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<+ The principal.mec.:hani;:al parameters use:ful for- prpdicting | .
‘ < L .’ [}

v &
the formability of sheet metal are reviewed. . ‘

-

.

’
- a . * - R
~ \
"
’

A

) - . . . 'y

~ A manufacturing aglalytical technique is availdble for the,
' AR ) Tren - »

study of formability in sheet mgtal stamping which’involves the com- .

plex combinations of deé’p-drawing andﬁstre‘tching operations commonly

o

a}pblied in industry. A plot of the maximum and minimum principal .

’ . ) .
surface strains at failure on a sheet metal pressing results in 4
‘ . L

. ~
Forming Limit Diagram (FLD). The strains are| measured by means of a

: |
grid applied to the sheet metal surface prior to stamping. A FLD can )
. be prepared for each new stamping aﬁd ‘used ‘to monitor operating var- . r L
iables, evaluate die-modifications ‘and. e‘st.ablish material specific= .

ations to achieve a satisfactory stamping' in the préss shop. -

-

o - . Lt L4
)

The interaétion% of material properties, part design, p}inch

and die'design aﬂd -pressing congiii:ions are such that many. factors must

“

be considered in assessing sheet metal fomabil‘ity—.' The influencies

of materidl properties on forming are examined, especially the correl- . C
. i : - «

. -

-

ations of wo‘rlirh“alrcien\ing’ gxponent and ani%qtropy coefficient with press

- performances. Stamping is also affected by punch and die design’, lub-

N »
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N . .
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. .

rication, surface roughness and_ other pres.s_ope'xatih‘g variables.
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" . . R . -. . . . " te ¢
‘ 1.1 FORMING OF SHEET-METAL - . i & '

The }im of sheet-metal forming is the production of satisfactory

. _ parts by plastic deformation of sheet-metal. The capacrty of a
« metal to undergo forming without failure “through fracture is the

! : o formability. This qua.:lity is elusive to measure as ‘thege is no
‘ S single index that will enable its reliable prediction for any .pro-.
duction condition or stamping. A material that is readily form- .

. ’
. ’

. t - T N !
. - .,able for one stamping design may break when it is used for'a
. . . A

stampﬂu'; haéing a different ;':onfiguration.'" The forming load T
B a § “
> B ~ . .

’ g ' -. required to make a pressing is usually well within the press éap-
’ - ,"‘ acisy: it is the 'ductility of the metal‘ vwhich limits the proceas.

. Whether -the ductility can be utilized to the greateét advaftage
. . . ' ~ . .

-

’ - . 4 .o . .

will depend upon the surface condition of the metal and the tools,

3
. o o N ¢

the blank shape, the applied blank-holder pressure, speed of

L . ° . EY a
. * forming, lubrication and frictional effects, ‘tool and part giesign, » ,
4 ‘ ‘ v . .

. etc. - ) )

.
s

/ , The word stamp:.ng is used to cover all of the operations required

to form a flat sheet into a part. . These operatjons may include p

- ¢,
}

deep-drawing, stretching, bending, bucﬁling.and others. In most ,

production parts, cieformati@t takes l;lace by'éxa combination of ’ : .
. ' .deep-drawix;g. bending and stretching. The relative amounts ‘of |
stretching and drawing vary from stampi;ng; to stamping, or evén at

I N . . !
- __ different locations within a stamping. The properties of a

t
o




. T . N
3 “ . .

material required for good stretchabxlity are not the same ‘as &hose

3 - -
.

that impart good drawablh.ty. . ' -

-

’ . -
-

e "3 s ' o .

[ ° ’ - . “o

L]

" As stampmq is cheap ahd readily adapted to a large-scale production,

it is used, w'}dely, especrally by those 1ndustries producing auto-

1 " Q
mobile bod:.es, household electr:.cal applxa.nces and'a variety of small

N - Y . 4

/s uten51ls. r ’ : . b o ‘ ' )

.
.
e
< ' 'o‘
a o
- . R o >
. -
. . . .
. .

o~

Stampings wh'ich serve 2 decorative purpost rather t{an. a structural

~
»

l‘ , . : - . .
are acceptable only if there are no obvious tears, wrinkles, cracks.or
f ~3 s g *
M . VA . .
_neckd.in the ‘fj.ﬁish'ed stampinqs. In areas'of highly localized: strain,.
K4 /

¥4

« the surface of the metal sheet may become roughened%:h:.ch is objection-

able if it J.S exposed m the end product, especially if it is plated. L

Other stampings wh:.éh serve malnly a structural p\irpose, requlre N ,

strength and ductility in the finished conditionf ) Examples are the .

frame members of automobiles, propane tanks, fire cxtz.ngqisher cyl-

+

» mders and side paﬁels of monocoque automobile bodies. ¢ .. -

. e T

v 1.1.1 ©PETDoDRAPTMS , . : . ‘

Y ’

’ ! - [ o4 . i
Deep»draw:.ng, cup drawing or radial dra.winq. is- e_ process

whereby a blank sheet-metal is converted into -a flat—bottom

1 ’ ,
} ¥ ‘cylindrical cup. (2'14'19'28'33'34'35)@ The blank, wh;ch may.. )

be circular. tectangular, or of a more compléx-wmaline, is

drawn into the die cavz.ty by the pressure of a punch, 5& ‘shown
¢ A oL
] - Iz

Figure 1.1. ‘ ' L ‘ .
in ¥ . o, o




K . e ;o . '

i
!
b ‘. R l . N s
- '
l

No deformation occ;\;rs under the bottom of the punch, the area of

5§ -

the blank origlnally wzthin the d:.e opening... As the punch forms

[}
- -

the cup, the flange moves 1nto the dle opem.nq becommg the cyl—-
J.ner.ca]. shell through rﬁgdlal extenglon coupled with c:.rcumfer-

ent;ial shnnkagef. v , .:’ .-

~
rmv—r
}
ot

s 4
e . ! . . !
- - DEFORMING A& ¢ FAILURE : .
- DN . AREA ' . SITE, i .

Avtam e sy il

.Ejigure 1.1, Deep-dravung Operation. (From Ref. 2, .33)

“

. - a
' . .o N .
- 4 . N f
3
-y . .

&

In. deep-drawing ,. tneelix/n{.t o'f'deformation‘ is reached -whe'n. the

} [ ' >

load required to deform'the -flénge becomes greater than the load-

-
v

carrving capacity of the un-worked area near fhn\h.pttpm of the

cup wall, Hold~down pressures an\c?l friction in bending ‘and un-

2.

bending over the die radius influence the 'dei;'orma'tiox; limit.’

o A a

_Unwanted’ buckling or wrinkling of the flange is due to.excessive

1

!
]
\
i
i

_hoop c@:mpfes,sive stress’ induced in the flange. °‘They can be min- -

X,
i

.

”

imized by decreasing tne yield siress\,o"f the metal, raising the®™

¥

hold-down pressure, reduci.ng the clearance between punch and

0

die, :t.ncrsasing the thickness of the hlank, or reducing its diameter.
* ! . ’ [ . - j _x&-_j‘
. .. , ’ ' ;




ot

. ) " The formability 'j‘.n deep—drawmg is specified by the Limiting

Draw:.ng Ratio Ch:.DR) which' is defined as’ the ratio of th.e maximum

4 b

. . blank d:.améter that can be drawn into a cup without’ failure to

the diameter ‘of the die.. 7(7 14,33) ' ‘ ', l

- B »

&
s

o ' - Examples of deep-drawing parts are automotive oil pané . hydraulic
. ¢ - ’ ’ /

T ' pump housings, progané cﬂ(linderé,‘\fegetable pané for-refrigezjators

8 ; and bathtubs.

i .
. '
. . - o - . 2
. .

1 1.2 STRETCHING ot

. °

.
N [
~ . i Y

. Tnstretching, iﬁustrated' by Figure 1.2 ,~the flange of the flat
» .‘ . -

a

. blank is secure'ly clampéd.~ -Biaxial extension which’ can be

characterized as radial gxtension with no circumferential

(2,14,33,34)

. shrinkage, -is restricted to the'area initially

'

within thé_ die. The stretching limit is the onset of tearing.

"Location of the failure depends on the material and the forming -

conditions. , . S . - <0

FAILURE
- SITE

Seem sk s - )

/;.

DEFORMING . *irj \ ‘ .
AREA —

Stretch Forming Operation, (Prom °Ref 2 33)

P

R
po—
L s ‘.
Mmim.aﬂj.um-h“.ﬁb NSRS S |
. [}
. N .

o~ Y U R T X e Y, ST W g e Sy
-

" Figure 1.2;
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1.2 RELATIONS OF FUNDAMENTAL MATERIAL PROPERTIES TESTS

-

r

.
o

WITH PRESS BERFORMANCE

1

The causes of failure in complex pressings are many, and neither
the engineer nor the metallurgist has been ﬁholly succéssful/in

correlating prefscperformance with mechanical properties obtained

from fundamental tes

examinations, chemical analysis, etc. In'fﬁndamenpal'tests, the

three dimensional strain states imposed are &uite different from

/

the complex strain states applied ip‘the forming of complex

pfessings.

1.2.1 TENSILE TEST

i
!

|

N . {

¥

v

4

Some of the simplé,piastic properties measured’ im a ‘tensilé

test are of use in evaluating the formability of sheet

A

metal. The &ield stress indicates the forces to bé e*p—

ected, howéver, the experimental value is usdglly lower-
. ! P

than encountered in

tensile tests are ansiderably lower. Since necking is
. l

L4

_practice since the strain rates in ’

'usually considered as failure, the'unifor; strain up to

the ultimate tensile strength is a measure ‘of the expectdd

- ductility. 'Tdtal elonéation is not sStisféctory since it

°

5 .
includes both uniform elqngation and elongation after

1

necking ané'is dependent’ on thg gauge length over which
I R '

' the measuremént is made. The ratio of tensile strength

to yield stress is a good measure of the ability of a

’

|

Y
ts; sucn as tensile test, hardness test, micro-

-

e

<

-



- metal to resist necking. ‘ R

“

o » . . hS

RS LY

. ‘ i .
However, deep-drawing quality steel sheet is a very subtl

Frd
material and methods must be devised to test the sheet
y . , / / / -
under conditions &f stress and strain similar to those /
, "~ { ; , ;

existing in real processes, In any pressing operatiozh

the material is subfected to two perpendicular stresse

i

in_the plane of the sheet and flot. just one as in the
simple tensile test. The second or transverse stress
_affects-the levels of stress at which-the material ields ™ -

\e-~‘~_\\“_‘ and deforms and this is represented by the YIEld locus'

‘“h-*"~"—"‘IE~3‘§EE§§$‘dIagfam—4El, 1 3). This curve orJ&ocus

. \

Ls a fundamental property of the partzcular sheet/ and it

.

shows tac zcelaticnship between the two principal aLresses
at which the material ylelds. In a simple tens Lle test,
) one determines the point A on the locus and if the pro-
verties of the sheet are uniform in all d1rect7o S,
; _ . wpuld be sufficient to define the whole curve./ Sheet-
metal however, is never isotropic and its str#néth depends
S , ’)) on the direction in which it is tested. Th;gvanisqtropy
re;ulté in a distortion ef the yield locus which greatly
i | - affects’the way ;he éheet—meeal behaves in # pressing.

| ' W Thus, one must perform tests under differe74 ratios of

| . - combined stresses. g' .

\,

* . "\
‘p - \
| ' ‘\
" “
. .

P




\ | ‘ ’

- Exgnre_l J*_Stress_diag:cam_shamng_;deld_locus.___lnseﬁ

\
S \ .t shows the pr1nc1pal stresses §; and 6} on L ‘
\\& _ - : -3n element of the sheet (63 0 ). : . |
- . . 19' rﬁ‘ 3 ' ’ ' ‘

1.2.2 HARDNESS TEST . _ : . ) o .

N " . ; . . < 0 RN -
o ) ) R N
b ¥

Since the-hardness test approximately measures flo:rst:,:ess
I

. at 8% striin, it can give an indication of the forces needed -

Co ' . for pressing but gives no information 'about the formability.

; ’ ‘ P i
- 1.2.3 CHEMICAL COMPOSITION ANALYSIS, oL . Coe
. " . .l , "
” s L a-
- . £ 7 ’
- \ . Most steel stampings axe made from low carbon steels which

- - . . st ~—
contain from 0.02 to 0.08 percent carbon, plus v&yigg
v— . ' ' \ - '
amounts of aluminum, silicon, manganese, nickel, chr'onu’.mnl

e

' .. - - and _other elementst Although minor variations in chemical
. - ° » —

'

contents’ can affect the for‘mability of sheet metals, other
factors in the processing of the strip can complej:elj ovar-"
- 4 Y

shadow then, .t B -~ o
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1.3 ATTEMRTS IN DUPLiCATibN OF PRESS PERFORMANCE -

oy -

BY SIMULATIVE TESTS ° ) ' .

’

L

- t . .
X In an attempt to duplicate more closely actual forming operations,

/a series of sﬁmulative.tests have evolved within the £

industry. Exampfe§ of these tests include the

» ’

- Fukui, Swift 'and hydraulic bulge tests. Brobl

ichsen, Olsen,
“.

encountered

with these tests include:- scale effects, edge effects, types of

lub;icaﬁion, speed of-deformation and test equipment standard-

ization. ' - These and other test procedures often influence the

#

»

results obtained as much-as the material itself. |

‘ '

)
[ . . -

~ a4

Even if testing problems could be eliminated, there remains a-
basic obstacle to correlation of press performance data with fgfd¥
_amental and simulative test results. A stamping operation is

composed Bf various combinations of stretch and, drav, to’ which

-
H

bgnding, buckling, and other complications are added. One could
imagine a particular stamping to have a specific combinaéidn
-~

within the broad spectrum, as indidated by the arrow in Figﬁre

'l Y .
'1.4. Each of the runaamental and éi*ulag;ve tests can also be

positioned along this sgectrum.‘(13'28'29'30'32'33’36) It is
SN 4 .

easy to querstaﬁd why a formabiliéy tesf correlates with the’

press performance data of gertain stampings and yet have no correl-

-

ation with other stampings. ‘ e

Lo




* STAMPING
. OPERATION

T

-1

SIMULATIVE
. TEST

g

FIUNDAMENTAL
TEST -
PARAMETER

r

PURE
STRETCH

‘e

1

y!

-

7

OLSEN . ~FUKUI " SWIFT FLAT
\ . : ‘ BOTTOM ,
ERICHSEN SWIFT ROUND . ° _ : :
. BOTTOM ST
BULGE . v .
* ) | . ‘
n nxr » r j

$.

1

v Pigure 1.4.

-

s

Good correlﬁtion betw

.
-

-
~

‘in each a

except for

"with depth

data can be obtai

re fatched.

—

The correlation technigques for

' are soﬁetimes‘su¢cessfulvig data are collecteéd

g —

. , . - . , . '}

Schematic of complex stamping formed by c&mbinatibn
of stretch and draw. n and are déscribed in ’
Chapter 4~ (From Ref. 36) -

2

¢

4

k) -

ial pripeziy

cen préSS'pcrformahcc and mater

@ . “

ned if the,relative amounts of stretch and draw ° _
. .

-

3

These ariounts are gdt generally known ~

T

some extreme cases, such as' deep drawn cups

as.the stamping'is formed

L]
14

fundamental and simylative tests,




g ‘ . ’ , i - ’ g
'~ long runs. This, unfortunately, is not very useful during die try-

ou periods or initial runs. The solution to the problem must be

. -
.

‘a technique which will quxckly and accurately #Lasure the ability

t

h of a siggle blank W1th given material propexties to be formed into
. .
’ a specific stamping under the influence of the existing states of , -
: press and tool variables. , This c¢an be achieved by applying the
) . o
vy M - *
grid strain analysis system. L ‘ N oy
Y . i 2 . - ’
' N i > - . .
T S
£oe - b % !
€ 3 .
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* CHAPTER 2~ -

t

GRID ANALYSIS SYSTEM

f . e

o

The amount of deformation before failure determines the sheet-.
metalfformability. Since the strain in the thickness direction
is negligible, the brincipal strains which develop in sheet-metal

v

stamping can be studied through measurement of the Surface strains.,

!

This is done by xmprlntinq the sheet-metal blank thh a precise ‘

‘gridline pattern, which is measured after forming.
- .

N
o N I = '

232 GRIDLINE SPACING (SIZE OF PATTERN) : : h J

|
- ° . .
13 |
v,
|

Proper spacing between the g;idlines ie extremely important
r(14'21'?2'25’28'33'3§) and tﬁe choice is gOVerned:by a number h " -
of {aceers, namely; the purpose for which the workpiece is ) 1
| qridded, the geometry of the part, the serain gradient ant;cip-
ated and thae *eﬂe*ved arenracy, Since all'the m=+e*ia! between.
adjacent grid-lines is considered as one enit, any variation in
strain from point to point between the lines is unetectable; .
only an'avérage strain Yalue is obtained. '.Therefore, grid
'spacipgs must‘be sufficiently small to provide accurate deter-
‘mination of peak strains aqd measurement of the very localized
differences in straxn &istribut;on. The diameter of the circles

-

currently used vary from 0.05 to 0.25 inch, depending ‘upon the - ) e




X

: of 0.25 inch is satisfactory. - For areas bent over dfjarper

% e

a

strain gradient. - For flat areas of large roof, hood, - -door and

i o

.quarter panels with relatively constant stra;n leveis, a diameter

radii or punch heads and for general applications, 0.10 -inch
diameters are more applicable. Some very critical and sharp
radii require 0.05 inch diameter circles for accurate eval- .
.uation of the peak strain. . ;

. P . T 7 ‘*:»~_\¢_]

-,

To illustrate the primary disadvantage of large griél spacings

v

or strain-measu:ements,_the;stiéin—dist:ibutionhobtained_uitl}_a :

, grid pattern of ,6.110 inch spacings oriented parallel to the

‘

principal strain direction is shown in Figure 2.1 for an auto-
(21,28,33)
| . . v
; fore-and after an experimental modificaticn, which caused

motive bumper stamping. " Parts A and \B were formed be-

-4

sul-

§

]

N\

stantial dijfferences in the peak strains. . The same maximum .

