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SUMMARY

Experimental and theoretical studies were made of splaying behaviour
in the direct redrawing process. Cup diameter/thickness ratio governs
whether redrawing is conducted with or without a hold-down punch to prevent
wriﬁkling during deformation, Both situastions, (termed constrained re-
drawing and unconstreined redrewing respectively), were investigated from
a splaying aspect.

Splaying was related to that deformation in the cup which precedes
die contact during steady-stzte redrawing conditions, and was associated
with a reduction in redraw load. The phenomenon was explained by the
principle of minimum energy of deformation.

In unconstrained redrawing splaying increassed as cup diameter/
thickness retio diminished, whereas in the constrained situation severity
of bending around the hold-down punch profile radius was the predominant
parameter, diameter/thickness ratio having only a weak influence. For
constrained redrawing die geometry did not directly influence the potential
for splaying but dies of small angle prematurcly terminated the splaying
phase. For unconstrained redrawing die geometry both influenced splaying
potential and restricted maximum splaying., Dies of large angle will there-
for generally promote greestest splaying.

Experimental results implied that splaying decreases as the rate of
work-hardening increases. Greatest splaying was 4 - 4.5% and occurred in
constrained redrawing with the combination of a small hold-down punch profile
radius, large die angle and work-hardened cups.

Theory correctly predicted all experimental trends. Two expressions
for maximum splaying are proposd, one providing an over-estimate and the
other an under-estimate. Experimental results were spread between the
limits of these expressions.

The use of a guide to prevent spleaying did not produce a reduction in
redraw lozd. There was evidence to suggest that the contrary was true.

Results-of resecrch should be equally applicable to the reverse

redrawing process.
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Symbols of geometry

NOMENCLATURE IN THESIS

tO ] 15

Wall thickness and radius of blank before
cupping or wall thickness and mean

radius of entering cup in redrawing.

Wall thickness and mean radius of an
element at any stage during cupping or re-
drawing.

Finel wall thickness and mean radius of
cup after cupping or redrawing.

Current radius of bending or unbending.
Current radius of neutral surface in
bending or unbending when this is not
coincident with K.

Mean radius of bending of cup wall at die
entry during steady-state redrawing for
either constrained or unconstrained
conditions,

Mean radius of bending of cup wall around
hold-down punch in constrained redrawing.
Mean free radius of bending of cup wall
at die entry in unconstrained redrawing.
Mean radius of bending of cup wall over die
profile radius in cupping or redrawing.
Mean radius of bending of cup base around
draw punch nose,

Angle between planes of reference in
bending or drawing along a circular path.
Angle between planes of reference around

cup circumference.



>‘

Yb

Shift of neutral surface from central
surface when bending or unbending under
tension,

Radial distance of any element from the
neutral surface of bending or unbending.
Radial distance of elastic/plastic interface
from the neutral surface in bending or
unbending.

Die and hold-down punch semi-angle in
redrawinge

Draw ratio in cupping or redrawing =

St

Tnitial length of cup wall involved
in splayinge.
Current length of cup wall involved in

splaying.



Symbols of stress and strain

O - Normal stress.
Z - Normal plastic strain,
e - Normal elastic strain,

Sy, 03 y T3 - Cup wall stresses in the radial, through~
thickness and circumferential directions
respectively.

€,€E2,€3 - Cup wall plastic strains in the radial,

through-thickness and circumferential

directions respectively.

Yi - Uniaxial yield stress.

Ql
'

Equivalent stress.

E - Equivalent plastic strain.
et - Deviatoric stress.
Cm - Hydrostatic stress.
T - Shear stress.
S ~ Radial splay in an element.
AS - Fractional circumferential strain induced

in an element by splaying.



Symbols of forces and moments

4 - Punch load in cupping or redrawing.
H - Hold-down force in cupping or redrawing.
M - Bending moment.

Symbols of energy

Ws, Wy y Alpe = Specific plastic work components

associated with splaying.

WS : Wb, Wf - Bulk plastic work components

associated with splaying.

Symbols of constants

a - Gradient of equivalent stress-strain curve.
m - Constant for adjusting Tresca's yield
ceriterion,
U e Coefficient of friction.
= - Modulus of elasticity.

‘} - Poisson's ratio.
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J, IIMTRODUCTICH,

The term 'splaying' is used to describe a redundant defcrma-
+ion occurrent in the redrawing process, Tor certain materisls at high
plastic-strain levels splaying may be a source of product failure and
rejection, Although reported observations of eplaying have usually
been made when redrawing by the direct method, the phenomenon is appar-
ently not confined to this arrangement, and may also be troublesome in
reverse redrawing, It is probable that the basic causes of splaying
are common to both types of redrawing, and therefore a study of either
one type should provide information gencrally relevant to the other,
Since direct redrawing is used at Tube Investmenté Limited, this method
was selected for the resecarch reported in this thesis,

FIG. 14 illustrates & typical direct redraw arrangement
where the entering cup of radius Yo is reduced to radius ¥ by a
punch drawing the cup through a die, Direct redraws may broadly be
classified into two groups, namely constrained and unconstrained (or
free), In the first category, comprising thin-walled curs, a hold-
down punch is used to apply a compressive force to the plastically
deforming cup flange and thus suppress a tendency for the flange to
wrinkle, In the second category, comprising relatively thickewalled
cups, the flange-wfinkling tendency is absent and a hold-down punch
becomes unnecessary, Splaying has been observed in both categories,
inferring that the underlying mechanism is fundamental to the redraw
process rather then a particular tooling configuration,

Whilst the entering portion of the partially redrawn cup is
long, it is sufficiently rigid to resist any flexural tendencies arising
from plastic deformation prior to contact with the die mouth, As the
redraw proceeds however and the length of entering cup becomes progress-
ively shorter, a stage is reached where this shortened length is incape
eble of supplying the constraint necessary to maihtain the previous

z
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equilibrium, The entering cup wall then proceeds to defoxrm radially
outwards to produce the effect known as splaying illustrated in FIG. 2,
High tensile circumferential stresses developed in the region of the cup
rim may promote longitudinal splitting.

A deep-drawing process is currently under development at
Tube Investments Limited, whereby a flat sircular blank is sequentially
drawn through a number of dismeter reducing stations, without interstage
annealing, ‘o rroduce an elongated cup, The overall plastic strain
suffered by the blank is much more severe than that encountered in
conventional deep-drawing operations, and consequently in the latter
stages of the process, most of the commonly deep~drawn materials possess
little residusl ductility, In 1967 a research and develepment programme
was initiated with stainless-steel to determine maximum draw ratios per
stage in a four-draw schedule., Early in the programme it was found
that although cups were processed without failure in the tools, a high
proportion of the finished cups were unacceptable due to longitudinal
splits extending into the cup body from the rim. Observations made cn
the forming process revealed that splaying occurred in every redraw,
and that fractures in the cup rim usually occcurred in the third and
final draw stages as a consequence of splaying,

A literature survey revealed that during studies of the deep-
drawing process Ewifg'and others observed splaying in direct redrawing
and concluded its effect was to increase punch load, causing cup failure
as a result of excessive drawing stress, By modifying the redraw tool-
ing arrangement to provide a guiding section at die entry, Swift
prevented splaying, and eliminated the increased redraw locad correspond=-
ing to splaying,

After Swift's example the conventional redraw dies in use for
the stzinless-steel programme were replaced by guided redraw dies, of
a type such that the guiding section was an integral part of the die

proper, Further drawing experiments gave a high failure rate in the

3
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tools, failures being of the burst-bottom type characteristic of exces-
sive drawing stress, Load measurements subsequently taken confirmed
that redraw loads with guided dies exceeded those with conventional,
unguided dies. At that juncture the stainless-steel series of experie
ments were discontinued leaving the apparent anomaly with Swift's results
unresolved,

To provide further information on the effects of guiding in
redrawing, an experimental study was carried out at Tube Investments
Research Laboratories in 1968, In these tests aluminium-alloy cups
were redrawn with a tooling gecmetry widely different from that used in
the stzinless-steel programme, However it was again concluded that
guided redraws required higher drawing loads than their unguided count=
erparts,

A further, more comprehensive search of deep-drawing literature
provided little additional informaticn, and indicated that although
splaying was recognised as a troublesome feature.of redreving, the
mechanics of the phenomenon were not fully understood. In January 1969,
~ a programme of research was initiated with the broad objective of incr=-
easing knowledge of splaying in redrawing, This thesis is a record of
that work,

The thesis is compiled in accordance with chronological sequ=-
ence of activity, Thus the bulk of theoretical work on splaying was
undertaken after the first and second experimental progremmes were com=-
pleted, when evidence was available on which to base key assumpticns
made in developing theories, The third, final, experimental programme
was designed to test theories under conditions resembling those in deep

drawing at Tube Investments,



2, SURVEY OF DEEP DRAWING LITERATURE,

2.1, INTRCDUCTION,

The survey ccmprises a variety of papers embracing various
aspects of deep drawing science with which the writer became acquainted
during the course of research, and drew upon, either directly or indir-
ectly, in formulating investigational programmes and developing theor-
etical analyses,

Only the last of eight sections presented is concerned with
papers on splaying, and ic largely of a descriptive nature reflecting
the general lack of knowledge on the subject,

The first two sections are deroted to cupping and redrawing
theory and experiment, in which the works of Chung and Swift form major
contributions, Flange wrinkling is the subject matter of the third
section, The remaining sections briefly discuss anisotropy, residual
stresses, friction, lubrication and speed effecis, and simulative tests

in the context of their significance to deep drawing.

2.2, CUPPING EXPERIMENT AND THECRY

(2) Introductory comments,

Cupping is the oldest and most widely used deep drawing oper-
ation, and is characterised by the radial drawing of a flat blank to form
a cup-like component with closed bottem and open top, Usually, but not
alwvays, products of the process are cylindrical, being formed from a
circular blank, VWhen fully exploited the process provides a cup whose
depth is equal to or slightly less than its diameter, If no deliberate
attempt is made to contrel wall thickness, the latter vaeries from closed
to open end, being approximately equal to blank thickness near the
closed end and of greater thickness near the open end.

Cupping is a complex metal forming operation, not lending it-
self readily to theocreticel analysis, The forming load is developed

as a result of deformation at the die, whilst under unfaveurable condi-

6



tions failure of the cup usually occurs adjacent to the punch nose
radius, The situation is further complicated by the process being of
a non-steady state nature, Mechanics of deformation at the die are now
well understood, but no comprehensive theory exists for accurately
predicting deformation at the punch nose,

Crane (193851 Jevona (1940)? and Sachs (l951§ have published
extensive works on cupping. The largest contributicn to an understan-
ding of the process however, resulted from work conducted at Sheffield
university under the guidance of Swift during the period 1940 - 1950,
This culminated in a two-part paper by Chung and Swiftsin 1951, The
first part of the paper descrihed an experimental investigation into
various process parameters, Strain development in the punch nose
vicinity was closely observed, The second part of the paper comprised
a theoreticzl study of stresses and strains develoved in a cup radially
drawn from a circular blank, Their approach, now regarded as classical,
has been followed in numerous subsecuent theoretical treatments of deep
drawing operations,

Although the theory of Chung and Swift gives excellent corre-
lation with experimental evidence it is intractable and unsuitable for
rapid calculations, It was thus an attractive proposition to simplify
the thecry and so obtain more rapid, though less accurate means of
computation, A good example of this is the analysis of Barlow? who
provided an approximate method of estimating maximum draw ratios in
cupping.

The practical aspects of Swifts work on cupping were covered
by W:i.lil.its,7 whilst Alexande::e has written a comprehensive review on the
theories of Chung and Swift,

The remainder of this section is devoted to discussing in
more detail the works of Chung and Swift, and Barlow,

(b) Experimental work of Chung and Swift,

The investigation was conducted on a 50 Toni, mechanieal

7



press predvcing cups 4 inches diameter from blenks ranghygfrom 0,025
to 0,060 inches thick, The press cycling speed was 8,2 strokes/minute,
and graphite-tallow lubricant was used throughout., Most cups were
produced in low carbon steel, but for comparison additional cups in
aluminium, brass and copper were made,
Aspects of the process investigated weres
(i) Method of blank holding.
(ii) Drawing ratio,
(1ii) Die profile radius,

(iv) Punch profile radius,

(v) Punchedie radial clearance,

(vi) Cup material,

(vii) Blank thickness.

(i) Method of blank holding,

Two methods were investigated, constant pressure and
constant clearance, In the former, force on the blankeholder was maine
tained constant throughout any cupping operation but ceculd be adjusted
to suit cupping conditions as required, In the latter, the blankeholder
was clamped to the die, giving a fixed clearance between the two members,

A series of tests were conducted to determine the effect of
varying hold-dovn pressure on the preocess, It was found that provided
the holding force was above a lower limit (giving wrinkle-free drawing),
increasing that force had little effect on either draw load or the cond-
ition of drawn cups, The view was held that the increased frictional
drawing-load component caused by the higher holding force was offset
because the deforming cup flange was thinner and therefore offered less
resistance to deformatiocn,

In a further series of tests the merits of each type of blank-
holding were compared, It was found that the constant pressure method

gave slightly lower drawing loads that that of constant clearance,



(4i) Drawing ratio,

Steel blanks of various diameters were cupped using
a constant punch/die diameter, Results indicated that for a given
tooling arrangement draw load increased linearly with blank diameter,
and that maximun draw load occurred later in the drawe-cycle 28 the blank
diameter increased, FIG., 3, shows a typical family of punch load/
travel curves,

Examination of drawn cups revealed the presence of two necks
in the vicinity of the bottom-wall junction radius. The upper, smallex
neck occurred where the radius merged with the cup wall and is shown as
'A' in FIG, 4., The lower, larger neck located around the radius, was

the fracture site when drawing under unfavourable conditions,

(iii) Die profile radius,

The die profile radius was found to exert a signif-
icant influence on both punch load/travel characteristics and maximum
achievable draw ratio, VWhen the die radius/blank thickness ratio was
below 10 a decrease in radius caused an increase in punch load, and wall
thinning at the critical lower neék. Little was achieved by increasing
the die radius/blank thickness ratio above 10, An upper limit on the
ratio was set by a tendency for the cup to wrinkle around the die profile.
FIG, 5, shows the relationship between die profile radius and meximum

drawable blank diameter,

(iv) Punch orofile radius,

In this series of tests the effect of punch profile
radius on punch load/travel characteristics and wall thinning were
observed, Punch profile radius wps varied over the range 1/8 = 2 inches,
the latter corresponding to a hemispherical profile,

With small draw ratios it was found that punch load decreased
as punch radius increased, but with larger draw ratios the effect was

absent, meximum punch load being independent of punch radius, For 2ll

9
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tests the effect of increasing punch radius was to retard the point of
maximum punch load within the draw cycle. The observed reterding
effect was attributed to the greater distance travelled by a large=-
radiused punch whilst initially embedding in the blank, “With small
draw radius this process continued up to the maximum load point and was
responsible for the lower lozds recorded, As the draw ratio increased
the embedding process wes complete with all punch radii investigated
before that point in the draw cycle corresponding to meximum punch load,
Then all meximum punch loads were comparable,

FIG, 6, illustrates the manner in which punch nose profile
was found to influence loczl thinning in the cup bottom, A small punch
radivs produced upner and lower necks in the viecinity of the cup radius,
the lower neck being most severe, Little thinning occurred over the
flat cup base, The effect of a large punch radius was tc produce
greater general thinning over the base of the cup.

The necking patterns of FIG, 6, were explained in terms of
loading conditions at the commencement of cupping when the blank became
progressively deformed to the die and punch radii contours, During this
period bending at die and punch occurred under tension imposed by the
large,as yet undeformed outer blank area, and resulted in thinning at
the two regions, On further punch advance the locally thinned metal
previously at the die radius became the upper neck observed in the final
cup, The form of the lower neck was dependent upon the magnitude of
the punch radius, If the latter were small, acute local necking resul=-
ted from severe bending under tension. Conversely a large punch radius
produced little bending strain but a more general bese thinning as the
meterial was stretch-formed under bi-axial tension,

A number of cups were drawn in soft and half-hard aluminium,
It was found that a hemispherical punch profile gave the highest draw
ratio with the soft material, whereas the smallest punch radius avail-
able ( 1/8 inch) gave best results with the half-hard stock, Cups in

12



the half-hard material were compared with steel cups drawn on the sare
tooling and found to exhibit similar necking patterns, However steel
had previously been shown to draw best on a hemispherical punch, This
anomalous behaviour of aluminium could not at the time be explained by
Chung and Swift, however subsequent work by Loxley and Freeman indicated
that frictional condition over the punch nose was a critical factor,

The uncertainty of friction at the punch nose has prevented
accurate theoretical prediction of maximum drav ratios in cupping,
Unless frictional ooﬁditions are known precisely it is not possible to

establish either the site or stress situation of the fracture zone.

(v) Radial clearance between punch and die,

Teste indicated that a 10% clearance caused ironing
at the cup rim but no excessive increase in punch load, wheress cups
drawn with 7&5 clearance exhibited bell-mouths, It was conecluded that

generally 30/ clearance provided satisfactory results,

(vi) Cup material.

Tests were conducted on low carbon steel, aluminium
(soft and half-hard), copper (half-herd) and 70/30 brass (half-hard).
Tt was found that for a given tooling arrangement the maximum punch
load point within the draw cycle was strongly influenced by the work=
herdening properties of the materials tested, TFor a low work-hardening
material (half-hard aluminium), fhe peak load occurred early, whereas
& high work-hardening material (70/30 brass) gave a peak punch load
when the drav cycle was well advanced,

An examination of the drawn cups revealed that low work-

hardening materials exhibited marked upper necks, less severe lower
necks and litle general base thinning, The converse was true for high

work=hardening materials,

(vii) Thickness of blanks,

Steel blanks 0,025, 0.039 and 0,060 inch thick

13



were cupped on tooling with a die radiusfblank thickness ratie of 6.5,
and a radial die-punch clearance of 307, It was found that for a given

blank diameter punch load wes linearly related to blenk thickness,

(¢) Theoretical treatment by Chung and Swift?

The theory establishes radisl drawing stress and
principal strains in the cup wall at any stage during the cupping oper-
ation, Account wes tzken of all process varameters influencing this
stress including blank-holder friction, plane radial drawing in the
flange, plastic bending and unbending at entry to and exit from the die
profile radiuvs, and radisl drawing in the presence of friction arocund
the die raedius, Effects of anisotropy were ignored,

No attempt to aﬁalyse stresses and strains in the punch-nose
vicinity were made, although these will be strongly influenced by
redial drawing stress in the cup wall, The theory provides information
on the type and magnitude of strains imposed during cupping and enzbles

press loads and power requirements to be calculated,

(i) Distribution of stress and strain,

The deformation zone was considered to comprise &
number of distinct stages, It was assumed that at any inetant in the
draw cycle the radiel stress in the cup wall was the summation of radial
stress increments generated at each of the stages, This cencept is
bést described with reference to FIG. 7.

Deformation in the plane flange is such that during drawing
the outer rim thickens to a greater extent than elements at a smaller
radius, It is therefore assumed that the total blank-holder force
always operates at this point, causing reéistance to radial drawing and
imposing & radial stress Gia .« Radial drawing occurs between points
A and B generating a radial stress Cﬂ¥a at B, Plane radial drawing
ends at B where the flange is assumed to instantaneously bend to the die

radius, receiving an abrupt radial stress increment b, so that the

14
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radial stress after bending at B is Gig .+ Further radial drawing
occurs around the die radius profile B =« C in the presence of flange-
die interface friction. Radial drawing alone produces a radizl stress
increment Cﬁé - Oig 4 whilst friction is responsible for an additional
increment # » The total increment over the die radius is thus
e = Oig+ § and the radiel stress immediafely before unbending at

C is *372 o Unbending of the flange inte the cup wall at C provides
a radial stress increment bz which increases the total radisl stress
at C to Ci . If the radial stress at C is sufficiently large
yielding may occur in the cup wall, causing thinning, work-hardening,
and a further slight increase in radial stress to “ip at D, Stress
distribution in the cup bottom is unknown and represented by a dotted
line in FIG. T.

FIG, 8, depicts the thickness strain development of a part-
icular element, originally at radius *b’ in the blank, during pass=-
age through the deformation zone, (The thickness strain induced in
any element varies widely with its position in the undeformed blank.)
Radial drawing operations tend to produce thickening whilst bending and

unbending operations are accompanied by an abrupt thinning,

(ii) Plene radial drawing,

Four basic plasticity concepts were employed to
provide solutions of stresses and strains across the deforming flenge,
These included:

1. A study of the force equilibrium of a general

element,

2, A criterion of yielding,

3« Plastic stress = strain laws,
$ 4, Compatibility of strains and displecements,

Additionally the concepts of equivalent stress and strain were

used to study deformation in an idealised work-hardening material,

16



The equilibrium equation for an element was written,

SRy RTE (Ciatb) e 2403 = O 253

To solve this équation the stress O2 was considered neglige
able compared with O, O3 reducing the problem to one of plane stress,
Also, on the basis of experimental evidence, thickness varistion across
the flange was ignored for the purpose of stress computation, Circum-
ferential stress O3 was eliminated from eguation 2.1 by use of a
yield eriterion,

Oj- 3 = MO 2424

Equation 2,2, is a modification of Tresca's yield criterion, the constant
" being selected to provide closer agreement with Von Mises criterien,
(The latter although giving better agreement with experiment for most
materials, is difficult to manipulate mathematically. )

Combining equations 2,1, 2,2 and integrating gives, for

a none vork-hardening material &G=Y ,

i = o, + MmY4nia
() ‘A g G d

where CHA is the induced radial stress at the rim due to

blank~holder force H , Oj4 may be written,
Tr-i".tA

To proceed further with the analysis Levy-lMises stress-strain
relationships and the condition of volume constancy were introduced,
These provided a differential equation relating flange thickening and

circumferential strain,

1 RS o G W ar 2.5
t S -2 e
mag

In particular at thé flange rim equation 2,5 becomes,

R L VA

T <A Ea-mY
for a none work~hardening material,

17



Equation 2,6 was numerically integrated to determine the
varistion in rim thickness fA as the flange was drawn in,
In combination with equations 2,3 end 2,4 equstion 2,5 may

be re~written,

t i +4nta - 2 5
r

e A Y

to give the thickness change in any flange element at current
radivs T , The circumferential strain J-%j‘ of an element is not
immediately known, since on commencing to draw the flange thickness
changes, A relationship between 1 the current radius of an element,
and ' its original position in the undeformed blank, was obtained
by equating volumes of flange originally betwzen 't.'o and 1/ sy @and
currently between ¥4 and T . This gave an expression,

T = \/;Az = (*’oz-*:z)#g?n €28

where im is the mean current flange thickness between 14

and 'T‘(;-e.. {Tm =_t_A_i'£)
=

Equations 2,7 and 2,8 may be solved eslternately by successive
approximation to give the thiclkness history of elements at various
positions within the original flange, and the current thickness distrib-
ution across the flange, The computation is exhaustive,

Plane radial drawing of a work hardening materizl was now
considered, In establishing the radial stress O} account was tzken
of th_e equivalent atrain\in elements within the deforming flange.
Although this quantity is a function of the three principal strains
£ 1y £2 3 €3 3 Hill showed that for draw raetios less than two,
‘equivalent strain differed from circumferential strain €3 = {n "-_;'

'by not more than 3,‘13. Chung and Swift utilised this simplification
and assumed an idealised equivalent stress-strain relationship

& = T b MET
vhere 5“0 s A and n were constants, Radial stress was then

written,

18
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Equation 2.9 could not be solved directly since the ratio
demanded knowledge of the thickness history of an element, A procedurse
similar to that for the non work=hardening meterial was followed to
determine thickness changes, First, thickness strains at the rim were

e a2
computed using equation 2,6 with Jp + A('Lrv _‘?) substituted for Y.
TA
Radial stress and thickness distribution were then found by alternate
nunerical integration of equations 2.5 and 2,9, The computation

involved was formidable, and Chung and Swift found that only a smell

error resulted in strain caleulations if the constent A  in equation

2.9 was taken as zero - inferring that work-hardeﬁing had little effect
on strain distribution. For purposes of radial stress calculation
the work-hardening term must be included,

Stress and strain distributions in the flange during drawing

are shown in FIGS, 9, and 10,

(iii) Plastic bending and unbending at the die radius,

The mechanics of bending at the die radius were
studied by Swift using a simulative test, in which metal strip was
bent under\tension around a series of rollers, The work is described
by Willis,

On reaching the die radius the cup wall is assumed to bend
instantaneously. No circumferential straining accompanies bending
which must therefore be a plane strain process, The stress normal to
the die was assumed negligible, Bending occurs under back—tgnsion
.exerted by the plane radial drawing zone and therefore a2 net radial
- force equal to this tension must exist across the bent secticn, In
consequence the neutral plane of bending shifts a distance A. from the
mid-wall plané in a direction towards the inside of the bend, Since

the neutral is not coincidentzl with the mid-wall plane a tensile

.19
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strain occurs on the latter, and as the bending is plane strain an
egual amount of wall thinning occurs simultaneously. PIG,. 11, shows
conditions during bending under tensicn,

Unbending at exit from the die radius was treated by Chung and
Swift in a similar manner to bending eand is therefore not discussed
separately &t this juncture,

Strains imposed by bending are small and flange materizl has
incurred previous strain on reaching the die. Use of a linear equival-

ent stress-strain relationship of the type,
G =& +at
was therefore considered justified by Chung and Swift, For the assumed

plane strain conditions Von lMises yield criterion gives,

Shift in the neutral axis A. was found by equating the net

bending force to the back-tension and provided the expression,

(]
A Oe.te 2,10
4 = A At
- O 4+ =< A
T Bras

tg and R, are not immediately known and equation 2,10

must be solved by successive approximation ,
Redial tensile strain on the mid-wzll plane is given approx-

imetely by,

g = &" 2,11
Kn

a.nd this is numerically faqual to the thinning strain which
accompanies bending,

The increment of radial stress b required to produce bending
was found by ecuating plastic work of bending an elemental length of
cup wall I'-2d, S0 to the work dene by the radial force in moving through
the same distance, If Wb is the work of pi!.astic bending the elemental

length, then,
22
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Wb - D.Rdéets 2,1"

Referring to FIG, 11, the werk of bending an elemental
wall layer thickness SR , wvolume JSv y is
éWb = 6:. éi . 5\/.

For the assumed plane strain conditions,

on
hH
i

4 Rn

. &, vhere Sg, = -Qn._g: <Y

ol

(014— 2q.Y m( ni-xj) -RY

2 R

Where the Y sign notes elements above -and below the neutral

axis respectively, va is then given by,

% e\

T A
_.87\-
S (0"4—2&5 \(ren, )‘J by 2,13

Equations 2,12 and 2,13 when combined give the increment of

radial stress b to cause bending,

(iv) Radial drawing over the die vmrofile radius,

After bending at B (FIG 12,) the cup flange is
radially drawn arouné the die radius profile in the presence of friction
at the die-flange interface, In earlier work Swift had compared fric-
tional conditions in the zone to those existing in a belt transmitting
power to a pulley., The stress at B then becomes analegous to the back-

tension in a belt, whilst the siress at C to overcome fricticn alone

is given by an eguation of the fype’

G, = e™M®

0']5
The general approach to stress end strain determination was similar to

that for the plane radial dre wlng zone, but was complicated by the

24



zone's curved nature, Equilibrium of an elemental ring of the deform-
ing flange in theldirection of the punch axis was considered,to provide
an equation relating o and o3 ., A further equation relating

¢ , O2 end T3 was obtained by considering the equilibrium of

a half-ring in the direction normal to the punch axis, These two egua=-
tions were then combined to eliminate ©; , and assuming, (as for

the plane flange), that at any instant the thickness variation over the

zone vas negligibie, a single equilibrium equation was written,

Ca (| Cot@) - & (0. 1) - ST O = O 2.1
2 (fre )dar(l)/u" o+ ;

The modified Tresca yield criterion Oj-cz=m& was introduced
to eliminate ¢3 , and by putting o+ = I?d Sn®, de

equation 2,14 became,

Aoj = = mSdr - MRy Cos8 |mGCasO-i(cosd-F ) 5 15
e Ra :

The first and second terms on the right-hand side of equation
2,15 represent radiazl stress components to promote pure radial drawing
and overcome friction respectively, The equation was solved by succes-
sive approximation using numerieal integration for the friction term,

Chung and Swift suggested that 2 simpler though less accurate
method of radial stress calculation for the zone was to dirzetly add
pure radial drawing components to frictional components given by the
'belt transmission' formula,

Having deduced stress distribution over the zone, correspon=-
ding strains were found by 2 procedure similar to that for the plane

flange,

(v) Post die-contact deformation,

The vreceding analysis ensbled Chung and Swift to
calculate radial drawing stress and wall thiclkmess at the die exit

(point C FIG. 7. ) for any stage of the cupping process, It was

25



pointed out however that during that part of the operation when the
drawing stress at C, O, is increasing, e possibility of further
thinning in the cup wall currently below C exists, even though the
draw ratio is less than maximum,

Suppose that at a particuler stage in the cycle radial stress
at C is Ci, . Punch constraint imposes plane strain conditions in

the cup wall, therefore,

i
w

)
1

ot

0

Wall thinning occurs if B &, > Gy
o 2
until work hardening gives Cw = V2.0,
-

The equivalent'strain increment of thinning is given by,

An te

SE = 2
£ tw

over the small strain range involved it was assumed

ST = ad% , hence, VB 0i,, = Tw = 2alnte
2 V3 tw
or \{3 O e e T A o dn te 2,16
tw V3 tw

Equation 2,16 may be used to determine post die- contact

thinning,

(vi) Punch load-travel,

Punch load was calculated from,
P= 2T+ .%t, . 0i,. Sem 6 .,

Punch travel was deduced from a2 knowledge of the current

flenge dimensions and volume constancy,

(vii) Correlation of theoretical-experimental results,

Comparisons were made on the basis of punch and die

profile radii, blank diameter, blank material and lubricant, Graphs

26



of experimental-theoretical correlation were presented for draw leads
and strains, Generally the correlation was good, being within about
&5 for punch loadé. FIG. 13, shows the correlation for punch load-
travel with various blank diemeters, Strain correlations were within
eabout 155, ard in genersl were not as close as fof punch lecads, This
was attributed, at least in part, 1o anisotropy, since for steel,
vwhich exhibited marked earing characteristics, strain correlation
deteriorated in the upper regions of the cup,

The theoretical treatment of the cupping process by Chung
and Swift was necessarily complicated owing to the intractable nature
of the prohleﬁ. Because of this, the treatment was not recommended
for general usé, It was suggested however that tables could be
compiled for use by press and rress-tool engineers, Modern computat-

ion. facilities provide access to thooretical results,
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'(d) Theoretical treatment by R:rlow.6

The general approzch of Chung and Swift was used in
estimating the maximum draw ratio in cupping., It was proposed that the
latter occurs when maximwn drawing stress in the cup at die exit attains
a value equal to the ultimate tensile strees of the uneworked lower cup
wall, Simplifications involving major assumptions were made both in
drawing-stress determination and mode of fracture in lower cup wall,

The validity of a number of assumptions is arguable but results showed
en experimental-theoretical correlation-for draw ratio within &% ,

theory generally giving an underestimate,

Derivation of drawing stress,

: With a work-hardening material the point in a draw
cycle at which maximum drawing stress (end draw load) occurs is not
immediately known, and therefore the deforming flange geometry at the
point is also unknown., Without knowledge of the latter meximum drawing
stress cannot be calculated directly. For a particular draw ratio
(near to the meximum) Barlow calculated drawing stress at various points
within the oyéie end hence determined its meximum value by interpolation,
Drawing stress at die exit was considered to comprise components due
to,

(i) radial drawing,
(ii) bendiﬁg and unbending at the die radius,
(iii) friction at the blank<holder,

(iv) friction at the die radius,

(1) Radial drawing,

A plane stress situation with O; = O was assumed,
end thickness variation over the deforming flange at any instant ignored

in deriving an expression for the 'pure' radial drawing stress component,
o v Te
7 P = -m 6'_0;{- 2.17
AR

A

2



Where 1 .is the current rim radius. The constant m was taken as
1.1,

Both of the above ascumptions were shown by Chung end Swift
to be reasonable,

The value of O in equation 2,17 varies over the flanze
vidth for a work hardening materisl, Barlow obtained values of eguiv=
alent stress at irner and ocuter current flarge extremities from a know=-
ledge of equivalent siraing at these points, and hence deduced & mean
value of G across the flange at any instant, In finding equivalent
gtrain at the inner flange edge the procedure of Chung and Swift was

used, allowance being mede for flange thickening,

(ii) Bending end unbending 2t the die radius.

