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FOREWORD 

This report was prepared by the Manufacturing Research and Development 
Section, Vought Aeronautics, a division of Chance Vought Corporation, under 
Contract AF 33(616) --6951. The contract period covered from March 1960 to 
July 1961 and was administered by the Directorate of Materials and Processes, 
Deputy for Technology, Aeronautical Systems Division, under the direction of 
Messrs: C. W. Douglass, G. L. Campbell, and J.M. Bryars. Mr. C. W. 
Kniffen, Air Force Systems Command, is to be coIIll!lended for invaluable 
assistance and guidance in the program. 

This report is presented in two volumes. The first volume on develop
ment gives the basic theory and the procedure used to accomplish the objec
tive. The second volume on application gives results in handbook form for 
ready reference. 

Mr. W.W. Wood was the project engineer in charge of the program. The 
research described in this report was conducted under the direction of 
Mr. G. Gasper, Manufacturing Engineering Manager, and Mr. J. A. Millsap, 
Chief, Manufacturing Research and Development. Others from the Manufactur
ing Rand D Section who cooperated in the research and in the preparation 
of the report are: W.W. Akins, R. E. Goforth, R. A. Ford, B. L. Scott, 
J. N. Lesikar, G. R. DiGiacomo, F. Camden, J. R. Russell, D. L. Norwood, 
W. D. Moore, and C.R. Clifton. 

For their assistance in the program, acknowledgement is due to personnel 
of the Manufacturing Rand D Laboratory, Production Sheet Metal Fabrication, 
Structures Test Laboratory, and Technical Publications sect i ons who part i ci
pated in the research work throughout the program. 

The Fort Worth Division of Convair performed all the experimental work 
for the Androform process. 
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ABSTRACT 

The "cut-and-try" method of determining sheet metal formability 
has long been the standard practice in the aircraft industry. This 
two-volume report present s methods of determining formability analyt
ically for the twelve most common processes of forming sheet metal. This 
met hod is based on utilization of a material's mechanical properties to 
predict f ormability. 

The first volume on development gives the procedure used t o arrive 
at the objective of predicting formability. Firs t , basic limit equations 
a r e developed relating geometry of the parts t o the material properties. 
These equations are used to determine the shape of the limit graphs and to 
give indices relating f ormability t o t he mat erial. Then, experimental 
parts are for med to position the theoretically shaped curves with the aid 
of t he formability indices. 

The second volume on application is presented in handbook form 
gi ving des i gn and manufacturing information for the nineteen materials 
in t he program. These materials covered some of the most currently used 
alloys in the following categories: (1) magnesium, (2 ) a luminum, ( 3) 
titanium, (4) stainless steel, (5) tool s t eel, (6) nickel and cobalt base, 
and (7) the refract ory met als. Graphs, equations, and design tables are 
present ed for each process, statistically proven with experimental work 
compris inG a total of approximately twenty-one-thousand formed parts. 

PUBLICATION REVIEW 

This report has been reviewed and is approved. 

FOR THE COMMANDER: 
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J. Teres 
Technical Director 
Applications Lab 
Directorate of Materials 
and Processes 
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LIST OF SYMBOLS 

Because of the large number of terms used, the following list of 

symbols is supplied for easy reference: 

P= 

Oo= 

Q.f = 

Ao= 

Ee= 

Su= 

Scv= 

fS -

load on tensile specimen 

original gage length 

final gage length 

original cross-sectional area 

final cross-sectional area 

instantaneous cross- sectional a rea 

Young's Modulus of elasticity in tension 

Young's Modulus of elasticity in compression 

tensile stress ~~) at ultimate load 

tensile stress ( :
0

) at yield point 

compressive stress ( P \ at yield point 
Ao) 

true stress ( p) 
Ai 

; subscripts L w and t 

represent the longitudinal, width and thickness 

directions 

fSe= effective stress from Energy of Distortion Theory 

ASD TR 61-191(.I) XXV 



E conventional strain 

E - conventional strain for 2 inch gage length 
2 , 0 

E .02. = c onventional strain for .02 inch gage length 

E - natural strain ( In t ) ; subscripts c , w and t 

represent the longitudinal, width and thickness 

directions 

Ee - effective strai n from Energy of Distortion Theory 

[E.s] coRRECTED - 0. 5 inch gage length elongation corrected to a 

condition of plane strain 

[ E.zs ] CORRECTED 0.25 inch gage length elongation corrected to a 

condition of plane strai.n 

NOTE: Additional symbols are described throughout the 

text for continuity. 
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INTRODUCTION 