’

peak strains calculated for larger and larger grid spacings-are

plotted in Figure 2 .2.A Thé 'A max.' value; were obtained by
locati;ag the strain peak lin the centre of thg qa_rid spacing,
while the 'A min.' curve was obtaifted by placing the peak strain
. at one edge-of the grid spacing. Evidently, measured stxain;
then,‘ is very dependenslon‘ gridline spacing (gauge length).
‘'The larger the gauge length,. the more the peak strain is “aver- .
‘aged with lower strains. Furthermore, ‘for any given grid : .
_spacing, the maximum and tyinimx;x,n curxas indicate the ;.él;xge of
values which could be obtained on this stamping by random place;

ment of the grid. As an example, . the range for a 0.50 inch

gauge. length shown in Figure 2.2 for part A is 29 per cent to .




) ' \\ Figure 2.1.
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CENTERS OF GRID PATTERN:'

sttrlbutlon of principal strain across an area
of biaxial stretch in.a\production automotive -
bumper. Stamping A wag) produced by usual pro-

L3 . ' R S T
. - T
4

. duction automotiveé bumpéf,: " Cufbe was exttapolated

duction methods——— Stamping—B-—had-emery—tape-placed—
on the punch at the high strain region to restrtct
metal flow. Both,stampings haﬁ'fractured. All
measurements are plotted at the’ centre positions
of the undeformed 0.10 inch diameter grld c1rcles.
(From Ref 28, 33) '
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GRID SPACING,IN.
Calculated average strain »plotted against grid
siZe for a.strain distribution measured in a pro-

to zero grid size. ) (From Ref. 28, 33)-




— \ ' ' s
- . Y | percent, while part B has a range of 2]: per'\ent to 38 percent.
o - ) I ! E
. i Therefore, dependmg on the placement of a 0 50_inch grid, the °

~

/ . : ' o

~ strain of pert-B mlghﬁ be less than, eq,ual to, or greater than

; . ) .
- . D’ -
- ~ _past A. . L
- . - - a8
N ya I‘ , N

e : T - ‘2.3 GRIDLINE CONFIGURATIC} AND ORIENTATfON - . .
. J . AV, //' ' - T e
' / s ' - Q‘
- . "! . -

| The severalvtypes of gridline patterns presently in use include
/- N N

/ o - . -
J/ circles (interlocking, touching or not touching arranged in

/' (14,21,22,25,33,36,37) ' ¥ .

} -t
] . .
. .

\ h " rows); squares or-combinations of circles and. squares.

2.3.1 SQUARES PATTERN T

. An early type of gridline }pattern was composed-af leng— L
. ' . T ,itudinai and transverse parallel lines which form squares
' .‘ . | ' g on the Eheet;-—metal blank. After the blank is formed,

the square showmg maximum deformation is used to est-

+

ablish the sheet—metal quality, dften the increase in -~

area is measured and caiculated,

[N ) - L i
The configuration and\ orientation of the gridline patt&rn

influences the measured strain values. (14 21,28, 33 »36)




*s

' \.Aga,\in‘if the diagonals of the square are oriented in thé,

“The squares are seldom oriented to indicate directly the

magnitude and direction of principal or mcjxxi'mixm‘\.\st:‘:ain,
theseé*can be éoiﬁg)gted from the elongation and shear dis-

tortion of the sguare.. This requlres a considerable )
\ '
amount of work fot an unsymmetncal stamping in which the

g L “w s
principal strain directions change fron [’Joint to point,
‘while the direction of the grid system remains fixed.

: ' !
The difficulty with squares pattern can Sébe illustrated in

- "’
Figure 2.3. When the sides of the square are oriented
. . ‘

parallel to the direction of maximum elor%gation, the

square mll elongate mto a rectangle. ) Sg.mple measure-

ments of the old and néw dimensions permit calcrlation of .

the strain. , r;y\

| R

!

| i

. '

. direction of maximum elongation, the diagonal lengths of

» .

“the old and new dimensions can be used to calculate

strain. Howeve'r, whengthe sides of and diagonals are ,
oriented in other directions, the squares are very diff-
' 1

-‘icult: to. analyze. !

4 =ol | 0 > ?

u' » Q ’ .

N o

Figyre 2.3. The disadvantage of square grid pattern. .
’ {(From Ref. 25, 33)
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"

2.3.2 CIRCLES PATTERN, . . ) "

o~

e

” .

The squares have beén nsed in the past because they can ba ¢

~ ~ N

Lot '
conveniently scribed by intersectlng sets of parallel
lines._ Furthermore, theﬁsquare pattern dxd prov1de a start-

1ng po:.nt from which the

gzstem of gridlxne" iysis : "

3 v

evolved. . . 1

~

o 4

[y N 4

PR f \ -

ko

‘An ideal gridline ‘system is~non-direcfional; @his is”’

. . \
fut

‘o

ful x‘eu by €ircleés which have a major advantage over

. R . .‘ %‘ <
squaz%3%§:14 »21,22,25,28,33,36,37) The circles are

aLway&%@dtrectly oriented to furnish the maximum strains !

.45 !
directl

! When- the sheet is deformed, the directions . ' o

n

%:smnm s*ralns are clearly d.spluyed iHh the

T

of the
resultﬂng\ellipses, the magnitudes of pr;nc;pal strains
N : . : o
may ‘b‘e Jgalcblgted directly from measurements of the major
and mindbr axes of the- ellipse. - B
\ .
' A& : ' :
v
T . :
¢ The choibe of circle pattern is a matter of individual

I’

preferenCe. Four common patterns are illustrated in ,
[ ’ ) )
.Figure .4. ,Close-packed circles in' pattern A have

spaceé;be%?een them whish are nof encompassed py grid ' ' o
:eleeents. ) Butting circles in pattern B tend to have _\t
Qide lines at junction points making measurements more . g h
she .

fad t f ~., 0
difficult; open space .also occurs in this pattern.

. overlapping circles of pattern C:are popular because all




“L

. ,of a given area is included in at least one circle; ’ ot

v ° '

. ' F . . .
however, some areas are duplicated in measurements which -
. b N

0 - . -

N t 1

Kl could influence strain distribations - addiiiohélly,
visualization of individual circles is difficult. The
double overlapping in pattern D provides cross marks which

act as locators ‘for the.centres of the circles and avoids 3

‘'wide lines at junction points. ' However, the pattern is

"

- overly complex,ﬁmaking it hard to visualize strain., ’ 0 g

?

@)

o3
8@
a0

OXOXO
O
o
o
Q

- Rt H
. » J .
N er . b esmer te s € - - 4 e v N

B ¢’ D

Typical circle pétterns used in formability . h
'), studies: A, Close-packed; B, butted;

C, overlap; D, double overlap. T
(Frqm Ref. 21, 22, 33, 36). ‘

s

V-4 ‘'

'In the case of circle grids ébvering relatively large - ' .
& . : . :
areas on complex.pressings, it is not always possible to

easily identify the origin of specific circleé. B .




"\

2.4 GRID-LINE MARKING TECHNIQUES

S oo
: seiee

-

2.3.% fCéMBINATiON OF CIRCLES AND SQUARES ' - .

. - . - \ . . ‘ u' o~ /
\ ' l ‘ ‘ ul) ! !
: In the gr1d consisting of circles and parallel 11nes
| — ' ‘
/ . N

+ | (Pigure 2.5),/thé‘parallel ines are not used in— sxrain ) “~_

«
o

v measurements{ ‘ They are aids in identlfylng a partlcular
!

row of circlés or an lnleLdual circle and in evaluating :

flow lines throughout the stamping. However, thére are o

& ’

spaces between circles which aré not encompassed by the

» v

\.

'

|

)

1

\

1

% pattern. No‘strain measurements are made in the spaces
E ° (21,33,36) - I
I
!
|

l

!

f

’ 1

‘between the chrcles,
."“.. - o a .

.o . © *
‘ .

e
o

\'l ) .
Figure 2.5, Circles~in Squar attern.
‘ ' ) 21, 22, 33, 36)

v
f

1 Co

produced in Table 2.1. At present the electrochemjcal etchin

process appears to be the most geherally preferred method for

!

~applying grids since it is gccﬁraté, quick and easy tb use. | I

’,
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2.4.1

%

SCRIBING METHOD . -

4stralght lines and produce squares,

. B .
Early ﬁ;thods of producing gridlines involved the use of —— 7°
T . . e

1

i ! . '______’___’__—-———'——.—'—'_’—/‘ .
hardened steel or diamond tool to hand or machine scribe.

(33,36,37) however it

“is difficult to produce accurately small squares on a

-

piece of metal. With the advent ef grids composed of
circles, the difficulties of scribing such patterns inc-

reased enormously. Use of a numerically controlled

machine to scribe the requisite grid pattern offers an * -

(37)

accurate means of marking,

typically. involve some 3,000 linear inches of marking, even

"with a tool speed of 1 inch per 'second, the scribing will

still tak% upwards of an hour. _ The machine time and ;

the necessary control tape are relativety expensive.

-

Scribed pattern has another disadvantage - the lines can

4

introduce stress concentrations as evidenced by faijure

along scribed lines. (33,36)

- Consequently, the strain

pattern is 'inaccurate. ' o -

.

. % : 1

o

RUBBER STAMPING AND SILK SCREENING METHODS

» -

— g_, -

The first attempt at creating a rapid apglxcation method

of grid marking involved the use of. a rubber stamp ,and
°(28,33,36,37)

marking ink. However, resolution and

0 s \

s

However, 'sinte a grid may




N >
VRl T .

»

ifiﬁe and accurate,grid systems, such as 100

[}

accuracy of the grid are 1imitedh~and the ink markings are

easily erased or" smudged duging stamping. The ink can be

replaced by copper plating solution or by acid etchagts.
L i : - .

”

These produce broad lines so measuring accuracy ig' poor.
(2,33)

L
A4 )

Fine lines can be applied through silk screen masters.
The imprinting and drying.are slow. (33), -
o 3 )

3\.

PHOTOGRAPHIC METHQGD

v

n : \

-

For laboratory tests, the photograpﬁic metQ:: provides very

[
ines to the

inch. The shect-mokul Llank is doated w-th phctosansitive

emulsion. The gridlines are produced h{ contact exposure

with a master photographic negative and by developing like

(2,28,31,33 36,37)

3 photographic print. The time to pro=

duce one qrid can be greater than 30 minutes. and special

‘ equipment and darkroom are required. Therefore, the tech-

nique is generally 1{§I€23\§o small parts which are beihg
\{(28,31,33,36)

\s

12

evaluated in the laboratory.
e deficiency of these grids - is their easy removal by

rubbing over the die. This problem of erasure has been

_ overcome by using a photosensitive polymer emulsion which

gserves as a mask for etching the metal by chemical treat-

-

ment, ip ‘much the same way as printed circuits boards are .

,‘.(‘




prepared,. This technique, however, increases the prepar- .
ation time to well in -excess: of'e'm hour, tc which is'added
. - ) the trouble of removing the polymer layer from the blank.

. - \
| : - «The laboratorj of Hoogovens (Germany) has used electro-

' . ? ¢ chemical methods to ‘etch out on the metal surface to give

T (31)
- - o greater resistance against rubbing off.

i

2.4.4 . ELECTROCHEMICAL METHOD h - - :

]

. The electrochemical marking technique for producing grid-

. te

L : line patterns. which is schematically shown in Figure 2.6
\ - ' . A, - -
is currently being used for shop formability' tests;

P " " (14,21,22,25 28,31,33,36,37,39,40)  , [ 0 conducting ‘ E
fhibrous gsheet which is. \t‘r\eated to make theqlines f;rming ! )
the desired’ pattern conducting, becomes an electro-

chemical §tencil. . This stencil is placed on the cleaned

. . . . sheet—meta\l bla'nk and covered with a felt pad soaked in

electrolyte. « One electrode is attached to the- sheet and .

a wn‘-f whirh carviac a; an electrode, ia nlared on the .,
felt pad and is f'irmlg pressed against the surface.. A

' ¢

‘ ’ 14-volt a.c. (or d.c.) current, :j‘éﬁerated by means of a . ' =

‘ ‘power unit, is pais;d through the s‘yster’n for approximately . -
{ - * 5 to 7. seconds. The amperage required is a ufunction of

o . total conducting area. An alternative technique per-

. ) ' ' mitting higher;v pressures and requiring less amperage, but

more time utilizes a roller or rocker type electrode to « .

. \
C . -

e
K]
“
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oo

) P P '1

ére"ss on the ‘Felt éad. with either electrode, the gndline

pattern is etched.into the blank ‘and a black deposit forms

in W\gnd—ln\es. After etchmg, the fsolution on the ' J

3
S
N e

blank is neutrdlized 'and oil is applied to prevent rusting.

L] ' ”

e

‘4
VOLT . . M
WEIGHT AC, PRESSURE ”
L «

+~—ELECTRODE—
ity —-m F ELT PAD — s ,

—— STENCIL — e

— BLANK — !
es . A B

-~

Figure 2,6. Schematic of electrochemical marking system:
© A, flat electrode requiring high® amperage

(2Qb amp. or more); B, rocker electrode for
s low amperage. (From -Ref. 36)

1
.

The grid design produced is determined by the. stencil

which limits contact between the"work\piece and .electro-

637)

o . ]
lyte current to the desired pattern. Stencils can

be made of var:l.ous materials and by various’ processes,

depending to some degree on the accuracy requiréd (39)

The accuracy, using i:he paper (impregnated with plastic
~ material) stencil, of : 2% is not t;nreasonable when one
takes into account the variation ain line thickness and *
*line broadening which occurs during deformagbj'.on. The
accuracy and %ineness o§ line pioduced by a !.vovan oo

nylon stencil (impregnated with plastic) appears tO‘BQ.

‘limited 4>y.thg fipre size in the cloth. , .. e et

L4
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. . . .

7T o

"Sharp and distinct markings' are produced, the nature of .

(37)

which depends on the type of current passed. During each

cycle of alternating voltage, metal is first etched from

time, high current, density and low uniforiq contdct; hé,z"e-‘- e R

the metal blank aqd‘tyen re—déﬁbéited in the resulting cav-
iti in the‘form of a black coherént compound which ctntrasks
sharply with the base mefal. The ré-deposition ensures
tﬁat:the'surface“of'the blank remains fluéh,-avoiding ;he
formation of cavitiqg'or ridges. With a direct currep£;
metal is progressively etched from the blank witﬁéut re- .t

deposition, to produce a permanent depression which

\

(usually has a frosted-white appearance to the base metal.

©
©

Alternating cuyrrent is more frequently used and is app- -
licable to the common ferrous and non-ferrous metal and

alloys - whether plated, gadlvanized oxr untreated -~ with
4

. the exception of aluminum. Both aluminum and the fore- 4 R

going metals and alloys may be marked by the d.c. etch. o
' <. ‘ . .

In the case of aluminum, the normal frosted-white eﬁch}
may be pigmented black by the appropriate choice of

electrolyte. (37)

‘he amperage need not gJenerally exceed 257, but power units

up to 1l00A can be oqséined for marking very large areas.

(21,25) , ,
The depth of the mark is proportional to the o

time of aéplicatiah and the current density; a depth of oL

' the order of 0.0001 inéh'can be produced in one second.

(36,37,39) Line sharpness is improved by short marking




o ‘ sgure consistent with sufficient line density. over- -

| ., heating or excessive hydrogen evolution produces non-

°

- uniform or-only partial marking and can also damage the

: o ’ ' . ' )
. stencils. (21) '

7

Since the gridline pattern is etched, it cannot be re-

) . . moved by oil, chemicals or ordinary abrasion and rubbing

(14,28,31,33, 36,39)

1 : , _ of the material over the dies. There

’ 7 are obviously no problems of adhesion of the mark in the .~

d.c. case, and in a.c. case, the oxide adheres strongly

— " to thé/metal éven after cold zolling. 539) No evidence

|
\ . Lo ' has been acéu%ulated which véuld suégest that the electro-
' chemical grid—mark causes premature failure in stamping

§ and studies of fractures do not suggest that they initiate

from a mark or propagate along them. (14,28,36,39) Further,

. ‘ a report on the effect of electro-marking on corrosion and

" fatigue‘behaviour of a range of aluminum alloys concludes

r

that it does not adversely affect either of these pro-

g’
perties, (39) . -

s -

- . Since the equipment is portable, a grid may be applied .

rapidly at the press line on production size blﬁnkk. . .
(14,28) '

9




2.5

e

MEASUREMENT OF GRID PATTERNS AND STRAIN CALCUI:.ATIONS €
AFTER STAMPING — - '
//-‘/ N
—_— v

After forming is complete, the strains are measured from the -dis-

torted circles on the etched blank which ge‘neraqllly take the shape

of ellipses. Regardless of the strain state, the major axis -’

of each ellipsé is always parallel and proportional to the max-

imum principal strain in that part of the surface. From the

i

minor axis, the magnitude and direction of the minimum principal

(9,15) Theymajor and minor axes-

(9,11,12,15,22,33,36)

AN

surface strain can be obtained.
of the ellipses are measured in numerous ways.

For rouqﬁ measurements, sixhple flexible rules or calibrated
. 1

plastic tapes are satisfactory. Higher accuracy is provided by

using dividers and a rule calibrated in hundredths of an inch.

For -areas where there' are sharp radii, use is made of a very flex- .
) .

ible plastic scale ruled in hundredths of an inch which can fit

e (21 : :
over the sharp radii. (21) For more accurate measurements, an

optical magnifier or microscope with a graduated graticule is

used. A common error which atises when .microscopes are used for:?

e,

measuring distorted circles on the deformed sheet surfaces,

(21'3']") arises when the metal surface is not perpendicular to
., .

[

the optical axis. This error is difficult to avoid, especially

on complicated deformed surfaces. In Figure 2.7, the error (A )

_expressed 'in terms of the real length ( L), can be derived in a
¢ ‘V

-

simpte way: ‘

. i - '




»

—_—= jz—coso(/

‘.

. oot . "L
This type of error can be avoided by executing ‘th¢ measurements

° ‘

on replica’ foils. As the plane of the ifoil is always true with

L]

the optiéal. axis, the real lengthof the distorted. circle is:

obééined, regardless of the degree"of-sheet curvature. In the

<

case of a curved surface, a correction for the curvature need

only be applied for radii of less than about 0.l inch. For

radii in éXcess of this, the difference between the_ arc length

and subtended chord length is 'small'eﬁough to be ignored. (21)

-:-noov. .
88

-e--t-cos.« N .

B,

.

2—¢ 6 8 ¥ 2 % ox°
’ , ¢ e

é

- e
.