A much simplified version of Chung and Swift's
treatment was used, no account being taken of back tension and hence
thinning, It was then possible to write the increment of radial stress
for the two processes solely in terms of current equivalent stress and

bending geometry, ie.,

G =

%~
. 2,18

Ra

Sl
o]

N

In equation 2,18 T was taken as the original blank thick-
ness and & as for equation 2,17, By stipulating a bending geometry

Rga of 10 equation 2,18 was re-written,

v p o = 0.029 O.

The consequences of ignoring back-tension and thickening in

this enalysis would be an underestimation of the radial stress component,

(iii) Friction at the blenk-holder,

The blank-holder was assumed to act only on the

outer flange rim where a radial stress,

o = MH O is induced.
Tr'rA-tA
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Barlow referred this stress directly to the inner flange rinm,

and by putting the thickness there equal to the blank thickness to g

oy = A

h Tip. ts

(iv) Friction 2t the die radius,

The 'beli-transmission' analogy drawn by Swift was
utilised, back-tension at zone entry comprising that due to radial
drawing, blank«holder friction, and bending. For 90 degree contact

over the radius,radial stress at zone exit was written,
ALTT

Total drawinz stress,

The radial stress increment for pure radial drawing
TCTE a8 given by ecuation 2,17 was for an instantaneously uniform
flange thickness tm > to . Although no account was taken of thin-
ning during bending/unhending Barlow acknowledszed that thinning occur=-
red in these operations, and assumed that on leaving the die radius
cup wall thickness was approximately o . The radial stress increment

for pure drawing thus increased to,

g = i & tm Lnta

Unbending into the cup wall was assumed to give an increase

in radial drawing stress,

uﬂ'f = 0-029 &

giving e final nominal cup wall drawing stress of,

AT A ATT o
g =e2 ('-'*Z"inZA 4 Ak )-1- (€’+')°'°236

Formine limits,

Barlow assumed thet failure occurred in the cup where
the base radius merged with the wall, and that ultimate tensile strength

in this region was the failure criterion, The validity of this assunp-
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tion has been shown doubtful by & number of investigators, who found
that punch nose profile and lubrication conditiocn exerted an influence
on maximum draw ratio, To weight was given to either of these factors
by Barlow, Fracture at the assumed site infers a flat bottomed punch
with small corner radius, but such a punch would induce acute bending
strains csusing local necking and failure,

Table 1 gives experimental-theoretical correlation of
maximum diemeter reduction (en expression of draw ratic) for a number

of aluminiun alloys.
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TABLE 1 CALCULATED AND EXPERIMENTAL VALUES FOR MAXIMUM REDUCTION

IN CUPPING (BARLOW)

Aluminium Maximum reduction in cupping %
Alloy Calculated Experimental
i 1C - 0 49.8 50.
¥ - 0 48,6 46,7
N3 - 3 51,9 48.7
ot 5342 54,3
H20 - O 48,3 51.5
H20 - FW 48.1 51.5
(Freshly
quenched)
H20 - W 47.5 51,5
H20 - WP 47.6 51.5
5 - v 1.3 487
H15 - WP 47.0- o SABLT
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2. 3, RIDRAVING EXPERIMENT AND THECORY

() Introduvetory cemments,

The maximum length/diameter ratio of a cup drawvn
directly from a blank is, for most common engineering materials, slightly
less than unity, When higher ratios are required additional feorming
operations begcome necessary,. The redraw process falls into this cate-
EOTY o

Redrawing is similar in many respects to cupping, A punch
forces an existing cup through a die to cause a reduction in diameter
and consequent elongation, The wall thickness of the cup mey or may-
not be deliberately controlled, Depending upon cup geometry, die
geometry and redraw ratio, hold-down pressure méy be necessary to
prevent flange-wrinkling, The main difference between cupping and
redrawing is that in the latter a steady state draw ratio is achieved,
Therefore provided the entering cup is of uniform properties throughout
its length redraw load remains substantially constant. This situation
arises when redrawing an annealed cup, Conversely if a work<hardening
as=-drawvn cup is redrawn maximum redraw load occurs late in the cycle,
since material in the upper cup walls has received greater prior strain and
hence offers correspondingly higher resistance to further deformation,

Redrawing gives more score for fooling variations than cupping,
but falls broadly into two classesj

(a) direct redrawing.

(b) reverse redrawing,

These are illustrated in FIG, 14, The direct method of redrawing would
appear tc be the most widely used, but the reverse method offers the
.possibility of both cupping and redrawing in one stroke of a double-
action mechanical press, Direct redraws are characterised by four
bending operations, bending and unbending occurring at both the hold-
down punch and die profile radii, whereas reverse-redraw tooling may

be designed to eliminate one of the bending/unbending operations which
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inevitably occurs in direct-redrawing, FIG. 14. shows such an arrange-
ment.,
The remainder of this section is devoted to discussing three
papers on redrawing.
(i) The experimental work of Chung and Swiféz (1958)
(ii) A theoreticzl treatment of raverse redrawing by Chnng.1?1951)
(iii) A theoretical treatment of direct redrawing in the absence

of hold-down by Fogg.11(1968)

(b)The experimental work of Chung and Swift,

Three redraw arrangements were investigated compri=-
sing direct and reverse methods, Where enployed,hold-down was of the
tconstant pressure' type. Materials investigated inecluded 0,087
carbon steel and 70/30 brass, both in annealed (blenk) condition,
end 99% pure aluninium in soft and half-hard tempers, Tests conducted
on these materials revealed no significant directional properties,
(Tensile tests were carried out at 0, 45, and 90 degrees to the rolling
direction, different strain levels being generested in the strip material
by cold-rolling, It is unlikely that such tests would give an indicat-
ion of normal plastie anisotropy.) Details of first-stage cup manu-
facture are given in table 2, Similar press speeds and lubricants were

used for redrawing.

Variation in overzll draw ratio with cupping draw ratio.

Brass and steel blanks of verious diameters were cupped and
then redrawn without interstage annealing, The upper limit of cupping
draw ratio was taken es that at which failurés occurred, Cups were
redrawn with tooling configurations as shown in FIG. 14, For both
materials and both redraw types maximum overall draw ratio occurred with
a maximvm oeupping draw ratio, although a higher redraw ratio was poss=-
ible with lower cupping draw ratics, Of the two tyres of redrawing the
reverse method gave highest overall draw ratio (2,9 ) which occurred

with steel, lMaximum cupping draw ratios for brass and steel were

%6



TABLE 2 DATA FOR FIRST-STAGE DRAWING (CHUNG AND SWIFT)
Press Strecke 10 in,, 8,2 sirokes per minute.
Lubricant Graphite in tallow (% by weight).
Blank-holder Positive pressure type.

Blank thickness «039 in,
Punch diameter 4 in,

Punch profile radius

3/16, 1/32, 1/4, 9/32, or 5/16 in,

according to redrawing punch diameters,

Radial cleareance

30 % of blank thickness

Die profile radius

Z in,
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similar (2.1) .

Chung and Swift concluded that cupping performance could not
be taken as a guide to redrawing performance and that materiale which
work-harden rapidly were less suitable for redrawing, The superiority
of reverse redrawing was attributed to lower bending work with this
arrangement, .

In a further series of tests direct redrawing was conducted
with a 15 desree semi-azngle die, and hold-down punch raised clear of the
die to act only as a guide for the entering cup, This arrangement
gave higher draw ratios than either the previous direct or reverse
methods, |

Effect of interstasze annealing,

Brass and steel cups were drawn and annealed before redrawing
by the direct and reverse methods shown in FIG. 14, Results were
compared with those obtained when redrawing as-drawn cups, For both
annealed materials the reverse redraw ratio was limited to 1.5 only by
available tooling, whereas with as-drawn cups maximum #edrew ratios

for brass and steel were 1,32 and 1,37 respectively,

Effect of punch profile radius,

The punch profile was varied from flat-bottomed with small
cormer radiué to hemispherical, Results were similar to those obtained
in cupping regarding punch load build-up and thickness strains over the
punch nose, -(The reader is referred to page 9 of the thesis, )

Punch profile was found to exert no influence on maximum redraw load,

Effect of firste~draw radial clearance,

In previous work Chung and Swift had found that deliberate
ironing of the thickened upper cup walls in cupping gave no increzse in
punch load (since maximum punch loed occurred earlier in the cycle,)
This practice was found to be of direct benefit when redrawing since

with unironed cups the thickened uvper walls combined with the high
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prior strain levels in this region to give excessive punch load near

the termination of the redraw cycle,

Effect of blank material and prior cold work,

Materiels investigated were soft brass, steel and aluminium,
and half-~hard aluminium, Maximum cupping draw ratios for these mater-
ials vere 2,13, 2,13, 2,0 and 2,06 respectively, In redrawing
however, a draw ratio of 1,37 was unsuccessful with brass and soft
aluminium but successfuvl with steel and half-hard aluminium, Further
work showed thet a redraw ratio of 1l.44 was possible with half~hard
aluminium, but not with steel, The general conclusion was formed that
materials which work harden rapidly give best results in cupping, whereas

the converse is true for redrawing,

10
(e) Chung's theoretical treatment of reverse redrawing.

The redraw arrangement considered is shown in FIG., 15.a.,, the
die profile being of hemispherical form., The hold~down force was assuned
to act at a circle described by point B, Deformation was taken to be
fully plastic and characterised by;

(i) ©bending at A,
(ii) radial drawing between A and C with friction at the cup
flange/die interface,
(iii) unbending into the final cup wall at C under back tension,

The analysis was simplified by a number of assumptions.
Thickness changes were ignored.for the purpose of radial stress deriva=-
tion, and an apﬁroximate allowarce made for friction over thedie profile
by utilising the 'belt-transmission' formula, VWork hardening was
taken into account by determining a mean yield stress for the deforming
flange., Comparison between theoretical and experimental punch loads
indicated a correlation to within about 10 - 155, the theory giving an

underestimate,
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Bending and unbending components of radisl stress,

The general approach developed by Chung and Swift for cupping
was followed, Bending at A (FIG. 15.b,) occurs without back tension

and gives rise to & radial stress component,

o, =Yt

zféd

b 'A (2,19)

In deriving this expression Chung adopted Tresca's yield crit-
erion vhich gives no weight to the assuned plane strain conditions,

It was assumed that unbending at C also produced a radial
stress component as equation 2,19, 3By adopting this procedure Chung
ignored the effect of back-tension at C on increasing the unbending stress

component,

Radial stress component for nure radial drawing,

The radial stress component to give frictionless radial drawing
between points A and B (FIG. 15, ) for a none work hardening material

was computed toj

IS S - (2.20)
Te

and found to be independent of the strain nath,

Friction due to hold-down force,

The hold-down force H acting on point B induces a frictional
drag ZmH on the cup flange, since both inside and outside surfaces
are affected, Therefore, the component of radial stress at B required

to overcome this drag was found to be,

Ci, = MH : (2,21)
B Feuitaa i, .

Friction at the die profile,

Each of the radiazl stress components given as equations (2.19),
(2.20), (2.21) has an associated frictional component due to the cury-

ature of the die profile, Chung referred each component to the die exit
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at point ¢ (FIG, 15,) making allowsnce for die profile frietion,

When referred to C equation 2,19 becomes,

2t ek
4- Ry

Sy

o =

)

and the total stress component for bending and unbending when referred

to C is thus,

by ST @ AT ("'”QAW)

D c 4 Pa (2-22)
Hold=down contribution to radizl stress at C becomes,
ALTT

Tyt :

The frictional component arising from pure radial drawing
could not readily be taken into account, since radial drawing stress
+ O increases from zero to +Fi, around the die profile. Chung

assumed that the mean radial drawing stress_ Ci. acted at point A

e
when finding the associated friction component, and gave rise to a

stress component at C,

AT
gl = 4 2

Jlence the total contribution of radial drawing to the radial

stress at C was,

T
J.GTC-"'.*.G.'C = -21- 7 in}o (e’u +|) : (2.24)
e

Summation of the equaticns (2,22), (2.23), (2.24) provides

the drawing stress in the cup wall at C, Oy, ,

Survey note,

When referring radial stress terms to the die exit, Chung
ignores the 'area' effect involved and its influence on increasing the

radizl stress,

Characteristics of the reverse redrawins srrangsement,

With the arrangement shown in FIG, 15a, +the die profile radius
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directly effects both bunding/unbepding severity and drew ratio, and so

also exerts a marked influence on draw load characteristies. FIG, 16
P $d Cic $ Te 3 43
shows the drawing stress ratio ¢ as a function of .S sy Wwith
Y To
o as a parameter, In obtaining this relationship hold-down ( as

to
given by equation 2,23) was ignored, The curves of FIG, 16 are exp-

leined as follewsy; for very small draw ratios bending is severe,and hence
an increase in draw rztio causes a fall in bending work grester than the
increase in radiel drawing work, For higher draw ratics however,
increases in draw ratio produce only small decreases in bending work end

hence the radial drawing work term predominates,

Punch load ecalculations,

Punch lecad P was calculated from,
P= 2mM+e.teo. 01
FIG. 17 shows typical punch load-travel diagrams, With
annealed cups steady-state conditions are attained whilst the deforming
flange width remains constant, As-drawn cups exhibit a rising redraw

characteristic due to the increase in yield stress up the cup wall,

Correlation of theory and experiment,

Experimental redraws were conducted in steel and aluminium
at a logarithmic strain-rate of about 1 unit/second, and with hold-down
force constant at 2300 1bf, Teble 3 gives principal test data, In
-tests l, 2, 3, 4 +theory underestimated redraw load by 9, 8, 4
and 17% respectively, (If the 'area' effect mentioned previously
.had been taken into account theoretical load would have been greater,)
Approximate allowance was ﬁade for work hardening by using a
mean value of yield stress for the deforming flenge, For as-drawn curs

it was necessary to determine prior strain in the upper cup walls.

(d) - FPorz's theoretical trestment of direet redrawinz,

A theory was proposed for direct redrawing through conical dies
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TABLE 3  REVERSE REDRAVING DATA (CHUNG)

Test o, 1 2 3 4
Punch dismeter, (in.) 2,916 2,916 2,916 2,666
Die throat diameter, (in,) | 3,033 l3.o33 3,033 2,785
Draw die radius, (in,) 0,242 0.242 0,242 0.304
Entering cup diameter, (in.) 4.047 4,047 4,049 4,037
Cup wall thickness, (in,) 0.047 0,047 0.049 0,037
Inter-stage annealing YES NO bufe) YES
Material STEEL STEEL |ALUMINIUM | STEEL
Coefficient of friction 0,10 0.10 0.05 0,10
Experimental maximm 14,500 | 20,500 5,100 | 13,00
punch load, (1bf)
Theoretical maximum 13,200 18,900 4,900

punch load, (1bf)
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in the absence of a hold-down punch, For the purpose of analysis the
deformation zone, considered fully plastic, was divided into stages
comprising four bending operations and three regions of radial drawing.,
Referring to FIG, 18A the deformetion stages are, in sequence:
(i) Bending at A,
(ii) Prictionless radial drawing between A and B,
(iii) Unbending at B with back tension,
(iv) Radial drawing between B and C with friction at the cup/
die interface,
(v) Bending at C with back tension.
(vi) Radi=l drawing between C and D with friction at the cup/
die profile radius interface,

(vii) Unbending into the cup wall at D with back tension,

The general epproach to the problem was that developed by Chung
and Swift for cupping, Starting at point A, radial stress and thick=-
ness strain of an element were traced through the deformation zone, The
paper amply illustrates the mathematical complexity invelved in a rigor-
ous analysis of direct redrawing, Four aspects of Fogg's work are
congidered particularly noteworthy and it is with these that the current
survey is largely concerned, Firstly, a linearised adjusteble yield
criterion was employed throughout the analysis to provide closer zgree-
ment with Von lMises criterion than does the modified Tresca criterion
ugsed by previcus investigators, Secondly, the linearised yield crit-
erion was treated as a plastic potential for deducing plastic strain
ratios, and hence for tracing thickness strain development, Thirdly,
work hardening was taken into account by linearising the equivalent
stress-strain curve over each of the various deformations deseribing the
process, Fourthly, geometry of the unconstrained zone A B in FIG, 18A
was deduced by utilising the principal of minimum energy of plastic

deformation, This latter feature of Foggs work is of special intereet
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tq the writer, since splaying in unconstrained redrawing was found to
be strongly influenced by the bending severity in this zone,

In developing the theoxy it was assumed that,

(1) The entering cup wall was of uniform thickness and yield
strength, so that steady-state redrawing conditions
were attained,

(2) The anslysis was limited to a pre-drawn cup diameter/
thickness range of 40-1C0, Within this ranze it was
assumed that plane-stress drawing conditions were
attained and that no flange wrinkling would occur,

(3) Anisotropy and the Bzuschinger effect were ignored,

Linearised vield eriterion,

It was argued that the use of Tresca's yield criterion in
conjunction with Levy~llises stress-strain equations did not conform to
the principle of maximum plastic work, and a closer approximation to
the ideal but intractable Von Mises/Levy-llises combination could be
obtained for plane stress problems by linearising Von lMises criterion
with a method suggested by Prager.12

Von Mises yield criterion for plane stress is given by,

o2 - .08 03t = Yz(za'z)—-———-— (2.26)

In radial drawing the principal stresses ©i4 03 are always
positive and negative respectively, and Von IMises criterion of yielding
is represented by a curved line shown in FIG 19, Over a small stress
ratio range Prager's linearisation gives a closer fit than either of the

Tresca lines, and may be expressed,

i i = 08 w Caor (2:27)
where Ci,C2 are treated as constants over the stress range
of interest, " (In his vaper Fogg wrongly showP Cy as the complementary
slope to that in Fig, 19, This error, unless corrected, may have

resulted in incorrect values for plastic strains,)
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Plastic stroin ratios,

Equation (2.27) was treated as a plastic potential for deri-

ving plastic streins,
If '_F(G‘LJ) = (o, —03—-Ca G =0, then
aeij = 2 F(oij)aN

AT (2.28)
where <A is an instantaneous non-negative constant,

Equation 2,28 was used 10 obtain d &, d€3 y and d%, was
given by the plastic incompressibility condition,

dg, + de, -i-dés = O

Linearised eguivslent stress-strain curve,

Over each deformation stage work hardening was taken into
account by fitting a straight line to the equivalent stress-strain curve,

An equivalent stress-strain relationship of the tyve,

& = Y, +a( &

was used where YL and O were adjustable constants,

Geometry of the unconstrained (free) zone at die entry,

The zone is identified as arc A B in FIG, 18A, and defines
deformation in the entering cup before contact with the die mouth, In
finding the geometry of this zone Fogg considered that deforming metal
would follow a path requiring minimum energy of deformation, It was
assumed thatj;

(1) The material was non work-hardening.

(2) Deformation conformed to a circular arc,

(3) Bending at A and unbending at B occurred instantaneously,

_apd thus under plane strain conditions,

For a.given die angle the energy expended in the free zone is
a function of bending radius Q}. If the latter was small, bending work
would be high whilst radial drawing work would be low, The converse

would be true if Rf. was large., TFogg's analysis provides a value
50



of F?f- between these two extiremes, such that combined bending end
radial drawing work is 2 ninimm,

FIG, 18C shows an element in the free zone, The specific
plastic work for rediel drawing is given by,

dw, = oj.d€ + 0a.d€; +03.d€3

(2.29)

where the plane stress condition makes 0z =o . Futting
G=Y in equations 2,27, 2,28, and substituting for dEi .3
Iz

€3
in equation 2,29 gives,

Awy = — Ca.Y ‘}1_;"

Integrating between A and B provides the specific zone work of radial

drawving,

We = €2V dn :‘%‘? (2,30)
B

Bending/'unbending in the zone was analysed by the vrocedure
of Chung and Swift, The specific work of bending at A which occurs in

the absence of back tension is given by,

w, = 2 Y to
b % e (2,31)

Although unbending at B occurs under back tension Fogg assumed
that this would be small and ignored its effect on inereasing unbending
wo:rk and thinmning of the cup wall, Vith these assumptions unbending
work w,, Dbecomes equal to bending work as provided by eguation 2,31,

| The f_ree radins f?{_ was found from the condition,
2 (Wrdwpt wu)= 0 o
R$

For the purpose of differentiation equation 2,30 was written
in terms of Rf and &

Wy = Ca ¥idw o

“o- R (1- cas9)

which, since the zone draw-ratio is small, was written,
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Wy = CaY Rf (- cos®)

= (2.33)
Total zone work is given by equations 2,31, 2,33,
6 =, Y [Cg R¢ (I-Cosoa + to ]
Fo V3 R
and the condition _a(w) =0 | provided
SRF
Rf = /o
to \/;—3 Ca (1-Cos) (2.34)

Co may be cmmitted from equation 2,34 sinde over the stress range
involved its value is unity.

Fogg claimed that equation 2,34 gave reasonable agreement
with experimentally measured profiles, and pointed out that according
to theory I%} was independent of overall redrew ratio, but as the
redrav retio decreases the conical drawing zone B C (FIG, 18A)
ultimately reduces to zern, Ior this special case, shown in FIG, 18B,

the redraw ratio may be written,

g [ — (R + Ra)(1- tos=) (2.35)
‘o

Having deduced free zone geometry for a non work-hardening
material Fogg anzlysed stresses and strains in the complete redraw

for a work-haxdéning material,

Correlaetion of theory and experiment,

To test the validity of the proposed theory 2 in, diameter,
0,040 in, thick cups in 70/30 brags were redrawn., DBouivalent stress-
strain diagrams were constructed from plane strain compression tests
conducted on specimens cut from the cup walls. Test results were used

to determine the linearisation constants C; , C, ,Y{ and ai .
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Experimental redraw tests were limited to a single variable = the redrawing
ratio Y . A die of semi-angle 30 degrees and throat radius 5/16 in,
was used throughout,

FIG, 204 shows experimental/theoretical punch load variation
with redraw ratio, , For both annealed and as-drawn cups theory over-
estimated punch loads at low redraw ratios by 16 - 1805, At higher
redraw ratios correlaiion improved., TFogg suggested that the discrepancy
was congsistent with an overestimation of bendingfunbending redial stress
components which increase only alightiy with redraw ratio and therefore
exert a diminished overazll influence at higher redraw ratios., In exp=
lanation of the effect it was suggested that the plane-strain stress
condition assumed in bending may be inaccurate for small redraw ratios

where considerable compressive circunferencial stresses exist duve to

rediel drawings TIG,20B shows experimental/theoretical thickness changes,

Theoretical drawing stress relatienships,

The theoretical effect of redraw parameters on drawing stress
are shovn in FIG, 21 for the particular experimental cup geometry,
FIG, 21A indicates that die-angle exerts only a slight influence on
drewing stress over the range 15 - 60 degrees, lower die angles gener-
ally giving lowest drawing stresa.‘ Fogg stated that an optimum die
angle of 22% degrees was found for a redraw ratio of 1,5. The dotted
line in FIG, 22A represents the situation where the conical drawing
zone degenerates to a single point, Drawing then only occurs over the
die iadius, and with this particular geometry the free radius F?f mey
be expressed in terms of die radius R, and redraw ratio J by combining
equations 2,34, 2,35 to eliminate ¢ , FIG., 21B shows drawing stress
variation with die radius for this condition. TFIG. 21T shows drawing
stress veriation with die radivs for the optimum 22% decrees die semi-

angle.,
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2,4, TFLAUGE WRINKLING IN DEEP DRAWING.,

(a) Introductory comments,

Deep=drawing operations are characterised by az plane stress
system in the plestically deforming flange, where the radial stress is
tensile and the circumferential stress compressive, Under the action of
the circumferential stress the flange may become unstable and buckle into
a number of wriﬁkles or waves as shown in FIG,22, VWhen this possibility
arises it is common to suppress wrinkling by means of a hold-down agent
whieh, in cupping, is termed a blanke-holder, and takes the form of a ring
whose annular dimensions correspond to those of the drawing die, The
blank=holder may be held in position by either a hydrsulic/pneumatic force,
in which case the latter is constant, or by springs which exert a force
proportional teo the wrinkle wave height, In 'constant clearance' blank-
holding the tools and supporting vress structure act as a very stiff spring
and this method therefore falls into the second category above,

Flange wrinkling can become & severe problem in deep drawing.
It may promote drawing failure, and at best detracts from the quality of
the finished product, The first attempt tc theoretically anslyse the
problem was made by Geckeler (1928), who described the critical buckling
compressive flange stress iﬁ terms of flange geometry, Baldwin and Howalc-il3
(1946)converted Geckeler's theory into a more usable form and compared
theory with experimental evidence, Baldwin and Howald were concerned
“with evaluating critical buekling conditions for cupping without a blank-
holder, The applicebility of their work is limited, since the large draw
ratios (2/1) achieved in cupping usvally require blank-holding,

Senioz-’!' 4(1956) derived expressions for critical wrinkling
conditions and number of waves formed when éupping without a blank-holder,
An enefgy approach was adcpted to obtain a stability eguation, 3By
modifying this equation wrinkling behaviour with a spring-type blank-

holder was studied, but a similar approach did not provide directly
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useful information on wrinkling with constant pressure blank-holding,.
Senior's work embraced that of Geckeler and Buldwin end Howald, and
wag discussed by Alexanderf

Siebel (1954) derived an expression for minimum blank=holder
préséure for a 'constant-preésure‘ system of blank~holding, There is
a lack of available experimental evidence to verify this theory, and
in view of certain assumptions made there must remain reservations about
its validity.

The remainder of this part of the survey is given to discussing

galient features of Senior and Siebel's work,

(b) Senior's theories of wrinkling,

The conditions causing flange-wrinkling in the absence of
blank=-holding were first analysed, It was postulated that instability
would occu£ when the energy due to compressive flange stresses reached
a level sufficient to form waves, +taking account of resistance to wave
formation impoéed on the inner flange where the cup is constrained bete
ween punch and die, The method used te 2llow for this constraint was
fundamental to Senior's approach and so requires special mentiong if
. g radial section is cut through a wrinkle, any point on the section is
displaced above the die by an amount proportional to distance from the
die throat, The eznalogy was therefore made to a problem investigated
by Morley who deduced elastic deflection in an annular disc clamped at
its inner edge agd subjected to lateral pressure, Since prescure rege-
uired to deform the disc resulted from the inner ccnstraint, Senior
postulated that the effect of the latter in cupping could be simulated
by an equivalent pressure, proportional td mean wave height, acting

over the flange area, That is,

9 = 7-47 Bal = K ' (2.36)
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Where q = normal pressure,

b = vwave deflection at any point in the wave
around the mean flange cirecumference,

Es = plastic buckling modulus,

1 = seoond moment of area of the flanze section
through its central plane,

b = flange width,

K = 2 constant,

The plastic buckling modulus E5 takes account of the elastic-
plastic nature of the problem, and is a function of elastic end tangent
1
modulii (Johnscn and Mellor),

The basic equation for instability was written,

. U= UzsUg (2.37)

where U; wes the energy of flange compression, U, the
energy to form a wave by bending, and Us the energy required to over-
come the simulated pressure constraint, In deriving expressions for
these terms a half-wave flange segment was considered, It was assumed

thats

(1) The wave form was sinusoidal,

(2) The number of generated waves would be large, so that
a half-sezment could be considered straight,

(3) Deformation was pure bending with no twisting of the
section,

(4) The flenge thickness t was equal to the blank
thickness to .

Energy of bending,

For a wave form,

= ZSnT : (2,38)
ks ot
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bending work is,

L 2
U2 = é .(‘ EOI(‘}_Z? A
o

chg ®

(2,39)

where Z and L are wave amplitude and half-length res-
pectively, and X the co~ordinate along the mean-flange cirgumference,
The half-wave L was written in terms of the mean flange radius o
and number of full waves n. L= Tla .

.
Selution of ecuation 2,39 then gave,

el T 9, 8
Ao’

(The power of M was wrongly given as 2 in Senior's paper,)

(2.40)

Energy of flanse comnression,

With a mean compressive flange siress O, force on a section
.
is o.b.t ., The distance moved by this force in forming a half-wave

is approximately,

L,
Ll = % | 7d%n*
S . L(zl" R (2.41)
Integrating equation 2,41, putting L=Ta , and multiply=-
(2"
ing by the force ob.t gives,

4-a.

Work done against simulated constraint,

The force zcting on a2 flange element of circumference dxX is
q,. b.dx, - In generating an increment of wave height d3 at X the
elemental work is 'q,.b.dar..dg. s 2and thus for a half-wave the work

is given by,

-b‘ . 2
Uz = j ( bg dxd? _ (2.43)
Q uo .

Senior considered g, (equation 2,36) could take values

between K3, and KZ , Equation 2,43 was integrated for both these
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conditions to provide upper and lower boundaries for the transition to

wrinkling,
v
Uz = T.b.KZ?a (2.442)
T2 s
A 2
Uz = 2b.KZ'a (2.44v)
4"

Critical conditions for wrinklins,

Substituting for U, Uy ,U3s in equation 2,37 gave the
lower wrinkling threshold,

it e Eglntng bilkkat (2,452)
a? nt

and the upper wrinkling threshold,

o.bt. = EQ.I._n,: & _%_bkgfz (2445V)
a

Equations 2,452, b were differentiated with respect to n
to determine the number of waves at instebility, and hence the circum-
ferentinl stress O at this condition, There is some disagreement in

the resulting expressions for nn and £ , In his paper Senior

Eo

gaves
68 a £+ A £ 233
b b

: 2 A 2
oAé:(,E) < C_JE; < 064(%)

However Alexander stated the expressions should reeds

I
o
0
Q0
o

1.6528 &£ n
b

. 2 2
0 4G(E) < ; < o.58(%)

According to the writer these expressions should bes

L6522 < n & '2.088 (2,26)
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2 : ty?2
o. 46(%) & ‘go < 075(E) e (D A7Y

Equation 2,47 was used to determine critical flange geometry
after a method evolved by Baldwin and Howalé{5 The finzl result is that
for a given overall cupping reduction the minimum blank thickness/diemeter
ratio for wrinkle-free drawiné may be computed, The method is identical
for both limits of equﬁtion 2.47 end is briefly described with the aid
of FIG, 53 for the lower limit: Tor a given overall cupping reduction,
the term O- Aé(g)z when plotted ageinst current flange rim reduction
on a log-log scale, gives a family of curves for various velues of 'Ei; .
All curves are of identical contour and may be represented by a single
curve adjustable along the vertical orxrdinate, The term & depends
upon mean strazin in the cup flange and may also be plotted :s-a funetion
of current rim reduction to the same log=log scale, To find the inst-
ability value of 'E? the representative (%g)z curve is adjusted down-
wards until tangenc; occurs with the go curve, This gives the critieal
value of 0-447(%\}2, and the corresponding intercept with the vertieal
ordinete (ie, =zero reduction) provides the critical CD-AA&(Egg)Q
value, from vhich the blank thickness/diameter ratio mey be readily
calculated,

In practice blank geogetry'is sucn that maximum cupping reduc=-

tions are rarely achieved without positive blank~holding, Senior next

_investigated this situation,

Cuppine with a sprinsg=-loaded blankeholder,

The constraint offered by this type of blank-holder was similar
to that postulated for inner rim clamping, and the two terms were

therefore added after converting blank-holder boad tc zn equivalent flange

pressure Qq, + The energy term le was then written,
S 51
Us =l’f b(q+4,) dy. ax
e Jo
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As for g,4 q, could lie between two limits given by
Vv A
Gy = 1 7 q, = L&
Tab TTab

where |  is the spring stiffness.,

The other terms of the equilibrium egquation LJ|,LJ2 vere
as equations 2,40 and 2,42, and differentiation with respect to M
provided expressions for the number of plastic waves formed,

For the lower limit of constroint,

|
L

n= o | 147 3.827T
5‘4 " ‘“——"'—'—Eo.a. b.'bé (2-48)
and for the upper limit,
B 5
a4
Ry | 1D ReF gl D (2.49)
b4 Ep 0. b.£2 ‘

Fquation 2,48 corresponds to Senior's equation 23 which
according to Alexander (and the writer) is wrongly written, Senior
found that except for low values of T the first terms of equations
2,48, 2,49 could be reasonably ommitted, Equation 2,48 +then

becomes,

|

Whe | o dbca 2 3
Eo.b.a.t?

