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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 

wrinkling during deformation. Both situations, (termed constrained re- 

drawing and unconstrained redrawing respectively), were investigated from 

a@ splaying aspect. 

Splaying was related to that deformation in the cup which precedes 

die contact during steady-state 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 increased as cup diemeter/ 

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 prematurely terminated the splaying 

phase. For unconstrained redrawing die geometry both influenced splaying 

potential and restricted maximum splaying. Dies of lerge angle will there- 

for generally promote greatest 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 yofile 

redius, large die angle and work-hardened cups. 

Theory correctly predicted all experimental trends. Two expressions 

for maximum splaying are proposed, 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 spleying did not produce a reduction in 

redraw losd. There was evidence to suggest that the contrary was true. 

Results of research should be equally applicable to the reverse 

redrawing process.
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NOMENCLATURE IN THESIS 

Symbols of geometry 

to 9 to a 

t+ e 

te 3Te a 

R = 

hex a 

Ro “ 

Re = 

Re = 

Ra 3 

Ro - 

8 a 

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 R. 

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 nosee 

Angle between planes of reference in 

bending or drawing along a circular path. 

Angle between planes of reference around 

cup circumference.



Jb 

Shift of neutral surfece from central 

surface when bending or unbending under 

tension. 

Redial 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 

redrawing. 

% Draw ratio in cupping or redrawing = = 

e 

Initial length of cup wall involved 

in splaying. 

Current length of cup wall involved in 

splaying.



Symbols of stress and strain 
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€ * 

e Z 

i,%,53 0 - 

&,€2,€3 - 

ig é 

oS = 

E = 

ce < 

or = 

Ee a 

Ss z 

AS - 

Normal stress. 

Normal plastic strain. 

Normal elastic strain. 

Cup wall stresses in the radial, through~ 

thickness and circumferential directions 

respectively. 

Cup wall plastic strains in the radial, 

through-thickness and circumferential 

directions respectively. 

Uniaxial yield stress. 

Equivalent stress. 

Equivalent plastic strain. 

Deviatoric stress. 

Hydrostatic stress. 

Shear stress. 

Radial splay in an element. 

Fractional circumferential strain induced 

in an element by splaying.



Symbols of forces and moments 

P = 
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M a 

Symbols of energy 

Ws, WE, We - 

Ws, We, We 

Symbols of constants 

a - 

m - 

na a 

& e 

Punch load in cupping or redrawing, 

Hold-down force in cupping or redrawing. 

Bending moment. 

Specific plastic work components 

associated with splaying. 

Bulk plastic work components 

associated with splaying. 

Gradient of equivalent stress-strain curve. 

Constant for adjusting Tresca's yield 

criterion. 

Coefficient of friction. 

Modulus of elasticity. 

Poisson's ratio.



 



  

I. InTRoDUCTE 

The term 'splaying' is used to describe a redundant deforma- 

tion occurrent in the redrawing process. For certain materials 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 generally relevant to the other. 

Since direct redrawing is used at Tube Investments Limited, this metnod 

was selected for the research reported in this thesis. 

PIG. 1, illustrates a typical direct redraw arrangement 

where the entering cup of radius fo is reduced to radius te 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 cups, 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 thick-walled 

cups, the Planpeeyeinicline 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 than 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 incap- 

able of supplying the constraint necessary to maintain the previous 

a
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equilibrium, The entering cup wall then proceeds to deform 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 flet circular blenk is sequentially 

drawn through 2 number of diameter reducing stations, without interstege 

annealing, to produce 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 residual ductility. In 1967 a research and development 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 en 

the forming process revealed that splaying occurred in every redraw, 

and that fractures in the cup rim usually occurred in the third and 

final draw stages as a consequence of splaying. 

A literature survey revealed that during studies of the deep- 

drawing process cwitt 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 load correspond- 

ing to splaying, 

After Swift's example the conventional redraw dies in use for 

the stainless-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 

a
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tools, failures being of the burst-bottom type cheracteristic of exces- 

  

sive drawing stress, Load measurements subsequently taken confi: 

that redraw loads with guided dies exceeded those with conventional, 

unguided dies. At that juncture the stainless-steel series of experi- 

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 gecemetry widely different from that used in 

the stainless-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 information, and indicated that although 

splaying was recognised as a troublesome feature of redrawing, the 

mechanics of the phenomenon were not fully understood. In January 1969, 

_ @ programme of research was initiated with the broad objective of iner- 

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 assumptions 

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 Du! 

  

2.1. INTRODUCTION. 

The survey comprises 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 is largely of a descriptive nature reflecting 

the general lack of knowledge on the subject. 

The first two sections are de'roted to cupping and redrawing 

theory and experiment, in which the works of Chase 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 effects, and simulative tests 

in the context of their significance to deep drawing. 

2.2. CUPPING EXPERIMENT AND THECRY 

(a) 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 

@ cup-like component with closed bottem and open top. Usually, but not 

always, products of the process are cylindrical, being formed from a 

circular blank, When 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 control wall thickness, the latter varies 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 theoretical analysis. The forming load is developed 

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

6



ions 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 Goss, Jevons (sie), and Sache ok 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 swift? in 1951. The 

first part of the paper described an experimental investigation into 

verious process parameters, Strain development in the punch nose 

vicinity was closely observed. The second part of the paper comprised 

a theoretical study of stresses and strains developed in a cup radially 

drawn from a circular blank, Their approach, now regarded as classical, 

has been followed in numerous subseauent 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 theory and so obtain more rapid, though less accurate means of 

computation, A good example of this is the analysis of Barton who 

provided an epproximate method of estimating maximum draw ratios in 

cupping. 

The practical aspects of Swifts work on cupping were covered 

by wintie! whilst ‘eranaes, 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, 

(bv) Experimental work of Chung and Swift. 

The investigation was conducted on a 50 Tonf, mechanical 

7



press producing cups 4 inches diameter from blenks ranging from 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 were: 

(i) Method of blenk holding. 

(44) Drawing ratio. 

(iii) Die profile radius, 

(iv) Punch profile radius. 

(v) Punechedie redial clearance, 

(vi) Cup material. 

(vii) Blank thickness. 

(4) Method of blank holding. 

Two methods were investigated, constant pressure and 

constant clearance. In the former, force on the blankeholder was main~ 

tained constant throughout any cupping operation but could 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-down pressure on the process, 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 flenge was thinner and therefore offered less 

resistance to deformation, 

In e 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 maximum draw load occurred later in the drawecycle as the blank 

diameter increased. PIG. 3, shows a typival 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, smaller 

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, When 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 neck. 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 maximum 

drawable blank diameter, 

(iv) Punch profile 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 was varied over the range 1/8 - 2 incles, 

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, maximum punch load being independent of punch radius. For all 

g
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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 retarding 

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 losds 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 maximum punch load, 

Then all maximum punch loads were comparable, 

FIG, 6. illustrates the manner in which punch nose profile 

was found to influence locel thinning in the cup bottom, A small punch 

radius produced upper and lower necks in the vicinity 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 te 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 2 large punch radius 

produced little bending strain but a more general base thinning as the 

material 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 same 

tooling and found to exhibit similar necking patterns, However steel 

had previously been shown to drew best on a hemispherical punch. ‘This 

anomalous behaviour of aluminium could not at the time be expleined 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 mascimum draw ratios in cupping, 

Unless frictional conditions 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. 

Tests indicated that a 10% clearance caused ironing 

at the cup rim but no excessive increase in punch load, whereas cups 

drawn with 70% clearance exhibited bell-mouths. It was concluded that 

generally 30% clearance provided satisfactory results. 

(vi) Cup material. 

Tests were conducted on low carbon steel, aluminium 

(soft and half-hard), copper (half-hard) and 70/30 brass (half-hard). 

It was found that for a given tooling arrangement the maximum punch 

load point within the draw cycle was strongly influenced by the work- 

hardening properties of the materials tested. For a low work-hardening 

material (half-hard aluminium), fie peak load occurred early, whereas 

a high workehardening material (70/30 brass) gave a peak punch load 

when the draw cycle was well advanced, 

An exemination of the drawn cups revealed that low work- 

hardening materials exhibited marked upper necks, less severe lower 

necks and little general base thinning, The converse was true for high 

work-hardening materials, 

(wii) Thickness of blanks. 

Steel blanks 0.025, 0.039 and 0.060 inch thick 

Bu



were cupped on tooling with a die radius/blank thickness ratio of 6.5, 

and a radial die-punch clearance of 307. It was found that for a given 

plank diameter punch load wes linearly related to blenk thickness, 

(ce) Theoretical treatment by Chung and awit? 

The theory establishes radial drawing stress and 

principal strains in the cup wall at any stage during the cupping oper=- 

ation, Account wes teken of all process varameters influencing this 

stress including blenk-holder friction, plane radial drawing in the 

flange, plastic bending and unbending at entry to and exit from the die 

profile radius, and radiel drawing in the presence of friction around 

the die radius. Effects of anisotropy were ignored, 

No attempt to aatiecs stresses and strains in the punch-nose 

vicinity were made, although these will be strongly influenced by 

radial drawing stress in the cup wall, The theory provides information 

on the type and magnitude of strains imposed during cupping and enebles 

press loads and power requirements to be calculated. 

(i) Distribution of stress and strain. 

The deformation zone was considered to comprise a 

number of distinct stages, It was assumed that at any instent in the 

draw cycle the radial stress in the cup wall was the summation of radial 

stress increments generated at each of the stages. This concept is 

pést described with reference to FIC. 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 blenk-holder force 

always operates at this point, causing resistance to radial drawing and 

imposing a radial stress Sig . Radial drawing occurs between points 

A and B generating a radial stress G's at B. Plane radial drawing 

ends at 3 where the flange is assuied to instantaneously bend to the die 

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

inerement ot - Gig, , whilst friction is responsible for an additional 

increment f£ ° The total inerement over the die radius is thus 

Sic - Sigt £ and the radiel stress immediately before unbending at 

C is a! «  Unbending of the flange into the cup wall at C provides 

@ radial stress increment bz which inoreases the total radial strese 

at C to Cic . 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 Sip at D, Stress 

distribution in the cup bottom is unlmown and represented by a dotted 

line in FIG. 7. 

FIG. 8 depicts the thickness strain development of a part- 

icular element, originally at radius x0! 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 plank.) 

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 flange. 

These included: 

=e study of the force equilibrium of a general 

element. 

2, A criterion of yielding. 

3, Plastic stress - strain laws. 

‘. 4, Compatibility of strains and displacements. 

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, 

  BEC ae (C28) cea =O eu 

To solve this equation the stress Sz was considered neglig- 

able compared with St, 3 reducing the problem to one of plane stress, 

Also, on the basis of experimental evidence, thickness variation ecross 

the flange was ignored for the purpose of stress computation, Circum- 

ferential stress 03 was eliminated from equation 2.1 by use of a 

yield criterion, 

joc = Me ee S22”, 

Equation 2,2, is a modification of Tresca's yield criterion, the constant 

m  peing selected to provide closer agreement with Von Mises criterion. 

(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 work-hardening materiel G=Y, 

  

j= Ct mY £n tA 
a cr) ee 

where Oi, is the induced radial stress at the rim due to 

  

plankeholder force H . Sig may be written, 

ST, = AH 4 

WH. ta 

To proceed further with the analysis Levy-Mises stress-strain 

relationships and the condition of volume constancy were introduced. 

These provided a differential equation relating flange thickening and 

circumferential strain, 

= SS 

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

  atts) = —-|2 + 3 Al) 2.6 
+, aes 4 

e ThA. tamyY 2 J 

for a none work~hardening material, 
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Equation 2,6 was numerically integrated to determine the 

variation in rim thickness Pal as the flange was drawn in, 

In combination with equations 2.3 end 2.4 equation 2,5 may 

be re-written, 

  
a6 = _| 2 + 3 gen 
Hes AH tel 2 Ss its Cine ee: 

a 2 
to give the thickness change in any flange element at current 

radius tT . The circumferential strain Se 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 between % and +! » and 

currently between 1, and t+. This gave an expression, 

2 : re |r - (0? - +7) €o 2.8 

where tm is the mean current flange thickness between ta 

and + (ie, tm tat) 

Equations 2,7 and 2,8 may be solved alternately by successive 

  

  

approximation to give the thickness 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 material was now 

considered, In establishing the radial stress ©; account was taken 

of the equivalent ean ta elements within the deforming flange. 

Although this quantity is a function of the three principal strains 

Eigcea5 ca", Hill showed that for draw retios less than two, 

equivalent strein differed from circumferential strain &2= 4n us 

by not more than 3%, Chung and Swift utilised this simplification 

and assumed an idealised equivalent stress-strain relationship 

S = Gy +1 

where Oz » A and nm were constants, Radial stress was then 

written, 

18



Xs - 
Gj = Oy +m [e+ A(Anx') | a 

¥ = 
+ 

*e 

  2.9 

Equation 2.9 could not be solved directly since the ratio 

demanded knowledge of the thickness history of an element, A procedure 

similar to that for the non work-hardening material was followed to 

determine thickness changes. First, thickness strains at the rim were 

computed using equation 2.6 with So + Allee oy substituted for Y. 

Radial stress and thickness distribution were then found by alternate 

numerical integration of equations 2,5 and 2.9, The computation 

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

error resulted in strain caleuletions if the constant A in equation 

2.9 was taken as zero - inferring that work-hardening 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 flenge during drawing 

are shown in FIGS, 9, and 10. 

(aii) 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 2 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-tension 

exerted by the plane redial drawing zone and therefore 2 net radial 

- force equal to this tension must exist across the bent section, In 

consequence the neutral plane of bending shifts a distance XX from the 

mid-wall plane in a direction towards the inside of the bend, Since 

the neutral is not coincidental with the mid-wall plene a tensile 

a
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Fic. 10 DEVELOPMENT OF THICKNESS STRAINS IN PLANE 

RADIAL DRAWING 

upward curves represent a particular 

element; horizontal curves represent 

contour at a given stage. 

--- no strain hardening and no 

hold down pressure 

—— typical mild steel with 15,500) 1bf 
hold dow and AL = 0,06 

—_—-—-— as above but AA = ,13 
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strain occurs on the latter, and as the bending is plane strain an 

equal amount of wall thinning occurs simultaneously. FIG. ll. shows 

conditions during bending under tension. 

Unbending at exit from the die radius was treated by Chung and 

Swift in a similar manner to bending and is therefore not discussed 

separately at this juncture, 

Strains imposed by bending are small and flange material has 

ineurred previous strain on reaching the die. Use of a linear equival- 

ent stress-strain relationship of the type, 

Gaze +08 

was therefore considered justified by Chung and Swift. For the assumed 

plane strain conditions Von Mises yield criterion gives, 

Shift in the neutral axis 7. wes found by equating the net 

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

' 
Do Op .te 2,10 

£o+4ate 
VB Bin 

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

must be solved by successive approximation , 

Redial tensile strain on the mid-well plane is given approx- 

imately by, 

  z= » 2.11 
Rn 

and this is numerically equal to the thinning strain which 

accompanies bending. 

The increment of redial stress b required to produce bending 

was found by equating plastic work of bending an elemental length of 

cup wall Ry. SQ to the work done by the radial force in moving through 

the same distance, Te We is the work of plastic bending the elemental 

length, then, 
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W, = b.Ryg. 5e.tg ee 2,10 

Referring to FIG, 11, the work of bending an elemental 

wall layer thickness 5R , volume Sv » is 

Wp auc. Se. 8v. 

For the assumed plane strain conditions, 

. SE, where $¢,2 4nR & bs 3 
Rn R nw oh

n 

Thus, 

ace + Zoy)s (Rat y) Se. Sy 

Where the + sign notes elements above and below the neutral 

axis respectively. W, is then given by, 

  

fear 
We =|" Z(G+2 Z oy \Rnt Ys Se 
S898 

Sep 
"3 2.( +2 oY 4 \(Rn- y) 2° dy 2.13 

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

radial stress b to cause bending. 

(iv) Radial drawing over the die profile radius, 

After bending at B (FIG 12.) the cup flange is 

radially drawn around 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 analogous to the back- 

_tension in a belt, whilst the stress at C. to overcome friction alone 

is given by an equation of the type y 

Ae 
Ste =e 

Sp 

The general approach to stress and strain determination was similar to 

that for the plane radial drawing zone, but was complicated by the 
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zone's curved nature. Equilibrium of an elemental ring of the deform- 

ing flange in the direction of the punch axis was considered,to provide 

an equation relating oj and oO, . A further equation relating 

ao , G2 and o3 was obtained by considering the equilibrium of 

a half-ring in the direction normal to the punch axis, These two equa- 

tions were then combined to eliminate Go, , and assuming, (as for 

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

zone was negligibie, a single equilibrium equation was written, 

C3 (I CHO) A(t Ate LO = Oe er a(t Pe OT Gee 4 

The modified Tresea yield criterion Oj- oy sme was introduced 

to eliminate ©3 , and by putting dr= R,Sne, de 

equation 2.14 became, 

ao, = —mMSdr — AWRa CosO ms Cas @- oi (cosO-F | ae 
+ + 

The first and second terms on the right-hand side of equation 

2.15 represent radial stress components to promote pure radial drawing 

and overcome friction respectively, The equation was solved by succes= 

sive approximation using numerical integration for the friction term. 

Chung and Swift suggested that a simpler though less accurate 

method of radial stress calculation for the zone was to directly 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 preceding analysis enabled Chung and Swift to 

calculate radial drawing stress and wall thiclmess 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, Oi, is increasing, 2 possibility of further 

thinning in the cup wall currently below C exists, even though the 

draw ratio is less than maxinun, 

Suppose that at a particular stage in the cycle radial stress 

at C is Cig . Punch constraint imposes plane strain conditions in 

the cup wall, therefore, 

iy = a,. te ’ 
tw 

Wall thinning occurs if B Sigh Cry 
oe 2 

until work hardening gives Ow = a Ciwe 
= 

The equivalent strain increment of thinning is given by, 

Se 220 2 tw te 

over the small strain range involved it was assumed 

SG = adé » hence, VB Oy - Sw = 2oadn te 

2 3 tw 

or NBG. teu 2 Gy = 2 fe te aaa 216 
2 tw V3 Ew 

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

thinning. 

(vi) Punch load-travel. 

Punch load was calculated from, 

P= 2M, te Cig. SHO. 

Punch travel was deduced from a knowledge of the current 

flenge dimensions and volume constancy, 

(vii) Correletion 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 loads 

and strains, Generally the correlation was good, being within about 

6 for punch loads, FIG. 13, shows the correlation for punch load= 

travel with various blank diemeters, Strain correlations were within 

about 15, and in general were not as close as for punch leads, This 

was attributed, at least in part, to anisotropy, since for steel, 

which 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 problem. 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 press-tool engineers, Modern computat- 

ion: facilities provide access to theoretical results, 
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FIG. 13 EFFECT OF BLANK DIAMETER ON PUNCH LOAD 

(A) 8 in. diemeter blank 

(B) 7 in. diameter blank 

(C) 6 in. diameter blank 

  experimental curves ---= theoretical curves 

Draw data: 

material mild steel 0,039 in. thick 

r diameter 4 in., profile radius 
in 

die diameter 4,101 in., profile radius 

din, 
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   (a) Theoretical treatment by Beniawy! 

The general approach of Chung and Swift was used in 

estimating the maximum draw ratio in cupping. It was proposed that the 

latter occurs when maximwa drawing stress in the cup at die exit attains 

@ value equal to the ultimate tensile stress of the un-worked 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 

an experimental-theoretical correlation for draw ratio within 6% , 

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 (and draw load) occurs is not 

immediately known, and therefore the deforming flange geometry at the 

point is also unknown. Without knowledge of the latter maximum drawing 

stress cannot be calculated directly. For a particular draw ratio 

(near to the meximum) Barlow calculated drawing stress at various points 

within the eee and hence determined its maximum value by interpolation. 

Drawing stress at die exit was considered to comprise components due 

to, 

(i). radial drawing. 

(4i) bending end unbending at the die radius, 

(iii) friction at the blank-holder. 

(iv) friction at the die radius, 

(41) Radial drawing. 

A plane stress situation with 02 = O was assumed, 

end thickness variation over the deforming flange et any instant ignored 

in deriving an expression for the ‘pure! radial drawing stress component, 

  

: G 
me = wml ear 27



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

li. 

Both of the above assumptions were shown by Chung and Swift 

to be reasonable, 

The value of G@ in equation 2,17 varies over the flange 

width for a work hardening material, Barlow obtained values of equiv- 

alent stress at inner and outer current flange extremities from a know= 

ledge of equivalent strains at these points, and hence deduced a mean 

value of G across the flange at any instant. In finding equivalent 

strain at the inner flange edge the procedure of Chung and Swift was 

used, allowance being made for flange thickening, 

(ii) Bending and unbending at 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., 

  Sic STG RES ae 2,18 
  

In equation 2,18 t was taken as the original blank thick- 

ness and G as for equation 2.17. By stipulating a bending geometry 

Ra of 10 equation 2.18 was re-written. 

‘ a = 0-029 SG. 
b 

The consequences of ignoring back-tension and thickening in 

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

(aii) Friction at the blenk-holder. 

The blankeholder was assumed to act only on the 

outer flange rim where a radial stress, 

j= HH is induced. 

Wey.ty 
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Barlow referred this stress directly to the inner flange rin, 

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

Oo = AH 

h TWte-to 

(iv) Friction et the die radius. 

The 'belt-transmission' analogy drawn by Swift was 

utilised, back-tension at sone 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, 

aT 

oo = ese (7 + 01 + 4%) 

Total drawing stress. 
  

The radial stress increment for pure radial drawing 

al as given by equation 2.17 was for an instantaneously uniform 

flange thickness tm > to . Although no account was taken of thin= 

ning during pending/unbending Barlow acknowledged that thinning occur- 

red in these operations, and assumed that on leaving the die radius 

cup wall thickness was approximately to . ‘The radial stress increment 

for pure drawing thus increased to, 

=. fi G tn tate 
e tobe ve 

Unbending into the cup wall was assumed to give an increase 

in radial drawing stress, 

ot = 0-029 & 

giving a final nominal cup wall drawing stress of, 

an - at = 
a = 2? (hi tm Flint + \+ (e #41) 0.0295 

C4 to tee Wet 

Forming limits, 

Barlow assumed that 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 assump- 

au



tion has been shown doubtful by a number of investigators, who found 

that punch nose profile and lubrication condition exerted an influence 

on maximum draw ratio, No weight was given to either of these factors 

by Barlow. Fracture et the assuned site infers a flat bottomed punch 

with small corner radius, but such a punch would induce acute bending 

strains causing local necking end failure. 

Table 1 gives experimental-theoretical correlation of 

maximum diameter reduction (an expression of draw ratio) for e nuzber 

of aluminium alloys, 

32



TABLE 1 CALCULATED AND EXPERIMENTAL VALUES FOR MAXIMUM REDUCTION 

IN CUPPING (BARLOW) 

  

  

  

  

  

  

  

  

  

  

  

  

Aeminten Maximum reduction in cupping % 

etiCy: Calculated Experimental 

iC 1c -0 49.8 50 

N3 oe 48.6 46.7 

3 - 51.9 48.7 

N5 -0 53.2 54.3 | 

H20 = 0 48.3 51.5 

H20 - FW 48.1 51.5 

(Freshly 
quenched) 

H20 - W 41.5 51.5 

H20 ~ WP 47.6 51.5 

m5 -W 41.3 48.7 

H15 - WP 47.0° “48.7         
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(a) Introductory comments. 

The maximum length/diameter ratio of a cup drawn 

directly from a blank is, for most common engineering materials, slightly 

less than unity, When higher ratios are required additional forming 

operations become necessary. The redraw process falls into this cate~ 

BOrye 

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 may or may’ 

not be deliberately controlled, Depending upon cup geometry, die 

geometry and redraw ratio, hold-down pressure may 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 losd remains substantially constant. This situation 

arises when redrawing an annealed cup, Conversely if a workshardening 

as-drawn 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 tooling variations than cupping, 

but falls broadly into two classes; 

(a) direct redrawing. 

(v) xeverse redrawing, 

These are illustrated in FIG. 14, The direct method of redrawing would 

appear to be the most widely used, but the reverse method offers the 

possibility of both cupping and redrawing in one stroke of a double- 

: action mechenical 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 switt, (1958) 

(ii) A theoretical treatment of reverse redrawing by chung 221952) 

(iii) A theoretical treatment of direct redrawing in the absence 

of hold-down by Fogg. (1968) 

(b)The experimental work of Chung and Swift. 

Three redraw arrangements were investigated compri- 

sing direct end reverse methods, Where euployed,hold=down was of the 

‘constant pressure' type. Materials investigated ineluded 0.08% 

carbon steel and 70/30 brass, both in annealed (blenk) condition, 

and 99% pure aluminium 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 genereted in the strip material 

by cold-rolling, It is unlikely that such tests would give an indicat- 

ion of normal plastic anisotropy.) Details of first-stage cup manu- 

facture are given in table 2, Similar press speeds and lubricants were 

used for redrawing, 

Variation in oversll draw ratio with cupping draw ratio. 

Brass and steel blanks of various diameters were cupped and 

then redrawn without interstage annealing. The upper limit of cupping 

draw ratio was taken as that at which faites 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 

@ maximum cupping draw ratio, although a higher redraw ratio was poss- 

ible with lower cupping draw ratios, Of the two tyres of redrawing the 

reverse method gave highest overall draw ratio (2.9 ) which occurred 

with steel. Maximum cupping draw ratios for brass and steel were 
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TABLE 2 DATA FOR FIRST-STAGE DRAWING (CHUNG AND SWIFT) 

Press Stroke 10 in., 8.2 strokes per minute. 

Lubricant Graphite in tallow (4% by weight). 

Blank-holder Positive pressure type. 

Blank thickness 2039 in, 

Punch diameter 4 in. 

3/16, 1/32, 1/4, 9/32, or 5/16 in, 
Punch profile radius 

according to redrawing punch diameters. 

  

Radial clearance 30 % of blank thickness 
  

Die profile radius     + in.   

37 

 



similar (2.1). 

Chung and Swift concluded that cupping performance could not 

be taken as a guide to redrawing performance and that materials which 

work-harden rapidly were less suitable for redrawing, The superiority 

of reverse redrawing was attributed to lower bending work with this 

arrangenent,. 

In e further series of tests direct redrawing was conducted 

with a 15 degree semi-angle die, and hold-down punch raised clear of the 

die to act only as a guide for the entering cup, This arrangenent 

gave higher draw ratios than either the previous direct or reverse 

methods. 

Effect of interstage 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. Tor both 

annealed materials the reverse redraw ratio was limited to 1.5 only by 

available tooling, whereas with as-drawn cups maximum tedraw ratios 

for brass and steel were 1,32 and 1.37 respectively. 

Effect of punch profile redius. 

The punch profile was varied from flat-bottomed with small 

corner radius 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 xedraw load, 

Effect of firstedraw radial clearance, 

In previous work Chung and Swift had found that deliberate 

ironing of the thickened upper cup walls in cupping gave no increase in 

punch load (since maximum punch load occurred earlier in the cycle.) 

This practice was found to be of direct benefit when redrawing since 

with unironed cups the thickened upper 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, 

Materials investigated were soft brass, steel and aluminiun, 

and half-hard aluminium, Meximum cupping draw ratios for these mater- 

dials were 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 successful with steel and half-hard aluminium. Further 

work showed that a redraw ratio of 1.44 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. 

(c) Chung's theoretical treatment of reverse Pearewinn 

The redraw arrangement considered is show in FIG, 15.a., the 

die profile being of hemispherical form, The hold-down force was assumed 

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 

flenge/die interface, 

(4ii) unbending into the final cup well 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 en approximate allowance made for friction over thedie profile 

by utilising the 'belt-transmission' formula, Work 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 - 145, the theory giving an 

underestimate, 
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Bending and unbending components of radiel stress, 

The general approach developed by Chung and Swift for cupping 

was followed. Bending at A (FIG. 15.d.) occurs without back tension 

and gives rise to a radial stress component, 

Se oy 

é 4Ra 
A (2.19) 

In deriving this expression Chung adopted Tresca's yield crit- 

erion which gives no weight to the assumed plane strain conditions. 

It was assumed that unbending at C also produced a radial 

stress component as equation 2.19, By adopting this procedure Chung 

ignored the effect of back-tension at C on increasing the unbending stress 

component, 

Radial stress component for pure 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 tos 

Pete eat SO ude eee ns Me (2.20) 
te 

and found to be independent of the strain path, 

Friction due to hold-down force. 

The hold-down force H acting on point B induces a frictional 

drag 24H 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 wes found to be, 

  
Ge Pa JK B es 

n Tegt 
(2,21) 

Friction at the die profile. 

Each of the radiel stress components given as equations (2.19), 

(2.20), (2.21) has an associated frictional component due to the curv- 

ature of the die profile, Chung referred each component to the die exit 
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at point C (FIG. 15,) making allowance for die profile friction, 

When referred to C equation 2.19 becomes, 

ea es b 4R, 9 

and the total stress component for bending and unbending when referred 

to C is thus, 

ip. tee Ye (14é"") s OP ianeg (2,22) 

Hold-down contribution to radial stress at C becomes, 

An 
Cy eer (2.23) 

  

  

Tret 

The frictional component arising from pure radial drawing 

could not readily be taken into account, since radial drawing stress 

eo increases from zero to ee around the die profile. Ching 

assumed that the mean radial drawing stress, ic acted at point A 

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

stress component at C, 

Aur 
Cie = Sic (e =f). 

$ 4 Ts 

Hence the total contribution of radial drawing to the radial 

stress at C was, 

  

ar 
$Tet+ cic = Ft ee (e +!) (2.24) 

e€ 

Summation of the equations (2.22), (2.23), (2.24) provides 

the drawing stress in the cup wall at C, Of, . 

Survey note. 

When referring radial stress terms to the die exit, Chung 

igmores the ‘area’ effect involved and its influence on increasing the 

radial stress, 

Characteristics of the reverse redrawins srrangement. 
  

With the arrangement shown in FIG. 15a, the die profile radius 
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directly effects both bending/unbending severity and drew ratio, and so 

also exerts a marked influence on draw load characteristics. FIG, 16 

shows the drawing stress ratio x as a function of = » with 
° 

to asa parameter, In obtaining this relationship hold-dow ( as to 

given by equation 2.23) was ignored, The curves cf FIG, 16 are exp= 

leined as follows; for very small draw ratios bending is severe, end hence 

an increase in draw ratio causes a fall in bending work greater than the 

inerease in radiel drawing work, For higher draw ratios however, 

increases in draw ratio produce only small decreases in bending work and 

hence the radial drawing work term predominates. 

Punch load caloulations. 

Puneh load P was calculated from, 

P= 27 +e .to.dig 

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 lbf, Table 3 gives principal test data, In 

tests 1, 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 made for work hardening by using a 

mean value of yield stress for the deforming flenge, For ase-drawn curs 

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

(a) - Fogg's theoretical treatment of direct etc tena 

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

  

  

  

  

  

  

  

  

  

  

      

Test No. L 2 5 4 

Punch diameter, (in.) 2,916 2,916 2,916 2,666 

Die throat diameter, (in.) | 3,033 34033 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 NO YES 

Material STEEL STEEL |ALUMINIUM| STEEL 

Coefficient of friction 0.10 0.10 0.05 0.10 

Experimetee i mex | 14,500 | 20,500 5,100 | 13,0c0 
punch load, (1vf) 

Theoretical maximun 13,200 18,900 4,900 

punch load, (1bf)       10,800     
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in the absence of ea 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, 164 the deformation stages are, in sequence: 

(i) Bending at A. 

(ii) Frictionless 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) Radial 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 approach 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 involved in a rigor- 

ous analysis of direct redrawing. Four aspects of Fogg's work are 

considered particularly noteworthy and it is with these that the current 

survey is largely concerned, Firstly, a linearised adjustable yield 

criterion was employed throughout the analysis to provide closer agree= 

ment with Von Mises criterion than does the modified Tresea criterion 

used by previcus investigators. Secondly, the linearised yield crit- 

erion was treated as a plastic potential for deducing plestic 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 describing the 

process, Fourthly, geometry of the unconstrained zone AB in FIG, 18A 

was deduced by utilising the principal of minimum energy of plastic 

deformation, This latter feature of Foggs work is of special interest 
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to the writer, since splaying in unconstrained redrawing was found to 

be strongly influenced by the bending severity in this zone, 

In developing the theory it was assumed that, 

(1) The entering cup wall was of uniform thiclmess and yield 

strength, so that steady-state redrawing conditions 

were attained, 

(2) The analysis was limited to a pre-drawn cup diameter/ 

thickness range of 40-100, Within this ranze it was 

assuned that plane-stress drawing conditions were 

attained and that no flange wrinkling would occur, 

(3) Anisotropy and the Bauschinger effect were ignored, 

Linearised yield criterion, 

  

It was argued that the use of Tresca's yield criterion in 

conjunction with Levy-lMises 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-Mises combination could be 

obtained for plane stress problems by linearising Von Mises criterion 

with a method suggested by Peete 

Von Mises yield criterion for plene stress is given by, 

Oj? - oj.03 +037 = ¥?7(s Se) (2.26) 

In radial drawing the principal stresses ©Ci,;03 are always 

positive’and negative respectively, and Von Mises criterion of yielding 

is represented by a curved line shown in FIG 19, Over a small stress 

ratio range Preger's linearisation gives a closer fit than either of the 

Tresea lines, and may be expressed, 

Crops OS wits a 

  

(2.27) 
where Ct,C2 are treated as constants over the stress range 

of interest. — (In his paper Fogg wrongly shows C) 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 strain ratios. 

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

ving plastic strains, 

te $(Cij) = C10; -03-CaG =o, then 

agij= 2 T(cij) an 
aot ge ae Sa a 258) 

wnere CA! is en instantaneous non-negative constant, 

Equation 2,28 was used to obtain GdE,,de3 » and GE, was 

given by the plastic incompressibility condition, 

d€\4 dfz;4+dE3 =o 

Linearised equivzlent stress-strain curve. 

Over each deformation stage work hardening was taken into 

account by fitting a straight line to the equivalent stress-strain curve, 

4n equivalent stress-strain relationship of the type, 

Sie Vitae 

was used where Yi and Ql were adjustable constants, 

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

The zone is identified as arc A Bin 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 that; 

(1) The material was non work-hardening, 

(2) Deformation conformed to a circular are, 

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

and thus under plane strain conditions, 

For a given die angle the energy expended in the free zone is 

a function of bending radius Rs « If the latter was small, bending work 

would be high whilst radial drawing work would be low, The converse 

would be true if Re was large. Fogg's analysis provides a value 
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of RE between these two extremes, such that combined ben 

radial drawing work is a minimum. 

FIG, 18C shows an element in the free zone, The specific 

plastic work for radial drawing is given by, 

du = oj.d€; + Ta.d€, +03.4€3   
(2.29) 

where the plane stress condition makes Og=0O . Futting 

G=Y in equations 2,27, 2.28, and substituting for dé: 33 
dé3 

in equation 2.29 gives, 

aw, = - C2. ar ~ 

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

drawing, 

Wy = Cay dn to 

of) 
(2.30) 

  

Bending/unbending in the zone was analysed by the procedure 

of Chung and Swift, The specific work of bending at A which occurs in 

the absence of back tension is given by, 

p= 2 Yto  —______________—- (251) 8 ae 
Although unbending at B occurs under back tension Fogg assumed 

that this would be small and ignored its effect on increasing unbending 

work and thinning of the cup wall, With these assumptions unbending 

work WwW, becomes equal to bending work as provided by equation 2,31. 

The free radius RE was found from the condition, 

os ( Wye + Wh + wu) aC ee eee ea) 

For the purpose of differentiation equation 2,30 was written 

in terms of Rf and OY , 

Wy = C2 Yotw vo 

To- RF (IH ces) 
which, since the zone draw-ratio is small, was written, 
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Wr = Cay RE (l- cs) 
  

    

    

f (2.33) 
Total zone work is given by equations 2.31, 2.33, 

w= ¥ [es RE (I-cose) + to | 
“Fo VB RE 

and the condition O(w) = o provided 
ORF 

RE = tof 
rma = ————————_ (2,34) 

VB C2 (1-25) 
C2 may be ommitted from equation 2,34 since 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 Re was independent of overall redrew ‘ratio, but as the 

redraw retio decreases the conical drawing zone BC (FIG, 18A) 

ultimately reduces to zero, or this special case, shown in FIG, 163, 

the redraw ratio may be written, 

| 

1—(Rg+Ra)(\- cose) 

To 

= eer eras) 

Having deduced free zone geometry for a non work-hardening 

material Fogg analysed stresses and strains in the complete redraw 

for a workehardening material, 

Correletion of theory and experiment, 

To test the validity of the proposed theory 2 in, diameter, 

0.040 in. thick cups in 70/30 brass were redrawn, Equivalent 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,, C2, Yu and ay. 
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Experimental redraw tests were limited to a single variable ~- the redrawing 

ratio Y . A @ie of semi-angle 30 degrees and throat radius 5/16 in. 

was used throughout. 

FIG, 20A 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 ~ 16, At higher 

redraw ratios correlation improved. Fogg suggested that the discrepancy 

was consistent with an overestimation of bending/unbending radial stress 

components which increase only slightly with redraw ratio and therefore 

exert a diminished overall 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 circumferencial stresses exist due to 

radial drawing. FIG,.20B shows experimental/theoretical thickness changes. 

Theoretical drawing stress relationships, 

The theoretical effect of redraw parameters on drawing stress 

are shown in FIG. 2 for the particular experimental cup geometry, 

FIG, 21A indicates that die-angle exerts only a slight influence on 

drawing stress over the range 15 - 60 degrees, lower die angles gener- 

ally giving lowest drewing eee Fogg stated that an optimum die 

angle of 224 degrees was found for a redraw ratio of 1,5. The dotted 

line in FIG, AA represents the situation where the conical drawing 

zone degenerates to a single point, Drawing then only occurs over the 

die radius, and with this particular geometry the free radius Rs may 

be expressed in terns of die radius Ry and redraw ratio 8 by combining 

equations 2.34, 2.35 to eliminate cy . FIG. 218 shows drawing stress 

variation with die radius for this condition. FIC, 21° shows drawing 

stress variation with die radivs for the optimum 22% degrees die semi- 

angle. 
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2.4. FL 

(a) Introductory comments, 

Deep-drawing operations are characterised by a plane stress 

system in the plastically deforming flange, where the radiel stress is 

tensile and the circumferential stress compressive, Under the action of 

the circumferential stress the flange may become unstable and buckle into 

@ number of wrinkles or waves as shown in FIG.22, When this possibility 

arises it is common to suppress wrinkling by means of a hold-down agent 

which, in cupping, is termed a blank-holder, and takes the form of a ring 

whose annular dimensions correspond to those of the drawing die, ‘The 

plenk-holder may be held in position by either a hydraulic/pneumatic force, 

in which case the latter is constant, or by springs which exert a force 

proportional to the wrinkle wave height. In ‘constant clearance’ blank- 

holding the tools and supporting press structure act as a very stiff spring 

and this method therefore falls into the second category above. 

Flange wrinkling can become a 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 analyse the 

problem was made by Geckeler (1928), who described the critical buckling 

compressive flange stress in terms of flange geometry, Baldwin and Howald 

(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 applicability of their work is limited, since the large draw 

ratios (2/1) achieved in cupping usually require blank-holding, 

Benice 41956) derived expressions for critical wrinkling 

conditions and number of waves formed when cupping without a blenk-holder, 

An energy approach was adopted to obtain a stability equation. By 

modifying this equation wrinkling behaviour with a spring-type blenk- 

holder was studied, but a similar approach did not provide directly 
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_ PUNCH     
WRINKLED FLANGE 

  

  
FIG. 22 FLANGE WRINKLING IN CUPPING WITHOUT A BLANK-HOLDER. 
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useful information on wrinkling with constant pressure blank-holdi 

  

Senior's work embraced that of Geckeler and Baldwin and Howald, and 

was discussed by Aageanaee: 

ee derived an expression for minimum blank-holder 

pressure for a ‘constent-pressure' 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 

salient features of Senior and Siebel's work, 

  (b) Senior's theories of wrinkling. 

The conditions causing flange-wrinkling in the absence of 

plank-holding were first analysed, It was postulated that instability 

would Sasren when the energy due to compressive flange stresses reached 

a level sufficient to form waves, taking account of resistance to wave 

formation imposed on the inner flange where the cup is constrained bet~ 

ween punch and die, The method used te allow for this constraint was 

fundamental to Senior's approach and so requires special mentions if 

a radiel 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 enalogy was therefore made to a problem investigated 

by Morley who deduced elastic deflection in an annular disc clamped at 

its inner edge and subjected to lateral pressure, Since pressure req= 

uired to deform the disc resulted from the inner constraint, Senior 

postulated that the effect of the latter in cupping could be simulated 

by an equivalent pressure, proportional to mean wave height, acting 

over the flange area, That is, 

4 = 7:47 Got = K (2.36)   
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Where Gq = normal pressure, 

% = wave deflection at any point in the wave 

around the mean flange cireumference, 

Eo = plastic buckling modulus, 

H
 

a second moment of area of the flange section 

through its central plane, 

= flange width. 

K = ® constant, 

The plastic buckling modulus E> takes account of the elastic- 

plastic nature of the problem, and is a function of elastic and tangent 

modulii (Johnsen and Merton) 2 

The basic equation for instability was written, 

pin ee Uae ee rian) 
where U; wes the energy of flange compression, U2 the 

energy to form a wave by bending, and U3 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-segment could be considered straight. 

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

section, 

(4) The flenge thickness + was equal to the blank 

thickness to . 

Energy of bending. 

For a wave form, 

2 Sait. ey) 
% C 
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bending work is, 

4 2 
Uz = 4 ( ate AL 

Ay? 

(2,39) 
  

where Z and L_ are wave amplitude and half-length res- 

pectively, and Xx the co-ordinate along the mean-flange ciroumference, 

The half-wave L was written in terms of the mean flange radius 

and number of full waves Nn, Les Ta é 

Solution of ecuation 2.39 then gave, as 

U2 = TTEoTt Zn 

4a? 

(The power of 1 was wrongly given as 2 in Senior's paper.) 

(2.40) 

  

With a mean compressive flange stress OG, force on a section 

r 
is ocb.t. The distance moved by this force in forming a half-wave 

is approximately, 

  

L 

Lb = 4{ (an? ax 
26 REE’ (2.41) 

Integrating equation 2.41, putting L=Ta, and mitiply- 
rm 

ing by the force ab.t gives, 

2 
Ue Woarbt.Z°n (2.42) 

  

4a 

Work done against simulated constraint. 

The force acting on a flange element of circumference dx is 

Y- b,dz,- In generating an increment of wave height dy at X the 

elemental work is “g b.dx. dy » end thus for a half-wave the work 

is given by, 

x cee 

us= [ (“eq aray et LE) 
lo Jo é 

Senior considered y (equation 2.36) could take values 

between Ky 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, 

UJ Week Zs senees OUR 2 Ob, DAA 
a (2.442) 

o 2 
U3 = 2b.KZ"o ange eeeeeeeensneeen (Sgt) 

al = 

Critical conditions for wrinkling . 

Substituting for U,, U2 ,Us in equation 2.37 gave the 

lower wrinkling threshold, 

tere enema Le me, br Ce aay eee en (ohn) 
a? nv? 

and the upper wrinkling threshold, 

(2.450)   iS bite seal neyo Ka: 
a? T us 

Equations 2.45a, b were differentiated with respect to m 

to determine the number of waves at instability, and hence the circum- 

ferential stress O at this condition. There is some disagreement in 

the resulting expressions for n and & « In his paper Senior 

Eo 
gaves 

(esa. 2 nese 2025.2 
b : b 

: 2 poe ws Saab yes siata 
However Alexander stated the expressions should reads 

1652 ¢€ nm < 2:082 
i b 

2 2 oscey e g < 0-58/(E) 
Eo 

According to the writer these expressions should be: 

(2.46)   
1652 < n € 2.082 

b 5 
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2 Zz 
0. 40(£)? < g< Tie ) i 

Equation 2,47 was used to determine critical flange geometry 

after a method evolved by Baldwin and nevaid The finel result is that 

for a given overell cupping reduction the minimum blank thickness/diameter 

ratio for wrinkle-free drawing may be computed. The method is identical 

for both limits of equation 2.47 and is briefly described with the aid 

of FIC, 3 for the lower limit: For a given overall cupping reduction, 

the term O: 46(f£)° when plotted against current flange rim reduction 

on a log-log scale, gives a family of curves for various values of ‘ . 

All curves are of identical contour and may be represented by a single 

curve adjustable along the vertical ordinate, The term g depends 

upon mean strain in the cup flange and may also be. plotted - a function 

of current rim reduction to the same log-log scale, To find the inst- 

ability value of fe the representative (&)* curve is adjusted down- 

wards until satanee occurs with the a curve, This gives the critical 

value of o-Ao(ey, and the corresponding intercept with the vertical 

ordinate (ie, zero reduction) provides the critical o- 4e(t2 7 

value, from which the blank thiclness/diameter ratio may be readily 

calculated, 

In practice blank geometry is such that maximum cupping reduc- 

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

investigated this situation, 

Cuppines with a springeloaded 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 bad to an equivalent flange 

pressure Q, « The energy term U3 was then written, 

ers we 
Uz = ( { b(4+4,) dy, Ax 

lo lo 
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As for Hs UW could lie between two limits given by 

Vv A 
4 ont: = oe 

= nt — 

4 ae 7M la 

where 7 is the spring stiffness. 

The other terms of the equilibrium equation Uy U2 were 

as equations 2.40 and 2,42, and differentiation with respect to 

provided expressions for the number of plestic waves formed. 

For the lower limit of constraint, 

  

  

i 
4 

Viv Gy T47 3.82T 
cea Ea bee (2.48) 

and for the upper limit, 

L 

ha | ON er ark ens (2,49) 
be E5.0.b.6> 

Equation 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 omitted. Equation 2,48 then 

becomes, 

1 
xz . 

n= 14a) as 

: a 

Experimental-theoretical correlation (spring blenk-holder. ) 

Equation 2,50 was used for comparison with experimental obser- 

vations, + was found that in the absence of blank-holding the finsl 

number of plastic waves eoualled the number of initially formed elastic 

waves, the wave-forming criterion being independent of buckling modulii. 

With blankeholding however, the number of final plastic waves was sens- 

itive to the plastic buckling modulus, Senior observed thet with 

spring blenk-holding a low number of elastic waves formed initially and 

multiplied on pressing against the blank-holder, so that each initial 

wave became two or three final waves. For a given reduction equation 

64



2.50 reasonably predicted the effects of blank-holder stiffness, 

material properties and thiclmess, Brass cups were drawn with reductions 

ranging from 20 - 5 For high reductions the number of waves was 

insensitive to variations in reduction, but at lower reductions the 

number of waves increased rapidly as the wrinkle-free condition wes 

approached, It was concluded that the latter condition could be cons- 

idered as an infinite number of infinitesimally small waves, 

Cupping with e constant-load 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 being inseparable from the number of waves 

YU in the equilibrium equation, 

For a blankeholder load @ the load carried by each wave is 

Q gos and for a wave amplitude Z the total work done against the 

blenk-holder in forming a single wave is, 

Upeniz2o 
mw 

The terms Ui, U2, V3 are as previously found for 

drawing without blankeholding, end thus the equilibriwm equation for 

the lower instability limit is, 

ob tae Esta 2 egos oe ———— (2,51) 

Senior differentiated equation 2,51 with respect to "1 to 

find the nunber of waves formed. For this operation Z was treated 

as constant, although as Alexander pointed out Z and "™ are 

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

ne 47 Eo.t2at + 30-6 Qob/z 
Eo. bbe 

The constants 7.47, 30.6 were wrongly given in Senior's 

  

(2.52) 

paper as 1.34 and 2.54. 

rm 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 

closely. The nusber of wrinkles formed was found to vary inversely with 

overall reduction, and the wrinkle free condition corresponded to that 

for an infinite number of minute wrinkles, Although critical reduction 

was 2 function of material properties, the dependence was weak, and it 

was considered adeauate to use a single reduction-blank’ thickness/diameter 

curve for all materials and states of prior strain, 

When cupping with a spring-type of blank holder the number of 

final plastic waves formed depended upon blank~holder stiffness, flange 

geometry and material properties, For a given material and flange geo- 

netry it was possible to pre-determine number of wrinkles in terms of 

blankeholder stiffness, 

The energy approach adopted did not provide directly useful 

information when cupping with a constant pressure blank-holder, since 

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

Survey note. 