'Figuré 2.7. Error caused by aﬁgie ol (From Ref. 31)

»
-~ ! A4
v

'»‘In obtaining the lengths of both axes of the ellipse,the major

o - K
anid minor strains are calculated from the change in dimensi.oxi./
H | PR b i < ..t L

(3,12,14,25)
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STRAIN ANALYSIS & FORMABILITY LIMITS

’ -

~

- 3.1 GENERAL

.
-

When a stamping tears during forming, ‘the sheet-méetal has been

4

worked . beyond its fom;bility limit. Recent r"esearé:h r;lakes it

‘possible to predict; this failure and avoid forminé problems,

Gridliné patterns applied to the sheet-metal blank pi:iot‘ to .

forming into the stamping, have proved valuable in aésgséing the

type and magnitudt;. of the strain developed. Gridlinebmarking

. providgs §e\ier:'al types 91" ihformati:on, namelly; a general visual
pattern ‘of metal flow, an indication of regions with critical
strain distributions and strain histories throughout_the stamping,”
and a means of detailed {:titic:a\i strain analysis 'i;wolving the

‘nuse of a forming limit diagram (FLD). (21,22,33,39) -

-~

. ES

An important feature in visual examination of the deformed grid-

v

line pattern is to study the overail metal fl(;w of stamping in_
¢ - 5
detail.. A large propdrtion of stampings involve striki,ng a
‘delicate balance between tearing and wrinkling conditions and
'often it .is possible to isélate a troublesome area, and tracé
its 'ca;xse visually. Although previo’usly this wa‘,‘s possible to

some extent by .a st;:dy of burnished 'beaxi;lg' areas, the extra

detail of ?ridline‘ marking has proved a real advantage durin§
(22)

blank and die development.

'




3.2

.

S

3.3

-

“In a: ritiial srea of o ‘::...mp:...g the. strain disuibutxon exh:.hjr.s

GENERAL LOW STRAIN DISTRIBUTION °

o < . ‘ . 4 <ot

) N ‘\ . - ( Py 4 ¢ .
An imperfect shape often resulting from uneven strain distribution

can be a méjor cause of rejection in shallow 'skin' pan%ls. By .

employing gridline ‘patterns and takmg regular measurements over - S

k2 .

the surface of a stamping, it is poss:.ble to bulld up contour

™

dlagrams whlch sth clearly the distribution of zones of eéqual

T (22) \ - ‘

strain,- The £low patterns observed can then bé related )

not only to die features but to variables sucﬂ’ as lubrication
. b ) - -

and'/naterial properties. o . " CoL "

CRITICAL STRAIN DISTRIBUTION - .

@

.

maxima'in progressive stages of, forming prior to actu?,l occurr-
. (27'31)

ence of lecalized necking. The strain gradients-at -
maxima are equal to zero. The schematic representation of

B e,

some several stages of the stréin digtribution in a -eritical

4

L3

area is shown ix} Figure 3)’
' A

ORIGINAL GRID CIRCLE PATTERNS | . -

Figure‘?..l Strain distribution over three grid cire es.
' (From Ref. 27)




P 3.4 STRAIN HISTORIES _ : ‘ :

¢ A
k4 3

Strain patterns in finished stampings can yield much useful
|
Yoo
information. However, the strain history in different areas of

:
S

history of any desired location in the st&mping can be obtained ’

the stamping reveals how" the high strain values built up and

indicates the needed modifications in die design. The strain

by stopping the punch at various progressive incremental Etages

. of its ‘descent, removing the partially formed stamp?.ng, and

. (14,28,33,37)

measuring the grid deformation. Thé history of.

' straint level is shown as a function oﬁ the depth of the stampinga. .
Most defoxrmation t;f interes't usually pcceurs during the ;’final 20 ‘
perc;nt of punch travel. The strain his’tox;ies should- be -6btained .
under conditions that approximate actual .forz‘ning conditibns as

- L ' closely as possible"s”ince material préperti.es and the effective-

] . . v d /\
ness of lubrication are sensitive to deformation speed. '
t [N \l ,. ' . y
Examples of the history of strain distributions generated in an

’

. ) .
atva OFf a.scanmwing ate presented here, Figure 3.2 shows the

P history of biaxial stretchiné at the ‘'nose' region of the punch ° .
(28) ”

in a typical automative stamping. As the depth of the -

stamping increases, all areas continue to strain. - However, . X
. . . ' .. r
the strain rapidly concentrates. at the previous high-strain loc-

: ation and the strain distribution becomes increasingly non-

.
- » o

'unifo\;_'n '3:_ the gradient beéqmes steeper. ' If the stretching

\ limit of "“the material is ‘reached, the stamping tears.
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Figure 3.2. History<of principal strain distribution across : |
: . - an area of biaxial stretch in a rimmed drawing. o
quality steel automotive fender. All measurements .

> . are plottéd at the centre positions of the. unde- . .o ‘
R oo . formed 0.2 inch diameter gird circles. (From Ref. ’
L . ) - .'28): ’ . . .
. ~ . 8 o < . , ,
‘\ ! LT ' * ’
T ' {33
" - ’ Fxgure 3.3 shows another s1milar example. _The “strain dist-~ ;

g o o r:Lbut,iqn i dicates a charactera.stic small amount of non—unlform—

i - . 72 -

ity 'at 2.5 inches of punch travel. As the stamping is progress- .

. v

Y

ivelyeformed, tne&géneral stra:.n level J.ncreases. _%he degree ‘of

N -5 !

.non-uniformity or amount of peakmg increases-with increasing

N v - \

v 3 i
‘ denth;  The completed danth is -.8 inches . ~ o
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.lngtfaree restricted the material moving in from the flange.‘\~
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ENGINEERING STRAIN (PERCENT)

. ) \ S '
174 INCH—=~{" = _ :

S \
CENTERS OF THE ORIGINAL GRiD PATTERNS . 2 \ ) |
. . ~ ‘ |
Figure 3.3. History of strain distributions| across an area of °
4 biakial stretch in the tail-light area of an auto-
motive quarter—panel made with rlmmed drawxng .
quality steel. (From Ref. 33)7 N |

1

+

Using punch travel as the reference base, the strain hxstory i.s .
- .. e

obtained by cross-plotting the straxns as a function’of stampxng

el

depth The strain hlstory of this tail liqht area, as well as

the bumper area of the same quarter—panel, is shown in ngure

3. 4' (14 28,33)

Examination of the two curves indicates that a

smali\edditional ancrement of the depth will generate a mucn
\ . :

°
~ P

. . AN . i . .
‘higher egfaiﬁ in the bumper area than in the tail light area.

N o
For this réeeon, the ‘bumper area is considered to be more crit-

ical, even though the maximum or final strains for the completed |
) g

stamping are identical in both areas. Examination of the un-—

-

trimmed part revealed the feason for this difference in Strain

(14,28,33)

history. Locking beads * located opposite the tail-

c

o




.

céuging ldrge strains to appear at a'shallbw.stamptpg depth

.over the punch area. Arourid the bumper area, however, there

. .
€

were no locking beads; metal freely moviné in from the flange

"\ reduced the amount of stretchinq required of the metdl in the
Y.
punch area. However, the sharp point conflquratlon at the

bumper area caused the metal to 'lock‘. between the punch and. die
st before thé panel was completed; all’deformation was now

I3

confined to a very amall area. Consequently, at the end of the

ﬁstrokg) the amount of straining in the bumper area was.very high
‘ e -

for a small’ 1ncrease.1n stamping depth.
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Figure 3.4 Strazn historles for the tall-light and bumper areas
of the automotive quarter-panel. (From Ref. 14, 28,
33).
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Locking beads are mating ridgeg and grooves in.ilange sectiqns
of dies which restrain movemert of the sheet as’ the part

foims.
¢/
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| . ‘ . ‘ .
| , . - . . .

Wrinkles observed in a finished stamping are often. located in a pos-
[} ~ -

.- ition far removed from their point of origin. Ekamination of the

v

. : movement of wrinkles and identifying the conditions causing them. i
. \ (28) ' ) - E

v / ) "
35 FORMING LIMIT DIAGRAM (FLD) '

\/‘ -
/ < . “ .

.~ 3.5.1 CRITICAL STRAIN LEVEL CURVE (KEELER-GOODWIN CURVE)

.. ' ’ ¥ ‘ . -
. [ : .
v E -, © Until recently, no analytical technique was available for

the study of failure in’ complex sheet metal stamping.

v

(9,14,28,33,36) and further developed by Goodwin, (12)
. . i

4«

pla&s an important .role. in the measurement of the limit

. o . strains achievable in sheet-metal deformation and as a

S

diagnostic aid to sheet-metal forming problems and metal

specification. From laboratqry deep-drawing and'strétchinq
o experimenté and proauction stampings, an empirical failure
criterion can be established which is based on the measure-

v

MR - “"ment of the major and minor pringipal surface strains of

GO

the deformed grid-circle(s) at some critical 'failure' point
\ ’ C " on the stamping. The empirical failure criterion is a
C : . " eritical combination of the highest principal strain and

; © ¢ the Secondary’princigal strain in the surface of the metal

o .s . sheet. Ignoring'tha‘throughIEhickness strain, the surface

sequence of progressive sﬁampings are also useful ip observing the .

\ .
. - - ' . . AN
4

The Forming Limit Diagram' (FLD), és'postulated by Keeler '




~ »

strains can be resolved into a maximum (major) and a min-

imum (minor) surface strains and these arq termed e, and

e, respectively. The very important point is’that,-at °

failure,' for any val&e of el, there is a unique value of

e,. (25'40) Thus a plot of major strains versus minor
strains will give a q;itical Strain Level e, known as

the Goodwin-Keeler Curve of the FLD .

which separates 'perﬁissible“ strains from those which

would cause necking and fracture (Figures 3.5,.3.7 and
\- ¥ ‘ [ '

3.8). Subsequently, the peak strain values for a new

pressing or deep—drawitg/ﬁay be referred to the diagram

ané‘the success of the'pressing operation can be predicted

ff the point falls below she Goodwin-Keeler Curve,

“
H

p >

Most industrial stgmpinqs fail under biaxial tegsion in

stretching, which obviously produées'positivé strains in

-

all directions in the surface of the metal sheeta Keeler

(9 14,28,33,36) analyzed and plotted e against €yr T~

sulting in a critical strain level curve (Kéeler's Curve)

in the ?orﬁing Limit Diagram (FLD).

12) . ’

Goodwin ¢ extended Keeler's analysis to situations

12

where the minor gtrain is negative, i.e.the strain state

« &

is tensxon-compression, which is the case when deep-

20 33 e form-
. ability 1imiq'diagram is given in Pigure~§.5t
N 8

‘ﬂraw;ng Dredominates over stretching

‘
-g .
PN [ . £
[ . o
A * )
o . p
, . .
LN

(11,1 5,25,3§,37ﬁ?0)
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’ .

L Comﬁipations of major and minor strains at any location of

©

a stamping that lie above the curve cannot be achieved

without failure, whereas combinations below the curve can .

,

be attained without fracture. If the measured strain in

any regipn approaches the curve, the stahpiﬁg is .considered -

critical. (2)

, / Because the greater ofrthe two surface strains is, by def-~

inition, e, and in‘stretchiéé both strains are positive,

1

" then the .limits of the FLD are e, =’e2,

i.e. the strains ; '

3

- produced-under'balanced’biaxial.tensioq. The limits in the T
deepdrawing region is that for éure&radial drawing or ﬁure

. K shear, e, = -(-ez). e, = Q!;epresents the limit between:

1
¢ stretching uvnder g%axiai tensile strosses and deep-dxawing
Ld

{11,25,40)

2

under combined tension and compression.

( - . : ' ¢

. In the tension-compression regions, very high strains are
//k//// S | possible. The magn;tude of the major strains can far exceed

,///// " L L - ?thélstrains at fraqtgre in a conventional't?nsile test. ’ i
The reason for this - in part - is simply that the metal is
compressed normal to the tensile axis, ééusing’a natural
elongaqion in the ténsile direction without any tensile
force being applied. In this typ;'of defdrmatiop, metal
can wighstand very high sfrains under cbmpressivé stresses

(2/12,33) paglure strains of (1488 X -

(26)

without failure.
55%) have been reported by ﬁeger and Newby for crisper '

- " ' _ pans which failed at only 8% increase in unit area. f_: .

»




‘ 1(—‘\\\\ Keeler reported, according to Goodwin,m(lz)‘that a.failure ' '
c L occurred in an instfumgnt panel when.thé strains were 80% ‘, C

X - 25%.° e . : o

. . L ' T

3.5.2 DEFINITION OF THE CRITERION FOR FAILURE FOR THE cnxrxcank
! . STRAIN LEVEL - Y

‘o
The question of which ellipse is to be measured after the
stamping fractures, to provide the most accurate inform-

ation on the critical strains or determining the precise

,end point is pbviously very important. A number of

«‘““‘“~*-““h_,;_gggsures have been tried by many workers (15'21'22’27ﬂ31'

‘ 36) o . . e . -
’ ‘ L and in the case of grids containing circles,, the

following relevant ellipses have been measured: . .

» . . “

‘ _ .
- e

>, , ) (a) An e}lipée stranling the fracture. -
_ ) (b) The nearest whole unfractured ellipse next to fract- ‘
. . 4 o . ure, whether it is above or below the fracture.
. ~ (e) For -axisymmetrical’ s€ampings, the ellipse in the X
- ) same position but diametrically opposite the fract- o

ure. . ..

(d) The extrapolated point method.

. ¥ :
kefinition (a) is not recommended since the ellipse

- o , " ' straddling fracture will include material which has
2 R passed the ﬁoint of instability, also it cannot be,guar—
teed that fracture initiated in that circle and hence

- - strains may be different if it is remote from the area \

AR where the fracture hegan. Also, the p:oblem of maasuting r-*ykfxﬁ




parts of ellipses leads to inaccuracies of méasurement.
/
(15)

Woodthorpe and Pearce reported different results of

the cfitic;l strains measured from~ the unfractured ellipse

1

above and below the‘vfracture, ‘while being the same essential
cr{iteri;)n. Howeve'r, if due cognizance is éiven to the
chos;en circleé size and strain gradiénts existing method

‘ ('b) gives a reasonably accurate picture of the strain’

pattern near the failure.’ Since the material has not

¢

failed in the measured zone the results will inevitably be
below the fracturé strain value of the metal. Nevertheless,
£% a number of such circles are measured on similar stampings,

a picture can be built up of the strain pattern existing.’

This is the usual preferred measure ror routine determin-

ations.

5

© -

',  The measurement of thé 'eciug’.valent' ellipse in definition

“(c) gives reproducible ‘equﬁx)ralené' criterion of the major

and minor strains. It~assénes that the stxains on the

r

opposite side of the stamping are identical and this is not
always so, This method is-of limited application as it

can’'only be used in axisymmetrical 'situatio:\:s.

»

)
-

If the fracture strain at zerp gauge length.(point of -

fracture) is required, method (d) can be applied. The

strains of the major and minor axes of a séries of circles




EN

. The practical valué of the FLD-FRACTURE curve is limited S

‘upper.

- logically conclude that it bé'the.chasen measure.

e R T T e TR TR CATVR IR e cviuy
O
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41 .

:

along a line peépendigular to'khe\crack, thioughvfhe fract-

ure site are plotted as a function of distance (Figure T

-

3.6); it is possible to extrapolate to the maximum strain

at the fracture point.
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Figure 3.6. ‘Extrapolated point method for determing Qtraiﬁ
! “at fracture. ({Based on Ref. 21). .

o

because, in practice, localized necking is not allowed for - |

most”stahpings. Failure is more realistically'défined
b;éShe onset of. localized neckiné than by the physical
‘ (27,28,31,36) © ‘.

-

separation or tearing of the material.

-

\ ' .
This is perhaps a little.too strict because in mosp ducti- W e

) S g : A
ile metals, a significant strain occurs between the moﬁent.

of instability and when the metal spiits. A wide failure

band is created in the FLD, ;n which thecnecking strain

value is the lower bound and the fracture strain the ’ o X
\ (25)  ope criterién’(b) fér measuring the limiting

strain wbu;d appeaf to fall in the above ban and one.may

*



3.5.3°

FACTORS AFFECTING THE CRITICAL STRAIN LEVEL

>

reproduction of Keeler's ffirst'diagram is shown in

Filgure 3.7. The causes of scatter. in the critical

strains can bé gfouped as follows:

a) " inaccurate gri$s.
(b ‘/Tack of definition in the chosen measure of failure
‘ (difficulty in defining the limiting uniform strain).

(c) a wrong choice of the distorted circle{s to be meas-
ured . - ¢

(d) the anisotropy of. the sheets.

s

N

>

-
=]
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o

o,
O

-3
[«

MAJOR STRAIN (e), %
8 &

;3 .

N 1
0. 25

MINOR STRAIN (e,), %

(=]

¥gure 3.7. - Keeler's original FLDerepresents laboratory -
biaxial stretching experiments for various
annealed materials, punch geometries and
s lubrication. X represents measurements of
prcduction automotive steel st:ampinqsz.(>
(From Ref. 15. 28)
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&

Further work led him to xepresent his results as a band

" . rather than a 'line, as shown in Figure 3.8. '(14,15,31, 38’

(12)

Goodwin defined failure strains as those which exist

in the necking itself; thus his band has a higher upper
limit than Keeler's (start of surface depression)‘ though
p . .
naturally the lower limit was about the same, refer to :

. Figure 3.5. Thus the level of the band width depends

upon the failure criterion. .
' 70 ~ — .

T 1 05 '
Fail © © ’
1A / \, o ]
= 50 ¢ LS o GE_/G}O “Crtical strain level 04 ¢
8 ="a . - 1 & '
™ ’E N : Sale . ' ’g ' -
3 30 &
’ N 1’1 ) I - 2 . 2
%_)a ! v ~4 (02 =
\ s52 — * B
, " 10 ‘ <z o
ol : 0. 4

Surface Strain Perpendicular to Largest Surface Strain, %«
Figure 3.8. Keeler's modified FLD, a wide band separating - .
.'Fail’ from 'Safe‘'. Closed circles indicate .
. results of biaxial stretching experimerits for*

vv=v1 inpe anno:lod mataws -;'] e ~vwnah W*"’M"tiﬂs

=

) and lubrication. Points indicated by open

0 C circles are derived from measurements of auto-
mobile steel stampings. (From Ref. 2, 14,
15, 33, 36). ~ .

C -

g -5 10 15 20 25 30 35 40 ' i

”~ . l . Work by members of the American Deep Drawing Research Gmﬁp
. has 'shown a band with a width of 6-8 percent strain to be
. 7

. a more realistic critical strain curve than,a single line.
(12,13,33,36) ) c. o
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Keeler (14,28,33,36,38)

Keeler-Goodwin Curve in the forming limit di

3.9) is applicable for a variety of material

rr

low-carbon steels.