(2.50)

Experimental-theoretical sorrelation (spring blank-holder.)

Equation 2,50 was used for ccmparison with experimental obser=-
vations, + was found that in the absence of blank-holding the finzal
number of plastic waves ecualled the number of initially formed elastic
waves, the wave-forming criterion being independent of buckling modulii,
With blankeholding however, the number of finsl plastic waves was sens-
itive to the plastic buckling modulus, Senior observed that with
spring hlank-hclding a low number of elastic waves formed initielly and
multiplied on pressing against the blank~holder, so that each initial

wave became two or three final waves., For a given reduction eguation
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2,50 reasonably predicted the effects of blank«holder stiffness,

material properties snd thickness, Brass cups were drawn with reductions
renging from 20 = 555. For high reductions the number of waves was
insensitive to variations in reduction, bdut at lower reductions the
numher of waves increased rapidly ze the wrinkle-free condition was
approached, It was concluded that the latter condition could be cons-

idered as an infinite number of infinitesimally smell waves,

Cupping with 2 constant=lo2d blank-=holder,

The energy approach followed in previous work failed to supply
useful information on wrinkling characteristics, This resulted from
the wave amplitude term Z Dbeing insepérable from the number of waves
. in the equilibrium equation,

For a blank~holder loed ) the load carried by each wave is

Q

a0 and for a2 wave amplitude Z the total work done against the

blank-holder in forming a single wave is,

U4_::. ZZC_Q
n

The terms U1 ,LJ2, Uz are as previously found for
drawing without blank~hclding, and thus the equilibrium eguation for
the lower instability limit is,

obt = El.n*, bka?®y 8Qa _________ (5,5)
az? n MTZ n

Senior differentiated eguation 2,51 with respect to n to
find the number of waves formed, For this operation Z was treated
es constant, although as Alexander pointed out £ and "  are

prcbably related, The number of waves is then given by,

7.47 Eot? a® + 30-6 Qa'bY/7
Eo.b%%° '

The constants 7,47, 30,6 were wrongly given in Senior's

i

n

(2.52)

paper as 1,34 and 2,54,

o could not be found from equation 2,52 since Z was unknown,
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Summary of Senior's results,

For cupping without a blenk-holder theory and experiment agreed
clogsely, The nusber of wrinkles form=d was found to vary inversely with
overall reduction, and the wrinkle free condition corresponded to that
for an infinite number of minute wrinkles, Although eritical reduction
wags 2 function of material properties, the dependence was weak, and it
vas considered adeguate to use a single reduction-blank thickness/diameter
curve for all materials and states of prior strain,.

When cupping with a spring-fype of blank holder the number of
final plastic waves formed depended upon blank-heolder stiffness, flange
geometry and material properties, Tor a given material and flange geo=-
metry it was possible to pre-determine nunber of wrinkles in terms of
blank~holder stiffness,

The energy approach adopted did not provide directly useful
information when cupping with a constent pressure blank-holder, since

wvave amplitude could not be expressed in terms of wave number,

Survey note,

Senicr's treatmenf is for cupping from a flat blank, It
would seem that o similer approach mey supply information en wrinkling
in redrawing, making due allowance for the additionel constraining effect

of the entering cup at the outer flange,

15

(c) Siebel's wrinklinz theory,

An expression for blank-holder pressure was derived in terms
of overall draw ratio end materisl properties, using a semi-empirical

approach involving numerous assumptions and adjustments,

Wayve amplitude, .

At any stage in the cupping process there is a thickness
variocus over the deforming flange (Chung and Swift), The blank holdexr

acts only at the outer rim, there being a slight gap elsewhere, Siebel
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proposed that the flange would wrinkle to fill this gap and so exert a
force on the hlank-holder, Thickness variations over the flenge were
studied for a number of draw ratios, with the conclusion that the maxie
mum die/ blank-holder gap could be approximately written,

2+ = o.oz4-to('5—i)2

and the meen wave amplitude across the flange was thus,

f = O'Pf-‘é’l'bo(?f")z (2.53)

m

Blank=holder hressure,

The flange buckling mechanism was considered to be that of a
simple strut, no account being taken of the constraint at the inner
flange edge (Senior), Equilibrium of a half-wave wrinkle was expressed
in terms ofj

(1) The compressive circumferential force,

(2) The lateral blank-holder constraint.

(3) The fixing couples at each end of a half-wave,

Force (1) was based upon the material yield-stress Y
although the average circumferential stress must be less than this,
To determine couples (3) a sinusoidal wave form of amplitude fnm wos

assumed, Curvature, and hence strain, at the half-wave ends was

A&
found from the gerersl expression (c-) = ¢? 3 " Bending
> Lz ?
stresses were obtzined in terms of the plastic tangent modulus Z%/. .

Integration over the flange section then provided the bending couples,

Substitution for items (1), (2), (3) in the basic moment

equilibrium equation gave an expression,

P - gt — T3t N\ av/de
) m A e 0%
s ) tb) e 4 (2.54)
where p = blank~holder pressure,
2= = vave=length of a wrinkle.l

Equation 2,54 was then differentiated with respect to (to) to give the

maximum value of (s Y5

= O. (a(‘Fm) (2.55)

g >

e
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After exsmining stress-strain curves for steel and copper Siebel conclu~

ded that equation 2,55 could be re-written.,
A

g = 0-5(-%;) 45 o.a.(,-%:g

Substitution for Jh\ from equation 2,53 gave
A

P = 0.co2(¥-)2Y to o0.0025 LU-‘)ZY
(2.56)
tidjustments' were then made which appear to be concessions
to the inadequacy of the theory, Tt was recommended that Y in equee
tion 2,56 be replaced by the corresponding ultimate tensile strength,

and that en sllowance be mede for variations in fy, arising from die/

blank=holder manufacturing errors, Both adjustments had the effect of

increassing blank-=holder pressure P - Siebel's final equation
read,
2
P = o0.002/0.00z5|(¥-1)"+ L el (2.57)
V.T.S. ' 200 to 2
vhere . = punch diameter,

Application of the theory.

It wee cleimed that equation 2,57 was a useful guide to blank
holder recuirements, No independent experimental data have been found
by the writer to either prove or disprove this claim, but in view of
the empirical nature of the work, and the essumptions and adjustments
mede in reaching equation 2.57, it seems unlikely that the theory could

be relied urcn for accurate predictions,
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2,5 ANISOTRCPY AND ITS RELEVANCE 7'0 DEEP DRAWING,

(a) Introductory comments,

A body possessing different properties in different diresctions
is said to be anisotropic. Torged, rolled and drawﬁ products usuzlly
become enisotropic as a result of the manufacturing process, and are
often produced to offer maximum strength in certain directions,
Directional properties may be introduced into a material by deliberately
. restricting slip on crystallographic planes to certain directions, The
material is then said to possess a 'texture'!, Different atomic lattice
structures inherently exhibit different degrees of anisotropy. However,
e certain degree of anisotropy may be introduced in all materizls during
fabrication, and this particularly applies to rolled sheet, Consequently
deep drawn products ere usually arisotropic.

Two approaches, termed 'macroscopic' and'microscopic'! , are
used to investigate deformation in anisotropic materials, Hill's ples-
ticity theory forms the basis of the macroscoric approach and was deve=-
loped by assuming certain genefal properties for the aggregate, The
theory has been used to explain anisotropic behaviour in deep drawing,
_The ﬁicroscopic approach is essentielly concerned with slip systems on
a crystallographic basis and is used to determine fundamental anisotropic
characteristics e.,g, why certain materials should inherently possess
greater anisotropy than others,

The ratio width strain/thickness strain of & strip specimen
in uniaxial tension is termed the coefficient of normel anisotropy R .
If the material were isotropic this ratio would be wnity, saccording to
the laws of plasticity, For the special case where R is constant for
all directions in the plane of a sheet, a2 cup deep~drawn from th; sheet
would reveal no visible external signs of anisotropy. If R varied in
the plane of the sheet, giving planar anisotrepy, the deep drawn cup
would exhibit rim irrsgularities known as 'earing', the earing geometry

being indicative of both maximum variation in R and its dependence on
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direction,

- Although earing may cause practical problems in deep drawing,
& more fundamental effect of anisotropy is its influence on maximum
draw ratio, Correletions have been found to exist between the mean
coefficient of normal anisotropy R and déep drawing periormence,
The pioneering work in this direction was by lLankford and others about
18 years ago. A correlation between formability and R was detected
when préssing motor car bumpers, whitelég later established a definite
correlation between R &nd maximum draw ratio in cupping. Information
on a wide ranze of R values for various materisls has since accumulated
and there is now no serious doubt that noxmal anisotropy strongly inf-
luences deep-drawability.

A number of practical éifficulties have been encouniered in

; : ; 19

measuring values of R, To overcome these Atkinson and Maclezn sug~
gested a testing procedure,

The femainder ot this section of the survey is given to disc-

ussing various aspects mentioned above in more detail,

17

(b) Hill's anisotropic yield cri#erion.
It was proposed that an anisotropic material has three princie

pel axes of anisotropy X, Yy along which it possesses different
tensile yielde-strengths, FHill's criterion is an externsion of Von liises
isotropic criterion which may be written in terms of the three principal

stresses, o3, &3 , 93,
2 .
2 2
(CJ‘, = 0—2_) + @'2—0’5) + (0'5—0'1) = constant,
or in terms of the three normal and shear stresses
O, Oy, . T, Tzy, . Tyy, Tyx, a5
2 2 2 1 2 2

(crx - cr._ﬂ 4.(0-5- o—ﬂ +(o‘ _crx,) + G(Tx-j +'C'.j%+'['5:r. = constant ——(2,58)
meking use of the stress invariants Iu ’ 12 »

By analogy with eguation 2,58 Hill's criterion was written,

70



2+ (aij)= F(oy- q*»a,}z+ G(%-a‘,f+ - (01-69)24» 2 L't‘;3+2M't';§,+2 H'r%ﬂ =l~(p,

59)
where F . G,H, L, M N, are characteristics of the current
state of anisotropy, Fill showed that if X,Y, Z and R,5T

vere the yield strengths in tension and shear respectively along the

principal axesg

\
SR )
2F = g2*ze" % shetah
|
ok ang 2M= 32 L (2.60)
ol T

/
It was further shown that equation 2,59 raduced to 2,58 vhen F =G =H

and L=M=N = 3F

Equation 2,59 was treated as a plastic Ppotential to give plastic strazin-
increments in terms of stresses,

For the purpose of observing the effects of anisotropy in
deep-drawing it is convenient to consider a sheet of zero planar aniso-
tropy so that X =Y and F =G + The strain ratios
déz..: dE€y:dEny obtained along the x axis in a tensile test are

then identical to those for a similar test along the Y exis and are

given by,
G+H | —H | — G '

For the particular case where Ox%, 0y, O Y are principal stresses

equation 2,59 becomes,

(5'3 - c'—;a‘) 2+(0"-b—0'1,)2+ ;_-l'- (O’y_-c"j)z = &'; (2.61)

Now for a strip specimen tensile tested elong the X axis H!G is
the width/thickness strain or the normal znisotropy coefficient R,

Furthermore from equations 2,60, .
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| 2 s 2
- AR L A =1 4+ HYIY = (l+R)Y
G {4t (1+R)
Equation 2,61 may therefore be re-written,
(0‘5 - c:r-a,)z-J,- (0'3-“—'-":&)2 - Q (0'1-0‘5)2_—.- (I +R)Y2_____ (2.62)

and is useful for predicting the influence of R in stress systems

encountered in deep drawing,

(e) Applicztion of Hill's yield eriterion to deep drawing.

Limiting draw ratio conditions occur in cupping when the draw-
ing load duve to deformetion at the die equals the meximum load bearable
in the lower cup wall near the punch nose radius, It is therefore of
interest to observe the effects of anisotropy in these two zones,

The largest component of drawing stress arises from radial
drawing in the plane flange (Chung =nd Swift), where the radial stress
system is approximately plane and the material strains in all three
principal directicns

For this situation equation 2,62 beconmes,

: 2
0-134.532_. 2R Ox.0y = i 4 y since d‘b =0
; (+R

Txy Oy are always tensile and compressive respectively, The
largest value ©Ox may attain cccurs when Oy approaches zero, Therefore
O% will not exceed Y , and R will not influence meximum drawing
lo=d,

The stress-strain conditions attendant at fracture neer the
punch nose are generally uncertain, Holcomb and Backofen,z 2 and Moore
and ‘.-!alla.oflasswned plane=strain fracture in the lower cup wall when
analysing the effects of anisotropy, whilst Chung and Swif'? found that

fracture usually occurred at the lover of two necks situated arownd the
base corner profile, 1.-'ilscr§2also subscribed to that view, In the
latter cese fracture would be in biaxial tensien,

For biexisl tension over the yunch nose O = c'j with 0-5:0
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Substitution in ecuation 2,62 gives

i 5 f R

Equation 2,63 implies that the load carrying capacity et the assumed

fracture site increases with R, and that vhen R exceeds unity wall
strength exceeds that in uvniaxial tensien.

For plane-gtrain tension in the lower cup wall A€y=O
and therefore d&€3» = — d&€x , Aleo O =0 ., By substit-
uting these values in the stress-strain increment equations derived

from the anisotropic yield criterion it may be shown that,
03 —1 E . O-j, "
R+l g

Substitution for O-‘J in equation 2,62 then gives,

S ¥ (2.64)

i & J’Fﬁ R
Equation 2,64 was derived by Backofen and reduces to Von lMises plane=-
strain yield stress é Y vhen R = 1, Thus the load carrying capas
city of the cup well is increased purely by the plane strain condition,
and is further enhanced as R increases above unity,

For both cup failure modes exsmined Hill's criterion predicts

en inecrease in drewability with R velue,

(d) Microscopic (or orystollocravhic) svprosch to enisotropy,

The approach is more fundamental than Hill's in that deformation
on a microscopic secale within single crystals is studied and results
epplied to explain bulk anisotropic behaviour of an aggregate, The

Schmid law,

o~ T ' (2.65)

—— et e st

Cos B, Cos HU

relates the direct stress o~ applied to a crystal to the critical res-

olved shenr stress in en ective slip system, Egquation 2,65
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defines a three dimension state. ‘'The angle/B defines the component
of T, ! resolved on to the slip plane,and. P‘ resolves < in the
slip direction, If T is the sheer stress required to cause plasti
flow on the slip plane the magnitude of the spplied stress G depends
upon its orientation defined by /3, 4}. Generalising, a textured
material will appear strong or weak depending vpon the direction of the
applied stress, The above argument implies that anisotropic behaviour
will be strongly influenced by atomic lattice structure and therefore that
certain materials exhibit greater enisotropy then others,

Studies of anisotropy in single crystals have been made by
Roberts and Vieth and Whiteley, Unfortunately such results are not
readily applied to eggregates, where even if orientation is perfect,
grain boundary constreint may initiate secondary slip systems, Blade
studied the behaviour of several tertures in eingle orystals and so
predicted ﬁehaviour in an aggregate making allowance for differing texte
ure proportions. wilsmf%ms discussed this approach,

Dillemore pointed out that R wvalues as determined from a
uniaxial tensile test merely express a relationship between strains for
a particular orientation under a particular stress condition, and that
under a different stress system the materizl may behave in a very diff-

erent manner,

(e) Experimental correlstion between R value and deep drawability,

Whiteleg's(l959) measured R values for a number of materials,
Where a high degree of planar anisotropy was present an average R value
(ﬁ) was taken, [Each material was then cupped and the limiting draw
ratio established, Whiteley concluded that limiting draw ratio increased
in direct proportion te R for all materials investigated, It is
interesting to note that in these tests aluminium killed steel gave
higher draw ratios than either brass or stainless steel, Swift hed
earlier concluded that draw ratio improved with a high workehardening

rate, and on this basis brass and stainless steel should have performed
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better than steel, Swift did not investigate snisotropic behaviocur,

Lilet and%ﬁﬁx?%l&64) investigated the effect of R in a
nunber of standard tests comprising cup drawing and stretch forming,
A definite correlation between R and draw ratio was found in the
cupping tests, The cups, drawn from different steels, showed a vide
veriation in earing characteristics but this did not affect the correla-
tion provided a mean R wvalue was tzken. No correlation wazs observed
for the stretch forming tests, the assessment criterion adopted being
strain to fracture, In further tests steel cups with similar earing
patterns but different ear heights were drawn., It was found that mater-
ials of similar mean R velue could possess widely differing degrees
of planar anisotropy, and that in this situation materials with the
highest minimun R value performed best in drawing.

Atkinson and Maclea§£%1965) investigated factors affecting
the test for R wvalues and attempted to improve correlation between
R and limiting draw ratio by controlling frictional conditions in cup=-
ping.

In deriving R values thickness strains were found indirectly
by measuring elongetion and width strains., This method was found to
be more accurate than measuring thickness strain directly, 1R was
expressed, |

R =2n W
m}///iﬂ-ﬁb.iz
wy _E'.

A large test piece gauge length (7% in.) was used to take into account
any local inhomegeneity prgsent in the éheet, and was divided into 15
- % in, segments, Yidth and length strains were measured in each sege
ment for extensional strains of 10, 15 and 20 ¢, A significant var=
iation in results occurred over the gauge=length and increased with strain
level., The following procedure was recommended for R value determine
ationg

"

(1) The gauge length should be large,
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(2) Tensile elongation should approach the limit of uniform
elongation,

(3) Width and length strains should be measured in prefer-
ence to thickness strain,

(4) Width measurements should be mede at intervals not
greater than % in, along the gauge length,

(5) Messuring techniques should be precise,

Atkinson and Maclean suggested that experimental scatter in
previous experimentél investizations of R = drawability correlation
resulted from variable frictional conditions, To test this theory
steel cups were drawn using polythene sheet and oil as lubricents., An
average R value

R = QOJ.-Q%-J-QQAE
4

wes taken over the sheet, it was found that a stronz corre=-

lation existed between R and maximum draw ratio with volythene irres-
peotive of the blank surface finish, whereas the correlation with oil
deteriorated as the blank surface finish was varied.. In further tests
it was demonstrated that when R s Yyield strength, tensile strength
and ductility were varied only R had a significant effect on draw
ratio,

Various investigators have shown graphical correlations bet-
ween R and drawability, That of Wilson is reproduced as FIG., 24
and also illustrates the lack'of sensitivity of draw ratio to tensile
elongation properties, Attention is drawn to the spectacular limiting

draw ratio possible with titanium by virtue of its high R wvalue,
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LIMITING DRAW RATIC L.D.R.

24  LIMITING DRAW RATIO AS A FUNCTION CF MEAN
COEFFICIENT OF NORVAL ANISOTROPY R AND
MEAN TENSILE ELONGATION TO FRACURE e (WILSON)

Commerciel zinc, rolled 85 % and annealed at 200°C,
Cube-texture tough-pitch coprer.

Commercial aluminium %ahard.

Commercial sluminium annealed at 300°C,
"Balanced-texture" tough-pitch copper.

70/30 Brass annealed at 700°C,

Box-annealed open~hearth rimming steel,

Box-annealed aluminium-stebilized steel.

Annealed titanium grade 115,
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2,6 FRICTICON, LUBRICATION AND SPEED EFFECTS Il DEEP DRAWING.

(2) Inroductory comments,

The role of a lubricant in metal-forming processes is three=
fold, it should reduce forming loads to a minimum, minimise tool
vear, and assist in imparting a good surface finish to the product,
The relative impertance of these three requirements may vary, In all
drawing coperations improved lubrication provides a decrease in forming
lecad, It does not follow however that potentially higher useful
deformaztion will result. This particularly applies to drawing tubular
components with a mandrel or punch where the success of the process
often depends upon friction between the workpiece and inner toolj
whilst improved lubrication lezds to lower forming loads it also reduces
frietion at this interface,

Frictional effects in deep drawing do not depend solely on
the type of lubricant used, Tool and work-piece surface finish can
also play a significant role, Failure to reccgnise this led to diffi-
culties in early attempts to establish correlaticns between drawsbility
and desirable materizl pronerties. The paper by Kemmis well illustrated
this point, It seems that frictional effects in deep drawing were not
generally appreciated until the late 1940's, Since that time the prob-

lem has received considerable attention.

(b) Iubricztion mechanisms in metal formingz,

Two broad classes of lubrication cccur in metal feorming end
are identified as "full-film" and "boundary" . Full-film lubrication
exists when the tcol/ﬁorkpiece interface becomes completely separated
by a lubricant layer, whilst boundary conditions occur when metal to
metal contact is prevented only by a minutely thin lubrieant film whose
thickness is less than varizations in surface topography of the rubbing
surfaces,

Since surfaces do not contact with full-film lubrication

little surface modification of the workpiece occurs, coupled with a
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small amount of tool wear, Full film lubrication only exists when the
lubricant film is capable of remaining stable under the applied normal
pressure, To achieve this situation the lubricant must have high
compressive strength/low shear strength characteristics or alternatively
external meens are necessary for preventing lubricant expulsion from the
tool/workpiece interface, Hydrodynemic lubrication falls into the
second category and exists when pressure build-up in the lubricant at
die entry becomes equal to the normal pressure between tool and worke
piece, Pressure build-up depends upon sliding velocity, geometry of
the tool entry zone and viscous properties of the lubricant, Wistreich
showed that hydrodynamic conditions oeccurred in high speed wire drawing
whilst Christopherson (and others) achieved similﬁr conditions in tule
drawing by contriving a simple means of pressure generation at die entry,

Boundary lubrication conditions are identified by a drastic
modification of the workpiece surface in plastic deformaticn, the final
product having a burnished appearsnce, IMechanisms involved in boundary
lubrication are complex since topography of the contacting surfaces
assumes importance, and the workpiece surface continuously modifies
throughout the deformation zone, This aspect was discussed by Fogg,
On a microscopic scale metal surfaces appear as undulations of pezks and
valleys, and vwhen two such surfaces are pressed together the real con-
tact area is only a small proportion of that apparent. If the compress=-
ive force is sufficiently high local contact pecints become plastically
deformed, so providing a larger lcad supporting area, Bowden, Leben
and Tabor showed that when surfaces were chemically clean, or even
poorly lubricated, pressure welding could occur at local points of
contact, They concluded that a lubricant film of even molecular prop-
ortions was sufficient to prevent welding,

FIG. 25, illustrates the two lubrication classes in metal
forming, the tool/workpiece surfaces being drawn to a microscopic

scale, FIG, 25(a) shows the workpiece at entry to the deformation
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FIG, 25 BOUNDARY AND FULL-FILM LUBRICATION MECHANISMS

80



zone with zero normal pressure, FIG, 25(b) represents boundary lubri-
cation during plastic deformation, The normal pressure causes modifi-
cation at the peak tips which become flattened until lubriecant pools

in asperity valleys are pressurised and hence support load, In addition
leakage from the pools supﬁlies lubricant to the areas of surface contact,
and if this supply is adequate fusion (or pick-up) at the asperity

peaks will not cccur, Under boundary lubrication cénditions the conv-
entional coefficient of friction defined as shear force/normal force

only provides an overzll, inadequate, impression., TIG, 25(c) shows

full-film lubrication with sliding surfaces completely separated.

(e¢) Iubrication =nd tool-workpiece surfzce finish in deep drawins.

Swift found that when cupping aluminium with a hemispherically
nosed punch softer blank tempers gave highest limiting draw ratio
(L. Do Ry ) , whereas when using a flat bottomed punch harder tempers
pexrformed best, Loxley and Freemags(1954) investigated this behaviour,
Cupping tests were conducted cn alumininm blanks in a variety of tempers
using different lubrication conditions, With a hemispherical punch and
good lubrication L, Ds R, was highest with low tempers, confirming
Swift's findings, Vhen using a flat bottomed punch however the relation-
ship between temper and L. D, R, ocould be varied by changing lubrica=
tion conditions. Vith no lubricant present L. D. R. increased with
tempery with fair lubrication L., D, R, first increczsed with temper but
at higher tempers the trend reversed; with good lubrication L. D. R,
decreased as temper increzsed, It was concluded that the behaviour
earlier reported by Swift could be explained in terms cf frictional
conditions,

In further tests deformation over a hemispherical puncg nose
was studied by bulging blanks to feilure, and observing the effect cof
lubrication on the fracture site, Even with good lubrication fracture
never occurred at the pole (2s would be predicted under frictionless

conditions) but at a point on the punch profile., As lubriesticn
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became poorer the fracture site moved systematically away from the
pole demonstrating the effect of friction on the process,

Finally steel cups were drawn with both hemispherical and
flet-bottomed punches, Iubricaticn wes epplied to the blank either
on (a) both sides (b) punch side only, (e¢) die side only, (d)
neither side, The resulting L. D. R, values were, highest tc lowest,
(e), (a), (a) end (b), for both types of punch nose,

1-;'a11ac§ (1960) investigated the effect of punch surface fine
ish on L, D, Ry wusing a flat nosed punch and graphite-tallow lubricant,
Various surface finishes were obtained by shot-blasting, Two qualities
of steel were drawn, ‘extra-deep drawing' and 'deep drewing', It
wvas found that L. D, R, iﬁcreased with punch roughness for both materials,
and that the incresse in L, D, R, due to roughening was higher then
that due to different materizl qualities, Further investigations showed
that with smooth punches L, D, R, was highest when punch-lubrication
was ommitted, but with rougher punches the effect was not significant,
\ Whitton and I-Eear27(1960) investigated the effect of blank
and tool surface finish in the Swift cupping test, to check if a test
procedure earlier written by Kerrmiseswas sufficiently rigorous in control-
ling process varizbles, The maximum range of tool surface finish sugge-
ested in the procedﬁre was O = 20 micro in, (C, L. A,) ., Whitton
and Mear used punch/die combinations at the two extremes of the range
with a blank-holder finished to 10 miero in, (C. L. A.) . Controls
on blank surface finish were not specified by Kemmis but each test mat=
erial, aluminium, brass and steel, was artificially roughened to
simulete commercially produced rough and smocth sheets, It was gener=
ally concluded that variations in tool surface finish within the range
0 = 20 miero in, (C. L. As ) could cause variations in L, D, R. =
mechanical property correlations.,

Fukuiz gand others (1963) investigated the effects of tool

surface finish, blank surface finich  0il viscosity and drawing speed
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on drawability, The interaction of these variables made clear-cut
trends difficult to discern, The criterion of draswability was not
limiting draw ratio but the amount by which an oversize blank was drawn
before failure occurred, (Although this procedure only requires one
blank size to cover all tests, it is considered by the writer to be
artificial and a poor substitute for a cupping test like Swift's,)

Tests indicated that with low viscosity oil drawability improved with
tool roughness, but with higher viscosities smooth tools were bettier,
The trend became less marked at higher drawing speeds (40 feet/minute),
It was stated that dies roughened radially gave better results than those
roughened circumferentially, but this statement did not appear substan=
tiated by Tukui's graphs, Drawability decreased with increasing blank
roughness for low viscosity oils, especially at high drawing speeds,
With high viscosity oils optimum drawability depended upon both sheet
and tool roughness, It was concluded that speed and viscosity hacd
gimiler effects on friction at the punch nose; at low speed oil was
squeezed from the punch nose/hlank interface giving desirable frietion

effects, but at higher speeds this o0il became trapped.

(a) Iubricants in deep drawing,

Evans, Silman and Swift3%1947) pointed out that metal-working
lubriecants should possess high film strength to resist expulsion from
.the tool/workpiece interface under the high pressures and temperatures
developed in metal forming. To achieve this requirement most lubricants
possess in addition to the basic lubricity;

(a) 'Fillers' to increase viscosity and assist in tool/

workpiece separation,

(b) Additives to chemically react with the workpiece surface

and form a semi-solid molecular film providing a key
for the mein lubricating constituent, the film itself

possessing lubricating properties,
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ILloyd discussed developments in deep dreawing lubricants since Vorld Wer
II, the merits of full-film over boundary lubricaticn, &nd how practical
considerations of application and removal may influence lubricznt choice,

willig 1954 gave z detailed account of Swift's work on lubric-
ant evaluation: cups in steel, brass and aluminium were drawn with a
wide range of lubricants compriszing most of those in common use during
the early 1950's, It was concluded that lubricants containing 'fillerx!
constituents were more effective than lower viscosity liquids, Drawing
speeds of 1 inch/minute and 17 feet/hinute were used, The higher speed
was found to increase punch load by 7 = 10 but no deterioration in
drawability was detected,

Mear, Topper and Ford? 2(1963) investigated polymers as lub-
ricants in deep drawing, Cups were produced in the new materials
titenium, 2zirconium, niobium, tantalum and vanradium at 2 drawing
speed of 8,75 feet/minute, The polymer films polythene, polypropylene

and P,7.F',E, gave better results than chlorinated mineral oil,
However at higher drawing speeds the polymers were no more effective than
a low viscoéity 0il, It was suggested that the desirable low speed
effect corresponded to full-film separation but this mechanism broke down
due to heat generation at higher speeds.

Coupland and Holymar?B( 1965) compared dry-film lubricants
with extrene pressure oils in deep drawing., Draw load was the assess-
ment eriterion, The dry-film lubricants comprised polymers, soap and
alkeli, fatty acids, resins, silicones, molybdenum disulphide and
spirit based drawing oils, Cups were drawn in mild steel, tin plate
end zinc coated mild-steel, It was concluded that in generzl dry-film
lubricants were superior to conventional drawing oils, and that of all

lubricants tested polythene gove lowest forming loads,

(e) Speed effects in deep drawing,

In en investigation at P,E.R.A. (1954) steel cups were
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drawn with a range of lubricants at a speed beiween 20 - 60 feet/minute.
An increasse in speed was found to give a small punch lozd reduction znd
an increase in limiting draw ratio, Best results were obtained with
viscous c¢il having sulphurised and chlorinoted additives,

Wellace (1955) drew steel cups in the speed renze 1 = 30
feet/minute. Flat and hemispherical-bottomed punches were used, With
the'flat' punch limiting draw ratio increased with speed when using
mineral oil lubricent, but no inprovement occurred when drawing with
graphite/tallow or no lubricant, The hemispherical' punch gave no
speed effect with either lubricant,

Coupland and Wilscé4(1958) conducted a thorough investigation
into the effects of speed in deep drawing. Steel and 70/30 brass cuvs
vere dravn at 10, 35 and 90 feet/minute on flat and hemispherical=-
bottomed punches, Lubricants investigated werej

(a) four mineral oils of differing viscosities,

(b) colloidal graphite,

(c) 0il with extreme pressure additives,

Limiting draw ratio (L. D. R, ) was the assessment criterion,

Initially steel cups were drawn with lubricants (2) and (c).
When using the flat ~bottemed punch L, D. R, increased with speed and
viscosity, The reverse trend occurred with the hemispheriecal punch,
Draw load decreased with speed especially with the higher viscosity oils,
It was concluded that lubrication at the die improved with srpeed,
accounting for the lower loads, but with the hemispherical punch the
improvement in punchenose lubrication was even more marked resulting in
a reduction in L. D. R. Conversely the ‘flat' punch was relatively
insensitive to lubrication condition giving an increzse in L. D, R,

Further tests were conducted to isolate lubrication effects
from any possible strain-rate effects, Graphite was known to be a
lubricant insensitive to speed and was used to study strain-rate effects,
whilst 70/30 brass was known to show little strain-rate effect and so
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wes used to study lubricant-speed behaviour, Steel and brass cups were
drevn with graphite, L, D. R. trends with steel were similar, thouzh
less marked, than those with oil previously found, There was a tend-
ency for draw load to increase with speed, This was attributed to an
increase in yield strength with strain-rate, It was suggested that opp-
osite trends found with the two punch-nose types were due to different
straining conditions cver the ncse, Greater thinning occurred with the
themispherical' punch at higher speeds whereas straining over the 'flat!
punch nose was relatively unaffected by epeed, Ilo speed effect with
either punch was observed with brass, Tests were then carried out
drawing brass with oils (2) and (e¢), Results were similar to those
obtained for steel, By applying oil to the 'die-side' only it was
possible to reverse the earlier trend with the hemispherical punch,
Overall conclusions were that for steel, lubrication and
strainerate effects on L. D, R. were complimentary; an increase in
speed causing ean increase in L. D. R, for a flat-bottomed punch and
a decrease in L, D, R, for a2 hemispherical-bottomed punch, Their
effects on draw load were opposite, but on balance the lubrication
effect was dominant providing e decrease in load with increased speed.
Courland and Wilson pointed out that the effects of speed on working
temperature had not been investigated, and that any work-softening in
the deforming flance would be beneficial, Conversely temperature

increase may influence lubrication adversely,
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2.7, RESIDUAL STRESSES IN DEEP DRAVING.

