/

INSTABILITY IN BENDING

by, .

' MERVIN SUE-CHU, B. Eng. -

A Thesis

Submitted to thé School of Graduate Studies

" in Partial Fulfilment of the Requirements

for the Degree

- Master of Engineering

McMASTER UNIVERSITY

" December, 1980




(<3

e e

-

TO MY PARENTS,

B RN

T ]

D

Y

e el




MASTER OF ENGINEERING (1980) McMASTER UNIVERSITY
(Mechanical Engineering) . .HAMILTON, ONTARIO

TITLE: Instability in Bending’

¢

AUTHOR: Mervin Sue-Chu, B. Eng. (McMaster\University)

N
‘\

gUPERVISOR: Dr. J. L. Duncan

NUMBER OF PAGES: xvii, 183

Jie

e

2o
’



ABSTRACT

Discontinuous yielding in the form of*Lﬁder's
_bands is frequentl& observed in tgnsile'testing of mild
steel sheets, In these haterials,’instability or kinking

may or may not be observed in bending.operations.and

various .theories have been broposed to relate the bending

-

T-and tensile phendmena. . SRR
-In this work, an extensive experimental investi-

- f
gation was performed on five samples of low carbon sheet /

steels.” The main objective was_to;develoﬁ a new gnély— ) '/ K

. . /
- tical ‘'model, baseéd on the uniaxial tensile stress-strain/

curve that will pyedict“the behaviour of these materials
in pure bending. Twa models appeared possible and the
experiments performed suggested that one of thesé is-an

-, appropriate model for steels of this kind.
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?<€%he coil but is straightened out again/on uncoiling.

CHAPTER 1

-

& ‘
INTRODUCTION AND DISCONTINUOUS YIELD PHENOMENON

1.1 Introduction- . ] ) .

A phenomenon known as coil breaks is oécasionalfy,
observed whén uncoiling sheet steels. Ino the‘steel millx
the last stage of processing the sheet is to pass it throﬁgh
a temper mill and to 0011 1t(afterwards, generallyxunder

»

some tension. The sheet partially assumes the curg;ture of

~ ) ~
However, if the steel has aged in the coil, it may,

instead of straightening, form a series of kinks as illus-

trated in Pigure 1.1.

Fig, 1.1 - Illustratlon of coil forming a series of klnks~
. upon uncoiling. Co

L e



this surface marking can be unécceﬁtable,’for example in/

explained by -the localizatién of shear strains as deform-

1.2 Discoﬁtinuous Yield Phenomenon

ne’

This behaviour suggests some mechanical bending
instability in the sheet and it is known to be associated ;
with discontinuous yielding or Liuder's straining of the’

material. - { . : ' e
~ oz {~‘&,_//

-

Another effect which is sometimes observed,

_ig’ the appearance of a fine regular marking .on the surface.

~ The term microfluting has been used here. There is'np

apparent kinking or change in thickiess of the material qﬁt‘x,/

/

N !
auto-body outer panels.

Experiments in bending of thiek bars’and subsequernt
metallographic examination with Fry's reagent show that -
initial bending can result from localization of'shear.strains.

A picture é£ the yielding process for a bar in bending is

given by Johnson and Mellor [1]. ‘ '

The kinking effect in sheet steels cannot- be

ation occurs on. a macroscopic scale. As mentioned before, -
ohly discontinuous yielding materials show this effect and

the discontinuous yield bhenomenoh will'now. be described.

This phenomenon has been observed for over a centur

and was originally found in low carbon steels. It has si

been observed in other metals and alloys such as iron.[2-

1,

L

&
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niobium [9] and aluminum alloys [10-12], howeﬁer the
discontinuous yielding behaviour in aluminum #iloys i& very
different from that of steels. ) i

Materials that do not exhibit the yleﬁd point
phenomenon show a smooth and gradual trans1t1qn from the
.elastic to plastlc stage of deformation. Flg%re (1 2) shows
:a typical tens1le load- exten51on curve for suqh materials.

.Materials that yield inhomogeneously,'bspecially
low carbon steels, exhibit the yield point phenomenon. .They
s@ow a localized, heterogeneous fype 6f transition from the
elastic to plastic_sfage of deformation‘andwa typical loéd—-
extension curve from a tensile test is.shown‘in Figure 1.3,
From A to B, the deformation is totally elastic aﬂd abeys
Hooke's law. At point B, the material Qeaches its upper
yield point (UYP)’and the load suddenly drops to point C
witﬁ thé simultaneous appearance  of the first Luder's band.
Now, the material ahead of the band is still elastic and if-
aﬂ'extensometer is used to measure the strain, no extension
Ais fecorded.beyqnd.point C until the.band has propagated
into the gauge length 6f the e;tensometer. Thereafter, the
band spreads thfoughout the sﬁecimén.at.an épproximately
' c&ﬁstant load; the plateau ép is known as the lower yieid”
point (LYP). It should be noted that the extensometer

measureés qh average extension over the gduge length and

is& the sum ‘of plastically and elastically deformed sections

*



within the gauge 1eagth. .After point D, no further extensien
is agaih recorded until the band has spread throughout‘thé“
'lengtn.of the specimen. Thereafter, the éeformatien becomes -
macroscopically homogeneous and is given-by_the curve DE.

" The length CD is known as the yiéld point elongatien or l

Luder's strain, ¢ The value of the Luder's strain is

L’
dependent on many factors such as strain rate [2, 13-15],

grain size [4 16-18] and temperature [19].

A mechanism used to explain the discontinuous yieldlng

behaviour in the tensilé test is. glven by Cottrell and Bilby

~ [20]. This s glven in terms of the dlslocatlon theory and

was based on the idea that dislocation sources were locked
or pinned by solute atoms.” So, in order for the dislocations
"to be pulled apart from the solute atoms and become mobile,

a large force has to be applied. Th;s is the origin of the

upper yield point. Once the dislocations beceme3mobile, slip

can occur rapidly at a leWer applied force -'the. lower yield
point. _ -

'in'steels, the yield point is‘associated with small
amounts of interstitial'or substitutional impuritiesf It
has been shown by LOWﬁaﬁd'Gensamer[21] that reﬁoving either
C or'N from low carbon steels will eliminate the YPE. How-
'ever if a very small amount (0.001 %) of either of.these
elements was returned, the yield p01nt ‘will reappear.

Although the dlslocation plnning mechanism seems

pe}



to explain %he:behaviour in steels, it could ﬁotAbe used
in explainiﬁg.the.yield point phenomenon in materiais‘which
have a very low dislocation density. One such material is ‘
Li‘F crysfal [22]. Therefore, pinnlng of dislocations by
impuritiés is-only one case of the yield'point behaviour.

To account for diseontinuous yielding in low dislocation

density materials, other models have been proposed [22, 23].

1.3 " Scope of the Present Work

The aim of this study has been to undertake a
detailed experimental study of'diSCQntinuous bénding in
iow carbon sheet steels and to develop an analytical model-

to predict the behaviour of these materials in terms of

their tensile stresé»gtrain curve.
~ In the phre bending of sheet metal exhibiting the

‘yleld point phenomenon, sometimes the material hds a

."klnklng" effect Just after the elastlc 11m1t When "kinking"
occprs, a plot of bendlng moment versus curvature'would‘show
a drop 1n -moment . From the theoretical models that hgve

been suggested so far this does-not occur and developlng

a model which would predict this effect would be very useful

for.undérstahding manufacturing brocesses*that invelve pure

..

,bending.\ The development'and theory of two models are

‘e
7

presented in Chapter Iv.’

. An experlmental r{g was built to test specmmens

»

o e e % S v i |




+

in pure bending. The experimental-resulfs obtained are
N \,

compared with the ;Heoretical results from the proposed

D

model- that seems to be more appropriate. Also, for two
materials, the theoretical results are compared .with the
results generated from previous models. These models are

presented in Chapter II.




CHAPTER IT

PREVIOUS MODELS OF DISCONTINUOUS BENDING

2.1 ~ Introduction

The pheqpmenon of discontinuous'yield‘in materials.
has been widely studiedlby many investigatofs, howéver,
there still seems to be some contfoversy about the exact
explanation of this unigue material behaviour.

Since the tensile test is the simplest .and most
universal test of material behaviour, much of the work
has been done using this test and many models hsﬁe been
proposed. A very good summary of the work done-in ﬁensiée
‘testing is given by Moon [24] ‘ . ‘

"In ‘the ténSile test, Luder s bands form.and
propagate throughout ‘the length of the spe01men. These
bands can be observed visually and their characteristics
"and descrlptlon are well documented [14 25, 26]. ‘

In addition to the tens1le test, dlscontlnucus
yield behaviour has been observed and studled in torsion_
'[275, reverse tension- compression [28- 30] and bendlng J

Since thls thesis deals w1th discontlnuously

yieldlng materials 1n bendlng, the work that has been

'done so far in thas area will now be presented .
8 ’ Lo e -
\ ) .



2.2 - Present St&te of DLscontlnuous Yleldlng in Bendlng

As early a§%1899 Ew1ng [31] Suggested that the "
1str1but10n across the section ‘of a

\‘—;////"‘*\\ ‘form of the stress
. N ]
bending just after the yield point should

\\g:ld steel beam jaf | i
as shown- Figure 2.,1.

\\/ .

ara

F1g 2.1 - Btress dlStleuthn for a mild steel beam in
the elastoplastic region as suggested by Ew;ng

» B [31] : . '

4

P

However, at that:time) little oxr no "attention had
" beenc given to the yield point phenomenonh of mild s%eel and

there was no mention of the difference between the upper

and lower “yield points in. this stress distribution. It is -

-

. - . r .
now clearly established that discontinuously yielding

materials such as annealed mild steel exhibit an upper and
1owef'yiéld point.
. During the last seventy years, several models have

:been proposed to explain the discontinuous yielding

beh#viour of materials in the‘elestoplastic range. All

fhese models assume that*plane sections before'bending
remain plane and from this assumptlbn the strain dlstri—

: R bution across a rectangular section is.as Shownein Flgure

» 3 ~ . - »

e o



‘the bent beam,

g

s - X

2.2. Therefore, ﬁhe strain is proportional to the distance
. . \o

P ~

.