. e
laboratory and prpdu?tion stampings. formed b

different shapes and different lubriéants,

-~

reported that the band of the

It is empirically deérived by different

gram {Figure
, 'especially
y pun eé of

Specimens are b |

also made from different materials; lsuch.as

aluminum and steel.

copper, brass,

!
. R FAIL - :
¥ . -~ 3 \
.a" Z ! \' N
< 80 CRITICAL
N 4 A y o
. F*/f
7
4 m e . . . .
© 40
) x
, < ; i
3 //r'/f~ -
3 \ - )'
- C (o] -
: . - -20 o
. . - MINOR sm v %0
. Figure 3.9. The formlng lxmib diagram.. (Prom £. 38)

e PR

(11,25)
Pearce and Ganguli reported that the

.

.curve of the forming limit diagram.”

some resylts for commercial-purity aluminum.

.
'

circles represent limit strains obtained for

M -

' of' stretching and so

different




. systems. .'i‘he closed circles are hydra\il:_i.c bulging ‘results‘

‘ e-»usj.ng various ell:.pt:.cal dles. It could well be that the

o
o}
' . . - -

Lgritical strain level curve without friction (hydraulic ™~
' bulging) and that with friction (press~-forming)} represent
. . * .the lower and upper bounds of the ctitical strain level fos’j i

. S indﬁstrial forming operations under similar conditions. ‘ ‘

) ‘ (11) However, in Pearce's laboratorffdetéfhgnatioh of the .

e ‘ » FLD' fQr steels, it was found that pox&ts ;obtained by diff- !

. 4 : . 1<\ .7
erent techniques fell on a common curve,

=

- 43 220 ° 3% “*) %0 “0"%s *

Fdgure 3.10." Forming limit diagram for commercial-purity
Alummum (~99.5% Al) determined by punch- °
S 'stretching, (upper curve) and by hydraulic .
- : t bulging (lower curve) (From Ref. 11, 25)

- ‘ . - o N

- N A

. / - . A. . ) . . . . . i
PR A te ‘d so it mist be assumed that the aluminum used is more
4 ,sdﬁsitive to procesé variables than was the steel used in

his earlier work.




. N

In the investigation of the forming limits of aluminum- e
“' L © 4 .

'fnagnesium alloy sheet in biaxial tension, Pearce and

(1) reported that the level of the forming ‘limit

Ganguliz
diagram, falls and the curve flattens wit:h increasing mag-

nesium content up to 5.1% (Flgure 3 11) -~

Figure 3.l1 -Forming limit diagram ‘for alurpinuﬁt-magnesiuﬁl"'
* alloy sheets. 0.Mg =~r99.5% 31, 2 Mg =
2,1% Mg, 3 Mg = 3.7%.Mg, 5 Mg = 5.1% Mg.
no % (From Réf. 11, 25). S ’

~ 13

> . \ S T

& -

3p5.4 USE.OF THE.FORMXNG LIMIT DIAGRAM (FLD)
N . ' " » »

’ s - . . .
. o . . 3

- -

0

Severity atim_‘; limité ate established by dividing the h‘

- 4 i ©

N ’»,\area er the limiting strain. curve 1nto clearly defined
' . ., zones. , ‘(g"”.) Ahe curve %resented in Figure 3.12 is the
* -~ “h . b3

z

_. , one in current ovember ].972) use within the Austin-
- / N Mprris body plant H British I..eyland Mot:or Corporation.
| < ) . . :“‘. N " .

v . T A . ,~Cowley, Oxford, England.-

2w

'%2) The majpr and minor strain

e



.ﬁ‘?

S
.

: :

comblnatlon'éiserved at a critical area is plotted at the - "

g
M 5 ‘ 4 e . ’

appropriate spot on the FLD to determlne the relgtive sev-

erity of tﬁ?p-partigular pressing. If a pgessing falls - |
g s : : : '
_consistently into Zone B and C, then consideration might

: I

Dbe givgn‘to using a lower grade of sheet; Converéely, if

. a.pressing is categorized in Zone A and if the scrap costs.
become hjgh, then there may be justificatiod for using a
hiqher grade of sheet. This procedure ensures that the

B ’.r

" optlmum grade of. steel is’ utilized and- evaluates the
|

forming everity of a particular, design.

- . . e - T
- . . . g
4

PRESS SHOP,CURVE)W&E— '
KEELER'S CURVE = = — — — —
SEVERITY LIMITS — - — - — .

%

MAJDOR STRAIN,

$
4

*x BN = 9 » .n » ‘e » ‘,’
MINOR STRAIN, & - .
® ¢ . . T

[l i 5 2

Figure 3.12. Press shop forming limit diagram for steel
; sheet. (From Ref. 22) . ., R
£ . .
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A limilar concept that was developed by Palmer

(37)
) o -
for piedicting reliability in forming is to plot the

Relative Safety Factor (RSF)-at any particular location

in’ the stretched or deep-drawn part. For this’éurgosé,
1] N

the strain values measured from the ellipse of the loc-
\

ation is marked on the FLD as point A in Figure 3.13. -

A lins is drawn from the origin through this point to

iﬁtersect the curve at C. ° The ratio of the distance of

3

the point from the critital strain curve to the distance

.

RSF for that particular point,
|

3

from ;ﬁe origin to the point of intersection, gives the

\

4
-

Keeler (?8) disagreed with
Palmer's proposed RSF construction and.favoured the value

of permissible strain remaining (AB) tofbe the most m
\

ean-
\ ingful measure of a forming Isafety factor,

. . »
see Figure 3.13
& . .
\ ) : .
since the important item required by tool and die men is
\ - ! '
\

14

e amount of allowvable strain iq'tﬁe principal direction

oL, . . .
emaininyg bekween the current strain state in the stamping
. ' \
and the critical strain.

Appérently,'xeeler ha; neg-
};qted the idea of strain path. Pal@er's RSF for‘any
‘?articulak pointiis a mbasurement of
t&ﬁarqé,fniiure.a

its progression /
:éhmfng a cbnséant ratio el/e2 throughout
the:?égg;;;Eion. lowever, in actual.stampings, variations'

in the route Sccur.

[
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TRUE STRAIN, IN/IN.

|

SURFACE STRAIN PERPENDICULAR TO. LARGEST
SURFACE STRAIN, %

v

_éigu;e 3.13.

w0

4

Concepgs of the Relative Safety Factor
(RSF) of a stamping in the forming limit

‘diagram,

(Based on Ref. 37, 38)

:

“ An interesting feature of the Keeler Curve (Figure 3.5)

is that the critical strain level slopes upward;

AT . : _ - X .
..critical major strain increases with increasing-minor

:

strain.

flow perpendlcular to the maxxmum strain ulrectlon could

' ’

the

-

From' this, it would seem that control of metal

increase the maximum allowable strain before failure.

114*36)

* .
.

ﬂhe following example demonstrates-the adventage of eval-'
uating férmability by means of the forming 1im1t d(;gram

rather than the Measuremen; of percentage increase in area
‘ {12,28)

a—

.
g 4 5

wﬁich was historical press-~shop practice.‘

-

A

°




&

T

- - 5
g%ampiﬁg with 95% increase in unit area can be formed

"

sitccessfully, /whereas a stamping with 65% increase in unit
' :

N _
area splits rhgularly. Relating.theé ‘strains . as measured
{\ . .

to the pritical strain level curve iﬁ the LFD, it becomes

bd

apparent why the one with the greatest increase in unit T - _

-area causes no trouble while thé~othe: did. . The measured ‘
N . ) ; 4 v . ’
strains for the first stamping were 50% x 30% which falls

s

below the:forﬁability limit (Figure 3.7.). ' The strains -

in the second stamping were 50% x 10% which lies above the

s

formability limit.

i
Changing the strain ‘state of a stamping can eliminate

1 . 2 (25'33) I \ - '\.
failure. As shown in Figure 3.14, increase in the

%

minor'strainﬂmOVes the strain state from the failure side
1

- '

to the safe side’of the_critical strain léhel curve,

avoiding consistdnt failure. Before the time of ;he Keeler-
Goodwin Curve,‘;h: die‘eﬁgineers normally'rewérked the diés
to allowim&re metal to éulllin froq-;ﬁe flénge pa;%llel

tc sthe tear +~ rnrrect the failure. Howavar. hy restricting

\ ) (
~ the flow of metal in‘ffom the flange and creating a greater

mirior strain in this case, failure of the‘pait was avoided.

o

A
5
°

1
»”
2
.

|
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R The critical strain level curve also suggests. that the:
! highest maximum strain location may not be the failure: t
3] site. Such a case is observed-in a front pumper, as )
, . Y. Q‘ 4
- . shown in Figure 3.15. ( < .
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Figure 3.15. Maximpm strain may not coincide v'aith the
" . failure site in a formed part. (From
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2 . . '

One limitation of the Keeler-Goodwin Curve is that it- B
. " . . Y . ,,F
cannot be appliea to stampings in which tciie strain in a,

P

diyen region is reversed, .from compression to tension e

\

.

du.ring forﬁ\ing. : 'rhe effect of different stra:.n histoties

N R

during the course of stamping can raise ‘the limit strains

. . ) , -
above the critiical strain level curve (Figure 3.16).'(2;5)

. The initial ten;i.on + compressién can be thought of a8

thickenixig up (or at any rate no!; significantly thinning’)

\ .
“‘the metal before the imposition of biaxial tension, .whi.le,




v . v
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in the simple case thinning in tension occurs- immed

B
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Figure 3.16 Limitation in applying the Keeler-Goodwin .
Curve. (From Ref, 25) . *
‘ ~ v ’ .
. However, the use of the grid analysis system and the FLD r e
. S is a valuable aid for evaluating sheet metal formability.
’ . . ' . The FLD can be used to speciff the properties for stamp-.’
N AN (14) ) - - . . ‘
A trial blank of the sheet-metal is gridded

. AR ings.
and formed, if the ‘peak strains measured are just below

- . K -the critical st'rair,x level curve, the mechanical pro-
. . 5 -

1 e N .
, . ' £ .

. " pedties of the trial blank are consiq;ed to be the minimum -

&

These properties,
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4.1 .GENERAL CC - ; /
. ) v ‘-
e ‘
P ,Of the mechanxcal properties: Whlch‘—iﬁ be evaluated by standard 'l*

. CHAPTER 4 -

STANDARD MECHANICAL; PROPERTIES AFFECTING STRETCHABILITY AND DﬁAWABILITY.

S
’ . . ' i ’ K l

i +

tension tests, the only two which strongly influence the form-

ability of. sheet—metal are the work-hardenxng coeff1c1ent and the

(13,33, 36) r

anisotropy coefficient. Mechanical properties such as

. yield stress, ultimate tensile strength, total elosgation and

.~ ! .,

hardness have either an unknown or an indirect relationship to

stretching and drawing,

3

The work- ardening expo ant {n} influence the ability of the

.maﬁgzzal to‘ég predominantly stretched.  The anisotropy coeff-
. . o 3 s
~icient (r) strdﬂgly;controls the ability of a material to be pre-.

¥

dom#nantly deep—drawn intoqa flat-bottomed cup. A part, judged } P

to be a combln&tion of stretchlng and drawing, cprrelates with

both n and r valuest_if_f‘l4'26'28)

-,

4.2 THE WORK-HARDENING EXPONENT (n) . : S -

¢ ' N ¢

8. ° : *
.

-* .~ A fundamental property associated with ducﬁility is the woxk-
hardenxng capacity of a metal. This property canﬁbe described . - -
as the ability of a metal to sdstain a‘greaﬁe? load while its |

'crossbsectionai area is bei;g reduced. Conventional sheet-

fofming would not be possibie For a nOn-work-haIQening metal, - -



’ .t

', because instability, necking and fracture would occur at the

‘point at which the punch first touched the sheet, for without
_ work-hardening it would not have the ability to strengthen up -

P ~resisé;ng deformation, and pass the forming load on to a less
(19,34)

strained element of the pressing.
. ' /

The amount of work-hardening can be observed by

—
-

traditional engineering stress-strain curve obta ed from a un- ) .

iaxial tension test. Theoretical stress-strain curves for

I3

\' materials with high and low n ‘values are shown in Figure 4.1¢ (;)

The material with the higher n.value ié_cﬁaracterized by a

steeper stress-strain curve. This means a .greater sepatation' C.

- ‘between the ultimate tensile stress and the yield stress. The Py

<

uniform elongation - the strain value at maximum load - is”also

’
+ .

- larger for increased n values. The engineéring stress-strain

v ’ 7

curve is not a réaliétic way of describing the material beh- .

aVioﬁ}fespecially_immediately'after,necking begins. Once |
. CoLe v ) , |

! .- . necking begins, geometrical softening (reduction in load due to- . i
i

7
-

" reduced cross-sectinn) is areatar than the work hardenin~ of tho

o

Y

° - material. ' ' o Y
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Efigure" 4.1. Engineering"st,x;ess-stra'in curves. (From Ref. 33)

. . . [ ¢

a -

.

I
/
.

L o

the two n values plotted in Fiqure 4.1 are given in Pigure 4.2,

'

steel, can be approximated by the power law equation which is

applicable 1ftom above the yield strain to somewhat beyond the

strain at maximum load. ' S . LT e

Q-' . . Gakgn‘-

- v

coefficient (n) is defined as the exponent of the stress-strain E

-

relationship. The higher the n value, the more the material work

lardens (2'7"'13’14,'19'20'26'33'34,) and the.higher is i;he‘t:‘ensi—ie\;\._‘
& ' )

stress/yield stress ratio. Moreover, the miéni'tude of n is . .

*

- -

-



'equal to the uniform elongation, the trhe .strai;l At the onset of

,

necking (e;t ‘which the load reaches a maximum). A mo'_re nearly

»

uniform strain distribution in stamping is obtained from material

/having a higher uniform elonqation: 32, ?3) thus the higher the(/
) Y
value, the greater the resis/tance to necking. .The use of uni-—

s

P t . .
form elongation as a criterion of formability . is preferred-to the - -
{ .

use of n because it is directly related to the limiting strains

- at tensile ir}stability, vhereas. the gérk~hardening coefficient is
., e

derived for low strains v}hich‘may not be applicable for the yhole ®

) . (7 ‘ x ©
‘ stress-strain curve. ' \ 4 :

\ -
e} . \

\

Some- typical n values for room tempefat{xre are given here to i.nd-A

" .icate the range' of expected values: (33 e . .
. “‘Aluminum - . 0,20
. - Low Carbon Steel ° 0.25 :

. .
° 2

- . Copper .-




- ‘Brass 0.40 . Ve °
. Stainless Steel 0.50
. .
. T . s
r ~" ’ a ‘\‘ '
_To. obtain a true evaluat:.on ‘of n, tests should be performed in

:

4.2.1

directions 0, 45 and 90 degrees frdlf— he rolling directmn. T

METHODS FOR EVALUATING THE n VALUE,

‘

-
.

) I~

]

(a)

[

Fl

.
»

San cre miatlanape o Dol ol

TRUE STRESS

—eee N‘M’W
LN

o (PSI)

4

4

¢

.

Logarithmic plotting of the true straess-strain' turve

-

.

- °

+

value of a

’

There are several ways for obtairting the n

(3 19,26,33 34)

terial. The stress: strain relation-

ship 6= Kfn‘ may be rewritten’as log @ = log K + n

.
¢ 2

log€. Thus when both 6 and 6 are plotted on log-

, <

arithmetlc scales, the stress strain curve should be

a stra:.ght line having the -slope n, (26,29,30, 3‘3)

'rhe value of K is the stress intercept of the line at

L4

'

a strain value of 1.0 (I-‘:Lgure 4 3).
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‘While this method has tfhe advantage that it md:.cates Visually N ‘

.
.
. . .
- @~ . N ]
/ ° , . ‘ R .

.

I3

For most Qow carhon steels and many: o; the non—ferrous metals

commonly used in the forming .md.ustry, the log 6 ~logg ‘

plots are approxiqgately straight and a value of n can hg det’ei‘-

mined. - The log 6 ~ log € plot may hive two straight segments .
and hence two n apd K values; \this occurs for some stainless

steels. 1If, for someé of the .less—common metals.'the 'logarit'h—

mic stress~strain plot is curved, n varies with strain beihq

\
L . » 4
\
\
< \

the slope of the curve at each point;. Under these conditions, - ot

the use of n is no longer valt_xable ‘and the- uniform elongatioxi, - s

becomes the” appropriate j)aramet\er to determine.

- 4 -

e

whether the emoincal equat:.on is applicable, it is too time-

consuming to be ‘used for routine testing. ' Lo
¢ . o ‘ : .

(b) NELSON-WINLOCK PROCEDURE (LOAD MEASUREMENT METHOD)

' ' . T~

The Nelson-Winlock procedure” assumes that the log stress-
. ‘ lots as o straoighs iz (6,20,26,33} T
‘ }
. N ? - N
'rherefore any two points are sufﬁicient to define the curve:

&

. and permit calculatmn of the n value. Two convenient

[ TR E R

b adem Amciades A
log stroin cjuctioen

oﬂ
L]

strain values are chosen and the load at eac;h point is & .