(a) Introductorr comments,

Residual siresses are defined as those stresses retzined in
s component after fabrication is complete and all external forces end
constraints are removed, They are usually regarded s undesirable
rrocess features, Residuzl stresses are frequently found in cold-formed
products and those which undergo differential heating or cocling rates
in manufacture, The current survey is restricted to discussing cold-
formed thin-walled products.

(v) Character of residuel stresses.,

Residual stresses can only occur after plastic deformation,
and then only when strains induced are of a non-uniform nature. Bending,
twisting, and cyliriders under internal rressure are exsmples of non=-
uniform straining procésses. Therefore a manufacturing route comprising
any of these elements is likely to promote residual stresses. Johnson
and Mellor;gtated that residual stresses in cold-drawn tube did not
inerease with reduction severity and that there was evidence to suggest
~ the converse was true, Sach§4claimed that the level of residual stress
could be reduced by stretching the component to about 2, uniform elong-
ation, Fszilures due to residual stress often occur after the forming
operation is complete = Jt-:\mnsa3 quotes an example where an 18/8 stainless
steel cup frazctured an half-hour after drawing, Residuzl stresses
possess two prorerties which are used in their evaluaticnj

(1) Their integrated or resultant velues in any direction is

zero, They provide zero net force.

(2) Their integrated or resultant moment about any axis is

also zero.

(¢) Methods of detecting residual stress.

Three experimental techniques are used to study residual stress
diéffibution and comprise j
-(i) X=ray methods,
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(ii) Met2l removal methcds,

(iii) Selective slitting methods,
In method (i) X-rays are used to supply information on crystal lattice
distortion, from a knowledge of which elastic strains and hence stresses
are computed. Method (ii) exploits the fact thet a residually stressed
component distorts when part of the component is removed, It is pecss-
ible to relate this distertion to the residual stress formerly in the
removed materisl, The method is applied to components with rotational
symmetry about an axis i.e, round bars and thick-walled tubes, Sach's
and ESpeasdevelcped a technique whereby circumferential layers were
successively removed from 2 tube bore and corresponding strains measured
on the outside surface, Dentan3 Ec’TLiscussesa more recent developments in
the technique., The situation may arise where layer removal causes
yielding in the remaining body, The method then becomes invalid,

Residual stress determination by method (iii) is widely used

for cold-drawn thin-walled components for which the approximate residual
stress distribution may be assumed. This method forms the basis of

the following survey.

(d) Determination of residusl stress in thin-walled tubular components

by slitting.

Cold-drawvn tubular components exhibit a residval stress dist-
ribution which is approximately linear across the wall section and is
tensile on one surface (usuzlly the outer) and compressive on the other,
By assuming this distribution the megnitude of residual stresses may be
estimated by a method devised by Sachs and Espey?5 The method cannot
be applied indescriminately to all types of residual siress systems,

Sachs and Espey assumed that a longitudinal slit would remove
a high proportion of the circumferential residual stress C©z , without
interfering with any longitudinel siress & which may be present,

The maximunm vz=lue of O3z wes then calculated by finding the moment
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required to re-bend the sprung section elasticzally to ils original
dimensions, To determine longitudinal residusl stress &) two paraliel
longitudinal slits were made part way into the tube to seperate a tongue
from the tube proper, The tongue, being free from circumferential
constraint, elastically deflects radially by an emount propertional to the
release of the longitudinal residual stress, In finding Ci, 03
the through~thiclness stress 0 was considered negligible,

The bending moment released by a single longitudinal slit is

given by,

M o B RS
-2 'Fe (2.66)
where 1 = second moment of area for circumferentiel
bending,.

ie = equivalent radius of bending from sprung
tube radius T‘o' to original unslit radius
To «

I—p2 = 2 term accounting for the censtraint on
antieclastic bending in the longitudinal
direction due to tube geometry,

The equivalent curvature ?i,é mey be expressed,
R w
Te i To :':o'

Substituting for l'e in eguation 2,66 gives,

M=EI /-1 ) (2.67)
- vt ol

The circumferential residual stress O3 at any distance X from the
tube outer surface may now be found by substituting M in the general

equation of elastic bending.

o, S i-‘: x.)(*'o *O) (2.,68)
21 o' 1o
wnen d. = diameter, 1p'- o= Ad
' =2

and I ¢l = ‘T'o"_., o ’ 1’0’.-{0 o az
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Equation 2,68 may therefore be writien in terms of maximum

residual stress,

0—3 = i- E l-t. Ad’
=p2 . ga (2.469)

o3 mey be determined by slitting & tube and measuring Ady d,

The longitudinel residuzl stress O7 was found by measuring
the deflection S at the free end of a tongue lenglh L vhich was assumed
to bend to redius R ..

FProm Pythagoras,

R
R T2

and the equation of bending gives,

ch,:z EE[f:"HZID E?z

which attains & meximum value at the immer 2nd outer surfaces,

g (2.70)

The term '_sz is ebsent from equation 2,70 since there is no anticlastic
constraint,

A cold-drawn tvbe usually springs open rather than closed when
slit, According to equations 2,69 and 2,70 both circumferential end
longitudinal bending stresses are then tensile at the outer face and
compressive 2t the inner face,

Sachs and HEspey suggested a length/diameter testpiece ratio
of at least 3, since ratios lower than this gave low amounts of spring=-
ing, Denton explained the behaviour as interazction between circumfer=
entizl and longitudinal residual stresses in that with short tubes,
longitudinal stress was largely dissipated on slitting, and this caused
a relaxation of circumferential stress, The type of slit made was
also found io influence springing-specimens cut with 2 fine jeweller's

sew sprang more than those cut with 2 normel hack-saw, This effect
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was expleined as stress-relief near the cut, Deflection of a long-
itudinal tongue was strongly influenced by the ratio tongue width/
tube diameter which for meximum flexing lay between 0,1 and 0,2,
Nerrowver tonzues vere sitress~relieved by cutting, whilst wider tong-
ves resisted flexing by virtue of their curvature, Denton and
Alexander recomrended a modified test to circumvent problems of cir-
cumferential =nd longitudinal stress interaction on slitting., The
test also obviated cutting a tongue, Their method was to slit long
and short tubes and compute circumferential residual stresses é%
v A v

and <3 , the difference O3 - O3 being due to interference of
longitudinal stress relaxation with the short tube, A longitudinal
stress ©i would induce a circunferential stress Vo, , and
therefore (3‘3 - g‘g) = Vo, , fromwhich O may be found,

Derivation of residual stress directly frcm the slitting
method requires the assumption that residual stresses are completely
released on splitting, This is only approximately true since the
slit tube usually springs further if circumferential layers are
removed from inner or outer faces, Sachs and Espe37aescribed a
procedure where, after slitting, 1layers were successively removed
by pickling, Additional residual strecsses released were computed
from a knowledge of flexing in the specimen, FIG, 26, compares

residual stress distribution obtained by slitting only, with that

for ihe slitting plus layer removal method.

(e) Residual stresses in deen drawn cups,

The methods of residual stress determination proposed by
Sachs and Espey apply when residual stress distribution is constant
with éfecimen length, Althoush the method may be suitable for re-
drawn cups amnealed before redrawing, it cannot be immediately
applied to dravn cups owing to the different strain histories under-
gone by each wall element, Dachs and Espey described a drawn cup

as "an essembly of a seguence of differently strained thine-walled
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tubes" and continued " the residual stresses consist of a portion
corresponding to those in uniform tubing and enother portien origin-

ating from the mutuel effect of the various levers,"

Swif%ainvestigz-.‘aed residual stresses in cups, In view of
the heterogeneous strain histories of wall elements a radial shear
stress T was postulated on planes normal to the cup eaxis, its
existence depending upon a circumferential stress O3z in the cup

wall such that,

a¥ = O3
dx %
vhere 2C is the distance of an element from the open

end, The shear force on an element circumferential lensgth 'f’c;c.\qb is,

dF = uz.t. 4P.dx = 03.T cx vhen W = 7oA

. RS
o
If a longitudinal tongue width W  is cut from the cup wall the

bending moment relessed is given by,

M=J.FM = EI d?%y

dx?
4 4
&l =5 = =
T cL':Ld' E—tz.fa
tS
where :[ is the tongue deflection at X and l =
12

Swift measured tongue deflection and deduced the variation of O3
with X by graphical differentiation. The method did not allow
an accurate sssessment of ©3 but indicated that its value changed
from hish tensile near the open end to high compressive & in., into
the cup. Further down the wall stresses diminished rapidly.

To obtain 2 more accurate assessment of circumferential
stress, O3 was assumed constant over a tongue length L

Tha shear fcrce was then written,

L {
(= =g os. L. dz = Satiw
o ' —ro “f‘O
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The problem was thus similer o a cantilever with 2 wiformly

distributed load,

B Sak.w.
L EC

and deflection at the free end was,

4 -
gl AL (2.72)
£ %t

L. was increzsed in stages, 5 measured, and 5"3 caleulated

from equation 2,72, Results for a 2 in, dizmeter steel cup
drawn from a 4 in, diameter 0,038 in, thick blank are shown in
table 4 ¢ The results imply a reversel in 5‘3 between
%/16 and 3/8 in, from the cup rim,

Swift next considered the possibility of a pure bending
stress 0'3' existing in the wall as for a plain drawvn tube,

An equation similar to 2,69 was used to determine CF:r,' s the
term |I- Ve being omitted since the cup was too short to exer-
cise .a.nticlastic constraint,

Total circumferential residual stress O3 +03' vas
found to have a maximim tensile value near the cup rim, Rings
cut from cups sprang open on slitting, indicating tensile and
compressive stresses at duter and inné+ surfaces respectively,

A study was made of the effects of process parameters on residual
stress level in drawn cups, Hesults are sumnarised below,

punch profile - no influence,

die profile - residual stress higher with

la.;ger radii,

Jubricants - . residual stress higher with

good lubricants,

materizsls. - low elagtic modulus with high

yield stress gove highest res-
iduzl stress,

reduction - little influence,
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TABLE 4 AVERAGE RESIDUAL HOCP STRESS VARIATION WITH DEPTH OF

TONGUE (SWIFT)

(Tonf/in.?)
0 - 3/16 28
0 - 3/8 10,5
0 = 0/36 3.5
0 - 3/4 1.4
0 - 15/16 1.0
0 - 1,1/8 0.6
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ageing - residual stress inerezsed in

cups over a one-month period,

Survey note,

The above results indicate that feotors influencing residusl
ptress are not always obvious, Iesults with die-profile,
lubricants and reduvetion mey be tentatively expleined by en inc=
rease in draving stress causing greater stretching in the cup
wall 2nd s¢ pertielly relieving residuzl stress (Sachs).

The level of residual stress should be viewed in context with the

matsrial's yield or fracture stress, .
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2,8, SIMULATIVE DFEF DRAWING TESTS,

(a) Introductory comments,

The object of simulative deep drawing tests is to furnish
information on the probasble behaviour of material in actual preduction
‘forming operations without involvement in complex and costly tooling.
An ideal simulative test would truly represent mechznies of the forming
process and indicate variations in material properties which influence
formability,

Various tests have been devised for assessing sheet forming
properties, These fall into twe classes: stretch=forming tests and
drawiég tests,

Criterion of prerformance in a stretch-forming test is the
maximum bisxial strain undergone by & sheet before fracture . Jevcn53
concluded that results from such tests were not generally applicable to
deep drawing, 2lthough useful in press work if applied discriminately,

The most common kind of simulative drawing test is that in
which a cireular cup is drawn from 2 flat circular blank under clesely
controlled conditions, meterials being assessed on the basis of the
deepest drawable cup., Swift's cupping test is typical, Sach's (1530)
suggested a wedge drawing test which simulates conditions in the plane

flange of a partially drawn cup, = Friction makes this test somewhat

unreliable,

(b) Stretch-forminz tests,

FErichegen test,

The test compares the formebility of different materials, or
different batches of the same meterial. A blank, rigidly clamped
above a circular die, is bulged to freacture by a descending ball-hezded
punch, Tezt criterion is the depth ef bulge at fracture, Fotential

sources of test unreliability ares

(i) Varietiens in clamping force mey allow an element of
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radial drawing to occur,
(ii) The test end-point is not readily observed,
(iii) Punch prefile surface roughness mey influence straining,

(iv) Results vary with the tyve of lubrication,

Qlsen and Amelew tests,

These tests are similar to the Erichsen test and suffer from

the ssme scurces of error. The only differences are in tocl dimensions,

Avery test,

This is a two part test, the first part being similar to
Erichsen's. In the second part, die and clamping ring are replaced
by similar toecls with interlocking annular serratibns which prohibit
radial drawing, A comparison of bulge=-depths in the two tests is

supposed to vrovide useful information on forming properties.

Guillexry test,

Pvnch/die clearances are greater than in the Erichsen test,

otherwise tezts are similar,

Jovignot test,

Bulging is carried cut by 0il under vressure, the blank rim

being tightly clamped to provide a seal.

Kaiser Wilkelm Institute ( XK.W/.I.) test.

A sguare sheet test-piece is clampea above a2 die and bulged
by a flat-headed punch; 2a projection on the punch locating 2 hole in
the blank centre, The K,W.I. value is taken as the increase in hole
diameter at a point when radial eracks appeér from the hole, It is
claimed that the test gives a better guide to directional properties

than the Erichsen test,

Survey comment,

Streteh forming tests are primarily concerned with gtraines to
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fracture ~ or ductility, There are other even more important property

requirements in deep drawing, for example normal anisotropy (FIG. 24)

(¢) The Swift cuppinz test,

As a result of research Swift concluded that there was no
.better test for deep drawsbility than to conduct the‘operation itself
under controlled experimental conditions., It was proposed therefore
that standara diameter curs should be érzvn on standard tools, with the
test criterion being the largest blank drawable without fracture and the
ratio largest blank diameter/punch diameter defining the limiting draw
ratio (L., D. R. ) Limitations of the test were fully eppreciated but
it was felt that the test could be a useful guide to the comparative
drawability of various materials and tempers,
Although Swift's test is simple in concept its practical

application requires careful control over process variables, TFailure
: to appreciate this lead to disappointing results when the test was first
introduced to industry. A comprehensive investigatien by B.I.S5.R.A.
during 1950-1954 resulted in a formal Swift cupping test procedure,
reported by Kemmis?a which stipulated controls on:

Punch and die diameters,

Punch and die radii.

Punch/die clearance,

Tool surface finich,

Blank-holder pressure,

Iubrication,

Drawing speed,

Tool material,

Blank preparation.
It was proposed that near the limiting draw ratio at least five blank
at each diameter should be dramn..

5 :
Whitton and Heaé&1960) showed that sheet surface finish could
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affeet L. D. R. and that the tool surface finish range suggested by
lemnis was too wide, Atkinson and Haclea%9(1965) demonstrated how
polythene sheet could make test results less sensitive to blank surface
finish, Wallac29(1952) was doubtful about the general appliec2bility
of Swift test results and argued thet factors of scale, +tool geometry
and friction cculd not be adequateiy simulgated,

Recently the Swift cupping test procedure reccmmended by
Kemmis has been revised in view of a changed ettitude towards the test
(Hawtin 1969). Tolerances on tcol dimensions aﬁd surface finish have
been tightened, It was previously vtelieved that performesnce in various
press=-shop operations could be correlated with L. D. R., but this is

nov regerded as a misconception.

(d) The wedze drawing test,

The essential features of the test are shown in FIG, 27.
During cuppinz the deforming flenge may be considered to comprise a
nunber of sectors (FIG 27 a), the flow in each sector being radial,
Sachs suggested that deformation within a sector could be simulated by
a wadge-shaped die (FIG 27 b ), with the deepest wedge drawable without
fracture being representative of performance in actual deep drawing
operations, In view of general interest shown in the test following
ite introduction, Loxley and Swift4%1944) cerried out an experimental
investigation.

Tests were conducted with steel and aluminium bronze at a
drawing sveed of 1.3 inches/minute, using en included wedge angle of
20 degrees, Colloidal graphite and tallow were the drawing lubricenis,
A lineer relationship between draw lecad and wedge draw ratio was found,
but the meximum draw ratio was only sbout 807 of that in cupping, even
though in the latter additicnal be:ding/unbending operations occuxr,
Maximum draw ratio was also found to be meore sensitive te lubricaticn

conditions than was the meximum ratio in cupping. All specimens drawn
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. on the wedzge-test exhibited back-end "fighetailing" , an indiecation

of high friction at the wedge sides., Hardnesgs rezdings on drawn
semples revealed that the edges were work-hardened more than the centre,
It was concluded that friction dominated the test and made it unreliable
for predicting deep drawing performance,

The effects of friction on the wadge test were theoreticzlly
studied by considering equilibrium under the action of the drawing force,
side pressure forces, and side friction ferces, It was shown that
an incrzase in the coefficient of friction from 0 +to 0,10 increased
draw load by 60/ whilst an increase from O to 0,16 caused an increase

of 100,

Survey note,

With recent improvements in dry-film lubrication the test may

nov give closer correlation with cupping test results,
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249, SPLAYING TN REDRAWING,

(a) Introductory comments,

The problems experienced with splaying at Tube Investments
Limited, as discussed in Seection T of the thesis, have probably been
encountered by other concerns active in deep drawing, A thorough
search of openly published literature however has provided little det
ailed information on the problem and references obtained are mainly of
e descriptive content, TUsually splaying has been observed whilst
conducting investigations into some other aspect of redrawing and has
therefore received only brief mention, To the writer's knowledge no
previous direct study of splaying in redrawing has been made apart from
a short exploratory investigation at Tube Investments Research Laborat-

ories in 1968,

(b) Survey of avsilsble literature,

Swif‘t? 2ca:':ried out a serizs of deep-drawing trials in 1940 to
determine fazctors influencing the overall draw ratio when cupping was
followed by a sgingle redraw operation., Steel blenks 4 in, diameter
0.036 in, thick were cupped on a 2 in, diameter flat-headed punch and
then redrawn, Redraw tooling cémprised-a 1% in, diameter draw punch,
a 90 degree seni-angle die with £ in., profile radius, and a flat-
headed hold-down punch with 4 in. profile radius,

Redraw load=travel diagrams exhibited a peak just before the
end of drawing, This peak could not be fully explained in terms of
the normally expected sequence of events, but on closely observing the
process it was seen to correspond with splaying of the upper cup wall
just before the cup rim entered the die, Swift commented "This was
no doubt owing to the diminution of its flexural stiffness as its depth
reduced," TFIG, 28 a8 shows a typical punch load=travel d izgram
obtained by Swift, splaying being observed in zone C, (Even under
non-splaying conditions maximum load would normally occur in this region

with an as-drawn first stage cup.) To observe the effect of hold-down
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punch profile radius on splaying the latier was increased from % to
5/16 in, A slight reduction in peak loed was noted., The hold-down
punch was then retracted to act merely as a guide, and an even greater
reduction in peak load occurred. (It would appear that the redraw
exhibited no vwrinkling tendencies and therefore a hold-dowvm punch was
really superfluous,) The 90 degree die was then replaced by one of
60 degrees semiecngle, other conditions remaining constant, This
arrangement provided a higher overall draw ratio than was previously
possible, but s=cond stage cups produced from the larger blanks showed
signs of longitudinal eracking, (which may have been due to splaying.)
In view of the 60 degree die result the effect of die angle
was investigated morethorougnly, 3¢9 in, diemeter steel and 3,7 in,
diemeter aluminium blanks were cupped and then redrswm throggh dies with
semi-angles ranging 15 = 90 degrees, Steel showed a definite {irend
for draw load to diminish es die angle decreased, but the effect with
gluminium was not so merked, It was observed that as die angle decr=-
eased the difference in load in zones C and D (FIG, 28 a) increased,
This result is illustrated in FIG, 286 b , Swift suggested that the
peak in zone C was due to spleying, which infers that splaying ince
reases at lover die angles.
In summery the main findings on spleying behaviour were:
(1) Splaying caused a peek in redraw load,
(ii) When using 2 hold-dowvn punch to influence
metal flow into the die the peak redrsw load
(corresponding to spleying) depended upon the
severity of bending eround the hold-down
punch radius,
(iii) By raising the hcld-down punch above the die
to act merely 28 a cup guide the peak redraw
lozd was further reduced,

(iv) By decrezsing the redraw die angle meximum
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punch load was also reduced but apparently

splaying increased,

In a further series of tests during 1940 Swiftlégain encount-
ered spleying when redrawing brees and steel cups, Brass was observed
to splay more than steel, The effect of using en external guide ring
to prevent splaying was studied, (In practice 2 guide ring may be
either a sepzrate component secured to the die or an integral part of
the die as shown in PIG, 29, Its function is identical in both cases,)
Mild steel blanks 4,15 in, diameter 0,036 in, thick were cupped on a
2. in, diameter flat-headed punch and then redrawvn on tooling comprising
a 1.7/16 in, dizmeter punch and 30 degree zemi=-angle die,

When the hold-down punch was fully inser£ed fracture occurred
in redrawing at a punch load of 10,0C0 1bf,, but with the hold-down
punch raised clear of the die redrawing was successfully accomplished
with a maximum punch load of 9,080 1bf, On installing the guide ring
redraw load reduced to 8,720 1bf,

Tests were repeated with brass blanks 4,10 in, diameter 0,036
in, thick, Results were similar to those with steel,

To summarises

(i) Brass showed a greater tendency to splay than steel,

(ii) By allowing the cup to enter the die freely redraw load

was reduced,
(iii) An external guide ring prevented splaying and also gave

a reduction in punch lozd.

When introducing their paper on redrswing Chung and Swift referred
to the uce of a specially profiled hold-down plate to prevent splaying
in reversze redrawing, FIG, 30 is constructed from their deseription,

In 1967 an investigation was carried out at Tube Investments
to deternine deep-drawability of sustenitic stainless steel, Splaying
was found to be a source of fracture in the upper cup walls and to

overcome the problem guided redraw dies of the integral type were used,
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FIG, 30 PREVENTION OF SPLAYING IN REVERSE
REDRAVING BY USE OF CONICAL EOLD-DCWN
PLATE,
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It was then found that punch load became excessive causing the cup
bottom to fracture, This result was at variance with the esrlier find-
ings of Swift, and to provide additional information a short experi-
mental study of the effects of guiding on punch load was conducted at
Tube Investments Research laboratories by lNorman in 1968{6 N.S.3
aluminium alloy blanks 3% in, and 3} in, diameter 0,022 in, thick
were cupped with & 1,969 in, diameter punch and subsequently redrawn
using 2 1,408 in., diameter punch and a 90 degree semi-angle die with
% in, profile radius, A hold-down punch was used to prevent flange
wrinkling, External guiding was by means of a short thick-walled
brass tube whose bore was 0,Cl0 in. larger than the first stage cups,
When attempting te redraw cups frem the larger blank size success
without the guide was marginal, With the guide in position failure
occurred consistently, The smaller blanks were used to observe the
effect of guiding on pungh load-travel charazcteristies, and it was
found that guiding not only increased punch load but also caused its
peak value to occur earlier in the redraw, These results are expressed
graphically in FIG, 31; The increase in load due to guiding wvas
about 8 ¢ using an oil lubricant but this figure was reduced with
polythene film lubrication., Changing the lubricant had little effect
on the peak loed displacement 'X' in FIG, 31,

Normen's results supported those obtained in the stainless-
steel trials and indiceted that guiding may increase redraw lecad,
contrary to Swift's findings., The anromaly may be partly explicable
in terms of the different tooling arrangements in that work at Tube
Investments: was cerried out with an effective hold-down condition whereas
Swift uced a raised (ineffective) hold-devm punch in his tests,

Turther work was necessary to resolve the situation,

Fogg1{1968} studied deformation in the enterinz cup prior to
die contact when redrawing without hold-down, By assuming that deform-
ation would be according to the principle of minimum plastiec work an
expression was derived for 'free' zone geometry,
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Punch load

Punch travel

FIG, 31  PUNCH LOAD CHARACTERISTICS IN REDRAVING
CURVE (A) CONVENTICNAL REDRAW DIE
CURVE (B) WITH GUIDE AT DIE ENTRY,
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The exﬁression rrediects that bending beccmes more severe a2t larger
die angles,

Swift found that as hold-down punch radius increased peak
redrow load decressed, It was implied that splaying also decrezsed
which suvggests a tendency for splaying to increzse with bending sever=-
ity. However when redrawing with the hold-down raised it was found
that the 'splay'! pesk in FIG, 28 a2 tended to increase as die angle
diminished, But according to Fogg bending severity decreases as die
angle decreases, which suggests that eplaying should also decrease,
This apparent anomaly is probably due to Swift not actuslly messurinz
spleying but inferring its magnitude from its effeet on redraw lecad.

Busby and Fogg (1969) encountered splaying when investigating
the deep-drawability of high-speed and low-tungsten tool steels,

Blanks were cupped and redrawvn without interstzge annealing, Results
were not encouraging, a major problem being cracks in the redrewvm cup
walls, Cupping draw ratios of 1,8, 2,0, and 2,2 were followed by

a redraw of either 1,15 or 1,25 through single curvature dies of profile
radius/cup wall thickness ratio = 5, TInitiel trials were conducted
on a crank press operating at 20 strokes/minute, After redrawing,

cups exhibited a high degree of splitting and fragmentation, especially
those in high-speed steel. To study the cause of the fzilure mode
further redraw tests were carried out at slow speed, It was then ob-
served that splitting near the cup rim ocoirrréd as a result of splaying,
the increase in cup rim diameter being about 2 ¢, By installing a
guide ring better results were obtained, but splitting was not ccnp=-

letely eliminated,
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S

OBJECTIVES CF RESEARCH,

S

II,

I11,

To conduct an experimentsl and theoretical investigation into
the causes of splaying in redrawing, and hence relate splaying
to the p;incipal process parazmeterss
I (a) Die profile geometry,
(b) Hold=-down punch geometry.
(¢) Cup geometry,

(d) Cup material properties,

To determine conditions of redrawing which cause greatest and

least degrees of splaying.
To study the effect of splaying on redraw punch load,

To prevent splaying by using a guide ring, and observe Itis

effect on redraw punch load,

As an outcome of the investigztion, to suggest optimum redraw-
ing conditions for relief from splaying and any associated

problems,
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4, EXPLORATCRY THECRETICAL INVESTIGATIONS,

4.1. Introductory comments.

Exploratory thecretical studies were undertaken with the broad
objective of identifying the splaying problem 2nd deciding which areas
required further investigation, In particular it was necessary to
determine those elements of the redraw vrocess involved in or affected
by splaeyirg, and take into account all process parameters which could
influence the phenomenon. With an appreciation of these factors experi-
mental programmes could be designed to supply useful information., It
was equally important to explore various theoreticazl zpproaches with a
view to eliminating those unlikely to provide a basis for further deve-
lopment,

In this section the direct redrawing process is briefly reviewed,
end parts of the process involved in splaying identified, Deformzations
contained in those parts are then analysed in more detail, TFinelly

e theoretical approach suitable for investigating spleying is discussed.

4,2, 3Brief theoretical review of the direect redrsw process,

FIG, 32 illustrates a typical direct redrawinz operation,

The force P applied to the redraw punch is that necessary to maintain
plastic defermation in the zone A -« D under the attendant frictional
conditions, If a hold-down punch is reguired its force M is
normally just sufficient to prevent wrinkling tetween A and C,

An element of the cup wall entering the deformation zone at A
bends under the action of a moment supplied by tension in the wall below
A, end a fixing moment supplied by the rigid undeformed cup wall above
A, The radius of bending will either be R{ if the redrew is free
or K. in the event of a hold-down punch being used for which R¢ < R%,

The increment of radial stress to cause bending at A may be found by

a method proposed by Chung and Swift which leads to the equation,
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af3
2‘%—? [ 25 (R+y)y-ay = Oi.to.R. LS (4.1)
o V3

Ciap 25 given by equation 4,1, increases as R decreases although
the bending moment MaA of a rigid/perfecﬂy rlastic material is
independent of K . The bending precess is assumed to be plane-
strain with €3z o , and since there is no overall radial strezin,
there is no change in wa2ll thickness,

Redial drawing occurs in the zone A = B with the radial stress
increasing from Cip to Cifs at B in accordence with the differ-

ential egquation,

++~ 4o =5
A0 4 0j-03 = O
; 3 (4.2)

Plastic strains may be deduced using Levmﬁiises stress-strain inerement
equations,
d€1-d€; _ d&2-dg€3 = dEz- d&)

o - 03 o2 - 03 O3 -

in conjunction with the condition of plastic incompressibility,
dZ, + d&z + d&€z = O
The radial stress in zone A = B is usually small and en element passing
through the zcone tends to thicken.
Unbending at B requires a moment Mg which is supplied by

the radial drawing stress below B, OIB « The egual and opposite
fixing couple is supplied by the cup wall above B in unconstrained
redrawing, It is not clear if the hold-down punch contributes to the
fixing effect wvhen R ¢ R¢ o TUnbending occurs under back tension

cr.’B s ‘the effect of which is to increase the radial stress incre-
ment required for unbemding, and cause a general extension of the cup
wall, ©Plane=stirain conditions ci23::o y therefore imply wall thinning,
The method of finding radial stress increment for bending/unbending under
tension was developed by Chung and Swift, and is discussed in section

2,2,C of the thesis, It leads to the expression,
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- (5-9)

Between B 2nd C (FICG, 32) radiel drawing occurs along the
conical die face, and the radial stress increcses from Sig at
B to Cﬁé_ Just before re=bending at the die throat radius, In cons-
trained redrawing most of the hold-dovm foree is reacted over this zone
and increeses the frictional compeonent of radial'stress. For uncons=-

trained redrawing equilibrium of & zone element occurs when
% ]

c%v (cr..t.f) - 0‘3.'&(!+/Mf.ot‘=r)=o PRSI (/5

vhere AL is the coefficient of friction at the cup/die
interface, Swift has shown that neglect of the thickness term in
equation 4,4 makes little difference in the solution for rodial drawing
stress, Tor constrsined redrawing a problem arises in desisnating the
point of application of hold-down force, since during radial drawing
between B and C the wall thickness tends first to increase and then
decrease, derending upon the relative magnitudes of o3, 03 , and
hence upon the draw ratio, Hold-down force will be concentrated at
the thickest point of the zone and this point is not immediately knowm.
An alternative approech is to assume the hold-down force to be uniformly
distributed over the flange area, giving rise to & normzl pressure,

G = H Sun O

Equilibrium of 2 zcne element is then given by,

g (atr)-ct - 2MEmY =0 —— (43)
~ Suner
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Plestic strains mey be found by a procedure similsr to that for zone
A =B, Swi£%5fcund that work~hardening and friction made little
difference to thickness strains in the analogous process of tube sinking,

The mechanins of re-bending to the die radius 2t C are gimilar
to those for unbending at B, only the back tension cx:; is now greater
causing mere wall thinning, The bending moment M, is supplied by
tension in the wzll below C, and the fixing moment by the cup wall
ebove C for uncconstrained drawing, In constrained redrawing the hold-
punech may contribute toward the fixing moment, Re=bending increzses
the radial stress at C to Cj .

Between C and D elements are radially drmwn to become part of
the final cup wall after unbending at D, The increment of radial stress
to provide frictionless drawing may be found from ecquation 4.2, but
zone friction is usuzlly high and its influence on radiesl stress cannot
be ignored, Chung and Swift provided two methods for caléwlating
radiai stress increment in this region. In the first methed, equilibrium

of a curved element was considered to give,

L dej = —mTdr - uRy. S0 m&@se—m(f-ose-é’) (1.5
¥ 3

Equation 4,6 may be solved numerically using successive approx-
imation, The second method was less rigorous though easier to avply,
components of radial stress increment due to radial drzwing and friction
being computed separately and added to give the total increment.

Radial stress increment due to frietion was found from +the slow=-speed

belt transmission formula end gave

gl o"c.(e’ue"-l)

‘§.§Cﬁ was then added to the frictiocnless drawing component from
equation 4.2, to give the total redial stress increment, Having
determined stress distribution over the zone, strains may be found as

for the previous radial drawing zonee A - B and B - C,
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Unbending into the cup wall at D under the action of bending
moment Mp increszses radial drawing stress %o Cip s and causes
further wall thinning.