Senicr's treatment is for cupping from a flat blank. It 

would seem that a similer approach may supply information en wrinkling 

in xedrewing, making due allowance for the additional constraining effect 

of the entering cup at the outer flenge,. 

(ce) Siebel's wrinkling theory 2? 

An expression for blank-holder pressure was derived in terms 

of overall draw ratio end materiel properties, using a semi-empirical 

approach involving numerous assumptions and adjustments, 

Wave amplitude, ’ 

At any stage in the cupping process there is 2 thickness 

various over the deforming flange (Chung and Swift), The blank holder 

acts only at the outer rim, there being a slight gap elsewkere, Siebel 
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proposed that the flange would wrinkle to fill this gap and so exert a 

  force on the blank-holder, Thickness variations over the fle: were   

studied for a mumber of draw ratios, with the conclusion that the maxie 

mun die/ blank-holder gap could be approximately written, 

zfe 0.024, (8-1)? 

and the mean wave amplitude across the flange was thus, 

f ts 0.c06te(¥-1)7 
m   (2.53) 

Blankeholder pre: 

  

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 of; 

(1) ‘The compressive cirewnferential 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 Fan was 

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

1 
found from the general expression @ = d*y . Bending 

P25 2 

stresses were obteined in terms of the plastic tangent modulus ay ° 

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, 

2 2 z = B() (ta \il = Wyte, ay/de | 2 aes 
(2) (ze) 5 (2) ae (2.54) 

where p = blank-holder pressure, 

c = waveelength of a wrinkle, 

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

maximum value of (g yams 

(2.55)



After examining stress-strain curves for steel and copper Siebel conclu- 

ded that equetion 2.55 could be re-written. 

A 

& = o/2( >) ie O:4(bs) 

Substitution for Fon from equation 2,53 gave 

A 2 2 
p = 0.c02(3-I)*¥ to 0.0025 (U-1)"¥ 

(2.56) 

tAdjustments' were then made which appear to be concessions 

to the inadequacy of the theory, It was recommended that Y in equze 

tion 2,56 be replaced by the corresponding ultimate tensile strength, 

and that an allowance be made for variations in Te arising from die/ 

plankeholder manufacturing errors. Both adjustments had the effect of 

increasing blankeholder pressure p . Siebel's final equation 

read, 

BP. 6c6s /o.o575 (Salas Goekis ae Ele aan eon? 

where a = punch diameter, 

Application of the theory. 

It was claimed 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 assumptions and adjustments 

made in reaching equation 2.57, it seems unlikely that the theory could 

be relied urcn for accurate predictions. 
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2.5 ANISOTROPY AND ITS RELI 

  

(a) Introductory comments, 

A body possessing different properties in different directions 

is said to be anisotropic. Forged, rolled and drawn vreducts usually 

become anisotropic 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, 

a certain degree of anisotropy may be introduced in all materials during 

fabrication, and this particularly applies to rolled sheet, Consequently 

deep drawn products are usually anisotropic. 

Two approaches, termed 'macroscopic' and'microscopic' , are 

“used to investigate deformation in anisotropic materials, Hill's ples- 

ticity sag tena the basis of the macroscopic approach and was deve= 

loped by assuming certain general properties for the aggregate, The 

theory has been used to explain anisotropic behaviour in deep drawing. 

The microscopic approach is essentielly concerned with slip systems on 

@ crystallographic besis and is used to determine fundamental anisotropic 

characteristics e.g, why certain materials should inherently possess 

greater anisotropy than others, 

The ratio width strain/thiclmess strain of e strip specimen 

in uniaxial tension is termed the coefficient of normal anisotropy R . 

If the material were isotropic this ratio would be wiity, according to 

the laws of plasticity, For the special case where R is constant for 

all directions in the plane of a sheet, a cup deep-drawn from the sheet 

would reveal no visible external signs of anisotropy. If R varied in 

the plane of the sheet, giving planar anisotropy, the deep drawn cup 

would exhibit rim irregularities 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, 

a more fundamental effect of anisotropy is its influence on maximum 

draw ratio. Correlations have been found to exist between the mean 

coefficient of normal anisotropy R and eee drawing performance. 

The pioneering work in this direction was by Lankford and others about 

18 years ago. A correlation between formability and R was detected 

when pressing motor car bumpers. unites? later established a definite 

correlation between R end maximum draw ratio in cupping. Information 

on @ wide range of R values for various materials has since accumulated 

and there is now no serious doubt that normal anisotropy strongly inf- 

luences deep-drawability. 

A number of practical diffiowlties have been encountered in 

measuring values of R, ‘To overcome these Atkinson and Wacleenvenes 

gested a testing procedure, 

The remainder ot this section of the survey is given to disc~ 

ussing various aspects mentioned above in more detail. 

(b) Hill's anisotropic yield criterion,’ 

It was proposed that an anisotropic material has three princi= 

pel axes of anisotropy =, 43% along which it possesses different 

tensile yield-strengths, Hill's criterion is an extension of Von liises 

isotropic eriterion which may be written in terms of the three principal 

stresses, 0), %2,°3, 

(i = o:) + &2 oa)'+ (e3-<)* = constant, 

or in terms of the three normal and shear stresses 

Cay Of ge rom UY ye GY Za, py nes 

(ex = oy) + (%y = oy) +(@% Bs ox) b (<ay*ety pe Tz) = content —(2,58) 

making use of the stress iaveeeate i ’ Ta fe 

By analogy with equation 2,58 Hill's criterion was written, 
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24(cij)= F(oy- oy) + @(O%4-05) + H (cx-oy) + 2 Lgt 2M tge+2 NYZy= I 2.59) 

where F,G,H,L,M,N, are characteristics of the current 

state of anisotropy. Hill showed that if X,Y, Z ana R,5,T 

were the yield strengths in tension and shear respectively along the 

principal axes; 

  

' | t Set 
ot Wane, Ke ao 

1 
2a oa ya oa and aes Sf (2.60) 

Qhaieero ss eal eg vy? zt 72 

It was further shown that equation 2,59 reduced to 2.58 when F= G=H 

and L=M=N = 3F 

Equation 2.59 was treated as a plastic Potential to give plastic strein- 

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 Fra « The strain ratios 

Ci déy : dix 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, 

ArH 

For the particular case where Ox, OY, o y are principal stresses 

equation 2,59 becomes, 

  

z 2 2 | : - Oy -ox) + H( oper = + Pin) et nea a 
Now for a strip specimen tensile tested along the X% axis H:G is 

the width/thickness strain or the normal enisotropy coefficient R, 

Furthermore from equations 2,60, , 
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nee Pek ie 2 qe = 22 =( ayy = (l+R)¥ 

Equation 2,61 may therefore be re-written, 

2 2 2 2 
(Cy - oy) + (Sg-2%)* + R (Ox-0y)*= (+2) Y°___ (9,62) 

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

encountered in deep drawing. 

(c) Application of Hill's yield criterion to deep drawing. 

Limiting draw ratio conditions occur in cupping when the draw- 

ing load due to deformetion at the die equals’ the maximum load bearable 

in the lower cup wall near the punch nose radius, It is therefore of 

interest to observe the effects of enisotropy in these two zones, 

The largest component of drawing stress arises from radial 

drawing in the plane flange (Chung and Swift), where the radial stress 

system is approximately plane and the material strains in all three 

principal directions 

For this situation equation 2,62 becomes, 

2 
Ox? 4 Oy? — 2R Ox.cy = y eines oe, =O 

; (+R 

OX, sy are always tensile and compressive respectively, The 

largest value Ox may attain ecours when Sy approaches zero, Therefore 

Ox will not exceed Y , and R will not influence maximum drawing 

load. 

The stress-strain conditions attendant at fracture near the 

punch nose are generally uncertain, Holcomb and Pecwotene 2 and Moore 

and Peviescraveuea plane-strain fracture in the lower cup wall when 

analysing the effects of anisotropy, whilst Chung and swift found that 

fracture usually occurred at the lower of two necks situated around the 

base corner profile, Wilson 1s0 subscribed to that view, In the 

latter case fracture would be in biaxial tension, 

For biexiel tension over the mmeh nose Ox = Sy with Sy=0 
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Substitution in equation 2,62 gives 

  (2.63) 

  

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

fracture site increases with R, and that when R exceeds unity wall 

strength exceeds that in uniaxial tension, 

For plane-strain tension in the lower cup wall aéy ao 

and therefore dEy=—-4Ex , Also OZ =O , By substit- 

uting these values in the stress-strain increment equations derived 

from the anisotropic yield criterion it may be shown that, 

oy = EF . Oy e 
4 R+l . 

Substitution for oy in equation 2.62 then gives, 

eS vee (2.64) 
a Jt 2R 

Equation 2,64 was derived by Backofen and reduces to Von Mises plane= 

strain yield stneae ¢ Y when R = 1, Thus the load carrying capa~ 

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 examined Hill's criterion predicts 

an increase in drewability with R velue, 

(a) Microscopie (or orystellosravhic) approszch to anisotropy. 

The approach is more fundsmental than Hill's in that deformation 

on a microscopic seale within single crystals is studied and results 

applied to explain bulk anisotropic behaviour of an aggregate, The 

Schmid lew, 

a [poe (2.65) 
Cos B, Cos 

relates the direct stress O- applied to a crystel to the critical res- 

or 

  

olved shear stress TU in en active slip system, Equation 2,65 

would



defines a three dimension state, ‘he angle /3 defines the component 

‘ hee 
of Oy oe resolved on to the slip plane, and p resolves © in the 

  

,Slip direction, If CT is the sheer stress required to cause p: 

flow on the slip plane the magnitude of the epplied stress GO depends 

upon its orientation defined by B, p. Generalising, a textured 

material will appear strong or weak depending upon 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 anisotropy 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 aggregates, where even if orientation is perfect, 

grain boundary constraint may initiate secondary slip systems. Blade 

studied the behaviour of several textures in single crystals and so 

predicted iehaatone in an aggregate making allowance for differing text- 

ure proportions, Wilsos as discussed this approach, 

Dillemore pointed out that R velues 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 material may behave in a very diff- 

erent manner, 

(e) Experimental correlation between R value and deen drawability. 
  

Whiteley (1959) measured R values for a number of materials, 

Where a high degree of planar anisotropy was present an average R value 

() was teken, Each material was then cupped and the limiting draw 

ratio established, Whiteley concluded that limiting draw ratio increased 

in direct proportion to 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 besis brass and stainless steel should have performed 
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petter than steel, Swift did not investigate anisotropic behaviour, 

Lilet and vyoe (1964) investigated the effect of R ina 

number 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 wide 

variation in earing characteristics but this did not affect the correla- 

tion provided a mean R value was taken. No correlation was 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 value could possess widely differing degrees 

of planar anisotropy, and that in this situation materials with the 

highest minimum R value performed best in drawing. 

Atkinson and Valea (1965) investigated factors affecting 

the test for R values 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 elongation and width strains. This method was found to 

be more accurate than measuring thiclmess strain directly, R was 

expressed, 

R =-tn 3 
An wa, 42 

wi oi 

A large test piece gauge length (7% in.) was used to take into eccount 

any local inhomogeneity present in the sheet, and was divided into 15 

- 4 in, segments, Width 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 strein 

level. The following procedure was recommended for R value cetermin- 

ations 

(1) ‘The gauge length should be large. 

15



(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 made at intervals not 

greater than 4 in, along the gauge length, 

(5) Measuring techniques should be precise, 

Atkinson and Maclean suggested that experimental scatter in 

previous experimental investigetions of R - drawability correlation 

resulted from variable frictional conditions. To test this theory 

steel cups were drawn using polythene sheet end oil as lubricants, An 

average R value 

R = Ry+ Rat 2Rus 

4 

was taken over the sheet, It was found that a strong corre= 

  

letion existed between R and maximum draw ratio with polythene 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 BR » yield strength, tensile strength 

and ductility were varied only R hada 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 value. 
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COEFFICIENT OF NORMAL ANISOTROPY R AND 

MEAN TENSILE ELONGATION TO FRACURE e (WILSON) 

Commercial zinc, rolled 85 % and annealed at 200°C. 

Cube-texture tough=pitch copper. 

Commercial aluminiun Shard. 

Commercial aluminium annealed at 300°C, 

"Balanced-texture" tough=pitch copper. 

70/30 Brass annealed at 700°C, 

Boxeannealed open-hearth rimming steel. 

Box-annealed aluminium-stabilized steel. 

Annealed titanium grade 115, 

17



2.6 _FRICI    CATION AND SPEED EFI 

  

P_ DRAWING, 2 

(a) Inroductory comments. 

The role of a lubricant in metal-forming processes is three- 

fold, it should reduce forming loads to a minimum, minimise tool 

wear, and assist in imparting a good surfece finish to the product. 

The relative importance of these three requirements may very. In all 

drawing operations improved lubrication provides a decrease in forming 

load. It does not follow however that potentially higher useful 

deformation 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 tool; 

whilst improved lubrication leads to lower forming loads it also reduces 

friction 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 recognise this led to diffi- 

culties in early attempts to establish correlations between drawability 

and desirable material properties. 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) Lubrication mechanisms in metal forming, 

  

Two broad classes of lubrication occur in metal forming end 

are identified as "full-film" and "boundary". Full-film lubrication 

exists when the tool/workpiece interface becomes completely separated 

by a lubricant layer, whilst boundary conditions occur when metal to 

metal contact is prevented only by a minutely thin lubricent film whose 

thickness is less then variations 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 means are necessary for preventing lubricant expulsion from the 

tool/workpiece interface, Hydrodynamic 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 work- 

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 occurred in high speed wire drawing 

whilst Christopherson (and others) achieved similar conditions in tute 

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 plestic deformation, the final 

product having a burnished appearence, Mechanisms 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 oreo 

On a microscopic scale metal surfaces appear as undulations of peaks and 

valleys, and when 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 points become plastically 

deformed, so providing a larger load 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



zone with zero normal pressure, FIG. 25(b) xepresents boundary lubri- 

cation during plastic deformation, The normal pressure causes modifi- 

cation at the peak tips which become flattened until lubricant pools 

in asperity valleys are pressurised and hence support load, In addition 

leakage from the pools supplies lubricant to the areas of surface contact, 

and if this supply is adequate fusion (or pick-up) at the asperity 

peaks will not occur, Under boundary lubrication conditions the conv= 

entional coefficient of friction defined as shear force/normal force 

only provides an overall, inadequate, impression. FIG. 25(c) shows 

full-film lubrication with sliding surfaces completely separated, 

(c) Iubrication and tool-workpiece surfece finish in deep drawing. 

Swift found that when cupping aluminium with a hemispherically 

nosed punch softer blank tempers gave highest limiting draw ratio 

(L. D. Re ) , whereas when using a flat bottomed punch harder tempers 

performed best, Loxley and Freemay’ (1954) investigated this behaviour, 

Cupping tests were conducted cn aluminium blanks in a variety of tempers 

using different lubrication conditions, With a hemispherical punch and 

good lubrication L, D. R. was highest with low tempers, confirming 

Swift's findings, When using a flat bottomed punch however the relation~ 

ship between temper and L. D. R. could be varied by changing lubrica- 

tion conditions. With no lubricant present L. D. R. increased with 

tempers with fair lubrication L. D. R. first inorecsed with temper but 

at higher tempers the trend reversed; with good lubrication L. D. R. 

decreased as temper incressed, It was concluded that the behaviour 

earlier reported by Swift could be explained in terms of frictional 

conditions, 

In further tests deformation over a hemispherical pacts nose 

was studied by bulging blanks to failure, and observing the effect of 

lubrication on the fracture site, Even with good lubrication fracture 

never occurred at the pole (as would be predicted under frictionless 

conditions) but at a point on the punch profile. As lubrication 
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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 

flat-bottomed punches, Imubrication wes epplied to the blenk either 

on (a) both sides (b) punch side only, (c) die side only, (a) 

neither side, The resulting L. D. R. values were, highest to lowest, 

(c), (a), (a) end (b), for both types of punch nose, 

Wat tace” (1960) investigated the effect of punch surfece fine 

ish on L. D, Ry vsing a flat nosed punch and graphite-tallow lubricant, 

Various surface finishes were obtained by shot-blasting, Two qualities 

of steel were drawn, ‘extraedeep drawing' and 'deep drewing', It 

was found that L. D. R. increased with punch roughness for both materials, 

and that the increase in L. D. 2. due to roughening was higher than 

that due to different material qualities. Further investigations showed 

that with smooth punches L. D. R. wes highest when punch-lubrication 

was ommitted, but with rougher punches the effect was not significant, 

“ Whitton and Hear! (1960) investigated the effect of blank 

and tool surface finish in the Swift cupping test, to check if a test 

procedure earlier written by Renmts sae sufficiently rigorous in control- 

ling process variables, The maximum range of tool surface finish sugg- 

ested in the procedure was 0 = 20 micro in, (C. L. A.) « Whitton 

and Mear used punch/die combinations at the two extremes of the range 

with a blankeholder finished to 10 micro in, (C. I. 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 smooth sheets. It was gener= 

ally concluded that variations in tool surface finish within the range 

© ~-20 micro ins (C. L. A. ) could cause variations inl. D, R. = 

mechanical property correlations. 

eet others (1963) investigated the effects of tool 

surface finish, blank surface finish , oil 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 drawability was not 

limiting draw ratio but the amount by which en 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 better, 

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 Fukui'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 

end tool roughness, It was concluded that speed and viscosity had 

similer effects on friction at the punch noses at low speed oil was 

squeezed from the punch nose/blank interface giving desirable friction 

effects, but at higher speeds this oil became trapped, 

(a) Iubricants in deep drawing. 

  

Evans, Silman and swite (1947) pointed out that metal-working 

lubricants should possess high film strength to resist expulsion from 

ithe to0ol/workpiece interface under the high pressures and temperatures 

developed in metal forming. To achieve this requirement most lubricants 

possess in addition to the basie lubricity; 

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

workpiece separation, 

(bv) Additives to chemically react with the workpiece surface 

and form a semi-solid molecular film providing a key 

for the main lubricating constituent, the film itself 

possessing lubricating properties, 
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Tined adecuenee developments in deep drawing lubricents since World War 

II, the merits of full-film over boundery lubricaticn, end how practical 

considerations of application and removal may influence lubricent choice. 

waie 1954 gave a detailed account of Swift's work on lubric- 

ant evaluation: cups in steel, brass and aluminium were drawn with a 

wide range of lubricants comprising most of those in common use during 

the early 1950's. It was concluded that lubricants containing 'filler' 

constituents were more effective than lower viscosity liquids, Drawing 

speeds of 1 inch/minute and 17 feet/minute were used, The higher speed 

was found to increase punch load by 7 = 10/5 but no deterioration in 

drawability was detected, 

Mear, Topper and Ford HES) investigated polymers as lub- 

ricants in deep drawing. Cups were produced in the new materials 

titanium, zirconium, niobium, tantalum and vanadium at a drawing 

speed of 8.75 feet/minute, The polymer films polythene, polypropylene 

and P.T.F.5, gave better results than chlorinated mineral oil. 

However at higher drawing speeds the polymers were no more effective than 

a low Mieoaaite oil, 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 Holme 1965) compared dry=-film lubricants 

with extreme pressure oils in deep drawing. Draw load was the assess- 

ment criterion. The dry-film lubricants comprised polymers, soap end 

alkeli, fatty acids, resins, silicones, molybdenum disulphide and 

spirit based drawing oils. Cups were drawn in mild steel, tin plete 

and zine coated mild-steel, It was concluded that in general dry-filn 

lubricants were superior to conventional drawing oils, and that of all 

lubricants tested polythene gave lowest forming loads, 

(e) Speed effects in deep drawing. 

In an investigation at P,f.R.A. (1954) steel cups were 

84



drawn with a range of lubricants at a speed between 20 = 60 feet/minute. 

An increase in speed was found to give a small punch load reduction end 

an increase in limiting draw ratio, Best results were obtained with 

viscous oil having sulphurised and chlorinated additives, 

Wallace (1955) drew steel cups in the speed range 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 lubricant, but no improvement occurred when drawing with 

graphite/tallow or no lubricant. The ‘hemispherical’ punch gave no 

speed effect with either lubricant. 

Coupland and wits? “(1958) conducted a thorough investigation 

into the effects of speed in deep drawing. Steel and 70/30 brass curs 

were drawn at 10, 35 and 90 feet/minute on flat and hemispherical- 

bottomed punches, Lubricants investigated were; 

(a) four mineral oils of differing viscosities, 

(b) colloidal graphite, 

(c) oil with extreme pressure additives. 

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

Initially steel cups were drawn with lubricants (2) and (ce). 

When using the flat ~bottomed punch L. D. R. increased with speed and 

viscosity, The reverse trend occurred with the hemispherical punch, 

Draw load decreased with speed especialiy with the higher viscosity oils. 

It was concluded that lubrication at the die improved with speed, 

accounting for the lower loads, but with the hemispherical punch the 

improvement in punch-nose 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 inerease in L. D. R. 

Further tests were conducted to isolate lubrication effects 

from any possible strain-rate effects, Graphite was kmown 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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was used to study lubricant-speed behaviour, Steel and brass cups were 

drawn with graphite, LL.D. R. trends with steel were similar, though 

less marked, than those with oil previously found, There was a tend~ 

eney for draw load to increase with speed, This was attributed to an 

inerease 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 over the nese, Greater thinning occurred with the 

'themispherical' punch et higher speeds whereas straining over the 'flat' 

punch nose was relatively uneffected by speed, Jo speed effect with 

either punch was observed with brass, Tests were then carried out 

drawing brass with oils (a2) and (c), 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 en increase inl. D. R. for a flat-bottomed punch and 

a decrease in L, D, R. for a hemispherical-bottomed punch, Their 

effects on draw load were opposite, but on balance the lubrication 

effect was dominant providing 2 decrease in load with increased speed. 

Coupland and Wilson pointed out that the effects of speed on working 

temperature had not been investigated, and that any work-softening in 

the deforming flange would be beneficial. Conversely temperature 

increase may influence lubrication adversely, 
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    RESIDUAL STRES IN DEEP DRAWING.     ° 

(a) Introductory comments. 

Residual stresses are defined as those stresses reteined in 

a component after fabrication is complete and all external forces and 

constraints are removed. They are usually regarded es undesirable 

process features, Residuel 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. 

(>) Character of residuel stresses. 

Residual stresses can only oceur after plastic deformation, 

and then only when strains induced are of a non-uniform nature, Bending, 

twisting, and cylinders under internal pressure are exemples of non= 

uniform straining processes. Therefore a manufacturing route comprising 

any of these elements is likely to promote residual stresses. Johnson 

and Haiin® cated that residual stresses in cold-drawn tube did not 

increase with reduction severity and that there was evidence to suggest 

_ the converse was true. Seohs’olained that the level of residual stress 

could be reduced by stretching the component to about 25 wniform elong- 

ation. Failures due to residual stress often occur after the forming 

operation is complete = ioe quotes an example where an 18/8 stainless 

steel cup fractured an half-hour after drawing. Residual stresses 

possess two properties which are used in their evaluations 

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

zero, They provide zero net force. 

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

also zero. 

  

(ce) Methods of detecting residual stress. 

Taree experimental techniques are used to study residual stress 

distribution and comprise 5 

(i) X-ray methods. 
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(ii) Metal removal metheds, 

(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 poss- 

ible to relate this distortion to the residual stress formerly in the 

removed matericl, The method is applied to components with rotational 

symmetry about an axis i.e, round bars and thick-walled tubes, Sach's 

and apse devatoned a technique whereby circumferential layers were 

successively removed from a tube bore and corresponding strains measured 

on the outside surface, ee eae, more recent developments in 

the technique. The situation may arise where layer removal causes 

yielding in the remaining body. The method then becomes invalic. 

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. 

(a) Determination of residuel stress in thin-walled tubular components 

by slitting. 

Cold-drawn tubular components exhibit a residual stress dist- 

ribution which is approximately linear across the wall section and is 

tensile on one surface (usually the outer) and compressive on the other. 

By assuming this distribution the magnitude of residual stresses may be 

estimated by a method devised by Sachs and eaperc) The method cannot 

be applied indescriminately to 11 types of residual stress systems. 

Sachs and Espey assumed that a longitudinal slit would remove 

a high proportion of the circumferential residual stress Oz , without 

interfering with any longitudinal stress OF which may be present. 

The maximum value of O3 was then calculated by finding the moment 
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required to re-bend the sprung section elastically to its original 

dimensions, % determine longitudinal residual stress Gj; ‘two parallel 

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 redially by an enount proportional to the 

release of the longitudinal residual stress, In finding Oi, 03 

the through-thiclmess stress % was considered negligible. 

The bending moment released by a single longitudinal slit is 

given by, 

  Me Be (2466) 
where i = second moment of area for circunferentiel 

bending. 

te = equivalent radius of bending from sprung 

tube radius — to original unslit radius 

tos 

\-p? = 2 term accounting for the constraint on 

anticlastic bending in the longitudinal 

direction due to tube geometry, 

The equivalent curvature 2 may be expressed, 

2 ef | = 

eT 30 me! 
Substituting for TE in equation 2,66 gives, 

Mez=E.L toledo ) (2.67) 
t-v? \ toto 

The circumferential residual stress Om at any distance X from the 

tube outer surface may now be found by substituting M in the general 

equation of elastic bending. 

(2.68) 

  

Bove ie (=-x “on 
2 %o!.fo 

=diameter, to'- i> = ad 

2 

= to!4 TO.-9 0.40 2 a 

89 ae



Equation 2.68 may therefore be written in terms of maximum y 

residual stress, 

o%= + \
 oo. ae 

vy? ae (2.69) 
  

og may be determined by slitting a tube and measuring Ac, d, 

The longitudinel residual stress Oj was found by measuring 

the deflection S at the free end of a tongue length L which wes assumed 

to bend to radius R . 

From Pythagoras, 

+225 
R T2 

and the equation of bending gives, 

c= E(e=22) 2. 

which attains a maximum value at the inner end outer surfaces, 

gat Et. 
L2 

  

(2.70) 

The term je0s is absent from equation 2.70 since there is no anticlastic 

constraint, 

A cold-drawn tube usually springs open rather than closed when 

slit. According to equations 2,69 and 2,70 both circunferential and 

longitudinal bending stresses are then tensile at the outer face and 

compressive et the inner face, 

Sachs and Espey suggested a length/diameter testpiece ratio 

of at. least 3, since ratios lower then this gave low amounts of spring- 

ing. Denton expleined the behaviour as interaction between circumfer- 

ential end longitudinal residual stresses in that with short tubes, 

longitudinal stress was largely dissipated on slitting, and this caused 

a relaxation of cirewnferential stress, The type of slit made was 

also found to influence springing-specimens cut with 2 fine jeweller's 

saw sprang more than those cut with a normal hack-saw, ‘This effect 
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was expleined as stress-relief near the cut, Deflection of a longe 

itudinal tongue was strongly influenced by the ratio tongue width/ 

tube diameter which for meximu flexing ley between 0,1 and 0.2, 

Narrower tongues were stresserelieved by cutting, whilst wider tong- 

ues resisted flexing by virtue of their curvature, Denton and 

Alexander recommended a modified test to circumvent problems of cir- 

eunferential end 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 os 

and &3 » ‘the difference Ss a oS being due to interference of 

longitudinal stress relaxation with the short tube, A longitudinal 

stress Sj would induce a circumferential stress Yo, , and 

therefore (t3 - &3) = Vo, 4, from which Oj may be found. 

Derivation of residual stress directly from 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 Torey enact ten a 

procedure where, after slitting, layers were successively removed 

by pickling, Additional residual stresses released were computed 

from a knowledge of flexing in the specimen, FIG, 26. compares 

residual stress distribution obtained by slitting only, with that 

for the 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 eeecner length, Although the method may be suitable for re- 

drawn cups annealed before redrawing, it cannot be immediately 

applied to drawn cups owing to the different strain histories under- 

gone by each wall element. Sachs and Espey described a drawn cup 

as "an assembly of a sequence of differently strained thin-walled 
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tubes" and continued " the residual stresses consist of a portion 

corresponding to those in uniform tubing end another portion origin- 

ating from the mutual effect of the various leyers." 

_-38, tg : é : 
Swift investigsted 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 axis, its 

existence depending upon a circunferential stress O3 in the cup 

  

wall such that, 

av = 03 
ax %% 

where 2 is the distance of an element from the open 

end. The shear force on an element circumferential length Toah is, 

AF = Oz,t. AP. dx = 63-t ax vhen W = Tod -W. 
vo 

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

bending moment released is given by, 

Mes [ras = El dy 
dx? 

aty 2 dF Sie or &L ats, = ar piyine a“y = 1203 (2.71) 
dat Et2r 

  

where y is the tongue deflection at x and l= ee 

Swift measured tongue deflection and deduced the variation of O3 

with x by graphical differentiation. The method did not allow 

an accurate essessment of ©3 but indicated that its value changed 

from high tensile near the open end to high compressive $ in, into 

the cup, Further down the wall stresses diminished rapidly. 

To obtain a more accurate assessment of circumferential 

stress, O3 was assumed constant over a tongue length Ios . 

The shear force was then written, 

L 

= Fu ho. dg we Ga tO 
I 80 to 
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The problem was thus similer to a cantilever with a uniformly 

distributed load, 

Bee asst. 
e 46 

and deflection at the free end was, 

  

‘Sat 
Ets 6s 

lL. was increased in stages, 5 measured, and 3 calculated 

eee) 

from equation 2,72. Results for a 2 in. diameter steel cup 

drawn from a 4 in, diameter 0,038 in, thick blank are shown in 

table 4 e ‘The results imply a reversel in os between 

3/16 and 3/8 in. from the cup rim, 

Swift next considered the possibility of a pure bending 

stress oz! existing in the wall as for a plain drawn tube. 

An equation similar to 2.69 was used to determine o3! » the 

tem I!- v2 being omitted since the cup was too short to exer- 

cise anticlastic constraint, 

Total circunferential residual stress O53 +o3' was 

found to have a maximum tensile value near the cup rin. Rings 

cut from cups sprang open on slitting, indicating tensile and 

compressive stresses at outer and Innet surfaces respectively. 

A study was made of the effects of process parameters on residual 

stress level in drawn cups, Results are summarised below. 

puneh profile - no influence. 

die profile - residual stress higher with 

larger redii. 

lubricants - . wresidual stress higher with 

good lubricants, 

  materials - low elastic modulus with high 

yield stress gave highest res- 

iduel stress, 

reduction as Ng little influence, 
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TABLE 4 AVERAGE RESIDUAL HOOP STRESS VARIATION WITH DEPTH OF 

TONGUE (SWIFT) 

  

  

  

  

  

  

  

DEPTH OF TONGUE (in,) | VERA CIRCUMFERENTIAL STRESS 

(Tonf /in.?) 

0 = 3/16 28 

0 = 3/8 10.5 

0 = 9/16 Jeo 

0 = 3/4 1.4 

0 = 15/16 120 

0 - 1.1/8 0.6         
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ageing - residual stress increased in 

cups over a pne-month period, 

Survey note, 

The above results indicate that fectors influencing residual 

stress are not always obvious. Results with die-profile, 

lubricants and reduetion may be tentetively expleined by an inc- 

  

rease in drawing stress causing greater stretching in the cup 

wall end se pertielly relieving residuel stress (Sachs). 

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

material's yield or fracture stress. . 
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2.8, _ SI! 

  

(a) Introductory comments. 

The object of simulative deep drawing tests is to furnish 

information on the probable behaviour of material in actual production 

Pr osning operations without involvement in complex end costly tooling. 

An ideal simulative test would truly represent mechanics 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 two clesses: stretch-forming tests and 

Ree tests, 

Criterion of performance in a stretch-forming test is the 

maximum biexial strain undergone by a sheet before fracture . Jevons 

concluded that results from such tests were not generally applicable to 

deep drawing, although useful in press work if applied discriminately, 

The most common kind of simulative drawing test is that in 

which a circular cup is drawn from a flat circular blank under closely 

controlled conditions, materials being assessed on the basis of the 

deepest drawable cup, Swift's cupping test is typical. Sach's (1930) 

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-forming tests. 

Erichsen test. 

The test compares the formability of different materials, or 

different batenes of the same material. A blank, rigidly clamped 

above a circular die, is bulged to fracture by a descending ball-hezded 

punch, Test criterion is the depth ef bulge at fracture, Fotential 

sources of test unreliability ere; 

(i) Variations in clamping force may allow an element of 
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radial drawing to occur. 

(ii) The test end-point is not readily observed. 

(aii) Puneh profile surface roughness may influence straining. 

(iv) Results vary with the type of lubrication. 

    Olsen and Amsler tests. 

These tests are similar to the Erichsen test and suffer from 

the same sources of error, The only differences are in tool 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 tools with interlocking annular serrations which prohibit 

radial drawing. A comparison of bulge-depths in the two tests is 

supposed to provide useful information on forming properties. 

Guillery test. 

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

otherwise tests are similar. 

Jovignot test. 

Bulging is carried cut by oil under pressure, the blank rim 

being tightly clamped to provide a seal. 

Kaiser Wilhelm Institute ( K.W.I.) test. 

A square sheet test-piece is Slaibea above a die and bulged 

by a flateheaded punch, 2 projection on the punch locating a hole in 

the blank centre. The K.W.I. value is taken as the increase in hole 

diameter at a point when radial cracks appear from the hole. It is 

claimed that the test gives a better guide to directional properties 

than the Erichsen test, 

Survey comnent, 

Stretch forming tests are primarily concerned with strains to 
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fracture - or ductility. There are other even more important property 

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

(¢) ‘She Swift cupping test. 

As a result of research Swift concluded that there was no 

‘better test for deep drawability than to conduct the ipueratien itself 

under controlled experimental conditions. It was proposed therefore 

that standard diameter curs should be drawn on standard tools, with the 

test criterion being the largest blenk 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 appreciated but 

it was felt that the test could be a useful guide to the comparative 

drawability of various materials end tempers, 

Although Swift's test is simple in concept its practical 

application requires careful control over process variables, Failure 

to appreciate this lead to disappointing results when the test was first 

introduced to industry. A comprehensive investigation by B.1I.5.R.A. 

during 1950-1954 resulted in a formal Swift cupping test procedure, 

reported by romiee. which stipulated controls on: 

Punch and die diameters. 

Punch and die radii. 

Punch/die clearance. 

Tool surface finish. 

Blank-holder pressure. 

lubrication, 

Drawing speed. 

Tool material, 

Blenk preparation. 

It was proposed that near the limiting é@raw ratio at least five blank 

at each diameter should be drawn, 

2 
Whitton and veee(1960) showed that sheet surface finish could 
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affect L. D. R. and that the tool surface finish range suggested by 

Kemmis was too wide. Atkinson and Nacleat?(1965) demonstrated how 

polythene sheet could make test results less sensitive to blank surface 

finish. Val lece?(1962) was doubtful about the general applicebility 

of Swift test results and argued that factors of scale, tool geometry 

and friction could not be adequately simulated. 

Recently the Swift cupping test procedure recommended by 

Kemmis has been revised in view of a changed attitude towards the test 

(Hawtin apes Tolerances on tool dimensions and surface finish have 

been tightened. It was previously believed that performance in various 

press-shop operations could be correlated with L. D. R., but this is 

now regerded as a misconception. 

(a) The wedge drawing test. 

The essential features of the test are shown in FIG. 27. 

During cupping the deforming flenge may be considered to comprise a 

number of sectors (FIG 27 a), the flow in each sector being radial. 

Sachs suggested that deformation within a sector could be simulated by 

a wedge-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 

its introduction, Loxley and cwitt (1944) carried out an experimental 

investigation. 

Tests were conducted with steel and aluminium bronze at a 

drawing speed of 1.3 inches/minute, using an included wedge angle of 

20 degrees. Colloidal graphite and tallow were the drawing lubricents. 

A linear relationship between draw load and wedge draw ratio was found, 

put the maximum draw ratio was only about 807 of that in cupping, even 

though in the latter additional bending/unbending operations occur. 

Maximum draw ratio was also found to be more sensitive to lubrication 

conditions then wes the maximum ratio in cupping. All specimens drawn 

100



FLANGE SECTOR | 
: / PLANGE 

  
| 

DEFORMING 

| 

    

  

| : “~~ PARTIALLY 
(a) CUP DRAWING DRAWN CUP 

HOLD-DOWN PLATE 

DIE BLOCK 

DIE BLOCK 

BASE PLATE 

(>) THE WEDGE DRAWING TEST WEDGE SPECIMEN 

FIG, 27 SIMULATED PLANE RADIAL DRAWING BY THE 

WEDGE DRAWING TEST, 

101



on the wedge-test exhibited back-end "fish-tailing" , an indication 

of high friction at the wedge sides. Hardness readings on drawn 

semples revealed that the edges were work-hardened more than the centre. 

It was concluded that friction dominated the test end made it unreliable 

for predicting deep drawing performance, 

The effects of friction on the wedge test were theoretically 

studied by considering equilibrium under the action of the drawing force, 

side pressure forces, and side friction forces. It was shown that 

an inerease in the coefficient of friction from 0 to 0.10 increased 

draw load by 60/5 whilst an increase from 0 to 0.16 caused an increase 

of 100%. 

Survey note. 

With recent improvements in dry-film lubrication the test may 

now give closer correlation with cupping test results, 
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    SPLAYING . MN _REDRAWING.       
(a) Introductory comments. 

The problems experienced with splaying at Tube Investments 

Limited, as discussed in Section I 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, Usually 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 available literature, 

Swift sarriea out a series of deep-drawing trials in 1940 to 

determine factors influencing the overall draw ratio when cupping was 

followed by a single redraw operation. Steel blanks 4 in, diameter 

0.036 in, thick were cupped on a 2 in, diameter flat-headed punch and 

then redram. Redraw tooling comprised a 1% in, diameter drew punch, 

a 90 degree semi-angle die with 2 in. profile radius, and a flat- 

headed hold-down punch with 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," FIG. 288 shows a typical punch load-travel diagrem 

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 latter was increased from 4 to 

5/16 in, A slight reduction in peak load 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 wrinkling tendencies and therefore a hold-down punch was 

really superfluous,) The 90 degree die was then replaced by one of 

60 degrees semieangle, other conditions remaining constant, This 

arrangement provided a higher overall draw ratio than was previously 

possible, but second stage cups produced from the larger blanks showed 

signs of longitudinal cracking, (which may have been due to splaying.) 

In view of the 60 degree die result the effect of die angle 

was investigated more thoroughly, 3.9 in, diemeter steel and 3,7 in, 

diameter aluminium blanks were cupped and then redrevwn through dies with 

semieangles ranging 15 = 90 degrees, Steel showed a definite trend 

for draw load to diminish as die angle decreased, but the effect with 

aluminium was not so marked, 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. 260, Swift suggested that the 

peak in zone C was due to splaying, which infers that splaying ince 

reases at lover die angles. 

In summary the main findings on spleying behaviour were: 

(i) Splaying caused a peak in redraw load. 

(ii) When using a hold-down punch to influence 

metal flow into the die the peak redrew load 

(corresponding to splaying) depended upon the 

severity of bending eround the hold-down 

punch radius. 

(aii) By raising the held-down punch above the die 

to act merely as a cup guide the peak redraw 

load wes further reduced. 

(iv) By deoreasing the redraw die angle maximm 
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punch load was also reduced but apparently 

splaying increased, 

In a further series of tests during 1940 ee encount= 

ered spleying when redrawing brass and steel cups, Brass was observed 

to splay more than steel, The effect of using an external guide ring 

to prevent splaying was studied, (In practice a guide ring may be 

either a separate component secured to the die or an integral part of 

the die as show in FIG, 29, Its function is identical in both cases.) 

Mila steel blanks 4,15 in, diameter 0,036 in, thick were cupped on a 

2, in, diameter flateneaded punch and then redrawn on tooling comprising 

a 17/16 in, diameter punch and 30 degree semi-angle die, 

When the hold-down punch was fully iheerten fracture occurred 

in redrawing at a punch load of 10,000 lbf,, but with the holdedown 

punch raised clear of the die redrawing was successfully accomplished 

with a maximum punch load ef 9,080 lbf. On installing the guide ring 

redraw load reduced to 8,720 lbf, 

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, 

(443) An external guide ring prevented splaying and also gave 

@ reduction in punch load. 

When introducing their paper on redrawing Chung and gutter erred 

to the use of a specially profiled hold-down plate to prevent splaying 

in reverse redrawing. FIG. 30 is constructed from their description. 

In 1967 an investigation was carried out at Tube Investments 

to determine deep-drawability of austenitic 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. 29 REDRAWING WITH GUIDED DIES 

107



  

  

  

        

  

      

  

  
FIG. 30 PREVENTION OF SPLAYING IN REVERSE 

REDRAWING BY USE OF CONICAL HOLD=-DOWN 

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 earlier find- 

ings of Swift, and to provide additional information a short experi- 

mental study of the effects of guiding on punch load was conducted et 

Tube Investments Research Laboratories by Norman in 19680 N.S.3 

aluminium alloy blanks 33 in. and ay in, diameter 0,022 in, thick 

were cupped with a 1.969 in, diameter punch and subsequently redrawn 

using a 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 0,010 in. larger than the first stage cups. 

When attempting to redraw cups from the larger plank 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 punch load-travel characteristics, 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. ahs The increase in load due to guiding was 

about 8% using an oil lubricant but this figure was reduced with 

polythene film lubrication. Changing the lubricant had little effect 

on the peak load displacement 'X' in FIG. 31. 

Normen's results supported those obtained in the stainless- 

steel trials and indicated that guiding may increase redraw lead, 

contrary to Swift's findings. The anomaly may be partly explicable 

in terms of the different tooling arrangements in that work at Tube 

Investments: was carried out with an effective hold-down condition whereas 

Swift used a raised (ineffective) hold-down punch in his tests. 

Further work was necessary to resolve the situation, 

Foas! 11968) studied deformation in the entering cup prior to 

die contact when redrawing without hold-down, By assuming that deform- 

ation would be according to the principle of minimum plastic work an 

expression was derived for 'free' zone geometry, 
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31 PUNCH LOAD CHARACTERISTICS IN REDRAWING 
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The expression predicts that bending becomes more severe at larger 

die angles, 

Swift found that as hold-down punch radius increased peak 

redraw load decressed. It was implied that splaying also decreased 

which suggests a tendency for splaying to increese with bending sever- 

ity. However when redrawing with the hold-down raised it was found 

that the 'splay' peak in FIG, 28 a tended to increase as die angle 

diminished, But according to Fogg bending severity decreases as die 

angle decreases, which suggests that splaying should also decrease, 

This apparent anomaly is probably due to Swift not actually meesuring 

splaying but inferring its magnitude from its effect on redraw load. 

Busby and Fogg (1969) encountered spleying when investigating 

the deep-drawability of high-speed and low-tungsten tool steels. 

Blanks were cupped and redrawn without interstage annealing, Results 

were not encouraging, a major problem being eracks in the redrewn 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, Initiel 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 failure mode 

further redraw tests were carried out at slow speed. It was then ob- 

served that splitting near the cup rim occurred 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 comp- 

letely eliminated, 
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To conduct an experimentel and theoretical investigation inte 

the causes of splaying in redrawing, and hence relate splaying 

to the principal process parameterss 

(a) Die profile geometry. 

(b) Hold-down punch geometry. 

(c) “Cup geometry. 

(a) 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 its 

effect on redraw punch load, 

As an outcome of the investigation, to suggest optimum redraw- 

ing conditions for relief from splaying and any associated 

problems, 
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4,1. Introductory comments. 

Exploratory theoretical studies were undertaken with the broad 

objective of identifying the spleying problem and deciding which areas 

required further investigation. In particular it was necessary to 

determine those elements of the redraw vrocess involved in or affected 

by spleying, 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 informetion. It 

was equally important to explore various theoretical approaches 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, 

and parts of the process involved in splaying identified. Deformations 

contained in those parts are then analysed in more detail, Tinelly 

a theoretical approach suitable for investigating spleying is discussed. 

4.2. Brief theoretical review of the direct redrew process, 

FIG, 32 illustrates a typical direct redrawing operation. 

The force P applied to the redraw punch is that necessary to maintain 

plastic deformation in the zone A = D under the attendant frictional 

conditions, If a hold-down punch is required its force WH is 

normally just sufficient to prevent wrinkling between 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 suvplied by the rigid undeformed cup wall above 

A, The radius of bending will either be Rt if the redrew is free 

or RK, in the event of a hold-down punch being used for which Re < RE, 

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

5 
a method proposed by Chung and Swift which leads to the equation, 

113



» 
, 

It 
tT 

(C 
N
O
I
L
V
N
O
I
S
H
C
 

SSHULS 
T
v
I
C
v
a
 

9 
O
N
I
M
V
U
C
H
Y
 

O
N
T
H
O
 

Ss 
Z
e
e
 

 
 

  
 
 

  
    

114



to 
2 

oo CEA CSIEES |) GAIT IG rrr Nett) 
o YS 

Sia as given by equation 4.1, increases as R decreases although 

the bending moment Ma of a vigid/perfectly plastic material is 

independent of KR . ‘The bending process is assumed to be plane~ 

strain with €3=0 , and since there is no overall radial strein, 

there is no change in wall thickness. 

Radial drawing oceurs in the zone A - B with the radial stress 

increasing from Sig to G's at B in accordence with the differ- 

ential equation, 

Te ee eo 8) 

Plastic strains may be deduced using Levy/Mises stress-strain increment 

equations, 

df,-d&2 = A22—-des = dés— de) 

GS - % C2 aus Ca oy 

in conjunction with the condition of plastic incompressibility, 

d2,4+ dé24 d&z =O 

The radial stress in zone A = B is usually small and an element passing 

through the zone tends to thicken. 

Unbending at B requires a moment Me which is supplied by 

the radial drawing stress below B, Sis « The equal and opposite 

fixing couple is supplied by the cup wall ebove B in unconstrained 

redrawing, It is not clear if the hold-down punch contributes to the 

fixing effect when Ro < RE «  Unbending occurs under back tension 

o's » the effect of which is to increase the radial stress incre- 

ment required for unbending, and cause a general extension of the cup 

wall, Plane-strain conditions dZz=0 » therefore imply wall thinning. 

The method of finding radial stress increment for bending/unbending under 

tension wes 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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E+ 

-o;',)t-R.A® = 2 G49 (Gig-Sig)t-R Ee Ge Fe 

° 

° 

~ ger 2 (Re-4) 44 —— (4.3) 

(8-9) 
Between B and © (FIG. 32) radiel drawing occurs along the 

conical die face, and the radial stress ineresses from Sig at 

B to Cig just before re-bending at the die throat radius, In cons=- 

trained redrawing most of the hold-down force is reacted over this zone 

and inereeses the frictional component of radial Pe aeeee For uncons- 

trained redrawing equilibrium of a zone element occurs when, 

& (at) - Og.t(I4mMcoer)=o —____ (4,4) 

where AL is the coefficient of friction at the cup/die 

interface. es shown that neglect of the thickness term in 

equation 4.4 makes little difference in the solution for redial drawing 

stress, For constrained redrawing a problem arises in designating 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, depending upon the relative magnitudes of 91,03 , 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 know, 

An alternative approach is to assume the hold-down force to be uniformly 

distributed over the flange area, giving rise to a normal pressure, 

om = HSwe 

Wve = Fe?) 
Equilibrium of a zene element is then given by, 

¢ (a.t.r) —O3.% — 2Ncear =o ———_.. (4,5) 
+ Sue 
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Plestic strains may be found by a procedure similar to that for zone 

45 
A-B, Swift found that work-hardening and friction made little 

  

difference to thickness strains in the analogous process of tube sinking. 

The’ mechanics of re~bending to the die radius et C are similar 

to those for unbending at B, only the back tension Sic is now greater 

causing more wall thinning, The bending moment. Me is supplied by 

tension in the wall below C, and the fixing moment by the cup wall 

e@bove C for unconstrained drawing. In constrained redrawing the hold- 

punch may contribute toward the fixing moment, Re-bending increases 

the radiel stress at C to Sic . 

Between C and D elements are radially drawn to become part of 

the final cup wall after umbending at D, The increment of radial stress 

to provide frictionless drawing may be found from equation 4.2, but 

zone friction is usually high and its influence on radiel stress cannot 

be ignored, Chung and Swift provided two methods for calculating 

Padial stress increment in this region. In the first method, equilibrium 

of a curved element was considered to give, 

= —-modr — : co -o(Cos8-* oj moar Ra = mo os® ai( a = (106) 

Equation 4,6 may be solved numerically using successive approx~ 

imation, The second method was less rigorous though easier to apply, 

components of radial stress increment due to radial drawing and friction 

being computed separately and added to give the total increment. 