.recorded. One pomt, tﬁé easiest to’ measure, is' the - ‘ . .
) E maximum load (pu) . The other load. va].ue can be obtained ) A ‘

at any strain va.l‘;e' that avoids the initial portion of't;l_te' - i

curve containing yield point elongation and other variationiw’.
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*  ".+% .“(c) STEPPED SPECIMEN TECHNIQUE *“ }A : . L0
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". The stepped tension test specxmen' as shown in E'J.gﬁre 4.5 was

N

,‘developed by Heyer and Newby of the Armco Steel Corporationx : o

. U.S.A (3) It is gesigned tq give conventional tensile pro-

- ~

perties from d_ata{ based on |the narrowest section since.fracture '

Anormally occurs in gross-séétion Wo. This specimen develops

) 'uz{ifonrtenij.le strains in the wider sectiofis of the order.of . -
\ . \\ k! i . . .- R ! .
i N : . b . H
10 percent in W, and-20 percent in W, when testing typlcalf?’i& T e..

o'w‘carb'on steel shee'ts. The n value is ’calculated from the

.

ength strams in these sections, whlch in effect establish l

4 <, Famr . ¢ o
- twquoints on the flow _curve, (3 30) "It j.s found that n -

__ d}ptalped xn th:.s magner is slight;ly hlgher than n for a
LR . "

standard tensi.on specimen. ,r A‘h explan‘htmn for th{is is based

\ -on the fact tﬁat the .stram_ rate of the w1dest section (W )

‘ \ .. LI
" is lowe,;c than the strain- rate of e narrow middle 'section ' a.
w - F R , : . . i ~
. Wy This results in a relati_ve stress at the
- . . : ’. ' ' , 5 . - -
lower strain\, thus giving a higher slope and numerical value -
. " C ’ N Lo ’ '
of n. * . . .. . |
N " M - | S
. . - i ~
. s . 1 N
o ’ ‘ \;
. d N — '
v . 4 , \
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MEASUREMENT OF MAXIMUM\UNIFORM ELONGATION BY TWO-STEPPED
AND CIRCLEARC TENSION SPECIMENS TECHNIOUES <

< ‘ ‘ 3 o z
a
» ’. ’ [ e

*he. strain, Eu, corredponding to maximum uniform eJongatfon

i

in the tensile test is numerically equal to the straif hard-’

[

ening index in most annealed materials. There are, however,

AN

a number of experimental difficulties inherent in deter-

» i

mining ‘Cu. The strain €u could b‘é derived from the elon-

’ I - .
i s K - .

‘gation at ma;:imum load as indicated by a load-geuge iength

extension diagram, but: frequently the load is very nearly

constant over a largé range of. extens:.on and is difficult

to determine exactly the point of maximum load. “An

. altzé'rnative method is to measure ‘the extension over; a gauge

)

lendth some distance from t&he neck in a specxmen which has

o been pulled to fa:.lure. Th:.s may introduce errors as the

" strain frequently. varies continupusly alogg the specimen .

»

.ot - . - ] .
and the measured value' of n would depend on the chgicg of

area fof .the gauge length. With either procedure,‘pre-

. o B coosr . ' '
straining .of the paterial will influence Eu and there will be
. ' S 4 ‘ ’ f

scatter in the test- results '@ixe. to local strain variations.
(25‘) \ c. . ) : o o

-

- . “ o
i . R . . s

e —- »

B making one porti‘oﬁ ,of the. gaugéise tion slightly' smaller

"

An width than the remairider of the section in a special twor
s * . ‘;. « .

step tensile specix’f\en, failure wifi almost always occur in
- | 1

. the reduced*-width section. When the éifference in WJ.‘dth of

the parallel sections of such a twb—step specimen is gmall,




“

.

: 'l

<

'

L -
»

.the elongation of the wider secticn approaches the uniform

[N

;elongigion, or the elongationlat maximum load of the standard

. o ..
‘tension test. The specimen shown in Figure 4.6, developed. by
SOLLAC (Societe Lorraine.de Laminage Continu) of France, . .

with a difference in width of only 2 percent is of this tybe.
(3,26)

e
-

A relatively stmall correlation is péeéég toﬂconéert
. ¢ L
the strain in the wider section to, a uniform elongation

strain, or to the corresponding exp??ent n.

, [y

2 PARALLEL NEDUCED e ) .
Onn SECTION LENGTH . .

| sonm 1500 5o, | sEcTion wiDTH . . .
. 1 Y5 ) .
A [ i ] P /

*1500° ~ [cmc.e LENGTH

/__Iﬁnn_\ 2 ‘ ’ . )
P { - ) - o .

NOTE OIMENSIONS GIVEN IN INCHES

) WITH SUCGESTED mm DIMENSIONS , °-

¢ N . ...' . ., ., K . g

Figure 4.6. SOLLAC two-step tension test‘ specimen .
) . ’ (From Ref. 3) , . s,

. . L r.
. . N .

. L ‘
. . . . . e
’ o, o \ . B . [
- Lo . - 4 - : » -
- - . . . v
o PR .o s

¢ | L.

7.' é * ¥ .
Rather thian.using & complete two-step specimen, Heyer and
(,.” o : - . ' ~

Newby ‘medified the slightly reduced section in the fexg .

5 . -

'o‘f-’ a ciréle arc. , FPigure 4.7 shows thls circle-arc specimen.

3 [} ¥

The elongation 1n the: gauge marked sectlon is the work- i )

a

hatdening index in the test.. The circle-arc reduced section

’ & ¥ ' . ’ L »,v'; _ —_—
is adopted for ease in machining.and to permit a longer par-

£

allel section, free from shoulder or. gnp effects. 'Pins are o }
. I o - '
- ‘ / : Lo
used in the specxmen ends for alignment in the grlps. ».The .

- -

major advantage qf the techmiques of the threﬁﬁstepped, two- .. s \ o

/ -~ - . .
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v . stepped and circle-arc tensile speciments is that no load or -

¢

’ elongation measurements are requiréd during testing; the
specimen need only be broken. The desired valueé is read N .
R ) : )
- " directly from the broken specimen. This greatly simplifies
o testing at high strain rates and at other than ambient temp-
3,26,33 . ' , S g
eratures. (3,26, )‘ .. i ‘
¢ f — . |
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. 1
* s
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o ee— 3 - 1 ‘>-48 LOCATION OFREDUCED * . . ¢
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Figure 4.7 Armco Circle-are tension test spacimen, ’
* (Fxom Ref. 3, 33) o
. . . . . "' .
N 4 L : ’ ‘ *
74.2:2. FACTORS INFLUENCING WORK-HARDENING EXPONENT ~ .
¢ ’ » ‘ - z L - vl
' s -~ ', ' “ . ' co .Q "' t.l‘ ‘

The "higher the tensile-yieldiétress ratio of,an'illoy, the

. P
-~ A

-nighes tue wura-fialdening capacity‘of the mecal, and the
“ . . - - . -

- .

. _ P )
S better it is fox| stamping. A high value of this ratiq

° N LR

& ) L . ", « -
* appears as a rising load/elongation curve such as A

" 4.8. . Wheﬁgsuéh an -alloy is.deformed iocally,
. \\? beéome ‘;ufficiently s;rénger and resistant fb furtﬁ;r'de-'
', fofhatién'before‘instabilit&,,neckiné and fracture occur) T'
th;t‘t?e ét;éss in aéioiéiné regions’ ate raiséd above the

o, ‘

Y N 4 6 . ," ! .
 yleld Stress dﬁg plastic flow proceeds. In a materigl with




; * . - v ) v 4 b : ¢
| . _ "4 "a low rate of{work-hardeping -wlow tensile/yield ratio; , !
,fiat load/elopgation ;ur?e B in Figure‘4.8\— hardeﬁing-up

. “ * and redist;ibution;of th; stress cén'only take place.to a | ‘
; ‘ ' o " very lim;ted degree, aﬁd:consgquen;ix heékfhg and fracture ) -

. . ‘

.o« Lo "¢an occur at the point when the'punch—first~tbuéhes the
. . L . L 2 !

-

. -

- \\\\;____X ) ~ metal bIan&L___Figure«4;9'shows'the'relatianhip between- . l'-

%2 . work-hardening rate and the yield-tensile ratio, ‘and even

v

though Epere is'considerable scatter in the results, it is

s . -

c¢lear that lower yield~-tensile ratios indicifé better Wwork- :
. . . - 9 © .
© e . {32)° * ' .
. Qgrdening characteristics. . e, . . |
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: . A ’ LI , .
: " & . N M
; . . & with most properties, the values are influenced by testing !
. . ’ . : . v . Lt
¢ e F . . R , L .~ .
. techniques, testing speed, temperature and direction from -~
whidh*the'speciﬁen is removed from'thé'sheet.~ The n value
e .o _ w111 also decrease thh aglnq of,rxmmed sisjf;igg with cold ce .
S . ’ workxng. ( o " “ o ) - L N
. - ) - . ’ S A B ’ - . v o co ' o
. ' . . . . ) . Co
> : R . ’ A W
o . "4.2.3 EFFECT OF WORY-HAPDENING EYDONTAT™ Aw cmommoury t .
, P L . ‘ . , ) -, za ° ‘ 3 . . ‘ _;- °
, ’ o ‘ O 2 . . AR
A . ’ , . ‘ . L s
A JE -7 - .
i * ‘ . The n value primarff; 1nfluences stretchabxlity. . |
L e 15,20,33 L e
. e, ( ) The ‘ability to’ work-harden locally, L :
. ‘ - . |
' . : when thinning begxns; aids in the dlstrxbutlon of - >
. A ; . . .“
. : S (strain'unifogmly over the areq being deformed. The .- .
. ~ IR most important -affect of a hiqh n,value is to 1mprove ' .
o T s * - Id ” ‘
o v gt the unxformit of the strazn dxstrxbutxon in the R T o
. ‘ o, J > 4 i
’ ’ .o Co
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. “of léqation on' the blank. The example

presence of a stress gradient and this leads to over-

"all higher-strains, sinéeklocqlizea straining iéupost-

. poned.  This effect can be shown in Figure 4.2:

t
.

Assume for simplicity that two materials have the same’

stress level (B = 20, 000psi) for an initial strain
value bf L=0.05‘in§h/inch. Let the stress valué at
~ some adjacent location in the  stamping be A=23,000

psi. “The strain value at this location for the high -

n material would be only 0.07 or an increase of 0.02.

The low n materialh however, would Strain to a value of ’

0.24. ‘This increasd of 0.19 is ten times thatnof.;he
. hiéh n'mégerial.‘ This gwould create a highly noni '
L P N .. e !
unfform strain distxiﬁution'j a very undesirable . {
. ' .. 4 - . .
.'conditiéﬁ; ) fn ad&ition“tq the high peak strain, a
"low n m§§é¥ial begins.necking at a lower str;ih g;lue.,
ﬁeékiﬁg‘;fegtes an:even qréateé non-uniformity, of thé v

stfqin distributjons. - ' . - )
". X - .

L} ‘ ‘ &~

he_effects of n value off strain distribution can be’?
" . . -

. .shﬁwn by p%outing measured strain values as a function
(13) shawn in-

'Figure 4.10Ais based on the stretch cup tests with

@ia&ing—cqmpound lubrication. Figure 4.117is’ )
. ’ . . . . O\‘ . . . ‘33i~:
obtained on the forming. of an autaomotive .fender. °7.
- . . . . - .4 ‘ . -

Both indicate that increased strain hardéﬁing extends

¢

‘the zones of high strain over a larger area and

+
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. .

reduces the strain at one specifig point,

x'nateria],I,x-Jith thé high n value;.tjives a more uniform. .

Yo
- -y

" skrain d:.stribut:.on hence there is less chance it :

. <
v ‘: ’

will tear during stretching.
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Alumiﬁﬁm-killed steel is c%nsiéeged a better qpality*
’ : ' drawxng steel than rimmed steel because it has highex
i o ‘ ’ :' ,~ ) h«values. Addltlonally, alum;num—killed steel is sta- °
: s blllzed fand retains its favourable stretching pro- -
Y L o ‘ ; pertle;, whereas rimmed. steel ages and xtsfpropert;es
becomes less favourable with time. In drawing sit-~

uations alumlnum-kllled steel generally has hxgher r

“ .

— values, whmch‘Cbntributes further to better deep draw- . ‘{

ablllty. The strain distributions:at the eritical

-

area oﬁ a production automobile llcensedplate housan

formed. from these two steels (Figure 4.12) demonstrate)
' S - the ability of the aluminum-killed steel sheet to dist- .
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o

The f{nfluence of lower tensile-yield stress ratio -and

’
. '

n value of a rimmed steel compared with -those of .an

- . i & ¢ -

‘ : a{,lumigum—killed steel is- observed in the strain hist-

o o ; 33) . . _
ories it an automotive quarter panel <" (Fiqure - . ) ’
| 4 . . R ; .
| * - :

. ‘ " 4.13). . The peak strain value observed in the stamping Y

W

| ' . . ‘ made of rimmed steel is .considerably higher than that

°
- r . . .

‘L . - . - of the stamping made of' alﬁminum—killeci ‘steel. /
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The éffect of the work-hardening exponent and the

. # -
£

for a critical area in forming a prgduction automotive

fender 52?'33).in Figure 4.14. /"Two rimmed steels with

different tensile-yield rafios and n values are com-

.

. pared. .Comparison of the propert?es of the two.

rimmed stéels’illustrated showed a' tédnsile-yield

- i
.

stress ratic of 1.35 for A and 1.52 for B. The n values

were 0,19 for A and '0.22 foxr B. ' . oo -
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Figure 4.14 The distrlbutxon of principal stra1n of a
critical area of biaxial stretch in a ‘pro-
“duction autombtive fender. The critical-
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\ - strain level curve 1n FLD. (From Ref. - |
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* (9, 28 33) (12)

Keler and Goodwi‘n +" had éonducted lab-.

oratofy and productlon investm.gat:.ons to ?etermlne the

.

inf,luence of materlal propertxes on formabillty The

: s ’ dlstrxbutlon of- s'galn in three matenals (borass,' L : °
o . .
g ‘ steel, aluminum) s'tretched over a 4-inch diameter hEmj.s~ . ‘
’ LT / . phegical punch is plotted in Figure 4.15. Compaz:iso'n ‘ “ ‘.
\\ reveals that. ‘a?proximately tl'ié same maximum st':x:ain ’ "
‘ level was reached in all -three, materigls 'be;‘a’ ‘-
‘. . , > ’ ° s
C j ) éame,be;ometrg. Howeve'p,.‘ the dépbh is broportiona ) ¥
i .. . v : 0. “

\\ to the area under. the durve. Greater depth bef

- " \ . L4

° . ‘ - i:h\im'osﬁ nearly uniform strain disStribution, whi h is |
I ) R 'Qe material with the highest” "n" - ¢ype propertigks.

o . ratio, ‘high unif. 4longation, and an overall—stge
3 A
“e ¢ R 4 -
- ,
- s ‘ stress-strain- cdrve . L
v d . rd o
» . ~ [N
» . O

. ¥ 60
. R P - ' . Z -
. .z O TBRASS  2.20 IN. o 0.4 3 : L
o . & o .OSTEEL éo IN. < ——=z -
) & 157 1N R PR
‘ v, o, -
S 2 o : é
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! .o L. e e o " L ., e
‘ - o . F:.gu,re 4. 15 ‘pistribution.of. pr:,nclpal strain at max- " "
P _.© - imum (failure) depth for lubyicated mat- "¢ - -
i oo -t "I+ - erials securely clamped and tretched o?er o
. ’ - . - a 4-in. dia. hemispherica: 'unch
g R LT ’ (From Ref. 28, 33)
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4inﬁestfgated thefeﬁfect of

[y

cup, tests on alumlnum-kllled éteel sheets.

.

The results'

v

n value upon the PLD by performlng 1aboratory stretchlng

‘are shown in Fxgure 4.16 and all the.values plotted are .

s

from 45 degreei ‘fractures..
4

i+ 7o

level of .the curve falls with increasing cold work,

which affects n markedly without much chaqgo in g.i'

i

L

s

’

It will be seen that the

v

The FLD shows a definite alteration in §hqpe and level,

As the degree of cold work ihcreaées, the peak in the

curve beCOmes lower,, eventually dlsappearxng to-give a
gradual 1ncrease 1n e
the balanced blaxlal end of €he dlagram Accompanylng
this shape change is an, expected’ downward dlsplacement

of the curve,

.
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’ p ! 4.ég4 \hFFECTZOF WORK~-HARDENING EXPONENT ON DEEP-DRAWING
. 0 M e —x
RN ' M -t - . -~ i . . H N

- . 3 . o . . i e - . i

. . - .
. ¢ LT , v V' . .
" >, s, . ’ ‘HA . v
—— ' ) TheoretloaL and expérlmental work has shown that the“fadlal
i g ' drawan lamlt is little lnfluenced by the str41n—hardéninq
’ ’ % . ‘ '
i . - capacity of the material (14 28 P33 ‘
N X : : Y ) ' ' o

v - N

e ! : 4:3 HRASPIC ANISOTROPY COEFFICIENT (STRAIN RATIO), r, wr
. A - . 3\ N . v .
. 4 .

Py » . a - © . s

.

- N -

N
©

A
»,

P * The common asskpptibn thet shéet-metal .is mechanically isotropic,
. . - < . . ‘ .

. o

. ‘ ﬁ..ive.~thé mechanical properti®s are.independent of direction of, . .

e : me@surehent wi hin\the sheet is not well founded copsidering its

- . methodrdf manufacture. Reduction of metal from an  jingot into a
¢ Y : > v s
o R ' sheet, and its subseqﬁent fabrlcatlon,lcreate various’ types of ) '
N e ‘? o coe M
3 ’ ‘ é.'dlrectlonallty or anisotropy or propertles 1n almost all metals.
&4 .- &

‘3 - I : ;‘ The overall shape of the stress~strain curve, and the attendant, ‘ .
p * . o
. .'x . properties euch as yield stress, tensile strength”and Fate‘of‘ ) 3
) . :\_( wofk,harésn;nq, ere affectéd~5y the presence o% preferrea”crysééi— S
legraphie‘qrighgation. ~‘The‘énieotroéy of-mechahicél behaviour :
“ , ’ - N . : . : '
L ' © " has Reer heqa§9ed as undésirable if it leads to earing in deep- S

. . ', drawn cups, . . -, o T,

]

SO - T ; ,

Y . 5 ‘ v . . ' » . . . . ‘; . . i . . . X .
¢ . - - . » - . ., ° N . M ‘

o, .« 4 . : N N L ‘e = s s owem e . M R ) - .
e T Wrought l‘a'l mdy contain more than half 4 billion graxns‘or cry-/

y )
* ’ -

v . v A ) stéls%per cupic inch} ¢ach with its. own 1dent1f1able orxentation. vi‘

‘:
‘ »

. . .
; v . [y . ' . , .
. R Since’ the individual grains dré mechanicaiﬁy enisotropic, it is + . - -

g
L3

L L .o -

) 3 N

', .only whern crystal orientation is complctely wandom, i.e. all
SEE L, Qrientatiohs of grainseare present op/all‘equal'basish\thgt the

- . . . . i o . P




v

As a result of the slip systems

of many grains beim’; oriented ih the .same\way, different flow ' - C

. \ . strengthé are exhlblt m dlfferent du:ect:.o s and t‘ﬁus /deformatlon

' . \ ® .is eas:.er and gteater in some directlons than in others .