.Fig. 2.2 - Strain distribution across a rectangular section -

from the neutral axis and the proportionality constant, 'C

is equalito the i)ﬁAQhere R is the radius of curvature of.
The first theoretical model was suggested by
Robertéon and Cook [32] in 1913 after,tensilé tests
,éonfirmed the existence of an upper énd lower yield point.
The stress distribution for ﬁhis'modéi is shown in Figure
2.3(a) and was based on the'assﬁmption that thé stress in
edch longitﬁéigal fibre of the bean, after reachiné the
upper yield value, drogs to tpe %ower value and remain
constant as the material yields through %he depth of‘the
.secfion:' The experimentai and theoretical momgpt—defiect;on'

curves are shown in Figure 2.4. In their theoretical anal-

t . ~ .
ysis, curves were generated for different g%?ess reductions.

H

S
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(a) — ROBERTSON & COOK

(b) — MUIR & BINNIE

!

[0~ oy~
X ”
(¢) — NADAI (e) — KUNTZE
g .
- o ol
] ’/\ . {
. >
F4
1 1
(d)— PRAGER
RN Fig. 2 3.+~ Stress dlstrlbutloﬁs for dlscontlnuously
oo yielding materials as suggested by various
‘ _investigators
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In 1926, Muir ‘and Binnie [33], suggested the
stress distribution shown in Figqre 2.3(b). This model
was developed from experiments by Kennedy [34] and is
based entirely on the value of tpe‘upper yield stress:[
-They could not accept that there can be a sudden drop in
stress at the onset of yield. Their argument to support
this model was that sincé yielding is brought about by
slip along maximum sheaf stress planés, the stress that
initiates this siip is the upper yield and tﬁus, this
kshould be the stress upon which the plastic tﬁeor& should
bé ﬂased. : SN . - ' ;

Nadai [35] proposed the next model in 1931. ‘The
'stresg-aistributioﬁ is shown in Figure 2.3(c) and it
became kﬁown as the "classical theory". This model is
similar to that of Muir and Binnie except that the plastic

theory is noy based on the value of the lower yield stress.

4

a
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This model is very simple and would give conservative
results if used in design calculations: _ ‘

| In i933, Prager [SGj proposed the model shown in
Figure 2.3(d). This was based on experimental results of
Thum and Wunderlich [37], who found that the maximum elastic
© moment was greater phan that calculated from the "classical'
theory and closer to that of the fully plastic moment. This
led Prager to believe that yielding of the extreme fibres
and collapse of the member ‘are coincident. He believed
that the function of the upper yield point is to keep‘;he
member in the elastic region wheﬁ the bending moment is less
than the plastic moment but as soon as the applied bending.
moment is equal to the plastic moment, the whole section
of the member suddenly becomés plastic. That is to say, the
member'is eithér totally elastic or totally plastic. :

‘ Also in 1933, Kuntze [38] suggeéted thé stress
digtribution shown in Figure 2.3(e). The assumption being
'made here is that the extreme fibres do not yield until
the teﬂéile yield stress is reached at a certain deﬁth in
thé beam. This depfh was referred to as "the centre of
reéistance”.. '

. Of the theories proposed, thosé of Prager and
Kuntze were called the ''new theories" and the one by

Robertson.and Cook was referred to as the *old p?éory".

Both of.fhese‘havé found some support by later'invesfi~
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‘gators.

The theory given by Nadai éan be disrggarded as
e%perimental ﬁoment—éurvature curves by all inyestigators
show that yielding was always above that deduced from the

Nadai model. This wouid seem to show conclusfvely that

yielding of the material occurs at a stress greafer,than

.

that given by phe lower yield.

Of all the research carried out with discontin-
uously yielding materials in bending, most investigators
[27,‘39—41] supported the "old theory" and only a few‘.
Héve‘supported the 'mew theories" [42, 43] and the
nclassical theory" [44, 45].

The "old theory' has been very useful in pre-
dicting the collapse loads- in structural analysis but
thefe is étill doubt about it repreéeﬁéing the actual
physical behaéiour of materials, with yield point elbng—
ation, sugjected to bure bending in the elastoplastic.
‘range. E#perimental,results presented éo'far have been
.:for specimens with thicknesses greater than O.Q”. These

results show no drop -in moment after the elastic -limit
“has been exceeded and it would be interesting to know

whegger these models can be applied to cold rolled sheet -

metal, which is used.in sheet-medal forming opekatiions.
)

PSS,

e

PR



CHAPTER III

DISCONTINUOUS YIELD IN TENSILE TEST
In a uniaxial tensile test, a typical true stress-
true strain curve for a discontinuous yielding material

is as shown in Figure '3.1.

TRUE STRESS, O

., N

TRUE STRAIN, €

-~

Fig. 3.1 ~ Typical true stress-true’ strain curve in a
. tensile test- o
- 15
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Fig. 3.2 - Illustration of tensile specimen after Luder S
front has: propagated some distance
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Fig. 3.3 - Strain distribution behind the.LHder's front
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DISTANCE BEHIND FRONT, X

‘Fig 3 4 - Strain rate distrlbutlon behind the Luder s
front .
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o, = upper yield stress or generation stress
o, = lower yield stress or propagation stress
o = flow stress for uniform flow at zero strain
£
rate
~ E;' = Luder's strain or yield point elongation

The strain hardening portion of the curve is fitted

w

to an equation of the form: o K (e, + e)" and the)flow

stress O¢ is obtained by back extfapolation of this %urve
~ T 4
to the value of the maximum elastic strain. '
. A\
Figure 3.2 shows the geometry of a tensile sp£01men

after a Luder's front AB has propagated some distance into
the gauge length. Ahead of the front, the strain is always
zero and behind the front, the strain rises to the Lider's

strain €y The strain distribution is shown in Figure 3.3

and Figure 3.4 shows the corresponding strain rate distri-

bu?ion.

During the propagation of the front,. the lo@d'P
remains relatively constant and every element must be iﬂ
equiiibrium The equlllbrlum equation is derlved by L

y

assuming that the strain rate is small and therefore

»’I

inertia terms cati be neglected.’ Hence, at every cross-

section the transmitted force is the same.

—~—
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N

(i.e.) P = 9y AD = o Ax = Constant (3—1)

where Ao = original cross-sectional area

Now, A = A exp (-e) (3-2)

Therefore o = £ = P '
o Tx A A, exp (ﬁsx) _ (3-3)

i R SO ’
But, A, T S (3-4)
Hence, | o, = Oy exp (ex) . (3-3)

N
.

X By plotting equation, (3-5) on a stress, strain,
strain rate space, the equilibrium conditions give the

sﬁrface shown in Figure 3;5. |
K . Ffbm the material behaviour point éf view, the
stress-strain relationship at constant'strain.rate i§ as
shown in Figure 3.6. By plotting é number of these sections
in a stress,ostrain, strain réte space results in the sur-
face shown ;n Figure 3.7. '
The strain rate haiﬁening behaviour of mild'steel
has not .yet béen'uhequivocally.established and different
"authors employ different constitutive relations. One

which is used is:

T e = Ri(e +e) & T - (3-6)

s g S i o o ot i

)




"propagate throughout the ‘specimen.
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—

where m is the straiﬁ rate sensitivity index and typically
has a value less than O. 01 as compared w1th approximately
0.2 for the strdin hardenlng index n. Equation (3-6) has
various drawbacks and here we do not choose any particular
relation but illustrate the surface as.haying a small but
positive gradient in the strain rate ¢ direction. |

Now, every point on the Luder's front must be-
represented by a point on the equilibriup surface as well
as one on the surface representing the mgtefial behaviour.
Therefore, the points of intersectionhef these two surfaces
will satisfy both ce;dét?pns. ‘Hence, superimposiné Figure
3.5 on Figure 3:7 results in the diagram shoéwn in Figure
3.8 where the intersection of the two surfaces is along AB.
At B, the strain rate is maximum and this occurs when the.
dfsplacement x = 0. At Yoint A,.the strain‘rate is'zero

and ‘the strain value is equal to the Luder's strain ei.
Now, the material surface is sloping upwards and since
therstrain rate must decrease from maximum fo zero, it-is
concelvab}e that it w1ll decrease smoothly along the path
1ndlcated by “the arrows in Figure 3.8. This gives the
equlllbriem surface for a.tensile test and it represents
the path taken duriﬁg the inhomogeneqﬁs deformation’ of

each element. Thus, in this way, the Luder's band

it will be appreciated that there aré/ndmeroue

PRSRIPY
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'opjections'to this simplified modei\of Luder's straining.
.The principal difficulty is that the portrayal ‘of the
material propefties as a surface in the stress, strain,
strain rate space implies the strain e is a state variéblé.
This is certainly not the case and the resistance to flow
o depedds not only on the instamtaneous plastic process
but also on the prior history of the‘materigl. In steel
at room temperature, the flow stress in.continuous plastic
deformation depends more on the acéumuléted plastic work
than on any other singie factor and the simplified model
is useful conceptually, if not entirelf corréct quantit-
atively. |

If we considef the projection(of the strain path
on the stress, strain rate plane, then the piétﬁre is .as |
shown in'Figuré 3.9. The jump‘fnbm o ="0 ., € = £ =0 to
‘OL’ = éé is assumed to occur instantaneously
‘and hence is only shown by an arbitrafy dotted line. We

Mmae

‘g o= e =0,

note that straining never occurs at ¢ = o, and € = 0;

hence o, is a stress associated with éB. Therefore, it

is not surprising that the lower yield stress o, is very

L
sensitive to the applied extension rate and the strain

. rate-distribution curve as shown in Figure 3.4 is probabl&

degendent;'amongst‘other things, on the applied extension -

-
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Fig. 3.5 -« Illustration of stress, strain, strain rate
surface from equilibrium conditions
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/ STRESS, O

n
0= K(ETE)

'Fig. 3.7 - Illustration of stress, strain,\strain rate
surface from the material behaviour point of

I~ . view
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CHAPTER IV
MODELLING

4,1 Analytical Modelling of a Discontinuous Yielding

Material in Pure Bending

In this fype of modelling, certain aséumpfions are
made about the strain condition and a macroseopic Approach
to the equilibriym equations is used. From the model,
theoretical curves are generated to indicate the behaviour-
of the matetial.

¢ In‘the pure bending of a Spécimen, the outer
sufche.ié essentially in tension and the inner surface in
compression. "In the.devélopmeht of the model, the follow-
ing assumptions will be made.