Punch load is given by,

P= 2Tl"f'e.'te_.0'|p
Radial drawing stress distribution across the complete plastic deform-
ation zone is shown in FIG. 33, whilst thickness strain development

of a typical element nassing through the zone is shown in FIG, 34,

4,3, Zone of splavina,

Splaying is not a random phenomenon of redrawing., Its causes
lie in the physical conditions imposed on the deforming cup during the
process, and it is explicable in terms of these conditions, The
starting point of any theoretical enalysis must be en appreciation of
factors controlling deformation during stezdy-state conditions in that
part of the cup ultimately involved in splaying, In all probability
these factors are closely associated with the degree of eventual spleaying
which occurs when constraint supplied by the entering cup is gradually
removed,

FIG, 32 illustrates a typical direct redrawing operation.

When redrzwing is unconstrained Fogg}%howed that during steady-state

conditions die and cup geometry define the radius of curvature

of zone A = B, Attention is drawn to the way in which a hold-down

punch, .introduce& to prevent wrinkling in the region B - C, may influ-

ence deformation A = B, Two possibilities arise, firstly provided

the hold-devn punch radius cm' is greater than the free inner radius
Rg!

present, Secondly, if the mean radius of bendirg around the hold-

y deformation will occur as though'no hold-dewn punch was

down punch R, is less than the free radius [25; y deformation in
A = B will be directly affected. In following work the term 'constrained
redraving' will be used vhen the hold-down punch directly affects the

gecmetry of deformation A - B,
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Radial drawing stress <
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o
- —-m

e ]

A B c D

Distance through deformation zone
(Refer to FIG. 32)

FIG., 33 RADIAL DRAWING STRESS ACRCSS
DEFORMATION ZONE DURING
A TYPICAL REDRAWING OPERATION
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wall thiclmess variation

A B = D

Distance through deformation zone
(Refe:: to FIG. 32 )

FIG. 34 CUP WALL THICKNESS VARIATION ACROSS DEFORMATION
ZCNE DURING A TYPICAL REDRAWING OFERATICH
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Vhen redrawing is constrained only that part of the entering
cup above point B is free to splay or be influenced by spleying, since
elements below B are compelled to follow the die contour by the hold-
down punch, loreover it is unlikely that B will travel up the die
face on splaying since this would tend to increase zone curvature and
henée zone work. It therefore seems reasonable to assume that during
splaying point B will remain fixed.

When redrawing is unconstrained point B is defined by tool

and cup geometry, By a similar argument to that advanced above it is
unlikely that point B will move up the die face on splaying. Conversely,
appreciable movement dovn the face would involve an inerease in free
radial drawing work, For the present therefore, ' subject to later
experimental confirmation, it will be assumed that as for constrained
redrawing point B will remain fixed throughout the splaying phase,
In other words it is sssuned that deformation cccurring after point B
will not influence splaying, which must therefore be bromght about by
deformation taking place before B is rezched during steady-state cond-
itions, This region of the cup is shown in more detzil by FIG. 35.

Deformation in the zone A = B (FIG, 35.) comprises, bend-
ing at A to Rf or Re , radial drawing between A end B, and
unhending to the die face at B . The bending moment operating at A
demands a fixing moment of equal magnitude to be supplied Dby the
entering cup which as a consequence will tend to flex outwards, Thus
bending at zone entry promotes splaying conditiors, ignoring for the
present the possibility of contributiors from radial drewing end unbend=-
ing at %one exit, TUnder the action of the bending moment at A a
system of tensile circumferential stresses will develop in O A of
gufficient intensity to supply e fixing moment, ‘'hile O & is long,
it ie unlikely that this system will extend to the cup rim, The
alternative hypothesis is that tensile circumferential stresses are
generated over a comperatively short distance gbove A, eand that during

steady-state redrawing conditions the system is of a constant nature,
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FiG. 35 CIRCUMFERENTIAL ELEMENT OF CUP AT
THE BEGINIING CF REDRAWING
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Since radial drawing commences near A and involves high circumferentiel
compressive stresses the tensile 'fixing' system must terminate rather
abruptly in this region, The upper boundery of the system will prob-
ably be less well defined, The envisaged tensile stress system above
A must be accompznied by strains, This implies & bulge through which
wall elements pass during steady-state corditions, the bulge being of
small amplitude and probably of an elastic nature, Elements situated
above the bulge will be stress-free and make no contribution to the
fixing moment M4 o The situation will persist until the cup rim
reaches the bulge. Then elementis in the region O A are no longer com=-
pelled to follow the previously enforced path into zone A = B, which
will itself modify., Splaying will commence and continue as the length
C A decreases until finally the cup rim is drawn in,

The precise effect on spleying of unbending at B is less
easily appreciated, but the moment causing unbending is of opposite
character to that operating af A and must tend to induce circumferential
compression above B, However the manner in which this compression

is distributed is not rea&ily.ascertained. For constrained redrawing
the hold-down punch is capable of supplying the fixing moment Mg
'(FIG., 32,) so long as contact is made with the profile radius, but
with unconstrained redrawing the moment must be completely reacted in
the radial drawing zone above B during both steady-state and splay
phases, The only aspect of unbending at B immediately clear is that
it will not contribute towards splaying,

Stress analysis of the radial drawing zone A - B was greatly
oversimplified in section 4.2, particularly for the case of unconstrained
redrawing where compressive circumferential strains sre induced in the
complete absence of any normel tool censtraint, This contrasts markedly
with the popular concept of tube-sinking where the die surface, in
exerting normal pressure, provides eguilibrium in the direction normal

to drawing., The terminal couples hAA s Mg give rise to shear
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stresses on planes carrying the radial stress & vhich earmmot there-
fore be a principel stress., To investigate the possibility of defore
mation in this zone coniributing to splaying it was necessery to conduct
separate studies of zone egquilibrium for constrained and unconstrzined

conditions,

4,4, Elastic=plastic bending theory,

In section 4,3 it was found fhat bending at point A (FIG, 35)
during steady-state rédrawing could have an important influence on
splaying, It was therefore of interest to examine the bending process
in detail, taking account of the elastic-plastic nature of the problem
rather than assuming fully plastic conditions as_is usually done in
deep draving theory,

Under the sction of 2 bending moment there exists within the
bent section a neutral surface upon which zero strain occurs, strain
in other elements being proporticnal to their distance from this plane,
All engineering metals are to some extent elastic and there is thus
always e part of the bent section near the neutral surface which remains
elastic regardless of bending severity,

The element of cup wall shown in FIG., 35 may be considered of
rectangular cross section, Vhen subjected to an inecreasing bending
moment the section will first plastically yield a2t its outer extremities,
and the elestic/plastic boundaries will converge on the neutrzl surface,
A knowledge of the currently applied bending moment enables the beoundary
positions and current radius of curvature to be calculated, The foll-
owing enzlysis exemines the inter-relation of these factors for the
plene-strain bending condition usually assuned in deep drawing,

The assumptions made arej

(1) A pure bending moment operates and the neutral plane is

the central plene,

(2) Transverse plenes remain plare during bending,

(3) The materigl yield strength is equal in tension end
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compression,

(4) There ig & linear equivalent stress-strein pelationship
within the plostic range, & = S + A &

FIG, 36 a shows the elastic/plestic state for a meen radius

of berding R , At eny distence Y from the neutral surface

T
Ei1= An (I+ i’) end £, = 4n (l-l- .?.tf?) 5 During redrawing operations
-;':'2 seldom incresnses above about é s and therefore the current
analysis is interested in ©O < % < -'._-; ¢ Within this range

Lw(' 4 ,‘-ifz) is ressonably epproximated by % s making longitudinal
strain £, directly proportional to distance from the neutral surface
as showvn in FIG, 36 b,

For the assumed plane-strain bending condition, €3 = 23 =0

Also the through-thickness stress O3 may be ignored,

From the elastic stress-strain equations @3 = V’cr, ’
giving,
% = =& (4.7)
|- V2
From Levy-Mises plastic stress-strzin inerement equations and
the condition 4 &€, = -dg,, Oz = i' (oo Theory

therefore predicts a discontinuity in Oz across the elestic/plastic
boundary since in general * é « It becomes debatable which value
of Oz to use in Von Mises yield criterion, (This problem would not

arige vith Tresca's criterion), Putting O3 = = O in Von lMices

A
2
criterion gives,

S =

2 = .
i (4.8)
For continuity of the stress O} across the elastic/plastic

boundary equations 4,7, 4.8 are equal when Yy=dp (FIC. 26 b ) .

But ¢, = Ye s therefore,
ﬁ .
o 2
yp = 2. O R. (1-V?) (4.9)
V3 E
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Lguation 4,9 gives the current boundary position vhen the curvature

is 5 For eny element within the plastic region Y > 4Yp the total

, . : |
strain €+ &, = é sy and the plastic strein &)= ﬁ(g—gp)
Since equivalent strain & = 2 , £, , the ecuivalent stress for

V3
any element is,
o = % + 2 w29 =Y
g g% — (4.10)

Equivalent siress-strain relationships in bending are shown by FIG, 37,

From equations 4,8 and 4,10,

2 o= =
Siy= S|+ =.2(Y"Y 11
Stress distribution in elastic and plastic zones is shown in FIG,36 c.
The external bending moment applied to the section M is

given by the sum of elastic and plastic moments Me and Mp respecs

tively.

Jp
Me, =2 gi.yg. dfj ————per unit width,
o

Substi tuting for O from equation 4,7, Yp from equation 4,9, and

integrating gives,

2
Me = 0 C-%S ?(1—-\)2) (4.12)
93 E
t
Mp = 2 2 0j.y. 9y per unit width,

W

Substituting for Oy from eqﬁation 4,11 and integrating gives,

=t — 2 2 3 Ol e
= £[S(E w)eae (- (2] —

where Yp is provided by eguation 4.9 .

It is of interest to examine the dependence of bending moment
on current curvature, Analysis is complicated by Q. heing eapable
of assuming a wide rarge of values, however splaying is likely to te

a problem when the cup is severely work-hardened, and for this

-
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FIG,

37

EQUIVALENT STRESS-STRAIN RELATIONSHIP IN
BENDING THEORY
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situation Q. may be taken as zero for a first approximation, The
bending moment M then becones,

i A 2.8 & |[R(-V?
M..?\ﬁe'-{-MP—J.:aCTQ't — P)+ [(E )]

Substituting for Yp from equation 4,9

M= 2 &GE2|1 - 16R? S2r1-y2)\2 (4.14)
V3 4 9t 2
Now at first yielding Yyp= ¢ and suppose R = Rp
=
Then from equation 4,9.,
By (B )
4 Re

Equation 4,14 may therefom be re-written,

M | = L /(R

M = x 4.15)

o ( ‘

A 2 5
wvhere M is the fully plastic bending moment S t .

>

The current degree of plasticity in the section {:/2 - Yp may
be expressed |- R . Va2

Re
FIG, 38 shows the ratio M/ & and degree of plasticity as functions

of F2/{2;;; o The magnitude of the bending moment induced at zone entxy
in redrawing may now be studied, The minimum radius of bending to

initiate yielding is given by,

Rp=!}_§a._l_.§.§&§-.§
2 sy o 2 g 2
If the radius of bending at zone entry is written K = nt then,
R = 2n O
Rp 3

where n. will not exceed about 10, This figure together with typical
values of & 2nd E were used to ealculate values of R/ Rp for
low carbon steel, stainless steel and 70/30 brass, Results are
shown in table § a When viewed in connection with FIG. 38 these

figures show that it is justifiable to assume fully plastic conditicns
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TABLE

5 VALUES OF R/RP CALCULATED FOR

R

10 x SECTION THICKNESS

MATERTAL CONDITION R/RP
Low carbon Soft . «020
steel Hard 066
Austenitic Soft 020
stainless Fard 133
steel
70/30 Bress Hard 200
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for calculating bending moments. The elastic core, although defining
curvature, contributes a negligible amount to the bending moment which

is in the present context independent of curvature,

4,5, Onset of splaying,

During steady-state redrawing e system of tensile circumfer-
ential stresses exist in the entering cup wall above the point of
bvending intec the deformation zone A = B (FIC, 35). As the cup rim
approaches A the system becomes unbalanced, uand splaying commences,
It has been argued that the bending moment at zone entry will contribute
towards the splaying effect, whilst the bending moment at zone exit
cannot promote splaying. The effect of radial drawing in the zone on
splaying has not yet been established, TFor the ﬁresent, only the
effect of initial bending is studied.

At splaying onset little modification will have occurred to
zone A - B , and the bending moment at A may be considered fully plastic,
The cup well O-A is similar to a cantilever of length &€, , operated
upon by a known moment Lﬁk a8 indicated in FIG. 39 a, A fixing moment
supplied by stresses Oz in the cup wall is acccompanied by a shear
force F at A (FIG., 39 b), The cup rim is a free surface and car=-

A

ries no stress, The shear force Fk’ is given by,
Lo 2
Q

and the fixing moment Mg by,

Lo

o

The fully-plastic bending moment at A is given by,

Mg= 2 .Y to* toad.
Z 4
Therefore
4o
2. Ytoto = J c3. %X, dX (4.16)
e -
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FIG. 39 ENTERING CUP WALL AT ONSET OF SPLAYING
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The values of O3 in equation 4,16 depend upon the assured stress-

strain relationship, Two approaches are possible,

(i) fully plastic enterinz cup,

Assuming O3 1is 2 principal stress, its value in the splayed
cup will be Y for 211 values of x in FIG. 39 ¢, Integration of

equation 4,16 with P =Y then gives,

(4.172)

-Eo = To.to = o-?&/f'o.'tO.
T2 :

(ii) fully elastic enterinz cup,

At the commencement of splaying all circumferential strain in

the length -Eo 'may be cconsidered elastic, Then,

oz = E -E{EF
To
To proceed further a relationship between ST <. and 2L is required,
Since there is no a priori means of achieving this, assumpticns
regarding the deflected profile are necessary,

O3 is given by,

oy P e
Assuming a profile 5-\"1. == é-"i.o s

O3 = § X | é‘f s and equation 4,16 becomes, after integ-
Hds W
rating,
4 3%
Yielding will occur at the rim when éf{o/(ro = Y/ E s and

therefore the length of cup wall involved in splaying is,

{0 = }U;_a So.to = O 95’ to.to (4.170)
Assuminz e prefile 5""1, = 5*'{,0‘ SinTT gives,

220

03 = E.Sv_. STz
TS 240

Substituting for 03 in equation 4,16, integrating, and applying the

yield condition gives, _
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‘to = E ‘fo,'to e o 84 ‘*-O'.to e e (4I1Tc}

It wes of interest tﬁ compare predictions of the above theory
with experimentzl evidence avzilable at that time, Although no exp-
erimental work had 2s then heen undertaken by the writer, the work of
Norman discussed in Section 2,9 appeared Yo indirectly supply informa=-
tion on the onset of splaying: the work wes primarily concerned with
observing the effect of guiding on redraw punck load, the guide ring
being a loose fit over the entering cup (0.C10 in, dizmetral clearance),
and apparently incapable of exerting any influence until splaying caused
interference between guide and cup, At *this stsge the lnad-travel curves
taken with and without guiding diverged, the forﬁer becoming grecter
and reaching a clearly defined maximum after a further smzll increment
of punch travel, The actual point of a divergence was not clear, but
from Norman's data it was possible to calculate cup rim height above
the die when the 'guided' maximum punch lozd occurred, This was 0,6
inch, It was presumed splaying had commenced just previoms to this
stage,

From a knowledge of the cup materjal properties circumferential
strain to csuse yielding a2t the cup rim was found to be 0,002, whilst
the splay strain necessary to cause contact with the guide was 0,005,

According to equation 4.17 ¢ for the particular cup dimensions
Lo was 0,118 in, This, when added to the hold-down punch radius
and wall thickness, gave a cup rim height above die of 0,26 in,

Therefore, a wide discrepancy apparently existed between
theory and experiment and seemed to indicate that additional unaccounted-

for factors were influencing spleying,

4,6, Ecuilibrium in the radial drawing zone,

The singular rature of radial drzwing in the zone A - B

(F1C, 35) was discussed in section 4,3, If the zone is broken down
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into its component deformations, bending, radial drawing, and unbend-
ing, and each analysed independently, stress analysis is relatively
simple, This is the usual approach to ihe problem, and was followed
by Fogélin deducing zone geometry for unconstrained redrawing, However
the trve stress situation is complicated since the three components of
deformation are mutually depencent and must therefore inter-react,

It was thought that a knowledge of stress distribution within
the zone A = B coula lead to a clearer understanding of the rsasons for
splaying. Analysis of zoné equilibrium was therefeore undertaken for
the situations of constrained and uncenstrained redrawing,

(i) Unconstrained redrawing,

FIC, 40 & shows an €lemsnt in the sone =B, Posd found
that zone curvature was reasonably constant, and could be represented
by & radius F?JC e This assumption was mede in the following
analysis,

FIG., 40 b is a three-=dimensional view of the element showing
the direction of applied stresses., The circumferential stress O3
acts on a compound plane and has components in directions parallel and
normal to Qf at © . The angle subtended parallel to R{- at ©
is &ap' , and that nomal to Rf at 6 ' A¢>" o If the

angle subtended normal to the redrawing axis is A(,b then,

|
A:P, = Ad) cos © 9 T = ‘r/COSB

Ap' = ApSmE , ' = Yetns

"FIG, 40 ¢ is a view of the element normal to E} at & from which,
6'3‘.-. 0‘5 CDSA$"£ O'é &
FIG, 40 4 is a view parallel to F?j'— at © from which,
0”3" = O3 COSé¢'-_% 0-5
2
In the current analysis thickness variation is ignored.

. Resolving forces parallel to R{- at ® it
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FIG, 40 STRESSES ACTING ON AN ELEMENT IN "ZONE OF SPLAYING"
DURING STEADY-STATE REDRAVING WITHOUT A HOLD<DOVN PUNCH,
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Force duve to ‘3:,:2., (= 0‘3) = 203.Sh éz_f,b'. F?.f.é@-t.
= O3 .R{. APt 0s8.96—(1)

Force due to O 207, Sin38 . T ,Atp'.'t
2 (58

G $8. 4. 5. AD (31}

The term (I) decreases as © increases, The term (II) increases with
© oproviding + is large compared with R.f. sy Since O] must
inerease with € , In general therefore I % II , eand to mein-
tain equilibrium e shear stress U exists as indicated in FIG. 40 b,
The presence of shear stresgses implies that O )‘72 are not principal

stresses, and that a variable bending moment exists throughout the

zZone,

Force due to U parsllel to F?_Jc st B “is,
| 1 {304 * ' ) +
l:(“t +§1)Cos.-§_2_e (r+8+) -7 Cosf-s_;'is 1+ ]Adpj: -_|Ef’§,ﬂ: CRE Smb Sfi]ilr?i(ln)
since from the zone geometry += ¥5- Rf(!1-Cos 9) and
M = - Rs. Sin8. 0.

Equilibrium in the direction parallel to F?ac at © is given by the
condition I « II + IIT = O , -or,

03.R¢.C056.56-T. 1. SO -+ TS - TR{. SimB. &= 0 —— (4.18)
Resolving forces normal to FZJL S .

Force due to O3 - 2 03.5w 453"' Rf. 6.t
- o3, Ap Sin 6.50.Re.t —(1v)

[(o'. +5)(T+57) - O -*‘"]ﬂ‘b'-'t- Cos 5

[éc'l ¥ =GR Sun B.SG] 55T —(vy

Foerce due to G

Force due to U

BT+étXf+ S '“Tr ']Aq:‘.-t .St §1 )
Tr SQ.A@.t = O (VI)

Bquilibriun in the direction normal to K 5_ "at © is given by the
condition IV « V =« VI = 0 , or,
03 .50n 6.80.R¢ -S0i.+ + 01.R$.5In0.88 - TASO6 = O —(4.19)
where <+ = Yo~ QJC (l- 6058)
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Equations 4,18, 4,19 tecgether specify equilibrium of en element in
terms of the unimown quantities, T, i, U3 ana’ Rf
Von llises yield criterion may be written,
(0% -oy)*+ (%Y - S3) H(0p- ) + 6( Wy + Thyy+ V) = 277
In the present problem Gi=on,C3 S0y, 03 = Sy o Since ©3
is & principal stress Tyz =T3x =0 , 4Klso Ta=o0 ,

The yield criterion may therefore be re-written,

Si24 032 - 0y,07. + 3¢ = o (4.20)
Equation 4,20 is not however easily combined with eguations 4,18, 4,19
and even then additional information is required to solve the problem,
Shear stress may be expressed in terms of the bending moment derivative
M but this does not simplify matters, It was concluded that even
ae
for steady-state conditions 2n equilibrium approach would not provide

information on eventual splaying behaviour, On commencement of splaying

the non-steady state brings additionzl complications,

(ii) Constrained redraving,

The radial drawing zone is as shown in FIC, 40 a but with R:F,
replaced by Re . Contact with the hold-down punch profile first
occurs at A, and a normal pressure is exerted on the incide of the
cup throughout the angle of contact o¢ ., The system of circunferential
stresses postulated above A czuse a shear force at A, This force is
agsumed to be reacted by the hold-down punch at A, Similarly it is
assuned that any shear force due to unbending at B will also be rezcted
by the punch, On this basis no shear stresses are present on plenes
carrying the radial stress Op which is therefore = principal stress,
=2} ’ ©3 are zlso considered prineipal stresses whilst acknowledging
that friction is present at the cup-punch interfacsa,

The three dimensional stress distribution is similar to that
shown for the element in FIG, 40 b, but with shear stresses absent,

a pressure Oz on the inner face, and a friction component ALoj
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opposing motion of the element into the zone, Distribution of pressure
O, is provided by the following analysis, which ignores thickness
changes,
Equilibrium of 2n element in the direction parallel to R
at © is ziven by, )
T.01.50.t - 03.-R¢.50 . Cos® - 03.Rc .§8.v20 —— (4,21)

Equilibrium normel to Re at © is given by,

(03 + C1)5inB.50.Re t-Soj .t +u.05.R..86.+=0 (4.22)
Eliminating €2 ©between equations 4.21 and 4,22,

(c3+67)5in .56, Re b - S0 1.t 4 A (r:t.07 $0 -0 R, £ Cos856) =0 (4,23)

Since O3 was assumed compressive Tresca's modified criterion becomes,

°T+O'.3 =mY

Substituting for ©3 in equation 4,23 provides,

(4.24)

Soj = mY R, S5inB.56 +/u.|:0i +R .CosB(D‘i—mY)] S6
1*-’

ATt
‘-r'
For the general case AL # O equation 4,24 requires numerical methods
for solution, and is of identical form to an expression derived by
p
Chung and Swift for radial drawing around the die profile in cupping.
For the idealised case where M =0© and the material does

not work harden, eguation 4,24 may be written,

o7 (&)
G : 10 - R (I- Cos9)

since T =1o-R¢ (I~ Cose)

On integrating,

Gi-Gig = mY -Lw".';P (4.25)

FProm the yield criterion,

Oz = mY (l— -{v\.?)— c'l'A
Substitution for ©j4 ©3 in equation 4,21 gives,
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o2 = t(v+ Re. CosO®)(mYlnto +D1A>-m‘\’_‘t.c,ose (4.26)
Re.+ pt +

From Chung and Swift, G

Equation 4,26 may be used to study the effect of process paremeters
'E"/to . ""‘-‘/to on pressure distribution over the hold-dewm punch
nose, FIG, 41 shows the relationship between GE/Y and O for
o= 20, Ref = 4

Although equation 4.26Icould be useful in predicting hold-down
force recuirements it does not throw any light on the splaying problem,
The expression becomes invalid if, on splaying, zone curvature dec-
reases below / Rc + There is no indication when this situation

arises,

(1ii) Shortcominas of an equilibrium approach to splaying,

The preceding analyses illustrated two important conditions
which must be satisfied when applying an 'equilibrium' approach to
deformation problems,

(a) The geometry of the zone must be known.

(b) The boundary conditions must be known,

These conditions werereasonably satisfied for constrained redrawing

but not for unconstrained redrawing, and in the latter case it was

not possible to completé the stress analysis, Once splaying commences
neither conditions (a) or (b) are known, =and it was therefore conc-
luded that this type of approach to spleying offered little possibility

of success,

4,7. Tozo's method of deducing free-zone secometry and its implications

to splaying,

As a result of work rerorted in section 4.6 it was concluded
that an 'equilibrium' approach was not applicable to the splaying

11
probler, - A different epproach was therefore reguired. Irogg deduced
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free-zone geomeiry in unconstrained redrawing by using an 'energy!'
technigue, (The work was discusced in section 2,3 d). The general
approach for explaining the zone's existence was considered by the
writer to be equally relevant to an explanation of the splaying
phenomenon,

The free zone of unconstrained redrawing is shown by arc A « B
in FIG, 42, In dedueing its geometry Fozggz ignored the complexities
encountered in section 4.6, and assumed the zone to comprisej

(1) Bending at entry under plane-strain conditions with £€3=0

(2) Radial drawing at constant redius Rg with o, 03,073

principal strescses,

(3) Unbending at exit under plene-strain conditions with €3z0

It was postulated that zone geometry would always be such that work of
plastic deformation would be a minimum, On the bagis of this concept

it was shown that,

=t (4.27)

Tfle die semi~-angle ©& in equation 4,27 is thetat the point of first
contact between cup 2nd die, The expression is not limited to dies
of conical profile,

Although at present ﬁc lirk has been shown to exist between
free-zone geometry and subsequent splaying behaviour it is reascnable
teo assume that splaying is also explicsble by the principle of minimum
energy of deformation., Thus it may be argued that during steady-
state redrawing (vhen the éntering cup is long) boundary conditions
for zone A - B are constant, and for this.aituetion zone gecnetry
as given by equation 4,27 demends least energy, As the entering cup
becomes shorter its constrzining influence decreases, and splaying
takes place in a non-steady state mammer such that at any instant the

work of deformation is minimal for the imposed constraint.
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Togg claimed that equation 4,27 gave good apreement with
experimental observations dbut no actuvzl data was provided, In view
of the possibility of following a similar energy epprozch to the splay-
ing problem it was bonsidered inmportant to check the accuracy of egua=-
tion 4,27 by meésuring free-profiles on partially redrawn cups, At
that juncture the writer had not carried out any redrawing tests,
but a number of samples had been retained from tube sinking trials
earlier conducted bf Bethel¥ The trials had been undertaken primarily
to determine the effect of die-angle on wall thickness changes, and
large die-angles had been used = more characteristic of redrawing than
conventional tube sinking, OSince tube sinking and redrawing are
similar »nrocesses it was considered relevant to obtain profiles of the
partially sunk tubes and compare free-zone geometry with that predieted
by T'ogg. Test details and measured profiles are included in appendix
A 1 of the thesis, The experimental-theoretical correlation was gen-
erally good and gave support to the minimum energy concept adoﬁted by

Fogg.

Implications of Fogg's theory.

According to Fogg free-zone geometry depends upon the parameters
*aMto and & , FIG, 43 shows this dependence, Although these
results are of interest, they do not indicate zone work in relation
to T/, and o , or the relative contributions of bending/unbending
work and radisl drawing work to total zone work, However this infor-
mation may be de?iveds |
Specific zone work of bending/unbending is given by,

G U0 o e w202
» = = V3 4 Rs

* :
11r, L, Bethel was formerly at Tube Investments Limited,
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and the specific work of radial drawing by,

w, 2 YRE (1~ coser)
To

Therefore the ratio radial drawing work/bending work is,

We o V3 RFA(1- cose)
QWb "f'o.tO.

But from equation 4.,27. I?:Fz = $o.to
EX Cqs"r)

Therefore the free-zone total specific bending work is equal
to the specifiec radial drawing work for 21l values of %/'Eo and o7

Total specific zone work is given by,

V3 RE

Substituting for F?f from equation 4,27 provides,

w:(u)b...wu +Wr — 4—wb=2YtO

e = _2__I | = Cos®r
L S

Inspection of equation 4,28 reveals that. the work ratio % increases

(4.28)

as die angle increases and as cup radius/thickness decreases, Therefore
although F;F defines a minimum work condition, the actual megnitude

of work varies with TO4, end & , It was considered that this
result could have important implications for éplayin{;. FIG, 44 shows

a family of curves plotted from equation 4,28, For any particular
arrangement 04, O , zone work would be increased by using a hold~

down punch for which Rg « Rf :

4.8, General considerations of enerzv epprosch to snlavine,

During stezdy-state uncons’érained redrawing the free zone
remaine geometrically unchanged as though defined by a rigid tocl
arrangement, Flements in the entering cup pass thrcugh the zone and
receive = constant increzent of work. A similar situation existis

when redrawing is constrained only then zone work is higher,
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Splaying occurs in the ahsence of any externally applied force.
A change in steedy- state conditions must represent a chenge in zone
werk, otherwise elements would not splay., This change of work to
the spleyed mode cannot represent an increase in energy, for this would
involve esdditional external work., It may therefore be surmised that
elenents involved in splaying pass frem radius 1o to T (FIG. 40)
with less work of deformation than elements during steady-state,

This postulzte wes used as a basis for further theoretical studies,

4,9 Conclusions dravm freom explorztory investisations,

(1) Only thet part of the cup sbove the point of first die cont=
act during steady-state redrawing was influenced by or involved
in splaying,

(2) During steady-state redrawing a system of tensile circunfer=
ential stresses exists in the entering cup wall just above
the point where plastic defeormation commences, Splaying
occurred when this system was disturbed,

(3) The bending moment at entry to the plastic deformation zone
contributed towerds splaying but there was no contribution
from the unbending moment at the peint of die contact, The
contribution of the radial drawing zone bounded by these twe
moments was obscureland required further investigation,

'(4) For the purprse of calculating bending moments the cup
material may be considered fully plastiec,

(5) It was possitle to predict the length of cup wall involved in
splaying in terms of the bending moment at die eniry. The
theory required verificetion, h

(6) 1I% was not possible to predict splaying behaviour by conside
ering equilibrium of 2n element in the zone ultimately involved
in splaying.

(7) Free-zone geometry deduced by Fozg using e minimum energy cone

cept was in reasonablie egreement with experimental evidence.
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(8)

(9)
(10)

Fogg's theory implied that specific zone work was a funetion
of entering cup and die geometry,

Specific zone work in the plestic region prior to die contact
was influenced by hold-down punch nose geometry,

Splaying was associated with a decrease in process work,

An energy approach was most suitable for a theoreticel anzlysis

of the splaying problem,
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5. PLAN OF RESEARCH,

5 1. Introductory comments,

Research programmes were devised o fulfil object-
ives listed in section 3, the order of investigation being largely
dictated by the need to resolve fundzmental issues relating to spley-
ing before proceeding with more detailed research into the effects
of verious process parameters on the phenomenon., In particular it
was necessary “o determine if splaying was associated with an increase
or decrease in process work since a literature survey had revealed
differences of opinion on this basic aspect, It was also impcrtant
to answer early in the research programme certain guestions arising
from exploratory thecretical considerations discussed in section 4,

Research comprised four progremmes the outlines of which are

given below in order of execution,

5, 2. Outline of research,

(a) First experimental rrogramme,

Preliminary theoreticel studies of splaying indicated
that it wes deformations occurrent at the beginning of the process
vhich were ultimately responsible for splaying, The effects of
bending into the plastic zone were reasonably well understood but the
contribution (if eny) to splaying from radial drawing prior to die.
contact remained obscure and reguired further investigation, It
was therefore an attractive proposition to isolate deformetions
considered responsiole for splaying from the redraw as a whole,

Some form of simulative test was thus indicated, The first prog-
ramme comprised experiments designed around this concept.