Radial stress increment due to friction was found from the slow-speed 

belt transmission formula and gave 

g 3g, = oi (e"*- ') 

$ $c; was then added to the frictionless 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 zones A-B and B-C, 
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Unbending into the cup wall at D under the action of bending 

moment Mp increases radial drawing stress +o Sip » and causes 

further wall thinning. 

Punch load is given by, 

P= 21 t¢.te.dip 

Radial drawing stress distribution seross the complete plastic deforn- 

ation zone is shown in FIG, 33, whilst thickness strain development 

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

4.3. Zone of splaying. 

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 

pert of the cup ultimately involved in splaying. In all probability 

these factors are closely associated with the degree of eventual spleying 

which occurs when constraint supplied by the entering cup is gradually 

removed, 

FIG, 32 illustrates a typical direct redrawing operation. 

When redrawing is unconstrained Page sronee 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, introduced to prevent wrinkling in the region B-C, may influ- 

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

the hold-dowm punch radius feet is greater than the free inner radius 

Re! » Geformation will occur as though no hold-dewn punch was 

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

down punch Re is less than the free radius Rf 4 deformation in 

A = B will be directly affected, In following work the term ‘constrained 

redrawing' will be used when the hold-dowm punch directly affects the 

geometry of deformation A = B, 

118



Ra
di
al
 

dr
aw

in
g 

st
re

ss
 

Oj
 

  

  

    

A B c D 

Distance through deformation zone 

(Refer to FIG. 32) 

FIG. 33 RADIAL DRAWING STRESS ACROSS 

DEFORMATION ZONE DURING 

A TYPICAL REDRAWING OPERATION 
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Distance through deformation zone 
(Refex: to FIG, 32 ) 

FIG. 34 CUP WALL THICKNESS VARIATION ACROSS DEFORMATION 

ZONS DURING A TYPICAL REDRAWING OPERATION 
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When redrawing is constrained only that pert 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, Moreover it is unlikely that B will trevel up the die 

face on splaying since this would tend to increase zone curvature and 

hence 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 similer argument to that advanced above it is 

unlikely that point 3 will move up the die face on splaying. Conversely, 

appreciable movement down 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 assumed that deformation cceurring after point B 

will not influence splaying, which must therefore be brought about by 

   
deformation taking place before B is reached during steady-state cond= 

itions. This region of the cup is shown in more deteil by FIG. 356 

Deformation in the zone A-B (FIC. 35.) comprises, bend- 

ing at Ato Rf or Re , radial drawing between Aend B, and 

unbending to the die face at B . The bending moment operating at A 

demands a fixing moment of equal magnitude to be supplied by the 

entering cup which as a consequence will tend to flex outwards. Thus 

bending at zone entry promotes splaying conditions, ignoring for the 

present the possibility of eontributiorsfrom radial drewing and unbend- 

ing at one exit. Under the action of the bending moment at Aa 

system of tensile cireunferential stresses will develop in 0 A of 

sufficient intensity to supply e fixing moment. While 0 4 is long, 

it is unlikely that this system will extend to the cup rim. The 

alternative hypothesis is that tensile circumferential stresses are 

generated over 2 comparatively short distance sbove A, and 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 BEGINNING CF REDRAWING 
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Since radial drawing commences near A and involves high circumferential 

compressive stresses the tensile 'fixing' system must terminate rather 

abruptly in this region, The upper boundary of the system will prob- 

ably be less well defined. The envisaged tensile stress system above 

A must be accompanied by strains, This implies a bulge through which 

wall elements pass during steady-state corditions, the bulge being of 

small emplitude end probably of an elastic nature, Elements situated 

above the bulge will be stress-free and make no contribution to the 

fixing moment M, . ‘The situation will persist until the cup rim 

reaches the bulge. Then elements in the region 0 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 

© 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 zt A and must tend to induce circumferential 

compression above B , However the menner in which this compression 

is distributed is not readily aeceriained: 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 redrewing 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 are induced in the 

complete absence of any normel tool constraint, This contrasts markedly 

with the popular concept of tube-sinking where the die surface, in 

exerting normal pressure, provides equilibrium in the direction normal 

to drawing. The terminal couples My » Mg give rise to shear 
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stresses on planes carrying the radial stress ©; which cannot there- 

fore be a principal stress. To investigate the possibility of defor- 

mation in this zone contributing to splaying it was necessary to conduct 

separate studies of zone equilibrium for constrained and uconstrained 

conditions, 

4.4, Elastic-plastic bending theory. 

In section 4,3 it was found that bending at point A (FIG. 35) 

during steady-state redrawing 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 es is usvally done in 

deep drawing theory, 

Under the ection of a bending moment there exists within the 

bent section a neutral surface upon which zero strain occurs, strain 

in other elements being proportional to their distance from this plane, 

All engineering metals are to some extent elastic and there is thus 

always a part of the bent section near the neutral surface which remains 

elestic regardless of bending severity. 

The element of cup wall shown in FIG. 35 may be considered of 

rectangular cross section, When subjected to an increasing bending 

moment the section will first plastically yield at its outer extremities, 

and the elestic/plastic boundaries will converge on the neutr=l1 surface. 

A knowledge of the currently applied bending moment enables the boundary 

positions and current radius of curvature to be calculated. The foll- 

owing enelysis exemines the inter-relation of these factors for the 

plene-strain bending condition usually assuszed in deep drawing, 

The assumptions made are; 

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

the central plene, 

(2) ‘Transverse plenes remain plene during bending. 

(3) The material yield strength is equal in tension and 
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compression, 

(4) There is e linear equivalent stress-strein relationship 

within the plastic range, G = Go + QE 

FIG, 36 a shows the elastic/plastic state for a mean radius 

of bending R , At any distance Y from the neutral surface 

a 

= tn (+ a), end €) = tw((+ &) + During redrawing operations 

z seldom increases above about z 3 and therefore the current 

analysis is interested in O < £ < zs . Within this range 

dn(i+ 4) is reasonably approximated by 4 » Making longitudinal 

strain 2, directly proportional to distance from the neutral surface 

as shown in FIG. 36 bd, 

For the assumed plane-strain bending condition, esi 23 =O, 

Also the through-thiclmess stress 32 may be ignored, 

    

From the elastic stress-strain equations 03 = Vo; ’ 

giving, 

oOo = &.e 
ins al (4.7) I= y2 4 

From Levy-Mises plastic stress-strain increment equations and 

the condition 4€&,=-d&,, SOZ= 40. Theory 

therefore predicts a discontinuity in Oz across the elestic/plestic 

boundary since in general v = 3 e It becomes debatable which value 

of O% to use in Von Mises yield criterion, (This problem would not 

arise with Tresea's criterion), Putting o3 = za in Von Mises 

eriterion gives, 

ec 
3B 

For continuity of the stress Gj across the elastic/plastic 

  (4.8) 

boundary equations 4.7, 4.8 are equal when Y= 4p (FIC, 36 b ) 

But @,= YP » therefore, 

ae. ee Ext (lS 02) ee Se a) 2 
NE} 
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FIG. 36 ELASTIC + PLASTIC BENDING 
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Equation 4.9 gives the current boundary position when the curvature 

tay 

  

y element within the plastic region ¥y > Yp the total 

strain @j+2, = g » and the plastic strain &)= 5 (9-4p) 

Since equivalent strain & = Rei » the equivalent stress for 

it
n 

any element is, 

  

c= & + 2-3 (Y- YP) (4.10) 

Equivalent stress-strain relationships in bending are shown by FIG. 37. 

From equations 4,8 and 4,10, 

  

Ps 2 
Sy =z S| c+ S.2(9-Y ri S 3 [ iB aU P) (4 ) 

Stress distribution in elastic and plastic zones is shown in FIG.36 ¢. 

The external bending moment applied to the section M is 

given by the sum of elastic and plastic moments Me and Mp respec= 

tively, 

Ms ee Bde dy ———_ per unit width. 

Substituting for Oj from equation 4.7, Yp from equation 4.9, and 

integrating gives, 

  

Woi= 1 fea va]: 
98 E 

t 
Mp = 2{* o.y.ay per unit width, 

Spe 
Substituting for Oj from equation 4,11 and integrating gives, 

(4,12) 

Mp = leg p’) +22. (Ye e+e (et +", -4P) —— (4.13) 

where 4P is provided by equation 4.9 . 

It is of interest to examine the dependence of bending moment 

on current curvature. Analysis is complicated by @ being capable 

of assuming a wide renge of values, however splaying is likely to be 

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

yp? 

M=Mo+Mp= 2 &(t*— up’) +2 eee 1 

Substituting for Yp from equation 4,9 

  

  

Ms 2 a2'| — 16R?, &*/1-\? ‘| —— (4.14) 
€ ‘3 at? 

Now at first yielding Yp= = and suppose R= Rp 

Then from equation 4.9., 

ol ie Cae 
Equation 4,14 may therefor be re-written, 

2 i el 3 (€) 5) 
   

   

  

A 2 2 
where M is the fully plastic bending moment eB c . 

Si 

The current degree of plasticity in the section ta - ¥p may 

be expressea !- RL Va 
Re 

FIG, 38 shows the ratio Ma and degree of plasticity as functions 

of Fep » The magnitude of the bending moment induced at zone entry 

in redrawing may now be studied, The minimum radius of bending to 

initiate yielding is given by, 

Rp = BL .E ta Et 
Zeit oo ee & 2 

If the radius of bending at zone entry is written Rent then, 

R s2ne 4 
Re ve ge 

where m will not exceed about 10, This figure together with typical 

values of & and © were used to ealeulate values of R/ Rp for 

low carbon steel, stainless steel and 70/30 brass, Results are 

shown in table 5 @ When viewed in connectien with FIG. 38 these 

figures show that it is justifiable to assume fully plastic conditions 
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BENDING MOMENT RATIO Cp AND DEGREE 
OF PLASTICITY AS A FUNCTION OF (B/ep)s 
THE RATIO OF CURRENT RADIUS OF 
BENDING TO RADIUS OF BENDING AT FIRST 
YIELD. 
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TABLE 5 VALUES OF R/RP CALCULATED FOR 

R = 10 x SECTION THICKNESS 

MATERIAL CONDITION R/RP 

Low carbon Soft - 020 
steel Hard 2066 

Austenitic Soft 2020 
stainless Farad 0133 
steel 

70/30 Brass Hard 2200         
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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 cf curvature. 

4.5. Onset of splaying. 

During steady-state redrawing a system of tensile circunfer- 

ential stresses exist in the entering cup wall above the point of 

bending inte the deformation zone A-B (FIG. 35). As the cup rim 

approaches A the system becomes unbalanced, and 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, For the Peeters 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 Lo » operated 

upon by a known moment Ma as indicated in FIG. 39 a, A fixing moment 

supplied by stresses O23 in the cup wall is accompanied by a shear 

force F at A (FIG, 39b). The cup rim is a free surface and car- 
A 

ries no stress, The shear force Fy is given by, 

4 
F, =( * a3 toad. dx, 

lo 

and the fixing moment Ma by, 

to 
Mae og toAp.x.dx. 

lo 

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

  

Maz z Ute TAD. 

(Ey ee 

Therefore 

to 
2.Ytoto = i O3.%. dx (4.16) 

3B a is 

ioe



      
FIG. 39 ENTERING CUP WALL AT ONSET OF SPLAYING 
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The values of O3 in equation 4,16 depend upon the assumed stress- 

strain relationship, Two approaches are possible. 

(i) fully plastic entering cup. 

Assuming O3 is a principal stress, its value in the splayed 

cup will be Y for all values of x in FIG. 39 c. Integration of 

equation 4,16 with C3 =Y then gives, 

  

  (4.172)   
Lo = to.to = 2-76 [to:to. BG : 

(ii) fully elastic enterinz cup. 

At the commencement of splaying all circumferential strain in 

the length Le may be considered elastic, Then, 

To proceed further a relationship between Sty and 2 is required, 

Since there is no a priori means of achieving this, assumptions 

regarding the deflected profile are necessary. 

o3 is given by, Assuming a profile Se, = x. St ad ey tS 

  

a3 = ie x, Sr, » and equation 4,16 becomes, after integ- 
tp bo 

rating, 

2. Yto.to0 = Eltosor 

VB 4 B+ 

Yielding will occur at the rim when Sry = We > and 

therefore the length of cup wall involved in splaying is, 

  
45 = ee .%o0,to = oO: 93/ to.to (4.17») 

Assuming e profile Stx = sy, Sin Te gives, 
2do 

o= E, Sty: Suv Tx 
Te 21o 

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

yield condition gives, r 
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dove z | +o.to SrOouediinte.tos vate (4.170) 

It wes of interest to compare predictions of the above theory 

with experimental evidence available at that time, Although no exp- 

erimental work had as then been undertaken by the writer, the work of 

Nowbar Glacteeed in Section 2.9 appeared to indirectly supply informa- 

tion on the onset of splaying: the work wes primarily concerned with 

observing the effect of guiding on redraw punch load, the guide ring 

being a loose fit over the entering cup (0.010 in. diemetral clearance), 

and apparently incapable of exerting any influence until splaying caused 

interference between guide and cup, At this stege the load-travel curves 

taken with and without guiding diverged, the Foden becoming greater 

and reaching a clearly defined maximum after a further small 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 load occurred, This was 0.6 

inch, It was presumed splaying had commenced just previous to this 

stage, 

From a knowledge of the coup material properties circumferential 

strain to cause yielding at 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 c for the particular cup dimensions 

Ao was 0.118 in, This, when added to the hold-dow punch radius 

and wall thickness, gave a cup rim height ebove die of 0.26 in. 

Therefore, a wide discrepancy apparently existed between 

theory end experiment and seemed to indicate that additional unaccounted- 

for factors were influencing spleying. 

4.6. Equilibrium in the radial drawing zone. 

The singuler nature of radial drawing in the zone A = B 

(FIG. 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 the problem, and was followed 

by ee deducing zone geometry for unconstrained redrawing. However 

the true 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 could lead to a clearer understanding of the reasons for 

splaying. Analysis of zoné equilibrium was therefore undertaken for 

the situations of constrained end unconstrained redrawing. 

(i) Unconstrained redrawing. 

FIG. 40 a shows an element in the zone A -B, Fogg found 

that zone curvature was reasonably constant, and could be represented 

by @ radius Re « This assumption was made 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 Rf at ©@ . ‘The angle subtended parallel to Rf at 6 

is ap! » and that normal to Rf at @O . Ap" o. if the 

angle subtended normal to the redrawing axis is Ad then, 

t 4p! = 466088 , + = those 

Ap" = ApSmOe , +" = Visine 

FIG. 40 ¢ is a view of the element. normal to Ry at © from which, 

O3'= 03 cos Ag" OB. 

FIG, 40 d is a view parallel to RE at © from which, 

o3"= 03 WsAb' O 
2 

In the current analysis thickness variation is ignored. 

Resolving forces parallel to Rf at 6 ’ 

136



  

    
on" Osi 

  

FIG. 40 STRESSES ACTING ON AN ELEMENT IN "ZONE OF SPLAYING" 
DURING STEADY-STATE REDRAWING WITHOUT A HOLD-DOWN PUNCH. 
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Force due to oz! Ge 3) 2 63.Sin Ap". Rf. $9.t, 
2 

SB Rt. Apt Cos8.98—(1) i 

Force due to Ci = 2Gj,Smo8.7 Abt 
2 Ge ; 

= Cl See te Ae at) 

The term (I) decreases as © increases, The term (II) increases with 

@ providing + is large compared with Rf , since Gj must 

increase with @ . In general therefore I 4 II , and to main- 

tain equilibrium e shear stress exists as indicated in FIG. 40 b. 

The presence of shear stresses implies that OF 972 are not principal 

stresses, and that a variable bending moment exists throughout the 

zone, 

Force due to T parallel to Re at. 0) “ia, 

M45) Gos80 [r+ Sr)'—vC sso ]a It = I St-VRe SO SOLAdL Cr [( +seycossg + 5x)! costo agit = frsv—eny sin6 56 apt 1x7) 
since from the zone geometry = TO- Rf(I- Cos 8) and 

Sy = - Rp. Sin8. 50. 

Equilibrium in the direction parallel to Rf at © is given by the 

condition I «= It + III = 0 , or, 

O3 -Rg.Cos 8.80-7.9. 80+ %St- TRE. Sin®. SO = O —— (4,18) 

Resolving forces normal to Re at 2005, 

Force due to Og = 2 03.5 4p" Rg. $0.t 

= 3. Ad Siv6.SO.Re.t —(rv) 

lie + So) (r+S9)- ort Abt. Gs 2 

[Seix—cigysne.se| dot x) 
Force due to Oj 

[(ersutrssn)er' ase Sin 

T.7.$0.A>.¢ ——— (v1) 

Equilibrium in the direction normal to Ry at © is given by the 

Force due to T 

condition IV - V = VI = 0 , ox, 

o% 1Stw0.80.Re -80).4 + O1.R¢.Sin8.$8- T.1.S8 =O —(4,19) 

where t= to- Rg (\- Cos 8) 
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Equations 4,18, 4,19 together specify equilibrium of an element in 

terms of the unimown quantities, t, 51,93 ana RF 

Von Ilises yield criterion may be written, 

(C%-2y)**(Y- 3)? 4(05-Ce)7 + Cf ay + X4y,+T'ps) = 2” 

In the present problem G1 = ox, 02 Boy, B= oa e Since 93 

is a principal stress Tyz=T3x =O . Algo Sazo , 

The yield criterion may therefore be re-written, 

94 pote. St a Ye 420) 

Equation 4.20 is not however easily combined with equations 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 

SS but this does not simplify matters, It was concluded that even 

for steady-state conditions an equilibrium approach would not provide 

information on eventual splaying behaviour, On commencement of splaying 

the non-steady state brings additional complications, 

(ii) Constrained redrawing. 

The radial drawing zone is as shown in FIG, 40 a but with Re 

replaced by Re . Contact with the hold-down punch profile first 

occurs at A, and a normal pressure is exerted on the inside of the 

cup throughout the angle of contact Gy ., The system of circunferential 

stresses postulated above A cause a shear force at A. This force is 

assumed to be reacted by the hold-down punch at A, Similarly it is 

assumed that any shear force due to unbending at B will also be reacted 

by the punch, On this basis no shear stresses are present on plenes 

carrying the radial stress Oj which is therefore a principal stress, 

oO y 3 are also considered principal stresses whilst acknowledging 

that friction is present at the cup-punch interface, 

The three dimensional stress distribution is similar to that 

shown for the elenent in FIG, 40 b, but with shear stresses absent, 

a pressure G2 on the inner face, and a friction component ALon 
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opposing motion of the element into the zone, Distribution of pressure 

2 is provided by the following analysis, which ignores thickness 

changes, 

Equilibrium of an element in the direction parallel to Re 

at © is <iven by, 

t.0). $8.t - o3-Re.$0.t.Cos8 - 02.Re.§8.r=0 —— (4,21) 

Equilibrium normal to Re at © is given dy, 

(05+ c7)Sin8. SO. Re-t-Sor.t +r1.09.R,.$9.-=0 —— (4,22) 

Eliminating G2 between equations 4,21 and 4,22, 

(23407) Sin © $6. Re t- Sarit +L (rt.07 $O-0% Ret Cos056)=0 (4.25) 

Since 03 was assumed compressive Tresca's modified criterion becomes, 

+03 =mY 

Substituting for [3 in equation 4,23 provides, 

  Soi = mY Re SinO.SO +afare e39(61-my)| Se (4.24) 
ate 

sich 
P 

For the general case AL # O equation 4.24 requires numerical methods 

for solution, and is of identical form to an expression derived by 

5 
Chung and Swift for radial drawing around the die profile in cupping, 

For the idealised case where AU =O and the material does 

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

oO 8 

[2 = my.Re Si 6 Me Kc) 
cig : 4o-Re (!- Cos®) 

since T= to-R¢ (I- Cos) 

On integrating, 

a-G, = To 1 “A mY tn = (4.25) 

From the yield criterion, 

Oz= Y(\-4uteo)-G 
3 WA ( e = ) ‘A 

Substitution for Oj, G3 in equation 4.21 gives, 
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Oz = t(r+ Re. Cos€)( mY tnto +. ci4) — mY. Cos® (4.26) 

ieee ¥ esis 
From Chung and Swift, cin = 2 Vt. 

4Re ii
n 

Equation 4,26 may be used to study the effect of process paremeters 

Rehe 5 ee on pressure distribution over the hold-dewn punch 

nose, FIG, 41 shows the relationship between Say and © for 

oes = 20, ReA6 =4 

Although equation 4.26 could be useful in predicting hold-dow 

force recuirements it does not throw any light on the splaying problem, 

The expression becomes invalid if, on splaying, zone curvature dec~ 

reases below Vee « ‘There is no indication when this situation 

arises, 

(iii) Shortcomings of an equilibrium approach to splaying. 

The preceding enalyses 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. 

(>) ‘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 complete the stress analysis. Once splaying commences 

neither conditions (a) or (b) are mow, end it was therefore conc- 

luded that this type of approach to splaying offered little possibility 

of success, 

4.7. Fogge's method of deducing free-zone seometry and its implications 

to _splaying. 

As a result of work reported in section 4.6 it was concluded 

that an ‘equilibrium’ approach was not applicable to the splaying 

il 
problem, A different approach was therefore recuired. Fogg deduced 
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free-zone geometry in unconstrained redrawing by using ean 'energy' 

technique, (The work wes discussed in section 2,3 a). The general 

approach for expleining 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 deducing its geometry Fogg ignored the complexities 

encountered in section 4,6, and assumed the zone to comprise; 

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

(2) Radial drawing at constant radius Re with Oi, 02,03 

principal stresses, 

(3) Unbending at exit under plene-strain conditions with 23=0 

It was postulated that zone geometry would always be such that work of 

plastic deformation would be a minimum, On the basis of this concept 

it was shown that, 

RF = non 
owe eee vB (I-Cos™) 

The die semi-angle CY in equation 4,27 is thetet the point of first 

ee a 

contact between cup and die, The expression is not limited to dies 

of conical profile. 

Although at present no link hes been shown to exist between 

free-zone geometry and subsequent spleying behaviour it is reasonable 

to assume thet splaying is also explicable by the principle of minimun 

energy of deformation. Thus it may be argued that during steady- 

state redrawing (when the eateraae cup is long) boundary conditions 

for zone A - B ere constant, and for this situetion zone geonetry 

as given by equation 4.27 demands least energy. As the entering cup 

becomes shorter its constraining influence decreases, and splaying 

takes place in a non-steady state manner such that at any instant the 

work of deformation is minimal for the imposed constraint, 
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FIG, 42 REDRAWING WITHOUT A HOLD-DCWN 

PUNCH SHOWING THE FREE ZONE. 
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Fogg claimed that equation 4.27 gave good agreement with 

experimental observations but no actual data was provided. In view 

of the possibility of following a similar energy epproach to the splay- 

ing problem it was considered important to cheek the accuracy of equa= 

tion 4,27 by measuring 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 ‘oy 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, Since tube sinking and redrawing are 

similar »rocesses it was considered relevant to obtain profiles of the 

partially sunk tubes and compare free-zone geometry with that predicted 

by Fogge Test details and measured profiles are included in appendix 

Al of the thesis, The experimental-theoretical correlation was gen= 

erally good and gaye support to the minimum energy concept adopted by 

Foge. 

Implications of Forg's theory. 

According to Fogg free-zone geometry depends upon the parameters 

Teh, and CY , FIG, 43 shows this dependence, Although these 

results are of interest, they do not indicate zone work in relation 

to Tree and o , or the relative contributions of bending/unbending 

work end radial drawing work to total zone work, However this infor~ 

mation may be derived; 

Specific zone work of bending/unbending is given by, 

Wo + 2 2w, a 2.2. oto 
: % Z VB ARs 

  

Mr. L. Bethel was formerly at Tube Investments Limited, 
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and the specific work of radial drawing by, 

wy 2 YR (1- Coss) 
To 

Therefore the ratio radial drawing work/bending work is, 

Wy  . V3 RS*(I- Coss) 
2 Wy to.to. 

But from equation 4.27. Re? = to.to 

VB (1- Coss) 

Therefore the free-zone total specific bending work is equal 

to the specific radiel drawing work for all values of Mee and gq .« 

Total specific zone work is given by, 

eS = (Mbt Wy) t We = au, = & ee 

Substituting for RF from equation 4,27 provides, 

ee oa Cos & 
Lo (Qe Bees 

Inspection of equation 4,28 reveals that. the work ratio 2 increases 

  (4.28) 

as die angle increases and as cup radius/thickness decreases, Therefore 

although Re defines a minimum work condition, the actual magnitude 

of work varies with Toh end Gy , It was considered that this 

result could have important implications for splaying. FIG. 44 shows 

a family of curves plotted from equation 4.28, For any particular 

arrangement The &¥ » zone work would be increased by using a hold- 

down punch for which Re < RE . 

4.8. General considerations of enerzy epproech to splaying. 

During steady-state unconstrained redrawing the free zone 

remains geometrically unchanged as though defined by a rigid tocol 

arrangement, Hlements in the entering cup pass through the zone and 

receive 2 constent increzent of work. A similar situation exists 

when redrawing is constrained only then zone work is higher. 
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Splaying occurs in the absence of any externally applied force, 

A change in steady- state conditions must represent a change in zone 

   work, otherwise elements would not splay. This change of work to 

the spleyed mode cannot represent an increase in energy, for this would 

involve edditional external work. It may therefore be surmised that 

elements involved in splaying pass from radius 14 to tg (FIC. 40) 

with less work of deformation than elements during steady-state. 

This postulate was used as a basis for further theoretical studies. 

4,9 Conclusions drew from exploratory investications, 

(1) Only that part of the cup above 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 plestic deformation commences, Splaying 

occurred when this system was disturbed, 

(3) ‘The bending moment at entry to the plastic deformation zone 

contributed towards splaying but there was no contribution 

from the unbending moment at the point of die contact, The 

contribution of the radiel drawing zone bounded by these two 

moments was obscure end required further investigation. 

(4) For the purpose of calculating bending moments the cup 

materiel may be considered fully plastic. 

(5) It was possible to predict the length of cup wall involved in 

splaying in terms of the bending moment at die entry. The 

theory required verificetion, 

(6) I+ was not possible to predict splaying behaviour by consid- 

ering equilibrium of an element in the zone ultimately involved 

in splaying. 

(7)  Freeezone geometry deduced by Fogg using e minimum energy con- 

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

(9) 

(10) 

Fogg's theory implied that specific zone work was a function 

of entering cup and die geometry. 

Speeifie 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 analysis 

of the splaying problem, 
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5. PLAN OF RESEARCH. 

5. 1. Introductory comments. 

Research programmes were devised to fulfil object- 

ives listed in section 3, the order of investigation being largely 

dictated by the need to resolve fundamental issues relating to spley- 

ing before proceeding with more detailed research into the effects 

of various process parameters on the phenomenon. In particular it 

was necessary to determine if splaying was associated with en increase 

or decrease in process work since a literature survey had revealed 

differences of opinion on this basic aspect. It was also important 

to answer early in the research programme certain questions arising 

from exploratory theoretical considerations aieciseea in section 4, 

Research comprised four programmes the outlines of which ere 

given below in order of execution. 

5. 2, Outline of research. 
(a) First experimental programme, 

Preliminary theoretical studies of splaying indicated 

that it wes deformations occurrent at the beginning of the process 

which were ultimately responsible for spleying. 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 required further investigation. It 

was therefore an attractive proposition to isolate deformations 

considered responsible for splaying from the redraw as 2 whole. 

Some form of simulative test was thus indicated, The first prog- 

ramne comprised experiments designed around this concept. 

(b) Second exrerimental programme. 

  

Experimental programme (a2) 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 all important redrew variables, 

It was realised thet studies of splaying in drawm cups would 

be complicated by non-uniformity near the rim arising from anisotropy, 

and that due to this the effect of spleying on draw load may be part- 

ially masked. To eliminate undesireble features of anisotrepy it 

was planned to redraw specially prepared tubular test-pieces rather 

than cups baparaa from sheet, 

: (c) Programme of theoretical investigation. 

Experimental programmes I and II were designed to 

contribute information in areas which preliminary investigations 

had shown to be crucial to an understanding of splaying behaviour, 

It was plenned to use this information as 2 foundation for comprehen- 

sive theoretical studies, 

(a) Third experimental programme, 

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 vrincipal theoretical predictions, 

On planning details of research it became clear that 

simplifications could be achieved by conducting first and second 

experimental programmes on a common mechine using interchangeable 

test-rigs. Testing procedures demended that the machine should 

possess draw speed control, accurate positional control, and static 

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 hydranlic press was availeble for the third exper- 

imental programme, This was modified to incorporate hold-dow 
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facilities and load-measurement instrumentation. 

5. 4. Presentation of exverimental vrosramme data, 

The three experimental programmes, although aimed 

at a common goal, comprised three distinct investigations, For 

clarity of presentation each programme is treated as a separate 

section of the thesis comprising; objects, scope, equipment details, 

testing procedures and experimental results, 
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(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

6.2. 

  

ACHINE FOR 

  

Design specification. 

Machine design was based on the following consid~ 

erations, 

The machine should be a self-contained unit incorporating 

the precision required for the proposed experimental prog- 

ranmes, 

Test rigs mounted on the machine should be easily inter- 

changeable and readily accessible during tests, 

The machine should have a maximum draw-load of 2 Tonf, and 

a working stroke of 4% in, 

The machine should incorporate a strain-gauge load-cell 

capable of accurately measuring draw-load. 

The machine should possess the feature of accurate positional 

control over the test-piece at any point in the working stroke, 

The machine should have infinitely variable speed control 

in the range 0 - 20 in, / min, 

The machine should incorporate the facility of static load~ 

holding, 

General design features. 

FIGS. 45, 46 and 47 illustrate design features. 

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

mitted through two vertical columns which also served as guides for 

a@ crosshead. A strain-gauge load cell was connected between the 

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

the crosshead being coupled to the drive mechanism, 

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 A, . 
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SIDE-REAR VIEW WITH COVER REMOVED, 
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6. 3. Principal dog load-cell data, 

(a) Deseription. 
  

The load cell was designed in alloy steel for an 

elestic strain of 0.155 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 clear thet a tubular 

inate was most 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 flanges, used for sece 

uring the load cell, ensured angular alignment with the direction 

of load application, 

Four foil-type linear electric resistance strain gauges 

each of 120 + 0,24 resistance were bonded to the centrally 

located gauge erea 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 elternzte 

gauges were mounted parallel and normal to the load-cell axis, 

Thus under a uniaxial tensile load the 'parallel' gauges experienced 

the full gauge-length extensional strain @ whilst 'normally! 

mounted gauged experienced a strain Ve . 

Input to the bridge was vie en S.E. type 511/S oscillator 

operating at 5V. - 5 Ke/e. After passing through a cerrier ampli- 

fier type 5.5, 423/1 the bridge output wes fed to the gelvanometer 

of a type S.E, 2005 ultra-violet paper-tape recorder, 

The completed load-cell tosether with its protective cover 

is illustrated in FIG, 49, 

Details of the procedure used in attaching end wiring strain- 

gauges are given in appendix Ap. 4. 
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(b) Calibration, 

Before installation in the exserimental testing 

machine the load-cell was celibrated on e regularly in     ected 50 Tonf, 

Denison testing machine, under conditions of loading identical to 

   
ved as shown 

  

those during subsequent investigations, This was ach: 

ih FIC, 50, care being taken to ensure that the pulling bars were 

@ precision fit in the central adaptor holes, Recalibration was 

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 losd-cell are given in FIG, 51. 
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  1. FIRST 

  

THENTAL 3 = SDUIATED REDRAW 7     

7e 1. Introductory comments, 

PIG. 52 A illustrates a typical constrained redrawing 

arrangement with the deformation region involved in splaying cireunscribed, 

Preliminary theoretical studies had shown thet bending into the zone 

contributed to splaying whilst unbending at zone exit did not. The 

contribution of the radiel drawing region towards splaying had not been 

shown by stress analysis of the zone, It was therefore planned to 

investigate this aspect experimentally, 

FIG, 523. shows the circumscribed region in more detail, 

In simulating this zone it was considered possible to study the relative 

contributions 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- 

dation, details of tooling, details of test-rig and instrumentation, 

and experinental results, It transpired that the method of simulation 

was unsuccessful, since true radial drawing was not achieved, In 

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. 

Te 2. Basis of tool design. 

Providing the engle $, in FIC, 52 B is small a 

circunferential cup sliver resembles e flat strip of width WwW, at 

entry and Wo at et 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 teol whose boundary 

planes are mutually inclined at en angle da © The true sliver is 

drawn through the zone by radical tension trensmitted from the redraw 

punch, This may be simulated by pulling the strip over a eurved tool 

profile radius 2, angle of contact oy . 
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In true redrawing the sliver is prevented from splaying 

by tensile circunferential stresses in the entry region. ‘The simulative 

strip can by itself offer no such resistance to splaying, but splaying 

may be suppressed by a tool, the force exerted upon which will be 

related to splaying. 

Te 3. Simulative tool design. 

FIG, 53 shows the design of a tool (or die-block) for full 

zone simulation, Each block comprised three elements, nemely, two 

side pieces and a centre piece, fitting together on a taper 2 

uniform for the die-block length, The elements were precisely located 

by dowels and clamped by transverse screws, A contour R, Y was 

provided on the central piece, the passage defined by the profile and 

the side pieces being similer to that around a hold-down punch in con- 

strained redrawing. After an angular contact Cy , corresponding 

to the point of die contact in redrawing, simulated drawing terminated, 

the die-block being relieved to ensure no further deformation. 

Die blocks simulating bending only were similar though less 

complex than those for full zone simulation, A typical block is shown 

in FIG. 54, 

Te 4. _Evaluation of test variebles. 

(a) MTest-piece geometry. 

In the third experimental progremme it was planned to con- 

duct 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 

should occur under approximately plane-strain conditions, since this 

assumption was frequently made in deep-drawing theories. The general 

rules for plene-strain compression testing recommended by Watts and 

Ford were then followed to obtain a relationship between width W, 

and thickness o ° According to the Watts and Ford test 122 ee Ore 
+ 
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For a strip thickness 0.036 in. the width boundaries were therefore 

O-432¢ Wi< 0-86, Test-piece width was designated $ in. 

- (b) Radius of bending. 

  

Three representative radii of 5, 10 end 15 times cup 

wall thickness were allocated for the die blocks, 

(c) Augle of contact, 

The test-rig was designed so that die-blocks for 'bending= 

only' simulation could be angularly adjusted relative to the direction 

of movement of the testing-machine draw arm, It was therefore only 

necessary to manufachre a single 90 degree die-hlock for each of the 

three radii. Unfortunately this procedure was not possible with blocks 

for full-zone simulation, since at zone exit each block required reliev- 

ing. Angles of 90, 60, and 45 degrees were selected, these being 

considered representative of actual redrawing, 

(a) Wedge angle, 

To maintain similarity in die-block design e constant wedge- 

engle was used throughout. 4n angle of 20 degrees was adopted, firstly 

because this angle had been used by Loxley and Swift in their investig- 

ation of the somewhat similar wedge-drawing test, 2nd secondly because 

draw reductions were not excessive when this angle vas taken in conjunc- 

tion with other design parameters. 

(e) Reduction of strip width in the, die blocks. 

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

die-block profile is given by, 

Wo We _ xTand, ; where x= R( \-Cos ) 
Zia x 

The reduction, defined |— Wa is thus, 
Wi 

28 (\ - Cos 6) Tanda 

(f£) @rve deformation profile in a 

  

ecks, 

At deformation zone entry the die angle was zero whilst * g 
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Fic, 56 DEFORMING STRIP GEOMETRY 

  

  FIG. 55 SIMULATED DIE BLOCK GEOMETRY 
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after 90 degrees of contact the die angle was be » the wedge angle. 

The true engle of drawing therefcre increased with arc of contect, 

FIG, 56 shows the developed zone geometry, At anangle © the 

true ‘wedge semi-~angle g is given by, 

ee Soa = — SiO .Tanda 
2 R dQ\2a 3 

The zene profile was thus sinusoidel, 

7. 5. Details of simuiative 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' simulation, 

The die blocks were manufactured in a 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 ell external surfaces, The dies were then essen=- 

bled and diamond-paste polished prior to use. 

7. 6 Testerig for simulated redrawing, 

(a) Deteils of rig. 

FIG, 57 shows two elevations of the test rig, The test- 

piece (1) was drawn around the simulative die-bleck (2) by a gripping 

dog coupled through a Soageceid to the moving arm of the testing machine, 

Die blocks were mounted in a housing (3) , being located by shoulders 

fitting in slots and secured by a 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 

rear pin being removable and allowing the housing to be rotated into 

either 90, 60 or 45 degree positions, The cradle (4) also acted as 

a slide in the slideway (5), and could be adjusted horizontally by the 

serew wheel (6), so thet in any angular configuration the test-piece 

was always pulled in line with the gripping dog. 
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DESIGN DATA FOR SIMULATED REDRAW 
DIE BLOCKS. 

  

  

  

  

  

  

  

  

  

  

  

                        

: Wi = 0.75 in, % = 0,036 in, 
Ps 
aa R ; ° Oo; WM Wo Wo jn{l- W2 Ba 7% | Rin} O°] o2 4 Alea a 

15 |0.540| 90 | 20 | 20.8 ]15.5]0.558] 25 

15 |0.540] 60 | 20 | 20.8 J18.1]0.651| 12.7 

15 |0.540] 45 | 20 | 20.8 {19.3 10.695] 7.42 

& | 10 Jo.360! 90 | 20 | 20,8 }17.3 10.624] 16.9 
8 
E | 10 |o.360] 60 | 20 | 20.8 }19.0|0.684 8.45 
a 

£ 
& | 10 |o.360] 45 | 20 | 20.8 |19.8]o.713} 4.95 

g 
5 0.180] 90 | 20 | 20.8 |19.0]0.684] 8.45 

5 Jo.180] 60 | 20 | 20.8 ]19.9]0.715| 4.23 

5 jo.180] 45 | 20 | 20.8 |20.2]0.726 | 2.47 

90 
BE] 15 Jo.sgo] 60 © | 20.8 |20.8]0.750] 0 Sed 45 
on 

wd Zs a 10 |0.360 Me 0 |20.8 | 20.8]0.750] 0 

i 2 
5 }o.180 ie © | 20.8 | 20.8/0.750} 0     
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Splaying of the test-piece during deformation was prevented 

by a roller housed in an arm (7), ‘the arm being a free fit on the sheft 

(8) which cerried 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 strain-gauge torque-cell (10) was rigidly connected 

_ between the arm (7) and the plate (9), the bore of the torque-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 

arm (7), inducing elastic torsion in the torcue-cell proportional to 

the splay severity, 

The test-rig structure supporting the torque-céll was used 

to maintain the arm cr) in constant position relative to the die-block 

for all configurations, To achieve this the arm was capable of hori- 

zontal, vertical and rotational movement. Horizontal motion was 

achieved by securing the shaft (8) in a ecross-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 eligever (14) under 

the action of screw (15). Rotational arm movement was achieved by 

indexing the toraue-cell to either 90, 60, or 45 degree positions 

where it was locked securely, i 

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

(bv) Torgue-cell, 

  

Owing to the failure of the simulation method the torque- 

cell could not be used to supply useful information. Its design feat- 

ures are therefore only briefly recorded, 

The torque-cell was designed in alloy tool steel for a 

meximum shear strain of 0.1C/ corresponding to a shear stress of 12 x 

103 1pf./in®, To maintain lift-off at the roller low, a geuge length 

  

of $ in, was selected together with a geuge diameter of 1 in. 

torque was envisaged when drawing work-hardened stainless steel, and 

the maximum fixing moment required for bending only,was caleulated to 
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FIG 58 TEST RIG FOR SIMULATED REDRAW PROGRAMME. 
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56 ibis in, It was then possible to compute the torque in the cell 

in terms of the ratios length of torque-cell lever arm/distance of 

roller from point of bending, This ratio wes made 2in,/Ain, giving 

a torque of 896 itfAn?, Xnowing torque, shear stress and gauge dis- 

meter the torque-cell wall thickness was calculated to 0,050 in, 

Four foil-type torque electric resistance strain gauges 

each of 200-1 + 0.2% were bonded to the centrally located gauge 

-_ area and wired to forma full Wheatstone bridge with one gauge in each 

arm of the circuit, The gauges were symmetrically positioned around 

the torque-cell circumference so that adjacent gauges measured the ‘ 

+ 
principal strains e, , e€g respectively located at oS 45 degrees 

to the torque-cell exis, 

The procedure for strain gauge bonding and wiring was 

similar to that for the dog load-cell already deseribed in appendix 

Ane 4. 

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

removed, 

Te Ts  Beperinental results, 
(a) Initial tests. 

Tests were carried out initially with the 0,540 in. radius 

90 degree angle die-block since this gave the larcest reduction in 

test-piece width end would therefore best reveal 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 convergent 

radial drawing passage its edges commenced to curl upwards, producing 

a shallow channel section, with the central bulk of the test-piece 

remaining undeformed. On advancing into the zone the sides of the 

channel beceme deeper as illustrated in FIG. 60 a, The curling effect 

was considered due to the radial component of the die-pressure force, 

not the transverse component normally associated with wrinkling in deep 

drawing operations, Although this radial component was small, the 
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  FIc. 59 TORQUE-CELL WITH COVER REMOVED 
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Developed die profile 

    

  

Die block 

  

  
(a) without hold~down 

  

Developed aie profile 

Ee 
Hold-down bleok . 

  
  

  

  

        

    

c
L
 

Die block       

A (b) with hold-down 

FIG, 60 TYPICAL RESULTS IN SIMULATION TESTS 
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test-piece cross-section was weak from a bending asvect, and once the 

  

mechanism commenced and a channel section formed the process beceme 

guaulatives 

There was nothing in the simulative test to represent die 

contact at exit from the initial radial drewing zone. To remedy this 

situation 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 causing a load which resulted in tag failure, ae 

Test-pieces were prepared with sides angled at 10 degrees 

so as to accurately fit the entry passage of the die block (previous 

test-pieces had 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 still occurred. 

Test-pieces were drawn on various die-block configurations 

but results were always similar. Grids marked on test-pieces before 

drawing clearly showed that no radial drawing occurred, Unless this 

etenen: could be introduced to the test the simulation was a failure, 

(b) Introduction of 2 hold-down clamp, 

A hold-down clamping arrangement was designed with a 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. radius =- 90 degree angle die block was made, but the clemp 

support was of adjustable design and capable of accommodating all of 

the various simulated redraw configurations, FIG. 61 shows this design. 

The teeteicce (1) was drawn over the die-block (2) and prevented from 

curling by the hold-down clenp(3). Vertical location for the clamp 

was sypplied by the torque-cell lever arm (4) , whilst horizontel loc- 

ation was given by the clamp shoe (5), The clemp 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 along a slot in link (7) 

end could be locked in any required position, whilst the link itself 

was pivotted at its upper end and wes adjustable through an ao) When 

settins up for drawing the die block exit was aligned with the drawing 

arm of the testing mechine end components (6) and (7) adjusted so that 

the g2p between die-block and clamp at entry and exit was just greater 

than the test-piece thickness, 

At this stage of the investigation it wes apparent that 

simulative test results would be of dubious applicability to splaying, 

since even if the clamp successfully suppressed edge-curling and promoted 

true radial drawing conditions it could not with certainty be determined 

what proportion of torque measured at the torque-cell was due to radial 

drawing effects and whet proportion was due merely to suppressing curling. 

(c) Drawing with a holé-down clemp,     

Fracture of the test-piece tag always occurred when drawing 

with the clemp in position. By altering the length of the transition 

onicn from 4 in. wide teg to 2 in, wide test piece it was possible to 

vary the point at which deformation started, It wes found that the 

failure mode depended upon this point, 

When a long transition was used the test-piece first con= 

tacted the die-block profile near the exit and it was there that deforn- 

ation commenced, Due to the geometry of the die-block, the side-angle 

was negligible at this point and thus no curling occurred, Instead 

regions of plastic deformation cccurred on either side of the testpiece 

with the central part renaining rigid. This non-uniform deformation 

caused excéssive edge thickening, anda build-up of material at entry 

to the die throat, The clemping arrangement was rigid at this point, 

and as the built-up region became ironed between die-block profile and 

Sia the draw load developed was sufficient to fracture the tag. 

When a short transition was used deformation first comn- 

enced at the die entry, where the side angle was a maximum and therefore 
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most likely to cause curling, It was found that the slight elastic 

deflections which occurred 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 an increase in draw load 

with ultimate tag fracture, Deformation Stages are illustrated in 

FIG, 60, where the letter B indicates burnished areas observed on 

fractured test-pieces, 

te Ge 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 test-piece width/thiclness 

geometry were required to obtain a reasonable simulation, The extra 

effort required to achieve this end could not be justified in terms of 

probable success, Therefore further work in this direction was suspended, 

and would have been restarted only if difficulties arose in leter theor- 

etical studies of splaying, Ittranspired that this was unnecessary, 
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Wr? TESTS. 

8.1. Introductory comments. 

The programme was primarily designed to provide information 

on the mechanics of splaying in redrawing taking account of all principal 

process parameters, Experimental information was recuired on when 

spleying commenced from steady-state conditions, the aplayed eup profile 

at eny stage during the splay phase, end conditions which marked the 

termination of splaying. 

It was also considered important to investigate the precise 

way in which splaying influenced redraw load. 

A literature survey had shewn there was a difference of 

opinion on the effects of using 2 guide-ring to prevent splaying. It 

was intended to clarify this situation. 

8, 2. Evaluation of test variables. 

(a) Best-piece material, 

It was proposed to conduct experiments with low carbon 

steel, austenitic stainless steel, 70/30 brass and aluminium. Low 

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

and also because it exhibited medium work-hardening charecteristics, 

Stainless steel and brass both possessed the property of a high work= 

hardening rate, and there was some evidence to suggest that both 

were prone to spleying. Wo evidence was available on the splaying char- 

acteristics of aluminium but this materiel was notesble for its low work 

hardenability, 

(bv) Prior cold-work in test-niece, 

  

It wes considered important to observe the effect of current 

strain level on splaying since this factor would in all probability be 

closely related to fracture due to splaying, Three levels of strain 

were designateds zero (fully annealed), 0.7, andl.l. A strain of 

0.7 corresponied to 2 cdld-reduction of 50 % and was approximately 

equivalent to the strain in a first-stage cup, A strain of 1.1 
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corresponded to a reduction of 67 % and was roughly the maximum strain 

induced by deepedrawing at Tube Investments, 

(c) Mesteniece geometry and size. 

It was required to conduct tests for conditions of const= 

rained and unconstrained redrawing. The single most important parameter 

governing the need for a hold-down punch was known to be test-piece 

diameter/thiclness ratio although die angle and redraw reduction were 

also influencial, As a result of previous experience it was considered 

that constrained redrewing would become necessary in or above the diam- 

eter/thickness renge 60 =80, The following six levels of diameter/ 

thickness ratio were therefore chosen for investigations 

20, 30, 40, 60, 80, 100. 

Preliminary theoretical studies (section 4 ) hed led to the conclusion 

that splaying would not be influenced by overall redraw reduction, It 

was however advantageous to make this parameter reasonably large from 

an aspect of introducing variable tool geonetry, A nominal reduction 

of 30 % was thus selected, Testing procedures were simplified by adop- 

ting a standard outside diameter for test pieces, The only remaining 

consideration for caleulating test-piece size was the 2 Tonf, maximum 

Grew load limitation of the testing machine, Meximum losds 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 $5 redraw reduction die throat diameter 

was fixed at 0.527 in. Previous theoretical work had indicated that 

die profile might be important in influencing splaying, especially 

in unconstrained redrawing, The effect of this parameter was studied 

by selecting die angles of 90, 60, 45 and 30 degrees, By making 

die throat radius constant, independent of test-piece thiclmess, 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 a large bending 

radius/wall thickness ratio for the thin-walled test-pieces, and a 

correspondingly small ratio for the thicker test-pieces, Chung and 

Swift hed shown 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- 

culer redraw, rather than the effect of tool geometry. ; 

(e) Hold-down punch geometry. 

Holdedowm punch geometry in constrained redrawing wes bel- 

lieved to be an important parameter influencing splaying, since it dir- 

ectly affected deformation in that region where splaying developed. 