1) All longitudinal elements bend into circular
arcs having a common centre of curvature.

A

2) Plane sections before bending'remaiﬁ plane

’

after bending.

3):'The stress-strain curves in tension and

compression are identical. . . PR
From the sécond assumption, the strain distribution
in a rectangular cross~section specimen is given by‘e.= y/R -

1

25



e e e Pt S e

26

where R is the radius of curvature.

. For a material bent to the elastic limit at the
outer fibres, the stress distribution for a rectangular
section is shown in Figure 4.1 where o is equal to the
&ield stress in a continuously yielding material. The
stress-strain curve for such a material is shown in
Figure 1.2. For a discontinuous yielding material, it is
proposed that,o is equal to the upper yield stress or

generation stress S

4 :
Fig. 4.1 ~ Stress distribution up to elastic limit for
T a spec1men with rectahgular cross-section

For pure bending.of a aiseoﬁtinuous yielding
material in the elastlc reglon the profile of the
spec1men is as showh 1n Figure 4. 2 with the angle 8 -
incredsing as the radius of curvature RE decreases.

At the onset of yielding, the outermost~f1bres

of the material undergg plastic deformation and in-

-
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Fig. 4.2 - Profile of rectangular specimen bent up te the -
elastic limit '

Fig. 4.3 ~ Profile of rectangular specimen showing instébilé
) ity or kinking :

-

~
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stébility in bending may or may not oc¢cur. If a material - -
shows.instability, at the point of kinking, a drop in lqéd
is norm;lly recorded and the resultant profile of the
specimen is that shown in Figure 4.3 where the bending
moment ﬁ' is less than the maximum elastic moment. Also,
in the region of ihstdbility, the radius of curvature R

k
1
is always less than R which is the radius of curvature

in'the elastic region of the specimen.

To model this behaviour, the stress'distriputign
across the section must bé developed. It is assumed that
the intrinsic stress-strain relationship is as developed
in Chapter III and represented by Figure 3.1. 1In bending
be&ond the elastic“limit, the peak stres; in the. elastic
zone for an elastic-plastic interface is a matter of
speculatioﬁl Séme'inQestigators have suggéétéd it-is the
generation stfes; o wﬁile others have stated it is the
L
never reselved and therefore, two models will be'suggestéd

propagation stress o From the literature, this was

here. In Model I, the. peak elastic stress is equal to
. _the generation stress LA ‘This implies that .even after

" yielding of the outermost fibres, each inner longitudinal

v

fibre stgeé%es up to the gené&ation stress bu before it
bggins to, yield. 1In Model;II, after the outermost fihres ,fi"

yield.at the upper yield stress Oy the matenial'cqntinuesg

to'yield at the propagation stress cil The stress distri-

v
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butions for Model I-and Model II are shown in Figures 4.4
and 4.5 respectively. |
Although both models are not equally plausible,
the théorétical analysis will be made fér both so that the

theoretical curves can be compared with the experimental

results.

4.2 Theoretical Analysis

Consider a beam in pure bending, (shown schematically

above) subjected to a bending moment M gnd'at a radius of

curvature R at the neutral axis. Thé strain in the longit-
udinal fibre AB, a distance "y" from the neutral axis’'is’

given by:..

4

.. .81 _ yde _ ¥ ' ‘
e = 1 TR (4-1)
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The bending moment M is calculated from:

g+ y dA (4-2)

and for a beam with rectangular cross-section of width ''b"

and thickness "t",

)
M = '2b S 0o - y dy ‘(4-3)

—ti

2
the extreme fibrés.

where tl and t_, are thé distances fronm the neutral axis of

-

It will be éssume& that t; = t2 = t/2 and that .

the position of the neutral axis does not change during

deformation. Therefore, the bending moment can be re-

Y

written by:

t/@ :
M = 2b f ¢ -y dy (4-4)
(o] : . )

-For Models I.and II, the stress up to the elastic

¢ = o fJL— 0 i y < t/2

and since the material is totally elastic,:Hooke’s law is-

qbeyed:



e n W e

Therefore, - o = Ee = %%
Substituting for ¢ in equation (4-4), h
t/2
VRt R S E .y
[o] .

This gives on integrating and simplifying,

g % & S Ebt> 1
- 2 "R

; 3 > Ry

For the beam bent in the elastoplastic rangé{ the

.stress distribution for Model I can be expressed by:

o ’ '
o=—L'ou;.O.<6y_<_y
y\
Y. n
¢ = K (eo +.s) .

A

; .
= K (e, +y/O 5 y <y<ct/2

the neutral axis of the eiastic-plastic interface.

4

.32

(4-5)

(4-6)

(4-7)

(4-8)

-

., . [} ’
wheng it is assumed ¢ ~ e = y/R and y 1is the distance from
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Substituting for ¢ in equation.(4-4), the bending

moment in the elastéplastic region apcdrding to Model I is: -

} ’ t/2 -
I _ n.
- M7= ﬂ dy + K y‘ (e, + y/R) -y dy (4-9)
- L
Integrating and simplifying, .
" T n+1 ya o+ 1
I _ ) KR £ L -y p
L L A ey z(%*zzz) yéo+R
. t n+Z° “,\n + 2 .
- Réo + EE) * RGO * %—) 1 (4-10)
' - (o +2) ' : -
’ 1
. Now: y = ou/R .
E

Therefore, the relationship between bending moment and radius

of ‘curvature from Model I is given by:

5 2 n+1

, . n+1
y s
| oMt = 2b6“ : + R -t-é +-t—> -G“R<%+°u)
3E2 _ (n+1) )2 2R . ‘E . 5
./> ) n+ 2 . .
- —R£e°+—;§> R R( + ———) '
. o+ 2) (4-11)
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From Model II, when the material is in the elastic—'

34

plastic range, the strgés distribution can be expressed

by:
1"
g = 7] UL s 0 _<_ y f_ y
y
(4-12)
g = K (so + y/R)n\ i Yy <y < t/2
Substituting for o in equation (4-4),
11 /
‘ v 2 t/2 n . :
MII = 2b fOLlr.-dy-i-f.. K<80+%>,-y dy (4-13)
: Y y ’ ¥y
1"
Now, y = 0LR and on integrating and simplifying,
i .
. .3 .2 n+l n+2.
11 o, R KR t( t>' 9 R o
M., = 2b + = (e + =% ~-—= (e + L
3E2 (n+1))2\ 0o 2R g E o z
n+ 2 o n + 2
t L
- R(eo + o= + R(ao + = ao1ay

o i
I
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4.3 . Plane Strain Bending

]

. Equations (4-11) and (4-14) give the relationship

_between M- and R in elastoplastic bending under plane stress

conditions. However, if the ratio of width to thickness is
large, the test is one of plane strain which is tﬁe sérain
condition norma%ly associated with pure bending of éheet—
metal.

Since fhe aim is to use the uniaxial tensile stress-
strain curve-ih the Eheoretibal anélysi;, it is necessarf
to develop the relationship between the uniaxial tensile
and.plane strain-strgsses and make médificatioﬁs t6 the
bending moment equat;ons derived so(fay.

The relationship between uniaxial and plane strain
stresses for both the elastic and plastic conditions are
developed in Appendix A\ ’

For Models I and II, when the material is bent
up to the elastic limit, the plane strain bending mément
M is given by:(

PS

I,II _ Ebt , : :

When the material is. bent beyond the‘elastié limit,

the plané strain bending moment from Model I is:

. 1
¥t N
P f
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3 2 ‘ -
o
M.PSI=2buR - KR t +_£_n+l ouR€+Ln+l
\ 2 (n+ 1)]2 \o 2R E o
3E
n+2 . g .n+ 2
- € L + €+....9.. )
R (o + ZR) RS YE (PPSC) (4-16)
; ¢
(n + 2) o
A
From Model 1I,
: 32 n+ 1 n+ 2
II o, R . o.R g
= 2b|°L KR /¢t t _ LT L
MPS_ '5E2¢+(n+1) 2(80+2R) E (EO+E)
i
’ n+ 2 a n+ 2
- R (e +L) +R(g°+.f;i) (PPSC) _
° 2 E) (4-17)
(n +.2) .

E', ¢ and PPSC

are the elastic and plastic plane strain correction factors..

In equations (4-16) and (4-17), R < R

These values can be calculated from equations (A-11) and{;A—27)

respecfively.
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CHAPTER V

-/
"EXPERIMENTATION

Materials

For fhie work, the materials used wefe:
Rimmed steel - A . ’
Rimmed’steel - B | : ' ’ -
Rimmed steel - C |

Mild steel . . - T

.HSLA steel . e

Thé rimmed steels were of different thidknesses

and may also have different comp051t10ns All the steels

exhlblted the yield p01nt elongatlon (YPE) and were aged

. dlfferent amounts to vary the YPE. With rimmed stee%—B

in the as recelved condltlon the Luder s strain was

approximately 6% and in order to~ach1eve smaller values

subsequently aged This temperﬂrolled steel w111 be

the material was temper relled approx1mate1y 2% and

denoted as lemed-B in the text.} The agelng temperature

for- most of the tests was 100 C.
- The mlld and HSLA steels in the as recelved

conditlon were almost fully aged and further ageing did»

37



,Appendiz E. From ‘these curves, the mater1a1 parameters

38

-

P
o)
B

.not show a large increase in Luder's strain.

For all materials, no chemical composition analysis
or métallographic studies were undertaken, but they were
all industrially produced materials with compositions '

typical for the generic description.

5.2 - Tens1le Tests -

Tenszle tests were performed on all materials after

thelr dliferent heat treatment The heat treatment was the

cfsame as tbat d@ne for the equivalent bend test spe01mens

The tenszle speclmens were carefully machlned on

<e:a Tens1le KUt machlne and the tesfing was done on a 10,000
71bf, capa01ty Instron machlne. The cross-head speed for

“all tests was 0.1 }nch/mlnute.

- The extension was monitored by means of a_ 1" gauge

length Instron extensometer and the autographic load-

.extans1on curve was continuously plotted for each test.