(b) Sscond experimental programme,

Experimentel progremme (a) was intended to give an
insight into the basic splaying mechanism, To supply quantitative
information actual redraw tests were necessary, A series of tests
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were therefore devised to indicate at which stage in the redraw
process splaying was initiated and thence its precise development in
relation to 2ll important redraw variables,

It was realised thet studies of splaying in drawn cups would
be complicated by non-uniformity near the rim arising from anisotropy,
and that due to this the effect of splaying on draw load may be part-
ially masked, To eliminate undesirsble features of anisotrepy it
vas planned to redraw specially prepared tubular test-piecez rather

than cups prepsred from sheet,

(¢) Frozrarme of theoretical investizetion,

Experimental programmes I and IT were designed to
contribute information in areas wvhich preliminaiy investigations
had shown to te cruecisl to an understanding of splaying behaviour,
It was plenned to use this information as 2 foundation for comprehen-
sive theoretical studies,

(d) Third experimental nrograrme,

To complete research it was considered important
to check the validity of splaying theory under conditions similar to
those of actual production, It was therefore planned to redraw
cups and test principal theoretical predictions,

-

5« 3+ Testins ecuipment,

Cn planning details of reséarch it became clear that
simplifications could be achieved by conducting first and second
experimental programmes on a common mechine using intersghangeable
test-rigs, Testing procedures demended that the machine should
possess draw speed control, accurate positional control, and statie
load=~holding features, No suitable existing machine was available
for the period recuired by the project and therefore a special-
purpose machine was designed and constructed,

An existing hydraulic press was avzilable for the third exper-

imental prograrme, This was modified to incorporate hold-down
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facilities and lozd-measurement instrumentation,

S5¢ 4. FPresentation of exverimentasl vrocramme data,

The three experimental programmes, although aimed
at a common goesl, comprised three distinet investigations, For
clarity of presentation each programme is treated as a separate
section of the thesis comprisings objects, scope, equipment details,

testing procedures and experimental results,
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6, TESTING MACHINE PCR FIRST AND SECCHD EXPERIMENTAI, FROGRAITIRS

Ledlobd L. (r A1N0 o

6. 1,

(1)

(2)

(3)

(4)

(5)

(6)

(1)

6.2.

Design specification,

Machine design was based on the following consid-
erations,
The machine should be & self-contained unit incorporating
the precision required for the propecsed experimental prog-
ranmes,
Test rigs mounted on the machine should be easily inter-
changeable and readily accessible during tests,
The mechine should have a meximum draw-load of 2 Tonf, and
a working strcke of 4% in,
The machine should incorporeste 2 strain-gauge logd=cell
capable of accurately measuring draw-load.
The machine should poss=ss the feature of accurate positional
control over the test-piece at eny point in the working stroke,
The machine should have infinitely variable speed control
in the range O = 20 in, / min,
The machine should incorporate the facility of static load=

holding,

Generazl design features,

FIGS. 45, 46 end 47 illustrate design features,

Test rigs were mounted on the upper platen, drawing load being trans-

mitted through two vertical coluwmns which a2lso served as guides for

a crosshead, A strain-gauge load cell vas connected between the

crosshead and test-piece gripping deg (FIG. 47 ), the underside of

the crosshead being coupled to the drive mechaniem,

Speed control was achieved by means of an electronic speed

control unit which is shown on the left-hand-side of the machine in

FIG. 45,

Details of the testing machine are given in appendix 4, .
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FIG,

46

TESTING MACHINE FOR EXPERIMENTAL PROGRAMMES 1 AND 2,

SIDE«-REAR VIEW WITH COVER REMOVED,
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6, 3, Principal doz load=-cell data,

() Deseription,
The load cell was designed in alloy steel for an

elestic strzin of 0,15° at a maximum tensile load of 2 Tonf,
These controls dictated the cross-sectional area of the body in the
region of strain-gauge attachment, and it became eleer thzt = tubular
'shapa was mest suitable, The proportions of the load-cell body were
then decided on the basis of (a) ease of manufacture, (b) expediency
of attaching standard strain-gauges, (c¢) fitting into the testing
machine, The resulting design is shown in FIG, 48, End projec-
tions were precision fits in recesses provided in the testing machine
crosshead and dog adaptor, whilst the wide flahges, used for sec=-
uring the lozd cell, ensured angular alignment with the direetion
of load application,

Four foil=type lirear electrié resistance strain gauges
each of 1200 t 0,2 resistance were bonded to the centrally
located gauge er=a and were wired to form a full Wheatstone bridge
with one gauge in each arm of the circuit, The gauges were sym-
metrically positioned around the circumference such that altern-te
gauges wvere mounted parallel and normal to the loasd-cell axis,

Thus under & uniexial tensile load the 'parallel' gauges experienced
the full gauge-length extensional strain €  vhilst 'normally!
mounted gauged experienced a strain U.e .

Input to the bridge was via en S,E. type 511/S oscillator
operating at 5V, = 3 Kc/s. After passing threugh a ecarrier ampli-
fier type 5.E., 423/1 the bridge output wes fed to the galvenometer
of a type 5.7, 2005 ultra-violet paper-tape recorder,

The completed load-cell together with its protective cover
is illustrated in FIG, 49,

Details of the procedure used in attaching end wirinz strain-

A

gauges are given in appendix _n_2 o Go
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(b) Calibration,

Before installation in the experimental testing
machine the load-cell was calibrated on a2 regulerly insvected 50 Tonf,
Denison testing_machine, under conditions of loading identic2l +o
those during subsequent investigations, This was achieved 2& shown
in FIG, 50y care being taken to ensure that the pulling bars were
e precision fit in the central adaptor holes, Recalibration wos
conducted mid-way through and at the end of the experimental prog-
rammes, No signigicant change in load-cell response was detected,

Calibration curves for the lozd-cell are given in FIG, 51,
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FIG, 50 CALIBRATICN OF TESTING MACHINE
DOG LOAD-CELL
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Te FIRST EXPERTIMNTAL PRCGRMIME « SIMUIATED REDRAW TESTS,

¥ S [ Introductory comments,

FIG, 52 A illustrates a typical constrained redrawing
arrangement with the deformation region involved in splaying circumseribed,
Preliminary theoretical studies had shown thet bending into the zone
contributed to splaying whilst unbending at zone exit did not, The
contribution of the radial.drawing region towards splaying had not been
shown by strees analysis of the zone, It was therefore planned to
investigate this aspect experimentally,

FIG, 528, shows the circumscribed region iﬁ more detail,
In simulating this zone it was considered possible to study the relative
econtributions of bending and radial drawing towards splaying, by first
measuring the moment to prevent splaying for full zone simulation, and
then that to prevent splaying with bending only,

The remainder of this section describes the method of sim-
1ati6n, details of tooling, details of test-rig and instrumentation,
and experimental results, It transpired that the method of simulation
was unsuccessful, since true radial drawing was not achieved, 1In
consequence this part of the research programme contributed nothing
positive to an understanding of splaying., Nevertheless the work is
reported since it may prove to be enlightening to future investigators.

i PR Bagis of tool desizn.

Providing the éngle qu in FIG, 52 B is small a
circunferential cup sliver resemvles a flat strip of width W, eat
entry and UV2 at exit; The zone through which the sliver must flow
is dictated by redraw tool geometry and constraint of the neighbouring
cup well, and the latter may be simulated by a tecol whose boundary
planes are mutually inelined 2t en angle (pz + The true sliver is
drewvn through the zone by radizl tension trensmitted from the redraw
punch, This may be simulated by pulling the strip over a curved tool
profile radius R, angle of contaet oy .
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In true redrawing the sliver is prevented from splaying
by tensile circumferential stresses in the entry region. The simulative
strip can by itself offer no such resistance to splaying, but splayin
may be suppressed by a tool, the force exerted upen which will »e
related to splaying,

Te 3. Simulative tool design.

FIG, 53 shows the design of 2 tool (or die=block) for full
zone simulation, Each block comprised three elemente, namely, two
side pieces and a centre piece, fitting together on a taper 'qbz
uniform for the die-block length, The elements were precisely located
by dewels and clamped by transverse screws. A contour R, o  was
provided on the central piece, the passage defined by the profile and
the side pieces being similar to that around a hold-down punch in con-
strained redrawing, After an angular contact & , corresponding
to the point of die contact in redrawing, simulated drawing terminated,
the die-block being relieved to ensure no further deformation,

Die bloecks simulatinz bendinz only were similar though less
complex than those for full zone simulation, A typical block is showvm
in FIG, 54,

AN s Evaluation of test varisbles,

(a) Test-piece seometry,

In the third experimental progremme it wes planned to con-
duet redraw tests on 0,036 in, thick cups, To maintain a degree of
similarity between these tests and the simulation tests, test-pieces
were made 0,036 in, thick,

Test-piece width was decided on the basis that bending
shculd occur under approximately plene-strain conditions, s&ince this
assumption was frequently made in deep-drawing thecries, The general
rules for plane-strain conpression testing recommended by Vatts and

Ford were t:en followed to obtain a relationship between width W,

end thickness T ., According to the Watts snd Ford test 124 Wi 2.4 ,

t
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For a strip thickness 0,036 in, the width boundaries were therefore
0:+:43<L W, £ 086 , Test-piece width was designated § in,

- (b) R=dius of berndins,

Three representative radii of 5, 10 and 15 times cup
wall thiclness were sllocated for the die blocks,

(e) Augle of contact,

The test-rig was designed so that die=-blocks for 'bendinz=-
only' simulation could be angularly adjusted relative to the direction
of movement of the testing-machine draw arm, It was therefore only
necescary to manufachre a single 90 degree die-hlock for esach of the
three radii, Unfortunately this procedure was not possible with blocks
for full-zone simulation, since at zéne exit each block required reliev=-
ing., Angles of 90, 60, eand 45 deérees were selected, these being
censidered rerresentative of actual redrawing,

.

(d) Vedge sngle,

To maintain similarity in die-block design o constant wedge-
engle was used throughout., An angle of 20 degrees was edopted, firstly
because this angle had been used by lLoxley and Swift in their investig-
ation of the somevhat similar wedge-drawing test, ~nd secondly because
draw reductions were not excessive when this angle ﬁas taken in eonjunc-

tion with other deaigh parameters,

(9) Reduction of strip width in +the die blocks,

The strip width W  (FIG. 55) at any point around the

die=block prefile is given by,

! = E{' = x.Tdn.ng.' where xr = R(I—C-OS 9)
2 i ) = '
The reduction, defired | — E!? is thus,
W)

2_5; (| - 6959)1_&“%:

(f) Trve deformation nrofile in dic blecks,

At deformation zone entry the die angle was zero whilst
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FIG, 56 DEFCRMING STRIP GECMETRY

e i l

FIG. 55 STIMULATED DIE BLOCK GEOMETRY
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after 90 degrees of contact the die angle was (}bz , the wedge angle,
The true eangle of drawing therefcre increased with arc of contect,
FIG, 56 shows the developed zone geometry, At an angle 8 the

true 'wedge semi~angle ? is given by,
d

¢ - 1.4

J e L Te
=& B SoF) = S8 M’%’

The zene profile was thus sinusoidel,

T« 5o Details of simulative die blocks,

Table 6 gives die=block details, The test-plen
required nine die~blocks for complete simulation and three die-blocks
for 'bending only' simuletion,

The die bleocks were manufactured in 5 Vanadium = Molybdenum
air hardening tool steel noted for its gauge~holding properties,

After heat-treatment to 60 - 62 Rockwell C, the elements of each die
block were ground on all external surfaces, The dies were then essem=-
bled and diamond-paste poclished prior to use,

T. 6, Testerig for simulated redrawing,

(@) Deteils of riz,

FIG, 57 shows two elevations of the test rig, The test-
piece (1) was drawn around the simulative die-block (2) by a grippirg
dog coupled through a load-cell‘to the moving arm of the testing machine,
Die blocks were mounted in a housing (3) , being located by shoulders
fitting in slots end secured by & single screw, Simulation of draw
angle was achieved by rotating the housing relative to the fixed axis
of the testing machine arm, This was effected by mounting the housing
(3) in a cradle-type structure (4) with two transverse pins, the
réar pin being removable and allowing the housing to be rotated into
either 90, 60 or 45 degree positions, The cradle (4) also acted as
2 slide in the slidevay (5), and could be adjusted horizontally by the
screw wheel (6), so thet in any angular configuration the test-piece

was alweys pulled in line with the gripping dog.
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DESIGN DATA FOR SIMULATED REDRAW

DIE BLOCKS.

2 Wi = 0,75fm, £t = 0.036 in,
i 4
5 (7 [=o] o° o | Wi [N | Wyinf1- 2
gd | ® a1 %"
15 [0.540| 90 | 20 |20.8 |15.5]0.558] 25
15 |0.540| 60 | 20 |20.8 |18.1]0.651]| 12.7
15 [0.540| 45 | 20 |[20.8 [19.30.695| 7.42
8 | 10 [o.360| 90 | 20 |20.8 17.310.624 | 16.9
3
E | 10 Jo.360| 60 | 20 |20.8 19.0|0.684 | 8.45
w
-
2 | 10 |0.360| 45 | 20 |20.8 |19.80.713| 4.95
5
5 [0.180| 90 | 20 |20.8 |19.0[0.684 | 8.45
5 lo.180| 60 | 20 |20.8 [19.9)0.715| 4.23
5 0.180| 45 | 20 |20.8 |20.2]0.726 | 2.a7
I e
- 90 .
281 15 |o.540| 69 o |20.8 |20.8[0.750| o
c 45
S+
20 . 90
..Eg 10 [0.360| 60 0 |20.8 |20.8l0.750| o
24 -
= 20
5 10,180 2‘53 0 |20.8 |20.8{0.750| o
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Splaying of the tést-piece during deformation was prevented
by a roller housed in 2n arn (7), the arm being e free fit on the shaft
(8) which esrried a square projection at its outer end, The projection
acted as a key for 2 square hole in plate (9) which was thus prevented
from rotating, A strainegauge torque-cell (10) was rigidly connected
between the axm (7) and the plate (9), the bore of the torgue-cell
being in clearance on the shaft (8), During a test the position of
shaft (8) was fixed so that splaying in the test-piece tended to rotate
arn (7), inducing elastic torsion in the torgue-cell proportional to
the splay severity,

The test=-rig structure supporting the torque-cell was used
to meintain the arm (7) in constant position relafive to the die=-block
for all configurations, To achieve thie the arm was capable of hori-
zontal, vertical and rotational movement., Horizental motion was
achieved by securing the shaft (8) in a cross-slide (11) which could
be moved in slideway (12) by the wheel (13), The horizontal slideway
(12) was itself the vertical slide, and moved in siideway (14) under
the action of screw (15)., Rotational axm movement was achieved by
indexing the torcue-cell to either 90, 60 or 45 degree positions
where it was locked securely, i

Photograph FIG, 58 chows a general view of the test-rig,

(b) Torque-cell,

Owing to the failure of the simulation method the torue-
cell could not be used ta supp}y useful information, 1Its design feat-
ures are therefore only briefly recorded,

The torcue=-cell was designed in 2lloy tool steel for =z
meximum shear strain of 0,10 correspording to a shear stress of 12 x
103 1bf./in?, To maintain 1ift-off at the roller low, a geuge len
of % in, was selected together with 2 gauge diameter of 1 in, Ilaximum
torgue was envisaged when drawing work-hardened stainless steel, and
the meximum fixing moment required for bending only,was caleulated to
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TEST RIG FOR SIMULATFD REDRAW PROGRAMME,
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56 1bf, in, It was then possible to compute the torque in the eell
in terms of the ratioj length of torque-cell lever arm/distance of
roller from point of terding, This ratio wes made 2in,/Ain, giving
a torque of 896 1bfﬁh12. ¥nowing torque, shear stress end gauge dis-
meter the torque-cell wall thickness was calculated to C,050 in,

Four foil=type torque electric resistonce strain gouges

each of 20041 t 0,2 % were bonded to the centrally located gauge

. area and wired to form a full Wheatstone bridge with one gauge in each

arm of the circuit, The gauges were symmetrically positioned around

the toroue-cell circumference so that adjacent gaugés measured the

+

prinecipal strains e; , e, respectively located at 45 degrees
to the torque-cell axis, |

The procedure for strain gauge bonding and wiring wes
similar to that for the dog lcad-cell already deseribed in appendix
Ao 4.

FIG, 59 is a view of the completed torque-cell with cover

removed,

To~. is Expefimental results,

(2) 1Initial tests,

Tests were carried out initially with the 0,540 in, redius
90 degree snzle die=block since this gave the larcest reduction in
test-piece width and would therefore best revezl any deficiencies in
the method of simulation, The tests were conducted with half-hard
aluminium, It was found that as the test-piece entered the converzent
radial drawing passage its edges commenced to curl upwards, producing
a challow channel section, with the central bulk of the test-piece
remaining undeformed, On advancing into the zone the sides of the
channel beczme deeper as illustrated in FIG, 6C a, The curling effect
was considered due to the radial component of the die-pressure force,
not the transverse component normally associated with wrirkling in deep

drawing operations, Althdugh this radial component was small, the
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FIG. 59 TORQUE=CELL WITH COVER REMOVED
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test~piece cross-section was weak from a bending aspect, and once the
mechzniem cormenced and a channel section formed the process beceme
cumulative.

There wes nothing in the simulative test to represent die
contact at exit from the initial radiel dr=swing zone., To remedy this
gituation a roller mounted in a cradle was positioned at the point of
die~block exit, the radial gap between roller and die-block being just
greater than test-piece thickness, With this arrangement it was found
that the test-piece edge curled as before and on reaching the roller
ironing occurred camsing a load which resulted in tzg failure, L

Test-pieces were prepered with sides angled at 1C degrees
so as to accurately fit the entry passage of the die block (previous
test-pieces hzd square edges), Little benefit was gained from this
procedure with 0,036 in thick specinens so a test was conducted with
an 0,064 in, thick side-angled brass specimen, Curling stiil occurred,

Test-pieces were drawn on various die-block configurations
but results were always similar, Grids merked on test-pieces before
drawing clearly showe@ that no radial drawing occurred, Unless this
élement could be introduced to the test the simulation was a failure,

(b) Introduction of 2 hold-devm clamp,

A hold-down clamping arrangement was designed with é view
to eliminating the edge curling effect and promoting true radial drawing
conditions, For preliminary tests a single clamp for use with the
0.540 in, redius - 90 degree angle die block was made, but the clamp
supporf was of adjusﬁgble design and capable of eccommodating all of
the various simulated redraw configurationg. FIG, 61 shows this design,
The tes%—piece (1) wes drawn over the die~=block (2) and prevented froml
curling by the hold-d;wn clamp(3), Vertical location for the clamp
was supplied by the torque-cell lever arm (4) , whilst horizontal loc-
ation was given by the clamp shoe (5), The clamp shoe was pivotted

on a pin attached to a slider (6), a needle bearing being included to
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reduce friction, The slider was adjustable a2long a slot in link (7)
end could be locked in any required position, whilst the link itself
was pivotted at its upper end and was adjustable through an arc: Vhen
settins up for drawing the die block exit was aligned with the drawing
erm of the testing mzchine and components (6) and (7) adjusted so that
the ga2p betwecen die-block and clamp at entry and exit was just greater
than the test-piecsz thiclmess,

AT this stage of the investigation it was apparent that
simulative test resulis would be of dubious eprlicebility to splaying,
since even if the clamp sueccessfully suppressed edge-curling and promoted
true radial drawing conditions it could not with certainty be determinsd
vhat proportion of torque measured at the torgue-cell was due to radi=l
drzwing effects and whet proportion was due merely to suppressing curling,

(¢) Drowine with a hold-down clemp,

Frocture of the test-piece taz always occurred when drawing
with the clanp in position, y altering the length of the transition
region from % in, vide tag to 2 in, wide testpiece it was possible to
vary the point at which deformation started, It was found that the
failure mode depernded upon this point,

Vhen a long transition was used the test-piece first cone
tacted the die=block profile near the exit and it was there that deform-
ation commenced, Due to the geometry of the die-block, the side-angle
wag negligible st this point and thus no curling oceurred, Instesd
regions of plestic deformation cccurred on either side of the testpniece
with the central part remaining rigid, This non-uniform deformation
caused excessive edge thickeninz, and a build-up of materizl at entry
to the die throat, The elamping arrangement was rigid at this peint,
and as the built-up region became ironed between die=block profile and
clamp the draw load develored was sufficient to fracture the tag,

When a short transition was used deformation first comm-

enced at the die entry, where the side angle was 2 maximum and therefore

181



most likely to cause curling, It was found that the slight elastic
deflections which occuired in the torque-cell and test rig were suffic-
ient to allow the test-piece to curl slightly but some radial drawing
was observed, The curled part moved around the die-block profile and
was ironed near the exit, the ironing causing en increesse in draw load
with ultimate tag fracture, Deformation stages are illustrated in
FIG, 60 b, where the letter B indicates burnished aress observed on
fractured test-rieces,

15 85 Termination of simulative test-prozramme,

The die~blocks did not adequately simulate that region
of deformation in a cup involved in splaying, and it was clear that
radical changes in die-block design and teat-pieoé width/thickness
geometry were required to obtain a reasonable simulation, The extra
effort required to achieve this enda could not be justified in terms of
probable success, Therefore further work in this direction was suspended,
and would have been resterted only if difficulties arose in later theor-

etical studies of splaying, It transpired that this was unnecessary,
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B8, SECOND EXPFRIMAUTAL PROCRAMVE - SPLAY IMEASUREMENT TESTS,

8.1. Introductory comments,

The programme was primerily designed to rrovide information
on the mechanics of splaying in redrawing taking account of all prineipal
process parameters, TIxperimental infermation was required on when
splaying commenced from steady-state conditions, the aplay;d cup rrofile
at eny stage during the splay phase, ‘and conditions which marked th;
termination of splaying.

It was also considered important to investigaste the precise
way in which splaying influenced redraw load.

A literature survey had shown there was a difference of
opinion on the effects of using a2 guide-ring to pfevent splaying, It
was intended to clarify this situation,

8, 2. PBvaluation of test variables,

(a) Test-piece materizl,

It was proposed to conduct experimerts with low ecarbon
steel, austenitic stainless steel, 70/30 brass and aluminium, Low

carbon steel wzs selected because of its extensive use in deep-drawing

in

end also because it exhibited medium work~hardening cherscteristics,
Stainless steel and brass both possessed the property of a high work=-
hardening rate, and there was scome evidence to suggest that both

were prone to spleying, No evidence was available on the splaying char-
acteristics of aluminium but this materizl was noteable for its low work=

hardenability,

(b) Prior cold-work in tesi-viece,

It was considered important to observe the effect of currents
strain level on splaying since this factor would in all probability be
closely related to fracture due to splaying, Three levels of strain
were designated; zero (fully annezled), 0.7, and 1,1, A strain of
0.7 corresyo:déd to 2 cold=-reduction of 50 ﬂ and was approximately
equivalent to the strein in a firstestege cup, A strain of 1.1

183



corresponded to a reduction of 6?31 and was roughly the meximum sirain
induced by deep=drawing at Tube Investments,

(¢) Testepiece gecmetry =nd size,

It wves required to conduct tests for conditions of conste
rained and unconstrained redrawing, The single most important ;arameter
governing the need for a hold-down punch was knovn to be test-piece
diameter/thiclness ratio although die angle and redraw reduction were
also influenecial, As a result of previous experience it was considered
that constrained redrswing would become necessary in or 2bove the diame
eter/thickness renge 60 =80, The following gix levels of diameter/
thickness ratio were therefore chosen for investigationg

20, ‘30, 40, 60, 80, 100. '

Preliminary theoretical studies (section 4 ) had led to the conclusion
thet splaying would not be influenced by overall redraw reduction, it
was however advantageous to meke this parsmeter reasonably largze from
an aspect of introducing variable tool gecmetry, A nominal reduction
of 30 ¢ was thus selected, Testing procedures were simplified by adop=-
ting = standard outside diameter for test pieces, The only remaining
consideration for calculating test-piece size was the 2 Tonf, meximum
draw load limitation of the testing machine, IMaximum loads were envis-
aged when érawing the stainless steel test-pieces of 67 % cold-work and
20/1 diameter/thickness ratio, As a result of load calculations it
was concluded that a test-piece outside diameter of % in, would be
satisfactory,

(d) Die geometry.

On the basis of a 30 ﬁ redraw reduction die throat diameter
was fixed at 0,527 in, DPrevious theoretical work had indicated that
die profile might be important in influencing splaying, especially
in unconstrained redrawing, The effeect of this persmeter was studied
by selecting die angles of 90, 60, 45 and 30 degrees, By making

die throat redius constant, independent of test-piece thickness, only
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four dies were required for the complete programme, Throat radius

wes designated 0,110 in, and was a compromise between = large bending
redius/wall thickness ratio for the thin-walled test-pieces, and a
correspondingly small ratio for the thicker test~pieces, Chung and
Swift had shovn that this variable could influence drawing stress, but
the action taken was considered justified in that experiments were des-
igned to show changes in drawing stress due to splaying within a perti-
cular redraw, rather than the effect of tool geometry,

(e) Hold-down punch geometry,

Hold=-dowvm punch geometry in constrained redrawing wes bel-
ieved to be an important parameter influencing splaying, since it dir=
ectly affected deformation in that region where épiaying develoned,
Before geometries for investigation could be specified a fundamental
proolem required solution: At what level of test-piece diemeter/thiclmess
ratio was a hold-dovn punch necessary? In view of the wide range of
variables due for investigation the best way to answer this question
was to redraw test-pieces in sscernding dismeter/thickness order and
experimentally determine the particular value of diameter/thiclmess (D/t*)
where wrinkling occurred, Having determined (D/t*)' this and every
D/t ratio above it, would recuire hold-dowmn, For each constrained
redraw errangement three levels of bending/well thiclkness retio (Ro/to)
were investigated, the largest value of which corresponded to the frec=
zone condition., This was estimated using a method given in appendix
AB’ 1,

8. 3. [Test-plan,

The progrerme was divided into two parts comprising uncon-

strained and constrained redrawing,

(2) DUnconsirzined (or free) redrawinz prosremme,

Tests contzined within the programme ineluded,
(i) Splay measurement,
(ii) Redraw load messurement for uncuided and cuided arrang-

ements.
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(iii) 1easurement of free deformation profiles to provide a
comprehensive check on Fogg's theory,
(iv) Determination of diameter/thickness renge limitetion

on free redrawing,
A test plen was designed to includ; rrocess variebles discussed in section
8 2; In light of subsegquent exprerimentzl data the plan was medified
slightly, The final plan is summarised in table 7 , attention being
drawn to the following =spects:

Faeh letter in the table symbolises 2 redrawing cperstiion
carried out on a separate tesi-piece, the actual letter denoting the
test category.

It was found thet wrinkling ocourred at & dismeter/thickness
ratio of 80 with 2ll materials and tempers dr-wn through the 90 degree
semi-engle die, A diameter/thickness ratic of 60 was therefore taken
as a meximum for the free-redraw programme,

Only one meterial (low cerbon steel) was drawn through all
dies to provide an experimental reletionship between splaying and die=-
engle, It was essumed that similar reletionships would hold for the
other materials,

Comparisons of the effect of materisl pr0pérties on splaying
behaviour were made with tﬁe 90 degree die,

It was found thét redraw loads had been generszlly under=-

estimated, eand this put certain tests Eeyond the rated capacity of the
testing machine, The stainless steel programme wes mostly affected,
To maintein the original level of diameter/thickness ratio steges for
steel 2 ratio of 25/1 was introduced %o compensate for the loss of the
20/1 ratio,

Only one test piece failed to draw, This was brass with

prior cold-work of 67 %,

(b) Constrzined redrawing procremme,

The test~plan for constrained redrawing could not be finzl-
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-

ised until the 'free' programme wes completed and data analysed, It
was then possible to czlculate hold-down punch profile radii and design
punches for the apnrepriate test-piece diameterythickneas ratio levels,
Two basic tests were carried out in the programmes
(i) Splay measurénment,
(ii) Redraw load measurement for guided and unguided
. arrangements,
The final test-plan is summarised in table 8 , the only divergence
from the original programme being due to difficulties in preparing test-
pieces, The aectual nature of the difficulties is discussed in section
8. Te

8, 4, lMethods of data collection.,

(a) Besgis of splsy measurement test,

Instrunentation was required to measure the current splzyed
profile and relate the test-piece rim to 2 fixed datum (e.g. the die
surface) with the test-piece under full draw load conditions, It wes
concluded that equipment to carry out this function during actual redraw-
ing would be comﬁlicated, and that by employinz an ineremental approsch
to the problem results would be more easily cbtaired, By this method
the cup would be drawn into the die in stages and splaying recorded |
between stages with a measuring unit incorporated in the die assembly,
The method also showed the advantege that any particular part of the splay
phase could be given extra-close scrutiny if required., £An oﬁjection to
the technique was that splaying wzs not being measured under identieal
conditions to which it occurred during continuous redrawing. However
the self-locking mechanism of the test-machine drive meant that the draw
1oad would be retained even though the machine was static, No serious
errors in splay measurenent were therefore visualised, It was planned
to carry out splay measurement with a single~point stylus which could
be adjusted relative to the test piece; radially for splay measurement,

circumferentially for mean splay measurement, and axially for distance
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location measurement, A high degree of accuracy in the instrument was
required to ensure consistent measurements,

(b) Basis of redraw lozd-messurement test,

Redraw lozd wes measured by a strain-gauge load-cell
connected in the testing machine draw arm, Although this load could
be monitored before and after a series of splay-mecsurement readings to
check for any load relaxation, it was considered better to obtain leszd
measurements from continvous drawing tests, This meant that to corre-
late splaying with redraw load for any particular drawing arrangement,
tests were necessary on at least two serarate test-pieces, However
due to their method of manufacture, dissimilarity in test-pieces was
considered negligible,

The splay measurement tests provided information on the
splayed form in terms of the test-piece rim distance from a fixed datum,
Therefore if redraw load could also be measured in terms of testepiece
rim position it would be possible to observe variations in redr=w load
with spiaying. It was planned to achieve this result by ecoupling a
displecement transducer to the test-piece rim and recordirg its output
gignal simultaneously with that from the load-cell on eontinuous data
recording equipment during a eontinuous redraw test.

(¢) Free-nrofile test,

The object of the test was to mecsure the redraw deformation
profile, To achieve this the redrawing operation was interrupted
during steady-state conditions and tlie testing machine drive reversed
te 1lift the test-piece deformation zone clear of the die, Ileasurement
of the profile was then made with the instrument used for splay meas-
urement,

{ was considered an advantage for test-picces to possess
uniform mechanical properties gnd dimensions throughout their length

for it would then be possible to study spleying in terms of basic process
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parameters without the added complications that variations in these
factors would bring., Cn *the question of uniformity & redrawm cup is
not outstanding, Due to its menufzcturing route different strein
histories exist along its length resulting in veriations in wall thick-
ness and yield strength, which conspire to produce a rising redraw load/
punch travel characteristic, This type of load curve is not conducive
to & reedy spprreciation of the effect of splaying on redraw load, and

it was considered better to draw test-pieces which achieved steady redraw
lo2d conditions prior to the commencement of splaying, since then it
would be far easier to discern the effect of splaying on lozd, A fur-
ther complication with redrawn cups was that anisctropy mey give rise to
variaticns in wall thiclmess around the cup circuﬁferenoe and produce
distortion in the cup rim, These effects were undesirable from a splay
measurement aspect, Attention was therefore turned to the possibility
of redrawing specially end-reduced tubular test-pieces by pulling through
a die by means of a gripping dog.

It was eclear that tubes would fulfil test requirements
better than drawn cups on the grounds of, uniformity of wali, uniform-
ity of mechanical properties, and negligible planar anisotropy., There
remained however the consideration of whether or not the proposed drawing
method truly represented actual cup redrawing conditions, since really
tube-sinking was being substituted for redrawing. It was concluded
that from a splaying a2epect the substitution was valid, FIG, 62 shows
free and constrained cup redrawing in diagrams (2) and (¢) respectively,
whilst the corresponding experimental drawing methods are shown in dia-
grams (b) and (d), Kill has pointed out that in terms of mechanies
of deformation at the die,sinking and redrawing processes are identiczl,
There are practical differences observed between the two processes but
these are related to degree rather than type.

8, 6, Test=ric and related instrumentation,

(a) GCenersl descrintion,
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(a) Free redrawing. (b) Sinking.
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(¢) Constrained redrawing. (@) Constrained sinking,
FIG, 62 SIMUTATION OF REDRAWING IN SPIAY-

MEASUREMENT TFST PRCGRAMME.
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FIG, 63 shows 2 sectional view of the spylay measurement test-
rig arranged for free redrawing, -The rig was mounted on a sturdy base

1,

plate (1) which vas bolted to the upper ploten of the testing machine,
A bolster (2), attached to the base plate, was provided with szn inner
recess for precisely locating the redraw die (3), through which the test-
piece (4) wes drawn by the dog of *he testing machire (5), The bolsier
was also provided with an outer recess which located an annuler ring (6),
the ring being in clearance vith the die but a precise rotational fit in
the bolster, A retaining plate (7) provided exial constraint on the
ring, and wos graduated in 30 degree intervals zround its upper surface
to provide anguler reference as the ring (€) was rotated, Two vertiecsl
columns (8) were mounted, diametricelly opposed, from the upper sure
face of the ring (6), The columns were of identical dismeter and length,
their parallelism being ensured by precision registers in the ring (6)
2nd upper platen (9), 1In addition %o 2ligning the columns the upper
platen served to support various pieces of test equipment, detzils of
which are given subsequently.