. )
1 s »
¥ A s » < . 7 4 N L
- - , . hd N . . ’

© -

- R . . . .

7 Thls condltlon of plastlc anlsotropy (5,32;33) - is most apparent = ..
L g \ . . ¢ -

~ ) ’ s > £3

. 'p\ ,,;l.a}; dg.fferences between the plast1c1ty ‘proper‘ties in "the rolling

«-D , # \ [ ]
e nA 4 ~3 . ’ a . . L ‘e ‘ .
// / : \ direction and those e:.thez.j in the tranSverse direction in the . / o

. -
N / .

' “plane of the sheet o;: ih the thickness directaon. Di_fferences . 4

s AL - . ,

' ' ' @ . in the rol_ling and'transverse fiiréctighs are easily melasu;:ed- ‘by"ﬁ '

’?y Lo s 'mean‘s..of)'shitat{ly‘qriehted. spegimehs;_ however, it is wvery diff-

' . T i’cult to determinej’ them in the thickness, e'iirec;tioh;directly. The . . "

deérée';f pl‘astie"’,an ,setropi in the thiéﬂ‘méss proper.ties can be o o ':"
A v

the ratio (Zw/ T) of the true width strain (£W) to trué thick- =~ -, |
‘; i A , 1 ’ i . . 4

° . ®| - ness strain- (2 ) as measured in the unlax.l.al tens siop test.
\ (%',17‘0\,’20) For erfectly isotropiq o,r'qpn-'diregtiopai sheet, the Y

N7 . . s

.- B s . - L

¢

X value would be equal to um.ty, any depafture from 'unity' ina-

, v SV
- . icates'anisotropy. (10/19,20,34) - E‘or most steels aqé other mat— “

. .
al , s . ‘ .

»

&

‘e erial®, there is a va:‘xatlon of the z- value w1th direction in the’
[ has . ‘. N . \ . . N -

- . . .

- lplane' of the sfxeet. A value bf X greater; than unlty J.ndicates b

’ 1

. that the strcngth in the thlcknesq directiort is greater thah that




s S in .the plane of the sheet and conversely when r is, less. ;e .

. B . . A . . - ‘ -" Lt s R >
er . '_‘ ol “' ) - D S ‘ A - - . .
" . % ~ - 4.3]1 METHOD FOR DETERMINATION OF THE STRAIN RATIO S ;
] T co. .t o « . . e ‘ -
. The r value as a functz.on of stram is obtained from a graph
. " \ : s " Z E )
A y - of - the ‘width stram ( wo aga:mst the th:.ckness strain (- 'I') .
. Y. .t * . o . . ~Ka‘ ) '
s . .t . for specmen elong/ t.ans up “to neck:.ng in a tens:,/le test.. o L

.
. ” r
4 ‘s

.o .- « For. most common forting materia;l.s, the plot is aétralght' =, : .

. 13 . , . * . v 3 .o - " . l
o ) . T lz.ne and thus the r value, the slope of the curve, is con- , |
o oo s;:ant:..> . On the assumptlonp th;t the plof. of 8wvetsus£'1‘ is - :
. _9. - c et . !
, . ¥ ce. .t / ¢ : ’
. o STt a streught line pass:.ng through the orj,gm oniy one da(‘.a
» . - oo . “ - te "
. R “r - point at s_ome convenierit elongation. such_ as 15 or 20 per-
’," . ..,' - e - . ' 2 .. . ,7‘ n‘ - i ] ; " . ) . . ‘.
. s, cent,’is Yequireds "rv 4 S A
. S s T . . » v ‘ T Lo
- . . . coov e -
8 - T : . ISR S
i . o o B . ’ . ﬁ ] - PN ‘. '...:’ L o

‘ . The genei‘al test procedures, also suggested by the Imr-
L e T (6) - 8

natxonal ﬁeep-Drawmg Research Group, .  is as. follows. .

. - et
p; ' v .. » ‘
; P . . . R A
. (2,5,14,18,19,20, 39,30, 32b N -
Vol .o ’ - ‘
o . ’ I3 ~ v P - - N
) . ';'.,’ vt oy b '.‘ 3 * D" L ’ K , Lo - L] ‘e ‘., ;A :" M : !
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‘ . -~ R * . 4
- ° N

: o . ey '.Qf-?_n.r‘arﬂ ASTM 2-inch aahbe lencm-.h |xnia£i,a1ﬁ"i€'eﬁsi1e

. o ~ e, L 'épécimens,\ir other -specz.mens with parallel sides and .

. * . .
' . . . . I- 4,

s g -

- A ' gauge léngths at least four tJ.mes the spet:g.men w:Ldth,.

NS '.‘, ) e . ) are cut from the sheet at Q, 45 and 90 de/grees to the, -

. .4 M i o - - -t !
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rolling direction. o s s N
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A gaugé iength (lo) , usualiy 2 inches, i's'a'écu'rat,eiy' - T
marked on the specimeén. The initial width (W) of -

‘the specinen’ is meas’ur‘e'd at four points within the . , ,

" ‘'gauge’ Yength and-an’ average width is obtained. R ,-( B
L . , - n ' R . -
Each specunen ‘is elongated af any’ onvenxent strain <
s T NN

%4 . . & ” : \\
the strain:;i‘:' which“flecking begins.- 5 . ; ‘
g - 5" ' o ' - b : A ‘. ' ’ ‘» B -° P . 1
o . £ : ' LT IR AR
The flnal gauge length (1f) and gauge w1dth~ (W ) are S

. - N S I .
measured. This can.be’sui ta?bly dqne ‘on the sped.unens o :
shown .in Figures 4.5 .and 4.7. N e}

. - 3
» - . ,

, ’ N o ’a * . s, -2 . . .
The r value is obtained by 4@ of tl;e*foliowmg . ‘ oo o

4 —_— \oﬁ 'x ' :'
. L ‘ RN A
-methods W\ e T e : . : .
A R R T
T - ; P <. " . : .
(1) Whereas the aefinition ‘of r is::. : ST A
‘ , ‘f . PR ‘
; 2 ‘. . T . .o f
-~ 7 . 7, ‘ [ E
W_ W « T L ’
. In( "£/0 ) ’

In ( £./¢, ) SR I 4

. where Ew= true width straln-‘ &- tz’ue th).ckness strain.
. . ¢ .
e = engmeerlng wxdth straln; e t==engineer1ng thickness

& .. - AP strain, e . .
« ’ » . . o \ ) ;

wén j;nitial width; ° ’ w final width; . )
[ - . d - .
; .u\ ’ . \ ,n ., \:.v:rm l' L
. tg=.ihifial thickness tfafmal t\xickness T
o - \ ' )
Dot




i - - large errbr“s are,,gsmble in measurmg the thickness of * 3 ‘

sheets, In qddition, ‘the’ surfacle roughness—of mild . . .

I3 1 c e g

eal -for pressing ‘may eas:.ly correspond to a thickness Y,

q : .
- variatlon, from place to place Sn the sample, of -~ 0 0005 N .

0 ~:.
. oo .

.mch. ' The formula can be re—wrltten in terms of the , -

. .
N « .
P -

widﬁh\\and length strains of the speqimen using ‘t(he assump- ~ ,

\% PR N . 3 .
tion t:hat the volume of the metal remains constant durlng ) v oL
x .”v -~ ‘p ” . « < . '
plastlc deforrﬁ%tionz v A . . e
’ s ,' . & N e . ) . - @ . . . ‘- . .
o - e o - ’
P YA i N Cs ‘
N ln 1 W W * M - : ’ ~
: { fff.lO'o) SR ' . Lo
‘ S 7 2 . . : N
PN . ” ;o \
‘ , ’ “” @ . , A ’
CeT TN o ‘ ’
where 1. = initial length; 1f== final length, -
s . . ‘e ’ , 4 ~
«(ii) I, order.to savé, considerable calculation &ime, &,' o
lnomograph c’a& be used to obtaxn a value fox' r, . .
LY '; & - 3N . L ' 2N Py ‘ ~
3 . -,
W as shown i E‘lgure 4.«17. TN . L
- Y ‘ I3 - . . ’

° e .
o) 4 ‘ R ~ - 4 - . .
P s DN e ¢ , ‘.

P
(17) deternu,ned t:he pla,st:ic o

B .

,strain-ra‘ﬁlo Cr) to an accuracy of - 0 .01 by ph‘oto-qraphlng
. wf )
a:grid "E)attern electroc;hemlcallf etched onh the flat face of . . .
K 0 , i L L
Yoy’ L
= the tenSLLe sample at several strainings durmg a normal

Iafferty, Schmidt and Lawley

w
«

tens.11e test'. Changes in gnd d.rmensions as a function of

v +

.. \ .

“ strain are subsequently mraaured directly on "the photd?ﬁ

.

P
4 e

b .

graphlc negatives. . Detemi:nations of "the x value for 70/30\

'.‘.'\

: brass by this techm.que appear in Figure 4 18 and show a de~ L
) .. i, L Y . X .o
N . . ‘bt 1, ¢ '»‘ ' s « |
pendence of r on str‘aj.n. "' L P ,
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he practical importance of-this "normal" aniﬁotropy was
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not fully recognized for two reasons - the properties in’

“t

the thickness dir'ec’tion _can,not be rea,dily'meas{ired dirgctly,'_.

-~

LY

and the effects of normal am.sotropy are not visually evi—

o

den&, as in, the case, 35 earmg.

°

In faét, shget—metals

often exhibit a flo'v strength in their thlckness direct:.on

&

e R

.o

(5 10,32, 33) - .
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Noz_'malizod ;teel .
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Rimmed steel g
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‘Quite differént from that in their .plané.,-
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—135
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Alummum-killed steel P 1 35 - 2’ 0

I-{exiagonal-close packed
metals
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A combletely isotropic material ‘has a stram ratio of

O 'and E = l (Figure 4.21) . - It J.nqicates equal flow

strengths in the planesand thic)(ness of the sheet-metaL.

’

Vel ©*  4.,3.,4 ISOTROPLIC MATERIAL .
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£ 0.58 - 0.65 -

'0’. ‘2

'unity» for al.l d:.rectxons of testxng, .

‘v

Such a shee.t has only’ fa:.r drawability

2,5, 10)
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(2 5,18,33)
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furthermore, Ar =

Typical T¥.values for.several commonjmetais used in forming’



) &
\ -~ e, ; (
. ) , . ) .
o o . 84 ¢,
” ; : § ' '
- s ’ * N - ' ’ -t
: ° € & ¢ ‘ “
, i R s 3. °
i ' .o v .
“ Ad 0 - ¢ ¢ . * ] ! .
i ‘ ‘ . - Z }'— . e I ) *
] , ) $ L‘ . ‘
”
L '
I - N
. - 1 » - ’
. W " !
. ‘ . ~ '
\ . AY.—.—’O \ ‘ :
a N . _,%,«
I (_/ .
) 3 S l ) - "
} + . 17
- N . © ’ ~
- - > . ‘ ‘ N *
¢ k ¢ .o “aes . b ‘ T
. >, L = : )
§ e L_ 1 » O
. ‘1
]
’ ‘\n . T e ’ ’
) .

. . o, -
. .
N
:

3

. . ) . L
* - v i b .

’
.

e The varJ,atJ.on of the stram ratio: (r), Wlth directlon qf

v . ¢ 4 .

. testing reflects the degree of’ p].anar amsotropy present.
co ® . s . I3 Lo .
¢ *Thd Two paramc..e:.::, z e.::'.". ¥, adayguately daFine the
‘ . . . . "‘ ‘ ’ . : \ . . - »
V. plastic am.sotropy of sheet-metaI LY .

. @ P 13 g -

KRR . o, e . a

. n
M J : .
PR .o . . ‘e ‘ .
> ’ »

1sotropy is é.osely related to (a) the

l
\\ L degree of preferred crystallographxc onentétlon

(10, 33) .
v L.
¢, - L,and (b) the am.sotmpy “of the 1nd1v1dual qrams wh:.ch
cL ; . ) R~

depends strongly on the s:rystaI structure of the metal .
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or-alloy. . In gener,;alz,' ani,sotgopy develops more strongly

‘in he:é&goné.l-élose—packed metals then,'the Body-céntered et
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y Consider the body-centered-cubic structure of. low-carbon
: . N 1 - s .
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. . steel. This: structure, shbw,xl by Figure 4.22, is s{rongest ..
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example is the ex:fect of alummum in. increasing the aniso— N

tropy of aluminu/m—-killed steel over: thaﬁ of the r:.mmed\ .

Flgure 4.23 'The verage strain ratio and fin& annealed . 4

texture vary with the amount of cold red- - *

The increase preferred orientation -

- is measured by the_increase in the number of

e crystals with -cElll} perpendicular. to the’ sheet‘

an incrBase in intensity of '
(From Ref. }0),.

-
-:a
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« For a glven metal and conposrtion, the degree ’of anisotropy s

.

e

the ‘nature '.of the anisotropy throuqh ch:'—.mges 'irn_ the text;ure T

An ekcellent
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1s also dependent on its entire processing hlstory. (10, 33) ’
e - A .
The types and aﬁhomts of &lloying elements also .mfluence &'
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an asset to good dtawability\ Ealrinq is | N
considered’a liab;i.l_ity in forming; a trimming opera,tz.oh is
. . ST
'usually reqmred,,whlch llmz.ts the nseful lengt}; of dtavma

. A
~  cup walls, The thickness also varies being less .in the ~

- . I3

N \ 't . R . ’ ! . . s
. ‘% ears. S P

N

Shop exﬁ:erience (10? and chp drawlng test (5’20,) |

sh
. ; o,

that earing behavn.our is determmed by the directxonal

variations in r. The r valhe'is' plotted as a function .
. P N N " . .

-~

of angle to the relling dii‘ectio'n, Figure 4.24. Ears .

‘occur in the directions in which r is a maximum. Pigure
4.25 shows the directional variation in r for three. low

cafbotr steelﬁs J (5)

Ali-thé l‘ow carbon steels exhibited
~ {
90° to the ro’.lling direction, and the only

‘ e'?ars at’ “0°
. ',x(natex:.ais\whlch do not’ eer (’eﬁ g}. brass, copper and aust-
e enxtic stainless steel)‘ are those which show little or' no-’,
“ ~diréctional variahio‘n in 2y (5). ‘ ‘ ‘ '
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Af
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R The heicht of ‘the”'eaxs \produced general}v :anreases with

3 el . ) .

increase in the degree of\fluctuation in r, i.e. as Ar

N “

becomes greater (Figure 4 26\)\ _ Willis and Blade a1 .

.

proposed as a measure of earmg the difference. between ‘the

average ear height ‘and the average tx;:u\gh‘}eight expressed

. l

as pdrcentages of the mean cup height. CoL.
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N F:Lgure 4, 26 Earing\behavicur varies with Ar. vertical -
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v A = . . ’ : ; - lines on aps mark rolling direction while - .° - C
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. . 1 .l .the numbers\indicate the percentages - of cold At
o S LI J N “ -reductiqq, ' (From Ref. 10) . . =




. - SR In experiments to correlate deep-drawing performance in
: .. . R i

. ' practitai étamping oberation tésts with the stréin ratio,

. < . \ . .
. - . 'the u. S A. Commlttee of the Internat10na1 Deep Drawing . .

}‘ ‘ : ’ - Research Grcué () repcrted an increase ;n flange wrznkli‘! .

- . »

’ . 2 : . for stamping blower housings with low strain ratio blanks. )

o w. . .. » " ~, .y .

Thus, it appears that.favourablecanlsdtropy prOVLdeS a ¢ b

. ®  smoother flow of metal during deep+-drawing. The increased

t - - . hd A

~ _ \Frinkling with low\i has been observéd on other appliance -
» L. ¢ ' 3 :
Lo N - Y . .
. parts where rinmed -steel has Peen substituted for killed
e ‘0 ' . . - .
- N steel. : - e : '

3

A . * .t

* An average strain iatio of unit indicates“that flow.

[ 2
rd

PRI . strengths are eqpal in the width and thickness of thn

B

. , : specimen. If the strength normal to the sheet is breater o

*

LI . . than the average strength in the plane of the sheeﬁ, the
: ) . . . :

K

n . L]
‘ M 4 . . - N N . H . -
‘3 . ‘ . average strain ratia (f) is greater than unity. Values

‘v N - '

oflf greater than tnity then .represent the anisotropic

) s condition whereby longitudinal extension in uniaxial

stretching is at the eéxpense of a proportionatéiy greater »

. R s .‘”fst . . ¢ .

\ - ’ contraction in width than ‘thickness; thus, in cgrres- / ’

, . ; . ' - :

. + 7 .7 ., ~ponding biaxial stretching thinning is resisted and draw- .t -
- < ‘ . T R Tl g

4 . "»ability enhanced. A high average strain ratio, therefore, -
. : . . {

l
- ‘ indicates that the sheet will pesist thinning. (2,5,10,14,

v : v e 18,20, 28,29,33)

.

*-In the same manner, an ¥ value less than . *

. . » .
.

- - \ _ " unity ih@lies ease gf thinning. - R
" : " “' LTy ' . \~ ' ' '.. . ,‘:' = L . “ . ‘. . t.

ey \Aw«,—:.:"‘...n,.:_._..d “
. . .
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férmed by (,ieep—deanng .

Ratio , LDR.

met:als are at the low end of the range whére ¥ is one or

. ) B ! o '

- .
- . R .

The, h:.qher the I value, the deeper the cup that can be

(2,6, 10 14,16,28)

Figure 1.27, for ..

instance, demonstrates this

(3,5,18,19,20,33)

relationship for ‘severdl .

sheet metals.. The drawability of the N

material is exnressed as the rat:.o of the dlameter of the
Y ‘ i
largest blank successfully drawn to the diameter of the -

drawn, cup., This ratio is called the Limiting Prhwing

It will be noted that aluminum énd other FCC -

[

less, while BCC nu.ld steel and HCP titaniym have h:.gher X

s . f
o . 5 . 0

val.ues and greater drawln.g ratios. .
J ' I . R
. ’ : ' »
e v : 2.8 o - .
| - I, ‘ , . s . ‘ . . ! , a .
‘ o . Y o ‘
\ 5 2.6 —7 17 . :
- 2 , 1,7 ' ‘
ajs s/ d
. =k ’ P ‘ . .
. ES 24 // v , ’
Ele N i
’ =3 A A/A/ - . , .
. o . A o Titanium
! = . Y LRb AT oBrass ' P
. . I 7? /'b"A AStainlnee * ¢
' VN STt | | aMid stee]
LT . % .| OAlumisum . .
L7 .20 - . l oL '
. L7 ¢ - 1 . 2 3 4 .
) " v Avérape Strain Ralio, 7~ SR .
i‘ gure 4. 27 Effect of the average strain ratio'on the .
. limiting drawing.ratio for several sheet L
R S . metals (From Refc .2 ’ ’5, 18'1'19' 20, 32' 33) . '
- N h .
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A new steel‘, called Armco I-F steel, is reported by Armco ]

r

Steel Corporation, U.S.A. to be a.superior forming

1 )

steel than aluminum-liilléd steel. Pi:éduction evaluations

confirmed that differemt parts drawn by I-F steel hava
' ' (42)

v

fewer rejecgtion rate than aluminum-killed steel.