Before geometries for investigation could be specified a fundamental 

problem required solution: At what level of test-piece diameter/thiclmess 

ratio was a hold-dow punch necessary? In view of the wide renge of 

variables due for investigation the best way to answer this question 

was to redraw test-pieces in ascending diameter/thiokness order and 

experimentally determine the particular valve of diameter/thiclmess (2/,*) 

where wrinkling occurred, Having determined (D/4"), this and every 

D/t ratio above it, would require hold-dowm, For each constrained 

redrew arrangement three levels of bending/wall thickness ratio (Ro/to) 

were investigated, the largest value of which corresponded to the free- 

zone condition, This was estimated using a method given in appendix 

Az. le 

8. 3. Test-plan. 

The programe was divided into two parts comprising uncon= 

strained and constrained redrawing. 

(or free) redrawing prosramme. 

  

(a) Unconstr 

Tests contained within the programme ineluded, 

(i) Splay measurement, 

(ii) Redraw load measurement for unguided and suided arra: 

  

ements. 
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(iii) Measurement 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 fnoluae process variables discussed in section 

8, 2, In light of subsequent experimental data the plan was modified 

slightly. The final plan is summarised in table 7 , attention being 

drawn to the following espects: 

Each letter in the table symbolises 2 redrawing operetion 

carried out on a separate test-piece, the actual letter denoting the 

test category. 

It was found thet wrinkling occurred ata diameter/thickne s 

ratio of 80 with ell materials and tempers drzwn through the 90 degree 

semi-engle die, A diameter/thickness ratio of 60 was therefore taken 

as a maximum for the free-redraw programme. 

Only one meterial (low carbon steel) was drawn through all 

dies to provide an experimental relationship between spleying and die= 

angle, It was assumed that similar relationships would hold for the 

other mat   rials, 

Comparisons of the effect of materisl properties on splaying 

behaviour were made with the 90 degree die. 

It was found that redraw loads had been generelly under- 

estimated, and this put certain tests beyond the rated capacity of the 

testing machine, The stainless steel programme was mostly affected, 

To maintain the original level of dismeter/thickness ratio steges for 

steel a ratio of 25/1 was introduced to 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 Le 

(b) Constrained redrawing prosramme.     

The test-plan for constrained redrawing could not be final- 
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ised until the 'free' programme was completed and data 

  

lysed. It 

was then possible to calculate hold-down punch profile radii and design 

punches for the appropriate test-piece diameter/thiclmess ratio levels, 

Two basic tests were carried out in the programmes 

(i) Splay measurement, 

(ii) Redraw load measurement for guided and unguided 

arrangements, 

The final test-plean is summarised in table g , the only divergence 

from the original programme being due to difficulties in preparing test- 

pieces, The actuel nature of the difficulties is discussed in section 

8. 7. 

8. 4, Methods of 4 

  

2_collection. 

(a) Basis of srlsy measurenent test. 

Instrumentation was required to measure the current splayed 

profile and relate the test-piece rim to a fixed datum (e.g. the die 

surface) with the test-piece under full draw load conditions. It was 

concluded that equipment to carry out this function during actual redraw= 

ing would be complicated, and that by employing an incremental approach 

to the problem results would be more easily obtained. 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 objection to 

the technique was that splaying was not being measured under identical 

conditions to which it occurred during continuous redrawing. However 

the self-locking mechanism of the test-machine drive meant that the draw 

load would be retained even though the machine was static. No serious 

errors in splay measurement 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, 

cireumferentially 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, 

(bv) Basis of redraw lozd-measurenent test, 

Redrew 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-measurement readings to 

check for any load relaxation, it wes considered better to obtain losd 

measurements from continuous drawing tests, This meant that to corre- 

late splaying with redraw load for any particular drawing arrangement, 

tests were necessary on at least two separate 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 test=piece 

rim position it would be possible to observe variations in redraw load 

with splaying. It was planned to achieve this result by coupling a 

displecement transducer to the test-piece rim and recording its output 

signal simultaneously with that from the load-cell on continuous data 

recording equipment during a continuous redraw test. 

(c) Freeeprofile test. 

The object of the test was to measure the redraw deformation 

profile. To achieve this the redrawing operation was interrupted 

curing steady-state conditions and the testing machine drive reversed 

te lift the test-piece deformation zone clear of the die, Measurement 

of the profile was then nade with the instrument used for splay meas- 

urement. 

8. 5. Form of test-piece. 

+ wes considered an advantage for test=pi: 

  

uniform mechanical properties end dimensions throughout their length 

for it would then be possible to study splaying 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 a redrawn cup is 

not outstandins, Due to its menufscturing 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 a reedy appreciation of the effect of splaying on redraw load, and 

it was considered better to draw test-pieces which achieved steady redraw 

load conditions prior to the commencement of splaying, since then it 

would be far easier to discern the effect of splaying on load. A fur- 

ther complication with redrawn cups was that anisotropy may give rise to 

variations in wall thickness around the cup circumference and produce 

distortion in the euv 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 clear that tubes would fulfil. test requirements 

better than drawn cups on the grounds of, uniformity of wee 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 espect the substitution was valid. FIG, 62 shows 

free and constrained cup redrawing in diagrams (a) and (c) respectively, 

whilst the corresponding experimental drawing methods are shown in dia- 

grams (b) and (a). ee pointed out that in terms of mechanics 

of deformation at the die, sinking and redrawing processes are identical, 

There are practical differences observed between the two processes but 

these are related to degree rather than type. 

8. 6, Testerig and related instrumentation. 

(a) Generel descrintion. 
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(a) Free redrawing. (b) Sinking. 

\ 

(c) Constrained redrawing. (a) Constrained sinking, 

FIG, 62 SIMULATION OF REDRAWING IN SPLAY- 

MEASUREMENT TEST PROGRAMME. 
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FIC, 63 shows e sectional view of the splay measurement test- 

rig erranged for free redrawing, -The rig wes mounted on a sturdy base 

    
plete (1) which was bolted to the upper platen of the testing machine, 

A bolster (2), attached to the base plate, was provided with sn inner 

recess for precisely locating the redraw die (3), through which the test- 

piece (4) wes draw by the dog of the testing machine (5), ‘The bolster 

was also provided with an outer recess which located an annular ring (6), 

the ring being in clearance with the die but a precise rotational fit in 

the bolster, A retaining plate (7) provided sxial constraint on the 

ring, and was graduated in 30 degree intervals around its upper surface 

to provide angular reference as the ring (6) was retated, Two vertical 

colums (8) were mounted, diametricelly opposed, from the upper sur- 

face of the ring (6), The columns were of identical diometer and length, 

their parallelism being ensured by precision registers in the ring (6) 

and upper platen (9), In addition +o aligning the columns the upper 

platen served to support various pieces of test equipment, details of 

which are given subsequently. 

A pleten (10) was captive on the vertical columns and 

carried two micrometers situated 180 degrees apart. Micrometer (11) 

was vertically mounted, of 0 - 1 in. range 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 ball attachment being 

fitted to the spindle end to reduce friction when the assembly was rotated 

around the die, A second micrometer (12), greduated in 0.0001 in, 

divisions with a range of 4 in., was used for spley meesurement, and 

caused a stylus(14) to move into contact with the test-piece via a 

sensing head (13), The design of this assembly was critical to splay 

measurement accuracy and its developuent is discussed separately below, 

(o) Spley-measuring head, 

(i) Development of Aesign, 

The design was aimed at fulfilling two essential 
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FIG 63 SPLAY MEASUREMENT RIG 

(Seale approximately $ full size) 
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requirements; 

(a) That all movement of the micrometer spindle should be trans- 

mitted to the stylus. 

(bo) ‘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 requirements is shown in FIG. 64 

where the housing block (1) , rigidly 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 sotter a@ sliding fit, The traverse 

plate was maintained in constent contact with the micrometer spindle (4), 

and also prevented 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 plete (6) and could be locked by meens 

of clamp (9) and locknut (10), ‘The lower end of the stylus erm carried 

an adjustable holder (11) which clamped the stylus (12) in a variety of 

anguler positions. Pressure sensing at the stylus tip was achieved as 

follows; When the stylus contacted the testpiece 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 2 dial gauge (14) operated by a contactor (13), The diel 

gauge was calibrated in 0,0C0l in, divisions and would, it was 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 reproducivility of 

readings could not be relied upon eleser than 0.CCC4 in. Also, 0.006 

in, travel at the micrometer was required to produce an indication of 

0,0CC1 on the sensing geuge. This adverse ratio explained the poor 
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consistency in readings and was accounted for by deflection in the 

stylus arm, The source of the problem was that a force at the stylus 

point tended to rotate item (6) in item (3) causing increased resistance 

to stylus plate push-beck, It was concluded that the design was unsatis- 

factory. 

Little freedom was available for redesign of the measuring 

head due to limited space and access, The feature of an underslung 

stylus 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 

and is shown in FIG, 65, A new stylus plate (1) wes manufactured in 

durelumin and cevpled to the existing traverse plate (2) by a 0.005 in. 

thick leef spring{3)the latter being rigidly clamped to each member, and 

pre-formed so thet on assembly plate (1) lay back against plate (2). 

Two Baiens 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 device proved to be extremely sensitive 

and reliable over the experimental programme which involved some 18,000 

readings. Reproducibility was to within 0,0001 in. 

(4i) Calibration. 

The splay-measuring head did not give readings of 

test-piece splaying directly but was a comparative device used in con= 

junction with standard calibration specimens, After arranging the test- 

rig for redrawing, a standard piece as shown in FIG, 66 wes located in 

the die and a full set of reading taken with the measuring head at pos= 

itions of height and angular displecenent corresponding to those for the 

actual subseauent test, The current test-piece dianeter during 2 test 

was then deduced by comparison, 4n importent feature of the method 

was that errors in measurement arising from slight manufacturing inacce 

uracies were committed for both standard and testepiece, and therefore 
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FIG, 65 _ FINAL SPLAY MEASURING HEAD DESIGN 
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tended to be self cencelling. 

(c) Axrensement for constreined and unconstrained redrawing, 

FIG. 67 illustrates the test-rig arranzed for unconstrained 

redrawing. 

The arrangement for constreined redrawing is shown in FIG.68, 

with the hold-down essembly comprising an additional framework positioned 

around the splay measuring unit. Hold-dowm was of the constant clearance 

type and was applied by means of a eross-beam carried on two stout pillars, 

the latter being screwed into the test-rig base, Details of hold-dowm 

application are given in FIG, 69, The orossbeam (1) was provided with 

a centrally located screwed bore which took the nut (2), the lower end 

of which was atteched to a ball, Fressure applied to the nut by agpan- 

ner was transmitted through the ball to 2 hold-down punch éxtension (3) 

which acted upon the interchangeable hold-dewm punch (4). Accurate 

alignment between punch end extension was ensured by a closely fitting 

spigot. The extension was aligned by a precision bush (5) located in 

the upper platen of the test-rig (6), 

(a) Redrew load/test=pieée rim displacement. 

The method used for correlating redraw load with current 

test-piece rim position is shown in FIG, 70 for unconstrained 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 a hole in the end fitting of a pote 

entiometric displacement transducer plunger, the body of the transducer 

(5) being secured in the upper platen, With the micrometer platen (6) 

adjusted to its lowest position, end the follower tube resting upon the 

redraw die (7),  thescrew (8) wes set to just contact the bottom of 

the plunger end fitting. This corresponded to the datwn pesition for 

rim height measurenent, Calibration of the transducer was then carried 
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out by lifting the platen (6) by known amounts using the micrometer 

(9), and recording trensducer output on an ultra-violet trece. 

When conducting constrained redraw tests the dummy punch 

(1) was replaced by the hold-down punch arransenent illustreted in FIC, 

Tis 

During actual tests output from the displacement transducer 

was recorded simultaneously with that from the dog load-cell. 

(e) Guided redrawing. 

The method of obtaining the redraw load-rim displacement 

correlation was essentially as that discussed above. FIG, 72 shows the 

guiding arrengement. 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 a lateral direction but prevented movement along the 

axis of drawing. In this way the ring provided only diametral constraint 

to the test-piece, and was made 0.002 in, larger than the test-piece 

outside diameter, 

To track the test-piece rim during its passage through the 

guideering two redial slots were incorporated in the latter, through 

which passed projections machined onto a epeoiel for Gye tube, 

(£) Displacement transducer details. 
  

An 'Ether' rectilinear displacement transducer type FD 13 

was used for displecement measurement, The transducer was of 0 = 2 in, 

range, O = 18,000. resistance with a maximum rating of 5 m.A at 150 V. 

Linearity wes a 0.5%. 

To obtain tialrdcutsed response the transducer was wired into 

one arm of 2 full Wheatstone bridge circuit with the slider es one tern- 

inal so that maximum change in output from the bridge when the trensducer 

was operated was, 

v = Ver 

2 2(2R + x) 
where V = input to bridge from oscillator (5V). 
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FIG 72 EXTERNAL GUIDE-RING ARRANGEMENT 

(Scale - full size) 
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r = transducer resistance, (18,0002 ) 

R = resistance of each arm of bridge. 

R was caleuleted from the above expression on the basis 

thet maximun current flow through a 120-2 galvanometer should not exceed 

lp m.A, A resistence of R = 120,000-2 was found satisfactory for 

this purpose, 

(g) Recordin: eouipment, 

Spley measurement test data was obtained and recorded manus 

ally, whilst information from redraw load - rim displacement tests 

was monitored continuously on 'S.5.' recording equipment which includedy 

(1) Power supply unit type S.u. 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, 73 illustretes the testing arrangement, 

(h) Details of redraw tooling, 

Tooling details are included in FIG 74. An extra-long 

throat was built into all four redrawing dies with a view to ensuring 

good alignment between test-piece end die axis, The increased frictional 

ras resulting from this procedure was considered cf secondary importance. 

Detzils of hold-dowm punch geometry were not finelised wtil 

the first phase of experiments = the unconstrained redraw progremne ~ 

was completed, Tyo hold down punches were used correszonding to test- 

pieces of 60 and 100 diameter/thickness ratio, The influence of profile 

redius on splaying wes studied by first providing each punch with its 

smallest radius, and subsequently increasing the radius in stases, 

All tooling wes manufactured from a high quality tool steel 

and heat-treated to 60 Rockwell C. ‘ool profiles were roli 

    

use. Table 9 gives details of tool surface finish readi 
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TABLE 9 SURFACE-FINISH OF SPLAY-MEASUREMENT 

PROGRAMME REDRAW TOOLING. 

  

  

  

  

  

  

  

          tion,! 

Tool Location of surface Surface- 

- finish reading finish, 
micro in, 

C.L.A. 

At die throat. 
90° die Parallel to drawing 2 

direction . 

At die throat, 
° Parallel to drawing 

‘60° die direction. & 

At die throat. 
° - Parallel to drawing 

ome cce direction, cay 

At die throat. | 
30° die Parallel to drawing 4-8 

direction, 

In bore. Parallel 
Garter ing to drawing direction c 

Hold-down punch On full diameter 
for 80 D/t just above nose radius. 4 
test-pieces. Parallel to drawing direc- 

ee ions se ee 

Hold-down ch On full diameter 
for 100 D/t just above nose radius, 3-4 
test-pieces. Parallel to drawing direc- 

  

211 

 



the termination of the test programme, whilst FIG. 75 is a photograph E , 2 P ist 

  

of the tooling. (The 30 and 60 degree dies were incorrectly stamped. ) 

Be Ts Manufacture of test-pieces, 

(a) Geometry of test-piece. 

The 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 possible to observe the complete splay phase. A test-length/ 

diameter ratio of 1% was used giving a test-length of i} in. ‘The length 

of test-piece tag was governed by the requirement to pass through die 

and die-bolster and leave sufficient protusion for grinping. A length 

of 2 in, was found adequate, Tag diameter was designated 0,002 in. smal- 

ler than the redraw die size, Test-piece details are shown in FIG. 76. 

(b) Plan of facture. 

  

Test-pieces were prepared from tubes cold-drawn within a 

Tube Investments conpany. To ensure that for each of the four materials 

investigated test-pieces were from a common origin all tubing for each 

material was drawn from a single hollow. Details of hollows and prob- 

lems encountered in drawing down to the test-piece sizes are given in 

appendix Ase 2. 

Testepieces were cut to a length of aL in. from the tube- 

lengths using a single-point cutting tool in a lathe, an ample coolant 

supply being 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 2t the 

outset but was rejected on the grounds of lack of precision and the need 

for a long transition from tag to test-diameter. 

lopment of tegcing procedure, 

  

(ce) Deve 

i It was required to reduce the tag diameter to 0.525 in. 

from a tube diameter of C.750 in., the diameter reduction involved being 

30 Le Work 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 above die entry, Initial tests were therefore carried 

out using ea 2 stage procedure. It was found thet buckling occurred at 

die entry in the first stage. After further experimentation a workable 

5 stage procedure, based on approximately equal load per stage, wes 

evolved. It was noticed that the tendency to buckle was most severe 

with materials that work-hardened rapidly, fully soft steinless-steel 

and brass were particularly prone. Test-pieces at the higher diameter/ 

thickress ratios gave rise to additional problens, 

Full details of the work on press tagging are included in 

appendix Age 3,., together with experimental data on strain development 

plotted from measurements taken whilst tagging, Problens encountered 

during the work are also discussed, 

FIG. 77 illustrates a typical tagged test-piece. 

of test-piece mate       ols. 

Samples of each hollow were retained for quantitative et 

  

ical analysis, Results are given in appendix Age 4, ‘The stainless 

steel hollow, supplied by e Tube Investments company, was originally 

thought to be 2 1,316 alloy. However the chemical analysis revealed 

that the alloy was T304, This did not detract from the scope of the 

investigation since both alloys were widely cold-formed. 

  

8. 9. Preparation of test-pieces for red: 

  

  

Care wes taken to ensure test-pieces were adequately end 

consistently lubriceted since verictions in lubrication throughout 

the length of 2 test-piece could cause fluctuations in redraw load and 

hence adversely effect the correlation between redraw load and spleyins. 

Tageformed test-pieces were thoroughly degreased and cheme 

ically etched to form a lubricant key , Steel, brass and aluminiun 

test-pieces were then water rinsed, lubricated in textile soap at 60 = 

ot, and allowed td air dry at room temperature, In view of the poss- 

ibility of pick-up with the workehardened stainless-steel test-pieces, 

these test-pieces were immersed in an oxalate solution which provided a 
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good surface key, and the soap film wes baked hard in an oven at 120°C, 

Full details of etching solutions and lubrication procedures 

are given in appendix Age be 

8, 10, Experimental technicues, 

(a) Free and constrained redrawing. 

Free (unconstrained) redrawing was straightforward, The 

dog was fully retracted 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 was devel- 

oped: 

(1) The dog was fully retracted with jaws nf 

(2) The hold-down punch was inserted in the test-piece and the latter 

entered into the die, 

(3) The hold-down punch extension was threaded through its guide and 

located on the hold-down punch spigot, 

(4) The holé-down pressure nut was then operated to push the test- 

piece into the die end fully seat the hold-dcwn punch, This 

operation wes complete when solid resistance to motion was felt, 

The hold-down screw was then slackened 4 turn, 

(5) Drawing commenced after releasing the dog jews, 

To ensure satisfactory gripping by the dog, plugs were 

inserted in the tags of all test-pieces, The plugs were removeable 

and re-usable, 

(b) Splay measurement tests, 

(1) Exploratory tests were made to indicate at which point 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 upper die 

surface, 
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(3) The testing procedure is desoribed with the aid of Table 10 , 

The test-piece was drawn until its rim was 1,00in. above the die. Draw- 

ing was then interrupted and the test-piece scenned with the measuring 

head to provide 'splay' readings at 6 circumferential points for each 

"height! interval, A 360 degree reading was always taken as ae check 

against stylus movement, The test-piece was then drawn to a height of 

0.60 in. and the measurement procedure repeated. The process was conte 

inved until the test-piece rim was drawn into the die mouth. 

During the latter stages of some tests there was a tendency 

for the testepiece rim to cant slightly, When this occurred individuel 

readings of rim height were taken at each circumferential position to 

ensure that splay readings were always taken on Rue actual rin. An 

average height was calculated, 

(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 circumference covered in the tests, 

(c) Redraw-load measurement tests. 

(1) The displecenent transducer calibration screw was set to its datum 

position with the test-piece follower tube coupled to the transducer and 

in contect with the die surface. This operation was cerried out in the 

ebsence of a test-piece, 

(2) The recording equipment was switched on and both channels (lond- 

cell end displacement transducer) adjusted to give zero output signel. 

(3) The hold-down punch essembly (or dummy hold-down punch for free 

redrewing) were then removed together with follower-tube, and the test- 

ing machine retracted with dog jews oven. 

  

(4) A testepiece was entered in the die es reported in section 8.10(a). 

(5) The appropriate follower-tuoe wes placed egainst the test-piece 

rim and its arm coupled to the displacement transducer. 

  

(6) The hold-down punch exten 
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TABLE 10 TYPICAL DATA SHEET FOR SPLAY~ 

MEASUREMENT TESTS, 

  

Test-piece ae 
rim height | micrometer 
above die | reading ] 

(in.) (in.) 0° | 60°} 120°! 160°] 240°} 300 

Splay micrometer readings (in.) 
  

°) 360° 

  

  

  

  

1.00 0.20 
  

  

  

  

  

  

  

  

  0.60 

  

  

  

  

  

  

0.30 0,15 

  

  

  

  

  

0.20 
  

  

  

  

0.15 0.10 
  

  

  

  

0.10 0.05 
  

  

  0.05 
    0,000 0,00                     
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threading through the follower-tube. 

(7) Recorder channels were checked for sexo drift, end the load/rin 

Gisplacenent test carried out at a speed of -~4 in, /minute, 

  

(8) On completion of each test the displacement transducer wes ecli- 

brated by lifting the micrometer platen with the vertical micrometer and 

recording the cor: 

  

ponding transducer output signal, A typical cali- 

bration curve is shown in FIG. 78, 

Testing procedures for guided redrawing were similar, but e special 

follower tube with end projections was used to track the test-piece rim 

within the guide-ring, 

(a) 2     surement of free profiles in unconstrained re@rowing, 

The redrewing process was interrupted during steady-state 

conditions, and the testing-machine drive reversed to retract the teste 

piece deformation profile approximately 4 in. clear of the die, The 

splay measuring head was then used to obtain readings on the profile from 

the undeformed entering tube surface to the redraym tube surface. 

8, ll. Methods of test-data interpretation. 

(a) Splay measurenent tests, 

Suppose that circle C, (FIG. 79) represents the standard 

calibration piece, concentric with the die and centre of rotation of 

the meesuring head. Further, suppose the circle C2 represents the 

spleyed tube whose radius exceeds that of the standerd by At , and which 

is slightly eccentric to the die by amomt X . The dotted circle 

represents the standard displaced by 2 to become concentric with the 

test-piece, 

From FIG, 79, the radial difference between test-piece and 

stendard measured by a stylus at point (1) is, > Cos@+ At, whilst 

that messured et (2) is - 2@os@4+ Av . ‘Therefore across (1) 

= (2) the difference in readings on standard and test-picce is 2Ar or 

Wa « This result infers that the method of splay measurement used 

cancels any eccentricity between test-piece and die, 
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representation of 

splayed tube, A ' 

  

    
representation of 
stendard correctly 
positioned, 

  standard displaced 

to be concentric with ‘ 
splayed tube, 

  
FIG. 79 PRINCIPLE OF SPLAY MEASUREMENT 
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For stylus readings of T1, S1 , Ta2 , 92 on 

test-piece and standard at points (1) and (2) respectively the deviation 

of test-piece from standard is given by, 

Aa =(T-Si)+(Ta-Sa)= i +72) -(S1+S2) 

- This expression was used for computing diametral splay in the splay- 

measurement tests, 

(b) Redraw load/test-piere rim displacement tests. 

Two concurrent traces were obtained from the ultra-violet 

recorder, being representative of redraw load and test-piece rim dis- 

placement respectively. The ‘load’ traces were of constant magnitude 

dur. 

  

the greater part of the redraw, but showed fluctuations during 

the splaying phase before falling away 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, 

(c) Combined splay - redraw load - rim disvlecenent data, 
  

Although splay and load measurement tests were carried out 

separately, each had current test-piece rim position es a common ref- 

erence. Moreover the tests were on identical specimens, Graphical 

results were therefore combined to show not only the development of splay- 

ing but also its effect on redraw load. 

(4) Free profile tests. 

For each of the six circumferential positions of measure- 

ment the deformation profile was found taking 'splay nicrometer readings 

on the drawm test-piece surface as a datum, Results were then averaged 

around the circumference to provide a mean profile, 

This profile was plotted to a scale twenty times full size 

and the best mean value of 'free' radius drawn through the experimental 

points, The procedure was straightforward for the 30 and 45 degree 
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dies but not so easily applied to those of 60 and 90 degree semi-angle, 

where often the true contact angle was less than the semieansle, When 

this situation arose the known die radius was first drawn in end the 

steepest possible tangent consistent with experimental points was fitted. 

- A radial line was then drawm through the point of tangency and extended, 

The best free radius was then located slong this line, 

8, 12. Eeoeuinental results, 

(a) Generel comments. 

It was stated in section 8.3, when discussing test-plan 

modifications, that redraw londs were generally underestimated, This 

result was thought to have occurred for two reasons, Firstly, Sachs' 

tube-sinking expression had been used for calculations and thus the effects 

of bending, wunbending work had been ignored. Secondly, leads were cal- 

culated on the bagis of estimated material yield-strength properties 

which were later found to be on the low side. 

Quality of lubrication appeared good. No problems with 

pick-up occurred and generally redraw leeds were stezdy during the steady- 

state part of the cycle. 

Only one test-piece failed in redrawing. This was brass 

at a diameter/thickness ratio of 20 and 67% prior eold-work, Failure 

occurred at the die exit end was of the brittle type. 

No test-piece failures occurred due to splaying in any of 

the combinations of tool geometry, test-piece geometry and pricr-celd 

work investigated, 

(») 
  

Main results.     

Tables 11 and 12 are indexes to the free and constrained 

redraw progrenmes respectively, free tests being depicted by the suffix 

F and constrained tests by the suffix C, Eechtesic test number 

designation was used to describe 2 particular redraw arra: 

  

geometry, test-piece geometry, test-piece material and prior cold= work, 

Within each designation at least two tests, splay measurement and redraw- 
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TABLE ad 

INDEX TO SPLAY MEASUREMENT TESTS - FREE 

  

  

  

  

  

  
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    
  

    

Test Test nie eee “lame is as. 

number material Nominal, 2 (deen) 

(%) Sia, Wall Thk, 
iF steel 0 0.750 0.0375 90 
or steel 0 0.750 0,030 90 

3F steel 50 0.750 0.030 as 
4P. steel 50 0.750 0.030 60 
5F steel 50 0.750 0.030 45 
6F steel 50 0.750 0.030 30 

Te steel 50 0.750 HO;025- |e 90m 

Ey steel _ 50 0.750 0.025 60 

OF steel 50 0.750 0.025 45m 
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 
14F steel 50 0.750 0.019 30 

15F steel 50 0.750 0.0125 90. 

16F steel 50 0.750 0,0125 60 

LTE steel 50. 0.750 0.0125 45 
18F steel 50 0.750 0.0125 30 

19F brass 0 0.750 0.0375 90 
ook brass 50. 0.750 0.0375 _ 90 
21F brass 50 0.750 0.025 90 wens 

2or brass 50 0.750 0,019 90 

23F brass 50. 0.750 0.0125 90. 
24r stainless QO 0.750 0,025 90 

or stainless 0 0.750 0.019 90 

26F stainless 50 0.750 0.019 90. 
27F stainless 50 0.750. 0,0125 90 

26F aluminium 0 0.750 0.0375 90 
2or aluninim 50 0.750 0.0375 90 

30F aluminiun 67 0.750 0.0375 90 

31F aluminium 50. 0,750 0,025 90 
32 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, 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    
              

Test Test ue ieee ates ce | eee es 

number material aCe é SS | err saae ue 
(@) | nia, |weaa mi, (428+) | (in,) 

1c steel 67 0.750 0.0075, 90 0,030 

20 steel 0 0.750 0.0075 90 0,040 

3c steel 50 0.750 0.0075} 90 0,040 

4&0 steel 67 0.750 0.0075) 90 0.040 

5c steel 67 0.750 | 0.0075 90 0.050 

6c steel 50. 0.750 0.0095 90 0.040 

fre 7. steel 50 0.750 0.0095 90 0.050 

8c steel 50 0.750 0.0095 90 0.060 

90 brass 50 0.750 0,0095 90 0.040 

10¢ brass 50 0.750 0,0095 90 0,050 

11¢ bress 50 0.750 0,0095 90 0.060 

12¢ stainless 50 0.750 0.0075 90 0.030 

13¢ stainless oO 0.750 0.0075 _90 0.040 

14¢ stainless 50 0.750 0.0075 90 0,040 

15¢ stainless 67 0.750 0.0075 90 0.040 

16¢ stainless 50 0.750 0.0075 90 0,050 

17¢ stainless 50 0.750 0.0095 90 0,040 

18¢ stainless 50 0.750 0.0095 90 0.050 

19¢ stainless 50 0.750 0,0095 90 0.060 

206 aluniniun 50 0.750 0,0075 90 0.030 | 

21¢ aluninium 0 0.750 0.0075 90 0.040 | 

22C aluniniun 50 0.750 0.0075 90 0,040 

23C aluniniun 67 0.750 0.0075 90 0.040 

24c_| aluminium | 50 0.750 | 0,0075| _ 90 04050     
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loed meesurenent, were carried out. Additionally guided redrawing 

was introduced to some arrangements, whilst for the 'free' programme 

deformation profile measurements were made for each test number, The 

following code wes used to identify individuel tests: 

(1) The first number and letter gave the basic test designation 

es indicated in index tables 11 ana 12 , 

(2) Suffixes (A), (8), (G) and (P) were used to denote splay, 

redraw load, guided redraw load, and free-profile measurement 

tests respectively. 

Thus, for exemple, test 5 F(A) wes 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 (CG) was 2 constrained guided- 

redraw on a stainless-steel test-piece 0.0075 in, thick with 50 % prior 

cold-work using a 90 degree die and a hold-down punch with 0,030 in, 

profile radius. ‘ 

Tabulated results. 

All tabulated test data is given in appendix Az. 6. of the 

thesis, where: 

Tables Aged - A335 provide splay measurement data for the 

free-redraw progremme, 

Tables 43436 =~ A,,82 provide redraw-load measurement deta 
3 

for unguided and guided conditions in the free-redraw programme, 

Tables A383 - A3.87 provide free-profile measurement data 

for the free-redraw programme, 

Tables 43088 - Az.111 provide splay measurement data for 

the constrained-redraw programme, 

Tables Az.112 - Azel44 provide redraw-loed measurement data 

for unguided and guided conditions in the constrained redraw progranme, 

Graphical results. 

For each particular test designation splay end redraw load 

were plotted against current test-piece rim position on a common format, 

227



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 load traces 

were superimposed to study the effect of guiding. Results for free= 

redrawing are shown in FIGS. 80 -111, and for constrained redrawing in 

FIGS, 112 = 135. A smooth curve was drawn through experimental rim- 

splay points and peak rim-splay found by interpolation. The error in- 

volved in the procedure was small since most splay measurements had pur- 

   pesely been concentrated in this region. Maximum rim-splay for each 

test is included on the appropriate graph, and was evaluated as the 

fractional dianetral increase in the test-piece rim from steady-state 

conditions. This information was later used in experimental correlation 

with theory, The short vertical dotted line drawn through each rime 

splay locus in constreined-progremme 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 redrawing, 

ceusing splay readings of doubtful validity, 

On 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 spley results. In retrospect both 

peculierities 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 proposed cause, 

Conversely the 'pell-nouth! effect was more common with workeherdened 

test-pieces and was probably due to the release of residuel stress on 

cutting, However when results were plotted for the test-pieces in question 

splay development appeared unimpaired. The results were therefore inc- 

luded, 

On analysing test results it wasfound that a definite corre- 

lation existed between splaying and prior colé-work, FIGS, 136 and 137 
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show the developnent of rim-splay for test-pieces of various wrk 

  

drewn in the 'free' programme, ilst FIG, 138 shows the same effect 

with test-pieces in constrained redrawing. 

Deformation profiles were plotted for all tests in the free- 

redrew programme, and best mean free-radii fitted to the zone of deform 

ation prior to die contact, Experimental values of free-radius 

11 
were leter plotted to check the validity of Fogg's theory (Section 10), 

It was considered superfluous to include all profile plots in the thesis, 

  but four typicel results are given in FIGS, 139 - 142 to illustrate the 

method of measuresient used, 

nominal amounts of cold-work had been introduced 

  

     to test-pieces by previous drawing operations, the exect condit. on of each 

test-piece was unknow. It was considered important to obtain infor- 

mation on this aspect not only for purpeses of correlating experinent 

and theory in the current work, but also to provide ea precise record of 

materials investigated during the research. 

  Tests were therefore conducted to determine test-piece 

yield-stress and prior plastic strain level, Yield-stress values were 

found from vniaxial tensile tests, the nornel procedure being slightly 

modified for the thinner-walled test-pieces, An equivalent stress-strain 

evurve was developed for each material by plane-strain compression tests 

carried out over the plastic range of interest, These tests were con- 

ducted on strip-like specimens machinedfrom eech of the four hollows used 

to manufacture test-piece tubing. 

An estimation of prior test-piece strain was made by fitting 

uniaxial stress-strain curves to the appropriate plene-strain envelope. 

Full details of procedures followed tozether with test res- 

ults are included in appendix A,. 7. 
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Test Test Prior aoe ooo’ oe ‘| 
number material | cold work Ce ea areae 
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9 DEVELOPMENT OF THEORIES OF 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 phenomenon was essociated with a decrease in process work 

such that cup well elements involved in splaying pass from radius 1 

to radius te (FIG. 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 the specific work of 

elements increases in proportion to their distance from the cup rim, 

Thus splaying may be viewed as a gradual unbending process, In the 

second mode, splaying may be envisaged as a radical change in steady~ 

state conditions with elements near point A at spleying initiation 

receiving little subsequent work above that to produce radial drawing 

from to to tg , whereas elements near the cup rim receive greatest 

specific work, This mode, in the limit, would be characterised by 

the complete absence of bending/mbending operations, 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, the achal splay mode would be that involving minimum energy 

of deformation in a true elastic-plastic 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 increment work is a minimum for the 

instantaneous constraint exercised, 
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FIG. 143 CUP AT ONSET OF SPLAYING. 
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9. 2. General concepts. 
  

It was shown in section (4) that the specific work for an 

element izaversing zone A~ 3B (FIG, 143) during steady-state redrawing 

is, 

= Wb. a + Wo = bs ur + Wu, 2Wp ot Wa, 

where the suffix O denotes steady-state, 

The specific work W to transmit any wall element to point B during 

splaying comprises; 

(1) That for spleying from the original cup radius 

(2) That for radial drawing from the point of maximum spley to 

the radius Ye 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 

Wy is equal to bending work Wh, . Work component (3) is thus 

ZW, « If work component (1) is designated “s then component 

(2) is Ws+ Wr . For a decrease in process work with splaying 

the inequality may be written; 

M2 (ws + Wp) +Wio OE Wp, + Wag, 

The term W+o is common to both sides of the inequality and 

represents the absolute minimum specific energy input to transport any 

element from A to B, ‘Thus, 

Ws +b < bo 

  

(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 splaying 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 2 tensile circunfer- 

ential stress, whereas the region near the die is being radially drawn 

inwards with an associated compressive circumferential stress, Between 

these two extremes there is, at any instant, a particular element in 

neither of the above mentioned regions, This element has previously 

moved through the splay zone, attained its maximum tensile circumfer- 

ential strain, and is now just about to enter the radial 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 > t> it does not follow that it is splaying. If the 

length of current unbent cup wall involved in spleying is 2 » then 

true splaying is only occurring in those elements for which cam is 

negetive, whilst radial drawing is occurring in elements where s 

is positive. 

9. 3. Experimental support for theory. 

@) 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 Ro such that the region near the cup rim appeared 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 andc ), 

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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dianeter/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 thet 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 assumptions. (See also appendix As) 

Assumptions peculiar to various aspects of theoretical work 

are stated under the aprropriate section, Additionally the following 

general assumptions were made + 

(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 +o be equal to that in 

compression. 

(3) Residval stresses from previous cold-drewing operations were 

negligibly small. 

(4) That the. cup material was homogeneous and isotropic, both 

normal and plenar anisotropy was ignored. 

(5) All bending operations, during steady-state and splay phases, 

were assumed plane-strain with és =O... 

(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 upper-bound theory of splaying. 

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 
° 

We, is an ideal lower bound, whilst Wo is an upper bound set by 
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the steady-state redrawing conditions. w} WW, and hence from equation 9.1., 

We + WE > a 

for any splayed element. In the limit, 

Ws+ Wp = Wh 5 

Now an element situated at the cup rim cannot bend since it cannot support 

a bending moment. Therefore for this particular element an upper 

bound is given by Ws = Who « Splaying represented by Ws is then 

@ maximum and cannot be exceeded, 

If the cup rim splays to radius te 9 then for a rigid - 

perfectly plastic materiel, 

Ws = Y¥. Ants 

  

To 

and since wo = 2.Y%o ; 
YB ARo 

to 

TS = ene 
%o 

The fractional inorease in the cup rim on splaying is, 

AS, Ste Sat SO) 

to 
to 
SRS to 

therefore AS, = €2%8Ro- | & 
2N3 Ro 
  (9222) 

to 
since 2I3Ro is small, never exceeding about 0,07. 

The term Ro in equation 9.2. is the radius of bending 

during steady-state conditions. It may be the free-radius in uncon- 

strained redrawing or the mean radius of bending around the hold-down 

punch in constrained redrawing. 

Eouation 9.2. suggests; 

(1) The tendency to splay will increase as the ratio Ro 
to 

becomes smaller, 

(2) Splaying is not e direct function of the entering cup radius %% 
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or die semieangle Cf ,. (These factors influence Ko in unconstrained 

redrawing but not in constrained redrawing. ) 

(3) According to Fogg's free-zone eneoryee splaying in unconstrained 

redrawing will be most severe for low S cups redrawn through dies 

of large semi-angles. 

FIG. 144 shows the upper bound splay ASg — Rofo 

relationship, valid for unconstrained or constrained redrawing. 

There is a single curve since theory predicts splaying is only a func~ 

tion of Ro, » In the wmeonstrained condition Ro = Re) is 

not known immediately but may be found from equation 2,34. Substit- 

ution of Ko=Rf in equation 9.2. provides, 

Ass | \- Coser 

2(3) % "Te 

A plot of ASo against To/-9 gives a family of curves of similar 

  

form to FIG, 144, splaying 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 100 % on the 

* pasis of splay~measurement progremme.results, This indicated thet an 

energy approach was useful, and that splaying was wholly accountable 

in terms of bending work of zone entry during steady-state conditions. 

It was no longer necessary to pursve investigations into the possibility 

of a splaying contribution from the complex radial drawing zone prior 

to die ponte 

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 Aaplation and constraint exercised by neighbouring elements lower 

down the wall ignored, Further theoretical studies were aimed at 

eliminating this objection. 

9.6. Tangential theory of splaying. 

(a) Basis of theory. 
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SIMPLE UPPER-BOUND THEORY, 
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It is postulated that during the terminal stages of redrawing 

@ stage is reached when the entering cup wall can no longer provide the 

bending moment to maintain steady-state conditions, and then the pre- 

viously undeformed cup wall £9 (FIG. 143) splays out tangentially 

as the element originally at point A (already bent to radius Ro ) moves 

towards the die at B, 

Experimental evidence from the splay-measurement programe 

. suggested that some bending oceurred in £9 during the splay phase. 

Therefore, provided the value of to is reasonably predicted, the 

tangential theory should provide an upper limit to splaying since any 

bending in 2 must tend to reduce its magnitude, 

(b) . Maximum splaying. 

FIG. 145 shows the splayed configuration when an element, 

originally at A when splaying commenced, has travelled an anguler 

distance © into the radial drawing zone. 

The radial splay S inan element at x is given by, 

S= 2 Sino ~ Ro (I- cos) 
  (9.3.) 

maximum splay condition is reached when, 

a> = 0 9 OF, 
ae 

x= Cos9- Ro. Sn8 =O 

Therefore at maximum splaying, “Tan 6G = = . 

It follows, 

Sune = x , ose = Ro 

Rota? Ved a2 

Ebeer tion for Sin® , CosO in equation 9,3, gives 

2 = VR2+21* -—Ro 

The maximum radial splay at the cup rim is thus, 
A 

So = Role = Ro 

and the fractional rim splay, 

itl Soe Ro let Ret, a (aed) 
To toe to 
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TANGENTIAL SPLAYING, 145. FIG, 
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For a rigid = perfectly plastic material it was earlier found that, 

Lo = 0'76\/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 tmgential theory 

implies that cup geometry fon influences splaying, 

(c) Locus of maximum splay for wall elements. 

AlL elements within the wall length Lo (FIG. 145) attain 

@ maximum splay value when, 

Tan 6) Sn 
Ko 

If the horizontal and vertical co-ordinates of the element at x are 

@., 6 measured from P then, 

‘a= Roose + % SwWO 

= Ro. tes @ + Ro.Tan9.SmO = RSecd. 

b = x60s8 - RoSmG 

= Ro.Tan®,.CosB8—- RoSwG=0 

Since 2% was a general element, the maximum splay locus of all 

splayed elements is therefore a horizontal line drawn outwards from 

point A. On reaching this line all elements commence to radially 

draw inwards. 

(a) Bulk work in spleyed and steady-state modes. 

The fundamental postulate was that splaying oceurs because 

the work of deformation in the played mode was less than that in the 

steady state, Therefore for the assumed tangential mode to be 

admissible, work of deformation in the length 49 (FIG. 145) when 

point A moves through angular displacement © , must be less than 
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TANGENTIAL THEORY, 
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thé corresponding steady-state work in deforming length Ro.® . The 

following analysis investigates this situation. A rigid - perfectly 

plastic material wes assumed throughout. 

(1) Spleyed mode. 

Suppose at an angle © in FIG, 147 a particular element, 

originally at distance %» ebove A when 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 X%n< x < Lo 

(2) That in previously splaying elements 904% < X%n 

(3) That to radially draw elements O< Xx < Xn 

(1) Consider an element at xn<xdélo, length Sx , circun- 

ferential width unity. The elemental work of splaying, 

= by = ee i $Ws, = Y4n = Sv = Yto( 3 )s to 

Be ena eo 
to 

Hence the total splay work for all elements %,4 x 44o is, 

to 
Ws, = Yto Sian (9.5.) 

to 
tn 

From equation 9.3. , S= %SmO- Ro(I- Cos 9) oN 

Also, In= Ro Tan 8 « Substituting these values in equation 

9.5. gives, 

to 
Ws, = Y-to [ xSiwe- Ri!-¢o9)| ax 

Ro Tan® 

Integrating, 

We, = Yto ea (1° Tar?6)~ (I= Cos) Ro(Lo- Retard) —(9.6.) 
*o| 2° 
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NOMENCLATURE FOR BULK WORK IN TANGENTIAL SPLAYING, 

 
 

 
   

147. FIG. 
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+(2) Consider an element at O< XS Xn. Work of previous 

splaying SWS, is given by, 

it 

“A 

Yin ts , to. Sx 

> A 

PE CGEO iS es 
tO 

OWS, 

A 

where S is the greatest radial splay attained by the element, 

From section 9.6 b, 

S = R122 — Ro 

Therefore SWs, = ee (VR r* —Ro)Sx 
°o 

The total previous splay work for all elements O4 2% << %n is, 

hin : 
Ws = Ye (\/ Ro? 2* — Ro ax 

fe) 

Integrating, and putting tn = Ro.TanO 

  (9.7.) Weis ito Ro? heres -2)+ tn(secouted] 

2%o 

(3) For an element ato <* < Xn work of radial drawing is, 

A 

SW, = Yitn ts. to. Sz. 
a 

A 

where TS is the maximum radius attained during the splay-phase 

and + is its current radius. 
a Aa aL, 

Now Ys = to+ S , ond T= to+S . (Where S 

takes a negative value when Ro (1-cos 8) > x Sin® ) « Therefore, 

  

A 
Ants = dntorS = tn(l+3)-A4n(I+ S 

Di to+rS ne) 73 

a 5-5 
“) 

But 3 = tax? - Ro ena S= x Sin 8 - Ro(I- Cos®) 

Therefore, 
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oWy = Ye (Beet — 15m — Ro.Cos8| Sx 
To 

wy ai 
ana We = al i [Roz+x* - X SinO- Ro. cos | ak 

% 
° 

Integrating and putting Sw 2 Ro.Tan® 

  Wap = Y.to, Rot Pin(seterrece) - Sin | (9.8.) 

2to J 

The total work in the splayed mode after drawing to © is given 

by the sun, 

Ws, + WS, + We 

as given by equations 9.6, 9.7 and 9.8 respectively. 

(ii) Steady-state mode. 

Consider an element at an angular position O< 020 

as shown in FIG. 147. The elemental work comprises; 

(1) That due to bending to zone radius Fo 

(2) That for radial drawing from cup radius to to current radius T . 

For an element length Ro.5U » circumferential width mity, the work 

is given by 

SWs.s, = -80.to (2 Yito veo.) 
VB 4 Ro + 

Ante itn Tome fn Bo(I- cas) 
a To ~ Ro(i-cos2). 0 

which may be approximated by Ro ( |= Cos v) 

to 

Therefore, ; 

a5 ee Ro (1~ Cos SWs.s. = Ro.¥.to. 88] 2 t+ © (1- cos 3) 

The total work in drawing to © is thus 

308



e 
Ws.s. i Roy, to| 

2 

2, to 4 Ro I~ ces) [a+ Stew] 

= Y.to.Ro® (ae + 2)O-25n8 
ze. | ee ge 

(411) Deducing length of cup wall involved in splaying. 

The length of cup wali Lo at the start of splay- 

ing wes derived in section 4 using an equilibrium approach, It is 

possible to check this result with the aid of equations 9.6, 9.7, 

9.8 and 9.9. in the following way; 

on an energy basis splaying can only occur if at the onset 

of splaying, 

The left-hand term will attain a maximum possible value when Ao is 

greatest, and then 

= (Ws + Ws. +We) = 4 (Ws.s) 

Differentiating equations 9.6, 9.7, 9.8, and putting O=O, 

2 2 
g (We, + WS2 + Wr) +~(2) Cee’) 

A similar procedure for equation 9.9 gives, 

  

d. (Ws.s) = l to.to /¥ to. Rot 
ae V3 Roz aA ) 

  

Equating the two differentials, 

4o)* = 1 toto 
Ro V3 Ko? 

or BY ee CE 0-76 | to. to 

This was the expression developed in section 4, 
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(iv) Interpretation of bulk-splay results, 

Unfortunately the number of independent variebles 

involved in the work terms make a comprehensive graphical coverage 

difficult. | However to observe predictions of theory, process work 

of the splayed end steady-state modes was compared for a particular 

redraw with 70/to = 50, Rof.. = 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 totalling W are associated with equations 9.6., .9e7e, 

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 splaying. 

(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 specific 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 down 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, bend to a radius on atteain- 

ing their neutral point, and pass through the radially drawing zone 

at this curvature before unbending on contact with the die. 

(>) Maximum splaying of cup rim, 

A rigid - pereecii plestic material is assumed 

for the present, but later the effect of workehardening is analysed. 

Bending and anbendine work for any element were considered equal, 

An element located at point A (FIC, 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 assumed that bending 

work was proportional to distance from the cup rim, i.e. 

ao = 4. wh, 

Ato 

  

(9210.) 

where the suffix 0 denotes steady-state. 

On reaching its neutral point an elenent was considered, to 

vend instantaneously, implying plane-strain conditions with E220 5 

If the radius of bending of an element in the splay-zone is K ; 

equation 9.10 may be written, 

2 Nive = He 2 Y. 50 

3 4R 4o V3 TKo 

whence, 
(9.116) 

  

R = Ro. to 
x 

providing a hyperbolic R-2 relationship. 

The total specific work for any element O < L$4o in 

reaching the die is, 

  

w= 2(Ws+Wp)+ Wto ’ 

and for the postulated deformation mode co cannot be negative 

i.e. the work in elements decrease as 4 decreases, From equation 

9.11, 

Wan eae VO 
toVB 4Ro 

Therefore, AW = 2 (aus ea eto 
ad at do VB 4 Ro 

Now spleying will continue provided eS Po » but must end 

when oy =O « The condition for maximum splaying is 

therefore, 

Abs re eee VO (9.12.) 
at 4o V3 4Ro 

and this can only be true at the cup rim where wo . 
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The specific work of splaying is, 

Wa Nee i= cS = lat & YS 

° 

  

To 

Therefore 
dws =Y,d5 » and when 4 =0 ’ 

aX vod 

s (=) = -! 2. Y to 
to zo do VB 4 Ro 

ory 

(8) = eee oe (9413.) 
at Xo & A Ro 

The negative sign informs that splaying increases as 4 decreases, 

At the start of the splay-phase (A = do) 4 splaying is 

instantaneously tangential to radius Ro , and from equation 9.3., 

= (to- L) Siw — Ro (1-Cos ) 

or dS = - Swe 

ad 

Now when = G=0 and therefore (25 7 Orne. 4=1lo » ’ ( a Nee is 

Splaying may now be found by assuming a relationship between 

S and & which satisfies the conditions, 

(2 = O 

ad t=lo 

ds On 2 tO m 
(Filteo ~ 16 'VB Ro 

If this is a ciroular are as shown in FIG. 149, then, 

(9.14.) 