A platen (10) waes captive on the vertical columneg end
carried two micrometers situated 180 degrees.apart. Micrometer (11)
was vertically mounted, of O = 1 in, renge and graduated in 0,001 in,
divisions, This micrometer was used as a jack to position the platen
(10) accurately relative to the die surface, a bzll attachment being
fitted to the spindle end to reduce friction when the assembly was rotated
around the die, A second micrometer (12), grsduated in 0,0001 in,
divisions with a range of % in,, was used for spley mezsurement, and
caused a stylus(14) to move into contact with the test-piece via 2
sensing head (13), The design of this assembly was critical to splay

measuremnent accuracy and its development is discussed separately below,

(b) Spley=messuring he=d,

(i) Development of Aesisn,

The design was a2imed at fulfilling two essentizl
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FIG 63 SPLAY MEASUREMENT RIG
(Scale approximately & full size)

194



requirements;
(a) That a2ll movement of the micrometer spindle should be trance
mitted to the stylus,

- (b) That readings of splaying should be taken from the micrometer
always when the same light force was applied to the stylus
tip by the test-piece,

The original design for achieving these recuirements is shown in I'IG. 64
vhere the housing block (1) , rizidly pinned to the moving platen of
the test-rig, carried the micrometer(2) and a traverse plate (3),
the former being a fixture and the laéter a gliding fit, The traverse
plete was maintained in constent ccntéct with the miecrometer spindle (4),
and also pre?ented from rotating, by two spring loaded pins (5).
A stylus plate (6) was coupled to the traverse plate (3) by pins (7)
which allowed 0,030 in, relative axial movement against the pressure of
an internally located spring, The stylus arm (8) was 2 precise fit
in a central hole in the stylus plate (6) and could be locked by mesns
of clamp (9) and lockrut (10), The lower end of the stylus srm carried
an adjustable holder (11) which clemped the stylus (12) in a variety of
anguler positions, Pressure sensing at the stylus tip was achieved as
follows; Vhen the stylus contacted the testpiéce further rotation of
the micrometer spindle caused the stylus plate (6) to move towards the
traverse plate (3) and relative movement between these members was
monitored by a2 dial gauge (14) cperated by o contactor (13), The diel
gauge was czlibrated in 0,0C0Ol in, divisions and would, it wes anti-
cipated, provide a sensitive method of ensuring a constant pressure at
the stylus point when taking splay readings,

Unfortunately these expectations proved to be unfounded
when tests were carried out, and it was found that reprecducitility of
readings could not be relied upon cleser than 0,CCC4 in,  Also, 0,006
in, travel at the micrometer was required to produce an indication of

0,0001 on the sensing gzuge, This adverse ratio explained the poor
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consigtency in readings and was accounted for by deflection in the

stylus axm, The source of the problem was that a force at the stylus
point tended to rotate item (6) in item (3) causinz increzsed resisiance
to stylus plate push-beck, It was concluded that the design was unsztig=-
factory.

Little freedom was availeble for redesign of the measuring
head due to limited space and access, The feature of an underslung
etylus could not be avoided, and yet it was clear that a rotational
tendency would be present with this arrangement., A design was therefore
evolved which exploited the tendency, This nroved highly successful
end is shown in FIG, 65, A new stylus plate (1) wes menufectured in
duralumin and coupled to the existing traverse plate (2) by a 0,005 in,
thick leaf spring{3)the latter being rigidly clamped to each member, 2and
pre-formed so that on assembly plate (1) 1lay back ageinst plate (2),
Two _adjustiné4)screws were then used for setting the stylus arm inclina-
tion, Pressure sensing was achieved by the stylus plate rocking forward
when the stylus contacted the testpiece, this in turn causing a deflec=-
tion on the dial gauge. The deviée proved to be extremely sensitive
and reliable over the experimental progiamme which involved some 18,000
readings, Reproducibility was to within 00,0001 in,

(1i) Csalibration.

The splay-measuring heed did not give readings of
test~-piece splaying directly but was a comparative device used in cone
junction with standard calitration specimens, After arranging the test-
rig for redrawing, a aténdard piece as shovm in FIG, 66 wass located in
the die and a full set of reading teken with the measuring hezd at pose
itions of height and engular displzcement corresponding to those for the
ectual subsequent test, The current test-piece diameter during a test
wvas then deduced by comparison, An important feature of the method
was that errors in measurement arising frcm slight nenufacturing inscce-

uracies were cormitted for both standard and test-piece, and therefore
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tended to te self cznecelling,

(¢) Arxrensement for constrrined znd uneonsirsired redraving,

FIG. 67 illustrates the test-rig arrsnzed for urconstrsined
redraving,

The arrangement for constrzined redrawing is shown in FIG.68,
with the hold-down sssembly comprising an additional framework positioned
around the spley messuring unit, Hold-dovm was of the constant clearance
tyre end was applied by means of a cross-besm carried on twe stout pillars,
the latter being screwed into the test-rig base, Deﬁails of hold-down
application are given in FIG, 69, The croscbeam (1) was provided with
a centrally locate& screved bore which took the nut (2), the lower end
of which vwas atteched to a ball, Fressure applied to the nut by aspan-
ner was transmitted through the ball to alhold-down punch éxtension (3)
which acted upon the interchangeable hold-dovm punch (4). Accurate
alignment between punch =nd extension was ensured by.a closely fitting
epigot, The extension was aligned by a precision bush (5) 1located in
the upper platen of the test-rig (6),

.(d) Redrew load/test-piede rim displacement.

The method used for correlating redraw load with current
test-piece rim position is shown in FIG, 70 for unconstrzined redrawing,
A dummy hold-down punch (1) was axially suspended from the test-rig
upper platen (2), its diameter being less than the entering test-piece
bore, A follower tube (3) was a loose sliding fit on the dummy punch
and in falling freely always maintained contact with the test-piece (4),
An arm on the follower tube entered & hole in the end fitting of 2 pot=
entiometric displacement transducer plunger, the body of the transducer
(5) being secured in the upper platen, VWith the micrometer platen (6)
adjusted to its lowest position, 2nd the follower tube resting upon the
redrew die (7), thescrew (8) w=zs set to just contact the bottom of
the plunger end fittirg., This corresponded to the datum pcsition for

rim height measurement. Calibration of the transducer was then carried
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FIG. 67. TEST RIG FOR SPLAY-MEASUREMENT PROGRAMME

ARRANGED FOR FREE REDRAWING,
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FIG, 69 DETAILS CF HOLD=-DCWN APPLTCATION
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FIG, 70O CCUPLING CF DISPLACEMENRT TRANSDUCER
TO TEST-PIECE RIM.
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out by lifting the platen (6) by known amounts using the micrometer
(9), and recording trensducer output on an ultra-viclet trzce,
vhen conducting constrzined redraw tests the dummy punch
(1) was replaced by the hold-dowvn punch arransement illustrated in FIC,
T1.
During actual tests output from the displacement transducer
was recorded simultaneously with that from the dog load-cell.

(e) Cuided redrswing,

The method of obtaining the redraw losd-rim displacement
correlation was essentially as that discussed zbove, FIG, 72 shows the
guiding arrsngement, The guide ring (1) was mounted above the redraw
die (2) and located by four shoulder pins (3) which allowed the ring
0,005 in, float in & lateral direction but prevented movement along the
axis of drawing, In this way the ring provided only diametral constrzint
to the test-~piece, and was made 0,002 in, larger than the test-piece
outside dizmeter,

To track the test-piece rim during its passege through the
guide~ring two radial slots were incorporated in the latter, through
which passed projections machined onto a sPecial‘follower tube,

(£) Displacement transducer details,

An 'Ether!' rectilinear displacement transducer type FD 13
was used for displecement measurement, The transduder was of O = 2 in,
range, O = 18,000 resistance with a maximum rating of 5 m,A at 15C V,
Linearity wes % 0.5 % &

To obtain the.required response the transducer was wired into
one arm of a2 full Vheatstone bridge circuit with the slider os one term=
inal so that maximum change in output frgm the bridge when the transducer_

was operated was,

v = Ver
2(2R + 1)
where \4 L input to bridge from oscillator (5V).
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FIG 72 EXTERNAL GUIDE-RING ARRANGEMENT
(Scale - full size)
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r = trensducer resistance, (18,0004 )
R = resistance of each arm of bridge.
R was calculated from the ébove expression on the basis
that maximum current flow through = 120 galvanometer should not exceed
1% m,A, A resistence of R = 120,000 was found satisfactery for
this purrose,

(g8) Recordinc eguipment,

Splay measurement test datz was obtained and recorded manue
ally, whilst information from redray load - rim displacement tests
was monitored continucusly on 'S.E,' recording equipment which includeds

(1) Power supply unit tyve S.%T. 427. -

(2) Oscillator type S.E. 511/S.

(3) Cerrier amplifiers type S.E. 423/1,

(4) Ultra-violet paper-tape recorder S.E, 2005 with

. B 450 galvenometers,

FIG, T3 illustrctes the testing arrangement,

(h) Detzile of redrsw *ooline,

Tooling details are included in FIG T4, An extra-long
throat was built into all four redriwing dies with 2 view to ensuring
goed alignment between test-piece oand die axis, The inereased frictional
dfag resulting from this procedure wos considered of secondery importance.

Detzils of hold-dovm punch geometry were not finelised until
the first phase of experiments - the unconstrained redraw rrocremme -
vas completed, Two hold dewn punches were used corresponding to test-
pieces of 80 and 100 diameter/thickness ratio, The influence of profile
redius on spiaying wes studied by first providinz each punch with its
smallest radius, and subsequently increasinc the radius in siasses,

All tooling wes manufactured from a high quality tool steel

and heat-treated to €0 Rockwell C, Tool profiles were rolished Lefore

use, Table 9 gives details of tool surface finich readin
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TABILE 9

SURFACE-FINISH CF SPLAY-MEASUREMENT
PROGRAMME REDRAW TCOLING.

Tosl Location of surface Surface-
- finish reading finish,
miero in.
C.L.A,
At die throzt,
90° die Parallel to drawing 2
direction .
At die throst,
o Parallel to drawing
60°  die direction. 6%
At die throat.
7, R Parallel to drawing
45"  dle direction, R F
At die throat.
30° die Parallel to drawing 4 =8
direction,
In bore, Parallel
iide ring to drawing direction 6
Hold=-dowvn punch On full diameter
for 80 D/t ‘just above nose radius. 4
test-pieces. Parallel to drawing direc-
e e 4 o) s o0 B e s
Hold=-down ch On full diameter
for 100 D/t just above nose radius, 3 =4
test=pieces. Parallel to drawing direc=-

tionai
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the termination of the test programme, whilst FIG. 75 is & photogrzpl

i

(%]

of the tooling, (The 30 and 60 degree dies were incorrectly stamped. )
Be. e Manufecture of test-nieces,

(a) GCecmetry of test-piece,

Tbe test=length was dictated by the need to commence redraw-
ing well before the stage where spleying was initiated, since only then
would it be poscsible to observe the complete splay phase, A test=lenz hf
diemeter ratio of 1% was used giving a test-length of 1} in., The lensth
of test-piece t27 was 5eferned by the requirenent to pass through die
and die-bolster and leave sufficient protusion for grirping. A length
of 2 in, was found adeguate, Tag diemeter was designated 0,002 in, smal=-
ler than the redraw die size, Test-piece detailé are shown in ¥I1G, 76,

(b) Plan of manufacture,

Test~-pieces were prepared from tubes cold-drawn within a
Tube Investments company, To ensure that for each of the four materials
investigated test-pieces were from a common origin 21l tubing for each
material was drawn from a single hollow, Details of hollows and probe
lems encountered in drawing dovm to the test-piece sizes are given in
appendix A3' 24

Test-pieces were cut to a length of 3% in, from the tube-
1§ngtbs using a single-point cufting tool in a lathe, an ample coolant
supply veing used to prevent test-piece heating,

Tags were formed by pressing the short tube lengths into a
series of dies., The possibility of swage tagging was considered at the
outset but was rejected on the grounds of lack of precision and the need
for & long transition from tag to test-diameter,

(e) Develcmment of tzg7ing procedure,

It was required tco reduce the tag diameter to C€.525 in,
from a tube dizmetsr of C.750 in., the diazmeter reduction invelved being
30 %, VWork by Swift and others had indicated that even under the most

favourable conditions of pressing 30 ¢¢ reduction would initiate yielding
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in the .section zbove die entry. Initial tests were therefore carried
out using 2 2 stage prccedure, It wag found that buckling occurred at
die entry in the first stiage, ter further experimentation a workable
5 stage procedure, based on approximately'equal load per stage, wes
evolved, It was noticed that the tendency o buckle was most severe
with meterizls that werk-hardered rapidly, fully soft stainless-steel
end brass were particularly prone, Test-pieces at the higher ﬁiametarf
thickness ratios gave rise to additional problens,

M1l details of the work on press tagging are included in
appendix ﬂs. 3,y together with experimental data on sitrain development
plotted from measurenments taken whilst tagging, TProblemes encountered
during the work are also discussed,

TIG, 77 illustrates a typical tagged test-piece,

-

8, 8 Chemical snalvsis o

Hy
ck

est=piece materiols,

Semples of each hollow were retained for quantitative cheme
ical eanalysis, Results ere given in appendix 33. 4, The stainless
steel hollow, supplied by e Tube Investments cempany, was originally
thought to be a T,316 alloy, However the chemicel analysis revealed
that the alloy was T304, This did not detract from the score of the
investigation sinee both alloys were widely cold-formed,

9, Prercration of tegt-pieces for redrawing,

Care wes taken to ensure test-pieces were adéquately and
consistently lubriceted since verictions in lubrication throughout
the length of a test-piece could cause fluetuations in redraw load aﬁd
hence szdversely affect the correlation between redraw lcaed and splaying

Tageformed test-pieces were thorcughly degressed and chenm=
ically etched to foxrm a lubricant key , CSteel, brass and aluminium
test=pieces were then water rinsed, Ilubricated in textile soap at 60 =
TOOC, and allowed to air dry at room temperature, In view of the poss=-
ibility of pick-up with the workehardened stainless-sieel testi-pieces,
these test-pieces were immersed in an oxalate selution which provided a
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good surface key, and the soap film wass beked hard in an oven at 12¢°C,
Full details of etching solutions and lubriecation procedures
ere given in eppendix Aj. Be

8, 10, Experimentzl technicues,

(a) Free and consirzinsd redrawine,

Free (unconstraine® redrawing was straightforward, The
deg was fully reiracted with jaws locked open, and the test-piece
entered into the die from above, On releasing its jaws the dog gripped
the test-piece tag and drawing could commence,

For constrained redrawing the following procedure wazs devel-
oped:

(1) The dog was fully retrzcted with jaws opez{.

(2) The hold-down punch was inserted in the test-piece and the latter
entered int§ the die,

"(3) The hold-dovn punch extension was tﬁreaded through its guide and
located on the hold-dowvn punch spigot,

(4) The holé=-dowvn pressure nut was then operated to push the test-
piece into the die and fully seat the hold-dovm punch, This
operation wes complete when solid resistance to motion was felt.
The hold-down screw wes then slaclened & turn,

(5) Drawing comﬁenced after releasing the dog jaws,

To ensure satisfactory gripping by the dog, pluzs were
inserted in the tegs of all test-nieces, The plugs were removeable
and re-usable,

(b) Splay measurement tests,

(1) Ixplorstory tests were made to indicate at which peint in the
redraw splaying commenced, Tests were then planned so that the bulk of
experimental readings were taken during the splaying phase,

(2) The stylus assembly was set so that the vertical 'height' micro-
meter registered zero when the stylus point just rested on the uvper die

surface,
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(3) The testing procedure is described with the aid of Table 10 ,
The test-piece was dravm until its rim was 1,0Cin, above the die, Draw=
ing was then interrupted and the test-piece sczrned with the measuring
head to provide 'splay! readings at 6 circumferential points for eazch
'height! interval, A 360 degree reading was always talen as 2 check
againet stylus movement, The test-piece was then drawn to a height of
0,60 in, and the measurement procedure repeated, Tre process was conte
inued until the teste-piece rim ves drawn into the die mouth,

During the latter stzges of some tests there was a tendency
for the testepiece rim to cant slightly, Vhen this oc-urred individuel
readinzs of rim height were taken at each circumferential position to
ensure that splay readings were always taken on tﬁe actual rim, An
average height was caleulated,

(4) After completing 2 batch of tests on & particular die the measuring
head was calibrated by inserting an accurately made 0,750 in, diameter
gauge in the die and taking 'splay' readings for each position of height
and circunference covered in the tests,

(¢) Redraw-load mecsurement tests,

(1) The displacement transducer calibretion screw was set to its datum
position with the test-piece follower tube coupled to the transducer znd
in contect with the die surface. This operation was ctrried out in the
absence of a test-piece,

(2) The recording equipment w=s switched on and both channels (locd-
cell ond displacement transducer) adjusted to give zero ontput signel,

(3) The hold-dovn punch sssembly (or dummy hold-devm punch for free
redraving) were then removed together with follower-tube, and the test-
ing machine retracted with dog jzws open,

(4) * test-piece was entered in the die as reported in section 8,10(a).

(5) The appropriate follower-tube was placed egainet the test-piece
rim and its arm coupled to the displacement transducer,

(6) The hold=dowvm punch extension (or dummy) were then installed by
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TABLE 10

MEASTUREMENT TESTS,

TYPICAL DATA SHEET FOR SPLAY-

Test=piece
rim height
above die

(in.)

| Height
Emicrometer
| reading

(in.)

Splay micrometer readings

(in.)

60°

120° | 180°

240

(o]

300

(o]

360°

1.00

1.00

0,60

0,30

0.20

0.15

0.10

0.05

0.00

0,60

0.60

0.30

0,20

0.15

0,10

0.05

0,00

0,30

0,30

0,20

0,15

0,10

0,05

0,00

0.20

0,20

0,15

0,10

0.05

0.00

0.15

0,15

0.10

0.05

0.00

0,10

0,10

0.05

0,00

0.05

0,05

0.00

0,0C0

0.00
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threading through the follover-tube,

(7) Recorder chennels wexe checked for zero drift, end the lozd/rim
displacement test cexrried out et a speed of 2% « 4 in.ﬂuinute.

(8) on completion of ezch test the displacement transducer was coli-
brated by lifting the micromreter platen with the vertical micyometer =nd
recording the corresponding transducer output signal, 4 typical cali-
bration curve is showm in FIG, 78,

Testing procedures for guided redrawing were similar, but 2 special
follower tube with end projections was used to track the test-piece rim

within the guide-ring,

(d) Messurement of free profiles in unconstraired redreving,

The redrewing process was in‘tem:‘up‘ted during steady-state
conditions, and the testing-machine drive reversed to retrzct the test-
piece deformation profile appreximately % in, clear of the die, The
splay measuring head was then used to obtain readings on the prefile from

the undeformed entering tube surface to the redravm tube surface,

8, 11, lethods of test-dnta internretation,

(a) Spley mesasurenent tests,

Suppose that circle €, (¥IG, 79) represents the standard
calibraticn piece, concentric with the die and centre of rotation of
the measuring head, Further, suppose the cirecle C, represents the
spleyed tube whose radius exceeds that of the standerd by A+ , and which
is slightly eccentric to the die by amount ¢ , The dotted circle
reprecents the standard displaced by X to become concentric with the
test~piece,

From FIG, 79, the radial difference between test-piece and
standard measured by a stylus at point (1) is, > Cos@+ A+ , vhilst
that measured 2t (2) is =— 2 Cos® + A , Therefore acress (1)
= (2) the difference in readingzs on standard and test-picoe is 24+ or
Ad o This result infers hat the method of splay measurement used

cancels any eccentricity between test-piece and die,
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representation of
splayed tube, . |

representation of
standard correctly
positioned,

standard displaced

to be concentric with
splayed tube,

FIG. 79 PRINCIPLE OF SPLAY MEASUREMENT
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For stylus readings of Ti, 31 , T2 , S2 on
test-piece and standard at peints (1) and (2) respectively the deviation
of test-piece from standard is given by,

Ad =(Ti-5)+Ta-52)= (Ti+T2) ~(S1+52)
- This expressicn was used for computing diametral splay in the splay=-
measurement %ests,

(b) Redrew lozd/test-pisre rim displacenent tests,

Two concurrent traces were obtgined from the ultra-viclet
recorder, being represeniative of redraw load and test-piece rim dis-
placement respectively, The 'lozd' traces were of constant magnitude
during the greater part of the redraw, but showed fluctuations during
the splaying phase before falling awzy rapidly at the termination of
drawing. A number of transverse lines were drawn across each record
linking load and displacement signals, the majority of lines being
concentrated at that part of the record corresponding to splaying., The
signal magnitudes on each line were then measured, and translated to
actual loads and displacements using calibration curves.

(e) Combined splay - redraw lozd - rim disnlacement data,

Although splay zrnd load measurement tests were czrried out
separately, esch had current test-ﬁiece rim pesition as a common ref-
erence, [lloreover the tests were on identical specimens, Craphical
results were therefore combined to show not only the development of splay=-
ing but also its effect on redraw load,

(d) Free nrofile tests,

For each of the six circumferential positions of measure=-
ment the deformation profile was found taking ‘5p1ay‘miércmeter rezdings
on the drawn test-piece surface aé a datum, Results were then averzged
eround the circumfefence to provide 2 mean profile,

This profile was plotted to a scale twenty times full eize

and the best mean value of 'free' razdius drawn through the experimental

points, The procedure was straightforward fcr the 30 and 45 degree
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dies but not so easily applied to those of 60 and 9C degree semi-angle,
vhere often the true contact angle was less than the semi-ansle,  When
this situation arose the known die radius was first drawn in end the
steerest possible itangent consistent with experimental points was fitted.
- A radial line was then dravn throush the point of tangency and extended,
The best free radius was then located 2long this line,

8, 12, BExperimentsl resulis,

(a) Cenerel comments,

It was stated in section 8.%, when discuesing test-plan
modifications, +that redraw loads were generszlly underestimated, This
result was thought to have occurred for two reasons, Firctly, Sachs!
tube-sinking expression had been used for calculations and thus the effests
of bending, unbending work had been ignored, Secondly, lecads were cal-
culated on the baéié of estimated materiel yield-strensth properties
vhich were later found to be on the low sgide,

Quality of lubrication appeared good, No problems with
pick=-up occurred aond geﬁerally redraw lozds were stezady during the steady-
state part of the ecycle,

Only one test=-piece failed in redrawing. Thie was brass
at a diameter/thickness ratio of 20 and 67 ¢ prior cold-work, Failure
occurred at the die exit end was of the britile type,

Wo test-piece failures ocourred due to splaying in any of
the combinations of tool geometry, +test-riece gecmetry and pricr-celd
work investigated,

(b) Main results.

Tables 11 and 12 are indexes to the free and constrzined
redraw progremmes respectively, free tests being depicted by the suffix
F and constrained tests by the suffix €, Eachlesic test number

designation was used to describe = particular redraw arrangenent of tool

.

geometry, test-piece geometry, test-piece material and prier coldé- work,

Within ezch designation at least two tests splay measurement and redraw-
o 7 £
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TABLE 1l

INDEX TO SPLAY MEASUREMENT TESTS - FREE

Test Test Pri:zrﬁfld_ Nom;zgiﬁ%g;?ﬂg;ece Di:n:ijl
numbex material Nominal, -4 taals)
(%) %/pia, | wall Tk,
1¥ steel 0 0,750 0,0375 90
2F steel 0 0.750 0,030 90
3F steel 50 0.750 0.030 90
47 steel 50 0,750 0,030 60
5F steel 50 0.750 0.03%0 45
6F steel 50 0,750 0,030 30
TF steel 50 0,750 0.025 SRy
8F steel 50 0.750 0.025 60
9F steel 50 0,750 0.025 45
10F steel 50 0,750 0,025 30
11F steel 50 0,750 0.019 90
12F steel 50 0,750 0,019 60
13F steel 50 0,750 0,019 45
147 steel 50 0,750 0,019 30
15F steel 50 0.750 0.0125 20
16F steel 50 0,750 0.0125 60
17F steel 50 0.750 0,0125 45
18F steel 50 0,750 0.0125 20
19F brass 0 0,750 _0.,0375 90
o0F brass 50 0.750 00375 90
21F brgss 50 0,750 0,025 a0
22F brass 50 0,750 0,019 90
23F brass 50 0.750 0.0125 90
24F stainless 0 0,750 0,025 90
25F stainless 0 0,750 0,019 S0
26F gtainless 50 0,750 0,019 90
27F stainless 50 0,750 0,0125 90
28F aluminium 0 0,750 0,0375 20
29F aluminium 50 0.750 0,0375 30
30F aluminium 67 0.750 0.0375 90
31F aluminium 50 0.750 0.025 90
307 aluminium 50 0,750 0,019 90
33F aluminium 50 0.750 0,0125 90
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TABLE

12

INDEX TO SPLAY MEASUREMENT TESTS - CONSTRAINED,

: l
Nominal test= |

226

Test Test :Pr;3§¥;?1d piece dimensions | Die semi~ ﬁgiggdggﬁe
number | material Hoionl L ; ne radius
(%) | “pia, |va11 nk, (dee.) (in,)
1C steel 67 0,750 0.0075: 20 0,030
2C steel 0 0,750 0,0075 90 0,040
3C steel 50 0.750 00,0075 90 0,040 o h
ac steel 67 0.750 0,0075| 90 0,040
5C steel 67 0,750 00,0075 90 0,050
4 steel 50 0,750 0.0095 90 0.040
| 10 steel 50 0,750 0,C095 920 0.050
8c steel 50 0,750 0,0095 90 0,060
9C brass 50 0,750 0,0095 90 0.040
10C brass 50 0.750 0.0095 90 0,050
11C brass 50 0,750 0,0095 90 0,060
12C stainless 50 0.750 0.0075 90 0,030
130 stainless 0 0,750 0.0075 90 0,040
14C stainless 50 0,750 0,0075 90 0,040
15C stainless 67 0,750 0,0075 90 0,040
16C stainless 50 0.750 00,0075 90 0,050
17C | stainless 50 0.750 | 0,0095| 90 0,040
18C stainless 5 0.750 0.0085 90 0,050
19C stainless 50 0.750 0.,0095 90 0,060
20C aluninium 50 0.750 0.0075 90 0,030 |
21C aluninium 0 0,750 0,0075 90 0,040 G
22C aluminium 50 0,750 C.0075 90 0,040
23C aluminium 67 0,750 0.,0075 90 0,040
24C eluminium | 50 0.750 04,0075 S0 0,050




loed messurement, were carried out, Additionally guided redrawing
wvas introduced to some errangements, whilst for the 'free' progrzmme
deformation profile measurements were made for each test nunber., The
following code wes uscd to identify individuzl tests:

(1) The first nunber and letter gave the basic test designation
as indicated in index tables 11 and 12 ,

(2) suffixes (4), (B), (Gj and (P) were used to denote splay,
redraw load, guided redraw load, and free-profile measurement
tests respectively,

Thus, for example, test 5 F(A) was a free redrew splay measurement
test on a steel test-piece 0,030 in, thick with 50 % prior cold-work
using a 45 degree die; whilst test 12C (G) was ; constrained guided-
redraw on & stainless-steel test-piece 0,0075 in, thick with 50 ¢ prier
cold=work using a 90 degree die and 2 hold-dovn punch with 0,030 in,
profile radius. :

Tabulated results.

All tebulated test data is given in appendix A3. 6, of the
thesis, where:

Tables A3.3 - A3.35 provide splay measurement data for the
free-redraw progremme, '

Tables A3.36 = A_,82 provide redraw-load measurement data

3
for unguided and guided conditions in the free-redraw programme,

Tables A3.83 - A3.87 provide free-profile measurement data
for the free-redraw programme,

Tables A3.88 - A3.lll provide splay measurement data for
the constrained-redraw programme,

Tables A3.112 - A3.144 provide redraw-lozd measurement data

for unguided end guided conditions in the constrained redraw programme,

Gravhical results,

For each particular test designation splay =nd redraw load

were plotted ageinst current test-piece rim position on 2 common format,
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These results indicated the way in which the cup wall splayed, splaying
in the cup rim, and the effect of splaying on redraw load, In tests
where guided redrawing was undertaken, unguided and guided leoad traces
were superimposed to study the effect of guiding. Resulis for free-
redrawing are shown in FIGS, 80 =111, and for constrained redrawing in
FIGS, 112 = 135, A smooth curve was drawn through experimental rime
spley points and peak rime-splay found by interpolation, The error in-
volved in the procedure was smell since most splay measurements had pur-
pesely been concentrated in this region. Maximum rim-splay for ezch
test is included on the appropriate graph, and was evaluated as the
fractional diametral increase in the test-piece rim from steady-state
conditions, This information was later used in éxperimental correlation
with theory., The short §ertica1 dotted line drawn through each rime
splay locus in constresined-programme results has a special significance
discussed in a later section, Results from test 10F were not plotted
because the test-piece rim canted in the latter stages of redrawving,
ceusing splay readings of doubtful validity,

Cn plotting test results it was noticed that a number of
test-pieces were apparently necked-in slightly at the open end whilst
others exhibited a bell-mouth in this region., The effect was magnified
by the scales selected for plotting splay results, In retrospect both
peculizrities are thought to have occurred during parting-off of test-
pieces from the tube-lengths, The 'necking-in' effect was most prevalent
in fully soft test-pieces end this is consistent with the propeosed cause,
Conversely the 'bell;mouth' effect was more common with workehardened
test-pieces and was probably due tq the release of residuzl stress on
cutting, However when resulis were plotted for the test-pieces in question
splay development appeared unimpaired, The results were therefore inec-
luded.

On analysing test results it wasfound that a definite corre-

lation existed between splaying and prior eeld-work, FIGS, 176 and 137
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show the development of rim-splay for test-pieces of various work=hardness
drawvn in the 'free' progrzmme, whilst FIG, 138 shows the same effect
with test-pieces in constrained redrawing,

Deformation profiles were plotted for all tests in the free-
redrsw progrzmne, and best mean free-radii fitted to the zone of deforme-
ation prior %o die contact, Fxperimenial values of free-rzdius

11
were leter plotted to check the validity of Fogg's theory (Section 10),
It was conesidered superfluous to inelude all profile plots in the thesis,
but four tymical results are given in PIGZ, 139 = 142 to illustrate the
method of measurenent used,

8,13 Ancillary tests,

Llthough nominel amounts of cold-worlc had been intreduced
to tect-nieces by previous drawing operaticns, the exsct condition of each
test.piece was unknowmn, It was ceonsidered importsnt to obtain infor-
mation cn this espect not only for purpcses of éorrelating experinent
and thecfy in the current work, but also to provide 2 precise record of
materials investizated during the research,

Tests were therefore conducted to determine test-piece
yield-stress and prior plastic strain level, Yield-stress vzlues were
found from uniaxial tensile tests, the normel procedure being slightly
modified for the thinner-walled test-pieces, An equivalent stress-strain
cvrve was developed for each material by plisne-strain compressicn tests
carried out over the plastic rance of interest, These testis were con=-
ducted on strip-like specimene machined frem esch of fhe four hollows used
to manufacture test-pieece tubing,

An estimation of prior test-piece strain was made by fitting
uniaxial stress-strain curves to the appropriaste plene-strain envelope,

Tull details of procedures followed tozether with test res-

ults are inclurded in appendix A,, 7.

