. \\Y
a,exp(elb)+(1-aLexp(Ei;) = a+E1-a)/cosﬂ-" ‘ (5.4) ,

e

This relates the two 1évels of strain to the angle &, and

the angle can in turn be related to the depth, H as follows

H= (l-a).tan o ' (5.5)
¥ - ‘ :
Another gquatign Felating the strains's1b and ©lw is ﬂ%

necessary before the strains can be determined as functions
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of the depth H or the angle‘a. This equation is found from
the equilibrium conditions. Figure (30) shows a detailed
view of the punch nose at and from consideration of equi-
librium betweeq}the punch load P and the tractions'Tw and Tb
in the two sections the following equations can be derived.

Al

’P = 2T, sim 6 {5.6)

Tb:= Tw gxg\(—uﬂ) (5.7)

-

The term u is the friction coefficient for the
material sliding around the corner. The tractions can also

be expressed as follows

/

(5.8)

e expressed in terms of the
e strains as follows

-

(5.9)

(5.10)

(7
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The term ¢ is a constant which relates stress, oy and
strain, €y to the effective stress o and effective strain €
in the Ludwig equation (3.2).

~.

Substituting equatibns (5.8}, (5.9) and (5.10) in the

equation {5.7) yields T . ' .
(e10/c1p) " = exp [(1+8) (e ~e) Y+uo] (5.11)

This equation with equation (5.4) is enough to allow
the strains € 1w and e, to be Ealculatéd for an input value
of H (or ¢). The calculation must be done by an iterative
process;‘_ The value of the input .H can be incremently
increased from zero anq the strains calculaged at each value
of depth until some end criteria is reached.

5.3 EBND POINT CRITERIA

The model is only valid if the “strains remain uniform
within eaéh section, so a possible 1imiting.criteria is when
necking in the wall segment begins. The criteria for
diffuse necking is when the force in the segment reaches a
maximum; F is given by

-t

A- ' . ‘ {(3.12)
where S

{(5.13) -

o]
i
o
o
m
»
o
|
[y
'—l
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Differentiating equétion (5.12) and equating to zero gives

the strain at which the force is a maximum and is

= 1 FE Y ‘ .
ey = D (dlffu?ef\ o (5.14)

‘ N
1 .

'
'

But this criteria is not applic%ble to this case since
diffuse necking does not develgﬁ in éontinuqus sheets
because of the geometrig constrainté_iq a lateral direction.

-Localized necking can occur when .maximum tréctions

are reached; this 1is a better emd criteria. By

- e

differentiating equation (5.8) with respect to strain the
following equatjion giving the strain at which necking
occurs can be developed.

:
I

e ) . o~

ey, = N/ (1+8) (local) ~ (5.15)

»

It is this criteria for maximum traction which is
used to terminate the theoretical simulations for a;l of the
results present in this chapter."Some of the theéoretical
resﬁfts are presented which give some understanding as to
th-the geometry, friction and mater;ql parameters interact
to influence the depth of part ana the amount of strain

occurring in the bottom. . ' ' e



73

5.4 RESULTS OF ANALYTICAL MODELLING

Figure (31) shows the theoretical relations for a
particular set of variables. The simulation was allowed to
run beyond the limit of maximum traction to illustrate the

behaviour of the simple model. - -

The following conditions were used in the
calculations:

punch half width, a = 0.46

punch radius, R = .llé

clamp radius, R. = . 14 S
material t;hickness,'to = ,0071

friction coefficient, u=0.2

strain condition, 8 = 0.0

strain index, n = .21

strength index, K = 38.0

F.d

Refering to figure (31) it can be seen that the tractions

and the strains increasemwiffh increasing depth "and that

theré is’ a gradual divergence between the traction and
R L -7 ’ . v . T o

strain in the’ wall and\ the traction and strain in the

bottom. This divergence is due {3 the increasing @ which
" has its effect in equation ({5.7). Note that -the bottom
strain reaches a maxiqu'beEofe any other variable for this
set of input conditions. The strain then remains.q; the

maximum level since ft is irreversible plastic strain.