The concept of theoretical f onnability was init iated at Chance Vought 

Corporation in 1953 wi th t he i ntroduction o:"' the hard- t o-f orm heat treated 

stainless steel s and the t i taniurns . Prior t o ·chi s, the accepted method 

of "cut-and- t r y" was used t o dete rmine sheet metal formability . I t was 

determi ned at this t ime that , in order t o minimize l ead t i mes , costs, ancl 

other factors affected by formin6 , better methods were needed f or predicting 

formability . 

A search of }_.):cevious wort in this fi~l d indicatec.1. thct the major effort 

:::-eL ..... t ine t o ana l ytical treatments of forrnabili ty was carried on during llor ld 

Har II and t he years i mmediately following. Most of this eff ort , however , 

was very narrow in scope , relating only to a few processes and materi als . 

In addition, the projects uere more of the e::~pcrimcntal type with litt l e 

regard t o theoreti cal treatments of precli c-cinc formo.bility based on mater i al 

propert i es. 

There have oeen several unig_ue approaches to analyti cal formability in 

the past decade . These h;:i-;_;-e p1·actically all been as::;ociatcd ui th the labora-

tor:;- type wort such as relatinc tens ile data to benc1ing of strai ght sections . 

Chance Vought initiated the theoretical f ormabil ity concept durin[; thi s period 

on such basic forming processes as linear stretch forming and rubber f langing . 

The program covered in t his two-volume repor t was conducted t o develop the 

concept as applied t o t welve basic forrninc; processes and nineteen materials 

used in t he aerospace indus try . 

Manuscript released by authors August 1961 for publication as an ASD 
Technical Report. 
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BRAKE FORMING 

Brake forming is the most simple type fanning operation and is widely 

used for forming flat sheets into sections such as angles, channels and hats. 

The 7½ horsepower, 6o ton Verson Press Brake shown in Figure 1 -1 was used to 

establish the material limits in bending ·for this program. All parts were 

formed with a ram stroke of 3" at a speed of 8.77 feet per minute. 

FIG URE 1- 1 60 TON VERSON B R .l},KE PRESS 
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The tooling used for brake forming is shown in Figure I-2. Since 

previous research indicated that the span width of the die affected the 

formability of bend specimens: an adjustable die was designed for this 

program. Where stationary channel dies have been usi::d in the past, the 

graph in Figure I-3 shows the acceptable criteria as the area between the 

dotted lines. The median line was chosen for all parts formed in this 

program with the adjustable die. Thirty punches with radii ranging from 

0.015" to 1,125" were used to allow complete coverage of the R/t failure 

range. 

FiGURE 1- 2 ADJUSTABLE B RAKE PRESS DIE 
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FIGURE 1-3 CRITERIA FOR BRAKE F ORM DIES 

Tr,e length of t he ber:.d. zone also affects minimum bend radius. 

According to Sachs , the minimum bend radius remains nearly constant for 
( 13) 

bend specimens wit n a breadth which exceeds the metal thickness by approx i-

mately 8 times . Since the maximum material thicknes s for this program was 

0.187", a specimen width of two inches was chosen to give W/t (Min.) = 10.7 

a nd insure constant minimum bend radii. F1gure I-4 graphically represents 

t he W/t range covered in this program. 
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' MAT 'L. 