Tests were stopped when the maximum load was clearly

';ﬁXceeded. The stress-straln curves for all materials in

%ﬁe’é§;£eceived condition are showm in Figure 5.1. True
st%ééé«trha straiﬁ curves for all tests are given in -
K, eo and n were obtained by a least square flt of each

curve, beginnlng Just beyond the YPE region. and endlng ,

at the p01nt of maximum load " The ‘heat treatmenp and_
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-

mechanieal properties for all test materials from th§EIé

testing are summarized in Tables I(a) - -I(f).
z..

-

#  Also, from tensile testing, the Tr-values (ro and
rgo) for each material Qere obtained so that the plastic
plane strain correction factor (PPSC)zgguld be calculated.
The r-value is the measure of anisotrépy of the material
and™is equal to the ratio of width strain to thickhess
strain. For thia\specimens, normally the longitudinal and
width strains are measured instead since it is difficult
to measure\the thickness strain'accurately and by assuming

constancy volume of material, the r~value can be determined

from: b
U N (L N LNA) 5y
e, 1n (to/§ ) In (Wl /w 1)
TR . \
where: v, = .original with
t, = original thidkness
10 = original length\,
wf = final width-
te = final thickness i -

-
]

£ . final-length' ) N
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éince the r-value is a function of strain, values
Qere calculated at strainsof 10-20%, the first valﬁe "
always being taken after the yield point elongatiop and in
calculating the/plastic plane strain correction factor
from equation (A-28), the average r-values were used. Table
II gives the r-values at 0° and 90° to the rolling direction
for all test materials and Table III gives the values of
the plastic plane strain correction factor (PPSC) fbr eatch

material.

£
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TABLE I(a)
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Heat treatment and mechanical properties for Rimmed steel-A

(t = 0.034")

Heat
treatment %4 oy, YP; e n
Temp.} Time °
(°C) -(hrs) | (ksi) (ksi) (%) (ksi) \
- - 42,33 37.92 3.1 87.612 0.002% +0.218
lOQ 0.50 [ 42.44 39.15 3.63 | 88.972 0.0023 0.232
100 1.00 | 42.65 40.62 3.75 88.332 0.0069 | 0.232
100 5.00 { 43.35 41.57 4.13" 88.432 0.0008 6‘226~
100 13.25 | 48.47 42.47 4,50 | 88.518 0.004 0.225
100 13.75 [ 45.00 42.64 4.88 1 91.183 0.0153 ’0;2474¢ﬂ
100 |14.25 |45.24 | 42.28 | 5.15|86.754 | 0.0036 0.222
100 14.75 | 49.02 42.78 5.50 | 86.625 0.0038 0.21%
100 | 1575 {49.73 |<42.12 | 5.63 | 88.654 | 0.0031 ‘| 0.226~|
100 18.00 46.60 i 44,44 6.60 92.517 0.0317- 0.268 |
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TABLE I(b) -
Heat treatment and mechanical\propérties for Rimméd~steel—B"

{t =0.04")

Heat
treatment % oL YPE K o
Temp. Time o . n
(°C) | (brs) | (ksi) | (ksi) | (%) (ksi)
-—— -— 43.37 | 32.13 6.0 75.465 0.0 0-.278
200 | 0.75 | 42.23 33.62 7.8 78.170 | 0.0 0.279
215 | 0.50 | 44.27 | 33.97 } 6.8 76.326 0.0 0.256
270 | 1.00 | 48.14 32.24 7.0 77.256 0.0 0.281
. TABLE I(c)
Heat treatment and mechanical properties for Rimmed Steel-B
(t = 0.039") ‘
Heat * i .

treatment ou UL' YPE K € n
Temp. Time ,
(6C) | (hrs)| (ksi) [ (ksi) | (%) (ksi) +
—— —_— 28.71 27.95 0.85 76.08 0.0132 0.250
100 §0.25 35.01 33.24 2.4 76.18 | 0.028 0.252
100 | 0.50 36.65 34.88 }.3.4 76.52° | 0.030 0.258
100 |1.00 | 41.65 36.66 | 4.1 76.32 |.0.028 0. 240
100 {1.50 | 42.85 | 38.35 | 6.2 [ 77.49 | 0.050 | 0.266
100 | 2,00 | 41.84 | 37.34 | 6.5 | 77.62 | 0.042 .0.271
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~~._TABLE I(d)

i (
N \
/ _Heat treatment and mechanical~properties for Rimmed steel-C
(t = 0.058") N
1 o \\
.« \\
~ Heat ‘ -
treatment % T o .YPE -‘K £, .
Temp| Time - 1 ‘
(°C)|{ (hrs) |, (ksi) (ksi) |" (%) L (ksi)\ | - 4 (—-—,
. ' ‘ s |
——— —-—— 35.40 34.06 0.75 76.636 | 0.0134 0.207
\ - lOO‘ 2.0 44. 28 41.52 3.75 81.225 {0.0733 0.276

100 | 4.0 | 45.45 | 41.74 | 3.88 | 80.335 | 0.0509 | 0.248
100 {13.0 | 46.64 | 42.80 | 4,00 | 81.341 [0.0872 | 0.284

: ‘ 100 {19.5 | 44.94'| 40.64 | 5.10 | 77.184 |0.0565 | 0.255

100 |23.0 45.52 | 42.47 | 6.75 | 80.991 | 0.112 0.323
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TABLE I(e)
Heat treatment and mechanical properties for Mild steel
(t = 0.056")
Heat
treatment % oy, YPE K e n
Temp.] Time
(°C) { (hrs)| (ksi) (ksi) (%) (ksi)
e - 28.09 27.04 1.80 95.770 0.0 0.288
100 2 ~ 28.38 25.62 1.82 90.889 0.0 "} 0.281
100 4 27.68 25,74 1.84 89.540 0.0 .0.273
100 23 27.71 27.01 1.86 90.945 0.0 0.278
100 | 36 '27.53 | 26.29 | 1.87 | 93.434 | 0.0 | 0.294
TABLE I(f)
‘Heat treatment and mechanical properties for HSLA steel
\\\ " (t = 0.076")
He;}\ ‘

treatmegf\\ % a Oy, YPE K

; n
Temp.| Time K\?ks o
(©C) { (hrs) si (ksi). (%) (ksi)
——- |- | 71.20°|.57.11 | 4.25 | 114.037 0,195
225 8 60.38 55:&} 5.0 .113.66 0.208

- \.\
A
\\\
C NG




TABLE II: r-vaiues for test materials

R e VUL

Orientation Extension _
Material to RD (%) r r
10 0.85,
0° 15 0.92 | 0.91
Rimmed 20 0.97
steel-A 10 1.20
90° - 15 1.18 | 1.18
20 1.17 .
10 0.82
0° . 15 0.83 | 0.87
Rimmed 20 | o0.96 |
steel-B 10 1.69
90° 15 1.78 | 1.79
20 1.89
10 1.34 4
0° 15 1.35 | 1.35
Rimmed ' 20 1.36
steel-C 10 1.77
90° 15 1.79 | 1.80
20 1.83
00 10 0.74 | 4 25
Mild ‘ 15 0.76 |
steel 000 10 0.87 | op
15 0.97
0° 10 0.58 | o g0
HSLA 15 0.62
steel 000 - 10 1.26 |- oy
. 15 1.28 .
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Plastic plane strain correction factor (PPSC) for test

TABLE III

materials

Material PPSC
Rimmed steel-A J 1.16
Rinmed steel-B 1.19
Rimmed steel-C 1.26
Mild steel 1.12
HSLA steel -1.12

47
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5.3 "Bend Tests

5.3.1 Experimental Bending Rig

In order to check the validity of the theoretical
models developed in Chapter IV, the experimental.rig shown
schematically in Figure 5.2 was built.™ The rig subjécts
the specimen to pure bending and consists essentially of
four rollers. The two outer rollers being at‘an equal .
distance from the inner ones. To reduce friction, the
rollers were mounted in roller bearings.. The rig was
designed such that the distances between the inner rollers
and outer rol}ers could vary from 3-3/4" to 6-3/4" and
5—3]4” to 8—3)4" respectively. |

For.testing, the rig was attached to the Instron
machine and the complete experimental .arrangement is

shown in Figure 5.5.

5.3.2 Experimental Procedure

Bending épecimens of gebmetry shown in Figure 5.4
were carefully machined so that the shoulders fitted
between the inner roilers.of the rig. The geometry of

the specimen was such-that instability would occur in'the

.reduced section instead of at the rollers. ”:

» . . To check whether the rig works, a preliminary

test was done using AKDQ steel. This is a contihuqusly

,yielding material which always form a uniférm curvature

-
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s -
in bending even after thé elastic limit. The results
obtained (5om this test is presented im Appendix C. Also,
using AKDQmsteel and by means of a spherometer arrangemenf
attached to the figlas shown in Figure 5.3, the calibrgficn
curve between radius of curvature and cross-head extension
was obtained. This is given in Appendix B.

For each material, both tensile and bend specimens

were heat treated together so that they would presumabiy
have the same mechanical propertigs. The bend specimens

were approximately aligned at right angies to the rollers

and tested at a cross~head speed of 0.1 inch/minute. The

1 . .
autographic |load-crosshead extension curve was contin-

uously plotted and the test was stopped whenever kinking
of the specimen occurs., However, the chart was left on -
to record the drop in load as a function of time. A ~
typidal load-crosshead extension curve is shown in Figuré
5.5 awa the data from this curve is used to calculate the
Hending moment and curvature. The method of calculating
these pérameiers is given in Agpendix D. The experimental

observations and results are presented in Chapter VI.

4
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. Fig! 5.3 - "The complete

experimental bending -

arrangement;
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CHAPTER VI

RESULTS AND DISCUSSION
7

¢
4

A

6.1 Experimental Bending Results

A brief description of the bending behaviour of
each material and a sample set of éxperimental results
are given in this.chaptef.' l

When Rimméd steel-A was tested in the as received
condition, no kinking of the specimen occurred and a stéble
bend was made. TFigure 6.1(a) shows the specimen after.
tesfing and Figure 6.2(a) gives the experimental moment-
curvature diagram. A sample of thié material was aged at
100°C for 13.75 hours and a klnklng of the specimen ~

occurred on bendlng beyond the elastlc llmlt Thls\klnklng

" effect can be seen in Figure 6.1(b) and the experimental

bending moment-curvature relation is shown in Figure 6.2(b).