N L
& . ¢
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The reason that the bottom strain reaches a maximum
is due to the fact that the increase in wall traction is no
longer able to offset the decrease in the exponential term,

(-u6) so the value of Tb calculated in (5.7)' begins to

decline. The bottom traction cannot be calculated beyond

the point of maximum bottom strain since - - .equation (5.7)

no longer holds as an equality but becomes

Tb 4 Tw exp (-ud) (5.16)

The strains, load and tractions are plotted beyond

the maximum wall traction as dotted lines since tpese are

not realistic because local necking woul&roccu: in the wall .

segment.

| The solid lines beyond the maximum traction indicate
what would be expected to occur éue to thé necking. Note
that the maximum punch load, P doe€s not reach a maximum
until after.the wall traction reachés‘a maximum. Again this

is due to the influence of the increasing angle & in

equation (5.86).

r

5.5 INF‘LUB)kE. OF GEOMETRY
‘By plotting the deptir H and maximum boittom strain,
€1b at the point o©f maximum wall traction for wvarious

geometries, the effect of geometry can be observed. It was

‘A‘ . -+ -

L4 e PO R Mt b | R

LN e Rl T
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&
found that the thickness,'tO and the radii, R and R, did not
have much effect on the depth of thet maximum bottom strain
s0 long as these parameters were very smallﬂwhgﬁ compared

with the die half width.

EXCW, RCCH, t <CW o (5.17)
] :

This ieft only.the punch half widfh,-a és the only
geometry parameter with any large influence on the.results.
Figure (32a) shows the effect of a on the depth of a part.
Figure (32b) shdws the effect on the maximum bongB strain.
While reduging the punch width does improve thé depth and
the bottom strain the actual value of a is not usuallf'a
variable but is prescribed'by.the shape.of the pressing.

The.‘basic analytic ﬁ;del presented here is a very
simple ﬁodel and does have some gross simplificaﬁidns and

assumptions. In the calculations a more sophisticated model

which has some improvements to overcome some’ of\\the

objections to the simple model was used. These include the.

inclusion of the effects of the radii on the various

lengths, the 4yssibility of the strain condition varying

from the plane strain case and being differént. in each
section, the influence of the strain rate sggsitivity and
.the use of a digitized stress-strain curve instead of the

-

Ludwig eguation (3.2). It was also possible to study the

ey

N

,
L A L
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effect of pre-strain €q in the material by using the fol-

lowing equation for the material.

¢ = K(eo+s)n , : (5.18)

The results of using this equation are shown in the figure

-

(33).
The results indicate that pre-strain has a large

detrimental effect on the depth and the amount of strain in
rd

the bottom of the pan. This is expected since the inclysion

of €o changes tFe limit strain which lowérs the wall strain

at which necking occurg.

(5.19)

1w

€1y = D/ (1+8) —(3/4(1+848%)) 0> €5

€
All of the calculbhitiops done with both the basic model

outlined in this chapter and the final more sophisticated

model in the appendix one gave results which were cdéntinuous

at

and smooth within the limits of computational error. There///
N 4

is only a small difference in the results of the two ﬁodgls

- »
which" also implies that the effect\of the radii on_ the
. . ) m
results is a minor influwence. A comﬁarisangof the results
N ' " ’
for the two models is given in figure (34).

\
—e
&
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5.6 INFLUENCE OF FRICTION AND MATERIAL

In figures (35) 'and (36) the influence of the
" friction coefficient, u and the strain index, n on the

depth and the maximum bottom strain are shown. .Clearly the

higher th®e.n value or the lower the friction the more bottom

strain will occur and hence a greater depth. The lower the

value of friction the more sensitive the bottom strain and

depth are to changes in friction or n value.

Changes in n and y are reflected more strongly in the

bottom strain €1ph ghan‘.the deéth. This 1s because the
friction and the n value directly. affect the bottomTStréin
thle-their influence on the depth is indirect. The depth
is mainly due to the wall strain and only a small part
(<30%) is due to the strain in Lhe bottom for this geometry.
The ;qfluence of the u and n on the depth is thra %i’the
bottom strain and so only partially affects the depthl As
the ééometry is changed so that the punch width is increased
towargds unity then the more influé;ce the. bottom strain has
on the dépth-and héhcé the more influence‘u and n will also
have on the depth.

The reason n has more. influence on fhe dgp;h fhan the
friction u wﬂile'théy}both have roughly theksoée amount of
" influence on the bottom strain is due to the influence n

has on the limiting strain in thé side wall which is a major

'~ factor in determining depth.

- N

£
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This influence of m on the limit strains is seen in
the equation (5.15). As the punch half width}a is increased
then the influence of u becomes more important relative to
éhe influence of the n value, and since most real
applications for shaliow pans have the. punch half width, a
close to ‘unity the friction will be important.