E b 

10 W/t 100 

FIGURE 1-4 BENDING STRAIN VS. WIDTH TO THICKNESS RATIO 

Figure I-5 shows the brake form blank prepared for forming and the result

ing good part. 
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FIGURE 1-5 BRAKE FORMING PROCEDURE 
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Only one major failure occurs along with minor distortions which are 

incidental to the process and can be corrected. The major failure in brake 

forming is longitudinal cracking in the outer fiber of the bend where the 

maximum bending strain occurs. This failure, shown in Figure I-6, is 

dependent on the punch radius and the material t hickness. 

FIGURE 1-6 MAJOR FAILURE IN BRAKE FORMING 

Two minor distortions, enu. c1-acts a nc. ena. d lsplciC er.-ieLt , are j_rn:iaental 

to the process and can be corrected by sufficient deburring of the brake form 

blanks for notch sensitive materials. Figure I-7 illustrates the two minor 

distortions considered. 

END DISPLACEMENT 

FIGURE 1- 7 MINOR DISTORTIONS IN BRAKE FORMING 

ASD TR 61-191(!) I -5 



Another minor distortion encountered in brake forming is the bowing of 

long parts which results f rom the res i dual stresses set up across the bend. 

Since brake formed part s in this contrac t were r e lat ively short, bowing was 

not conside r ed and did not a f f ect the forming limits. Methods of controlling 

extreme cases of bowing are hot finish forming and final hand working. 

The parameters for brake forming curves are R/t and o<, where R is 

t.he 1·adius of the punch, t is the material thickness and o<. is the part 

angle. A schematic curve of R/t vs. o(.. and a sketch of parameters are 

shcr.-•n in Figure I -8 • 

LIMIT CURVE 

t 

0 GOOD PART 

• CRACKED PART 180° 

o<.. 

FIGURE 1-8 BRAKE FORMING PARAMETERS AND LIMIT CURVE 
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The curve in Figure I -8 i s def i ned by good part s above the curve and 

cracked part s below the cur ve . As t he part angle (o<.) is increased, the 

R/t va lue necessary to form a given mat er i al i s increased to r educe the 

s t ra i n in the outer f i ber r e s ult i ng from increased part angle. The failed 

parts repre sented on the curve a re of t he major fai l ure type shown in 

Figure 1-6 . Minor distortions SrJ own in Figur e 1-7 can be corrected by 

sufficient debur r ing and do not a ffect t he bra ke formi ng limit s. 

The punc h and die e f fect s i l l ustrated i n Figur e 1-9 cause deviation from 

the the ore t ica l curves f or Rockwell hardnesse s of 20 or less since "dig in" 

by t he die s uperimposes tensile strain in t he outer fiber of the formed 

part and coining by the punch results in localized tension in the inner fiber 

and resulting compression in the outer fiber . Bending strain is increased by 

the "dig in" e ffect since t he neutral axis is shifted toward the i nside fiber, 

but t he coining effect causes a shift in the neutral axis toward t he outer 

fiber t hereby decreasing the bending strain. 

\ PUNCH 

STRAIN 
(suPERIMPOSED) 

FIGURE 1- 9 PUNCH AND DIE EFFECT IN BRAKE FORMING 
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The applied stress and the strain diagram of a brake form sample is 

illustrated in Figure 1-10. The strain diagram shows thaL E1..= Et 

and E w= 0 ; therefore, E 1../ E w = 00 • The value for E1.. /Ee= 0.866 

was de t ermined by the Energy of Distortion Theory and allows the process to 

be plotted on the "Effective Strain" Ellipse j_n Fj_fs-ur~ I-133for r.orre.lation 

to the s t andard tensile specimen. 

APPLIED 
STRESS 

NEUTRAL 
AXIS 

TENSION SIDE 

OUTER 
SURFACE L 

APPLIED 
STRESS 

RESISTI NG 
STRESS 

I 
I \ 

I \ 
I 

I \ 

I \ 

' \ 
EL Et 

EL + Et= 0 

E w-.=. 0 

FIGURE 1-10 APPLIED STRESS AND STRAIN DIAGRAMS F OR BRAKE FORMING 
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JOGGLING 

Joggling is a process for recessing brake formed or extruded angle 

parts to enable flush connection with other angle parts or flat plates in 

assembly. The Hamilton press, shown in Figure I-11, was used to form the 

brake formed joggle samples for this program. 