‘The experimental results for Rimmed steel-B in the

" as received CODdlthn is given in Figure 6. 2(c) The

‘spec1men kinks in post elastlc bendlng and this effect -

was also observeq with subsequenp ageing. When this.
material was temper rolled‘and tested, no kinking occurred.
With agelng of the temper rolled materlal (Rimmed steel-

B"), the Luder's straln was recovered but ‘the specimen . -
' oo "~ B4
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did not kink. ﬁowever, a fine regular marking was obseryed
on bothvsuffaces. Figure 6;1(&) shows a photograph of a
heat treated specimen and Figure 6.2(d) gives the experi-
meetal results for the material, heat treated at 100°C for

1.5 hours.

The experimental results for Rimmed steel C in the

.as received and heat treated (100 C for 23 hours) condltlons

/
are given in Figures 6.2(e) and 6.2(f). No kinking of-the

material was‘observed and the profile of one of the aged
specimens is shown‘in\Figuge 6.1(e).

For Mild and HSLA‘sfeels, both materisls kinked in
the as reeeived conaition and the experimental results
obtained, are given in Figures 6.2(g) and (h) respectiveiy.

The profiles of these tested sbécimens are shown in- Figures

6.1(£) and (g)Q ' .

From the experimental results, the value of the
upfer yield stress can be calculated since the bending -

moment M is proportional to the curvature up to the elastic

~limit. This stress value is one of plane straln and by

'd1v1ding by b, whlch is glven by equatlon (A- 11), the

equlvalent uniaxial tensile upper yleld stress can be

obtalned These values are glven Table IV wh1ch als&* .-

shows the_oalculéted values o tﬁg'flow stress) oé.
- /

V)

-

_ other tests. are given ian pendig'F, _Thése are eomparea'~i'~l¥
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(2)

— (C)

-

6.1 -,Pfofile of tested bend specimen'for:
-a) Rimmed steel-A in the as received condition
b) Aged Rimmed steel-A ) _
¢) Rimmed steel-B Ain the.as received ‘condition
4) Aged Rimmed steel-B' C -

‘CD ‘ ‘ f,' Py
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©) Aged Rimmed steei.p
f) Aged Miig st_éel 3
g) HSLA steel in the ag received c‘onditi«qn\
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Flow stress vélu&s Og and’ calculated values of the uppe

~

yield stress %4 from bend tests

(a) Material: Rimmed steel-4 (t

TABLE IV

0.034')

66

‘Heat Treatment

- {Temp. (©C)

Time (hrs)

g
u

(ksi)

- 0 .
§ (kﬁi)

——

100
100
100

"100

] 100

© 100
100
100
100-

0.5
. 1.0
© 5.0

13.
13.
- 14,
14.
.75 -

15

75

257 -

75
25 ¢

41

54.
.30

59

59.
60.
60.
60.
61.

.89,
52.

75 -

36

97

11 |

21

40
69

18.00

62.16

25.69
. 24.80
29. 39
23.39
28.00
33.48
27.45 .
28.37
26,96

37,23

(b) Material:

LN

~

Rimmed steel-B (t

Heat -Treatment

~’ieqp¢(90)‘

Time (hrs) |

‘o-u

-(ksi)

-

e -

47.81

4 geo: 0475 . 48.83." 13.03"
215 050 -} 0.9, .1 . 14188
f - 270 1,00 -~ |-+ 51.58 - 12,01 [ .,
e g : IR
'; ] : - . if4 i~ Q\
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(e)

v

Material:

Rimmed Steel-B (i

= 0.039")

. 67

Heat Treatment

“|Temp:. (°C)

Time (hrg)

ag
u
(ksi)

O

(ksi) -

- —

0.25

28.62

26.24

- 100 34.59 31.26 ’
100 0.50 . 36.85 31.29
100 1.00" 38.86 . 32.71
100 1.50 39.69 35.17
100 2.00 40.49 33.16
(d) Material: Rimmed steel-C (t = 0.058")
Heat Treatment bu' } i OF
'Temp. (°C)| Time (hrs) “(ksi) (ksi)
- -— . | 37.03 31.96° | -
100 - 2.0 53.15 36.95
100 4.0 54,97 38.72 -
100 13.0.  58.31 .40.94
00 - [ .19.5. 59.56 - 37.47
100 23.0 . - | . 61.48 140.09
‘3}\¥ :
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(e) Material: Mild steel (t = 0.056")

" Heat treatment

g g
u-- f
Temp, (°C)| Time (hrs) (ksi (ksi)

Y —— 33.47 13.52

1100, 2 34.30 13.55 .
© 100 | 4 35.24 14.19

100 23 36.54 14.08

100 36 36.98 13.37
(f)_pMaierialﬁ HSLA steel (t.= 0.076")

Heat t&éaf;ént %a - "0
Temp.(°C§ Time (hrs). (ksi) (ksi)
— *\ — 78.33 35.75

225 '8 80.96 33.21

~ #
¢

L4
. ©68
13
y -
'
H
»
Y -
e
Y
_:- :.-— o ——
v
<
‘. -



J R

4

69

with the theoretieal results from the proposed model that A

" best agrees with the experimental observations.

6.2 Effect of Ageing on the Upper Yield Stress .

. The effect of ageing on the value of the up_pé_r~
yield. stress for Rimmed—A‘uﬁimmed-B', Rimﬁed-c and Mild
steels are shown in Figures 6. 3(a) to 6.3(d) respectlvely.
Here, the values of O from the~ tenslle and bend tests are
compared. The graphs reveal that the magnltude of % from;
the bend test is, in almost all cases, greater than that
obﬁarhed from the’ tenslle‘tesp. Alsot_theZvalues.frpmvthe;
bend tests increase'with'ageing time which is‘expected,

whéreas the values from the ténsile test are,scatfered. .

From Figure 6. 3(b), ‘which shows the results for the temper

‘rolled materlal lemed steel—B the ten511e upper yleld

stress values are larger for sone tests.A-Thls may;be due -
. % :

to the resldual stresses qn the tens11e'and bend test

specxmens belng dlfferent 81nee the spe01mens Weret

machined from sheets Whlch may not have’ heen rolled under

,the same cendltlons. - T s

The magnltude of the upper yleld stress at a

partlcular'straln rate from a tensxle test depends on

h-_i) "the rlgidlty of . the testlng machlne {f»'}\’xj, -

}T; ii) the allgnment of the specxmen in the grlps

B s

v and 111) the radlus of the fillets on the spe01menrt¢r7.;;:
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For 1nstance, upper yield stress- values between
1.4 and 1 6 tlmes the lower yleld stress values have been
- obtained [27]. However, to-acnleve such values, the
specimens havé to be'vefy'carefully machined and truly
aligaed in the grips. Unfortupatelyd.in this work, sucﬁ

precautionary measures were not possible.

6.3 ° Effeét of Ageing on the Luder's Strain

. Figures 6, 4(a) to 6. 4(d) show the effect of ageing

jAon the value' of Luder S straln for Rimmed--A4," lemed-B y

lemed C and M11d steels respectlvely In tﬁese graphs,

N 1’

‘the values of s obtalned from tensile tests-are compared

w1th the values obtalned from the cugve flt parameters. -
" . These valueS‘are determlned by flnding the 1ntersect10n

of the curve generated from the eurve £it -values with the

experimental'tensile'true stréss—tiue strain curve. :The

graphs'shbw that'the magnitude-of the Lﬁder's\strain; e

genérally iﬁcreases with ageing time. This'is-expected
since ageing increases both upper and lower yield stress

-values and ggom the model presented for the tens1le test
.. in Chapter. III .an -increase- in lower yield s%ress will
/ » . ks oo
result in an 1ncrease in: Luder 'S stra1n4; The comparlson\

’~\of observed and calculated values shows that the calaulated

-

28 et e
>

iS'because'the curve f;t is not good in the reglon Just N

"thvalues afe less than thosé obtamned from experiments.,}ihisjf
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after the yield boint elongation where the material has a
higher hafdening rate, /
From Figure 6.4(a), there is not much of an increase
in Luder's stsain until the material, Rimmed stsei—A has “
been sged for over 13 ‘hours. ‘An examiﬁafioo of the lower ;.~'
yield stress yalues in Table I(a) also shows that the stfess

value harély increases until ageing has exceedsd'IB hours.

Thus, this confirms that the magnitude of the Luder'svstrain

"is diréctly dependent on the vaiue_of the lowern yield stress.

6.4 f Comparlson of Proposed Models with Experlmental
' Results S

* .
-

In Chapter IV, the stress dlstrlbutlons and theorb_

_etloal analyses of two models (Models I and II) were preé

sented._ In order to determlne_whlch model is prefepable,

the theoretical'results computed from both-will 5e.compared

'w1th the experlmental results of a test that shows no' )

fznstab111ty when bent beyond the elastlc 11m1t lemed-

.

.. steel—A in the as recelved condltlon will be used here
'—sxnce thlS materlal has approxxmately 3% Luder s strain
':“Aand shows no k1nking. In fze theoretlcal analys1s theé

A'value of the upper yleld\stress c from the bend test will

bé used along Wlth the lower yield stress value from the :-; ‘}‘f

tensxle test.( Aiso it w1ll be assumed that Young s{ ;x:“'fffﬂ_’~

modquS'of elastloity E 1s~equal to. 30 x 106 pS1 and

S - -~ - 4 e mm e e - -—'- P et "-« N [—— N PN am -y
- -
. e e e R

A T R R . Ry
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Poisson's ratio v is equal to 0.3.
. Figure 6.5 shows the comparison of the_experimental
and theoretloal results for the materlwl It can be seeh'
that the results from Model I are in good agreement w1th
the experlmental results in that no klnklng ‘of the material
is predicted. ’ The curve from Model. II shows a drop in
moment after the elastic limit whrch indicates kinking:and
as stated before, this does.not°occur; An examination of'

other test results show that the results obtained from

"Model I are more agreeable w1th experlmental Tresults than

those from Model IT1. Therefore on this bas1s Model I

-

seems to be the ‘more plausible model Another reason why

.tp1s is so is due to the.fact«that the strains in ‘bending

are very. small compared &ith the Luder's strain hence the

strain rates are probably very low and ean be con51dered '

Jto be nearly . ZEFO.. As noted 1n Chapter III the lower:

0y - 18 associated. with a high strain rate which
[

1s unllkely to be reached in the bend;ng experlment There-~

fore, the‘whole bendlng behav1our can be roughly character-

.