‘Because of the greater sensitivity of the €1y Over
the depth H and the fact that in shallow pan type parts it
is the face strain and ngt the depth of part whlch is
important, the maximum bottom strain €1b is chosen as the
parameter by which ‘patérials should be ranked regarding
their formabiiity in shallow pan type parts. /

:Figure (36) can be used to give an idea of what n
and u values are reqbireg'to get a certain amount of bottom
strain. For example if a bottom strain of .04 is reqqired
and the friction x is 0.25 tbep to get the strain arma§eriél
with an n value gfeéter‘than b.l95 must be ﬁsed. If the
friction Qas 0.3? insfead‘then the n value would have to be
gfeater than 0.23. Note that the Eriction ﬁalues which
give reasonable straips and ry values'appeaﬁ highér than
those values\.commonly believed to occur in pressing
operatiogs. " The .mddel implieé that for the ‘étrains and
corresponéing n vﬁlues found‘ in actual shallowy pans the
actual friction coeff1c1ent must be high, say around 0.2 to

0.3. Clearly it would be advantageous to have -the "actual
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values of friction determined but this is extremely
difficult to measure in practice. If a simulative test of
the shallow pan geometry could be made then'the accuracy of
the modelling could be checkedﬂ some esgimate of the
friction conditions could be Inade‘ and materials could be

ranked for their formability in ‘shallow pans.

4

An  experimental rig was constructed to. simulate a -

§%allow pan. In the design, provisron was made‘for
measuring the bottom strain as well as several other
parameters., This rig was used to rest some of the materials
de;;:I;:g*:r chapter three to'check the analytical model and
te see Lf the bottom strain as an indicator of formability
agreed W1th the other 1ndlcators‘aescr1bed in chapter four.
In the next chapter \he rlg and experlmental proEedure are
described and some experimental results are presented.

In the above analysis the die half width, W was taken
as unity to allow‘the geometry to be described in terms of
depth H, punch radius R, die radius Rc,hgnd bunch half width
a. In the next chapter tﬁe parameters used‘to describe the
geometry are the ratios H/W, R/W, RC/W, and a/wW. Strain
rate-eensitivity and differing strain ratigs in the bottom
agg wall had been included into the modeiling bur were not

- \
used in the modet Por the computer simulations.

a

(3‘—-.-..
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CHAPTER VI

SHALLOW PAN TESTS

6.1 EXPERIMENTAL RIG

The next section of work entailed the design and
construction of experimental apparatus to check the validify
of the theoretical modelliné developed in the last chapter.
Figure (37) shows a schematic of the experimentél rig built
tolgimulate a two dimensional section of a shallow flat
bottomed pan. The rig was designed and built go that it was
possible to vary the three non-dimensional parameterﬁ
de;eloped in the theoretical modelling; the punch-to-die
width ratio, a/W ; the punch radius-to-die width ratio, R/W;
and the material thickness-to-die width ratio, t/W. These
parameters could be set to a number of disc}eﬁe'values so
that the effect °of geom‘e'try could be studied. In this work
it was not posgible to complete a combrehensive set of
experiments covering all the possible range of geometries
" and friction c;nditions.

The geometry selected for the experiments had the

following dimensions;

a -

D

89
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\\ die half width g =4,375"
punch half width a=2.9"
pPunch radius R = (g, g

clamp radius R, = 0.5"

This glves two of the non- dimensional geometry parameters as
a/M = 0.42¢6 and R/W = 0.061. .The third parameter, the
material thickness to die width ratio, t/W varied due to the
range of material thicknesses used from 0.007 .to 0.02. The
dlmen51ons of the test pieces were 3» by 10.5" with sheared
edges,

The width of the strips of material tested was
selected as three inches so0 as Jto approxlmate a plane strain
cond1t1on as closely as Possible; this isg the strain.
condition most commonly found g3t failure sites in real
applicatidnsf Measurements were taken to see how closely
this condition wass approached. Refering to figure 938) it
can be seen that space llmltatlons made the measurements of
the wall strain 1mp0851b1e with conventional extensometers.
Two cross- -blade, extensometers of McMaster design were
modified to fit the experimental rig as shown in; figure
.(38) Extensometer (1) is used to measure the strain in the
bottom of the Pan while extensometer (2) measures the straln
in the side wall The transducer {3) shown in figure (38)

1s used to measure the depth of the part. The rig "was then

4
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ass&mbled {n the McMaster-Mand 200 ton press. Punchlload
‘'was measured with the load cells incorporated in the press.
All instruments were then connected to X-Y recordérélso thét
autographic records could be made of the punch load, the
strains in the bottom and side wall of part as functions of
the depth of the part.