The ¥ _value of Armco I-F steel is 1.97. 443)

The drawability of, several materials is compared on the ( ' .

‘ 3 (33) "

basis of theirf wvaluel in Eigur'eg 4.28, The A r v

‘for all three Yases is equal, indicating equal amounts of

earing, Howeyer, .the average ¥ level varies greatly.
. = - . '

<

The lower the ¥, .the poorer. the drawability. . While most of

the materials produced ears when drawn, the otcurence of

earing did not appear to affect the ‘relative drawability

of the materials. Unfortunately, a material with high

J
normal anisotropy usually has a High planar anisotropy as

well. A typical example for ;aluminum-killed steel would

a

show r, = 1.43,

'

'— v !
r,s = 1.20, ryo'= 2.50, ¥ = 1.58 and Ar ,

= +°0.76. - It would be an advantage in forming to have a.

N - } "v ) - .
sheet metal with a high ¥ value-‘and a Nr value of zero. -

I t
‘ .
[
.




ROLLING ROLLING ) ROLULING

DIRECTION DIRECTION | . aD(RECT!CW
,‘ -
T Goop . FAIR © .. POOR - 1z
DRAWABILITY DRAWABILITY DRAWABILITY . .
\ ' L : o v ' ' ‘
‘ -
\,_‘,,; B . ' Piqure 4.28 "Deeper cups of flat-bottom cylindrical con- . ,
T '. . © figuration can be drawn when I valués are high. - R
i ‘ ) . o ’ Tne' amount of earing.is traceable to the var-
| ' . ‘ . iation of r with direction. ~ (From Ref. 33)
& .\ - . M , . ) N . ..
; . - * S . '//‘ ="
- : 4.3.7 EFFECT OF AIISOTROPY.ON STRETCHING -~ | , o
L N The influgnce of anisotropy om stretchability ‘is very . N '
R ., small cgMpared to cup drawing and is iilum\ o :
o T . - contradigtory findings. . More work should be expended:to ’ ‘4
o ) . ’ . . - . v
clarify this effect. : . ° :
J " » / . N . .

o / R . .“‘ . N ) , " \/ _ ~

’ -
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: 4.4 <CORRELATION OF STAMPING PERFORMANCE OF SHEET-METAL WITH WORK-
tL ' HARDENING AND ANISOTROPY PROPERTIES . ‘ ‘ ‘e

' <7 ' ' . : )’
Yoo Q- ' '
. . oo - , \ ‘
< [ . . N

L - Interlaboratory tests conducted on practical stampings sponsored

. S .
by the U.S.A, Committee of the International Deep Drawing Research

(6) '

Group demonstrates the differences in dependence on ¥ .and

"f of parts involiyang' diffexent ldegr:ees of drawing .and stretching. .

~

The s'peoimens were subjected to three stagmping operations  in the

e ’ o production kf : a panel truck door, a blower housing, and an
. ¢ automo,ti\;e instrument panel. Press.éuality was ovaluated by tt‘le . |
g . . pe'i"c/entage‘of breakége occurring. .The Qoor panel,—'pxzimarily a ‘
punch s‘tretching operation, correlated belst,with n and showed .littie . ‘
. ‘ dependence on 'f The blower housing, predommately deep—dra:wn,

+~

. carrelated best with ¥, and the instrvment \r*»amm1 ; in vhich com-

L) N . . * .
v l> , bination of stretching and deep-drawing are appreciable, showed !

. .
, L4 B
’ N ‘ . * - 4 a
. - . . -— .

a strong dependence on both n and r. Figure 4.29 clearly
. A Y * -/.. ,. ¢
"illustrates the thrge types of correlation obtained.
‘ - . 9’ . . ) R
\ . . L |
. . K

o 4 L
' v . Many workers (25,7, 11 ’3 20,28,29,30 draw’ sxm.lar ‘conclusions

‘in the oorrelations.between stamping operati?ns and n ::.\qd‘

- | . values. . e - ' B
B o D
| . - Another example, as shown in Figﬁre 4.30, delﬁonstrates the ’
| °‘ ' . : "0 rosults obtained when a car fender pressing is assessed }2) 1t
shows that below T ‘= 1.5 and n = 0 24 - both values arbitrarily

fixed - 24 out of 29 hqve fa:.led, while above this standard 14

-
©

of the 17‘ lots come up tp the requi;:emon,ts. ) ‘ o
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to be h.x.gh Percentages refer to scrap rate.
(From Ref, 2, 6)
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EFFECTS OF VARIABLES AND APPLICATION OF FORMING LIMIT DIAGRAM ON JHE

° CHAPTER 5 AN 4 S

‘l-'v‘ ° - * .

IMPROVEx 1ENT OF FORMABILITY i -

S.1 GENEEAL APPROACH FOR SATISFACTORY STAMPING -« '

s:'he perfonqance in\sﬁampi.ng: press speed, die design, die align-

'materiai propertie’s. Proper use of strain analysis would per- Lo

. oration, England for die try-out strain analysis.

. " ' ‘ Lo

. ; : T a
¢ -

. - " . I . t v ;
° . . . / - )
o we ° ) ~ i . . // . . ’ .
A part designimqy' be in .the critical class /and still yield good
/ ¥,
stampings durmg the- trial stage. However, when the part is i.n

productlon, there may be a /substantlal increase.in the breaukage

rate. . Any one of a multitude of variables ‘mightshave changed

N

ment, lubric_étipn,'stamping geometry, blank configuration, or .

) - : v ' .
. » . , ~ 1’ .
mit detection of a critical stamping in the, tryoeut.stage, even
theugfx, stampiﬁgs_ihave been ma e,withou't breakage. Such an eval~,

. . - N v‘ a .
uation would indicate a need for further die or press operatj.on

T B N .ot ,
- )

modif'ication or a revi,'sion-of the steel specifications. . Thus- -
\ ! ' ~
strain dlstrlbutlon analys:.s can result in ‘direct and tangible

. -
s
‘e

benefits, mainly tl';e/ reduction of production breakage. ..

'l‘he rormxng Linu.t Diagram (FLD) can be used ‘at all stages of press

manufaoture to systematically remedy failures and to determlne the

-

optimum material properties, lubrication conaitxofe and d:Le'-se\tting ool
e ! .. .

for a given staméing. A systemat'ic remedial method of analysis' .

has i':een applied sixccessfulf\? by the Manufacturing De{relopmeqt » , '
f ' ]

Depertment, Austin-Morris Body 'Plant, British Leyland Motor Coxp-
(22)
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€
.
L
*

: . (a) Produce a labordtory form‘s.ng la.mit diagram as a matdrial
o~ - standard. . .

’

(b) ‘PrESs, a_gridded sheet. , : ' . . .
' S . K ( & |
(c) Measure and calculate the major and mmor straxns in the
‘crltlcal region; and consult the FLD.

N ’., (&) Ifa'th'e stamping is split, the rnatef.rx.al is not capabie of
withstanding the Jlocal strain combination. Blank~holder

. ' pressure, lubrication, design, and sheet metal _may -be _system-
co ) . "7 atically altered sto modlfx,.the strain state. .
’ : [N ' ’ .

. (e) If the stanping is ‘'successful, the part could become a ref-
' esi.e *standard for the rest of the run and for subsequent '
- . . rup If the stamping is successful with too large a saf- '’
. . ety factor, egenomy may be effeeted by changing’ to a less
’ ) ductile, cheaper grade of sheet. .
- ) J B > (
(4 . “ X ’ .

-3 / L.

‘” . ' The most eﬁfective mathod of xncreasn.ng stretchability and draw-
R4 ,’ ) g o
hd ability is the development of a more nearly uniform strain dist—

ribution under the ecmitical’ strain limit. ' From a practical
r ’ "‘ ? Y . .. ¢

point. of fview, increase in the depth of the staMpmg without"

‘failure can bé ac;hieved primatily through reduction of the peak
\ ‘ "

~ . 3 M

L . .
strain by redistributing the strain more uniformly throughout
. " ¢ ’ R
[ , - . A . . \
‘ g the stamping. Smoothing out the strain distribution also re-
' - . > R

. .. !
duces the normal strain reducing thinning. A greater capac(-ity A\

+ o t

\
\
»
\
‘v

G

for. strain hardefxing ren'de"rs a material more suitable for stamping’ .
» : N ¢ @ . B
by mdking deformation more uniform. Such’a material has a high

" ‘n valt.xe,Q a large uniform elongattion and a hidh tensile/yield'

stress ratio. Mechanically, strain distribution is controlled

»~ L . .
’Etrongly by lubrica;ion, tool and die design and prdss vardables.

»




. L é ’ . s ) . I " . : . b
The strain distributions of two materials strained to the crit- ’ . -
” ; . Lo : .. * .
[T . * 'y "". he .~ »
LT ‘ical gtrain limit is.shown schématically in Figure 5.1. The" "
g oot . ' . . ot e
J . ¢ depth of stamping. is proportional to .the -average strain value' of’ .
a ‘ A ~ ' 4 -
! h . : ) .. : . ) . -4 , B N
- +3 the  stamping, 'which in turn is..related to the area underf'the
R .- - /. BN 5
. . curve., Material A has qgreater depth at failure because the
B , more nearly uniform strain distribution per}nits a greater average “
\ / strain. Material B has a very localized deformation. . Conversely,.
/ ‘ v . .
[ g . i _.if two Stampings are at the same_depth, this is indicated by,
. . - equal areas’under the two °gurves ,‘as shown in Figure S.2. The
. . N .0 R ‘ -,
, ; stamping B with the most nearly '.uniform'strain distribution will
A o’ h . . ’ . . z’ ; ! , . !
]-, . - have 'the lowest maximum peak Strain. This stamping, in turn, will
\ - b - -, . R 9 T ’ U . "
o N \ o . have -greatest relative safety factor and the smallest chance
L] “ . .
P of brgakage, , . o o .
' L ‘ - ‘ . e S S
” . ' . ' . ° . ' [ ) -
i ' ) m.m-.’-....t....»-.’.d...,..vp ot St} s :..-..,..:. -—».\M‘-h.\:.‘.—.--« PRSPV N . -n '2 ,
’ e lemmcay swan wr___ _
- ) ’ St A S ONNNANNN <
. - [ .
! . = - » \ : .
’ 2 \\\ N\ 2R <'/k.\\ \ g S
-— », I~I N -
. - NN NN
. [ & ::::'o‘ o AR - . s
. . wn 2 ARG SALLLRS ) . " :
> . - AN ISR QR .
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’ ! [} e IRk emegt e SRAXRIE A T .
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- : S \RIEERIEIIOEEE BOTH CURVES o kAi0ss LI
, . & o, A XX X a5 - AT FAILURE QX5 { X085 .
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Figure 5.1. Schematic strain distributions

of two materials,
‘limit, -

L strained to the critical setrai
: (From Ref. 33)- . 3oL
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- Fiqure 5.2. 'Schemaﬁ st.dn‘dlstr;butloﬁ for two materials

e ) " stretc to the same depth. (From!Reéf: 33)
o
' i . ‘ < ' v
© 5.2 .CHARACTERISTICS OF. MATERIAL APFECTING STAMPING )
© S, - ) ’ . . EN \ ra ' ] - .
. . Although anisotropy, and work-hardening chacj.ty are the principal | .
. A Y . ’ L r '
properties thgt determine a sheet's press performance, other pro-
' . perties are also significant. In gehéraf, the higher the duct- .
ility as show’by the tensile test, and the lower the hardness, oo
& - . [y . . . a ’
"+ the more a material can be deformed without fracture. . An except-

ionally clean material might have a higher failure forming limit

s . 5

than material contaiiﬂ?x: prefergntial failure-sites, such as ‘1arge

.+ , -inclusions and internal cracks. . - . .
. L4 g Lt . _ . x ,
3 [4] . ’ s - .
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. . ' 5,2,1 INFLUENCES Of YIELD STRESS . ' o

P ) + / . . [

. . ’ , ’ - . I
- A low yield point is an ;,mportant' fundamental property

. “from a métal-forming viewpoint. £2,32,33) The yield

v C ‘ B j , . / ¢

: point‘{ decreases’ with diminishing deformation‘ speed. For : J
# - s . ' ’ -
. plastic flow to occur over the punch nose as illustrated

in Figure 5. 3, tensile stresses are induced in the sheet

0y
< M

: near the blankholder. ,Failure could-occur in this region

e

if too high a load is required to bi:ing about plastic¢

, -+ _flow over the punch., l ' . ) 0

ol
e

Figure 5.3. - The danger of failure due to exceeding the
breakirlg-load when forming. ~ (From Ref. 32)

B . 4

4 . .
[ - 1 . f
w . o . . - !

5.2.2 DISADVANTAGE OF YIELD-POINT ELONGATION . Vo

t 4 e
. B . .
° : . :
. . . .
. v
!

N : , If a sheet has a double yield.poipt amd a large yield

point elongation, sliqhtly deformed areas of a éfamping

v . '}show surface markings called Luder 'S lines (stret.chet .

I'd L4
CEE strains or Piobert lines). They disfxgure the surface.

v —_—

\ . o and may . cause rejection of stampings for exterj.or parts

\ ‘ . of automob:.les, applimces, and the lxke. . The sevexity




of the defect is related directly to th
(1,2)

. .point elohgaﬁfbn, Occasionally st
. .

» .. °

very low total strain because fracture is initiated within

A -

thg Lider's bandé and the larger part of the mgtal does not ,

L - /

contribute to the total strain. (33) .

-

5.2.3 EFFECT OF GRAIN SIZE ‘
R ' . '
. & / .
- o A fine grgiped steel can be deformed to a greater extent

- 1 * * ‘ . . .
— : - : 1) - '
than ‘a coarse-grained because it has-a higher n value. (1) = :

The surface of the fine-grained steel ig smooth after T

] . cupping in cémparison with a coarse-grained material which

-

. ~ has a crinkled 'orange peel’ surface.

5.2.4 EFPECTS OF PRIOR COLD WORK

. ~.

- ~

Cold workinq of the §héet greatly reduces its formability 1’

&
. . \ in two ways, (33,36)

" . -

as indicated by the schematic drawing .

,

’ in Pimire 5.4 PFirst, the total amount ~F neahlo stréin

, a material can undergo before failure is reduced; this

A ). | T 3 S
. . lowers the critical strain limit. Second, cold working . 2

N . o .- .

reduces the strain hardenlng because its coefficxent causing

. the straxn dlstribution to become more nOn-uniform in the oo
- ' SRR ' .presence of a stress gradient; The critical strain curva and

' . o " ‘ RN , e
the peak 'strain value rapidly approach each other as the RS

’ . o . pf;or deformation horeases indicating' a-strong iaductiag =¥,

* ". {‘
A, S Sy

lafad
Erais]
.'?Eg.‘izﬁx
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y i . Jn the formability of the material.’ The disadvantage of .
© ) . N . . 2 s, , B \'... i R . - . Do . .
- . ‘ " cold work’is also .illustrated in'Fidgure”4.16. : . ¢
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e Figure 5.4% Effects of cold work on the forming capacity .
i . LI . of. a metal before failure. (From Ref,: 33) ] .
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) "* 5.2,5 [CFFECT OF STRAIN AGING S ' ' " -
, @ ! .
® ‘ ¢ - * ' . ) °
& 1 * v ”
Aging after cold working of-tN@ sheet causes the yield - - °
’ v . strength to inggease, resulting in a reduction in both the -
o - . tensile-yield stress‘ratio and the wofk-hariiening coeff- L
' (25,33 o o o n -
U . icent. (25.33) Aging also . causes the yield point elon- N
' - . f °
ation to increase, Figure 5.5 shows that aging of a
g : L
h ‘| . - : N . . : . ! ’
) ; . rimmed steel lowe#s the critical strain .limit slightly. .
. . 3 & * . . * . - N . N
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Figure'5.5. Forming Limit dx’.\qgr.ams. for 0.036 in., rimmed steel in ) : 3
\ . the unaged and aged conditions. ‘(From Ref. 25) .-~ . ; .
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, ¥5.2.6 EFFECTS OF SURFACE SCRATCH OR SUBSURFACE LAMINATION AND BURR ~ , .
. ) , . .. ° . Py : ! ‘u «
.ot N . - . ‘“‘ '
= . . . T
A surface scratch or subsurface lamination can act as a )
) . . R
- .P « I "‘ .
‘ : stress reiser and lead to prematur& failure. This is . N
- * egpecially true when the imperfection is on the tension R

side of a b‘ending specimen. Many breakage problemsv

.3 )

are created by tension along_;g blanked or sheared edge

[

as a result of the feduced ductility at a heavily_work‘sd )

' i

- margin zone or burr which is the,.result of dull ‘shﬁea’f:j.“?q

N




A,

%3

‘'Values of. percent elongation at the onset of fracture ,

: ¢
knives or inco¥rect clearances. When the heavily . .
. N . 11 .

-

worked zone is subjected to high strain, a crack can .