1zed by the stress—straln ourve for the sectlon at a straln
- ~

rate é = O For thrs~reason the lower yleld stress does s

‘.

Anot seem to be a relevant parameter and since.Model II lS ‘.

”*based on. th1s value 1t can be argued that failure to repre~ g

sent the material behaviour mn bendlng JS reasonable., Hence,

‘ +

'fsfor all tests the experlmental results will Pbe- compared

k"w1th the theoretical curve generated fromigodel I

:*:»,..r~ I L . S L T TR . el A ) ST

s W e T 4 - s e - N > . .
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IR O . LR PN Lt PR I S

S ‘.“-'-'.ﬂ- _,wl.ﬁ

™



73

V-1921S pouwwiy JIOJ m.p.m,? mwwhpm .
pPIeT4A xaddn aya uo Sute8e 0 7390893fFe .94y - Advm 9 w,n.m

~

[¢a4)  BWIL ONIFOV SR
ol 2! -8 ¥

1 E Y

o. - " 1s31 aonze 9
1§31 3IUSNIL O

e .
e « . N . *
. v . - « &

V — GIWATY A

R

.10 .
\1._.'\ . \»O"

R ()

o
¥

j

Ne)
D

-

.

- -

sy 0 SSIYLS  GTIIA-N3ddn

- e

. < -

5

I

Da s . = o e s



p
5
3
—
-
&

74
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Flg 6. 3(b) ~ The effect of ageing on. the upper yleld stress -
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F:Lg, 6 3(c) -~ The effect of ageing on the upper yleld stress :
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40 : : ,
T MILD-
e ——
< ———"'o’—

-3

 UPPER YIELD STRESS, O (ksi)
\

25

O  TENSILE TEST

¢ BEND TEST

rS

12

24 . 36
IAGEING  TIME (hr.)

Fig‘ 6 S(d) ~ The effect of age:.ng on the upper yield stress
value for. Mild steel
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6.5 Discussion
Figures 6.6(a) - 6.6(h) show the éomparison'of

the experimental results presented in section (6.1) with
the theoretical results obtainea from the stress distri-
bution given by Model I. The comparison of experimental
results from other tests are given in Appendix F.' In the
generation of the theoretical curves, the values of %
from the bend test will be used since, for the reasons
already given, the values from the tensile test may not
be reliable. Also, Young's modulus‘of elasticity E is

assumed to be 30 x. 10°

psi and Poisson's ratio v is equal
to 0.3.

The theoretical results in all cases are in good
agreement with experiment;l Observations in that whenever
kinking of the specimen is observed, this is predictéd by
Model I. For some theoretical analyses, tensile tests

had to be re-performed since gpe tensile and curve fit
parameters were found to be\u;reliable.

Upon cioser examinétion of the momentQCurvature'
diagrams, there is a discrepancy in slopes of the theor-
etical and experimental results in the elastic region.
One reason for this may be due to the value of foung's
modulus of elasticity E not being the assumed va;ue.

Another reason is that the specimens may not be truly

in plane strain in the bending experiment.
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In the elastoplastic region, the experimental and

83

theoterical curves can only be compared when the test does
not show kinking. When the specimen kinks, the curvature
changes rapidly and further exﬁerimental data could not

be obtained. From the curves thqt can be compared, the
error between experimental and theoretical results is
within 20%. This discrepancy may be due, in addition to
the reasons alread& given, on the degree of accuracy in

the curve fit of the tensile true stress-true strain

curve and the assumptions made in the theoretical analysis.

One of wh;ch is Hill's theory for anisotrophy in the
plastic region which ssuﬁes that the g&ress—strain‘
relations in tension and compression are the same., This
is not.necessariiy correct. *

Fromxyhe analysis, the material parameter that
seems to determine whether kinking of the material can
be predicted is the value of (o -'df). This can be
seen in Figure 6.7 where tﬁe value of ou from the tensile
test is used in the theoretical analysis. The graph
shows tﬁat the theoretical elastic bending moment is
much less than the  experimental value and also, k;nking
of the material is not:predicted. Therefore, an accurate
value of o  is necessary for predictiﬁg the behaviour of

discontinuously yielding materials in pure bending and

'3

- in calculating bend force and springback values. If a

B o= o gt



o e =

84

low value of % is used, these values will be under-

estimated since they depend essentially on the moment

to bend the sheet.

Since the value of (ou - cf) was found to control
the instability of the sheet\}n bending, this Valﬁe should
be kept to a miqimum in order to achieve stable- bends. One
wa& of doing this is to temper roll the material. However,
if the rolled material is allowed. to age, although stable
bends may be made, surface markings may appear on the
material surface as observed with Rimmed steel—B'. The

reason why the rolled materjial can be bent smoothly may be

due to the residual stress left in the material.

The value of Lﬁder's strain does not indicate whether

. |
kinking will occur. This can be seen from a comparison .of

the values from Mild and agéd Rimmed-C steels. For mild

steel, €L is about 1.8% and kinking occurs, whereas Rimmed

steel~-C has a valué greater than 6% and the material shows no

instability. ‘However, -an.examination of the experimental
moment-curvature results for the aged material shows that

there is not a large increase in bending moment after the

elastic 1imit. This may be an indication that the material

is almost at the point of kinking. . i
The comparison of results from Model I with the
results obtained from the stress distributions suggested

by Rdberfson'and‘Cook, Muir and Binnie, Prager and Nadai

!

[EP S ST VDNV S
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are shown in Figures 6.8(a) and (b) for two materials.
These are Rimmed steel-A, aged at 100°C for 1 hour and
Rimmed steel-C in the as received condition. As‘already
stated, aged Rimmed steel:A-shdws kinkiqg whereas Rimmed
steel-C does not kink.
It can be seen that only the proposed mo@el, Model
"I predicts the behaviour of both materials. The model by
Prager always shows instability since it is assumed that
the material is either totally elasti¢ or plastic. The.
models by Muir ana Binnie, Robertson gnd Cook and Nadai
do not predit any,;pstabilitf'for the aged Rimmed steel-A
since the bending moment alwé&s incrgases with curvature.
However, of tﬁese models; the one by Robertson and Cook
may predict instability if the_value of (ou - oLz'is large
enough. From all the tests that show kinking, th;s value
was not large enough for the Robertson and Cook model to
predict kinking. -__ __ |
For‘Rimmgd steel-C, the curves from Robertson and
Gook's model and Model I are comparable sincé there is
not much difference between the calculated fiow Stress
value and the value of thé lowér yield stres;. In this
case, the model by Roberfson and Cook will show good

agreement with experimental results. -

Therefore, from the comparison of theoretical

results and on the basis of good'agreement of results

Bt e St
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from Model I with experimentélvobsefvations for all tests,

Model I seems to be better in predicting the behaviour

of discontinuously yielding materials in pure bending.

)
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CHAPTER VII

@

Py

CONCLUSIONS AND SUGGESTIONS

7.1 Conclusions

v

This work has been concerned with the behaviour
of sheet steels which show discontinuity in elastic- -
>plastic bending. Extensivg‘experiments have been per-
formed on five samples of steels and based on-the experi-
mental results obtained, the following conclusions can
be made: .

a) Of the two models sﬁggested, Model I was
found to be more plausible. The comparison of experi-
mental and theoretical results from %his model were in
good agreement for all tests in that kinking or smooth
bending in the bend test were invariably predicted
qorrectly by this model.

b) The models suggested by previous investi-
gators do not agree with experimeﬁtal results.

c¢) The magnitude of the uniaxial tensile‘upper
vield stress caléulated from the bend test was in almost
ail cases greater than that obtained from the tensile
test. This indicates that a more reliable test for

determining the value of the true upper yield stress
98 '
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should be a pure bend test instead of the tensile test
which is now being uged.
d) The magnitude of the Luder's strain does not

determine whether the material can be bent smoothly or not.

- e) The material parameter that was found to govern
whether kinking will occur was the magnitude of (ou - of).
If this value was kept to a minimum, ?he material may be
beht in a stable manner. One way of échieving this was .
by temper rolling the sheet, quever, for one material,
when this was done, surface markings ,appeared on both
surfaces of the bent‘specimen. This effect could not be

predicted from Model I.

7.2 Suggestions for Further.Work

The experimenfal investigation carried out in/ this
work has been limited to low carbon sheet stgels, tested '
ét a constant strain rate. To determine whether the
proposed model truly predicts the behaviour of other dis-
continuously yielding materials, it is suggested that
tests be perférmed on a wider range of materials and in ;
different thicknesses to determine the effect of specimen

" geometry (b/t) on the'matefial behaviour. Also, tests

should bé performed at different strain rates to see Whét‘

effect this has on the behaviour of the material and the

model.



APPENDIX A

CORRECTION TO THEORETICAL BENDING MOMENT FOR
PLANE STRAIN BENDING

Al When Material is Totally Elastic .

From the theory of elasticity, the .relationship .
between stress and strain for the co-ordinate system

shown in, Figure A.1 is:

o

_ 1.
e = % [ox v (oy + oz)]‘
e = 2[o -v 6 +0)] (A-1)
y E*y z X

S
e, = 2 [oz v (ox-Fcy)]

<
S

il

where E Young's modulus of elasticity

Poisson's ratio

<
1

100
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M
Fig. A.1 - fllustration of a beam in bending with the
co-ordinate system used in the theoretical
analysis.
For plane strain bending,
e .= 0 )
4 (8-2)
and g = 0
Z
Therefore, equation (A-1) becomes:
o1 _'
€, = E[Gx voy]
1
= 0 = — -~
°y Eloy ~vod (4-3)

,
N
=

[-v (0, + oy)]

s e
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Now, for a specimen subjected to a bending moment, M and
at a radius of curvature R, the strain in the X-direction

is given by:

/
/

e, = 1 (A/i4)

where y is the distance from the neutral axis.
Denofing the plane strain stress in the x-diregction

as oxl, equation (A-3) gives:

‘ ~ 1 .
o, =V o, . (A-5)
1_ E -
and o = 7¥-+v oy (5-62:4

o L =.%¥ ( f\ g (A-T7)

Now, from a tensile test in the elastic region, the
material obeys Hooke's law and the tensile stress is given

by:

. &
o = E = EZ _ (A-8)

Therefore, Lo = 2! x . (A-9)

S5 i i s ik e e =

PO
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L)

Equation ,(A-9) is the relatiénship between the plane strain
and uniaxial tensile stresses when anticlastic curvature
is not allowed.to take place.