6.2 EXPERIMENTAL PROCEDURE

. . 4 .
The w1%§§»0f all the test specimens was first
measured so that when the £inal dTH\hs‘were measured the
width strains could be calculated. The two extepsometers

e

were then attached to the specimen 'after being calibrated

and the test piece was then placed in the rig an clampéd

with -the secondary hydraulics of the press. The clamping
. =

pressure was set to give a total clamping frorce of 30 tons.

-

Before each test the extensometers and the displacemenﬁ

-

transducer were calibrated using calibration jigs. ' Several>
- ’ M

preliminéfY'fests were done in ‘order to check the test rié p
and the‘acburacy of t?g measurements made. . For this purpose

test specimené were'griddgdwwifh 0.1" circles electrqﬁetcheiz.
onto the surface. These ci;clé;rwere then used to deggfﬁihe
the final strains in the defo%méd test pieées. The strainsJ

"wa2re then used to check the final strains mecasured® by the

extensometers. The error in _measuring strains with the
\

—_————

extensometers ‘was found to be +0.005 natural strain, i.e.
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. more than 0.15". Using the above compensation for flexi
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1/2% strain. The wall extensometer was the least acecurate

of the two extensometers.
When the test specimen was clamped there was a small

amount of flexing in the spéc' en which affected the

measurement of depth. To compensdte for this the depth was

"determined by taking the final deépth of the transducer

measugement as equal to the finél'dep:h as measured with a
vernier ' and working backwards on the autographic record. 1In
all cases the ﬁlexing produced an increase 4n depth of £0

9

the efro: in measured deptp was estimated to be less than
0.i25" {H/W = 0.0163). An eiception is the DP5 material in
which-fhe flexing was bad and there was some drawing in at
the beginning of the test.‘ This has the effect -of changing
the strain curVes as can be seen by comparing the resplts of
DPS5 with the other dual phase steels. '

3be error in the punch loadfwas £150 1bf. and was
mainly due to the frictidn in the press. The punch speed
was set at d.2 1nches/m1nute althd&gh it was recognized that
this was several orders o; magnltude lower than’ speed%‘%n

actual pressing opggatlons.

The end of .the test was taken as n a drop in the

load was observed or "when failure in the test piece pccuredw

Some tests had to be stopped prematurely because the wall

exténsometer came into contact with the die.
\‘) ' .



For all the testg,»performed except one the
lubrication condition. consisted of the liberal application
of SAE 80 all PURESQE EXTREME PRESSURE LUBﬁICANT go the
claﬁp and punch radii. The radii had beén cleaned with a
¢cloth and no other special ﬁreparatiéns were made. In the
one other test a diffe;ent lubrication donditionbwas used
where 0.004" thick ‘polyethylene was coated with the SAE 80
oil on both sides and used on the bunch“radii.f No measure-
ment was taken of the surface condition of the 1punéh or the
test materials though this was recognized as a factor which
coﬁld influence the friction coefficient betﬁeen the punch

' .
aRd the work piece., ‘ :

»

In all tests the strain measurements below a dépth af
hélf aﬁrinch (H/W = 0.115) were consldered inaccurq;e and
are not shown. The érroqﬁ in the strain and depth
'me;surements and the fact that the bending over the punch
r;dii may not have bggome fuily plastic.are the reésons'for

disregarding the results under half inch aepth.

6.3 EXPERIMENTAL RESULTS

P ‘Figure (39) shpws the locad and strains measurements

\

]
for the 6010-T4 material as functions of depth. The load
has been normalized with respect to the original
cross-sectional area and the ultimate tensile strength of

=
v . 3 * » ) N -
the material. The normalized load, P, is then given as

oy



94

p - .
_ . AV
Pt o= P/UTSXA - (6.1)

The graph in figure (39) has not been plotted against depth,
but against the non-dimensional depth-paramgterf H/W which
is used in chapter five. The test was stgbﬁga when a drop
-in‘the punch load was.dbserved. T%e experimentalvresults

for the other materials tested are shown in the figures (40)

to (46). Tests were stoppedﬂ:gfthe IF,  DP2, and DP3 (oil

~

. - . : .
only lubrication) materials because of the wall extensometer

coming into contact with the clamping dies-.

All test materials that %ailed éxcept the 7146 alloy, .

did so by localized shear in the middle of a side wall,

-indicating that the bending strains could be safely neglect-

ed for most materlals where the R/t ratio of the bend 1is

- -

large. The 7146 alloy falled prematurely by fracture at the

clamp radii. This 'is most llkely due to this materlals

sensitivity to sharp radius bends and its poqr formablllty.