FIGURE 1- 11 HAMIL TON PRESS FOR JOGGLING 
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Two basic methods of forming joggles are by a wiping action and section 

movement as shown i n Figure I-12 , The wiping action produces a joggle by 

straightening one mold line and forming another one, whereas the section 

joggling creates no new mold line but results in a shear displacement ii:! 

the joggle transition region. The Universal J oggle Tool, shown in Figure I-13, 

is a combination of both a lthough section movement is more predominant. This 

tool was selected for ,joggl ing because it was adaptable to a large number of 

part s. 

1v1uLD LINE 

WIPE JOGGLING SECTION JOGGLING 

FIGURE 1- 12 BASIC METHODS OF FORMING JOGGLES 
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FIGURE 1-13 UNIV Et~ SAL JOGGLE TOOL 

The parameters for joggling, illustrated in Figure I-14, are joggle 

depth (D), joggle run-out length (L) and material thickness ( t). The 

only major limitation in joggling is the 0.4 inch maximum joggle depth 

but most practical parts will not exceed t his limitation. 
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FIGURE 1-14 JOGGLING PARAMETERS 

The flow diagram in Figure 1-15 illustrates the joggling procedure. 

The joggle blanks were brake formed to a standard 6t radius in the inter

mediate forming stage to prevent bending failures in some materials. 
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The two major failures in joggling are splitting and shear buckling 

as shown in Figure 1-16. Splitting occ~rs near the top of the transition 

region due to biaxial stresses in double bending. Some brittle materials 

failed prematurely in joggling since the standard radius of the joggle 

die, r. 0.032 11 (see Figure 1-14), was less than the radius necessary 

to brake form the same material. These premature failures were eliminated 

by forming the brittle materials on a special die block with a 0.06o" radius. 

Shear buckling occurs in the web of the transition region as result of 

shear movement previously illustrated in Figure 1-12. 

SPLITTING BUCKLING 

FIGURE 1-16 MAJOR JOGGLI G FAILURES 
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The joggle curve, shown in Figure I-17, is defined by good parts 

inside the curve and buckled or split parts outside the curve. The curve 

shows that splitting occurs for high values of D/L and shear buckling for 

high values of D/t. 

LOG 

SPLITTING 
• LINE 

t--0=----__ 1 _____ _ 
0-

••-

GOOD JOGGLE 

SPLITTING 

.,eUCKLED 

D/L 
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FIGURE 1-17 JOGGLING LIMIT CURVE 

L-Jl+ 

LOG 



The applied stress and the strain diagram of a joggle sample is 

illustrated in Figure 1-18. The strain diagram shows 

Ew= O ; therefore, Et.. /Ew = 00. The -1alue for 

Et. = Et and 

Et.. / Ee = o.a66 

was determined by the Energy of Distortion Theory and allows the process to 

be plotted on t he ''Effective Strain" Ellipse in Figure I-133 for correlation 

to the standard tensile specimen. 

~-

INSIDE 

SURFACE I 

OUTSIDE 

SURFACE 

Fl(;URE 1--t 8 APPLIED STRESS ,!l,ND STRAIN DIAGRAMS FOR JOGGLING 
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DIMPLING 

Dimpling is a process of forming a recessed area for a fastener .in 

order that the fastener head can be ma.de flush with the sheet surface. A 

5,000 pound CP450EA Zephyr Triple Action Coin Ram dimpling machine, as 

shown in Figure I-20, was used to form all parts. Induction type heaters 

were used to accomplish elevated temperature forming with materials display

ing failures and/or poor definition at room temperature. 

FIGURE 1- 20 CP450EA ZEPHYR TRIPLE ACTION COIN 

RAM DIMPLING MACHINE 
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The parameters f or dimpling are h/R vs . ol for radial failures and 

t vs. ol for circumferential failures as shown in Figure I-21 . 