  

So = Q('- cos) = Ao C= Cos (3) 

Sin B 
where, Tae = (2 Ss 

Putting TawB=x, Sob= 2% , cosh =_! 
Via x? eaediee 
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Distance of element from cup rin. 

  

  
Mit SPLAYING AND DISTANCE 

HYPERBOLIC THEORY. 

  
150 DISTRIBUTION OF SPECIFIC WORK COMPONENTS IN 

HYPERBOLIC THEORY, 
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Substitution for Siw, cos 3 in equation 9.14. gives, 

So = Ao( {i+ x* is 1) AS Steele 6,35 ¥) 
Te 

and 
ASo = 29 = to (vu we b aS (9.16.) Ronee \ Gage 

where 419 = 0'76\/to.to 

According to theory the specific work distribution will be as show in 

FIG. 150. 

The expression for maximum splaying at the cup rim (equation 

9.16.) may be simplified by putting Jiea2 SZ i+ ix? 

Then, 

Aso = (Bz) ——————_ 9.16) 

Thus the hyperbolic theory states that maximum cup rim splay is about 

one-half of that given by the upper-bound theory (equation 942.) 6 

FIG, 151 shows maximum rim splay as a function of pveady-state 

pending 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 when (Re/to) is an independent para~ 

meter, EU 

Moximum rim splay in unconstrained redrawing may be deduced 

A 11 
from equation 9.16, using Fogg's expression for freeezone geometry, 

Ro _ | eo 
to WB (1-05) 

2 then becomes + \j-coser » and equation 9.16 may be re= 

written, 

_ ot |i 20-wse) - ! 

so = Fae ee (9.168 
Zz |— Coser 

Equation 9,18 is graphically represented by FIG, 152. 

(c) Maximum splaying of a general element O < Lito 

Returning to FIG. 149, it is readily shown that the maximum 
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Entering cup radius/thickness ratio (T°/+9) 

FIG, 152 MAXIMUM SPLAYING AS A FUNCTION 

OF ENTERING CUP RADIUS/THICKNESS 

RATIO IN FREES REDRAWING, 

( HYPERBOLIC THEORY) 
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radial splay Sy induced in an element distence { from the cup rim 

is, 

  = fa (9.172) 
Soe toviass| fh (don by. zt 

Lo 

(a) Leeus of maximum splay for wall elements. 

The locus could not be established a priori since 

the expression for maximum splay (equation 9.16.) was not in terms of 

@ , and therefore AS was unknown, Although the current radius 

of bending R was known in terms of 4 , values could not be given 

to 4 wnless the splay locus was known, The locus must start at 

point A (FIG. 153) since at t=1o0, R= Ro « To establish 

the end point, experimental evidence of the gone trained splay-measurement 

programme was examined, where Ro was positively fixed by the hold- 

down punch nose radius. Each of the experimental splay curves was 

marked with a 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 4 , the splay locus cannot vary widely from 

a straight line joining A to E, 

(e) Geometry of splaying. 

To compare bulk work of the postulated splay mode 

with that for steady-state conditions it wes necessary to establish 

splayed geometry in terms of current angular position © of an element 

situated at point A when splaying commenced, 

The bent cup wall below A - E in FIG. 153. is given by 

(Rap! which may be approximated by Ro. @. Therefore the unbent 

length of wall above A-E, is, 42 40-fo.@ , ana equation 

9,11 becomes, 

  

R = Ro.lo (9.18.) 

4o- Ro.8 

318



  

  

FIG. 153 HYPERBOLIC SPLAYING. 

  FIG. 154 CURRENT RADIUS OF AN ELEMENT IN RADIAL DRAWING REGION, 
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For en element length $ sitvated at ©! from the 

plane of bending R= Ro ; 

S= RSp' 2 Rose! 

where R at e! is given by equation 9,18, 

Therefore, 

Sv! = lo-Roe'. Se! 

Lo 

  pis Dei(1o.6'= Rove! Gee? zee = (9.29.) 
( 

When O'= S. y = , 0 esteblish maximum rim splay at any 

intermediate stage the angle (e- Y) dm required, From equation 

9.19. 

e- = 1.Ro.6* 
Ts (9.20.) 

(f) Bulk work in splayed and steady-state modes. 
  

A similar approach to that for tangential splaying 

was used to develop equations representing work done in deforming the 

cup wall length 40 according to the postulated spley mode, This work 

was then comrared with that for steady-state deformation, A rigid- 

perfectly plastic material was assumed throughout. 

(i) Splayed mode. 

Suppose at an angle @ in FIG. 153 a particular element 

@istance 4 from the cup rim has attained its neutral point, having 

passed through the splay zone and being just about to bend to radius R 

before commencing to radial draw inwards, The total work in splaying 

to © is the sum of: 

(1) That to splay elements in the wall length 4 

(2) That to bend elements in the wall length to-4 

(3) That in previously splaying elements in the wall lengthilo-t 

(4) That to radially drew elements in the wall length lo-4 

(1) Consider an element distance h above the current neutral 
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point, length Sh » unit circumferential width, The elemental work 

of splaying is, 

$Ws, = Y. $€.to0.$h 

= Y Ants _ to. Sh 
To 

where ts = to+S = tot+S, +h Sm (8 -Y) 

Therefore, 

Ants = tnll+ Sn4 hSin(O-Y)|2 Sn+h5in(O-Y) 
To vO To 

TO 

and Ws, re: [sn + hSin(O- p)jan 

Integrating, 

Ws) = miele et Le Slee "| —— (9.21.) 
vo 

where, equation 9.17 gives Sn 

equation 9.20 gives (8 = Vv) 

ana 4 = 1t0-—Ro. 8. 

' 
(2) Consider an element of length RSW = fo.S898 currently 

within the radial drawing region i.e. below A - E FIG, 153, For 

unit circumferential width the elemental work of bending is approximately, 

SWp = 2.Yito . Ro. $8'to 
VB AR 

Substituting for R from equation 9.18.5 

SWb = 2. to? (lo-Ro.8'). So! 
‘3 To [An 

9 
and Wo = 2, Y.to? { (lo- Ro.8') a0! 

%° 4b J, 
Integrating, 

Wb = 2. Yito 18 oe. 
VB ris! ( : ) 
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(3) The previous splay work of the element in (2) above is, 

SW, = Ytn.ts - Ro. $0lto 

  

to 

where dnts =4nto+S 2 S 
tO to to 

Maximum splaying occurred in this element when 4 =4o- Ro. 6! . 

Substituting for 4 in equation Seltes 

ee oie oe “(Re Oe 
+x? 

  

Therefore the elemental work may be written, 

SWs, = Yito.lo Vex? " ce - (Re. e') a \rese! 
  

  

NOlas do 1+x2 

and the total previous splay work for all elements currently below 

A - Eis thus, 

© 

Ws, = Y.to.to Vi+z?. | [!- f= (Ge) ‘Ve! 
Soma Con lo teat 

2 
Putting (= = = M and integrating, 

do/ \4+x? 

Ws, = 1 ¥ito. Ro°[o(2 2 -[i=M6*)-1.sie Vid 6 | — (9.25.) 

JM i™ 

(4) Consider the radial drawing work of an element currently located 

at ©!' from the plane of Ro , as shown in FIG, 153, (This is 

the same element as that considered for work components 2 and 3). 

Suppose the elemental length $2 Ro.89' » and the circunferential 

width is unity. 

On attaining its maximum radial splay S at ©! the element 

was assumed to bend to radius R » end pass through the radial draw= 

ing zone at this curvature as shown in FIG, 154. Its current radius 1 

in the cup wall may be written, 

t= vv! + S Cos (8-9') 

‘or ot = TG - Ro[!- cos (6-8')] + S cos (8-9!) 
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of the element at the start of radial drawing was Yo+S 

  

  

The radius 

where, 

s'= 4oveR|'-/1= Ge a2 6] 
x Ao’ Ty? 

= se a | - r— wee | 

ep = An to+5 
  

Radial strain in the element 
f a 

to+S 

0-[Ro-(Ro+5) Cos(G-8')] 

Pe {ro~(Gors)s0-097 iy flor) | 

Soi as Ro-(Ro+S) Cos (8-8!) 
to tT) 

An. a 

kD 

Radial drawing work for the element is, 

SW = YS Rovee te 

@ 8.Y.RoSe'to + [Ro-(Ro+ s)lo(0-@H)|Y. Ro S6'to 
To Cae eg ee 

work to draw fron to work to draw back 
- 

to current radius 1 to radius to 

The total radial drawing work for all elements currently below A ~ E 

(FIG, 153) is therefore, 

8 Se 
We =| es Y.Roto.d8 ee Roto, dO! [Sgooeen Ro-to.d9' 

Bro be = sie 

= Digs fo = Ls 

I, may The integrated form of Z| is given by eavation 9,23. 

be integrated directly to give, 

Y.to & Toes Ron, 
To 
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8 8 

Lap) Reto] \ Ro Gos (O- 8')d0' + | S dos (8- eas’ | 
TS ° ° 

  

To 

a + Ts, 

= Ro. Sin® in integreted forn, 

ee I 
ov Be | {es(e-e)a0'- [Y= mel? sang Se 

ee ° ° 

i rovigat| sie c= [viz Mé! * cos(@-6).40 
x Oo 

ele PERG. 1S) 100 Now over the range O< <2 sa = ) 6 = the 
  

12 
maximum error involved in approximating if \- M6 by the first 

three terms of the series, 

ft 2 me'? = d(Me!2) — His 
aa" 6 ‘ 

is only about 3 % the average error being less than this, Making ’ 

this substitution and integrating gives, 

T3, =4oVi+x? iy (Q- St 6) + : { 6°- o(8- sino)}| 
x 

  

  

The summation of Ii 5 Ie and 3 gives 

Wer aS [e(e- rome!) 1 sie. 6| + 20 
Y, 0. Ro” vm L VM 

Ito 
= 3 [f.sing + Lodteat(M(e-sint) eMEC8 - o(o-sia)] 

Zo 
(9+24.) 

The total work after drawing to @ is given by the sun, 

Ws, + Wh+ WS,+Wr = Wy 

as given by equations 9.21, 9.22, 9.23 and 9.24 respectively where 

do = O16Vt0.to ° 

(4i) Steady-state mode. 

The total work in drawing to 6 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 Roy = 4 1 “%o= 50 , 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 by the curve W , Splaying was complete when O76 

degrees, i.e. when WS,;= 0 « Although the hyperbolic theory is 

admissible from a work aspect Wé Ws.s, » the bending work comp- 

onent Wp makes the total work at any 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 Le 

Strains due to bending would usually be less than 12%, Over such 

intervals the equivalent stress-strain curve may be considered approx= 

imately linear, A relationship, 

ox GS +aké 

was therefore assumed for the analysis, where S is the equivalent 

stress of the cup wall preceding the splaying phase, 

According to the hyperbolic theory the maximum splay condition 

at the cup rim is given by, 

  Berges) =? (9.25.) 

(a) Specific work of splaying (ws) 

Fundamentally, 

(9.26.) 

  

ce. 
Ws = | ode 

° 
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It was assumed that splaying produces a uniaxial circumferential stress 

Oz . ‘Therefore yielding occurs when O03 = & , and the strain 

induced by splaying €2= € . 

No €3 = 4nts = An(\+s 2S 
to to Yo) 

Therefore dé2= ds 

to 

Equation 9,26 may be re-written, 

Ss 
sd Oe (ies ea SN oS 

% (le 2) 

° 

Integrating, Ws = 2 (% a aS (9.276) 
) 

(bv) Specific work of bending 

Bending was assumed to occur instantaneously at 

the neutral point between splaying and radial drawing, implying plane 

strain conditions with 23 SOG 

Any splayed element has undergone plestic strain before 

reaching its neutral point. Strictly this strain should be taken 

into account when computing Se immediately before bending. 

However this is not possible since the degree of splaying is unknown, 

A similar problem exists when computing the work of unbending at the 

die, where account should be taken of strain increments induced in 

previous splaying, bending and radial drawing operations, The 

present theory ignores these factors and considers bending and unbending 

work equal. 

The longitudinal strain &, induced in an elemental layer 

sy » distance 4 from the neutral surface of bending, is given 

bys



= 2 
Corresponding equivalent strain Ee = VB S 2 . If the 

elemental length is (R +y) Se@ , and the circunferential width unity, 

work of bending is, 

SW, G.$2(R+y) SO.Sy 

(& + 2.Y.0)2-4 (Rey) se. by 
Bending work for the ie cup wall is therefore 

= 8 2y.2,@ We = 2-98 (Ff as(Ry+y*)e2-2 (Ry%s y*)] ay Ss 

O° 

Integrating, 

= S09 [G&(i+s-te)+ 20. to (143 te S30 [OB 2 BOOED 
The specific work of bending W,, = Wb R.Se.to or 

Wp = (144. t2)+ Zo to(1+3.t0)| a aan 
“48 8 [8 3/3 R 8 R/] 

where, from equation 9.11., R = Ro.to 

el
 

(c) Maximum splaying at the eup rim 

Differentiating equation 9.27, 

d age F Aus) = 4 (S04 48) 45 ——____ (.29,) 
Differentiating equation 9.28, 

Lito ene 4a.tod WB tol — (9.30.) b ([+ 
ie “a8 Kodo [ec ate Ro 2 et.) 

Substituting for Gs) 1s sas in equation 9.25 and putting 

tzo for the maximum rim splay condition, 

Je, to.to 
(=) = 2B 4o.Ro oly) 
a4 Leo (erase 

G % 

Equation 9.31. was solved for So using 

the procedure developed in section 9.7.(b). Thus, 
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So = to( Jie? - 1) where Ze) =X 

a 

FIG, 151 indicates that a reasonable approximation to So may be 

found by putting Vie? = lt ix? . Then, 

So = 4 4o.x 

(dropping the negative sign 

in equation 9.31.) 

Hence, 

eo 
A4Se = WB GRo ee 

t4+a,. fe eee 

Equation 9.32 is a quadratic in AAS and may be solved to give, 

te; pa poeta odd rae '] (9.332) 

FIG. 156 shows a graphical plot of ASo ageinst the workehardening 

Aso =3 

ta
u 

a 
parameter = « According to theory splaying diminishes as work- 

'O 

hardening rate increases. 

9.9. Limitations on splay theories. 

According to both tangential and hyperbolic 

Reorlen maximum rim splay occurs after the plane of steady-state 

pending has rotated an angle © towards the die, For tangential 

splaying © = Tan"! to/p, whilst for hyperbolic splaying ett, 

“(Truthfully @ would be less than this.) In. either case the situation 

may arise where the die angle O'< @ , and splaying cannot then 

achieve its maximum value as predicted by equations 9.4 and 9,16. 

Therefore for constrained redrawing, although die angle does not inf- 

luence the splaying potential, it nevertheless may interrupt its 

development. For free redrawing die angle influences the steady-state 
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bending radius Ra and so directly affects the splay potential. 

It may also restrict the development of splaying. Generally, there- 

fore, splaying will be most severe with wide-angled dies for both 

constrained and unconstrained (free) redraw configurations. 
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10, CORRELATION OF THEORY AND SPLAY-MEASUREMENT PROGRAMME Ri 

  

10.1. Fogg's theory of free-zone geometry. 

For each basic test in the unconstrained programme 

the free-zone profile was measured and the best mean radius fitted to 

the experimental points, Corresponding values of Re /to were 

computed. 

FIG, 157 shows these values plotted on a a o field, 

The curved lines were drawn from Fogg's expression, 

RE, =| “/to 

to | VB (I= Gos) 
For all materials and states of prior cold-work the theory over-estimated 

the severity of bending for a given combination of cup geometry to4, 

and die geometry SY by about 10 - 20%. 

10,2, Maximm splaying at the test-piece rim. 

After 50 % prior cold-work the effect of strain 

hardening over the strain range of splaying was found to be very small 

for all four materials, This was not true however for the fully 

annealed test-pieces, Theoretical-experimental correlations were 

only made for 50 % and 67 9 cold-worked test-pieces, 

(a) Constrained redrawing. 

Results are shown in FIG. 158, The general qualitative 

relationship between maximum splay AS, and steady-state bending 

ratio Roh, . was correctly predicted by all three theories, but the 

upper-bound theory over-estimated splaying (as-expected) by almost 

100 %, Experimental points fell between the'tangential' and 

‘hyperbolic! curves and were closer to the latter, The chain-dotted 

hyperbolic curve represents the simplified expression for splaying as 

given by equation 9,16.a, 

(b) Unconstrainea (free) redrawing. 

FIG, 159 shows maximum rim splay ASo versus cup geometry 

ae « The constant die angle curves were constructed from 
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FIG, 158 EXPERIMENTAL/THEORETICAL CORRELATION FOR 

MAXIMUM SPLAYING, SPLAY-MEASURMMENT TESTS 

- CONSTRAINED REDRAWING, 
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FIG, 159 EXPERIMENTAL/THEORETICAL CORRELATION FOR 
MAXIMUM SPLAYING, SPLAY MEASUREMENT 
TESTS - FREE REDRAWING. 
(HYPERBOLIC THEORY. ) 
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equation 9.16b. The die-angles included beside experimental points 

were those at which the test-piece first contacted the die. For the 

wider angled dies the contact angle did not necessary coincide with 

the die semi-angle, 

Scatter in experimental points was greater than in the cons= 

trained programme, but overall theory predicted the level of splaying 

reasonably well. 

10,3, Splay locus of test=-piece rim, 

  

Results from test number 20C are replotted in FIG, 160 with 

the plane of steady-state bending included as a line of reference. 

The redraw load curve is also included to show the effect of splaying 

on process work, This particular test was selected because work= 

hardened aluminim closely approached the theoretical rigid ~ perfectly 

plastic material, and also splaying was greatest with the smallest 

hold-down punch nose radius used, 

The graphical scales selected emphasise the difference 

between the abrupt start of rim spleying predicted by theory and the 

gradual build-up which actually occurred, Theory ignored elastic 

splaying. 

The relationship between the location of maximum splaying. 

and the plane of steady-state bending is well illustrated, 

As generally found in the constrained programme (FIG. 158.), 

the hyperbolic theory gave closer correlation with experiment than the 

tangential theory, 

10.4. Effeot of work-hardening, 

Insufficient tests were conducted for a quantitative 

assessment of experimental trends, but it was found that less splaying 

occurred in fully annealed test-pieces, particularly with brass and 

stainless steel, Such a trend was theoretically predicted in terns 

of rate of work-hardening, 
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FIG, 160 SPLAY LOCUS CF TEST-PIECE RIM 

EXPERIMENTAL/THEORETICAL CORRELATION 
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il. THIRD EXPERIMENTAL PROGRAMMS = PROVING TESTS, 
  

11.1. Introduction. 

To complete the experimental programme redraw tests 

were carried out on cups under conditions similar to those in redrawing 

at Tube Investments Limited, the object being to verify theories of 

splaying behaviour. 

Cups for redrawing were limited to two sizes, and were teken 

from a process route comprising four sequential draw stages which had 

previously been developed within the company for drawing stainless steel 

and other high work-hardening rate materials. From each cup size one 

basic redraw reduction was given, and tool geometry varied to observe 

its effect on splaying and redraw load. For convenience the redraws 

are here-after referred to as redraw I and redraw 2, Redraw I was 

given from a second stage cup in the four-draw schedule and was specially 

designed to achieve certain tool configurations, Redraw 2 was the 

seme reduction as the last stage of the schedule and was selected on 

the grounds that it had been observed to promote splaying. 

Redraw tests were conducted on a 12 Tonf, hydraulic press 

modified to provide a constant pressure hold-down facility. 

11.2, Evaluation of test variables, 

(a) Cup material. 

Tests were conducted on low carbon steel, 70/30 

brass and commercially pure eluminium with a view to comparing results 

with those from the 'splay-measurement' programme, It was initially 

intended to include stainless-steel but previously obtained load 

measurements indicated that press overload problems may have been 

encountered, Also it was not possible to achieve the reduction of 

redraw I with as-drawn stainless cups. 

(b) Prior cold-work, 

Cups for redrawing were produced from annealed sheet 

stock and were cold-worked by an amount corresponding to the preparatory - 
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draw stages, Nominal cold-work in the region of the cup rim, based 

on pure radial drawing, was 51% for redraw I and 61 % for redraw 2. 

For comparison purposes a few cups in steel and eluminiun were fully 

annealed before redrawing. 

(c) Cup geometry. 

Table 13 gives details of cup sizes before and after 

proving-test redraws 1 and 2, Cups were produced from 0,036 = 0,037 in. 

thick blanks, The initial cup wall thickness to shown in the table 

is for the region near the cup rim where it was assumed that thickening 

in the preparatory draw stages would cause ironing to the die-draw punch 

radial ‘clearance. Similarly the thickness after redrawing te was 

taken to be that of clearance in the test tools, 

Cup length was limited principally by clearance available in 

the redrawing press. This meant that smaller blanks were used than 

originally planned for the four-draw schedule, Cups for redraw 1 and 

2 measured 24 and 3% in, long respectively after manufacture, but for 

the majority of tests about 4 in. was trimmed from the cup rim to 

remove ears which would have adversely influenced test readings. 

(a) Die geometzy. 

In its original forn in the four-draw schedule 

redraw 2 used a 90 degree semi-angle die, This angle was retained 

for the proving tests, but on analysing the redraw geometry it became 

clear that the actual angle at which the cup first contacted the die 

was only about 60 degrees, ell deformation at the die occurring around 

the profile radius. To observe the effect of die angle on splaying 

a die of 45 degree semi-angle was also used for the seme reduction. 

The geometry of redraw I was designed to provide a true die 

contact angle approaching 90 degrees, since this was not possible with 

redraw 2. All tests were carried out using a single die of 90 degrees 

semi-angle, ; 

A die throat radius six times blank thickness was designated 
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for ell dies. 

(e) Hold-down punch geometry. 

Positive hold-down was used in both redraws to 

observe the effect of hold-down punch profile redius on splaying. For 

each of the three cup-die geometry combinations the free-zone radius 

was calculated using the method outlined in appendix Azel with cup 

wall: thickness as shown in table 13, Two profile radii were then 

specified for each combination, the first being based on Re i.e, 

Rg - tofa » end the second being 60 - 70 % of this value. 

11,3. Test plen. 4 

Steel and aluminium were drawn with redraw 1, and 

steel and brass with redraw 2. ‘Two basic tests were conducted for 

each redraw arangement; 

(1) Measurement of splaying (at cup rim only.) 

(2) Measurement of redraw load. 

A guide ring was introduced for some tests on redraw 1 to provide 

further information about the effect of guiding on redraw load, ‘The 

test plan is swmarised in table 14, where the code letters A, B and 

G represent separate tests on identical tooling and cups, Most cups 

were trimmed before redrawing to remove earing from preparatory draw 

stages since it was thought that the presence of ears would introduce 

problems in interpreting splay-measurement results and also influence 

redraw load characteristics during the splaying phase. A few cups 

were redrawn’ in the untrimmed state for comparison purposes, 

Whilst conducting proving tests it was found that cups could 

be drawn on redraw 2 with no hold-down without wrinkling, apart from 

a@ slight rim puckering at termination of the splaying phase. Therefore 

it was of interest to compare results from the unconstrained condition 

with those when redrawing with the lergest hold-down punch radius 

(which was based on Fogg's predicted free-zone radius). 
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TABLE 14. PROVING TEST PROGRAMME 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  
  

  

  

  

  

  

  

  

  

  

                  
  

TEST-PIAN 

Test (tee ees Tooling details. 

a Material. Bee Holacdown | ae ea 

condition |condition | ratio* aie actual 

A.B.G.| steel as-drawn |trimmed 4.5 90 88.5 

ABC. | alum. | as-drawn trimmed 4.5 90 88.5 

A,B.G.|_ steel | esmdrewn | trimmed 6.0 90 88,2 

|A.B.G.| alum, basins +rinmed 6.0 90 88.2 | 

< A.B. steel | erisaten trimmed 4.5 90 88.5 

§ pees alum, annealed lee 4.5 29 88.5 

A.B. | steel annealed _|trimmed 6.0 {90 8852) 

RB. alum, annealed {trimmed 6.0 90 | ~88.2 | 

A.B. steel | es-drewn juntrimmed | 4.5 90 88.5 

| A.B. alum, | as-drawn untrimmed | 4.5 90 88.5 

A.B. steel | as-drewn |trimmed 4.5 90 61,2 

A.B. | brass | as-drawn |trimmed 4.5 90 61.2 

AB. steel as-drawn |trimmed 6.1 90 56.1 | 

eae brass as-dravm_|trimmed 6,1 90 G5 Uae 

A.B. steel as-drawn |trimmed 4.5 45 45 

: | A.Be brass as-drawn |trimmed 4.5 45 45 

4 A.B. steel _|as-drawn |trimmed 75, 45 45 

ae A.B. brass as-draw |trimmed no 45 45 

A.B. steel as-drawn juntrimmed 4.5 90 61,2 

A.B, brass. sacra ‘untrimmed. 4,5 90 61.2 

AB. steel ase-drawn |trimmed free 90 - 

A.B. | brass as-drawn (trimmed free 90 - 

A = splay measurement test. B «= redraw loed-travel test 

(unguided) 
G = redraw load-travel test (guided) 

* based on estimated thickness of upper cup wall. 

%*  galevleted angle of cup contact with die. 
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11.4. Methods of data collection, 

The proving tests were designed to provide inform~ 

ation on maximum rim splaying and its correlation to redraw load, and 

were not concerned with spley profile development, This aspect was 

investigated in the 'splay-measurement' programme, 

(2) Maximum rim-splay measurement. 

A procedure similar to, though less eleborate than 

that of the 'spley-measurement' programme was followed. The cup was 

drawn into the die in stages and between each stage, whilst the cup 

was statically under load, measurements were mede of rim diameter end 

current rim distance from the die, 

(b) Redraw load measurement. 

A load=cell situated beneath the die measured the 

combined redraw and hold-down load, whilst a pressure transducer 

coupled in the hold-down system provide a means of measuring hold-down 

load separately, Redraw load was taken as the difference between load 

given by the load-cell and that provided by the pressure transducer, 

Redraw load was measured during an un-interrupted test on a 

cup identical to that used for splay-measurement. Load data was rece 

orded continuously with respect to time on an ultra-violet paper trace, 

To correlate load with rim splay it was necessary to obtain the former 

in relation to current rim distance from the die, This was achieved 

by marking the paper trace at pre-selected positions of the cup rim, 

11.5 Zest-rig and related instrumentation. 

(a) General description, 

A Hi-Ton single acting vertical hydraulic press of 

12 Tonf capacity was used for the proving tests. The machine had a 

14 in, stroke and 16% in, clearance between the work table and ram, 

with the latter fully retracted, FIG, 161 shows the press before 

test-rig installation, 

The test-rig was designed to fulfil two functions, to 
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FIG, 161 GENERAL VIEW OF HI-TON PRESS BEFORE 

NSTALLATION OF PROVING TEST-RIG. 
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trensmit the press ram force to the redraw punch, and to supply an 

adjustable force to the static hold-down punch, ‘The unit comprised 

a combined redraw punch/hold-down punch assembly connected to the 

press ram, anda die assembly. To take full advantage of available 

press clearance the die assembly extended below the work table surface. 

Principal statistics of the test rig were: 

Maximum redraw load - 6% Tonf 

Maximun hold-down load - 5k Tonf 

Maximum length of entering cup - 34 in, 

Maximum length of redrawn cup - 44 in, 

(b) Details of test-rig design and operation. 

The test-rig ig described with the aid of FIG. 162, 

The press cylinder, mounted in the press frame (1) cont+ 

ained the ram (2), An adaptor (5) was coupled to the ram and 

carried a piston (4), the lower end of which was attached to the 

redraw punch (5). ‘The piston was arranged to move within a cylinder 

(6) , coupled to a secondary hydraulic circuit by e flexible pipe (7). 

An adaptor (8), secured to the underside of the cylinder, housed the 

hold-down punch (9). The cylinder was single acting, fluid only being 

present in the volume below the piston. An end cap (10) mounted at 

the cylinder top prevented escape of the piston. 

With the press ram fully retracted, low pressure fluid 

acting on the underside of the piston caused the cylinder to assume 

a position such that adaptor(3) contacted the end cap, This corres- 

ponded to the retracted position of the test-rig with the nose of the 

redraw punch (5) then being located about in, inside the hold~down 

punch (9) , the latter being well clear of the die (11) +o enable 

feeding of a cup (12), When the press ram was advanced redraw and hold- 

down punches moved forward in unison, the latter entering the cup and 

continuing to move forwards wmtil reaching the die. At this point, 

resistance to motion of the press rem was exerted by a pressure developed 
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in the cylinder (6), (The pressure could be regulated by a relief 

valve in the secondary hydraulic circuit and set to provide optimum 

hold-down force.). Load on the press ram then built up, overcame 

the hydraulic force in cylinder (6), and with the latter applying 

a@ steady hold-down force to the cup, the redraw punch advanced and 

completed the redrawing operation. 

A plate (13.) carried on two emad (14) was mounted around 

the cylinder (6), The plate acted primarily as a guide for the 

cylinder, preventing any rotation, but could also be used as a stop 

to prematurely arrest the hold-down punch in the event of hold-down 

being unnecessary. Two striker blocks (15) attached to the cylinder 

were safety features, and precluded any possibility of the hydraulic 

connection (7) or a pressure transducer (16) being fouled by plate 

(13) when the press retracted, The arms (14) could slide freely 

upwards in bosses on the press frame. 

The redraw die (11) was mounted above a load-cell (17), 

both being contained in a housing (18) secured to the press work 

table (19). Die and load-cell were designed so that elastic hoop 

expansion under load would not cause interference with the housing bore, 

FIG, 162 shows the arrangement for unguided redrawing. The 

die retaining plate (situated above the die ) could be replaced by a 

guide-ring for guided redraw tests. 

(c) Test-rig hydraulic circuit. 

The circuit is shown schematically in FIG, 163, 

During the forward stroke of the press, fluid was displaced from the 

cylinder, and returned to a reservoir via an adjustable pressure relief 

valve set to give optimum hold-down force, When the press retracted, 

air pressure in the reservoir caused fluid to flow back into the 

cylinder via a non-return valve, A pressure gauge’ connected between 

cylinder and relief valve registered hold-down pressure, and was used 

for setting-up purposes. During a redraw test cylinder pressure was 
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FIG, 163 HYDRAULIC SCHEMATIC FOR TEST-RIG, 
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monitored continuously by a trensducer, 

FIG, 164 illustrates the test-rig and hydraulic circuit whilst 

FIG, 165 shows redraw 2 with the redrawing punch extended, This photo- 

graph was obtained by preventing fluid from flowing back into the cyl- 

inder when the press was retracted, 

(a) Instrumentation. 

(i) lLoad-cell construction details. 

The load-cell was designed in alloy steel for an 

elestic strain of 0.05 % at a compressive load of 12 Tonf, This info- 

xmation enabled the cross sectional area of the body in the region of 

strain-gauge attachment to be caleulated, The bore of the load cell 

was dictated by the need to be in clearance with redraw cups. FIG, 

166 gives details of the load-cell body, End flanges, ground flat 

and square to the axis, ensured that the load-cell experienced the 

full die load during redrawing. Pins screwed into the lower flange 

were used to secure the load-cell to the die housing. 

Four foil-type Tinsley SGD 12/2/cN/E linear electric resis 

tance strain gauges, each of 250 +t 0.2% resistance, were bonded 

to the centrally located gauge area and were wired to form a full 

Wheatstone bridge with one gauge in each arm of the circuit. The 

“ gauges were symmetrically positioned around the circumference with 

adjacent gauges mounted parallel and normal to the load-cell axis, 

Input to the bridge was vie an S.E. type 511/s oscillator 

operating at 5 V = 3 Ko/s, After passing through a carrier amplifier 

type S.E. 423/1 the bridge output was fed to the galvanometer of a 

type S.E, 2005 ultra-violet paper-tape recorder. 

The procedure used in attaching and wiring strain-gauges 

. was similar to that for the load-cell described in appendix Apede 

After wiring, the load-cell was permanently secured in the 

die housing, and terminal wires teken from the gauge area through a 

slot in the lower load-cell flange and an aligned hole in the die 
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- 164 PROVING TEST-RIG WITH HYDRAULIC CIRCUIT, 
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FIG. 165 PROVING TEST-RIG SHOWING REDRAW PUNCH EXTENDED, 
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housing to an adaptor socket, The final arrangement is shown in 

FIG. 167. 

(44) Loadecell calibration. 

Before installation in the Hi-Ton press the load~ 

cell was calibrated on a regularly inspected 50 Tonf. Denison testing 

machine, Recalibration was carried out at the end of the programme 

as a check on any change in load-cell response. No change was detected, 

Calibration curves for the load-cell are given in FIG, 168, 

(iii) _ Pressure transducer details and calibration. 

The transducer was a standard item produced by 

Intersonde Limited and could be inserted directly into the pressure 

line. It was used in conjunction with the same recording equipment 

as the die load-cell. 

Transducer details are given below; 

Types PR 15 =) 350 

Range: 0 = 10,000 1bt/in® (gauge) 

Serial number: 611 

Calibration was carried out using a Budenburg dead-weight tester 

serial number 3699, With this Guaeeent an accurately known pressure 

may be generated in a hydraulic circuit by applying calibrated weights 

to a piston. 

Typical calibration curves are shown in FIG, 169, ‘The 

"pressure' curves were obtained from the Budenburg tester, and were 

converted to hold-down load curves knowing the cross-sectional dimen- 

sions of the experimental test-rig cylinder and piston, 

(iv) Recording equipment, 

Splaying of the cup rim was measured and recorded 

manually, whilst redraw load information was monitored continuously 

on S.E. recording equipment which included: 

(1) Power supply unit type S.E. 427 

(2) Oscillator type S.E. 511/S 
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(3) Carrier amplifiers type S.E. 423/1 

(4) Ultra-violet paper-tape recorder S.E, 2005 with B 450 

galvanometers, 

(e) Details of redraw tooling, 

  

Tooling details are provided in FIG. 170 and accom- 

panying table 15, 

Hold-down punches were elso used in the role of draw punches 

during the final cup preparatory draw stage, ensuring a close cup fit 

for the redraw, This was achieved by attaching the hollow punches 

to specially made adaptors using the internal thread designated Dee 

The adaptors fitted existing tooling of the four-draw schedule discussed 

in section 11,1, Hold-down punches were located in the test-rig with 

external screw thread Dee Initially punches were made with the smal- 

lest profile radius R, which was later increased according to table 15 

during the test progremme, 

Redraw punches were provided with a small central hole 

connecting with a vent which allowed air to escape from the cup during 

feeding, and prevented a vacuum when stripping the cup from the punch 

after redrawing. 

FIG. 171 gives details of the guide ring used in selected 

tests on redraw I, ‘The guiding section diameter was designed to give 

0.005 in. diametral clearance with the thickest cup section, A 

shallow recess on the underside of the ring located over the redraw 

die and was in 0,010 in, diametrel clearance with the latter, This 

arrangement enabled the ring to float laterally, thereby only supply- 

ing diametral constraint on the splayed cup. 

All tools were made from a high quality tool steel and heat 

treated to 60 Rockwell C, Tools were polished before use to give 

surface finishes as recorded in table 16, 

FIG. 172 is a photograph of the complete proving-test tooling. 
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TABLE 16, SURFACE FINISH OF PROVING-TEST 

PROGRAMME REDRAW TOOLING. 

  

  

    
  

  

  

  
  

  
  

  

    Redraw punch, 
  

drawing direction.   

; Surface- 
Location of surface- 

Redraw Tool c : finish, 
finish reading. iiceo: ime 

CLA. 

Die mouth: 
O55 Radial aes 

90° die Tangential | : 1 

° | On full diameter just 
DOmeahaaaove | above nose radius, Bee 

punch | Parallel to drewing Y 
direction | 

i § > 

On full diameter just above 
Redraw punch nose radius, Parallel to lel 

drawing direction. | 
| 

Guide ring. In bore, Parallel to Aun’ 

drawing direction | 

ie Die mouth: 

90° die Radial. 2-4 

Tangential. s-21 
1 

= = Die mouth: lel 

Radial 

2 a : 
90° hold-down On full diameter just above | 

nose radius, Parallel to | 
Punch drawing direction. | gee 

45° hold-down On full diameter just above | 
anol nose radius, Parallel to desig 

P % drawing direction. 

On full diemeter just above 
nose radius, Parallel to g-4   
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Top left 

Centre left 

Bottom left 

Top right 

Centre right 

Bottom right 

Centre 

- redraw 

- redraw 

- redraw 

- redraw 

- redraw 

- redraw 
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P
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P
e
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N
 

NY
 

die 

punch 

hold-down punch 

die 

punch 

hold-down punch 

- guide ring 

FIG, 172 TOOLING FOR PROVING-TEST PROGRAMME, 
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11.6. Manufacture and preparation of cups for redrawing. 

Blanks were sheared } in, over-size and lathe 

machined to 6,500 + 0,005 in, diameter using a jig similar to that 

described by Willie, This procedure gave @ clean burr-free edge and 

removed materiel workehardened from shearing, The blanks were then 

drawn through two and three stages to produce cups for redraws I end 2 

respectively. Steel blanks were made from sheet pre-lubricated with 

a@ phosphate ~ stearate treatment and no further lubrication was neces~ 

sary for preparatory drawing. Brass and aluminium blanks were drawn 

using a chlorinated mineral oil, All cups were thoroughly degreased 

after drawing. 

The three materials exhibited quite different planar anisotropy 

or earing characteristics as shown in FIG. 173, Steel showed four 

pronovneed symmetrically distributed ears, whilst the pattern was 

similar, though far less marked with aluminium. Brass exhibited no 

noticeable rim undulations, 

Before redrawing in the experimental test-rig the majority 

of cups in each material were trimmed to facilitate splay measurement, 

Trimming was conducted in a lathe using specially made mandrels, and 

a plentiful supply of coolant to prevent excessive heating of the cup 

rin, 

Six redraw I cups in steel end aluminium were fully annealed 

before redrawing for splay comparisons with as-drawn cups, 

Aluminium and brass cups were chemically etched before lub- 

ricating for redrawing, Cups in all three materials were then lubri- 

cated in a textile soap at 60 - 70°C and allowed to air-dry at room 

temperature, Details of etching end lubricating procedures are given 

in appendix Ayele 

Measurements of cup diameter and wall thiclmess in the rin 

vicinity were teken for subsequent experimental-theoretics1 splay 

correlations, The information is recorded in table Agele 
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Top. left - low carbon steel redraw 1 

Top right - aluminium redraw 1 

Bottom left 

Bottom right 

low carbon steel redraw 2 

70/30 brass redraw 2 

IG. 173 AS-DRAWN UNTRIMMED CUPS PRIOR TO REDRAWING. 
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11.7. Experimental techniaues, 

Exploratory tests were carried out to determine suit- 

able hold-down forces for each redraw configuration, A pressure of 

200 lbf/in,? in the hold-down cylinder gave satisfactory results in 

all cases. This pressure was set at the hold-down circuit relief valve 

and maintained throughout the test programme, 

Forward motion of the press ram was controlled by a single 

+wo-position (open-shut) valve mounted above the press cylinder and 

operated by a foot pedal, With the press idling the valve was open, 

allowing hydraulic fluid to circulate freely from pump to reservoir, 

When the valve was closed, load developed under the ram depended upon 

the setting of an adjustable relief valve, This control system was 

therefore one of load rather than speed and proved to be a source of 

difficulty throughout the experimental progremme. The best method of 

achieving reasonable speed control was as follows; with the relief valve 

fully open a cup was located on the hold-down punch, and the flow con- 

trol valve fully closed to bring the punch assembly into contact with 

the die, where insufficient ram force was available to initiate drawing. 

The linkage connecting foot pedal and control valve actuator was now 

looked by a clamp, maintaining the valve closed, The relief valve 

was then gradually closed until drawing took place at about 6 in/min, 

On completion of drawing cups were stripped from the redraw 

punch by a lip below the die throat . (FIG. 170.) 

(a) Splay-measurement. 

(1) When the cup rim was 2 in, above the die, drawing was 

interrupted by slightly opening the press flow control valve to produce 

a rem loed just less than that necessary for drawing. Measurements of 

cup rim diameter were then made with a micrometer at three angular 

positions mutually 60 degrees apart. 

(2) Using a procedure similar to (1) above, the cup was 

drawn into the die in stages with the rim consecutively 1, 1/2, 1/16, 
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3/8, 5/16, 1/4, 3/16, 1/8, 1/16 in, above the die, At each stage 

rim diameter was measured. 

Variations to procedure, 

  

When using the 45 degree die splaying continued 

within the die mouth, To measure this splaying the punch assembly 

was partially retracted and the cup rim lifted clear of the die. 

Thus measurements were made under zero load conditions, 

Splay measurement on untrimmed (eared) cups was basicelly 

as described for trimmed cups, but diameters and distances from the 

die were measured both at the roots and crests of ears, 

(b) Redzav-load_measurement, 

(1) Air supply to the hold-down circuit was cut-off and 

pressure in the hold-down cylinder reduced to zero by means of a bleed 

vent, The recording equipment was : switched on and the pressure 

transducer set to a datum, ‘The hold-dow cireuit was then returned 

to working order, 

(2) The load-cell was adjusted for gain and datum settings 

and the recorder switched on, 

(3) Using the procedure for approximate speed control the 

cup was redrawn without interruption, When its rim reached pre-selected 

distances from the die (as used for splay-measurement) event marks 

were made on the recorder paper trace. 

11.8, Methods of test data interpretation. 

(a) Splay-measurement test. 

For each cup rim position the three diameter 

measurements were averaged to give a mean, Fractional splay was 

determined taking the initial readings of diameter at the 2 in. rim 

position as a datum, (It was known that splaying did not commence 

until the rim was ebout $ in. from the die.) 

(b) Redraw load/eup rim displacement tests. 

At each event mark made on the recorder trace 
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output signals from load-cell and pressure transducer were measured 

and converted to total die load and hold-down load respectively using 

the calibration curves, Redraw load was computed as the difference 

between die and hold-down loads. The cup rim position coinciding with 

any additional point of interest on the recorder trace was found by 

interpolation, 

(c) Combined splay = redraw loaderim displacement data. 

Both splay and redraw load tests were conducted on 

identical cups and had current cup rim position as a common reference, 

Graphicel results were therefore combined to show not only the devel- 

opment of splaying but also its effect upon redraw load. 

11.9. Experimental results. 

(a) General comments, 

Throughout the programme lubrication appeared good, 

No pick-up or scoring of the tools occurred and redrawn cups were free 

from wrinkling. As anticipated there were indications of ironing in 

the upper regions of final cups, FIG. 174 illustrates typical cups 

before and efter the two redraws, 

No cups failed due to splaying in any of the tool and material 

combinations investigated. 

A number of cups fractured in redrawing, details of which 

are given below, 

Table 17 is an index to the proving-test programme, For 

each basic test anes designation, e.g. l0P, at least two separate 

tests were conducted, spley-measurement and unguided redraw-leed 

measurement, Additionally a few load measurement tests were carried 

out on redraw I with a guide ring installed. Splay neasurement tests 

were identified with the suffix (A), whilst unguided and guided load 

tests were given the suffix (B) and (G) respectively. Te actual test- 

plan is given in table 14, 

(bv) Special comments, 

(1) When conducting tests 2P it was found that cups were 
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left - redraw 2 

top = 

bottom = 

right - redrawl 

  

before redrawing 

after redrawing 

  

top - before redrawing 

bottom - after redrawing 

FIG. 174 CUPS BEFORE AND AFTER EACH OF TWO PROVING-TEST RED! oF 
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TABLE~ 17 

INDEX TO PROVING TESTS, 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

            

Seance Hold-down 
Test Test Cup Ga Paejcents Punch nose 

number | material |  conditio: Of. angle radius 
| Dia (Mell Thk,| (deg.) (Gin.) 

1P steel i 3,250 | 0,036 90 0,180 

2P aluniniun | 3,250 0.036 90 0.180 

3P steel trimmed. | 3.250 0,036 90 0,250 

as-drawn/ 
4p aluminium | trimmed, 2,250 0.036 90 0,250 

annealed/ 
5p steel 4 e 3.250 | 0,036 90 0,180 

annealed/ 
6P aluminium | trimmed, 3.250 0,036 90 0,180 

annealed/ 
oe steel trimmed, 3.250 0.036 90 0,250 

annealed/ 
8p alvminium | trimmed, 34250 0.036_ 90. 0,250 
9P as-drawn/ 

steel | untrimmed,| 3,250 0.036 90 0,180 

as-drawn/ 
10P aluminium | untrinmed, 3.250 0,036 90 0.180 

asedrewn/ 
11P steel trimmed, 2.587 0.036 90 0,160 

asedrawn/ 
12P. brass trimmed. 2,587 0,036 90 0,180. 

as-drawn/ 
13P steel trimmed 2,587 0.036 90 0.253 

as-drawn/ 
14P brass trimmed. 2,587 0.036 96 0.253 

as-drawn/ 
15P steel trimmed. 2.587 0.036 45 0.180 

es-drawn/ 
16P brass trimmed, 2.587 0.036 45 0,180 

as-drawn/ 
te steel trimmed. 2.587 0.036 45 0.317 

as-dravn/ i 
18P brass trimmed, 2.587 0.036 45 0,317 

as-drawn/ | ~ 
19P steel untrimmed,| 2.587 0,036 90 0.180 

as-drawn/ | 
20P brass untrimmed, 2,587 | .0.036 90 0,180 

dre 
a steel fe), 2,587 | 0.036 90 free 

-drawn/ 
22P brass serarain/ 2.587 0.036 90 free       
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drawn successfully without the guide but failed consistently with the 

guide installed , failure occurring when the cup rim entered the guide, 

The radial clearance between hold-down punch and guide was 0,046 in., 

whilst the measured cup rim thiclmess was 0,043 in. Unguided and 

guided redraws were successfully accomplished in tests 4P, i.e. when 

@ larger hold-dowm punch nose radius was used, 

(2) The continuous redraw-load measurement test. of tests 

12P was conducted successfully, but failure occurred in the interrupted 

splay-measurement test, To obtain splay-measurement data standard 3 in. 

cups were shortened to 2: in, (removing the severely cold-worked rim 

region). Corresponding load tests were 2lso made with the shorter 

Cups, 

Similar results to tests 12P were obtained when conducting 

tests 16P, but it was possible to redraw 3 in, cups in tests 14P and 

18P, Tests 20P were unsuccessful. 

(3) Tests 21P and 22P were carried out 'free' with the hold~ 

down punch raised clear of the die. After the splay-phase was complete 

the cup rim wrinkled during the final drawing-in period. mI 

(c) Main results. 

Tabulated. 

Test date is tabulated in appendix inte Tables 

Age? - A428 give rim splay/redraw load/rim position results, Table 

A 4°? provides hold-down losd information. 

Graphical, 

For each particular drawing arrangement rim-splay 

and redraw load were plotted against current cup rim position on a 

common format, Results are shown in FIG. 175 = 195. Test 20P 

results are absent since no cups were successfully redrawn with that 

arrangement. For tests on untrimmed steel cups two rim-splay curves 

were shown, one for the ear crests and one for the ear valleys, The 

former curve was labelled ‘apparent splay! since the ears did not 
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experience true circumferential constraint. 

(a) Sequence of splaying. 

A redraw 2 steel cup drawn through the 90 degree 

semi-angle die was photographed at various stages during the splay- 

phase, Results are illustrated in FIG, 196. The light coloured 

residue on die and hold-down punch is lubricant, 

11,10 Ancillary tests, 

Tensile tests were conducted on # in, wide strip 

specimens teken from blanks, +o provide information on the initial 

yield-stress of materials from which proving-test cups were made, The 

information was not put to direct use in the research programme but 

may be useful in future work, 

For aluminium and 70/' 30 brass two specimens were taken at 

0, 45 and 90 degrees to the rolling direction, It was not possible 

to observe the rolling direction with steel blenks due to their lubri- 

cant coating so six specimens were taken in random directions. 