_ r . .
oy 1 . .. -
6.4 STR&INJCONDITION IN TEST PIECES .
The-;zcﬁin condition in the bottom-and the side wall
——— -

of the shallow pan spec1mens was calculated by %Sasunlng a
‘w16th strain, €, from the initial and flnal w1dth dimensions
of the bottom and walls, and then using the final strains
recorded by the.extensomeﬁeks‘a‘value fhr the strain raﬁio,

p could be detérmiqed.l

w . -

£



TABLE IV
- ' »

STRAIN CONDITION IN TEST PIECES

/MATEELIAL pwall ‘ ﬂl:wt:t:orrt
_ 6010 ' ~.4 . -.35
{ 7146 -.27 ~-.33
IF | ©-.5 . =P
g ‘ DP2 -.5 : C-3
' | g
i ——
g- ..DP3 "‘.5 ".49
¥ oe3 ~. 42 -.5
;
2
1 Did . -.42 <41
' M
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Table 1V showé‘the values of the strain ratio, B for
all the specimens tested. All of the specimeﬁs had stréin
ratios between theAhglane strain condition, B = 0.0 and
simple tension, B8 = -0.5.

The straining that occurred in the test specimens was
not uniform far eitpgr the wall o£ the bottom. Figure (47)
shows an exéggerated schematic of the strain non-uniformity
in the test specimen.

’ For the bottom the non-uniformity of the strain was
very small (10-15%) while the wall strain non—uniformity was
(21%). From the arrangement of  the extensometers the
experimentally' measured strains would be slightly. higher

(5%) than the averége strain_in the section.

"~
6.5  FRICTION, — |

-»

The friction on the punch radii can be calculated for
each test by using the experimental results, and the

material stress—strain curves. The stress strain in tension

is assumed to, descrlbe the strﬁin hardening experlenced by

-~

the test p ece Thls can bé justlfled since the stralnlng
conditionsx;;:bhe test pieees are close to simple ten51on.

Also in the analysis used here oply the shape of the stress
ro o
strain curve is important and the von Mises and Hill models

of the yield surface predict only a change in strength level

and not -in the . shape of the curve when the straining

A
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condition is changed from simple tension to plane strain.
Because there was slight differences in the widths of

the wall and bottom sections due to the slight differences

in strain condition the following equation relating forces

ever the punch radius was used instead of egquation (5.7)

F x exp(ud) (6.2)

wall =¥ l:.bottom
By using the-stress strain curves, see figures (12) to - (18)
for dejermining the stress and the following equation for

the force
1 X A = o, X AO X exp(—ei) ) (6.3)

then the friction coefficient is given by
bl

. b= (ln(c’wall/wbottom)_Ewall"'ebcottom)/e (6.4)

\

The value of the wfap angle, © ié a anction 6f only
the geometry and figure k48) shows the plot of & - as a
function of depth H/W for the geometry useé. The friction
coefficients calculated from equation (6.4) are presented as
functions ofk‘depth in figﬁres - {49). to '(55) sfor .gll*
materials. The scatter in the readings'is high presumébly

due to the assumptions made and the errors in the measure-



ments. An estimate of the effective friction coefficient
was made and is shown as the dotted lines in the figures.
It should be noted that the coefficient is approximately

\

0.22 for most of the materials. Although very little

_information is ~available in the 1literature, this value

appéars greater than that generally assuﬁed in préss forming
calculations. 1In figure (56) the friction coefficient for
the 60i0—T4 material is graphed'against the percentage of
strain occuring in the pan bottom. The friction coefficient
results of Duncan, Shabel, and Gerbase [24] for the 6010-T4
coefficient are also shown in comparison. There is good
agreement.

These estimated effective friction coeffficients
could now be used in the modelling of chapter 'five to
generate theoretical results which should correspond £d the
experimental results. This was done using the refined model
which influded the digitizing of the str;ss—strain curves.
Figures (57) and {55) show examples of. the .modelling and .
experimental results for the 6010 and DP3 matefials
respectively. These curves 'are “typical of all the;
comparisons between the modélling.and experimental results.
All tests éave close agreement fbetweép the modelling and
éxperimenial results,up to 2 depta of H/ﬁ = U.34.  Beyond
this depth there was a consistant discrepancy in ali tests

indicating that the value of effective friction used in thé
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modelling was t&o low. .This is further evidence that the
friction does increase aftér a certain amount of sliding
around the punch nose has occurred.

These resqlts indicate that using a constant value of
friction for modelling purpﬁses is not accurate and that
having the friction as a function of depth or bottém strain
would be better. The modelling could be used to more
accurately deﬁermine the friction coefficient as a function
of depth from the experimental results. This was not done
in this work. Figure (59) sh3ws the effect of changing the
friction u for the theoretical simulation of the strains for

the IF material.