However in bending of. thin specimens, the anti-
clastic curvature is not completely neutralized and a
correction has to be made to account for this. The anti-
clastic curvqture gives rise to the distortion of the
séecimen as illﬁstrated in an ekaggerated manner in Figure
A2, R2 is the anticlastic curvature\ﬁéd is a function of

the ratio of (b/t) and the principal radius of curvature,

Rl'

Fig, A.2 - Illustration of anticlastic curvature in a
specimen with rectangular cross-section

e v ameata &

[
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The theory to account for anticlastic curvature

in a rectangular specimen was developed by Ashwell [46]

and for purely elastic bending,

Mgy = Mg ¥ (4-10)

whereb%SE is the plane strain elastic component of bending
moment Mo is the uniaxial elastic component of bending moment
5 ‘ s ’ -
and ¢ is the correction factor to account for anticlastic

curvature.

According to Ashwell,

F (ab) (A-11)

where:

ob Rt
~ 2. 20 . . 2 2
f (ab) = 2 (B" + C”) (Sinh ab + Sin ab) + (B“ - C° + 2BC) Cosh ab
2 2 2 2
Sin ab + (B + C” - 2BC) Sinh ab Cos ab + 2 {(B” - C%) ab
= (B + C) Sinh (ab/2) Cos (ab/2) - (B - C) Cosh (ab/2)

F (ab)

Sin (ab/2) - . ‘ o ‘ \ '

P

s W o s e

e o+

B



B

v Sinh (ab/2) Cos (ab/2) - Cosh (ab/2) Sin (ab/2)
B = Sinh ob + Sin ab

Sinh (ab/2) Cos (ab/2) + Cosh (ab/2) Sin (ab/2) '
Sinh ab 4+ Sin aob

(A-12)

A.2 When Material is Totally Plastic

The plane strain correction factor to the theoretical
bending moment when the material is totally plastic can be
determined from the equivalent stresses in uniaxial tension

and plane strain.

L
-

Using Hill's theory for anisotfopy;[47]{ the equiv-

alent stress is given by:

g

I

[T

1/2
(;(c -0 )2 + G(o -0 )2 + H(o -0 )2 + 2LT 2 + 2MT 2 + 2NT é]
y A 4 X X y yz | ZX . Xy

- FFoFE }
v .(A-13)
where F, G, H, L, M, and N are c¢onstants: ~>
) . .
I
Also, the components .of plastic strain.incrémentg,are:
P . _ - q-
de ék [H_(cxx oy) + G (cx oz)]
P ; ,
de = dA|F(o_~0c )+ H (0 ~90
e [Flo, - 0,) +H (o, = 0] a1a)

dgzp = di'(G (oz -.ux)‘+ F (oz - o&}]

N 105
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For a specimen in pure tension with ‘the co-ordinate

system shown below,

oy = 'cz = 0
(A~15)
and T = T = T = o -

. . Xy yz ZX
Substituting in equation (A-13) and simplifying,

. —1/2

- |3 1 4+ H/G= o
= Ji; (;-%F/G+¥H/ X : (4-16)

For a specimen cut in the x-direction of anistropy

and pulled in pure tension,

de-P i de P :ide P = (G + H) : “H : -G ' (A-17)
x y z . . o
Now, tﬁe value of anistropy in the x-direction is:

. _ -
o= __15 - 2 | (A-18)

s o it e i et Tt
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Similarly, for a specimen cut in the y-direction

of anisotropy,

de P : de P i1 de® = -y : (F+H :F (4-19)

(A-20)

~
"
™
it
=X

Therefore,

Re-writing equation (A-16), 'the équivalent stress for a

specimen in pure tension is:

—

T 1/2

F:\/% L+, T% (A-21)
l14r +r ;
!

For a specimen in plane strain'bending as in Figure A.1,

e
e P = 0
y
{(A-22)
o] = 0 g
z
4
a,nd ’TXy = ‘ryz = sz = 0
, .
Since e ? = 0, de Pos 0 aiso
‘ 4 y .
ot

S e e e, Tt e, R —

P I S
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Therefore, from equation (A-14),

6 = B . 4 (A-23)

Substituting for oy in equation (A-13), and simplifying,

:

_." . 1/2 1
- 7311+ H/G+ H/F Yoo
0 == x (A-24)
2 G/F + H/F F/G + H/G)!
J ﬁ- G/ /F) (F/ /zj
Substituting for the r-values,
- 172 )
— /
5 = ;% L+, ! % (A-25)
L+ v +r i r + r .
( ¥y ( x _z)f
r r |
L % Y
Comparing equations (A-21) and (A-25),
- —_ 1/2
il +r 1/2 _ 13 l+r +r o !
3! X o 5 X Y X
2 T+r_ +r XN BN
1 X X y} % _5”»
LYy v Tx LY (4-26)

J
Therefore, the relationship between plane -strain and uniaxial

tensile stresses in the plastic region can be denoted by:

1
o, = (PPSC)" o, ' . (A=-27)

I
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where b
— —il/Z {— —~1/2
PPSC = 1+ T . }/l + .EX + ry\ [t + .EE\E (A-28)
’ [L+r +r) i T J L r
oo ] -
[ y _ , l+r +r i
I y N

Thus, by knowing the r-values at 0° and 90° to
the rolling direction of the sheet, the plastic component

of the plane strain bending moment can be determined.

O e i g w7



APPENDIX B

CURVATURE CALIBRATION

It is assumed that the surface of the material has
uniform curvature and forms an arc of a circle. From a
spherometer arrangement, the radius of curvature can be
obtained. The diagram below shows the geometrical con-
figuration after some bending moment, M. The distance h
is the dial gauge reading, 22 is the distance between the

spherometer legs and RO is the radius of curvature of thé

outer surface. — e

i e m R
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From the geometrical configuration,

AP = a® + h (B-1)

Applying the Sine Rule to triangle OAP,

.11;

; AP
Sin o Sin (180-2u)

Q
It

Substituting for AP and simplifying,

o R /é?—S)

Since the neutral axis is assumed to be at the

"centre of the testpiece, the radius of curvature at the

neutral axis, R is given by:

R = (R - t/2) = al + n? -

2h

(B-4)

Nfrr

where t is the thickness of the specimen.
The calibration data is given in Table B-1 and

tgg,calibration curve is shown in Figure B-1.

(B-2)

S peam—— e _vaan W ¥ =

gl rir e i



TABLE B-1 - Curvature Calibration Data

112

Crosshead Gauge . o

extension reading, h R (in.) 1/R (in. 7)
(in.) (in.)
0.044 0.0035 64.3 0.016 -
0.064 0.0054 41.7 0.024
0.084 0.0075 30.0 0.033
0.104 0.0094 23.9 0.042
0.144 0.0144 15.6 0.064
0.184 0.0200 11.2 0.089
0.224 0.0245 9.2 0.109
0.264 0.0304 7.4 0.135
0.304 0.0355 6.3 0.158
0.334 0.0392 5.7 0.174 .
0.364. 0.0430 5.2 0.191
0.404 0.0475 4.7 0.211
0.484, 0.0565 4.0 . 0.251
0.514 0.0610 3.7 0.271
0.554 0.0643 3.5 0..285

*

For the spherometer used, 2a

= 1,342"

[EON
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0-32 o
5. .
< 0
_'m
.0-24 | |
w
1
D
g
> 3 -y
14
D
O
O-16 |- -
0'08 - . . ‘ —
O l I : 1 l {
0 0-2 0-4 0-6

CROSSHEAD EXTENSION (in.)

Fig. B-1 - Curvature calibration curve
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Tensile and bend tests were performed on AKDQ

APPENDIX C

PRELIMINARY EXPERIMENTS

steel which is a contjinuously yielding material and the

true stress~true strain tensile curve is given in Figure

C-1. Table C-1 gives the values of the material para-—

meters and the plastic plane strain correction factor

(PPSC).

Table C-1 - Material parameters for AKDQ steel

Yield stress K €, n ?o ?9-0 PPSC
at 0.2% strain| (ksi)

(ksi)

26.4 72.852 | 0.0044 | 0.231 | 1.96 | 2 1.36

Since the material 'is continuously yielding, the

stress distribution in bending is as shown in Figure

C.2 where oy is the yield stress at 0.2% strain.

‘114

e gt e g N
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STRESS  (ksi)

TRUE

20

.
v

1 :

.2
TRUE STRAIN, €

Fig. C.1 - Experimental tensile true stress-true strain
diagram for AKDQ steel in the as received

condition J
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n
K——~0'= K(Eyt €)
1

1

*

2

|
2 I
|

Fig. C.2 - Stress distribution for continuously yielding
material in bending

Figure C.3 shows the comparison between the experi-

mental and theoretical results.

~
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APPENDIX D

DETERMINATION OF BENDING MOMENT FROM EXPERIMENTAL DATA

(3

Fig. D.1 - Geometrical configuration of testpiece in
bending rig

When the specimen is subjecﬁed to pure bending,
it is assumed that the test section forms an arc of a
circlerf radius of curvature R along the neutral axis.

The geometrical configuration of the specimen'in

bending is as shown ianigure D.1 where;

’

v gyt ne
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R = radius of curvature at the 'neutral axis <
r = radius of curvature of bending rig rollers

t = thickness of specimen g
{
V = vertical component of force at point of RN {
contact {
H = horizontal component of force at point !
of C&Qtact ;
P = 1load recorded on chart g
1

-~
¢

The bending moment at A is given by: ¢

P ——

M = VvV (1

A ) + l2 - r Sin 8) -V (12 +r S%n 8)

+ H (dl + d2 + t/2 + r Cos G)QE\H (42 F otet2 -

-

TR L i S oy oy e eiimr oy e o

r Cos 9) o
Simplifyiné’ d‘,_w;,*ﬂﬁv e ) ‘
s o 4 . 2r Sin 6) + H (d; + 2r Cos @) (D-2) (»,,//
’ L4 . S | ’ J | ‘} |
;’ \ \ | : §
)’ R . . /1 /
) 4 . i L 12 -
o, Zrom Flgyre D';’ °= Sin (R - r - t/2) (D—3)k\\,/

://

and from force equilibrium,-

7y = P
\ 2 ,
. (D-4)
- P ’ .
B = 2‘Tan 6

EIVSEN o N
W e T i A o S o ot s S N_\,.
<
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Also, from the above diagram:

_ . L 2r + ¢
'dl = 1, Tan 6. oy (D-5)
Substituting for dl’ v and H in/gqﬁation (D-2) and
simplifying, L - ’
P {1, - (2f + t) Sin 6}
M, 1 (D-6)

2 Cos? &
Va

Now, R is obtained from the calibration’ curve

given in Appendix B and from equation (D-3), 6 can.be

calculated. Hence, the bending moment. can be obtained.