Tests were carried out on a Hounsfield Tensometer, and 

stress-strain curves plotted to determine 0.2 % proof stress, Results 

are summarised in table Ayel0. 
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Rim 7/16 in, from die. Rim 3/6 in, from die. 

   

  

Rim 1/4 in, from die, 

  

Rim 1/8 in, from die. 

   
im 1/16 in, from die. Rim at die. 

     FIG. 196 SPLAYING LOW CARBON STEEL, REDRAW NUMBER 2, 
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12. CORRELATION OF THEORY AND PROVING-TEST PROGRAMME RESULTS, 

12,1, Maximum splaying at the cup rim. 

The bulk of theoretical studies were made for an 

ideal non work-hardening material, As-drawn cups approached this cond- 

ition in the rim region whereas annealed cups did not. Quantitative 

theoretical/experimental correlations were therefore only considered 

for as-drawn cups, although qualitative comparisons were made with 

results for the few annealed cups. 

FIG. 197 shows results for as-drawn cups, ‘The stated %, 

values are nominal, being based on the original blank thickness, but 

the more important Ron values were calculated in terms of actual 

cup wall thickness as given in table A atte Splaying results from 

tests 15P and 16P were not plotted since the 45 degree semi-angle 

clearly limited maximum splaying ( FIGS, 189 and 190), ‘The dotted 

lines labelled 1, 2 represent rim splaying in 'free' tests 21P and 

22P, where the hold-down punch was raised, According to Fogg's theory 

the free radius ratio Rip should have been about 7.6, and yet splay- 

ing measured for constrained Roft, values of 7.6 was greater than in 

free cases, implying that the hold-down punch was actively influencing 

the shape of the deformation zone whose true Ritto value was therefore 

greater than 7.6. The hyperbolic theory was represented by a single 

curve obtained from the simplified expression equation 9,1l6a. 

Experimental points fell within the bounds of the two theor- 

etical curves with the '"brass' points tending towards the tangential 

splay mode, 

12.2. Splay locus of cup rim. 

Results from test 2P are replotted in FIG. 198 with the plane 

of steady-state bending included as a line of reference, According to 

theory the splay=phase ended at this point. 

The redraw load curve is included to show the effect of splay- 

ing on process work, Test 2P was selected because work-hardened 
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Steady-state bending retio (B¢/49) 

EXPERIMENTAL/THEORETICAL CORRELATION 
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AS-DRAWN CUPS. 
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Test number 2P 

Cup material Aluminium 

Cup condition As-drawn 

Cup dimensions (in, 3.250 74 x 0,0%th. 
Die semi-angle (deg.) 

Holi -down punch radius (in. 0.180 

tangential theory 
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Cup rim relative to plane of 
steady-state bending (in.) 

FIG. 198 SPLAY LOCUS OF CUP RIM 

EXPERIMENTAL/THEORETICAL CORRELATION 
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aluminium more closely approached the theoretical perfectly plastic 

condition than either of the other two proving-test materials, [Even 

so the load curve rose steadily throughout the redraw although this 

was no doubt partly due to the increase in wall thickness near the cup 

rin, 

The general form of the locus predicted by theory was reas- 

onable, particularly for the position of the maximum splay point, 

With test 2P the experimental locus lay mid-way between the theoretical 

hyperbolic and tangential loci. 

“1253. Effect of work-hardening, 

Experimental results are given in FIGS, 175 - 182. 

Steel showed the theoretically predicted trend that splaying increased 

as the rate of workehardening diminished. With the 0.180 and 0.250 in, 

hold-down punch nose radii splaying in annealed and as-drawn cups was 

3.5%, 3.9% and 3.0%, 3.3% respectively, The trend with alum- 

inium (which had a lower rate of workehardening) was less marked, and 

in fact splaying wes marginally greater with annealed cups, 4.3 % 

against 4.1% and 3.4% against 3.3 % for the 0.180 and 0,250 in, 

radius hold-down punches, 
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13. DISCUSSION OF RESULTS OF RESEARCH 

13.1. Experimental test programmes 

(a) Simulated redraw tests. 

The tests were designed to show whether or not radial drawing prior 

to die contact during steady-state redrawing conditions could contribute 

to subsequent spleying behaviour. Although the tests failed to supply 

the required information the failure was, in retrospect, considered due to 

deficiencies in zone simulation rather than the test concept being 

fundamentally wrong. Problems of simulating true metal flow were 

encountered by sare in the wedge drawing test, and in some respects the 

attempted redraw simulation was a more complex version of this test. 

The only immediately obvious deficiency in simulated die-block 

design was that flat test-pieces were drawn whereas a true circumferential 

segment of the cup wall is curved. As a result of this design feature the 

side pressure exerted on the test-piece by the deformation passage had an 

associated component tending to promote bending over the test-piece cross- 

section. This caused the side curling effect observed in test-pieces drawn 

in the absence of the hold-down clamp. The situation was aggrevated by the 

width/thickness ratio of the test-pieces and would probably have been less 

severe with a lower ratio. However such a step would have violated the 

required plane-strain bending/unbending condition. Theoretically there 

could have been no 'curling' component if the central element of the die- 

block had been curved. Unfortunately such a design introduces manufacturing 

problems. 

Later theoretical studies indicated that splaying could be wholly 

accounted for in terms of bending work, implying that the radial drawing 

zone contributed nothing to the splaying effect. 

(b) Splay-measurement tests. 

An outstanding feature of the programme was that tubular test-pieces 

were pulled through the die by an external gripping mechanism, in contrast 

to cups being redrawn with an internal punch. This divergence from the 
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popular concept of redrawing in no way affected the fundamental deformation 

mode, and therefore splaying occurred under truly representative conditions. 

From an experimental aspect the adopted procedure had definite advantages 

both in test-rig design simplification and interpretation of test data. 

The test-piece properties of uniform geometry, uniform condition of prior 

cold-work, and absence of planar anisotropy,enabled the effects of splaying 

on redraw load to be readily observed. 

The precise speed and positional contrel features designed into the 

testing machine made it well suited for incrementally drawing the test-piece 

into the die during splay-measurement tests, but the method devised for 

measuring splay profile development proved tedious, each test being of 

three hours duration and involving some 250 individual readings. Throughout 

the programme about 18,000 readings were taken with the splay-measuring head, 

which remained reliable to an accuracy of 0.0001 in. Originally it was 

intended to operate the redraw load-cell at a maximum strain of 0.1%, but 

due to a general under-estimation of redraw loads the unit was actually 

used at 0.15% strain in some tests. This did not adversely affect its 

reliability. The displacement transducer used for monitoring the test-pisce 

rim position and its method of coupling both gave satisfactory performance 

during redraw load/test-piece rim displacement tests. Recalibration was 

straightforward and readily carried out with the transducer in its normal 

operating position. The hold-down punch assembly used the 'con¢ant 

clearance' system for simplicity, and did not incorporate a means of 

measuring hold-down force. Effectiveness of hold-down was judged by the 

condition of the redrawtest-piece. Although this may appear to be a some- 

what crude method, the object of the exercise was to observe the effect of 

splaying on redraw load, not the effect of hold-down load. Providing the 

latter remained constant throughout a redraw and gave freedom from wrinkling 

its precise mamitude was considered relatively unimportant. 

The splay measurement programme was designed to provide ; 
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Information on (1) The mechanics of splaying. 

(2) The relationship between splaying and 

process variables. 

(3) The effect of splaying on redraw load. 

(4) The effect of a guide-ring on redraw load. 

(5) he validity of Fogg's free-zone theory. 

and (6) A basis for theoretical studies. 

To a large extent all of these objectives were realised. 

Experimental findings are discussed below. 

(1) The mechanics of spleying 

A range of test-piece eA, values were covered in the unconstrained 

programme and the general trend emerged that splaying occurred earlier in 

a redraw as the eae ratio diminishéd. Also, a similar trend existed 

between the maximum splay point and ae ratio. A further, less marked, 

trend was that splaying appeared to occur slightly earlier with cold-worked 

test-pieces than with annealed ones. 

In the constrained redraw programme, where the test-piece deformation 

geometry prior to die contact was fixed, the position of maximum rim splay 

always closely approached or coincided with the plane in which the test-piece 

first bent to the hold-down punch nose radius during previous steady-state 

redrawing. A similar situation was anticipated, though not investigated, 

for the unconstrained programme where the true position of the plane of 

steady-state bending was less certain. 

During the early stages of splaying the splayed profile comprised 

@ curve, with curvature decreasing rapidly towards the test-piece rim. As 

splaying progressed the curvature became less and the profile at maximum 

splay appeared very nearly of conical form. 

For the thinnest walled test-pieces redrawn in the unconstrained 

programme splaying continued as the rim approached the die until, ina 

further small increment of travel, the rim suddenly wrinkled. Whilst the 

rim was splaying it carried a tensile circumferential stress which could 
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not induce wrinkling. It was therefore surmised that the point of 

wrinkling coincided with the termination of the splay-phase when the 

test-piece rim commenced to radially draw inwards. 

(2) Relationship between splaying and process variables 

Fogg's theory of free-zone meet ees that a cup deformed 

to a circular arc prior to die contact when redrawing without hold-down, 

the radius of the arc being a function of cup geometry, die geometry and 

cup wall thickness. Since the magnitude of this radius was considered 

important to splaying, tests in the 'unconstrained' programme were aimed 

at investigating the separate effects of test-piece radius/thickness 

ratio a and die semi-angle of » The former was varied over the 

range 10 - 30 (five levels), and the latter over the range 30 - 90 degrees 

(four levels). For the two lower die angles, 30 and 45 degrees, the true 

angle of die contact was that of the conical die mouth for all levels of 

ca4g investigated. It was found however that for die angles above 45 

degrees the true angle at which test-piece first contacted the die was 

less than the die angle, and never exceeded about 60 degrees. The true 

contact angle depended upon test-piece en ratio, being largest for the 

thinnest test-pieces. This situation not only limited the experimental 

range, but also meant that true die angle could not be studied as an 

independent function. (It was obviously meaningless and wrong to analyse 

results in terms of the manufactured die angle.) Experimental results of 

maximum splaying at the test-piece rim are plotted against test-piece 

geometry ie in FIG. 159. (The family of curves are drawn from theory 

and should for the present be ignored.) The inter-relation of true die- 

angle and test-piece radius/thickness ratio made clear-cut trends difficult 

to establish. It was apparent however that generally splaying increased as 

Tle decreased, and as true die angle oY increased. According to 

Fogg's free-zone theory this is equivalent to stating that splaying 

increased as the free bending ratio o decreased. Maximum splaying 

measured was about 33% and Saoteneaeeten brass. FIG. 159. was plotted for 

401



test-pieces with nominally 50 and 67% prior cold work. 

In the constrained programme splaying was studied as a function of 

the bending ratio Ron, around the hold-down punch nose profile radius. 

Only two levels of test-piece ToS were investigated. nominally 40/1 and 

50/1. A 90 degree semi-angle die was used throughout but calculated 

angles of true die contact were in the range 70 - 75 degrees, depending 

upon the value of the hold-down punch nose radius. Test results are shown 

in FIG. 158, where for the present the theoretical curves are ignored. For 

all four materials investigated splaying increased as oe decreased, 

reaching a maximum of about 33%. Results were therefore qualitatively in 

agreement with those in the unconstrained programme. It is interesting to 

compare results from the two programmes (FIGs. 158 and 159) and note that 

by increasing bending severity with a hold-down punch, splaying in a test- 

‘piece iano = 50 could be substantialiy increased above that predicted by 

extrapolating unconstrained results. The parameter tH, did not appear 

influential in the constrained programme results, but only two levels were 

investigated giving a restricted range. 

Results from both constrained and unconstrained programmes showed 

that splaying was more severe in test-pieces with prior cold-work than in 

those annealed before redrawing. The effect was most pronounced in 

stainless-steel and brass and was apparently related to the materials 

work-hardening characteristics. After 50% prior cold-work all materials 

splayed about the same amount for the same redrawing conditions. (FIG. 138). 

The likelihood of failures in splaying must increase as the prior cold-work 

content increases (due to limited material ductility). Experimental 

evidence suggests that in such conditions splaying will attain a maximum 

value. 

(3) Effect of splaying on redraw load 

The variation in redraw load accompanying splaying was thoroughly 

investigated for two reasons. Firstly, the load directly affects process 

limits and press requirements. Secondly, but even more important in the 
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current research, it provided a valuable guide to any changes in process 

work. ‘grt concluded that splaying caused an increase in redraw load, 

implying an increase in process work, but preliminary theoretical studies 

by the writer had led to the belief that splaying was associated with a 

decrease in process work. It was therefore vital to establish the effect 

of splaying on redraw load early in the research programme. 

Results from the unconstrained programme are shown in FIGs. 80 - 111. 

For all 32 tests conducted the onset of splaying occurred simultaneously 

with a reduction in redraw load. The trend was unmistakable for up to 

that point redraw load was steady, a tribute to the uniform test-piece 

qualities. As the splaying phase progressed, the redraw load continued 

to fall, until at or very near the maximum rim splay point there was an 

abrupt change in the load characteristic for 91% of test-pieces redrawn. 

With 28% of these there was a short dwell where load remained constant before 

again reducing as the rim commenced to draw inwards. With the other 72% the 

load carve showed a small secondary peak, the crest of which was always 

below the steady-state load. Reduction in redraw load during splaying was 

of the order 8 - 10% whilst the peak (where present) was on average 1/5 - 

1/3 of this value. The position of the load point immediately before the 

dwell or secondary peak was compared with the maximum splay point. For 

62% of the tests the two points coincided, for 34% the load point just 

preceded the splay point, and for 4% it occurred immediately afterwards. 

The 9% of tests which did not show a load irregularity mainly comprised 

0.0125 in.wall test-pieces drawn through 60 and 90 degree dies. With 

these, the thinnest drawable in the programme, there was a tendency for 

the rim to wrinkle following the splay-phase. This was accompanied by a 

rapid fall in the load curve. 

Results for the constrained programme are shown in FIGs. 112 - 135. 

Again, for all 24 tests, the onset of splaying accompanied a fall in redraw 

load which continued throughout the splay phase. At or very near the 

maximum splay point 92% of the tests showed an irregularity in the load 
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curve. For 67% of these tests the irregularity took the form of a short 

dwell, whilst for 25% a small secondary peak was present. This peak was 

generally small and little more than a dwell. 6% of test-pieces drawn 

showed neither dwell or peak. A comparison was made between the position 

of the maximum splay point and that of the minimum load attained immediately 

before dwell or secondary peak. For 87% of the tests the two points co- 

incided, with 9 the minimum load occurred just before the maximum splay 

point, and for 4% it was just after. Since splaying was clearly associated 

with a fall in redraw load an attempt was made to correlate the two effects 

on a quantitative basis. It was found that minimum splay values coincided 

with minimum load reduction and maximum splaying values were accompanied by 

the largest reductions in redraw load. Intermediate results showed 

considerable scatter. 

Throughout any test in the splay-measurement programme drawing speed 

was constant. The fall in load measured at the test-piece tag can therefore 

be viewed as a fall in external (testing-machine) work, which must be equal 

to a fall in deformation work within the test-piece. It was clearly 

demonstrated in the tests that a definite correlation existed between 

redraw load reduction and splaying. Therefore it follows that splaying was 

associated with a fall in process work. This finding marked an important 

stage in the overall research programme since it confirmed initial ideas on 

splaying (whilst refuting contrary claims of other investigators) and 

provided a sound basis for the development of splaying theory. The majority 

of tests drawn in both unconstrained and constrained programmes showed a load 

irregularity at or very close to the maximum splay point. At this point 

the splay phase must end, and circumferential stresses near the test-piece (or 

cup) rim must suddenly change from tensile to compressive. The load 

irregularity was viewed as a manifestation of this change. 

(4) The effect of a guide-ring on redraw load 

Experimental results from this part of the programme were not so 

infommetive as expected. A testing problem arose because test-piece 

diemeter varied with different materials and diameter/thickness ratio 
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(table Ags2). This lead to a variation in the constraint exercised by the 

guide and the point in the redraw cycle at which it became operative. 

Originally the guide was made with a 0.7525 in. diameter bore and gave 

0.0040 in. maximum, 0.0025 in. minimum diametral cleerance on aluminium 

and steel test-pieces, but was in interference with some stainless-steel 

and brass test-pieces. To overcome the problem,steel andaluminiunwere drawn 

in the unconstrained progravme with the original guide bore, which was 

afterwards increased to 0.755 in. diameter to accommodate stainless-steel 

and brass. Clearances for these materials were then 0.0035 in. maximun, 

zero minimum respectively. The 0.755 in. guide was later used for all 

guided tests in the constrained programme. 

In the unconstrained programme 14 unguided-guided test comparisons were 

made. Of these, during steady-state redrawing, in 8 tests the guided load 

was higher, in 3 tests guided-unguided loads were equal, and in the other 

3 tests the unguided load wes slightly higher. This last result is 

difficult to explain and can only be accounted for in terms of a variation 

in lubrication between guided and unguided specimens, although this seems 

unlikely. During the terminal stages of redrawing, when the guide became 

effective, certain differences between the characteristics of guided and 

unguided load curves were observed. In suppressing splaying the guide 

deferred the point in the redraw at which the load commenced to fall. 

However once initiated a load reduction comparable to that in unguided 

tests occurred, and was an indication that some relaxation of the steady- 

state constraint was occuring within the guide. 

A further problem was encountered in assessing results from the 

constrained redraw programme since it could not be guaranteed that equal 

hold-down loads were applied in guided and unguided tests. This explained 

why in some tests steady-state redraw loads were highest in the unguided 

condition. The deferring effect of the guide on load reduction was even 

more clearly demonstrated in the constrained tests. Also, there was 

evidence of a slight bulge in the guided load curve corresponding to a 

* point in the redraw where splaying would normally have commenced. This 
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was taken to be an indication that the guide had become operative, and 

was exerting a frictional resistance to drawing of the test-piece into 

the die. 

On theoretical grounds it was anticipated that the use of a guide 

would increase maximum redraw load. Theoretically, if splaying is 

completely prevented the redraw load cannot be less than the steady- 

state unguided load, and due to friction in the guide it will probably 

be higher. The guided tests were insufficiently conclusive to firmly 

support this theory but alternatively there ee even less evidence to 

support Swift's claim that guiding reduced redraw load. 

(5) Free-profile measurement 

Test-piece deformation profiles were measured in the unconstrained 

programme to check the validity of Fogg's okie The work was important 

because free-zone geometry predicted by Fogg had direct theoretical 

implications to spleying. Fogg assumed thet free-zone deformation would 

occur along a circular arc. Experimental evidence suggested that free- 

zone curvature is not truly constant, although this was very nearly so 

with test-piece to values of 20 and 30. Below 20 a mean radius 

drawn through the experimental points was above points at die entry but 

below points at die exit, suagesting that curvature increases progressively 

throughout the zone. Qualitative predictions of Fogg's theory were found 

to be correct; for a constant die angle the irse radius ratio RS At 

increased as oes increased, and for a constant oes ratio Ke 

decreased as the die semi-angle increased. 

The exact theoretical/experimental correlation is discussed later 

in the section. 

(c) Proving tests 

The simple, open-type construction of the Hi-Ton press proved well 

suited for installation and operation of the exverimental test-rig. 

However a problem, already discussed at some length in section 11.7, existed 

in controlling press ram speed, and occurred because primarily the press was 
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designed for load control rather than speed control. To maintain a smooth, 

reasonably constant drawing speed the main flow control valve was held fully 

open during a test and the speed of ram advance finely adjusted by a pressure 

relief valve. This procedure was straightforward with annealed and as-drawn 

aluminium cups, but gave problems when redrawing as-drawn steel and brass 

cups (especially the latter), where redraw load increased sharply in 

relation to length of cup redrawn. It was found possible, after experiment- 

ation, to set the initial ram speed so that the press did not stall mid-way 

through a redraw. Even then ram speed dropped to about one half its initial 

value just prior to splaying. When splaying commenced the fall in redraw 

load was apparent from the increase in ram speed. Although variations in 

speed were undesirable, splay-measurement was conducted while the cup was 

static. For this test therefore redraw speed was of little consequence. 

The variation in speed during a continous load-measurement test was about 

6-2 in./min. overall, but during the actual splay-phase speed variation 

was much less than this. 

The test-rig performed satisfactorily throughout the programme and gave 

ready access for tool changes and experimenval observations. It was found 

however that hold-down pressure, as monitored by the pressure transducer, 

was rather sensitive to the rate at which fluid was expelled from the hold- 

down cylinder, and therefore to the press ram speed. During tests on as- 

drawn cups hold-down pressure gradually decreased as press speed of advance 

decreased, and then increased again as the ram accelerated during splaying 

and final drawing-in stages. For this reason hold-down data given in table 

409 comprises a range rather than a single figure. The load-cell and 

pressure-transducer functioned without complications throughout the programme. 

The proving-test programme was designed to check that 'splay- 

measurement’ programme results were applicable to real cups and that theories 

of splaying were valid for conventional cup redrawing arrangements. 

Experimental results from the proving-tests are discussed below in comparison 

with those from the earlier 'splay-measurement' programme, but first the 
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major differences between the two programmes are recapitulated. 

(4) 

(a4) 

The splay-measurement programme was conducted on tubular 

test-pieces pulled through the die by an external gripping 

device situated below the die, whereas proving tests were 

carried out on real cups drawn through the die by an internal 

punch with drawing force applied above the die. Apart from 

the difference in draw force application the two processes 

were identical from a metal deformation aspect and splaying 

behaviour should therefore also have been the same. 

There was an appreciable difference in scale between 

test-pieces drawn in the two programmes. Splay-measurement 

programme tests were conducted on test-pieces 0.750 in. 

- diameter and 0.0075 - 0.0375 in. wall thickness, whereas 

(iii) 

(iv) 

proving tests were on cups roughly 3.2 and 2.5 in. diameter 

and 0.044 in. thick. However test-piece and tooling 

variables were investigated in terms of non-dimensional 

parameters, i.e. ton ; Roy, ; ASo » and 

therefore no scale effect was anticipated. 

Splay-measurement test-pieces were of uniform prior cold-work 

and wall thickness throughout their length, but in proving 

test cups prior cold--work and wall thickness increased with 

distance from cup bases In consequence the test-pieces gave 

a@ constant steady-state redraw load whereas with cups the load 

increased steadily throughout the redraw. 

The method of hold-down application was different in the two 

test programmes. For splay-measurement tests the ‘constant 

clearance' method was used, but in proving tests ‘constant 

pressure' hold-down was adopted. Provided hold-down was 

effective with both types there was no reason to believe that 

splaying behaviour should be different. 
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iQ) Relationship between splaying and process variables. 

In the proving-test programme splaying was studied primarily as a 

function of hold-dow punch nose radius bending ratio Rope . The 

experimental correlation is shown in FIG. 197. For all three materials 

tested the previous 'splay-measurement' programme trend was confirmed in 

that splaying increased as Roy, diminished, that is as the 

bending ratio became more severe. Maximum splaying with brass was greater 

than that with steel or aluminium. A ready explanation for this is that 

the elastic component of splaying was highest with brass. However in such 

an instance similar results would be expected in the 'splay-measurement! 

tests but there brass exhibited no more splaying than the other materials 

tested, (FIG. 158). Another possible explanation for the high brass points 

is that the lower ee used for brass influenced splaying, but this 

argument is nullified by results with steel where no appreciable splaying 

difference existed for cups of nominal 18 = 35 and 45. Generally 

splaying measured in the proving-tests was#% greater than that in the 'splay- 

measurement' programme, even discounting the results with brass. Although 

this discrepancy is small in absolute terms it represents a significant 

proportion of splaying (10 - 20%) and therefore warrants explanation. A 

possible cause is that the true proving-test to values measured near the 

cup rim were lower than those in 'splay-measurement' tests, 37 and 29 against 

50 and 40, (theory predicted this type of trend), but in view of the small 

influence of Ton, within the proving-test programme this explanation, by 

itself, appears doubtful. There is reason to believe that at the very rim of 

a redrawncup prior cold-work is less than at points just lower down the wall, 

because in previous drawing operations the rim has undergone no bending,and 

although it may have splayed the work of splaying is less than that of steady- 

state bending/unbending. If the splaying in such a cup were compared with that 

in a uniformly cold-worked test-piece (for example a drawn tube), it might be 

expected that splaying would be greater in the former. However this argument 

is not really justifiable for the proving tests because the true cup rim was 
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removed by trimming before redrawing. It would seem that the differences in 

splaying observed over the two programmes must be partly due to differences 

in experimental techniques but it is not obvious why this should be so. 

Greater accuracy of splay measurement might be expected with the larger 

cup diameters but there was no reason to doubt the accuracy of readings from 

the splay-measuring head. In any event inaccuracies in readings would produce 

experimental scatter rather than the unilateral effect observed. 

The proving tests demonstrated that when splaying was allowed to 

reach its maximum value freely,die angle was not an influencial parameter 

in deciding the extent of the splaying. True die contact angle with redraw 

I was almost 90 degrees with a 90 degree die, whereas the true angle on 

redraw 2 with a 90 degree die was only about 60 degrees. This difference 

in true contact angle was not reflected in maximum splay values. However 

when the 45 degree redraw 2 die was used in conjunction with the smallest 

hold-down punch radius, maximum splaying was clearly prematurely interrupted 

by the die mouth, (FIGs. 189 and 190). When this die was used with the 

larger hold-down punch radius the cup rim did not contact the die mouth, 

until after maximum splaying occurred. Thus a small die angle will always 

tend to limit maximum splaying even though it does not directly influence 

the potential for splaying. 

The, effect of prior cold-work on splaying was not conclusively 

demonstrated in the proving-tests. Steel followed the 'splay-measurement' 

programme trend.that splaying increased with prior cold work, but for 

. @luminium,ennealed cups splayed marginally more than as-drawn ones. However 

the difference was slight, 4.37 against 4.1% and 3.4% against 3.37 for the 

two hold-down punch radii investigated in redraw I. A great variation 

between annealed and as-drawn results would not be anticipated for 

aluminium due to its low work-hardening rate. When proving-test results 

are taken in conjunction with those from the 'splay-measurement' programme 

the balance of evidence suggests that splaying increases with degree of 

prior cold-work. 
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As-drawn cups in each of the three proving-test materials were 

redrawn in the untrimmed condition and results compared with those for 

trimmed cups. Unfortunately full length brass cups could not be redrawn 

successfully, but the degree of earing with brass was negligible and 

therefore results similar to trimmed cup results would be expected. 

Aluminium exhibited a slight Pe pattern, whilst steel cuvs showed four 

pronounced ears. Splay measurements on aluminium cups were made as for 

trimmed cups since the earing pattern was not diametrically symmetrical. 

Steel cups exhibited almost perfect earing symmetry and splay measurements 

were made across diameters corresponding to ears and valleys. For aluminium, 

splaying in untrimmed cups was less than that in trimmed cups, 3.3% against 

4.1%, but the start of splaying and position of maximum splay point were 

similar for both cups, (FiGs. 176 and 184). Results with steel cups were 

more complicated but strikingly alike for both sizes of cups drawn. Splaying 

over the ears was above 67, whilst that measured in valleys was about 3.2%. 

By comparison splaying for both trimmed ap sizes was 4%. Apart from maximum 

splaying attained, trimmed cup splay loci showed close resemblance to those 

measured in the valleys of eared cups (compare FIGs. 175 with 183, and 185 

with 193). If splaying is defined as an increase in circumference then 

clearly that measured at ear crests (6%) cannot be regarded as true splaying, 

but conversely the ears do appear to exert a constraining influence on 

splaying in intermediate valleys. Otherwise, splaying in these valleys 

would be equel to that in trimmed cups, not less. If the ears do offer 

additional constraint it follows that in part (near the root) they must 

experience a true splaying strain greater than that measured in the valleys. 

(2) Effect of splaying on redraw load 

As anticipated the inherent rising redraw load characteristic 

complicated a study of the effects of splaying. Even so results were 

sufficiently informative to elucidate important trends and confirm 'splay- 

measurement! programme findings. For 20 out of 21 tests conducted the start 

of splaying was associated with a fall in redraw load. In the other test 

the load remained constant. Load characteristics were similar to those in 
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the 'splay-measurement' programme but where present the secondary peak 

was higher, reflecting the non-uniformity of wall thickness and prior cold 

work. However the maximum redraw load was in no case higher than that given 

by extrapolating the steady-state load curve over the splay range. 

Experimental evidence suggested that the point of maximum splaying occurred 

at or very near the point of minimum redraw load, and that during splaying 

the load fell continuously. 

The presence of ears on cups did not affect the splay-redraw load 

correlation. 

(3) Effect of hold-down punch profile on redraw load 
  

Not only did the hold-down punch nose radius have a significant 

effect on splaying, it also influenced redraw load considerably. The effect 

of this parameter on load was similar to that of die profile radius (Chung 

and seeeer Although the general trend of results were as expected, the 

actual load variation which could be brought about by varying the hold-down 

punch nose radius was greater than anticipated. By increasing its magnitude 

from 0.180 in. to 0.250 in. on redraw I (90 degree die), the redraw load 

fell by 7% for both steel and aluminium cups. On redraw 2 the effect was 

even more pronounced; when the nose radius was increased from 0.180 in. 

to 0.253 in. (90 degree die) the load with steel fell by 14% while when the 

redraw was conducted free the load reduced by 26. However this last result 

was also partly attributable to the removal of hold-down force. With the 45 

degree die a load reduction of 12% was recorded when the nose radius increased 

from 0.180 in. to 0.317 in. Results with brass on redraw 2 were even more 

dramatic; cups 3 in. long could not be redrawn without fracture at the cup 

base using the 0.180 in. nose radius, but were redrawn successfully with 

the 0.253 in. radius. 

(4) Effect of using a guide ring on redraw load 

Results were generally similar to those in the 'splay-measurement' 

programme. The guide removed the falling load characteristic which would 

otherwise have accompanied splaying, but results for maximum redraw loads 

with and without the guide were not altogether conclusive. In three of the 

412



four unguided-guided comparisons made there was little difference in redraw 

load, while in the other comparison (FIG 177), the 'guided' load was lower. 

However in tests on aluminium cups, failure occurred consistently with the 

guide installed but successful redrawing was achieved in the unguided 

condition. No measurable difference in maximum load recorded with the 

two arrangements could be detected. This lest result was interpreted that 

even in unguided conditions the redraw was very close to failure, and by 

introducing the guide extra friction, although slight, was sufficient to 

tip the balance. 

Proving-test results when taken in conjunction with those from the 

'splay-measurement' programme indicate that a simple guide ring of the 

type used in research will not greatly influence redraw load. There was no 

firm evidence to support Swift's pista that guiding provided a load reduction, 

and indeed it seems that the reverse may be true. However any load increase 

due to guiding was small, and the positive advantage of preventing splaying 

renders its use desirable in redraws where splaying proves troublesome. On 

@ practical basis it could be argued that redraws in which a correctly 

designed guide ring promotes failure are too close to critical conditions 

even for unguided redraws. 

13.2. Theoretical results 

The concept that splaying was associated with a reduction in process 

work was used throughout theoretical studies, either directly in deriving 

expressions for splaying or indirectly to check that any proposed splay 

mode was admissible. In analysing splaying the investigator is confronted 

by two major problems. Firstiy the process is essentially one of non 

steady-state where the deformation zone geometry is continuously changing 

(as in cupping) and secondly, the geometry at any instant is unknown (unlike 

cupping). Analysis is further complicated by the fact that bending plays 

a major role in splaying and elastic spring-back must occur as constraint 

of the entering cup gradually diminishes. To overcome these obstacles 

certain assumptions were made in developing theory, the justification of 

which may only be found in correlations with experimental evidence. The 
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theories provide an insight into the way in which process parameters 

influence splaying, and enable its magnitude to be predicted for a given 

set of conditions. In this respect they are considered valuable. 

The three theories of splaying proposed, simple upper-bound, tangential 

and hyperbolic represent the development of ideas on the problem. As a 

result the last theory is most rigorous and attempts to account for all 

individual deformations which describe splaying. 

Throughout the work a rigid-plastic material was assumed to avoid 

problems of elastic deformation. This assumption is frequently made in 

plasticity studies but usually plastic strains are large compared with 

elastic strains. In splaying the assumption is less valid, and this 

criticism may certainly be levelled at the theory. ‘However errors involved 

are probably no greater than in other assumptions. For example that in 

work-hardened steel would be about 5%. Furthermore, if required, allowances 

can easily be made for the elastic component of splaying. 

(a) Simple upper-bound theory 

The theory was developed primarily to test the validity of an 'energy' 

approach to the splaying problem, rather than to supply quantitative 

information relating the phenomenon to process parameters. By examining 

work terms in steady-state and splayed modes it was possible to predict, 

very simply, an upper limit for splaying, and avoid the complications 

earlier encountered when following an 'equilibrium' approach. The theory 

also indicated which process parameters were likely to most influence 

splaying. 

An objection to the theory is that rim elements were considered in 

isolation from the remainder of the splayed cup wall. In truth deformation 

lower down the wall would, by constraint, set a limit on rim splaying. 

(b) Tangential theory 

For a rigid-plastic material no bending can theoretically occur 

unless the applied moment is sufficient to make the whole section plastic. 

The tangential theory was based on this concept. It was assumed that when 

the entering cup wall diminished below its shortest length capable of 
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supplying the fully plastic bending moment no further bending would occur. 

Instead the cup would splay tangential outwards. Knowing the length of cup 

wall involved, expressions relating splaying to process parameters were 

derived. Maximum rim splaying was less than that given by the simple 

upper-bound theory, in other words the work involved by rim elements in 

splaying according to the assumed tangential mode was less than that in 

steady-state cup wall elements. With tangential splaying the rim must 

receive greater work of deformation than splayed elements lower down the wall. 

It therefore follows that these elements also receive less work than steady- 

state ones. The theory implies that the cup geometry ratio tO, 

influences splaying even when the pre-die contact zone is independently 

fixed (FIG 146). 

For a given cup there is reason to anticipate that the tangential 

theory provides an upper limit to splaying, since if any bending occurs 

in elements passing through the splay-zone its effect must be to reduce 

their splaying. This does not necessary mean that the total work under- 

gone by the elements would also be reduced. Experimental observations 

lead to the belief that during the early part of the splay-phase some 

bending did in fact take place. 

The admissibility of the tangential theory was investigated by 

comparing work of deformation with that in steady-state redrawing for the 

same increment of punch travel. Results for the particular redraw 

arrangement tA, = 50, Roy, = 4 are presented in FIG 148, and 

demonstrate clearly that tangential splaying requires less work. The 

upward curving trend of the steady-state work is due to an increase in the 

specific radial-drawing work component, the specific bending component at 

die entry being constant. Bulk work of splaying Ws approaches a 

maximum level before maximum rim splay is attained, (i.e. when Ws, = 0). 

This situation arises because the bulk work is a product of splaying in 

individual elements and the amount of cup wall currently splaying. Elements 

not currently splaying must. by definition be radially drawing inwards. 

Consequently the bulk radial-work component Wr increases gradually 
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throughout the splay phase. 

The work curves of FIG. 148 provide a useful guide to the effect of 

splaying on redraw load. Suppose, for example, that a particular curve 

was of constant gradient ay + This would mean that work only 

increased with the volume of material which has undergone deformation 

(represented by © ) and that drawing stress was constant with 

6 + A good example of this is the work component of steady-state 

bending at zone entry. By a similar argument it follows that if on 

decreases as QO increases the drawing stress at 8 must be 

mlnadieoceeaina? Since this situation is true for total work of 

tangential splaying a reduction in punch load would be expected to accompany 

splaying. This was found to be the case in experiments. 

(c) Hyperbolic theory 

The theory takes account of bending observed to occur in the early 

stages of splaying, and which was ignored in the tangential theory. In 

developing the theory it was assumed that a hyperbolic relationship 

existed between the current radius of bending of an element in the splay- 

zone and its distance from the cup rim. Furthermore, unlike the tangential 

theory, it was proposed that the specific work of elements would increase 

proportionally to their distance from the cup rim. Expressions for maximum 

rim splay were then deduced for the special condition that at the rim,rate 

of change of specific work with respect’ to splayed wall length was zero. 

The theory used a more fundamental approach to the problem than the tangential 

theory but a number of unavoidable assumptions are open to criticism. There 

is good reason to believe that bending work was over-estimated in elements 

near the cup rim due to the rigid-plastic material assumption. This is 

strictly only valid when the radius of bending is sufficient to produce 

fully plastic strain across most of the bent section. Such a situation 

would occur when the current radius of bending R was close to that 

of steady-state bending Ro » but inaccuracies would arise when R 

increased towards infinity at the cup rim. The arbitrary assumption made 
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in deducing radial rim splay So from its Oeniedbive(S7),  oomla only 

be justified by a subsequent investigation of process work, ang by 

correlation with experimental evidence. 

Splaying predicted by the hyperbolic theory (FIG. 151) was less 

than that given by the tangential theory, but general trends regarding 

process parameters were similar, This result was not unexpected as the 

latter theory represented maximum splaying possible for the predetermined 

cup wall length involved. Hyperbolic poles was approximately one-half of 

that predicted by the simple upper-bound theory. 

Bulk work analysis for the hyperbolic mode was complicated by the 

eurved non steady-state nature of the post-splay radial drawing zone. By 

making certain geometrical approximations work expressions were derived for 

each associated deformation component. These are shown graphically in 

FIG. 155 for the particular arrangement OAS = 50, se = 4,where the 

theory is seen to be admissible from a work aspect. The bending component 

Wo predominates and makes total work W greater than that in 

tangential splaying even though the actual splaying work is less. During 

the splay-phase redraw load (represented by ey ) falls slightly as 

6 increases but just before termination of splaying it appears to 

increase. It would be imprudent to draw general conclusions from a single 

result, but this type of load trend (i.e. a secondary peak) was observed in 

a number of experiments. 

Since the tangential theory gave lower work of deformation than the 

hyperbolic theory it might, on first impressions, be concluded that the 

former more closely approaches true splaying behaviour. Throughout the 

splay-phase the principal of minimum work of deformation must be upheld. 

However the truesplay profile at any stage will be such that for over each 

small increment of strain work is minimal. Any theory is only as good as 

its assumptions, and the rigid-plastic assumption almost certainly 

introduces less potential error with the tangential mode where bending was 

completely absent. It is possible that for a true elastic-plastic material 
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a deformation mode including bending would provide less splaying and less 

bulk work than the tangential mode. 

(a) Effect of work hardening 

The hyperbolic theory was used to investigate the effect of work- 

hardening on splaying for an idealised linearly work-hardening material. 

Over the strain range associated with splaying this provides a reasonable 

approximation to materials with non-linear characteristics. At high 

strain levels the approximation becomes even better. 

It was found that as the ratio, work-hardening rate/ourrent 

yield stress increased, splaying diminished (FIG. 156). Theory 

therefore suggests that for normal engineering metals splaying will 

inerease as the material becomes work hardened. 

13.3 Correlation of theory and experiment 

(a)  Unconstrained redrawing 

Spley theory indicated that bending geometry in the pre die-contact 

zone during steady-state redrawing was a potent factor affecting splaying 

behaviour. In unconstrained redrawing the zone geometry is not immediately 

known but may be found from an expression deduced by Fogett At the time of 

developing splay theory no comprehensive data were available to support 

Fogg's theory, and therefore tests were conducted. The results of these 

tests are compared with theory in FIG. 157, where the curved lines 

represent Fogg's free-zone expression. Generally theory over-estimated 

bending severity by about 10 - 207. 

All three splay theories predicted that splaying increased as the 

pre-die contact bending ratio & reduced. By adopting Fogg's 

expression an over-estimate of splaying in unconstrained redrawing would 

therefore be anticipated. However the general level of splaying given by 

theory and experiment was reasonably in agreement (FIG. 159). Within 

experimental scatter no trend of a theoretical over-estimate could be 

distinguished, but this may have been partially obscured by the eleetro 

component present in experimental results which would amount to about 

0.1 - 0.2%, Even allowing for this the correlation lends support to the 
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validity of theory. 

(b) Constrained redrawing 

Maximum rim splay results in the 'splay-measurement' programme for 

tubular test-pieces are given in FIG. 158, whilst results with cups in the 

"proving-test' programme are shown in FIG. 197. Both sets of results were 

obtained for as-drawn material. 

As anticipated the simple upper-bound theory over-estimated splaying. 

It did however predict the correct trend between splaying and steady-state 

bending ratio Foy, | . 

Experimental points from both test programmes fell between hyperbolic 

and tangential theory curves. (The general trend for 'proving-test' points 

to be higher has been discussed earlier, and can only be attributed to the 

different experimental techniques used.) There were good grounds for 

believing that the tangential theory would over-estimate splaying, and 

this proved to be the case. However it appears that the hyperbolic theory 

under-estimates splaying. This could well be due to the high bending work 

component present in the latter. It would seem that actual splaying lies 

roughly mid-way between the two theories. Even so the bound provided is 

useful for predicting least and greatest splaying likely to be encountered 

in a given redraw arrangement. 

(c) Locus of cup rim during splay-phase 

When developing expressions for bulk work in tangential and hyperbolic 

splay modes it was first necessary to determine how the splayed cup wall 

deformed during its passage towards the die. Theoretical and experimental 

cup rim loci are compared in FIG. 160 and 198 for the two experimental 

programmes. The expression for predicting splaying onset was common to both 

tangential and hyperbolic theories. Consequently theoretical loci start 

from a common point, which is slighly retarded from the actual (experimental) 

start due to the assumption of a rigid-plastic material. Splaying ends and 

radial drawing commences when the plane of steady-state bending is reached. 

Experimental/theoretical correlation for the form of the splay locus is 

reasonable, particularly for the point of maximum splaying. 

419



(a) Effect of work-hardening 

In both experimental programmes the trend was observed that splaying 

was greater with prior cold-worked test-pieces (or cups) than with 

annealed ones. The effect was most noticeable with materials of a high 

work-hardening rate, and therefore could at least be partly attributed to 

the elastic component of splaying. To investigate if plastic material 

properties influenced splaying,theoretical studies were made by modifying 

the hyperbolic theory to include a linear work-hardening term. Theory 

predicted that even for a rigid-plastic material splaying would reduce as 

the parameter work-hardening rate/current yield stress increased (FIG. 156). 

This parameter reduces as prior cold-work increases for most common 

materials, including those used in the experimental programmes, and there- 

fore theory explained the observed trends. 

13.4. Fracture arising from splaying 

The test programmeswere deliberately planned to provoke a high degree 

of splaying in cups with a substantial prior cold-work content. It was 

anticipated, in view of earlier experience, that fracture was likely in 

some of the tool/work-piece combinatiors investigated. However no such 

results were attained. Maximum splaying was in the region of 4% and all 

cups redrawn were apparently capable of withstanding this circumferential 

tensile strain level. 

A prime factor influencing spleying failure in actual production 

processes may well be the condition of the cup rim. It is not uncommon for 

wrinkling to occur in this region as the cup leaves the constraint of the 

blank-holder (in cupping) or hold-down punch (in redrawing) during the 

terminal stages of deep drawing operations. The wrinkles are frequently 

ironed out between draw punch and die-throat and so are not visible in the 

drawn product, but the additional strain introduced in the rim by first 

wrinkling and then ironing may weaken its resistance to spleying failure in 

following redrawing operations. Similarly any microscopic cracks present in 

ear valleys of anisotropic cups may form fracture sites when splaying 

420



occurs. By using tubular test-pieces in the ‘splay-measurement' 

programme a uniform, defect-free rim was ensured, whilst in 'proving- 

testd the trimming of cups to facilitate splay measurement may have 

unintentionally lessened the probability of spley fractures 

The research programme was concerned primarily with providing 

information on splaying behaviour. A considerable amount of knowledge, 

poth experimental and theoretical, is now available for predicting levels of 

splaying likely to be encountered with various tool geometry combinations 

and cup properties. It now remains to develop failure eriteria and so 

establish when splaying will attain a critical level in a given materiel. 

Levels of splaying found in research were less than those expected 

after surveying what little previous information was available on the 

subject. It seems to the writer that if a cup or cup material is 

ineapable of withstanding splaying strains it is generally in an unsuitable 

condition for redrawing. 
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14. 

1. 

2. 

3. 

4. 

5. 

6. 

CONCLUSTONS 

The splaying phenomenon is associated with a reduction in 

process work and a corresponding decrease in redraw load 

from that of steady-state conditions. 

Splaying behaviour can be explained in terms of conditions 

prevalent during steady-state redrawing prior to the 

commencement of splaying. 

Splaying may be encountered in redraws of both the constrained 

and unconstrained type, although severe splaying is most 

likely to occur in the former. 

The most influential parameter affecting the severity of 

splaying is the curvature of the cup prior to die contact 

during steady-state conditions. 

Following from conclusion 4, when redraws are of the un- 

constrained type curvature is a function of cup and die 

geometry, (cup diameter/thickness ratio and die-angle). 

When redraws are of the constrained type, provided the 

mean radius of bending around the hold-down punch is less 

than the equivalent free radius, splaying is not strongly 

influenced by the cup diameter/thickness ratio. 

Die geometry performs a complex role in influencing the 

magnitude of spleying. 

With constrained redraws die angle does not affect the splay 

potential, that is the amount of splaying which would occur 

if splaying could progress unimpeded. If the die angle is 

small however it may physically restrict the development of 
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8. 

9. 

10. 

splaying. On this basis greatest splaying would be expected 

with dies of large angle. 

With unconstrained redraws die angle may affect splaying two 

ways. Firstly it influences free-zone curvature and hence the 

spleying potential. Secondly, as for constrained redraws the die- 

angle may cause interruption of the splay-phase. On both counts 

splaying is likely to be greatest with large die angles. 

Since splaying is associated with a reduction in redraw load, 

the use of a guide ring to prevent splaying cannot produce 

redraw loads less than those under splaying conditions. This 

premise was confirmed by redraw load measurements with and 

without a guide ring where it was found that the guide 

maintained the general redraw load trend to a later stage 

of the process. 

Experiments with fully-soft and work-hardened materials have 

indicated that for similar conditions of redrawing the work- 

hardened materials splay most. Materials in this condition 

are also more likely to fracture as a result of splaying. 

Within the range of process variables covered by the 

investigation maximum measured splaying has been of the 

order 4 - 4.5%. 

Splaying is most severe with : 

(a) | A small hold-down punch nose radius 

(») A large die angle 

(c) Fully work-hardened materials



ll. 

12. 

13. 

14. 

15. 

For redraws of the constrained type the hold-down punch 

nose radius/cup wall thickness ratio should be sufficiently 

large to prevent excessive splaying and unduly high redraw 

loads, but conversely if this ratio is too large there is a 

danger of the cup rim wrinkling during the final drawing-in 

stage. A reasonable compromise between these two extremes 

is a ratio of 5 - 6. 

Theoretical studies of splaying behaviour have been carried out 

using an energy approach. Reasonable agreement was shown with 

experimental evidence. 

Two theories are proposed for predicting splaying in fully 

work-hardened materials. The first or 'tangential' theory will 

always slightly over-estimate splaying whilst the second or 

"hyperbolic! theory is closer to the majority of experimental 

evidence but appears to give a slight under-estimate. 

Experimental points in constrained redraw tests were found 

to lie within the bounds of the two theories. 

An expression for splaying in unconstrained redrawing was 

obtained by combining the 'hyperbolic' theory with Fogg's 

theory of free-zone geometry. Correlation with experimental 

evidence is reasonable although Fogg's theory appears to over- 

estimate bending severity by 10 - 20%. 

A theoretical study was made into the effects of work-hardening 

on splaying. Theory suggests that splaying increases as the 

ratio rate of work-hardening/current yield strength decreases, 

and is therefore qualitatively in agreement with experimental 

evidence. (conclusion 8). 
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15. FUTURE WORK 

The highest cup radius/wall thickness ratio redrawn in the 

experimental programmes was 50, whilst the actual range covered in 

constrained redraws was also limited (30 - 50). In industry it is 

common to redraw cups with a ratio up to 250. Additional work to extend the 

cup radius/wall thickness ratio range would be of value both in supplying 

further experimental data and checking theoretical predictions. 

Research was confined to direct redrawing arrangements. There is 

however no reason to believe that splay results will not apply equally 

well to indirect redrawing arrangements. Tests are required to confirm 

this proposition. 