- -
hd ~

develop. The empirical relationshib between elong-

ation at fracturc and burr height (33) is shown ‘in
. I? . .
Fit}ure 5.6. Burrs of various heights were generated 2

by shearing long strips with incorrectly set blades., . "'

.
are obtained from tensile tests of specimens having '

-
-

one sh&ared edge, A slight burr reduces the permiss-

0

%
-

X

a

‘uf

L

M P ‘ ) % .
Figure 5.6. Effect to elongation-at fracture by burr
. - from poor b
33) ".

s P - > -

ible percent elongation severely.
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i

The blanked edge of"anvautomotiVe outer frame member’

tore during forming at two places whére there were
. { : N "
severe edge elgﬁgations caused by buﬁés. The strain

b

distribution is shown in Figure 5.7.' Apart from the

. . n
remedies, such as improving the sheared edge, filing

' N

off the burrs and edgé annealing, an unusual technique

33) {5 to file notches into the edge of the blank at . -

points of -low styain at the edge of the tears (A and .~

B as shown in the Figure). The result is a'general

B

"monthlng out of the strain distribution and a reductiodn

&

=y

Lof the peak straxn. Notching devices can.be built into’

blarking dies. : L : -

3 .
:::-n

( .
3

SEVERE -

MINOR ’
TEAR . TEAR \ ' .

o
Q

ENGINEERING STRAIN (PERCENT]

20 \>\\4/r . ’ ,.“ .
~ ‘A‘ -~ '4-'/4 INCH ‘B .
ol L8 b1 ovo4op) b))y ’
: ' CENTRES OF GRID PATTERN ° )
a 5,7, Strain distribution along the edge of an oo

.

automotive outer frame member. Two tears C
are associated with the peak strains. ) o o
(From Ref. 33) g ‘ - ) L
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© 5.2.7 ADVANTAGES OF COATING ON METAL BLANK ,

©

‘ . .
e -
)

. ) The Swift cupping tests (Figure 5.8) ofﬂ)ucket‘t, Barry

. ¢
. and Robins (23) showed that tin coatings as thin as

0.08 X 10-3 mm improved the dra‘lwability.- The limiting
drawing ratio of mild steel sheet was progressively
‘ increased by thicker coatings of tin up to 0.8 X 10'-3

: mnm. This is true for steel plated on both faces and

v - .~ gteel plated on one face only, provided that the tin
is in contact with the die, on the face away from the

.puﬁch. © A tin coating in the absence of an oil film

- . ! “ -

" increases the drawability of the steel because the tin

:Q.E_sellf acts as a SOLID lubricant. A tin-coating in

) . . > the presence of an oil film has  an even more beneficial

- - e(flfectc - l U

t - .
~ .

Phosphate péatings improve deep drawability in réducing-, .
1

B
\ N ' -

the punch {load about 14 percent, as compared to bare A

. (35) »t O——0 Tacee e vy 0l .
metal. ! - Kommeen Tar 0i BSIN 13,03 001 , .
’ a alam bah foetiroad ‘ PR

) . - . '

. Q . - 1 tcrvwment . .
A . M oy - i///—’—’"—a . . X
N -+ . L. . ' .

: C ) _— . ‘ YR SN O TSUU WO PO I S -
N ' S 01 010508 1O 2 H b 1Om Co
- L ' o Thickness of tin plating '
L b Figure 5.8, Effect of tin coating thickness on the !,.DR
' ) . . of deep drawing mild steel sheet, both lub-
(From Ref. 23)

ricateg and unlubricated.
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5.3 EFFECT OF FORMING RADIUS IN PART DESIGN -

A. : .y ‘

The stfain gradient, or nonLuniformity of the strain'distribution
' L

is strongly dependent on the radlus over which the sheet is

(9,28, 33)

'stretched. _The smqller the radius, the nore 1ocalized

the peak strain and the greater possibility of breakage. 1In T

practxce, considerable additzonal depth before fractu e can be

-

7

‘5-

[»]

)obtazned from a very small increase in punch radius of curvaturq*%
sometimes removal of 1/32 inch off the point of a punch is

o

sufficient. . . < : '

th

?

. . , - 0
A comparison is made in Pigure 5.9 between the strain distributiops

i

developed'over a 2-in. and a 4-in. diameter hemﬂizhericél iﬁbor:

| ‘ . - {
atory -punch and a die with 4 inches opening. ‘28‘ The larger .

LI Y

punch distributes the strain over a greater 'area and increases

» .
.

8

FA'I{JURE FAILURE . oo

. A /!{INCH PUNCH
a -
an N - : y RN -

e
2
&
g
]
z -
5 / / SIZE DEPTH
% , > : 1
2 20| w=tome- e 4-IN 2,10 inches
E ,‘ | M ° Z-IN ' 1.421 'inChes .
H 2 INCH PUNCH . ; ' - R
2 a L N T
. 1 9 .
¥ % 05 1.0 1K) . 20 ‘ o
° INITIAL RADIUS FROM CENTRE OF S %)
' UNDEFORMED " SPECIMEN, m. . PR

Figure 5.9 Distribution of principajystrain at maximum (failure)
¥ depth in lubricated, annealed steel discs securely
clamped and stretched over hemispherical punches.of
" Lo varying diameter. (From Ref. 28, 633).

\
N .

, ' .xff

the permissible depth before failure. . \ \

°




A significant reduction in punch force is also achieved.as the

\ ' -
. die radius is increased. "~ . The reduction of the total:punch

force reduces the thinning of the c\ip wall in deep-drawing..

Increase of the die radius can also reduce the breakage.
: ‘ ) s o
o '

' 5‘4" A $ -A .

INFLUENCES OF PRESS OPERATING CONDITIONS |

o c ¢
. i I -

e 54,1 EFFECTS OF LUBRICATION AND FRICTION i '
' ‘\x ' i ’ . . > T . o
o B 1 ?ﬁ T e e ' 4 ’

. e degree and type of lubrication ca&j_t__ngly_,mﬂngncn__._____,

Y

the .straln distribution. “ Metal flo % ass:.sted by lub-

rication and discouraged by friction; the amount of lub-

.

rication desired varies with the geometry of the ‘stamping

- - and will be discussed below. The et'te»ctiveness of a .l.u!"a-.

’
]

o ' ricant depends on forming speed, interface pressure,

o . “ " v

. . - material surface candi'tion, die design d many other

. - factors. In many cases the selection of a particular
“ M \

K

lubricant is dictated not by its lubricating ability but

by its compat’ibilit\i with other overations. ' - /
ot v o .

-

’
) . ]
o [ b -

- The éffectiveness of a lubricant change in making the ™

* strain’' distribution' more ur\ifozé was r;eported'by Goodwin.

12) As shown in I-'igu_ré 5.10, strain measurements made on

SRR f the leading edges of production ,autoniotive hood panels ’

o

: o . produced from rimmed steel showea*a reduction in peak strain

1 © -

from 50 percgnt to 20 perpnt when one 1ubricant was sub-




4

modification is dvoided.

¢ A o ' o111

T )
stituted for ancther. As a result-of the éhange of lub-

rication, the expensive change ta other material or die

M

g

diameter throughout.

" - i >
50 - N ..
— v/ ’ '
= 40 _ CRITICAL “STRAIN LEVEL -
5 W//////J\///l’ /Y///{{//// A 25, .
w
a *-LUBRICANT A .
< 30— - A
: 7 \P ‘
« : :
- °
n ) .
v 20 SL
2 s
. ‘y‘ .
. ;25 "o N q‘: ) ’(’\— - e - L. L
R " "\—LusRICANT B o~
ol 1 7] [ L Lo -
o . 1 2 3 4q 5 6 7 8 9 .
* CENTRES OF GRID PATTERN : ’
Figure 5.10 Effect of lubricants on pajor strains.
(From Ref 12, 33).- -

A N hd 3

Dry polyethylene sheet has been fqund to be a very good -

lubricant in stretch-formmg test by many workers. .

-(9'13"18'_34‘) it imgrOVes the depth to which a part could

The relationships between

average strain-ratio and limit'ing blank diameter in cupping
. . e

tests with oil and dry polythene sheet were compared by

Atkinson and HacLean (Figure .5.11). (18)

be formed before failure.

Polyther';e gives
the higher and more consistent values of limliting blank:

Furthermore, plastic films are less

susceptible than oil to variations in lubrication behaviour-

5

. 0 *
caused by surface roughness.
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EREE A . | i .
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o N V- Figure 5.11 - Relationship between 1imitmg blank diameter
P ) : _ §. - and average strain ratio for A, polythene-fi.lm

, T, LY lubrication and' B, Esso Oil TSD 996 lubrics tion.

(From Ref. 18)
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. 5.4.1.1 - LUBRICATION IN DEEP-DRAWING .

In deep-drawing, punch lubrication is generally -
. . . ’ ) ) o '—aa(' . N
' - .  wndesirable. ngﬂ\frlctlon at a ppsition such
Y e ;

as W in Figure 5.12 inhibits metal flow, reduces

l
P .
%

) PR R R 4 .
thnn;ng preventihg instability. Thus the pro- .

v

Y .-
dﬁctibn of deep-drawn flat-bottomed cups with . - )

.ghprp radii is assisted by high friction over .

. - B ? \

.tHe punch nose. The complement to this is.low \ o
s . ‘ . " . ,

i " .
) . . friction between the die and blank holder (v in i

g : ¢ ) - 5 .
- Figure 5.12) which reduces thinning-due' to bending- . '

A - B .
under~tension'bz‘:iﬂucing the applied tension, .

v

. . . .
’ EY ¢

AN

) 4 . ! é\ ’ r’ . "
hd — - 14
) . : ! \: Y] v :
N I
[ ! . * ) . )
\ . . A . i R i
; : . ‘ . .

oo . Figure 5.12 prawing an axisymmetrical cup from . - "Jhy

o e T . ¥ a ;ircular metal blank " (From RefZ - . % o
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i -‘ 5 f'-r‘ i EYPAY «ﬁ,:
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"5.4.1.2 ADVANTAGE OF LUBRICATION IN STRETCHING OVER A
. LARGE RADIUS PUNCH -

’

!
v

a large r'adius punch.

Good lubrication aids in stretching material over

Strain distributions in

L4

- Figure 5.13 are obtained By stretching clamped

discs over a 4-in. diameter hemispherical punch.
. 4

.(28,33)

' ENGINEEING STRAIN (PERCENT)

The lubrication permits metal in contact

with the punch to deform and slide over the pnnch,'

: ) s
A Yeduring the locvaltization-of-strain; —therebys inc-

. Q?

.

age.

LUBRICANT
Egglé?cbgnon y i .
Plo] ~ _® TEFLON
| @ _o.o-””ﬁ—no LUBRICATION 9 NONE
oo ]
-] oo, ~| e-oimcH
S| 1 [ o 1
% 03 1o s 2.0
POLE RiM

INITIAL RADIUS FROM CENTRE OF
UNDEFORMED SPECIMEN, in.

T .

Eigure 5.13 Distribution of principal -strain at

oL, Lo maximum (failure) depth in‘annealed
: o / brass discs after stretching.

: (Prom Ref, 28, 33).

”

reasin( the total depth of the stamping ‘at break-

o

DEPTH - .

Pl s
‘

1.85 INCHES
1.40 INCHES
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L 1. . 5.4.1.3 ADVANTAGE OF FRICTION IN S'I‘RETCHING OVER A SMALL © 4
o e Lt RADIUS PUNCH_ . Lo .
: Ly -" .’ . “‘f‘ . .o, ‘el « Q ‘. ' - . . ' . | . . o ‘\/ ‘
- i N .. .~ 7 . v oA , ° " . b v ': . ! ’, - . N u' . . /
‘ . - £ . . ‘. ) . ﬁa, - )
. " When the punch radius is small, high-punch friction’ ;

.y ' can produce a better p‘art..‘,(za.’ 33) Figure 5.14 ° o
J illustrates the different strain\d\istributions_ ' .

. ot < T Y

observed in a bymper stamoing formgdn by a com~ =~ - .t
’blnation of ,strétch and draw ‘When a. piece of | y
s emery ta}ge is e:.t:her absent or present b\w Zn the

s?'leet and punch -at the lngh strain location The

Lo s
increaseﬂ frlctx.on at the shar@ radius acts tq

. retard 'strain at that location ‘anderauses the

. - P

- 7" - _strain.to be redistributed to other locations;
T ’ . ) . - bt .
. ¢  more metal is also drawn in From‘the f.{anqe area.
= : no .

e . .

In‘a productlon smtuation, the emery tape is

- .

o replaced by rouglxeni%g the punch in selected axea"s ,’ . .

»

. AP S A -~ . '

»

ENGINEERING ,STRAIN (PE RCENT)

‘e . F Z - WITHOUT e at

\\ A TAPE

& - “
. . -~ fe-OileH . < . ¢ .
N s 7 SN VRN VU TV JURE UV VU WNUON NN BN N N - FRCUREN
e EDGE . CENTRES OF GR®D PATTERN EOGE L, .

< Figure 5, 14’ Small radius locanzes stram. The

- C . peak strain is reduced by resttictinq
. metal flow in high strain region.

(From Ref. 33)
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5.4.1.4 'EFFECT OF BLANK SURE-‘ACE ROUGHNESS

. ~*

. s

Effects:simiiar to those of luSrication and . . _ . 3
friction are obtained by wvdrying the surface . '

'ropghness of the metal blank. (28,33) An un- . ‘.

- c . ™) ¢

lubricated rough surface has‘h'igh friction which

A\

#etards the metal being ‘drawn in from the flange,

and gx.ves rise to hJ.gher strains in the punch
stretching region. On the other hand, a rough

.

surface can entrap and carry more lubrication

«

into the deformation zone, thereby ;educing the
¢ frictibn and non-uniformity of the strain dist- .
ribution. A smooth surface initially has -‘lcw

.

° rriction; but if it is too smooth, it will not 1
’ , 4 "

, retain sufficient lubricant tc_cove} newly 7gen-

erated surface area.

’ i

\\’

5.4%2 EFPFECTS OF PAD OR BLANK-HOLDER PRESSURE

» WS

;P?le mpos;Ltj_on of the correct blankholder pressure is

(6,33,34) o

imp_ortant to stamping. Too little bla.nkholder

v -

pressure allows wrinkling; too much increases the stress -

- 4 >

ing bend:.ng—under—tension over the die radius which . g

result in increased thinh'ﬁfti. Restriction of metal flow

- i

I
:lnto the die opening due to wrinkl\ng, excess:.ve blank-

holder pressure or too large a blank'can cause the cup



. »

to 'tear at the punch radius. Unexpectedly, the blankholder

: y ' pressure has no effect on punch load. (35) ) -

The e‘égect pf blankholdex. pressure can be illustrated in -

. . (33) . ,

- theform‘}ng of an automotive panel as shown in Figure

Y

v B ~

T s . 5.15.¢’”‘Af-ter':‘/ successfully forming the steel in the first

\
[ L ‘trial, the biankholde’r» pressure was increased'in the second  ° .

o . . W

trial which gave rise to higher st¥ain levels and fracture

| of all the stampings. K

»
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- Figure 5. 15 Inc‘reased blankholder pressure caused. the *
R , strain to increase dunng forming of “an .o .

.

- o automotive panel. (From Ref. 33) L \
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- - 5.4,3 EFFECTS OF PUNCH FORMING SPEED e . -

' '
e © . 4 N - & * .
v .
. .
. . o
- A +
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A stamping formed’ satisfacton.ly on a 1ow-spead. préss may . s

| o)

- be completely unsatisfactory &hen formeg oh a high-speed- A
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press. Yield stgéss increases with deformation speed,

[y

tensile strength also increases but to a lesservhegree.

'Formability of the sheet, if measured by the Eensile to
J"‘ s .
vield stress ratio, therefore-decreases when spee?‘inc-
N
reases. Furthermore, the yield point elongaticn of the.

material inéreases. Although punch force does not change

significantly as-ﬁhe|punch spéed is increases, vibrations

-

may be superlmposed on_the average punch force. Changes_
in the characterist1CS of lubrlcangf with speed and temp-

erature may iqfluence;formability. ‘cups drawn at high

/ 3
speeds were ‘much hotter than cups drawn-‘at low Speeds,

ﬂ . . . .«

indicating that lubrication.was more critical.

; . L. ‘
¢ S———

5.4.4 PROBLEMS IN MULTISTAéE FORMING OPERATIONS

“

\"__-*__

v Yaw !

For stampings formed in a ﬁultistage'operatidn‘;n which

.the final shpaé and dimensions are established in a re-
strike die, formability can be improved by minimizing the

r

non—nn%fnrmity of strdin distributions in the first draw.

-

‘If the First draw has a sharply radiused, pointed punch ’

over which the whole blank must be drawn to shape; strains

will be séverely localized,” Once a peak strain condition

has been generated, the non~uniformity of strain will

increase in subsequent operations, often Eo the critical

-

level, Such a conditxon is vidxdly illusttated in a braka

(14,28,33)

backing plate as shown in Figure 5.16,

\




Modifipatiop of .dies in an early operation is usually )

easier and more beneficial than in subsequent operations. .

- f .

In early operations, more metal is-available from the

- “

.flange or other location: for re-location into the critical

»
N

,arn‘e‘a. Sufficient metal should be collected. in each

region of the primary, pressing to. form the final .-impress-

. i

ions of these. regions in the re-strike operation.

“ )

o o 0n as o oo - — - -

, . SECOND .
OPERATION

.

X pRst ! ‘ - :
. OPERATION :

*‘ fo= -02iNew :
: S S NS T T O O T O (2 O O O T O
- T

CENTRES OF GRID PATTERN

ENGINEERING STRAIN (PERCENT)

\

.Distribution of principal strains across a

ations in producing a brake backing plate
. show -that critical strains develop rapidly.
.o (From Ref. 14, 28, 3.’._!).'. T L7

' dome fowmed during the first and second oper-

-
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i . . e . NI
' : o .o The suitdkility of sheet-metal for pressing %s a common goal -

that has long occupied the attention of both producers of -rolled strip
- - b 2, .

-~ L]

e and’fabricators of. deep-drawn and stretched sheet products.

“

N ; . N . .
. - RN : !
H , + .

v Yoo Simple mechanical tests that have proven satisfactory, in
determining the behaviour of the metal during fabrication are the work-
"hardening exponent (n) and the plastic anisotropy coefficient (r). For

oo

- " : . * e 8 . 4 .
K : manufacturers of rolled sheet, these provide a reliable index to the

3

I [

.ok suitability of sheet for pressing‘operations.’
) . v >4

Productionzengineérs and tool desiéne&s have need to deter-

a i

B

: ‘ mine the fermability level reqnired for each new stamping,  Throwgh .
~ . X ~ - . - . N “, . N
aa evaluation of the strains imposed on the sheet during stamping by- : »

» ‘means of the circular grid system and through use of the Forming Limit
. . L.

Diagram which indicates the limit strains achievable, it is possible

) ]

©

\ ; e
v

) |

|

|

to determine the combination of material properties and stamping

“

variables that is most favourable and economical for a ‘particular
" ' - [ .

stamping.’

i M °
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