6.6 EFFECT OF LUBRICATION CONDITION

Figure (53) shows the friction coefficient fog the
DP3 material with two different forms of'lubricgtion. As
well as the oil only lubrication, the results for oil plus
polyethylené sheet are plotted. Clearly the use of
poiyethylene sheet reducés the friction coefficient by a
large amount. in figure (60) -the strains for the DP3
ﬁéterial aEe plotted against dep%h for tﬁe two lubrication
conditions. It can be seen that at any one depth the bottom
strain for the 911 and polyethylene sheet test is highe;

than for the oil only test. Correspondingly there is a

decrease in wall strain for the oil and polyethylene test.

(,-—«
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- A better indication of the friction effect 1is the
amount of increase in depth that can be obtained with the
same amount of wall strain. If the wall rain limit is
taken as 0.16 -then the depth increases fr H/W = 0.40 to
H/W = 0.43 which is approximately seven percent increase in
depgb.' For the 6010-T4 alloy the friction coefficient was
also calculated from the Ludwik equation (3.2) using the n
and K values shown in table IV instead of the digitized
tensile stress-strafp ‘curve. Resulting values of friction
were slightly higher than those calcplated by the digitized

stress-strain curves.

6.7 EFFECT.OF STRAIN INDEX ON THE BOTTOM STRAIN

In order to show the effect of thg n value on the
strain distribution in shallow pans fhe experimental wall
and bottom strains for two materials with'dﬁfferent n values
were compared; the DP4 materiél, n=0.1635 and the‘IF steel,
n=0.31. These two materiéls are-compared'since Fhe n values
for these materials is different while the tefminai friction
Foefficients are Similar, Figure' (6l) . shows the
experimenﬁél strains, from which it is evident that the
higher n value increases'thg,bottom strain while decreasing

the wall strain, as would be expected from. the modelling on

the previous work done in chapter five.
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6.8 SHALLOW PAN FORMABILITY

In\ figures (62) the maximum bottom ’strain, €1p is
plotted as a function of the n value and the experimentally
determined friction coefficient u . for the experimental
results. Figure (63)'shows the same figure replotted in a
different form.

The previously estimated constant values of friction
were used even though the modelling indicates these are
‘ underestimates. of the actual values that occur when the
makimum bottom strain is reached. While the IF, DP2 and DP3
tests were stopped before failure examination of the
experimental strains showed that the bottom strains were
very close to their maximum wvalu s—ﬁor\all three of tﬁe
materials, so the final strains are}plotted as the maximum
bott&m strains. A plét as the theoretical modelling bottom
strains as functions of n and u are also plotted with the
experimental strains.

In the plots the 7146 test is included though -the
mode of failure of this material is not the same as the
other tests. Thé DP3 test with oil and polyethylene
lubrication 1is also included; while tgis is a different
lubricatiop‘ condition it should be accounted for by the
friction terms . ‘

There are two sources of "error in these diagrams.

One is that the n values for the materials which are used in
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the modelling do not accuratély reflect thé stfain hagdening
'behaviour; this was discuvsed in chapter four ant  the o
'graphs illustrate this point. The second source of error is
the frictioﬁ; The experimental values plotted in figures
(49) to (55} were based on several assumptions and also had
considerable scatter due to the errors in measuring the
experimental strains.

The greatest source of error is in thelestimatiog of
the constant effective friction. The theoretical and
experimental strain comparisons of section 6.5 show that the
constant friction coefficients used in the modelling were
inaccurate’. While the actual value of the friction is
subject to error the relati#e ranking of 'the friction
coefficients should be more acéurqte since the same method
was used to determine the values. If the values of friction

are taken to be relatively correct then figure (62) suggests

that the DP2 steel really has a lower effective n value,‘

closer to the n value of the DPS steel, while the DP4 has a
higher effective n, also close to the value of the DP5
steel., This is what was observed in chapter four from the
indications of the SQ\EEizigland bulge test data for these
materials. : |

The 6010 and the DPé_steel wiﬁh 0il onlyrlubricétion
show ~some discrepancy fram ‘the theoretical predictions.