Research has provided information on splaying behaviour. It was 

demonstrated conclusively that the phenomenon is associated with a 

reduction in redraw load. Therefore the oniy potentially detrimental 

effect of splaying is fracture at the cup rim. To determine when this 

situation will arise work is needed on fracture criteria. The cirzumferential 

stress system in the cup rim when splaying is one of uniaxial tension. It 

should be possible to arrange fairly simple tests on work-hardened cups to 

investigate their ability to withstand splay strains. Tensile tests on 

peripheral rim slivers may provide the necessary information or an even 

more straightforward test may be to flare actual cups with a well lubricated 

tapered plug. 

425



16. ACKNOWLEDGEMENTS 

The author wishes to make the following acknowledgements : 

(2) 

(2) 

(3) 

(4) 

To the board of directors of Tube Investments Limited 

for sponsoring the research, and to directors of the 

Steel Tube Division Development Engineering Department, 

especially Mr. G. R. Hall, for their assistance in 

launching the project and making available necessary 

facilities and equipment. 

To personnel of the development department of 

Accles and Pollock Limited, who found time to manufacture 

the tubing used in experimental work. 

To personnel of S.T.D. Services Linited Workshop who 

arranged for equipment manufacture, and whose willing 

assistance was appreciated throughout the project. 

To Dr. D. H. Sansome of the University of Aston in 

Birmingham for his efforts in getting the work started 

and for acting as project supervisor. 

426



17. 

1. 

2. 

3e 

4. 

De 

Te 

8. 

9 

10. 

ll. 

12. 

REFE 

  

NCES. 

H. W. Swift and others "Deep drawing Research." Fifth 

progress report to Inst. Auto, Engs, 1940, 

E, V. Crane, "Plastic working of metals and power press 

operations." John Wilay, 1938. 

J.D, Jevons, "The metallurgy of deep drawing and pressing," 

Chapmen and Hill Ltd. 1940, 

G, Sachs. "Principles and methods of sheet metal 

fabricating." Reinhold Publishing Corporation, 1951. 

S, Y. Chung and H. W, Swift, “Cup-drawing from a flat 

blank, Part I experimental investigation, Part II analy= 

tical investigation," Inst, Mech, Eng., January 1951. 

D. A. Barlow. "The formability of aluminiwn alloys." 

Engineering, May 11, 1956. 

J, Willis. "Deep drawing." Butterworths Scientific 

Publications 1954, 

J. M, Alexander, An appraisal of the theory of deep- 

drawing." Metallurgical reviews, 1960, Vol. 5, No. 19. 

S, Y. Chung and H. W. Swift. "An experimental investigation 

into the redrewing of cylindrical shells." Inst, Mech, 

Eng., January, 1952. 

S. Y. Chung, "Stress analysis of reverse redrawing of cyl- 

indrical chells." Sheet Metal Industries, May, 1951. 

B. Fogg. "Theoretical analysis for the redrawing of 

cylindrical cups through conical dies without pressure- 

sleeves," Journal Mech, Eng. Science, Vol. 10. No. 2, 1968. 

W. Prager, "Introduction to plasticity." Addison- 

Wesley, 1959. 

427



13. 

14, 

15. 

16, 

17. 

18. 

19. 

20. 

21. 

22, 

23. 

W. M. Baldwin and T. W. Howald. "Folding in the cupping 

operation." Trans, A.S.M., 1947, Vole 38, De 757e 

B. W. Senior, "Flange wrinkling in deep-drawing operations," 

Journal Mech, Physics Solids, 1956 Vol. 4. p. 235. 

E, Siebel, "Hold-down force in deep drawing." Stahl und 

Eisen, January, 1954, p. 155. 

W. Johnson and P. B. Mellor. "Plasticity for Mechanical 

Engineers." 1D. Ven Nostrand Company Ltd., 1962. 

R, Hill. "The mathematical theory of plasticity," 

Oxford, 1950. p. 317. 

R. L. Whiteley, The importance of directionality in 

drawing - quality sheet steel," Trans, A.S.M., 1960. 

Vol. 24, p. 154. 

M, Atkinson and I, M, Maclean. "The measurement of normal 

plastic anisotropy in sheet steel." Sheet Metal Industries, 

April, 1965, p. 290. 

R, T. Holcomb and W. A. Backofen, "An evaluation of anisotropy 

for drawability control by plene strain compression testing." 

Inst, Sheet Metal Eng, Int, Deep Drawing Research Group, 

Colloquium, London, 3rd. June, 1964, 

G, G, Moore and J, F. Wallace, "The effect of anisotropy 

on drawability in sheet metal forming.” Inst. Sheet Metal 

Eng. Int, Deep Drawing Research Group. Colloquium, 

London 3rd, June, 1964, 

D. V. Wilson, "Plastic anisotropy in sheet metals." Journal 

Inst, Metals, 1966, Vol. 94. - p. 84. 

L, Lilet and M Wybo. "An investigation into the effect of 

plastic anisotropy and rate of work-hardening in deep drawing," 

Sheet Metal Industries, October 1964. p. 783. 

428



24, 

25. 

27. 

28, 

29. 

30. 

31. 

32. 

336 

34, 

B. Fogg, “The relationship between the blank and product 

surface finish and lubrication in deep-drawing and stretching 

operations," Sheet Metal Industries, February, 1967, p.95. 

E. M, lexley and P, Freeman. "Some lubrication effects in 

deep-drawing operetions." Journal Inst, Petroleum, WNo.370, 

October, 1954, p.299. 

J. F, Wallace, "Improvements in punches for cylindrical 

deep drawing," Sheet Metal Industries. December, 1960, 

P, W. Whitton and D. R. Mear, "An investigation of Swift 

cupping test correlation and the influence of tool and material 

surface finish on the test results," Sheet Metal Industries, 

Cetober, 1960. p. 743. 

O. H, Kemmis, "The assessment of the drawing and forming 

qualities of sheet metal by the Swift cuy-forming test." 

Sheet Metal Industries, March, 1957, p. 203. 

S. Fukui and others, "The effect of surface roughness of 

sheet and tools on deep-drawebility." Sheet Metal Industries, 

October, 1963, p. 739. 

E. A. Evans, H, Silman and H. W. Swift, "Lubrication in 

drawing operations," Sheet Metal Industries, October 1947, 

pe 1995. 

D. H. Lloyd, "“Iubrication for press forming ~ 2," Sheet 

Metal Industries, July, 1963, p. 477. 

D. R. Mear, H. H. Topper, and D. A. Ford, "The use of 

organic polymers as lubricants in deep drawing." Sheet 

Metal Industries, July, 1963. p. 477. 

EH. T. Coupland and W. Holyman, "Laboratory and press-shop 

examination of some dry-film lubricants," Sheet Metal 

Industries, January, 1965, p. 7. 

H, 1. Coupland and D. V. Wilson, "Speed effects in deep 

drawing." Sheet Metal Industries, February, 1958, p. 85. 

429



  

356 

36. 

376 

38, 

390 

40, 

41. 

42, 

43. 

456 

G, Sachs and G, Espey. "The measurement of residual stresses 

in metal - Part I," The Iron Age, September 18, 1941, 

A. A. Denton, "Determination of residual stresses," 

Metallurgical Reviews 1966, Vol. 11, 

G, Sachs and G. Espey. "The measurement of residual stresses 

in metal = part II," The Iron Age, September 25, 1941. 

H. W. Swift, "An experimental study of the drawing of 

a cylindrical cup." Third progress report No, 9110 3B, 

Class 81,51 to Inst, Auto. Engs, November, 1938, 

J. R, Wallace, "An assessment of simvlative testing for 

presswork," Journal, Inst, Metals, 1962-3, Vol. 91, p. 19. 

L. R. Hawtin, "Recommended procedure for performing the 

Swift cupping test," Sheet Metal Industries, May 1969, 

pe 418 - 421, 

E, M, Loxley and H, W. Swift. "The wedge drawing test," 

Ninth progress report No. 194415. to Inst, Auto. Ings. 1944. 

H. W. Swift and others "Deep drawing Research," Fourth 

progress report to Inst, Auto, Engs, 1939. 

R, Norman, "The effect of guiding on punch load in 

redrawing," Internal Tube Investments report, Hinxton 

Hall research on the Metal Flo process, Job Report No, 2. 

Jmuary, 1968. 

We H. Busby and B. Fogg. The deep drawing of High Speed 

steel and low Tungsten tool steel thin-walled cups," 

Inst. Sheet Metal Eng, British Deep Drawing Research Group, 

Colloquium on Heat Treatment and Metallurgy in Metal Forming 

at Aston University, Birmingham, March, 1969, 

E, W. Swift, "Stresses and strains in tube-drawing." 

Phil, Meg, Serial 7. Vol. 40, No.308, = Sept. 1949. 

430



  

431



   A, MEASURE OF FREG-Z0NE PROFILES IN SUNK TUBING, 

Bethel's sinking tests were conducted with low carbon steel 

tube . 14 in. outside diameter, 0,048 and 0,064 in, wall thickness. 

Two die sizes were used 1}, and 1 in, diameter, each with semi-angles 

of 15, 25, 35 and 45 degrees, Diameter and wall thickness dimensinns 

for partially drawm samples are given in Table A). I. Deformation 

profiles were measured using a profilometer end ere reproduced in FIGS, 

Ay. 1 to Aye 16, For each semple the observed point of contact with 

the die is indicated, ‘ 

Theoretical values of the free radius Re to the tube 

outer surface were calculated using equation 4,27 with die-angles meas- 

ured from the experimental profiles. For tube numbers 10, 11, 12, 

14, 15, 16 dram through the 14: in. diameter die the true contact 

angle was less than the die-angle, contact occurring at a point on 

the profile redius, Theoretic2l values of R. ee (outside) as given 

in Table Aj. 2 were superimposed on the plotted profiles. 
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TABLE Aj-l - 

ies Entering tube Exit tube 

od 2 

of 15 3 Outside Wall Outside 
38 a dianeter (in)| thickness (in)| diemeter (in) s_(Gn} 

“ Ags Range JAverage! Range | Average] Range |Average| Range |Averace 

1.497 047 +994 052 a 
2 P| asagg | P2498 1" 050. |e M4F | co95 || -72PE 1 Song | +028 

2048 2996 +052 
2 25 1.498 | 1.498 | .049 +049 | .998 0997 | 2053 0053 

+047 +051 
3 35 | 1.498] 1.498 | .050 2049 | 1,002] 1.002] .054 053 

1.497 +046 1,002 +049 
4 45 | 1.499] 1.498 | .049 2048 | 1.003 | 1.003] .051 +050 

1.498 .062 +992 067 
5 15 | 1.499} 1.499 | .065 2064 | .993 993 | .070 069 

1.497 +062 +996 068 
6 25 1.500] 1.499 | .065 -064 | .999 998 | 069 2069 

1.498 +062 1.001 067 
i 35 1.499 | 1.499 | .065 2064 | 1.002] 1.002] .069 .068 

1.498 062 1.003 2065 
8 45 | 1.499] 1.499 | .066 -064 | 1.004} 1.004] .069 2067 

1.490 046 1.250 049 
9 15 | 1.504] 1.497 | .050 -048 | 1.249] 1.250] .053 2051 

1.497 OAT 1.243 2051 
10 25 | 1.498/1.498 | .049 2048 | 1.247} 1.245] .052 2052 

1.498 047 1.247 051 
11 35 | 1.499] 1.499 | .049 2048 | 1.249] 1.248] .052 052 

1.495 2047 1.246 .050 
a2. 45 | 1.501] 1.498 | .050 .049 | 1.249] 1.248] .052 +051 

1.496 +061 1,241 2065 
dS 15 1,501] 1.499 | .066 2064 | 1.243] 1.242] .069 067 

1.495 2063 1.249 067 
14 25 | 1.502] 1.499 | .065 -064 | 1.250] 1.250] .068 068 

1.497 2065 1,248 2066 
15 35 | 1.500] 1.499 | .065 -064 | 1.249] 1.249] .068 067 

1.498 061 1.246 ~064 
16 45 | 1.499} .1499 | .066 2064 | 1.247] 1.247] .069 067                       
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TABLE A,.2, FREE OUTER RADIUS RE CALCULATED FROM 

EQUATION 4,27 

Tube Die semi-angle at) Tube free outer radius 

somses | fst Bott of te | ae (sn) 
Peale >) 0.810 

2 25 _ 0.487 

3 35 0,362 

4 45 0.290 

5 15 Oro 1s ewer 
6 25 OeSea 33 

eee 35 0.415 od 

pues 45 C8 5Aece ae aaa 

9 15 0.792 

a ae 22 0.548 i 

i 27 0.454 

12 25 04493 

13 15 0,884 

4 | 24 0.588 

15 | 24 0.588 

16 | 23 0,612     
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A DETAILS C#_ TESTING MACHIN. 

  

2° 

    

Noe 1. ‘Testing machine general arr: 

Two views of the machine are shown in FIG. Ay, 1. 

The machine frame was a rigid box-like welded fabrication designed to 

provide a vertical drawing action. Apert from two horizontal platens 

(1), (2) whieh were in, thick the remainder of the frame was built 

in#% in. plete, ‘The two platens, both machined flat and parallel 

on upper end lower surfaces were tied by bolts passing through spacer 

tubes (3) which also acted as load bearing columns, The upper surface 

of platen (1) was used for mounting experimental test rigs, whilst the 

lower surface of platen (2) carried a rotary/linear drive converter 

(4), the latter being accessible via apertures in the front and base 

panels of the machine frame, Drive to the motion converter (4) wa: 

‘supplied by an electric motor (5) through transmission (6). A journal 

pearing (7) was mounted in the bulkhead panel dividing motor and conv- 

erter compartments. 

The moving arm of the converter (4) was coupled to a cross- 

head (8) constrained to move vertically along the two spacer tubes (3). 

A strain-gauge transducer (9) for measuring draw-load was attached to 

the crosshead, alignment being ensured by a projection on the transducer 

fitting a recess in the crosshead. The upper part of the transducer 

was a similar fit in an edeptor (10) which carried the test-piece 

gripping dog ena The dog could pass freely through a recess in the 

platen (1). 

Ape 2, _Rotery/lineer drive converter. 

A standard Duff-Norton inverted 'jactuator' con- 

verted rotary drive fron the motor into linear motion of the drawing 

arm. The unit was an aceurately manufactured werm-gear jack with a 

pelf-lockinz facility. The manufacturer cleined thet loads could be 

held indefinitely without ereep, and due to its inherent accurzey the 
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unit was ideally suited for positional control. 

  

The 'jactuator used in the testing machine was of 2 

    

capacity with a maximum stroke of 6 in., and was capable of tran 

ting 4 horse-power at 500 revs/min, ‘This corresponded to a lin 

speed of 20,8 in/min, 

Ape 3. Drive and speed control, 

To achieve the speed control required by the experimental 

programmes the 'Neco' drive system was employed, This system uses a 

d.c. motor controlled by an electronic unit supplied with an a.c. input. 

In conjunction with the speed control unit a 3 horse-pover motor operat- 

ing at 2000 revs/min. was sufficiently robust to cover all loading cond- 

itions expected in the experimental programmes, 

The 'Neco' system provided smooth infinitely variable speed 

control at constant torque throughout a motor speed range, ‘the control 

unit comprising an auto-transformer, and silicon field and armature rec- 

tifiers, The auto-transformer controlled armature voltage which in tun 

controlled speed. Reversing was carried out manuelly, using a double- 

pole switch incorporating a device for dynamically braking the machine, 

Automatic adjustable cut-out devices were included to stop 

the machine at termination of forward and peter gtrcress This was 

achieved by strikers on the moving crosshead operating electrical limit 

switches which energised relays carrying the armature current. 

Fic. Ape 2. shows the testing machine electrical circuit. 

During the forward stroke the armature circuit was completed via rev- 

ersing switch terminals ae Byes end during the return stroke by 

terninels Moy Bp. Dynamic braking was effected by a resistance connected 

eeross the armature when the reversing switch was operated to the ‘off! 

position (texminals Ay, 3B, or Az, 33) 

The physical errangement of electrical controls is show 

by FIG Ay. 1, An isolator switch (12), reversing switch (13), and 

speed control unit (14) were mounted on the left side of the machine, 
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The striker arms (15) contacted limit switches (16) attached to 

the bulkhead panel, Relays (17) were housed in a separate compart- 

ment, 

Ape 4. Construction of dog loadecell, 

(a) Strain gauge attachment to load-cell body, 

Tinsley epoxy backed linear foil strain gauges 

type ISG9A/2/cN/® were used, ‘The procedure for attaching gauges 

was as follows, 

(1) The backing on each gauge was out dow to suit the load-cell 

gauge area, corners being removed to reduce the possibility of sub- 

sequent lift-off, 

(2) The load-cell gauge area was degreased, roughened with 400C 

grade silicon carbide paper and further degreased, 

(3) Gauges were positioned on the load cell, held in place by a 

band of soft rubber, and left for two days at 100°F, to pre~form 

to the load-cell curvature, 

(4) Araldite strain-gauge cement with hardener HY956 was used 

for bonding mixed in the proportions 100/8 - 10, by weight, A thin 

film of cement was applied to gauge back and loadecell body, Each 

gauge was positioned and retained by a soft rubber pad, the latter 

being held by adhesive tape. After the cement had cured for four 

days at 60 = 70 °F, the quality of bonding was checked and found to 

be satisfactory, 

(b) Strain-gauge wiring. 

(1) Tabs on the bonded gauges were cleaned with 600 silicon paper 

and degreased, Continuity and insulation checks were then made on 

each gauge with an Avometer, 

(2) Terminal strips on insulated backing were attached to the load= 

cell body between adjacent gauges, using an impact adhesive. Mine 

dature p.v.c, coated 7/40 wires were then teken from strain gauge 

tabs to the terminel strips, and out to a socket located in the load- 
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eell cover, After wiring each gauge, continuity and insulation 

checks were made, This procedure was repeated before and after 

wires were taken to the socket. 

(3) On completion of wiring all gauges and terminal strips were 

coated in Di-Jell 171 strain-geuge waterproofing, and to provide 

additional protection a rubber sheath was arranged around the mid- 

section of the load-cell, 
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n_of hold-down punch geometry wi 

11 
expression. 

Providing the constrained radius of bending Re is 

less than the corresponding free radius te the holde-dewn punch will 

be effective in controlling deformation prior to die contact. Before 

designating values of R, it was therefore necessary to compute values 

of Re. 

Fogg's expression is, 

  

where O%¢ is the die semi-angle at point of cup/die contact. 

The situation frequently occurs where %f is less than 

the cie semi-angle OF » contact occurring around the die profile 

redius, A check for this may be made by comparing Re from equation 

(a) putting A = o , with RY calculated from the orthogonal 

situation, 

Epi = Bal.to _ Ry 
B (1-cose) 

Provided Ree Re contact occurs along the conical die-face and eqia- 

tion (a) is valid with of = © . If Rg? Re. however, op is 

not immediately mow in equation (a), ‘The free radius Rg is then 

given by, 
  

ee ete | ede 418 (3-1) Ra 
23(¥-!) o. te 

If required the corresponding die semi-angle at contact may be found 

fron, 

25 2) a tol 8-1) 

v (Ra+ R$) 
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Az. 2. Manufacture of tubine for splay-measurenent test-nieces, 

Table Age 1. gives details of measurements tal 

  

each of the four hollows before drawing. 

All drawing was carried out using Sceap as e lubricant, but 

in eddition low cerbon steel and steinless steel tubes were bonderised, 

Interpass annealing, where necessary, was conducted in « controlled 

atmosphere furnace, 

For intermediate 'breaking-down! passes captive plugs 

were used, but to achieve some similarity with the cold-vorked state 

of a redrawn cup it was planned to complete each tube with a 255 sink, 

This procedure was problem-free with diometer/thiclmess ratios below 

and inoluding 40/1 (0.019 in, wall thickness), However ebove 40/1 , 

and particularly at 100/1, a number of processing problems were encoun= 

tered, 0 sink~=finish to a diemeter/thickness ratio of 100/1 meant 

that the tube after the final plug pass exceeded 100/1, This pass geve 

problems, especielly with those tubes at a high level of prior cold- 

work, It was found that a slight variation in reduction of area, around 

the tube caused a build-up of transverse waves at die-entry, In passing 

through the die the waves became ironed to produce crescent shaped laps 

in the drawn tube. A further problem was encountered in wrinkling when 

sinking from the final plug pass size to finished tube size, Problems 

were relieved by ommitting the 25% sink from test-piece tube sizes 

above a dianeter/thickness ratio of 40/1, and plug drawing to the final 

size, 

Only one of the 38 tube size/cold-work combinations was 

found to be defective after drawing, This wes aluminium at a diemeter/ 

thickness ratio of 80/1 with 50% prior cold-work, ‘The tubing exhib- 

ited gross longitudingal fissuring, the cause of the defect being 

unidentified, FIG, Age 1, illustretes a typicel fissure to 2 megnifie 

cation of 10/1, 

Table Age 2. gives mean dimensions of all test-piece tubing 
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TABLE A, 2. DIMENSIONS OF TEST-PIECES IN SPLAY - 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

3 

MEASUREMENT TESTS, 

i | 
Nominal Nominal Actual Actual | Degree of | 

fas, | Say ine] Sfaia. | ell tak, | none | Material 
wall thk. (ans) (in,) (in.) 6 

0.749 0.0399 | Oo steel 
(105750 85) 91050365 1. h00 bress 

0.750 0.0308 _50 brass | 

20 DViDON Eo n0sfs0e| Nososeeee | O71 = | brane. 
2071 2s 10,749 | _0,0374 0 alum. 

| _O6749__ 0,0378._| __50 alua, 

0.750 0.0378. 67 alum. 
25 0.750 x | 0.748 _ 0.0299 _ 0 _steel____ 

0,030 0.749 0.0299 50 steel 

__0.749 0.0253 20 | steel 
pO 0.750 x 0.753 _| 0.0253 50 | brass 

0,025 0.751 | 0.0242 0 stainless 
0.749 0,0243 i 50 | alum, 

0.750 0.0193 | 50 steel 

0.752 0,0194 50 | press 

40 Cs SOex SM osio5 0.0205 0 stainless _| 
0.019 0.755 0.0205 30 stainless _| 

0.749 0.0186 | 50 elun, 
(4 Gm ste, 012A aii ge00 We Seale 

a 0.750 x | __0.753 0,0121_ | 50 _| dress 
0.0125 0.752 0.0126 50 stainless _ 

0.749 0,0129 50 alum. 
0.752 0.0095 50 steel 

80 Cate ROUTAT 0.0093 | 50 __| brass 
eae 0.750 0.0095 50 stainless_| 

0.751 0.0076 0 steel _ 

0.752 0.0076 50 steel eee 

0.752 0.0076 67 Pein 2 

0.750 0,0078 ° stainless _| 

100 e150 sz. | ean 756 0.0081 50 stainless 
0.0015: ie 0.755 0.0081 67___—i| stainless | 

0.750 0,008 one 

0.748._| 0.008 | __50 
0.749 0.0082 67                     
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which was subsequently redrawn in the spley-measurement programme, 

Az. 3. Zags ne of 

  

wmeasurenent test-nieces,   

(a) Develoment of procedure, 

  

Initial trials were carried out on a hydravlie press 

with the arrangement shown in FIC, Age 2a, the length of the adaptor 

bore L being equal to the test-piece test length, To meintein the 

transition from teg diameter to test-piece diameter short, single curv~ 

ature dies of 3/16 in. profile radius were used throughout, 

In a first series of tests attempts were made to teg-form 

0.750 in, diemeter, 0,025 in, thick tubes in various materials and 

states of hardness, using a two die procedure, It was planned to reduce 

tubes ‘to 0,630 in, diameter in the first die, but this reduction proved 

unsuccessful, the tube wall collapsing into a bulge at die entry. The 

conclusion was drawn that reductions on 2 two die procedure were excessive. 

Equilibrium of en element during frictionless pressing is 

given by, 

(S1- C3)dr + tdoy = O 

The greatest algebraic principal stress is Og which is smell for thin- 

walled tubes. i.e. C2 BO, The radial stress Oj takes a maximum 

numerical value at die entry where it must not exceed Y for satisfac- 

tory pressing. Therefore according to Tresea's criterion the yield 

condition may be written, 

O= 63 =¥ 

Substitution in the equilibrium equation and integrating gives, 

Gy = al ee) 
To ‘ 

and the pressing force is thus Pe sTtey (© = | «This 

expression was used to calculate a four-stage reduoins procedure in 

which forming loads were approximately balanced ; 
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(a) Press tagging 

  

  

        
          

    
      

  

  

      

FIG, A 3420 
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(b) Lathe tegging 

(for thin-walled 

test-pieces. > 

METHODS OF TAGGING SPLAY-MEASUREMENT TEST-PIECES,



Stage tag diameter Cin.) diameter reduction % 

0 : 0.750 < 

i 0.655 12 

2 0.600 ek 

3 0.559 ae 

4 0.525 6 

In further tagging tests it was found that 0.750 in, diameter, 0.025 in. 

thick tubes could be reduced without the tube collapsing, but final tags 

were slightly bent. The problem commenced in the first stage and became 

accentuated in later stages. It was overcome by inserting a further 

light reduction stage in the procedure, es indicated; 

    

Stage tag diameter Cin.) dieneter reduction % 

0 0.750 os 

a 0.700 6 

2 0.655 & 

3 0,600 gh 

4 0.559 7 
5 0.525 6 

This procedure was followed throughout the remainder of the programme. 

Chlorinated mineral oil was used as the forming lubricant, 

(b) Additional problems, 

A problem was encountered in extracting test-pieces from 

dies after stages were completed due to the formation of a bell mouth at 

the open end of each tag, the 'bell' being of larger diameter than the 

éie eee With the thicker walled test-pieces (above 0,0125 in. thick) 

it was possible to remove the test-piece by reversing the die in its hol- 

der and using 2 knock-out piece, This procedure proved wmsatisfactory 

with the thinner test-pieces (which tended to spring most), since any 

damage to the teg-end frequently led to failures in following steges 

where folding of the tag occurred in regions of previous damage, To 

cirewnvent the problem a different reducing arrangement was adopted for 
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the thinner walled tubing and is illustrated in FIG, A,. 2b. The test- 

piece was loeded into e collet (1) attached to the spindle of a centre- 

lethe, and abutted a stop (2), The stop served 2 dual purrese, it 

acted as a positioning device for the testpiece, and also carried most 

of the axial forming load when the die essembly (3), fitted in the 

tailstock, was adverced, Grip supplied by the collet wes sufficient 

to retain the test-piece when the die assembly was retracted over the 

bell-mouth, 

Although the above procedure enabled thin-walled test-pieces 

to be produced, the scrap rate was higher than with thicker ones, 

The main reason for this was folding at the tag mouth. Usuelly if this 

region was passed successfully there was little denger of buckling further 

along the tag. It was originally thought that folding problems for 

any particular tube would be most severe in the initial reducing stages, 

when the diemeter/thickness ratio was largest. However this did not 

prove to be the case and the likelyhood of folding generally increased 

with overall reduction, A prime reason for this was a gradual detere 

ioration of surface finish, particularly with brass where surface fiss- 

uring and pitting occurred, For the 0.0075 in. thick brass test-pieces 

fissures developed of sufficient magnitude to cause folding, FIG. Age a ; 

illustrates the condition, Due to this defect it was not possible to 

produce any test-pieces in 0.0075 in, thick brass, 

Another failure mode with thinner tubing was that of bulge 

formation at the transition from tube diameter, This result was common 

with fully soft materials, especially steinless and brass, but was 

absent in highly work-hardened test-pieces, 

(c) Data éerived fron tagging tests, 

Information was obtained upon the variation of tube wall 

thickness with diameter reduction, and the deviation cf final teg diameter 

from die diameter, for the various combinations of tube geometry and 

hardness covered in the splay measurement investigation. 
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Results of wall thiclmess changes with diameter reduction 

are shown for the four materials in FIGS, Ase 4, Age 5s Age 6 and Age Ts 

Within the experimental scatter it was not possible to distinguish any 

positive trend related to prior cold work or tube diameter/thiclmess 

retio, For this reason tabulated data is also included. Steel, brass 

end stainless geve an average thickening some 90%) of the overall diemeter 

reduction, whilst aluminium appeared to have thickened slightly more 

then the corresponding diameter reduction, inferring a shortening of 

the test-piece, 

Deviation of tag diazeter from the final die size is shown 

in FIGS, Aye 8 and ae 9. <A correlation existed between diameter 

deviation and original tube diameter/thiclmess ratio, but again the 

influence of prior cold-work was not strong, Deviation wes apparently 

a function of the materials elastic properties, brass and stainless 

springing more than aluminium or steel, 

; zeke Chemical anslysis of splavemeasurement test-piece material, 

Low carbon steel. 

  

Carbon - 0.098 % Carbon - 0.066 % 

Silicon = 0,26 % 4 Silicon =<) 0:51 % 

Manganese - 0.46 % Manganese - 1,4675 

Sulphur - 0.034% Nickel So 9.60 % 

Fhosphorus - 0,013 9% Chromiun = 17.20% 

Molybéenum = 0.63 4 

Sulphur = 0,007 % 

Phosphorus = 0,023 % 

Titanium - None found. 
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Fic, 434 INCREASE IN WALL THICKNESS WITH DIAMETER REDUCTION 

FOR FRESSING, MATERIAL LOW CARBON STEEL, 

40 | 

30 

20 

Wa
ll

 
th

ic
ke

ni
ng

 
% 

10 

0 10 20 30 40 

  

Diameter reduction from original tube 7% 

  

Diameter 
reduction : Wall thickening % 

  

(he J lisiou 475.185.714.4) 5.71bss6| 4,0) 62.0 e.55. 359 
12,6 [12,7 10,8 10,8112 9.8 83 8.9 7.2 8.9 768 

20,0 _|17,2 17.9 _16.2.17.3 15.1 13.9 16.1. 15.5. 15,2, 15.6 
[25.5 mulleesouee.s 19,6 21.8. 19.6 19,0, 22.1 
prot eee ‘ ae 

30.0 _,26,0_.27.4._29,0.28,8 25.2 | 24.8, 2744, 26,8 26,6 28.6 
Original — | | | ee | | 

wall | \ | 
egeipess 0,0401 0,000 0.0297 oo 00194 0,014 ONo7 pee 

eats | | 

| 

  
    

    

ae 

50 | 50 | 0 
| 

cold-work oO 50 0 50 | 50 |. 50: 67 
(nominal) % | | |   | | 
Prior | | | | | 

| | | 
| |   
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FIG,A. 

FOR PRESSING, 
Wa
ll
 

th
ic

ke
ni

ng
 

% 

Diameter reduction from original tube % 

3° INCREASE IN WALL THICKESS WITH DIAMETER REDUCTION 
MATERIAL 70/30 BRASS. 

  

  

  

  

  

  

  
    

  

  

Diameter 

ane Wall thickening % 

oslo é , : OS et 

ee ae a es le re | 4,2 

12.6, 42,0 | 12.4 | 8.9 | 921 | 10.4 | 102 

20,0 | 3862 | 26,1 | 15.7 2504 257 | 2765 
95,5 | 23.4 | 21.3 | 19.4 | 20,6 | 21.4 | 25.0 

SOBEL 27.8 a |e 25.5 | 2a 245 276 ees 
Original — | | 

wall 1 | | } 
thickness +0368 0,0361 0.0371 0.0253 0.0192 0.0120 

(in.) | | | [oy See | a eae 2 

Prior { | | | | | 

cold-work Odseg ss, SOM ee te G7, BO hall 500-27 BO 

(nominal) % ' 

| 3004 

33 
8.7 

Seco 
25.0 

  

| 
| 0.6092 

| 
| 
tee   
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FIG, A366 INCREASE IN WALL THICKNESS WITH DIAMETER REDUCTION 

FOR PRESSING. MATERIAL 1304 STAINLESS STEEL, 
Wa
ll
 

th
ic

ke
ni

ng
 

% 

  

Be 

0 10 20 30 40 

Diemeter reduction from original tube % 

  

  

    

  

  

  

  

  

  

Diemeter 

Reduction Wall thickening % 

h 

6.6 4,14| 4,16 | 4.42 | 5.41| 3.2 | 3.21 7.8 | 3.8 | 3.8 | 
12.6 949 | 8633 [1163 | 909 | 96 8.4/15.0 7.5 | 765 
20.0 15.7 (14.6 17.7 [14.3 | 15.4 | 15.8 | 20.8 15.0 

25.5 19.0 [18.8 [22.6 [19.7 | 20.8 | 18.9 | 26,0 18.8 

30.0 28,1. (23.0 |28.4 | 22,6 | = 2542 | 32.2 | 25 

Original | | 
wall — 0,0242 '0,0240/0,0204, 0.0203 0,C13 0.0095, 0,0077,0.0080! 0,0080 

thickness) j 

(in.) 

Prior                       Gams] 2 | |e fe | | ele | mt 
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Boe FIG, 3 

40 

INCREASE IN WALL THICKNESS WITH DIAMETER 

REDUCTION FOR PRESSING, 

  

MATERIAL PURE ALUMINIUM, 
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ww 
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oS 20 
zg 
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ey ! 
° 10 20 30 40 

Diameter reduction from original tube % 

Diameter 
reduction Well thickening % 

% & 

6,6 4.6 5.4 | 4.84 4.6 469 | 167 | 664 | 52 | 663 
12.6 11.1. 10.0 10.2 10.0 10.9 | 8.4/ 12, 8.9 

20.0 17.6 18,1 |18.6 | 17.0 117.5 | 14.3 | 19.2; 19 

25.5 24,2 24,5 | 23.2 | 23.7 21.8 | 23.6 | 25.6 21.8 | 24 

30.0 32,2 32,0 | 35,0 | 27,8 | 26,4 | 33.6 | 30.8 26.8 | 30.4 
Original | | 

wall | | i 
EAiGicican: pee ee 0.0372'0.0241 0.0183 0.0119) 0.0078 0.0078 0.0079 

(in.) | i | 
; + 

Prior cold- | | 
work £80. } BO.2RP67e 50581250 50 oO 50 67 
(nominal) % | | | 
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+1.0 Tot TT 7 
t - Low carbon steel, 

oe    
   

% SEeLrebett Tora 
Original diameter/thickness ratio. 
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if + 

Symbol notation i Prior cold-work zero 

Prior cold-work 507 

Prior cold-work 67/5 

8 TUBE DIAMETER DEVIATION FROM DIE SIZE AS A 

FUNCTION OF ORIGINAL DIAMETER/THICIONESS 

RATIO, TUBE PRESSED THROUGH 307% DIAMETER 
REDUCTION, 

FIG, Aye 
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+2.0 TTT 
1304 Stainless steel 

    

BY e . °o
 

sHHH+66--+4} 
f Cit 

Original diameter/thickness ratio 
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FIG, A369 TUBE DIAMETER DEVIATION FROM DIE SIZE AS A 

FUNCTION OF ORIGINAL DIAMETER/THICKNESS RATIO, 

TUBE PRESSED THROUGH 30% DIAMETER REDUCTION. 
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Ae 08 Preparation of splay-measurement test-pieces for redrewine, 
  3 

(a)  Btehing solutions, 

Low carbon steel: 

70/30 brass: 

99.5 % pure aluminium: 

7304 stainless steel: 

(bv) Inbricent. 

50 % solution of hydrochloric acid at 

room temperature with added 0,1 7 

Armohib 28 inhibitor, Time of immersion 

2 minutes, 

10 % solution of sulphuric acid at 50 - 

70°C. Time of immersion 5 minutes, 

20 = 21 gm./litre of caustio soda at 

       room temperature, Time of immersion 

2 minutes, 

  

hydrofluoric acid by 

volume at room temperature, Time of 

immersion 5 minutes, Followed by 

immersion in 'titox' oxalate solution 

for 10 minutes at 40°C, 

Textile soap, comprising stearates and oleates, at 60 - 

TO°C.. Steel, brass and aluninium test-pieces allowed to air dry. 

Stainless test-pieces heated for half-hour in an oven at 120°C to bake 

on soap film, 
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Mean test—| Distance Mean test-| Distance | Mean test— 
piece rim | along piece piece rim along piece 
distance test-piece | diameter distance test-piece | diameter 
from die from die relative from die from die relative 

to standard to standar 

(in.) Cin.) (in. ) (in. ) (in. ) Cin.) 

21.000 -0,0005 1.000 -0.0003 

0.600 +0.0046 0.600 +0.0003 _ 
1.000 0. 300 +0.0049 1.000 |_0.300 40,0009 

0. 200 +0.0046 0.200 +0,0007 

0-150 +0..0028 0.150 =0..0009 
{| 0,100 _| -Q,0070 _| | 0.100 | 0.0074 | 

0.050 | 0.050 ~0.0282 

0.000 0.000 -0,0783 

0.600 +0,0001 0.600 |_ =Q,0002 | 
0. 300 +0,0049 0. 300 .| +0.011 

0.600 0.200 +0.0048 0.600 0.200 40,0007 

0.150 40.0026 0.150 =0..0007. 
0.100 0.0069 0.100 ~0.0076 
0.050 -0,0331 0.050 0.0281 
0.000 -0.0871 0.000 -0.0784 

0.298 +0,0010 0.293 40,0018 _ 
0. 200 +0..0039 0-200 +0,.0C07_| 
0.150 +0,0018 

5296 0.100 -0,0075 peor 04.100 0,076 
0.050 00332 0.050 0.0284 _| 
0.000 | ~0.0869 0.000 -0,0788 
0.198 +0,.0072 0,202 +0,0105 
0.150 -0,0005 0.150 +0.0010 
0.100 a es - 0.198 0.0129 0.202 0.100 0.0113 
0.050. -0,0383 0.050 -0,0327 
0.000 -0.0894 0.000 -0 0809 
0,151 +0.0127 0,152 +0,0199 | 

0.100 0.0101 0.100 -0,0044 
0.1 0.152 = a 0.050 0.0410 +22 0.050 =0,035 

0.000 -0.0920 0.000 0.0843 

0.107 +0.0121 Q.104 +0,.0245 

0.107 0.050 |_~0,0358 0.104 0.050 -0.0249 

0.000 | _-0,0031 0.000 0.0846 
0.055 0,055 ~0,0075 0.049 0,496 +0.0127 

0.000 ~0.0880 0.000 =0,0720 
0,008 | 0,008 -0.0859 0,016 0.016 =0,0543               
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Table runberd. 2 Test number 21F(A Table ribo h.24 Test number22F(A 

Mean test—| Distance limaan test- Mean test-| Distance |Mean test— 

piece rim j; along piece piece rim along piece 
distance test-piece | diameter distance test-piece | diameter 
from die from die relative from die from die relative 

to standard| to standard 

(in.) (ins) - (in.) (in.) (in. ) Cin.) 

1.000 +0.0052 1.000 +0.0056 

0.600 40,0042 0.600 +0.0044 
1.000 0.300 +0.0046 1.000 0. 300 +0.0049 

0.200 +0.0048 0.200 +0.0052 

0.150 40,0042 | 0.150 +0.C050 | 
+0.0018 0.100 |_+0.0035 

0. 0.0137. 0.050, -0.0085 
0.000 -0,0639 ie 0.000 -0.0572 

0.600 +0.0052 0.600. +0.0058 
0.300 +0.0045 0.300 +0.0046 

0.600 0.200 40.0047 0.600 0.200 +0,0051 
0.150 +0.0042 0.150 +0.0050 

0.100 +0.0018 0.100 +0.0036 

0.050 ~0,0135 0.050 -0,0081 | 
0.000 -0.0637 0.000 -0.0570 

0.297 40.0056 0.308 +0.0062 

0.200 +0.0045 0.200 +0.CO47 
0,297 {02350 +0.0040 0.308 |- 0250 +0.0047 | 

0.100 __| 40,0016 0.100 +0.0035 
0.050 ~0.0137 0.050 
0.000 0.0639 0.000 : 
0.197 +0.0100 0.206 +0.0078 | 

0.150 +0.0051 0-150 +0.0050 

0.197 9.100 -0.0014 0,206 0.100 +0.0024 
0.050 -0.0166 0.050 -0.0086 
0.000 0.0659 0.000 70.0568 | 

0.149 +0.0207 0.156 +0.0135 

0.149 0.100 +0.0023 0.156 0.100 +0.0026 

0.050 =0.0213 0.050 -0.0122 
0.000 0.0705 0.000. 0.0583 

0,097 +0,0295 0,111 +0.0254 

0.097 onpse -0.0136 0,111 0.050 =0.0129 
0.000 =0.0732 0000 30.0631 | 
0.050 +0,0251 0,059 +0.0309__ 

Cc ee leoveco -0.0616 lines 0.000 =0,0603 
|___0.017 0.017 -0,0182 0.021 0,021 +0.0050         
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Table numbers, .25 Test number 23F(A Table nunberA,. 26 

  
Test number24R(A 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

      

  

  

        

              

Mean test—| Distance Mean test— Mean test-| Distance |Mean test— 

piece rim | along piece piece rim along piece 
distance test-piece ; diameter distance test-piece | diameter 
from die from die relative from die from die relative 

to standard to standar 

(in.) Cin.) Cin.) (in.) Cin.) (in.) 

1.000 +0,0054 1.000 40.0043 

0.600 +0,0053 0.600 +0,0024 
1.000 0. 300 +0.0053 1.000 0. 300 +0,0019 

9. 200 +0 .0056 0.200 +0,.0020 
0.3150 +0,0055_ __} 0.150 +0,.0014 

0.100 +0,0054 | 0.100 _/ -0,0024 | 

| 0-050 | -~0,0012 | 0.050 0.0213 
0.000 -0.0467 0.900 -0,0738 

0.600 +0, 0063 0.600. +0,.0043 

0. 300 +0,0055 0. 300 +40.0026 | 
0.600 0.200 +0,0057 0.600 0.200 +0.0023 

0.150 +0,.0056 0.150 +0,.0018 _| 
0.100 +0 0053 0.100 ~0,0024_| 
0.050 -0,.0016 0.050 -0.0212 
0.000 00484 0.000 -0.0742 
0.305 +0.0059 0,303 +0.0050 

0. 200 +0,0058 0.200 +0.0028 

0.305 0.150 40,0058 0.303 0.150. }_ +0,0024 | 
0.100 40,0055 0.100 -0.0018 

0.050 -0,0011 0.050 ~0.0206 

0.000 70.0474 0.000 -0.0738 
0.205 +0.0063 __| | 0.205 _| +0,0069 
0.150 40,0056. 0.150 +0.C023 

0.205 0.100 +0.0053 0.205 0.100 ~0,0029 
0.050 -0,0013 0.050 -0,02]4 
0.000 -0.0470 rose 0.000. -0.0742 

0.150 +0.0078 0.156 +0.0134 | 
0.150 0.100 +0,0044 0.156 0.100 =0,.0035 

0.050 -0,0035 0.050 0.0249 

0.000 0.0476 0.000 ~0.0760 

10,103. +0.0174 0,106 +0.0206 
0.103 0.050 -0,0015 0.106 0.050 ~0,.0224 

0-000 -0,.0505 0.000 =0.0789 

0.084 r Testepiece rim ———] 0,050 £4650 to.C156 | 
became wrinkled. peed ue 

- . 0.014 0.014 -0,0401 
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Table sapere Test number 257(A) Table number, ,28 Test numberg6n(A) 

  

Mean test- 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

      

      

Mean test—} Distance Mean test-| Distance |Mean test— 
piece rim | along piece piece rim along piece 
distance test-piece | diameter distance test-piece | diameter 
from die from die relative from die from die relative 

to standard to standar 

(in.) (in. ) (in.) (in.) (in.) (in. ) 

1.000 +0,.0056 1,000 40,0077 
0. 60 1_+0,0064. 0.600 40,0064. 

1.000 04300 | 40,0061 1.000 0. 300 40.0062 
0.200 +0.0065 0.200 a +0,.0066 

0.150 +0..0060 0.150 40,0065 
| 0,100 +0 0035 | 0.100 _| +0,0039 _| 

0.050 ~0.0133 __ 0.050 0.0091 

0.000 ~0,0666 0.000 -0.0587 

0.600 +0006] 0.600 40.0078 

95300 _+0,.0062 0. 300 40,0064 
0.600 0.200 +0,0064 0.600 0.200 +0,0069 

0.150 +0.0061 0.150 +0.0064 

0.100 +0 ,0037 0.100 | 40.0042 _ 

0.050 0.0128 0.050 -0,0091 

0-000 =0,0664 0.000 ~0,0585 
0,300 +0.0059 0.300 +0.0078 

0. 200 +0,.0067 0.200 +0,.0061 
0.300 0.150 +0.0065 0.300 }-0-150 |_+0.0060 

0.100 40.0039 {_0.100 +0,0040 

0.050 0.0128 0.050 -0.0091 

0.000 0.0664 0.000 ~0 0583 
0.205 +0.0069 0.192 +0.0106 

0.150 +0.0064 0.150 __|_+0.C070 

0.205 0.100 +0.0036 0.192 0.100 40.0024 

0.050 -0,0128 0.050 -0.0108 
0.000 =0,0662 0.000 -0.0592 
0.155 +0.0116 0.151 +0.0174 

0.100 +0,.0018 0.100 +0 .0036 

on 0.050. =0,0157 eet 0.050 0.0148 
0.000 0.0679 0.000 =0.0620 

0,110 +0 0187 Q,097 40,0262 

0.110 0.050 -0.0168 0.097 0.050 -0,0098 
0-000 0.0710 0.000 0.0668 
0,059 +0,0178 0,053 +0.0292 

C057 0.000 =0,0686 ee 0.000 ~0,0588 
0,018 0.018 | -0.0140 0.012 9.012 0.0175           
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Table nunberts.29| Test number27F(A) Table Pubes 230 

  
Test number 2er(A 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

    

Mean test—} Distance Mean test— Mean test-| Distance | Mean test— 
piece rim | along piece piece rim along piece 
distance test-piece | diameter distance test-piece | diameter 
from die from die relative from die from die relative 

to standard| to standar 

(in. ) Cin.) (in.) (in.) (in.) (in.) 

1.000 +0 .0043 1.000 -0,0040 

0.600 +0,0039 0.600 +0.0009 _| 

1.000 0. 300 +0.0037 1.000 0. 300 +0 ,.0008 
0. 200 +0.0038 0.200 +0,0007 
0.150 40,0042 0.150 =0,0009°_| 

0.100 +0.0033 —0.100 |_=0,0096 | 
| 0.050 0.0036 0.050 -0.0328 

0.000 _=0,0480 0.000 -0.0840 
0.600. 1 40,0039 0.600 00028 

| __0. 300 _+0,0037 0. 300 40,0014 
0.600 0.200 40,0040 __| 0.600 0.200 +0,0008 

0.150 +0,0042 0.150 -0,.0007 
0.100 +0,0035 0.100 -0,0090 

0.050 0.0036 0.050 0.0320 | 
0.000 ~0.0484 0.000 -0,0835_| 

0.292 +0.0040 0.302 0.0029 

0.200 40,0041. 0.200 =0,.0002 | 

0.292 | 0.150. | +9.0043 0.302 + 0.150____|_=0,0006 _ 
0.100 40.0036 _ 0.100 =0,0090 | 
0.050 00033 0.050 -0.0316 
0.000 0.0483 0.000. -0,.0831 

0.195 +0 0043 | 0,200 | +0,0022 
0.150 +0.0049 0.150 0.0043 _| 

0.193 0.100 40,0036. 0.200 0.100 ~0.0142 
0.050 =0,0034 0.050 =0.0353 
0.000 0.0483 0.000 0.0854 

0.142 +0.0071 0.153 +0.0076 

00142 0.100 +0,0041 0.153 0.100 ~0,0132 

0.050 0.0045, 0.050 0.0594 
0.000 0.0487 9.000 -0.0877 

0,098 0.098 +0.0159 0.104 +0.0104 
0.104 

0.050 -0.0057 0.050 0.0334 

0.000 =0,0517. 0.000 =0,0889 
0,057 +0,0234 0,054 +0,0019 

03057 lmatato -0.0518 9.054 _|%0:000 0.0809 
0,022 0,022 +0,0121 0.017 0,017 =0.0559                 
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Table number A, . a Test number 29F(A Table nunberAs ,32 Test number30F(A 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

    

Mean test—| Distance Mean test— Mean test-| Distance T wean test— 

piece rim | along piece piece rim along piece 
distance test-piece | diameter distance test-piece | diameter 
from die from die relative from die from die relative 

to standard| to standar: 

(in. ) (in.) Cin.) (in.) (in.) (in. ) 

1.000 0.0001 1.000 -0.0005 

0.600 -0,0008 0.600 +0,.0001 

1.000 0. 300 ~0.0006 1.000 0.300 +0 ,.0005 
0. 200 0.0014 0.200 +0.0004 

0.150 ~0,0023 | 0.150 -0.0007 

+ 0.100 _ | =0,0079 _ | O.100  __|_=0,0067 _| 
0.050 | -0,0277 0.050 =0.,.0266 
0.000 -0.0787 0.000 ~0,0770 

0.600 +0,.0003 0.600. =0 0020 

|__0-300 _|_-~0.0010 0. 300 +0,0004. 
0.600 0.200 -0.0010 0.600 0.200 40.0003 

0.150 0.0019 0.150 -0,0008 _| 
0.100 -0,0077 0.100 ~0,0065 

0.050 0.0278 0.050 =0,.0267__| 
0.000 =0.0780 0.000 0.0773 
0.302 +0,0015 0.293 +0,0011 

0.200 0.0013 0.200 40.0004 
0.302 0.150 ~-0.0022 0.293 |_ 0.150 |_ =0.0009 _ 

0.100 0.0080 0.100 0.0067 | 
0.050 0.0280 0.050 0.0270 
0.000 ~0,0786 0.000 =0,0774 | 

| 0.205 _| 40,0080 _ 0,196 40,0078 
0.150 ~0.0027 0.150 =0,.0001 

0.205 0-100 0.0132 0.196 0.100 =0.0114 
0.050 ~0,033] 0.050 =0.0320 
0.000 -0,0811 0.000 ~0,0808 
0.155 +0.0165 0.147 40,0159 _| 

0.155 0-100 0.0097 0.147 0.100 0.0057 

0.050 =0,0376 0.050 =0,0352 
0.000 -0.0856 0.000 -0,0844 

0,107 +0.0215 . 0,097 +0.0199 
0.107 0.050 0.0289 0.097 0.050 0.0234 

0.000 ~0.0870 0.900 -0,0840 

: 0,055 +0,0163 0,053. +0,0143. 
O20) 0.000 | 0.0745 ees 0.000 -0,0719 
0,014 0.014 -0.0565 0.011 0,011 0.0720               
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Table manber 34 Test number31F(A) Table pas 034 

  
Test number 32F(A 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

      

    

Mean test—| Distance Mean test— Mean test-| Distance | Mean test- 

piece rim | along piece piece rim along piece 
distance test-piece ; diameter distance test-piece | diameter 
from die from die relative from die from die relative 

to standard| to standar 

(in.) (in. ) (in.) (in.) (in.) (in.) 