FUPDUNINGUE SRR )
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APPENDIX E

EXPERIMENTAL TRUE STRESS-TRUE STRAIN CURVES

Figures E.1(a) to 1(j) show the curves for Rimmed
steel-A in the as received and aged conditions. >

Figures E.2(a) to 2(d) show the curves for Rﬁz;ed
steel-B in the as received and aged conditions.

Figures E.3(a) to 3(f) show the curves for Rimmed
steel-B' in the as rolled and aged conditions.

Figures E.4(a) to 4(f) shHow the curves for Rimmed
steel-C in the as received and aged conditions.

Figures E.5(a) to 5(e) show the curves for M;ld
steel in the as received and aged conditions.

Figures E.G(a) and {b) show the curves for HSLA

steel in the as received and aged conditions.

121
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TRUE STRESS (ksi)

. - . 1 T 1 v I' l? 1
70t | -

301 , ' i
© RIMMED — A
20 ! "
10 ¢ =
O 1 .| : ] n | § ] :
0 o 06 ‘12 " .18 “24

’ TRUE STRAIN , E

Fig. E.1(a) ~ Experimental tensile true stress-true strain
diagram for Rimmed steel-A in the as received
condition
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70

TRUE STRESS (ksi)

30 | RIMMED =A (100°C — 5 hr.) |
)
20| -
]O - -
0] L 1 ! ] 8 1 1
0 06 12 18 24

TRUE STRAIN , €

~

Fig. E.1(b) - Experimental tensile true stress-true strain

diagram for Rimmed steel-A, aged at 1009C for
0.5 hours
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70}

TRUE STRESS (ksi)

RIMMED — A (100°C — | hr.)
20}
*
10t
. /
O - L | 1 1 L ] 1 |
0 .06 12 18 .24

TRUE STRAIN , E

Fig. E.1(c) - Experimental tensile true stress-true strain
diagram for Rimmed steel-A, aged at 1000C for
1 hour
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70} ' :

TRUE STRESS (ksi)

30k ' . 4
RIMMED — A (100 C — 5 hrs)

20k -

v 'O - -1
O 1 | | | : L l | I
0 ‘06 12 18 24

TRUE STRAIN , €

— T

R diagram fmr‘Rimmed steel-A, aged at 1000C for

Fig. E.1(d) - Experimental tensile trye stress-true strain
‘ 5 hours -
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! 1 f ] ' 1 ' {
70} | i
B
-
o 60 :
wn
Ll
o
- .
» 50 ~
t
o)
o
40} ]
{
30 I E
RIMMED — A (100°C — 137 hr9
20 | , | ' .
H
1o} -
O ! 1 L | A ] e ]
0 -06 2 '8 24

TRUE STRAIN , €

!

Fig. E.1(e) - Experimental tensile true stress-—ﬁ:rue strain
diagram for Rimmed steel-A, aged at 1009C for
13.25 hours ' /
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~J
(@)
T

TRUE STRESS (ksi)
o
O

B
o

30 ¢

RIMMED — A (100" C — 133 hrs)

J 1 ]

o ‘06 : 12

‘18 -24
TRUE STRAIN , £

Fig. E. 1(f) - Experimental tensile true stress-true strain

diagram for Rimmed steel-A;
13.75 hours

aged at 100°C for
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70 F

TRUE STRESS (ksi)

40 ft
30 [- ;
RIMMED - A (100 ¢ - |44¢hrs)

20}

10}

[S
O 1 l"' } l | l ] *:(x‘ 1 )
0, -06 12 18 - 124
TRUE STRAIN , €

Fig. E.1(g) - Experimental t
diagram for Ri
14.25 hours

en31le true stress-true strain
mmed steel-A, aged at 100°C for
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70 +
Eg
=
o
(7))
L
14
’.-
wn
.
>
o
-
3010 | .
RIMMED — A (100 ¢ 14§-hrs)
20.L
ol
O - L 1 1 I 1/. ] ! ]
o . .06 ‘02 18 24
' TRUE STRAIN , €
\

Fig. E.1(h) - Experimental tensile true stress-true strain
diagram for Rimmed Steel-A, aged at 100°C for
14.75 hours . . '
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a

130 &

30 |

20“—

>

RIMMED — A (100°¢ - 152 nrs)

] 1 { Ll i 1 }

06 2 18 24
. : TRUE STRAIN, €

Flg E.1(i) - Experlmental tensile true stress-true strain

diagram for Rimmed steel-A aged at 100°C for
15.75 hours
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70} .
‘©
A 4
wn
wn
[#1]
o
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wn
03]
2
o
-
. 40| .
30 |- . 1
RIMMED ~ A (100 C — I8 hrs)
20} ﬂ
10 _
~
o) : | . ! . ! A |
0 06 12 18 24

'TRUE STRAIN, €

Fig. E.1(J) - Experimental tensile true stress-true strain
diagram for Rimmed steel-A, aged at 100°C for
18 hours
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(ksi)

60 | 7

S50}

TRUE STRESS

40 |

30 H

20 & RIMMED — B "

ol . | . L 1 1 L

0 .06 12 18 24,
. ‘ TRUE STRAIN, €

Fig. E.2(a) - Experimental tensile true stress-true strain-

diagram for Rimmed steel-B in the 'as received

condition p
b
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70

(ksi)

TRUE STRESS

20l . RIMMED — B (200°C - % 'hr.) -
ol .
o , | : | e . |

0 -06 12 -18 24
| TRUE STRAIN , €

Fig. E.2(b) - Experlmental tensile true stress-true strain
" diagram for Rimmed steel-B, aged at: 200°C for
0.75 hours
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(ksi)

60

TRUE STRESS

TS W,

201 RIMMED - B (215 "¢~} hr.)

0 F

Q L ‘ | { L | TS
0 06 . 12 - 8 .24

TRUE STRAIN, €

) Fig. E. 2(c) - Experlmental tensile true stress-true strain -
, ~diagram ‘for. Rimmed stee1~B éged at-215°C for
0 -5 hours
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Fig. .E.2(d) - BExperimental tensile true stress-true strain
. . giiagram for Fimmed steel-B, aged at 270°C for
- o <1 hour .~
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60
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TRUE STRESS (ksi)

30

¥
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%
\. RIMMED — B

20¢

0 ) 1 ) ] <1 | ! ]

0 ~ -06 12 .18 24
TRUE STRAIN, €

Fig. E.3(a) - Experlmental tensile true stress-true strain .

diagram for- Rimmed steel—-B
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70} . _J

(ksi)

60 | .

TRUE STRESS

RIMMED — B (100°C - & hr.)

20 -

.

0 | | | ] L L i |
0 -06 12 ‘18 -24
' TRUE STRAIN , €

Fig. E.3(b) - Experimental tensile true stress-true strain
diagram for Rimmed steel-B, aged at 100°C for
0.25 hours '
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Fig. E.3(c) - Experimental tensile true stress- true strain

diagram for lemed steel-B', aged at 1009C for
0.5 hours
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F1g E. S(d) - Experlmental tensile true stress true strain

diagram for Rimmed steel- B', aged at 100°C for
1 hour
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Fig. E. 3(e) - Experlmental tensile true stress—true strain
diagram for Rimmed steel-q aged at 100°C for
1.5 hours
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Flg E.3(f) - Experimental tensile true stress-true strain

diagram.for Rimmed steel- B , aged at 1000C for,

2 hours.
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Flg E.4(a) - Experimental ten811e true stress-true strain
diagram for Rimmed steel-C in the as recelved
condition
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Fig. E.4(b) - Experimental tensile true stress-true s%rain
i diagram for Rimmed steel-C, aged at 100°C for
= ' 2 hours -
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Fig. E.4(c)

TRUE STRAIN, €

- Experimental tensile true stress-—-true strain
diagram for Rimmed steel-C, raged at 1000C for
4 hours
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Fig. E.4(d) —KExperimental téhsile true stress-true strain
diagram for Rimmed steel-C, aged at 1000C for
13. hours ' .
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F1g E 4(e) - Experlmental ten31le true stress true strain’
diagram for Rimmed steel-C, .aged at 100°C for
19.5 hours
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Flg E. 4(f) - Experimental tensile true stress-true strain .
. diagram for Rimmed steel-C, aged at 100°C for
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Fig. E. 5(c) - Experlmental ‘tensile true stressLtrue strain

diagram for Mild steel, aged at HOOOC for 4
hours |
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Fig., E.&5(d) - Expeiimental tensile true stress-true strain
- diagram for Mild steel, aged at 100°C for 23

hours
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Fig. E.5(e) --Experimental tensile true sfresé—true strain’
diagram for Mild steel, aged at 1000C for 36
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Fig. E.6(a) - Experimental tenéile true stress-true strain
diagram for HSLA steel in the as received
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Fig. E{.6(b) -

Experimental tensile true stress-true strain
diagram for HSLA steel, aged at 225°C for 8
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APPENDIX F

COMPARISON OF EXPERIMENTAL RESULTS WITH THE

THEORETICAL CURVE GENERATED FROM MODEL I

Figures F.1(a) t0'l(h),show the curves for aged
Rimmed steel-A. |

"Figures F.2(a) to 2(c) show the curves for aged
Rim&ed steél—B.

Figures F.3(a).to 3(e) show the curves for Rimmed
steel—B’ in the as received and aged conditions.

Figufe F.4(a) té 4(d) show the curves for aged
Rimmed steel-C.

Figures F.5(a) to 5(d) show the curves for aged

Mild steel.

Figure’F.G shows the curve for aged HSLA steel.
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