This probably is due to errors in both the n index and the
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friction but it is impossible to separate the two sources of
6010 material indicates that the frictﬁqn coefficielit used
here may be slightly high. All other materials, IF, DPS,
DP3 ({o0il and polyethylene) and 7126‘fa11 very close to the
theoretically predicted values. | . |

In figure (64) the materials are Egnked according  to
the experimental bottom strain as well a; tne n value. mhé
DP3 matérial.tésted with o0il and polyethylene 1is not
included since it would be ‘unfair to cohpare tests having
different lubrication conditions. The DP4, DP3 and 6010
materials have changed their ranking. The 6010 material
moves frém the fourth position to the third position witﬂ a

considerable increase in- its relative formability when the

bottom strain is used instead of the n value for ranking.

The DP4 material moves from sixth to fifth poéition and its

relative formability increases t6 roughly that of the DP5
steel. The DP3 material loses, some of its relative
formability and drops from fifth position to sixth position

for the bottom strain ranking. The IF and DP2 still retain

“the first two rankings with very high relative formability.

The figure (62) indicates that the DP2 steel maintains its
ranking because the lowering- of the effective n value i3
offset by having a lower friction coefficient.

The modelling could be used in cgnjunction with the
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éxperimental results plotted in figure (62) to determine the
actual effective value of friction but this would require
the materials to fit the Ludwig equation (3.2) perfectly SO
that accurate n values could be used.

Since the bottom strain from the s{;ulative test
takes'éccdunt of friction, and the relevant features of the
materials' stress strain which may not be reflécted in the n
value, it would be a better method of ranking materials for

formability than n values or any other tensile parameter.
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results for the 6010-T4 material
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Fig. 47 - Exaggera ion of strain non-

- uniformity in test pieces
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CHAPTER VII g/

GENERAL DISCUSSION

The ranking of materials from the experimental bottom
strain does not agrée perfectly with any of the four ranking
criteria,suggested in chapter four. .The n value ranking is
the closest and does give a good ranklng for- materials with
w1dely differing n values, but not for materials with very
ilmllar 'ﬁx values, The major disadvantage of all the
rahkings suggested -in chapter four is that the friction
effects are not acoounted for.

With the experimental bottom strain ranking, friction
is accounted for. Rough estimates of the frigtion
coefficients can be determined from the expefimental
strains. It is observed from the friction values that the
friction in pPressing operations is higher than is generally
thought and the friction does vary with the strainlng.

All tests with oil only lubrication were lubricated
in such a manner as to keep the lubrication condition .the
same¢ for all tests but the results obviously show that
different materials have different friction coefficients.

Preliminary tests on the rig showed a small variation in the




[="g

132

bottom strain, about 0.01 natural strain bdtween two tests
on the same material indicating that the fkiction varies
slight}y even if the material is the same. dbviously.more
accuraté'results would be.obtained if the average value)of
several tests were used. ///"\\h

From the slope of the constant n \Eifaé lines in
figure (62) and the experimental resultsfof the DP3 steel
for the two 1lubrication conditions there Js clearly
significant amounts of bottom strain produced when the
friction coefficient is lowered. This justifies the
attempts to reduce friction }n real press operations. It
should be noted that the average value of the, friction
coefficients is around 0.2. The increase in bottom.strain
when the friction is reduced from 0.2 to 0.15 is not as
great as when the friction is reduced from 0.1 to 0.05, see
figure (62), which means that as the friction is decreased
larger and larger gains can be made from further decreases
in friction.

The wvalues of fricfion ~determined from the
experimental strains show that the friction is different f
different materials. It, is égbvious that friction is_ a
parameter which is dependent on many variables, F:om\the'
resul'ts produced in this work all that can be determined is
that the amount of bottom strain and the amount of sliding

around ,the punch nose could -be possible variables. The
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punch loads versus depth curves are‘similar for all
materials when normalized. ,

« In all tests it was impossible to obtain a plane
strain condition; the simple tension condition being closer
to the experimental conditions. Tﬁe three inch width of thé
test sample 1is' obviously insufficient to produce plane
strain. A much wider specimen would give results cloéer to
plané strain. Using alwide specimen for plane strain and a
thinner one for sim?leAtension would give a chance‘a&fﬁsgéng.
how the strain condition would affect the strain distri-
bution. .

The modelling of chapter five, whether using the
Ludwig equation(3.2f oijtﬁg,digitizedlétréss—strain curve,

could be used in conjunction with the experimental results

so tha

it should be pbssible to use the model to extend the
"experdmental results to other.geometries éﬁd friction con-
di¥ions. This would make the shallow pan experiments mor
useful than as a single s?mulative test .since a wide rang
of geometries and frictions could then be covered.(;\\’////g
It can be seen from equation (5.11).that the strenéth
index, K in the Ludwik equation (3.2) is cancelled out and
does not affect the formabi;ity of the material in shallow
pans. The poorer formability of high strengﬁh materials is
not due to the strength but due to poor n values and lower

limit strains.
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While the modelling in chapter five was only for =a

pure stretching'of a shallow pyrtw this type of modelli7g
~

could Ze extended to cover draﬁﬁng in for deeper parts or
parts wikh re-entrant shapes.’ 0\ .