1.000 0.0000 1.000 -0.0012 

0.600 40,0004 0.600 ~0,.0002 

1.000 0. 300 +0.0004 1.000 0. 300 -0,0002 

95200 +0,.0006 0.200 ©,0000 
0.150 +0,0002 0.150 0.0001 | 

{ 0-100 | _=0,0026 | 0.100 __| 0.0015 _ 
0.050 -0.0173 0.050 -0,.0119 
0.000 -0.0671 0.000 0.0584 

0.600 40.0002 0.600 =0,.0004 | 
0. 300 +0,.0005 0.300 -0,00).2 

0.600 0.200 +0,0005 0.600 0.200 +0,0001 

0.150 40,0002 0.150 +0,.0001. 
0.100 ~0.0025 0.100 -0,0015 

0.050 -0,0175 0.050 -0,0121 | 
0.000 -0.0672 0.000 -0.0588 

0,294 +0,0008 0,292 0.0012 

0. 200 +0.0006 0.200 +0,.000] 

0.150 +0.0002 0.150 9.0000 __| 9 ES 0. 
O.24 0.100 0.0024 OeE2e 0.100 0.0013 _| 

0.050 =0.0173 0.050 -0,0117 
0.000 -0,.0670 0.000 0.0579 _| 

0,194 +0,0031 0,188 _}| 40,0015 
0.150 +0..0005 0.150 +0.0003 _| 

0.194 0.100 -0.0040 0,188 0.100 ~0,0016 

0.050 0.0187 0.050 0,012} 

0.000 -0.0674 es 0.000 -0.0581 

0.150 +0.CO91 0,137 +0,.0063__ 
0.100 0.0043 0.100 0.0010 

0.1 
Cotes 0.050 =0.0229 au 0.050 0.0159 

0.000 0.0705 9.000 -0,0609 

0,093 +0,0182 0,091 +0.0139 
0.093 0.050 -0.0157 0,091 0.050 -0,0127 

0.000 -0,0742 0.000 -0,0653 
0,046 +0,0169 0,048 +0,0157 

0.046 0.048 4 0.000 0.0622 48 [0.000 0.0578 
0.012 | 0,012 -0.0377 0.018 | 0,018 0.0094 _               
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Table rberhy. 59 Test number 33r(A Table number Neue number 

Mean test—j| Distance Mean test— Mean test— | Distance lean test- 
piece rim | along piece piece rim along | piece 
distance test-piece | diameter distance test-piece | diameter 

from die from die relative from die from die relative 
to standard to standar: 

(in. ) (in.) (in.) (in.) Cin.) (in.) 

1.000 =0,0025 1.000 

0.600 0.0005 0.600 

1.000 0. 300 ~0.0010 1.000 0. 300 
0.200 -0,0009 0.200 

0.150 -0,0008 _| 0.150 

4 0.100 ~0,0014 

pees O50! Tr te .0075 
0.000 -0,0514 

0.600 ~0,0019 

0.600 ~0.0007 0.600 0.200 

0.150 ~0,0004 0.150 - 
0.100 -0,0011 0.100 

0.050 0.0068 0.050 ces 
0.000 0.0500 0.000 

0.303 -0.0017 

QO. 200 ~0,0001 0.200 

0.303 0.150 0.0002 |_ 0.150 
0.100 ~0,0007 | 0.100 
0.050 =0.0067. 0.050 

0.000 ~0.0490 0.000 

0,202 0.0016 

0.150 0.0003 0.150 

0.203 poco =0..0006 0.100 
0-050 =0,.0069 0.050 
0.000 0.0521 0.000 

0,158 =0.0008 

0.158 0-100 =0,0008 0.100 

0.050 |_-0,0071 0.050 

0.000 =0.0496 : 0.000 
0,111 +0.0044 

0.111 0.050 -0.0112 0.050 
0.000 01,0524 0.000 
0,067__|_+0,0124 

0.067 0.000 0.0583 0.000 
0.035 | 0,035 +0.0115           
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TABLE Az, 63, 

SPLAY MEASUREMENT TEST PROGRAMME — FREE: PROFILE DATA 
  

  

      

  

  

ener |2F(2) | a(e) | are) | ance) | see) | er) | 70) 
  

x (in.) | SeCin.) AeCin) AvCin.) AxCind ArGin.] Arin.! Artin.) 
  

  

  

0 0 0 0 0 0 0 oO 

0.025 | = 0.0001 0 | 0.0001 | 0.0001 | 0.0002 Se 
0.050 oO 0.0008 | 0.0008 | 0.0007 | 0.0006 0.0007 | 0.0001 - 
  

0.075 O | 0.0033 | 0.0038 | 0.0031 _| 0.0027 | 0.0033 | 0.0003 
  

0-100 | 0.0006 0.0090 | 0.0102 | 0,0097 | 0.0102 0.0074 | 0.0012 
  

| 0.125 |0,0021_| 0.0210 | 0.0237 | 0.0246 | 0.0216 | 0.0164 | 0.0045 | 

0-150 10,0057 | 0.0455 | 0.0505 | 0.0565 | 0.0448 | 0.0294 | 0.0134 

  

  

0.175 |0.0144_ | 0.0692 | 0.0749 | 0.0798 | 0.0664 | 0.0435 | 0.0307 
  

0.200 |0,0311_| 0.0862 | 0.0909 | 0.0942 | 0.0868 | 0.0589 | 0.0624 
  

0.225 10,0571 | 0.0969 | 0.1005 | 0.1032 | 0.0986 0.0743 |_ 0.0853 
  

0.250 |0,0770 | 0.1039 | 0.1063 | 0.1084 | 0.1053 | 0,0887 | 0.0978 
  

  

  

  

  

  

  

  

  

  

                  
0.275 {0.0910 | 0.1083 | 0.1093 - 0.1093 | 0.1001 | 0.1055_ 

0-300 }9,1004 | 0.1105 | 0.1108 | 0.1124 Ee 0.1074 | 0.1095 

0.325 |0,1068 |! 0.1113 | 0.1115 - 0211230) <0.1721)| sO.1U05 

0.350 |0.1107 - - | 0.3332 - | o.ss = 

0.375 a 0.1116 | 0.1117 - 0.1128 - 0.1120 

0.400 10,1131 - - - - 0.1169 - 

0.425 - 0.1115 - - - - 0.1121 

0.450 | 0.1134 - - - - 0.1174 - 

0. 475 [ane - - - - = 0.1120 

0-500 (09,1133 - - - - : = 

0.525 |= - - - = = 0.1119 
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TABLE AL. 84. 
3 

SPLAY MEASUREMENT TEST PROGRAMME — FREE PROFILE DATA 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

ees eF(P) 9F(P) lor(p) | 1F(P) | 12F(P) | 13F(P)| 14F(P) 

x (ins) | AeCin.} AxCin) AvGin.} Acin) AvCin.)) ArGino)! ArCin.) 

0 0 0 0 0 0 0 0 

0.025 0 | 0.0002} 0.0002 - - 0.0001] 0.0002 

0.050 | 09,0003 | 0.0009] 0.0014 © | 0.0001 | 0.0006] 0.0011 

0-075 | 0.0015 | 0.0038] 6.0048 © | 0.0002 | 0.0028] 0.0045 

0.100 | 0.0057 | 0.0113] 0.0122] 0.0005 | 0.0017 | 0.0079] 0.0125 

0.125 | 0,0165 | 0.0267] 0.0241] 0.0027 | 0.0068 |__0.0242] 0.0254 

0.150 | 0.0429 | 0.0518] 0.0383 | 0.0098 | 0.0185 | 0.0482] 0.0399 

0.175 | 0.0747 | 0.0766] 0.0532| 0.0242 | 0.0473 | 0.0743) 0.0550 

0.200 | 0,0932 | 0.0931| 0.0687 | 0.0524 0.0808 | 0.0925' 0,069 

0.225 | 0.1030 | 0.1029] 0.0841] 0.0816 | 0.0977 | 0.1032] 0.0852 

0.250 | 0.1088 | 0.1083] 0,0973| 0.0973} 0.1063 | 0.1088] 0,0986 

0.275 | 0.1215 | 0.1111] 0.1062] 0,1057] 0.1108 | 0.1113] 0.1069 

0-300 | 09,1124 | 0.1122] 0.1219 | 0.1097 |_0.1125 = |) 0eaag6 

0.325 | 0.1128 | 0.1126] 0.1149] 0.1112] 0.1129 | 0.1124] 0.1142 

0.350 - - 0.1163 - ie: a = 

0.375 _| 0.1129 | 0.1128 - 0.1119 | 0.1130 | 0.1126} 0.1155, 

0. 400 = - 0.1170 - a 2 = 

0.425 fe = - 0.1119 = - 0.1157 

0. 450 iS Z 5 = a z 3 

0.475 - - - - - - - 

0.500 iS = i ! = = A 

0.525 - - - - - - =                 
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TABLE. Al. 85. 3 5. 

SPLAY MEASUREMENT TEST PROGRAMME — FREE PROFILE DATA 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

      

ee 15F(P) 16r(P) | 17F(P) | 16F(P) 19F(P) | 20F(P) | 21F(P) 

x (ing) | Ar(in.) AxrCin) Ar(in.} A cling Ax(in,) Artin.) ety 

oO 0 0 0 0 0 0 0 

0.025 - - 0.0001 | 0.0001 | 0.0001 0 | 0.0001 

9.050 | o,0002 © | 0.0007 | 0.0009 | 0.0005 | 0.0003 | 0.0009 | 

0-075 | 0.0002 © | 0.0037 | 0.0053 0.0023 | 0.0018 |_ 0.0050 

0.100 | 0.0013_| 0.0006 | 0.0132 | 0.0153 | 0.0061 | 0.0052 | 0.0132. 

0.125 10,0058 | 0.0040 | 0.0312 | 0.0297 | 0.0139 | 0.0122 | 0.0310. 

04150 | 0.0163 | 0.0135 }| 0.0567 | 0.0451 | 0.0300] 0.0271 | 0.0612 

0.175 |0.0371 | 0.0373 | 0.0821 | 0.0595 | 0.0533 | 0.0539 | 0.0852 

0-200 | 0.0764 | 0.0770 | 0.0992 | 0.0747 | 0.0723 | 0.0749 | 0.0968 

0.225 [0.0966 | 0.0976 | 0.1073 | 0.0897 | 0.0877] 0.0897 | 0.1067 

0.250 |0,1064 | 0.1073 - 0.1020 | 0.0981] 0.0992 | 0.1108 

0.275 10,1103 | 0,1109 | 0.1117 | 0,1088_| 0,1052| 90,1055 | 0.1125 

0-300 |o,1114 | 0,1219 - 0.1120 | 0.1101] 0.1093 - 

0.325 - - 0.1221 | 0.1132 | 0.2230] 0.1213 | 0.1133 

0.350 _|0,1120 | 0,1124 - - 0.1145 - = 

0.375 - - 0.1120 | 0.1137 - 0.1127 | 0.1133 

0.400 |0,1118 - « - 0.1154 - - 

0. 425 = = = 0.1137 - 0.1130 - 

0. 450 - - - - 0.1156 - - 

0. 475 = ee - = m z 

0.500 = 2 & “ = ie é 

0.525 c - - - - ‘ +                 
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TABLE Aye 86. 

SPLAY MEASUREMENT TEST PROGRAMME — FREE PROFILE DATA 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

ale 2en(p) | 23R(P) | 24r(P) | 25r(P) | 26R(P) | 27F(P) | 2eF(P) 

x (in) | Av(in.}) Ar(in) Ar(in.) AxCind Ar(in.)) ArCin.)| ArGin.)! 

0 0 0 ° 0 0 0 oO] 

0.025 oO | 0.0001 0 | 0,0002 0 © | 0.0001 | 

9-050 19,0004 | 0.0008 | 0.0006 | 0.6009 © | 0.0003 | 0.0005 

0.075 |0,0022 0.0035 | 0.0026 | 0,0042 0.0003 | 0.0017 | 0.0023 

0.100 |0.0076 | 0.0108 | 0.0083 | 0.0119 | 0.0016 | 0.0062 | 0.0067 

0.125 [0.0193 | 0.0256 | 0.0206 | 0.0284 | 0.0060 | 0.0161 | 0.0152 

0.150 10.0429 | 0.0564 | 0.0448 | 0.0578 | 0.0155 | 0.0366 | 0.0324 

0.175 |0.0757 | 0.0903 | 0.0700 | 0.0824 | 0.0356 | 0.0723 | 0.0575 

0.200 10,0949 | 0.1048 | 0.0875 | 0.0969 | 0.0680 | 0.0956 | 0.0763 | 

0.225 10.1053 | 0.1109 | 0.0989 | 0.1058 | 0.0904 | 0.1062 | 0.0900 

0.250 |0,1104 - 0.1057 | 0.1105 | 0.1027 | 0.1103 | 0.0993 

0.275 10,1126 | 0.1129 | 0.1094 | 0.1127 | 0.1093 - 0.1054 

0. 300 “ - - 0.1135 - 0.1120 | 0.1094 

0.325 10,1133 | 0.1233 | 0.1117 - 0.1133 = = 

0. 350 3 = - 0.1137 - 0.1121 | 0.1129 

0.375 |0,1134 | 0.1132 | 0.1120 = 0.1139 - - 

0. 400 = a - 0.1137 - 0.1120 |_0,1134 

0.425 |0,1132 - 0.1120 - 0.1138 - - 

0. 450 - - - 0,1136 - - 0.1134_ 

0. 475 a - 0.1119 = s s A 

0.500 Bs e iS ae = 2 = 

0.525 - - - - - - =                 
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TABLE Ase 87. 

SPLAY MEASUREMENT TEST PROGRAMME — FREE PROFILE DATA 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

miner | 29(2) | 3or(z) | sur(e) | sere) | sre) 
x Cin.) | Ar(Gin.) AvCin) AcCin.} AvCind ArCin.) ArCin.)| ArCin.)! 

0 0 0 0 0 0 

0.025 © | 0.0001 | 0.0c01 © | 0.0002 

0-050 | 9,0004 | 0.0005 | 0.0014 | 0.0004 | 0.0005 
0-075 |0,0018 | 0.0023 | 0.0051 | 0.0022 | 0.0013 

0.100 |0.0057_| 0.0051 | 0.0140 | 0.0074 | 0.0051 

0.125 |0,0138 | 0.0139 | 0.0321 | 0.0190 | 0.0153 os 

0.150 | 0.0307_| 0.0301 | 0.0532 | 0.0428 | 0.0323 

0.175 | 0.0580 | 0.0533 | 0.0854 | 0.0759 | 0.0659 

0.200 |0,0786 | 0.0723 | 0.0980 | 0.0943 | 0.0934 

0.225 10,0921 | 0.0877 | 0.1054 | 0.1039 | 0.1054 

0.250 |0,1011 | 0.0981 | 0.1092 | 0.1086 | 0.1105 

0.275 |0.1067_| 0.1052 | 0.2108 | 0.1104 - 

0. 300 = 0.1201 = = 0.1123 

0.325 |0,1114 | 0.1130 | 0.1116 | 0.1113 - 

0.350 a 0.1145 - - 0.1129 

0.375 | 09,1122 = 0.1117_| 0.1111 - 

0. 400 - 0.1154 - - 0.1124 

0.425 | 0.1122 - - - - 

0. 450 a 0,1156 = - - 

0.475 - - - - - 

0.500 2 ~ = ee = 
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6.300 40,0026 0. 300 +0,0020 

0.200 40,0030 _| 0. 200 40,0024 

0.150 40.0031 0.150 +0.0023 

0.300 0.100 +0.0034 0.300 0.100 40.0024 | 
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0.050 40.0022 0.050 +0.0016 
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0.025 0.0015 02.025. 0.0026 
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0.025 -0.0024 | 0.025 0.0026 
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Mean test- |Distance Mean test— Mean test— | Distance Mean test— 

piece rim |along test—|piece piece rim | along test-|piece 

distance piece from | diameter distance piece from |diameter 

from die die relative to from die die relative to 

standard standard 

(in.) (in.) (in.) (in.) (in.) Cin.) 

0. 300 +0.0037 0.300 +0.0037 _| 

0.200 +0,0028 0.200 +0,0031 

0.150 +0,0028 0.150 40.0032 

0.300 0.100 +0,,0030 0.300 0.100 40,0034 | 

0.075 40,0028 02075 40.0030 | 

0.050 +0.0019 0.050 40.0019 
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0.000 ~0,0284 * 0.000 =0,.0279 
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0. 300 +0.0026 0. 300 +0.0022 

0.200 +0.0024 0.200 +0.0016 

0.150 +0.0020 0.150 +0.0016 

0.300 0.100 +0.0026 0.300 0.100 +0.0017 
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}- 200 +0.0040 0.300 +0.0002 _ 

0. 200 40,0033. 0.200 0.0000 _ 

|_0.150 +0 0034 0.150 40,0002 

0.300 0.100 +0,.0035 0. 300 0.100 +0,0001 

0.075 40.0029 | 0.075 __| =-0,0005__| 

0.050 +0,0011 0.050 0.0025 

0.025 0, 0071 0.025 0.0117 

0.000 ~0,0356 0.000 =0,0423 

0.200 40,0035 0.200 +0,0001__ 

0.150 +0,0031 0.150 -0,0001 

0.100 +0.0035 0.100 0.0000 

0.200 0.075 40,0031 0.200 0.075 0.0005 _| 

0.050 +0,.0013 0.050 -0,0026 | 

0.025 -0,.0066 0.025 -0,0117 

0.000 -0.0350 0.000 ~0,.0423 
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0.025 0.0068 0.025 =0,0118 
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0.025 =0,0076 | | 0.025 |. _=0,032% _ 

0.000 ~0,0351_| 0.000 0.0428 

0.073 +0,0152 0,077 +0,0097 

0.073 0.050 +0.0037 0.077 0.050 -0,0010 

0.025 0.0087 0.025 0.0152 

0.000 ~0,0361 0.000 -0.0427 
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Mean test- |Distance Mean test— Mean test— | Distance Mean test— 

piece rim |along test-|piece piece rim | along test-—|piece 

distance piece from | diameter distance piece from |diameter 

from die die relative to from die die relative to 

standard standard 

Cin.) (in.) Cin.) Cin.) (in.) Cin.) 

0. 300 0.0003 0.300 -0,0012 | 

0.200 -0,0001 | 0.200 | -0,0009 

0.150 +0.0001 0.150 -0.0006 

0.300 0.100 +0.0005 0. 300 0.100 0.0005, 

0.075 +9 ,.0004 0.075. 0.0010 | 

0.050 ~0,0010. 0.050 9.0027 __| 

0.025 -0,0055 0.025 ~0.0100 

0.000 -0.0300 0.000 0.0383 

0.200 ©,0000 0.200 _=0,0019 

Os 2505 __|-40,0005.: | | 0.150 __| =0,0006 _ 
0.100 +0.0006 0.100 0.0004 

0.200 0.075, 40,0004 0.200 0.075, -0,0008 

0.050 -0,0009 0.050 ~0,0026 

0.025 -0.0057 0.025 -0.0098 

0.000 0.0310 0.000 ~0.0383 

0.147 0.0000 0.147 -0,.0020 

0.100 +0.0007 0.100 0.0003, 

0.075 +0.0004_ 0.075 0.0007 

otal 0.050 ~0,0010 oe 0.050 ~0,0026 _| 
0.025 ~0,0048 0.025 -0,0098 

0.000 0.0316 0.000 0.0383 

0,101 +0.0016 0.105 404.0005 __ 
0.075 +0,0009 0.075 -0,0001 

0.101 0.050 0.0008 0.105 0.050 0.0026 

0.025 0.0059 0.025 0.0100 
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from die die relative to from die die relative to 

standard standard 

(in.) | (in.) Cin.) Cin.) (in.) (in. ) 

0. 300 -0,0009 0.300 +0,0082 

|__0. 200 -0,0010 0.200 +0,0063 

0.150 ~0,0009 0.150 40,0067 

0-300 0.100 0.0009 0.300 0.100 +0,0069 
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Mean test- |Distance Mean test— Mean tést- | Distance Mean test— 

piece rim jalong test-|piece piece rim | along test-|piece 

distance piece from | diameter distance piece from |diameter 

from die die relative to from die die relative to 

standard standard 

(in.) (in.) (in.) (in.) (in.) Cin.) 

0. 300 40.0003 0.300 +0.0068 

0. 200 40.0037 0.200 | +0.0054 

: 0.150 +0,0037 0.150 +0 0058 

0.300 0.100 +0.0038 0.300 0.100 +0,0062 

0.075 +0.0039 | 0.075 +0.0057 

0.050 +0.0035 |_ 0.050 +0,.0040 

0.025 ~0,0012 0.025 0.0023 

0.000 -0,0240 0.000 -0.0295 

0. 200 +0,0009 0.200 40.0068 _| 
0.150 +0.0038 | 0.150 +0.0060__ 

0.100 +0,0037 0.100 +0,.0062 

0.200 0.075 +0,0035 0.200 0.075 +0.0057 

0.050 +0,0031 0.050 +0,0039 

0.025 0.0019 0.025 =0.0020 

0.000 -0,0284 0.000 -0,.0293 

0,145 0.0000 0.147 +0.0069 

0.100 +0,.0040 0.100 | +0.0070 

. 0.075 40.0036 0.075 40.0064 

oa 0.050 40,0027 Cee 0-050 __| 40,0046 

0.025 -0 0039 0.025 -0,0013 

0.000 -0.0336 0.000 ~0.0288 

0,100 0.0000 0,102 +0.0100 

0.075 40.0033 0.075 +0.0079 

0,100 0.050 +0.0026 0.102 0.050 +0.0043 

0.025 0.0023 0.025 0.0020 

0.000 -0.0280 0.000 ~0.0295 

0,080 +0.0004 0.075 +0,.0171 

0.050 +0.0025 0.050 +0.0087 

02080 0.025 0.0019 tie 0.025 0.0032 
0.000 0.0282 0.000 -0.0303 

0,055 40,0094 0.052 +0,.0270 

0.055 0.025 -0.0024 0.052 0.025 +0.0028 

0.000 -0.0281 0.000 -0.0324 

0.00 [eR ARE | ocx Potoon | sorcere 
0.013 0.013 +0.0049 0.015, 9.015 _ +0.0214           
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0.300 40,0067 0.300 +0.0071 | 

0. 200 +0 0053 0.200 +0.0053 
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0.300 0.100 +0.0060 0.300 0.100 +0.0055 

0.075 +0,.0055, | 0.075 _| +0.0050._} 
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Mean test- |Distance Mean test— Mean test- | Distance Mean test— 

piece rim |along test—|piece piece rim | along test-|piece 

distance piece from | diameter distance piece from |diameter 

from die die relative to from die die relative to 

standard standard 

(in. ) (in.) (in.) (in.) (in.) (in.) 

0, 300 -0.0005 0.300 0.0026 

0.200 _ +0.0011 0. 200 0.0000 

0.150 40,0013 0.150 0.0000 

0.300 0.100 40.0017 0.300 0.100 40,0004 
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0.050 40,0010 0.050 =0,0025 | 

0.025 0.0046 0.025 =0,0091 
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Age 7. Ancillary tests in splay-measurement programme, 

(a) Tensile tests. 

Short lengths of test-piece tubing in each material, size 

and prior cold work condition were retained for tensile tests, The most 

direct method of testing was on a length of test-piece tube, but it was 

found that an extensometer could not be satisfactorily attached to tube 

well thicknesses less than 0,019 in, An alternative was to obtain test 

specimens by cutting rings from tubes, slitting, and opening out, 

This method was rejected on the grounds that additional bending strains 

would be introduced in the thicker tubes, and it was considered improper 

to use the ring-test method for thin tubes and the conventional method 

for thick tubes, A further alternative was to cut longitudinal strip 

test specimens from tube walls, but this procedure was tedious involving 

machine slitting to give the necessary accuracy on specimen width, 

The testing problem was overcome by following the direct 

tube-testing procedure but introducing a modification for thinner walled 

test-pieces, where an inner plug was used to enable the necessary exten= 

someter gripping pressure to be generated, The device is shown in 

FIG. Az.10, The plug body (1) was a loose fit in the tube (2) anda 

carried two end collars which were interchangeable and 0.005 in, smaller 

than the tube bore, Distance between the collars was just less than the 

extensometer gauge length, The lower collar was locked in position but 

the upper collar (3) was free to slide as the test-piece elongated, 

Before conducting a test with the plug, the test-piece was 

dimpled and marked with reference line X in a simple jig. The plug was 

then inserted, located against the dimple, and the extensometer attached 

using line X as a reference. Tensile testing was then carried out cone 

ventionally using end plugs (4) for gripping. The method proved easy 

to apply and gave results consistent with those on thicker-walled tubes. 

Tests were conducted on a 50 Tonf. Denison machine using a 

Mercer extensometer model 2 B150 with a 2 in. gauge length, strain rate 
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FIG, Base TENSILE TESTING THIN-WALLED TUBE 

WITH INNER PLUG 
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being adjusted to suit simultaneous reading of load-meter and extensometer. 

Results are plotted in FIGS, Ase ll - 45-14. 

(b) _Plane-strain compression tests. 

The Watts end Ford indentation test was used. In this test 

a flat strip testpiece is compressed between two aligned, overhanging 

anvils, and indentation depth and load measured in increments. Tool and 

test-piece geometry may be arranged so that strain across the strip width 

is approximately zero, For this condition load-indentation data provided 

by the test are readily converted into an equivalent stress-strain curve, 

The test has proved reliable and reproducible and is now regarded as a 

standard method of obtaining stress-strain data to large plastic strains, 

Evaluation of test specimen and tooling geometry. 

Conditions laid down for plane strain compression 

testing are; 

vt IN
 

o
l
e
 

c
i
r
 

where b = anvil breadth 

£ = specimen thickness 

Ww = specimen width 

The smallest permissible value of u was therefore 12/1. An expression 

relating g to t was derived for specimens cut from the wall of a tube, 

and the four hollow sizes used for making splay-measurement test-pieces 

were then examined to find a suitable ¥ ’ t combination. It was 

concluded that a specimen 0.030 in, thick, 0.60 in. wide (Hs 20) 

could be obtained from all hollows. 

fo cover the strain range corresponding to splay test-piece 

cold-work (0 - 67%) it was required to indent specimens to a thiclmess 

below 0.010 in, Applying the e test condition three anvils sizes 

were evaluated; 
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Anvil breadth maximum specimen minimum specimen 

    

(b) in, thickness (+t) in. thickness (+) in, 

0.090 0.045 0.0225 

0.050 0.025 0.0125 

0.025 0.0125 0.0063 

The smallest value of ¢ was thus 0.60/0,090 = 6.7 which complied 

with the test condition ge o 

Manufacture of test specimens, 

Specimens were machined from the four hollows using the 

following procedure; 

(1) Each hollow length (6 in.) was machined with four external 

equi-spaced flats slightly wider than the finished specimen width, 

(2) The hollows were then slit along the edges of the flats to the 

specimen width, using a straddle mill, 

(3) The severed strips were removed from the parent hollow and clamped 

on a jig with the flat faces downwards. The inner face (corresponding 

to the bore of the hollow) was then machined to give the required spec- 

imen wall thickness, 

A hardness check comparison made between specimens and hol- 

lows revealed that work-hardening had occurred in the specimens during 

machining, All specimens were therefore annealed before compression 

testing. 

Subpress for plane-strain compression testing. 

The subpress, illustreted in FIG. Azelds was an existing 

die-set which had been arranged for plane strain compression testing. 

The dial gauge was used to ensure that the test specimen was correctly 

re~positioned after removal for measurement and re-lubrication., It 

also served as a means of estimating strain increments during testing. 

Before commencing tests the upper platen was fitted with 

central ball housing to ensure central load application, Also, guides 

were introduced to ensure that the specimen was always squarely located 
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TRAIN COMP N COMPRESSION TEST: TESTS,



to the compression anvils, In FIG. 45015 the upper platen is shown 

lifted clear by a screwed rod situated at the front right-hand side of 

the unit. This proved to be a useful means of platen separation for 

specimen removal and re-entering. During loading the rod was screwed 

down clear of the top platen, 

Testing procedure. 

Tests on low carbon steel, stainless steel and brass 

specimens were conducted on a 50 Tonf Denison testing machine at Tube 

Investments Limited, This machine proved too insensitive for aluminium 

tests which were carried out on a 5000 kg. Instron testing machine at 

Aston University. 

The lubricant used for all materials was Rocol A.S.P. 

molybdenum disulphide grease. 

Testing for each material proceeded as follows; 

(1) After specimen lubrication, approximately 20 initial indentations 

were made with the 0,090 in. broad anvils, the deepest indentation cor- 

responding to the limit of the required strain range. The intermediate 

indentations were selected to provide approximately even coverage of the 

range. On completing indentation the specimen was removed from the sub- 

press and the root thickness of each indentation accurately measured 

with a pin-headed micrometer, 

(2) The specimen was re-lubricated and entered into the subpress with 

the shallowest indentation aligned with the anvils. The top platen was 

then lowered under load to provide about 5 % plastic strain, the corres= 

ponding load being noted on the test machine load=meter, Afterwards 

the specimen was removed and the new indented thickness measured, Thus 

the total strain and corresponding load to cause yielding was known for 

that particular indentation. 

(3) The specimen was re-lubricated and the testing procedure repeated, 

indentations of roughly 5 % plastic strain being made eventually in all 

originel indentations, At the appropriate b ratio anvils were changed 

< 
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in compliance with the test condition 2 < 2 < 4 

Test results. 

Plane-strain yield stress was evaluated by dividing indent- 

ation load by the appropriate platen contact area b.w. Curves were then 

drawn of yield-stress against natural strain for each material, and 

appear as the upper curves in FIGS, A316 + A,.19, Planeestrain values 
3 

of stress and strain O,& were then converted to equivalent stress end 

strain G, z » by the reletionshipss 

S = ao 
2 

z Ze 

VB 

These results appear as the lower curves in FIGS, 45416 - A519. 

(c) Combined results, 

Stress-strain curves obtained from the uniaxial tensile tests 

(FIGS oAzeld - 4.14 ) were fitted to the equivalent stress-strain curves, 
3 

the point of tangency being identified by a letter representing each 

3016 - Aze19 

provide a means of comparison between the actual prior-strain (as given 

individual test-piece. The tables which accompany FIGS, A. 

by the tests), and the nominal prior-strain. 
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Natural strain. 

  

  

  

  

  

  

  

      
  

  

          

1 

Code Prior | Nominal test- 

letter. cold=work, | piece dimensiong 

Sikes (Ci) 
4 O/aia, | Wall thy. 

A 0 0.750 | 0.0075 

3 | 0.750_| 0,040 

g 0,750 10,030 | 

D 50___| 0,750 | 0,025 _| 
. 50 0.750 _| 0.0075 _| 

by 50 0.750 | 0.0125 

G | 50 |_0.750 | 0.0095 

ny [| 0,750 |o,o19 
Le | 0-750_| 0.0075 

J 50 10.750 _! 0.030 
  

FIG, Az 216 SPLAY MEASUREMENT THST PROGRAMME, TEST 

MATERIAL STRESS-STRAIN DATA, LOW CARBON STEEL. 
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letter $ Aine) ie) 

poe |__/aia,| Wall thig 

0.0375 _| 

0.025 

0.0095 _ 
  

          
  

FIG,A,.17 SPLAY MEASURMMENT TEST PROGRAMME, TEST 

MATERIAL STRESS@STRAIN DATA, 70/30 BRASS, 
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Natural strain. 

  

  

  

  

  

  

  

  

      

P Nominal test- 

Code Prior ‘piece dimensions 

letter eae. (in,) 

% C/aia, Wall thk’ 

A 0 0.750 10.025 __ 

B oO 0.750 |0.0075 _ 

Cc 50 0.750 | 0.0125 _| 
D 50 0.750 | 0.0095 

eee ae 61 0.750__| 0.0075 _| 

F 50 0.750 | 0,0075 

50 03750 | 0,019       
  

FIG,A;-18 SPLAY MEASUREMENT TEST PROGRAMME, TEST 

MATERIAL STRESS-STRAIN DATA, 1304 STAINLESS STEEL, 
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Natural strain 

  

  

  

  

  

  

  

  

  

  

  

        

Pri Nominal test- 

Code a piece dimensions 
cold-work 

letter | (nominal) (in.) 

% | O/aie Well thi. 
A 0 0.750 _| 0.0375 _| 

0 0.750 | 0.0075 

B 50 0.750 _|0.0125_| 

c 50 0.750 | 0.0375 

D 50 0.750 _| 0.025 
50 0.750 | 0.019 

E 
50. 0.750 __| 0.9075 

z. 67 0.750 | 0.0375 _| 

S 67 0.750 _|0,0075       

FI¢, Agel9 SPLAY MEASUREMENT TEST PROGRAMME, ‘TEST 

MATERIAL STRESS-STRAIN DATA, 
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ee THIRD EXPERIMENTAL PROGRAMME « PROVING TESTS, 

Agele Chemical analysis of cup material, 

Low carbon steel. 

Carbon - 0.050 % 

Silicon - 0.007 % 

Manganese - 0.35 % 

Sulphur - 0,016 % 

Phosphorus - 0.006 % 

70/30 brass. 

Copper - 69% 

Zine - 30.5 % 

Aluminiun, 

Manganese - 0.3% 

Silicon - 0.2% 

Copper - 0.01 % 

Ferrite - 0,03 % 

545



A 2. Tabulated proving-test programme results, 
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TABLE Agele DIMENSIONS OF CUPS FOR PROVING TESTS, 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

      

Redraw | cup | Trimmed Distance below Wall Outside 

munber material leup length ccm ce thickness | diameter 

(in,) | intervals) (in.) (in.) 

0 0.043 32244 — 

a 0.042 a 

2 0.041 50257. 

3 0.040 
4 0.039 32235 

i Steel. | 2.3/8 5 0.0385 
if 6 0,038 3.232 

1 0.0376 | ee 
8 0.0376 3.231 

9 0.0373 
10 0.0368 54231 
° 0.0445 3.248 

2 __0,044 ot 
2 es O5045 oe tl Fe 24oe 
3 0,042 

4 0.0405, 3.238 | 
as Alun, 2.3/8 5 0.0395 

6 0.039 32235 
Z 0.0385. 

8 0.0375 _ 3.232 

9 0.0372 
10 0.0366 3,232 

0 0.044 2,581 
1 0,043 
e: 0.0416 2.573 

3 0,0405 
4 0.0397 2.574 

2 Steel. 5 5 0.0395, 

6 0.039 2.574 
7 0.0384 
8 0.038 2.574 

9 C5057) Saibiees eee oe 

10 0.0375 2.574 
0 0.0445 2.593 

a 0.0435 

2 0.0423 2576 4 

3 0.0412 
4 0.0406 2.574 

0.0403 
2 Brass 2 2 0,040 2.574 a | 

7 0,040 { 
8 0.0395 26575 20} 
9 0.039 

10 0.0384 2.574             
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TABLE = Agede 

PROVING TEST PROGRAMME « SPLAY AND REDRAW=LOAD DATA, 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  
  

  

  

  

  

  

  

  

  

  

Cup rim distance (A) (3) 
Test from die (in.) Cup rim splay (4) | pearay 

number loed 
Ears Valleys Ears Valleys (tonf) 

ts 2 5 3 7 

's 1 - - 5ell 

5/8 1/2 ° ° 5.60 

9/16 7/16 0.03 0.22 5.69 

1/2 3/8 0.37 1.00 5,61 

28 1/6 5/16 1.79 2.34 Bee 

3/8 1/4 3,62 3,14 5,40 

9/32 3/16 5.04 3,14 5.65 

1/32 1/8 6,10 2,28 BH 

1/e 1/16 6.35 - anal 

- 0 - - - 

2 2 0 ° 1.65 

1 1 0.03 0.03 2,05 | 

_1/2 1/2 0.22 0.22 2.29 

7/16 7/16 1.48 1.48 2.39 

3/8 3/8 2,40 2,40 2.35 

10p 5/16 5/16 2.98 2.98 2.25 

1/4 1/4 3.30 3,30 2, 00nme 

3/16 3/16 2.78 2.78 2.29 

1/8 1/8 2.37 2.37 2,40 

1/16 1/16 1.90 1.90 2.40 

0 0 - - | 2,20 
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TABIE - Ai.7e 47 

PROVING TEST PROGRAMME « SPLAY AND REDRAW LOAD DATA, 

  

  

  

  

  

  

  

  

  

  

  

  

  

        
    

Cup rim distance (a) (8) 
Test from die (in.) Cup xim splay (%) Redraw 

number (tents) Ears Valleys Ears Valleys 

5 2 = = 3,68 

1,5/8 11/2 0. 0 “ 

1,1/8 a ° 0 3.98 

5/8 1/2 0 0 4.20 

9/16 TA6| 0 0 _4,20 

io 1/2 3/8 0 0.12 4.20 

7/16 5/16 0.77 1.31 4.37 

3/8 1/4 2,82 2.74 4,27 

5/16 3/16 4,81 3.28 4.10 

1/4 1/8 6.16 2.70 3288 

5/32 1/16 _| 6.16 0.39 3.85 

5 0 | = = 2,58 

20P 3/4 3/4 Cup fractured,         
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TABIE = A,.8 ‘4 

PROVING TEST PROGRAMME - SPLAY AND REDRAW@LOAD DATA, 

  

Test 

  

  

  

  

  

  

  

  

  

  

  

          

Lee 21P 22P 

Cap xin (4) (8) (4) (8) 
distance Cup rim | Redraw Cup rim Redraw 
from die spley load splay load 
(in.) (tonf.) % (tonf.) 

2. 0 - 0 2.97 

le 0 | _2452 0.04 3.10 

1/2_| 0635 | 2.90 0.50 3.33 

7/6 | 0,62 2.90) =a | os Oso yim Male 5358s 

3/8 1.28 2.83 1.55 3,25 

5/16 1,70 2,68 1,97 3.20 

1/4 2,10 2,60 2.40 3,05 

3/16 2.29 2.53 2,62 2.97 = 

1/s 1.90 2,60 2.44 2.97 

1/16 | ~0.97 2.68 -0.54 3.10 

oO - 2.33 = 3.05     
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TABLE = Agede 

PROVING TEST PROGRAMME - HOLD-DOWN LOAD DATA, 

  

T 
Hold-down Eold-down 

  

  

  

  

  

  

  

  

  

  

  

  

  

      

Test number. load Test number, load 

(tonf) _ (tonf) 

(3B) 1,5021.70 12P (3) 1.3071,60 

(c) 1.50 

2P () debi .45 13P (3) 1.30=1.65 

(c) 1.20 

3P | __(B)__{1.10-1.30 |} a 4p (3) 1,20-11.50 

(¢) 1,10-1,40 zen 

4P (B)_| 1425-1450 15P (3) 1,351.60 

(@) 1,.25-1.50 

DE (B) 1.25-1.50 16P (B) 1.25-1.50 

6P (B) 1.40-1.50 17P (B) 1.50-1,60 

Te (3) 1.25-1.50 18P (3) 1,25=1.50 

8P (3) 1,.50-1,60 19P (B) 1,.25-1.60 

Cup 
9P (B) 1.30-1.50 20P (8) fractured. 

10P (B) 1,20-1.35 21P (B) 0 

11P (B) | 1.20-1.40 22P (8) 0               
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TABLE A get TENSILE TEST RESULTS ON BLANKS FOR 

PROVING - TEST CUPS. 

| - 

Test piece orientation 0.2 % proof 

Material relative to roliing stress, 

direction (deg.) Tonf./in?, 

0 4.35 

Aluniniun, Mo ae 2 444 a 

pe 45 4.70 

45 4038 

90 4.50 

90 4.57 

0 12.45 

0 12,80 

70/30 brass. | 
45 

45 

90 

90 13,00 

11.65 

11,85 

ae} Low carbon 12,10 
ea pee 

Bicole 12,10 

11,42 

11.65       
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Aye JUSTIFICATION OF THEORETICAL ASSUIPTIONS 
  

4.1. Constant cup wall length during splaying 
5   

In developing the ‘tangential' and 'hyperbolic' theories of 

splaying it was assumed that the effected wall length Ao remained constant 

throughout. It is true that the volume 21 +o.to.lo must be constant, 

but during the apiay phase it cannot be assumed without justification that 

the current length of wall te undergoes no change from its initial value 

a - In the splay phase elements above the current neutral point are 

splaying under the action of a high tensile circumferential stress which is 

largely responsible for yielding, although the possibility of a snall radial 

stress cannot be precluded except at the very rim. As a result of the 

stress condition, currently: splayed elements will tend to increase in 

circumferential length, shorten in radial length, and become tninner. ‘The 

&3 strain ratios will be approximately - ENG =-&)= 4 + Below the 

current neutral point the reverse straining situation will occur under the 

action of a high compressive circumferential stress oz « Although a 

tensile stress ©; will be present due to radial drawing it will at this 

stage be small compared with 903 and therefore exert little influence on 

the strain ratios which will be approximately £1 = €g = — 3 &3 . 

It is thus seen that the effects of splaying and radiel 

drawing during the splay-phase have ganas influence in changing the wall 

length involved in splaying such that they tend to be self-cancelling. The 

quantitative effect on the wall fenee x is analysed below in respect 

to the 'tangential' theory. Similar results appertain tothe ‘hyperbolic’ 

theory. FIG a1 illustrates the situation just before maximum splaying 

occurs, when the plane of stcady-state bending has rotated through an 

angle © . Atypoint A ‘the current wall thickness t >to , whilst 

at the rin t<+to . The element located at To will have thickness 

te since this particular element has thinned in splaying and 

afterwards thickened by an equal amount of radial drawing. The thickness 
“A 

strain at A is given approximately by 4n Sos tha 35 bind & 

to TO- Ro(I-cos9) 
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FIG 4! . NOMENCLATURE ¥OR CALCULATING THE TRUE UNBENT CUP WALL LENGTH 

TY TANGENTIAL SFLAYDIG 
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A 

giving +t 2 to [| + 4 & (!- cos8)] eae 

The length Lt a Ro Tan & » and assuming that thickness varies 

uniformly over 2: 

  

A Vv 

tutto Pecks sto sac 

Ko Tan 9 4 - Ro Tend 

Vv 

or! ots to[!- 4 Ro (1~ Cos 8)(1- RoTang )'] eet eee eee, 
Yo oat 

Tan 
2 

Now the volume of the splayed cup wall = 2TIKa were ¥ is 

the radius to the centroid of the section, and @Q = the section arca. 

It can be shown that, 

ae fale & (1~ cos®)(~ store) |4 to - Ro(-Cos6) 
1+ Roye ae eee aac! Cos€)(¥ TRovang) 

and. 

ae 4 Rol Mscosey koe Ones ot [I = (1 os )( : ; ae,) 

Equating of initial and current volumes leads to the expression, 

  

bod 

fo = [+ 2 U-cseyd “shea tine 4 [!- Sl-css]+ Sel-s0Yd- storie) 
ees (cn ea 

[ V+ 2 (i- Cosa HaTm,) | 
* ‘\ 210 

Se 
Equation A,.3 is not readily solved in terms of Ro , L y oC 

5 0 Ro 

However to observe the effect of a change in wall length on spleying two 

situations were investigated representing severe splaying with thin- 

walled and thick-walled cups. Using the expression for cmaxinum tangential 

rim-splay based on Lo > avalue of @ was determined for the two 

situations (1) Ro, =4, “% = 48, and (2) Romy =n, ™% m12. 

Values of YY, were then found from equation A..3 by successive 5 

approximation, commencing with 4=40 in the right-hand side. In both 
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a = °995, i.e. during the splay-phase the wall 
eases it was found 

length tended to shorten very slightly. The effect on maximun rin splay was: 

as follows; 

(4) @hin-walled cup 
“a 

'S) = 5.52% Tite) 552% 

ASL) = 5h8 % 
a 

Error = 0.73 %on ASilo) 

(2) Thick-walled cup 
* 

AF ito) = 6.6% 

Asa) 
Error = 0 

u a ° a a 

The reason for the improved result with lower tA, ratios is that the 

term es predominates in the expression for splaying, and a slight 

change in the tern = is therefore of less significance. ° 

It was concluded that the errors involved in using to to 

determine splaying are not serious, and are justifiable in view of the 

simplifications so obteined. 
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As2 Change in zone geometry below the plane of previous steady- 

state bending 

When developing tengential and hyperbolic splay theories it was 

assumed that during the splay-phase the cup wall currently below point A 

(¥I¢ Ag-2) would remain bent to radius Ro , and would not unbend as 

constraint exercised by the cup rim region diminished. ‘The purpose of this 

appendix is to provide justification for thet assumption. 

Suppose that during splaying the cup wall below A unbent to 

some radius Ro! 2 Ro such that the point A moved outwards to a 

radius T > to + Now this particular element has previously bent to 

Ro when A wes at Ao » and therefore must unbend from this radius. 

Therefore bending work is equal to that in the steady-state, and hence the 

total specific work for the element on reaching the die at G must exceed 

that in steady-state. On the hypothesis that sy, iaying is associated with a 

decrease in process work such a situation is unlikely to be valid. It 

could be argued that the zone geometry may change such that die contact takes 

place above point B and therefore that overall radial drawing work for + 

the element may decrease below steady-state. ‘This does not alter the fact 

that on reaching & the elemental work would have exceeded that of steady- 

state. It would seem therefore that any unbending of the wall below A 

could only be accommodated provided elements do not splay i.e. those elements 

below A cannot exceed a radius ae et « This possibility 

is now investigated. 

FIG Ape. shows the splay situation after the element at Ao 3 

when splaying commenced, has moved into theczone to A via the path 

Ro ’ 8 + Suppose that some unbending had oceurred below A such 

that the element had traversed an alternative path and is currently located 

at iM » the instantaneous radius of bending being Ro! » The 

position of A! along the arc we 6 is given by the volume constancy 

condition Vae = Vata * Since ee > Ro it follows (er -9')eor-9) 

It is seen that the element has received less radial drawing work in 
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PIG Bee Z0NE GEOMBTRY DURING SPLAYING 
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reaching A than in reaching A « However the work of elements 

A een TO cannot be considered in isolation from the remainder of the 

cup wall above A or A! » and in deforming to radius Ro! 

appreciably greater bulk work is involved in splaying and subsequent radial 

drawing than if the radius remained constant at Ro « it was therefore 

considered reasonable to assume constant curvature below point A . 

throughout the splay-phase. 
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