-
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9 DEVELOFMENT CF THECRIES CF SPIAYING,

9. 1, Introductory comments,

Preliminary theoretical studies (section 4) had suggested
that an 'energy' approach was most suitable for analysing splaying,
and that the vhenomenon was associated with a decrease in process work
such that cup wall elements involved in splaying pass from radiue T,
to radius v (F¥IG, 143,) with less work of deformation than those
during steady-state conditions,

Within this broad concept two distinctly different modes of
splaying may be postulated, In the first, splaying may be considered
as a gradual change from steady-state in which tﬁe specific work of
elements increases in proportion to their distence from the cup rim,
Thus splaying may be viewed as a gradual unbending process, In the
second mode, splaying may be envisaged as & radicdl change in steady-
state conditions with elements near point A at splaying initiation
receiving little subsequent work above that to produce radial drawing
from Yo to g , whereas elements near the cup rim receive greatest
specific work, This mode, in the limit, would be characterised by
the complete absence of bending/unbending operationé, the cup wall
splaying tangentially,

Providing the bulk work of deformation during spleying is
always less than that for the steady-state in an equal increment of
punch travel, both of the above modes would appear admissible,
However,théacuzasplay mode would be that involving minimum energy
of deformation in a true elasticeplastic material, and could only
be found by analysing the work involved over small successive stages
of splaying for a variety of assumed stage deformations, During
steady-state unconstrained redrawing free~-zone geometry is dictated
by process constraint and gives a minimum energy condition for that
situation, Splaying may be viewed as a gradual release of constraint
such that over any small splay inerement work is a2 minimum for the

instentaneous constraint exercised,
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FIG, 143 CUP AT ONSET OF SPLAYIING.

294



9, 2. General concepts,.

It was shown in section (4) that the specific work for an
element iraversing zone A = B (FIG, 143) during steady-state redrawing
is,

= Wh. 4+ W £ -+
Wo = Why+ *'o+w“o 2wy, + Wy

where the suffix O denotes steady-state,
The specific work W +to trensmit any wall element to point B durihg
splaying comprisess
(1) That for spleying from the originsl cup radius
(2) That for radial drawing from the point of maximum spley to
the radius g at B,
(3) That for bending to and unbending from some radius at which the
element passes through the zone,

It was assumed, as for steady~state conditions, that unbending work
w,, is equal to bending work Wp Work component (3) is thus
2wy o If work component (1) is designated Ws then component
(2) is Wg+ Wy, , TFor a decrease in process work with splaying

the inequality may be writteny
W= 2 (UJ5+ “’b)*w—f'o £ 3 Uubo-*- Wz

The term W1p is common to both sides of the ineguality end
represents the sbsolute minimum specific energy input to transport eny

element from A to B, Thus,

Wg + Wh £ wWh, (9.1.>

Equation 9,1 implies that for splaying to occur in any element the
combined splay and bending work must be Jess than the steady-state
bending work.

This approach to spleying provides an insight into the chare
acter of deformation in the splayed cup before contact with the die at
point B, During splaying, that part of the cup between cup-rim and
die is simultaneously undergoing two different deformations, The
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region near the rim will be splaying and carrying a tensile circunfer-
ential stress, whereas the region near the die is being radially drawn
inwards with an associated compressive circumferential stress. Between
these two extrenes there is, at any instant, a particular element in
neither of the above mentioned regione., This element has previously
moved through the oplay zone, attained its maximum tensile circumfer-
ential strain, and is now just about to enter the radiasl drawing zone.
The element may be regarded as neutral for an instant and be at a neutral
point in the overall zone,

The analysis indicates that although an element may currently
be at a radius T > i, it does not follow that it is splaying, If the

length of current unbent cup wall involved in spiaying is £ s then

true splaying is only occurring in those elements for which z;z is
negetive, whilst radial drawing is occurring in elements where EE{

is positive.

9. 3. Experimental support for theory,

(1) The splay-measurement programme results indicated conclusively
that the splay-phase corresponded to a decrease in drawing load.

Since apart from splaying all other process parameters remained unchanged,
this could only mean that splaying produced a reduction in process work,
The original concept was therefore verified,

(2) Observations on test-piece profiles during splaying indicated
that early in the splay-phase the radius of bending increased rapidly
from Ko such that the region near the cup rim appeered to splay almost
tangentially and receive little bending,

(3) There was some doubt about the validity of an expression
derived for the onset of splaying (Equation 4,17 a, b and ¢ ),

However experimental results showed that the theoretical prediction was
reasonable, although slightly under-estimating the length of cup wall
involved in splaying,.

(4) During unconstrained redraw tests with the highest test-piece
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diameter/thickness ratio (60/1) and 90 degree semi-angle die, it

was found that splaying developed up to a point where the test-piece
rim suddenly wrinkled, This was taken as an indication that circum-
ferential stresses in the rim region had changed from tensile to comp-
ressive i.e. rim elements had passed through the neutral state,

9.4. Major theoretical assumntions. (5ee also appendix Ab-)

Assumptions peculiar to various aspects of theoretical work
are stated under the aprropriate section, Additionally the following
general assumptions were made 3

(1) A rigid-plastic material was assumed enabling problems
involved with elastic spring-back effects, as the constraint of the
entering cup wall diminished, to he avoided.,

(2) Yield-stress in tension was considered to be equal to that in
compression,

(3) Residval stresses from previous cold-drewing operations were
negligibly small.

(4) Thet the. cup material was homogeneous and isotropic, both
normal and plenar anisotropy was ignored,

(5) A1l bending operations, during steady-state and splay phases,
were assumed plane-strain with 53-=CD N

(6) Fogg's theory for deducing free-zone geometry in unconstrained
redrawing was adopted.

(7) Radial, circumferential and through-thickness stresses and
strains in the splayed cup were taken to be principal values.

(8) Throughout the splaying phase the cup wall thickness was ass-
umed constant and equal to that of the entering cup.

9.5. Simple unper-bound theory of snlaying.

The specific energy W required to transmit any element of

the spleyed cup wall to point B (FIG. 143) is given by the condition,
We £ w & Wo
°

Wy, is en ideal lower bound, whilst Wg is an uprer bound set by
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the steady-state redrawing ccnditicns.w* W, and hence frem equation 9.1,,

We e #' wbo
for any splayed element., In the limit,

Wg + Wp = Wy 2
Now an element situsted at the cup rim cannot bend since it cannot support
a bending moment, Therefore for this particular element an upper
bound is ziven by Wg = vao « Splaying represented by Wg is then
a maximum and cannot be exceeded,

If the cup rim splays to radius T , then for a rigid -

perfectly plastic material,

u)s = Y.lm'f‘;

To
and since U“'ba = 2 . Y% ;
V3 4 Ro
to
xs . p2BRe

The fractional increesse in the cup rim on splaying is,

Asﬂ = '\Hs - 'ro
o
to

SR to
therefore AS, = @?3Ro—| &

QER o

(9.2.)

to
gince 27—;;?0 is emall, never exceeding about 0,C7,

The term Ro in equation 9,2, is the radius of bending
during steady-state conditions, It mey be the free-radius in uncon=
strained redrawing or the mean redius of bending around the hold-down
punch in Iconstrained redrawing,

Bauation 9.2, suggestss

(1) The tendency to splay will increase as the ratio

t| 7
0'Q

becomes smaller,
(2) Spleying is not & direct function of the entering cup radius g
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or die semi-angle ©¢ ., (These factors influence Ky in unconstrained
redrawing but not in constrained redrawing, )

(3) According to Fogg's free-zone theory%l splaying in unconstrained
redrawing will be most severe for low 12) cups redrawn through dies
of large semi-angles,

FIG, 144 shows the uprer bound splay ASe — ?c/.to
reletionship, wvalid for unconstrained or constrained redrawing,
There is & single curve since theory predicts splaying is only a func-
tion of ’?O/to . In the wnconstrained condition Ro (-': FZ"§) is
not known immediately but mey be found from equation 2,34, Substite
ution of Ro=R¢ in equation 9.2, provides,

As, 2 | | = Cosr

2 (5) “ %o

A plot of ASs, egeinst 12Vto gives a family of curves of similar

form to FIG, 144, spleying increasing with increases in die angle,

Results from the simple upper-bound theory were considered
important since the theory did provide en over-estimate of splaying,
the actual magnitude of over-estimation being about 1C0 % on the
" bagis of splay-measurement progremme.results, This indicated thet an
energy approach was useful, and thét splaying was wholly accountable
in terms of bending work of zone entry during steady-state conditions.
It was no longer necessary to pursue investigations into the possibility
of a splaying contribution from the complex radial drawing zone prior
to die éontact.

An objection to the theory was that it failed to take account
of the splayed zone as a whole, That is, rim elements were treated
in isolaiion and constrzint exercised by neighbouring elements lower
down the wall ignored, TFurther theoretical studies were simed at
eliminating this objection,

9.6. Tangential theory of splaving,

(a) Basis of theory.
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It is postulated that during the terminal stages of redrawing
& stage is reached vhen the entering cup wall can no longer provide the
bending moment to maintain steady~state conditions, and then the prew
viously undeformed cup wall Lo (FIG. 143) splays out tangentially
as the element originally at point A (already bent to radius Ro ) moves
towards the die a2t B,

Experimental evidence from the splay-measurement programme
. suggested that some bending occurred in Lo during the splay phase,
Therefore, provided the value of Ly is reasonably predicted, the
tangential theory should provide an upper limit to splaying since any
bending in 4o must tend to reduce its magnitude,

(b) . Maximum splaying,

FIG. 145 shows the splayed configuration when an element,
originally at A when splaying ocommanced, has travelled an angular
distance © into the radial drawing zone.

The radisl splay S in an element at X is given by,

S= % S5n0 -'reo(|-case)

(9.3.)

maximum splay condition is reached when,

4> = O y OIy

ad®

x Cos® - Ro.Sin® =0
Therefore at maximum splaying, fan O = ,Eo .
It follows,

S =_%X , Cosé& = Ro

VRo* 122 {R*+ 1.2
e;ubstitutim for Sn® , Cos© in equation 9.3, gives
g - \IE’JH-'L?' " Qo
The maximum radial splay at the cup rim is thus,

A
So = VRo*+1& - Ro

. and the fractional rim spla,y’

ASqg = go = Feoz-"{oz 2 E{J (9.4.)
o T2 ¥ +o
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FIG, 145. TANGENTIAL SPLAYING,
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For a rigid « perfectly plastic material it was earlier found that,

Lo = 076, /to.to
This expression when combined with equation 9.4. gives rim splaying
in terms of known process parameters, FIG, 146 expresses the relation-
ship graphically over the range of cup radius/ thickness ratios covered
in the splay-measurement progremme,

The tangential theory gives lower values of splaying than
the simple upper-bound theory, which lends support to the edmissibility
of the former, Unlike the upper-bound theory, the tangential theory
implies that cup geometry 1n‘-"‘/tc influences splaying,

(¢) locus of maximum splay for wall elements,

All elements within the wall length Lo (FIG. 145) attain
& meximum splay value when,

Tand = %
Ko

If the horizontal and vertical co-ordina.tels of the element at X are
@, b measured from P then,
‘a = RoCos® + % SwmC
= Ro.(sO 4+ Ro.Tand.5ww8 = R Secd.
~Cos® - RoSwn &
Ro.Tan®.Cos8 ~ RoSun8

b

il

(@)

Since X was a general elemén-t, the meximum splay locus of all
splayed elements is therefore s horizontal line drewn outwards from
point A, On reaching this line all elements commence to radially
draw inwards, ‘

(@) Bulk work in splayed and steady-state modes,

The fundamental postulate was that splaying occurs because
the work of deformation in the splas‘red mode was less than that in the
ateady state, Therefore for the assumed tangential mode to be
edmissible, work of deformation in the length Ao (FIG. 145) when

point A moves through anguler displacement © , must be less than
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thé corresponding steady-state work in deforming length Ro.© . The
following anslysis investigates this situation. A rigid = perfectly
plastic material was assumed throughout,

(1) Spleyed mode,

Suppose at an angle © in FIG, 147 a particuler element,
originally et distance Xn ebove A vhen splaying started, has
reached its neutral point, ie. it has passed through the splay zone
and is now just about to commence radial drawing, The total work in
splaying to © is the sum of}

(1) That to splay elements Zn< % 4 Lo

(2) That in previously splaying elements O & X & Xn

(3) That to radially draw elements O & o,

(1) Consider an element at xTn<x <o, length Sx , circum-

ferential width unity, The elemeantal work of splaying,
= Y Ants V= 14+ 5 .
SWs, Y An = = V-?M( Fro)éi- to

= Y. S be
~o

Hence the total spley work for all elements Zn<4 % £ Ao is,

Lo
Ws, = Yto S.d% (9.5.)
<o '
e
From equation 9,3, , S = X Sun® - Ro(i-—(.osG) ~ e
Also, Zp= Ry, Tan® o Substituting these values in equation
9.5, gives,
| Lo ‘
Ws, = Y-E_o [ISLVLG- %(I—Ca&@)} AL
,
© JRoTand

Integrating,

q %=1 (L

Ws, = Yto {s_'ﬁ 0 (Lo*-Rd'Tar?®)- (I~ Cos8)Ro(Lo- 'Feo-ran@)} —(9.6.)

305



FIG., 147. TNOMENCLATURE FOR BULK WORK II'f TANGENTIAL SPLAYING,
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-(2) Consider an element at © £ X & Xn  , Work of previous

splaying 5\\!52 is given by,

o
SWs, = YAn1s . to. &x

‘o

‘."'-3‘ YEP.§.§1
<o

A
where S is the greatest radial splay attained by the element.

From gection 9.6 b,

S = VR?+ 2?2 — Ro
Therefore oWs, = Y:*;"__O (\/ Ro2+ 1* — Ro ) 5%
o

The total previous splay work for all elements O &L X & Xn is,
Xn

WS = Y'EQ Ro*+ 1,_2 —Ro) dL
2 o 5 (\-/

Integrating, and putting %n = R0.Tan O,

(9.7.)

WS, = \_’._t_o Ro? [—rme(s@ce -2)-{— uEn(SecBH’a.ne):\
2 1o

(3) For an element at © £ X+ & Xn work of radial drawing is,

A
éw..r' = Y'{n’z@.to-sx.
%

A
where T3 is the meximum radius attained during the splay-phase

and ¥ is its current radius,

A N . :
Now Vs = To+ 5 , andy T= G +S . (Where S

takes a negative value when F?O(I-Cosg)> x 5'?\'9) « Therefore,

A A A
a(n.'f_'_s = Anto+rS = in(l-‘-é)—&n{""é
¥ o+ S o Yo
.
2 5=5
o
A ‘_--—N- .
But 5=\/;202+12._Qo and - o= 1SmS-Qo(l— Co.s@)
Therefore,
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SWa e Y.EOVQO%,;F ~ LS8 — Ro.CasB| Sx
Yo

* -
and W4 = YE?K n[.(goz_*_xz - SnG - QO.CQSQ} o o i
.*‘o

Q
Integrating and putting In = Ro.Tan® :
Wi = Y.to, Ro? ‘V:Qn(Sece—%Ta.n.B) - Sin \9] (9.8.)
270 J

The total work in the splayed mode after drawing to © is given
by the sum,

WSI - W52 - W'{‘
as given by equations 9.6, 9.7 and 9.8 respectively,

(ii) S*eady-state mode.

Consider an element at an angular position O< ¥ &4 O
as shown in FIG. 147. The elemental work comprises;
(1) Thet due to bending to zone radius Ko
(2) That for radial drawing from cup radius Yo to current radius ¥ .
For an element length ?@55 s circumferential width unity, the work

is given by

oWsls, = F?o.éb‘.to_(g.\’.to 4k ‘1_'9)

V3 4 Ro v
/&V\-'f_o o= A, TO g < ,f,n,[l-l- EO(I—CUSE}
. To~Ro (l-C,osb'). Wl 20
vhich may be approximated by _R_C_J ( | = Cos B’)
o
Therefore, :
&= 2, %0 Ro (|- tos
§W‘S.S~. — po-\’.t{). 3-5 [@ mo + ..{.:O (l o B‘)}

The total work in drawing to © is thus
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(S

Ws.s. = Ro.Y. t'oj ‘-é‘f—;o-k %O (' 2 C.os“d)] d
o

s =

= Y.to Ro? (‘to.'fo _,.2)9-2 Sn G

2 %o V3. Ro? (990

(4ii) Deducing length of cup wall involved in splaying,

The length of cup wall Lo at the start of splay=-
ing was derived in section 4 using an ecguilibrium approach, It is
possible to check this result with the aid of equations 9.6, 9.7,

9,8 end 9.,9. in the following ways

on an energy basis splaying can only occur if at the onset

of splaying,

2 (M sl k) <, (W)

The left-hand term will attain a maximum possible value when Lo s

greatest, and then

| d.ii'e (Wer + Ws + Wr) = 5%9 (Ws.s)

Differentiating equations 9.6, 9.7, 9.8, and putting © =0,

(Wsy + Wsg + Wr) ) (Y’fo Ro*

A similer procedure for equation 9,9 gives,

& (Ws.s) = L. Yoo Y.t'o.Qc;z)

Equating the two differentials,

Loy* = I to.To

Ro VES
or Lo = [+, to — O"T‘E:JTO-tO
ES

This was the expression developed in section 4,
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(iv) Interpretation of bulk-splay results,

Unfortunately the number of independent varizbles
involved in the work terms meke a comprehensive gravhical coverage
difficult,  However to observe predictions of theory, process work
of the splayed and steady-state modes was compared for a particular
redraw with "O/to = 50, Rb%to = 4, A severe bending ratio
was purposely selected since theory suggested this parameter greatly
influences splaying, Results are plotted in FIG, 148, The splay-
mode work terms totzlling W are associated with equations 9,6., . 9.7.,
9.8.,, the splaying phase being completed when © = 53 degrees,
Theory predicts that the tangential mode is admissible from a work
aspect,

9.7. Hyperbolic theory of splaving,

(a) Basis of theory.

The theory takes account of the bending which was
observed to occur in the splayed cup wall during the splay-measurement
programme, and postulates that the total specifio_work of elements
undergoing splaying is proportional totheir distance from the cup rim,
This is in contrast with the 'tangential' theory where elements near
the rim receive more work of deformation than those lower dovm the wall,
A key assumption made in developing the theory is that a hyperbolic
relationship exists between the radius of bending of an element in the
splay-zone and its position relative to the cup rim, Elements involved
in splaying are assumed to splay outwards, bYend to a radius on attaine-
ing their neutral point, and pass through the radially drawing zone
at this curvature before unbending on contect with the die.

(b) Meximum spleying of cup rim,

A rigid - perfectly plastic material is assumed
for the present, but later the effect of workehardening is enalysed,
Bending and unbending work for any element were considered equal,

An element located at point A (FIG, 143) when splaying
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commences bends to the steady-state radius Ro , whereas an element
at the cup rim can receive no bending, It was essumed that bending

work was proportional to distance from the cup rim, i.e,

o L Whq ' (9.10.)

Lo

where the suffix O denotes s'teady-state.

On recching its neutral point an element was considered, to
bend instanteneously, implying plane=-strain conditions with €3=0 .
If the radius of bending of an element in the splay-zone is R ,

equation 9,10 may be written,

2., Yto = 4.2 Y.to
V3 4R Lo V3 4 Ro

whence
: Q = Qo' 41':? (9.114)

providing a hyperbolic R—2 relationship.

The total specific work for any element © < L $ 4o in

reaching the die is,

w= 2(Ws+wp)+ Wi .
and for the postulated deformation mode g-"z cannot be negative

i,e, the work in elements decrease as £ decreases, From eguation

9011'
wy = 4, 2.%%
{oVZ 4 Ro
Therefore, AW = 2 (C_JL_UJS Al e g,Y't‘o
dd di 4o V3 4 Ro
Now spleying will continue provided 3_:’ > o , but must end
when gi%’ =0 . The condition for maximum splaying is
therefore,
dus .1, 2. YLte (9.12.)
i 40 V2 4.Ro
and this can only be true at the cup rim vhere A =0 .
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The specific work of splaying is,

UJS:: \{‘ES =Y¢!.w't5 = \l’{wo"'é- -_@.-\il.é
o To To
Therefore
dws =%Y,dS , and vhen AL =0 .
dd ~o d{
Yo rdsas Cieps Stua s b
Yo \di/)_o 40 V32 4 Ko
or, |
.2 . Lo (9.13.)

(6_1_5) = - 1

di /4 -0 Lo V2 4Ro

The negative sign informs that splaying increases as A decreases,
At the start of the splay-phase (L=40), splaying is

instantaneously tangential to radius Ko , and from equation 9,3.,
S = (Lo-1)SwB — Ro (1-CosO)

or dsS = = Sw®

Now vhen { =40 , ©=0 s &nd therefore (g:_i ){, oSN e
={o

Splaying may now be found by assuming a relationship between

S and £ which satisfies the conditions,

(G =8

di 1=1o

ds = %,2 .%o
(5 Juso e N

If this is a circular arc as shown in FIG. 149, then,

So = p(t-—Cos(B) = 4o (1 - Cos(_%) (9.14.)
Son (3

where, S P ﬁ’ - (?.L.‘:"’
di{/4=0

Putting Tmﬁ=x’SM@=TL ,Cmﬁ=_L_

\f!+12 ) JI+1?'
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FIG,

FIG,

Radial splay induced in an element.

149.

Specific worlk components,

150 DISTRIBUTION OF SPECIFIC WORK COMPONENTS IN

&

&£

RELATIONSHIP BETWEEN A

Distance of element from cup rim

FROM CUP RIM.

u

-0

Distance of element from cup rim.

HYPERBOLIC THEORY,
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Substitution for Suw (3, Cosf? in equation 9,14, gives,

50 = ’“’( “‘1‘ = ') ' (9.15,)

and
Aso = S0 = 4o <\/1+" 1r - l) (9.16.)
o o o

where Ao = 0'76\4o-.%o
According to theory the specific work distribution will be as shown in
FIG, 150, |

The expression for meximum splaying at the cup rim (equation
9,16.) may be simplified by putting \/T_:_; 2 |4 .2!.12

Then,

Aso = 3( zt) ' (9.16.2)

Thus the hyperbolic theory states that meximum cup rim splay is about
one-half of that given by the upper-bound thecry (equation G.0.7

FIG, 151 shows maximum rim splay as a function of sieady-state
bending ratio, The full curves were plotted from equation 9,16 whilst
the dotted line was from equation 9.16a. The influence of cup geom=
etry on splaying is not strong vhen (R"/to) is an independent parae
meter, o

Maximum rim splay in unconstrained redrawing may be deduced

from equation 9,16, using Fogg's expression for free-zone geometry,

Ro _ | ™o

to @(I—E;s.w)

x.  then becomes -é\/l-CosOr , and equation 9,16 may be re-

written,

At ' B0 Jl+41(1-¢95,w) el
Jﬂ%%o é | — Cosor

(9.16b)

Equation 9,18 is graphically represented by FIG. 152,

(¢) Maximun splaying of a general element O< L < Lo

Returning to FIG. 149, it is readily shown that the maximum
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Maximum cup rim splay ASo) %

Entering cup radius/thickness ratio (¥9/4)

FIG, 152 MAXTMUM SPIAYING AS A FUNCTION
OF ENTERING CUP RADIUS/THICKNESS
RATIO IN FREE REDRAWING,
( HYPERBOLIC THEORY)
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radial splay S; induced in an element distance { from the cup rim

is,

o { = 1?. (90171)

S‘L = 'LOV|+'LZ!>| —jl - (‘LO'L e
Lo

(d) Locus of maxirmum splay for well elements,

The locus could not be established a priori since

the expressicn for meximum splay (equation 9.16.) was not in terms of

@ , and therefore 05/&9 was unknown, Although the current radius
of bending R vwas known in terms of { , values could not be given
to 4 unless the splay locus was known, The locus must start at
point A (FIG, 153) since at 4 =41o, K= Ro , To establish
the end point, experimental evidence of the cons;trained splay-measurement
programme was examined, where Ko was positively fixed by the hold-
down punch nose radius., [Each of the experimental splay curves was
marked with é. short vertical line corresponding to point A in FIG. 153.
It was found that in all cases the line intersected the splay curve at
or near the point of maximum splay. This result was used to establish
point E in FIG, 153. Since maximum radial spley represented by A -~ E
is small compared with 5 , the splay locus cannot vary widely from
a straight line joining A to E,

(e) GCeometry of splaying.

To compare bulk work of the postulated splay mode
with that for steady-state conditions it was necessary to establish
splayed geometry in terms of current angular pesition © of an element
situated at point A when splaying commenced,

The bent cup wall below A - E in FIG. 153. is given by
-( Qd?' vhich may be approximated by Ro. © . Therefore the unbent
length of wall above A - E, is, A=40-FRo.® | =znd equation

9.11 Dbecomes,

Blic s ' (9.18.)




FIG, 153 HYPERBOLIC SPLAYING,

S (os(0-©)) ]

FIG., 154 CURRENT RADIUS OF AN ELEMENT IN RADIAL DRAVING REGION,
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For en element length S situated at ©' from the
plane of bending R = Ro ’

5= R £ R,.58'
where R at 8' is given by equation 9,18,

Therefore,

SY' = Lo-Ro@' . S6'
Lo

{

qj !

|
Lo (9.19.)

({0.8'—- 90-5'2
2
(
When O'= O, ‘P =¢ , Do establish meximun rim spley at any
intermediate stage the angle (8-— Hff) i& required, From equation

9.19.,

e 2
e-y = 2’;_*2'8 (9.20.)

(£) Bulk work in splayed and steady-state modes,

A similar approach to that for tangential splaying
was used to develop equations répresenting work done in deforming the
cup wall length 4o according to the postulated splay mode. This work
was then compared with that for steady~-state deformation. A rigide
perfectly plastic material was assumed throughout.,

(i) Splayed mode.,

Suppose at an angle © .in FIG., 153 a particular element
distance 4 from the cup rim has attained its neutral point, having
passed through the splay zone and being just about to bend to radius £
before commencing to radial draw inwards, The total work in splaying
to B is the sum of:

(1) That to splay elements in the wall leéngth 4
(2) That to bend elements in the wall length do- 4
(3) That in previously splaying elements in the wall length do-4

(4) That to redially drew elements in the wall length {o- 4

(1) Consider an element distance h above the current neutral
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point, length Sh s unit circumferential width, The elemental work

of splaying is,
SWs, = Y. S€.to.Sh

= YM":_S .to. Sh

To
where Y5 = to+5 = o + S+ 1 SCW(G"‘P)

Therefore,

A V8 «ln.,[l -+ Sn4+ hSl'm(S-—'{J)}._f_l Sh+hsSin(8-¥)

1o o *0

O

4
and WS, = \l"tog E‘Sn + thn-(e-‘P)]dh
a

Integrating,

W5| = Ytﬂ [Sn.L =t &ztsf""(akq})] B et (9.21.)
ey 2

o
where, equation 9,17 gives Swn

equation 9,20 gives (9 o ‘P)
and 4L - “LO el RO. 8.

|
(2) Consider an element of length RSY #* £o.38 currently
within the radial drawing regicn i,e, below A - E FIG, 153, For

unit circumferential width the elemental work of bending is approximetely,

SWp = 2 .Yto . Ro. 56 ¢0
V32 AR

Substituting for R from equation 9,18.,

SWb = 2, Yto* (lo-Ro.8'). 36
3 7 Lo
<)
and Wo = 2. Y.to? [ (Lo~ Ro.8')d8’
- 3 2
o
Integrating,
Wb = é %C:: (-LOG =t F2(2)282) (9'22.)
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(3) The previous splay work of the element in (2) above is,

W, = Yints . Roi 50 %a

0
where Ants = Anto+S =2 5
To RTe) oI

Maximum spleying ocourred in this element when 4 =4do-R,. 8 .

Sv:bstituting for 4 in eguation 9.17.,

1 {omz[l-fl—-(?o@) g
N

!+-x,

Therefore the elemental work may be written,

SWs, = Y.to.lo Vi+x? lt ‘/l ‘(R L ) %2 1Ry 08!

o RS | +2?

and the total previous spley work for all elements currently below

A - E is thus,

e 2 |
= Y.to.4o vizx I?o[ [l—jl- (Eo)z oS z]de’

5 3 1071412
2
Putting (E_U o T and integrating,
\+x?

Ws, = | Yto. Ro® [ (2-[T-18%)- L.sisVi e]-—-(s.zs.)
o J'_ JM

(4) Consider the radial drawing work of en element currently located
at ©' from the plane of Ro , as shown in FIG, 153, (This is
the same element as that consiéered for work components 2 and 3),
Suppose the elemental length $2 Ro.856' s &nd the circumferential
width is unity,

On attaining its maximun radial splay S et O the element
was assumed to bend to radius R , eand pass through the radial drawe
ing zone at this curvature as shown in FIG., 154. Its current radius <

in the cup wall may be written,
+ = '+ S s (6-8')

Cor +~ = ‘T'O—F?o[l—Co.‘a(e-G"):[-l- SCos(e—Q‘)

322



The radius of the element at the start of radial drawing was Jo+ S

where,
5:10VI+12[I —jl—?o) ]
% |+12
= *{.on+12[ Jl - MS’Z]
.-{--

Radial strain in the element

S i To+ S
to-[Ro-(Ro+5) Cos(B-6 )]
= ’Ll’\c.(‘+ é — dn ['I - {F?t.) (FO-!—S)COS‘\S 9)}
To ‘1‘0
s +5)Cos(8-8')

_f_.) + RO" (?D
(] o

Radial drawing work for the element is,

SNy = Y. Ey Ro. se'.to
a 5.Y.Ro.50%c  + [Ro—(Ro+S)0s(8-6)Y Re.56's
o =
= work to draw back work to draw from 4o
+
to current radius

to radius o
The total radial drawing work for all elements currently below A ~ E

(P16, 153) is therefore,
e

(]

Wi -_-Jr —'? N Roto.dB +J Ro* Voto.dB' - E(Ro&- 5)(.'05(3—8')\(. Roto.d6'
o
g-0 e o g'zo
- TLop it Iz + LR
Iz may

The integrated form of T| is given by equation 9,23,

be integrated directly to give,
2 /o1 e
Ro™. Y. to

IQ_ —_—
“do
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) 5
Iz = \(.Roﬂco[ _( Ro Cos (0-©')dB'+ J S Cus(ﬁ-&)')dﬁ']

o - o
= Y.Rote| I3, + Is_{\
o

Ro.Sm O jp integrated form,

Q

' e 7
I3, = ‘LC'\/H-—B'}‘_Eew.‘:(e-el)del-j‘e\/l— Me'2 ws(s—e')de’J
% o

L o T
= —LW‘:JZ[S"M e - [ VUG 2.cos(8-e').de*:\
XL (o)

Now over the vange 0< 8'c T 44 R0 218 16< 192100 e

23 to J to
1
maximum error involved in approximating \/ |- MB : by the first
three terms of the series, 2
oty -1 |2 - "" }" ki - s ae g
- 4.M0'7-g(Me )

is only about 3 % , the average error being less than this, Making

this substitution and integrating gives,

I3, =4oVi+2? [M (0= sin 8)+ M*§ B°- ©(6- sme)}]
e 2

e &
The sumation of L1, Ll2 end I3 gives
We  _ __r_l'e(z-h_mez)——__'.srn".m.e]+ 26
Y. to.Ro? Vm L Vi
270

— 2 [Ro.Sin@ + LoViTsz[M(o-5m8)+ MY (0% 6 e-sae)}
Ro[ = T{ ( ) z < ( /)
(9.24.)
The total work after drawing to © is given by the sum,

Ws, + Wp+ WS, + Wi = W,

as given by equetions 9.21, 9.22, 9.23

4o = 016Vio.to

(ii) Stesdy-state mode,

and 9,24 respectively vhere

The total work in drawing to © is given by
equation 9,9.
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(iv) Interpretation of bulk-work results,

As for tangential theory the number of independent
variables involved in the work terms made a comprehensive graphical
coverage impracticable without the aid of computation facilities,
However to observe theoretical predictions, splay work according to
- the hyperbolic mode was compared with steady-state work for the part-
iculer redraw %, = 4 y %%o= 59 , Since these
parameters had also been selected for the 'tangential' theory comparison
(FIG, 148) , it was possible to compare work in hyperbolic and tangen-
tial modes, Results are plotted in FIG., 155, where total splay work
is represented ‘éy the curve W , Splaying was complete when 8% 76
degrees, i,e, when W5 = O o Although the hyperbolic theory is
admissible from a work aspect W< Wgs, s the bending work comp=
onent Wp makes the total work at aeny stage © greater than that for
the tangential theory, even though splay work is less,

9.8, The effect of work-hardening on splaying,

Theory and experimental evidence suggested that maximum
plastic strain induced by splaying would be of the order 4 - 5 %o
Strains due to bending would usually be less than 12}-5 « Over such
intervals the equivalent stress-strain -curve may be congidered approx-
imately linear, A relationship,

o= & +a &

was therefore assumed for the analysis, where So  is the equivalent
stress of 