-
|
)




« CHAPTER VIII

8.1 CONCLUSIONS

L)

A shallow pan simulative test as described here could

be used to rank materials for their formability in producing
’ . I

strain in the bottom of shallow parts. The bottom strain

measured from the simulative test would be the best means of

. {
ranking materials.

:

The various methods of ranking materials from the
L ' . 1d0 :
* ———
tensile parameters, n*, €y’ U.T.S./Y¥.5. ratio an@%}de at 2%
" strain are not completely appropriate, since all of the
methods are not directly rélated to the bottom strains and
do not account for the friction.

Friction is important in determining the ranking of

materials for producing bottom strain. ° The values

friction from the experiments were higher than the vgfues

generally expected in press operations. = The value of
friction is aependent on many properties. nhThere‘was a
variation in the wvalue of friction with m;:;;I;T?\kthe
average value being approximately n - 0.2. Valuesf of
friction determined here are in agreement with previdus work
on determining friction in pressing operations.

The modelling is usefu)l in understanding how the

P
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geometry, frlctlon and material parameters affect the- botto

-

strain. All of these parameters affect the bottom st;aln in

a very complex way. The model could be used.to extend the

usefulness of the shallow pan experimental results.

8.2 SUGGESTIONS FOR FURTHER WORK ' oo

A study of the variables which influence friction in
a pressing operation and the typical frictioh vales for
materials would be of great interest. This is an area of
metalforming whexe a lot more work could be done.

The modelling technique could be extended to other

‘:geometrles, such as shallow pans w1th re—entrant shapes, or

»w1th draw in allowed

1d
od

mlq

An analysis of n*- and curves should be- done so
that the best way of presenting the materials work ﬁh;deﬁing
characteristics‘for_detetmining'strain distributions can be
found. . |

‘The shallow pan experiments. should be continued and

compered-to real press applications.

i
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RqFINEMENTS TO ANALYTICAL MODEL

APPENDIX A

a.l MATERIALS )

.y,
Since it is doubtful whether the Ludwik equation

accurately describes a 1nate5{;1‘s stress-strain curve the

. - . o .
actual ten51le stress-Strain curves were used in the refined

model described by 20 or more data points. By lnterpolatlng.

or extrapolatlng from the data p01nts using a polynomlal of
order-three or\morevthe~whole nange of the ten51le curve is

approximated.

The strain condition, B was also set up in" the

refined model such that it could be varled from the plane

LY

. strain condltlon. Whlle it is 90531ble to have the straln'

- F <3
condition vary betweén the wall and bott séctions,‘!his

was not used in the modelling; An avergge of the wall énd
bottom stn%iq condition was used as the strain condition in
the theoretical gimulatigné of'the‘experimgntal tests. |
While the 1limit strafn used in the ’modéllingumsJ
dgtermingg by the local necking criteria, the modellwas set
'up so.that an arbitrary strain limit, such as from a fdrming

limit curve, could be used instead.
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A.2 GEOMETRY .
The geometry of the test piece is more ‘accurately

describEE\fby using an"equation which accounts for the

changes in the 1eng£hs of the sections due to the wrapping

around the punch and clamp radii.  Equation (5.2) is.

replaced by the following équation

———

'c'b+A'B'=a-R+(R+Rc+t0)tan(q/2)

B'C'=(1-C'D-A'B')/cosé ' (A.1)

[

This is an appﬁoximation where the ‘point§ B' and C' are
determined by“‘tﬁe intersection of the tangents for the
points. where the wall and bﬁttém sections fitstltouch the
radii, see Figure (65). Note thadt the bottom sectioﬁ is now

taken as the addition of sections A'B' and C'D.

Using the .above formulation the 1lengths of both

éectiqns undergo; slight changes in length as the depth_

increases. The angle 6 is al

angle eo in the basic mode sé refinements give Ehe
‘ differernce éf about 7§ between the basic and'refined model
theoretical strains. Further sophi§£ications to the model
afe'possible}but the benefits aie not likely to be large.

".One exception is the use of friction as a function of bottom

- . strain instead of a constant value, This could be very

easily incorporatéd into the model with signifiéant effects.
. ‘8 . I X

skightly different than the

\
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