I 

l+--h--i 
j I 
I ~ - - :.-r-r""T"'7~r-T"TT7 

\ e,G 
\ 

\ 

' 
R .j 

I 

FIGURE 1- 21 DIMPLING PARAMETERS 

One stand.o.rd dimple angle ( o<.. = 40 °) is generally used in aircraft, but 

special dies for Ol = 30 ° and cA. = 50 ° were made to enable full coverage of 

the dimpling spectrum. Figure I -22 displays the dies graphically to show 

the wide range of dimpl e angles ( rA) and flange heights (h/R) used in this 

program. 

2 .00 

• H 
U50 

• J 

• C • K 
• D 

1.00 • E 

¼ 
* A • STD. 1/4° 

• B 

0 .!50 

• F • G 

0 
30° 40° !500 

BEND ANGLE - o<. 

FIGURE 1- 22 DIMPLING DIES 

ASD TR 6J-19l(I) I-18 



Figure I-23 is a close-up view of a triple action coin ram die shown 

in Figure I-22. 

FIGURE 1-23 TRIPLE ACTION COIN RAM DIMPLING DIE 

All materials having improved properties in the heat treated condition 

were dimpled in this condition to simulate actual part fabrication. Produc

tion parts are almost never dimpled in the annealed condition because sub

sequent heat treatment would cause a misalignment of holes. 

The major limitations in dimpling were machine pressure and die tempera

ture. Many of the high strength alloys displayed poor definition at room tempera

ture due to insufficient pressure and were dimpled at elevated temperature. 
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The elevated temperature dimpling also displayed poor definition for some 

materials because the induction heated dies did not develop sufficient 

temperature. However, resistance heated dies are being made available by 

vendors to accommodate the new alloys. 

Dimpling blanks usually contain a series of pilot holes to be dimpled 

in rapid succession. However, the sketches in Figures I-24 and I-25 show 

a one hole segment for illustration. Figure I-24 illustrates the prepara

tory pilot hole and resulting good dimple. 

PILOT HOLE 

GOOD DIMPLE 

~-~ 

~~ 
~ --~/ 

FIGURE 1- 24 DIMPLING PROCEDURE 
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The two major failures in dimpling are circumferential and radial 

splitt ing as shown in Figure I-25 . 

RADIAL CRACKS CIRCUM F ERENTIAL CRACKS 

FIGURE 1- 25 MAJOR FAILURES IN DIMPLING 

Minor distortions resulting from the dimpling process Rre web bi....ckling 

and edge extrusion. ~hese distortions are not applicable for this contract 

since a triple-action coin dimpler was used to eliminate both effects. 

Circumferential failure is the result of bend i ng which is strongly 

affected by the coining action and material t hickness. The sketches and 

t vs. d... curve in Figure I-26 show that thin gage materials will conform to 

the small radius (r) and fail if r/t is less than that necessary for brake 

forming the same material. However, the die pressure and coi.ning force is 

insufficient to cause thick material gages to conform to the small radius 

(r) so that larger free-form radii result in increased formability. 
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FOR SMALL t 

---

COINING 
FORCE 

0 GOOD PART 

• CIRCUMFERENTIAL CRACKS 

50° 

DIE 'COINING FORCE 

FOR LARGE t 

FIGURE 1- 26 LIMIT CURVE FOR CIRCUMFERENTIAL FAILURES 

Radial failures occur when the available elongation in the outer fiber 

of the stretch flange is exceeded. The curve in Figure I-27 is defined by 

good parts below the curve and radially failed parts above the curve. The 

curve shows high h/R flange heights can be formed for small angles and that 

large angles require reduced h/R values. Thin gage material fails more 

readily than thick gage material since the forging action causes thinning 

and the thicker gage can supply more elongation than a thin gage material. 
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50° 

FIGURE I-27 LIMIT CURVE FOR R.L\DIAL FAILURES 

The applied stress and t he strain diagram of' a dimple specimen is 

shown in Figure I-28. The s t rain diagram shows that EL +Et +E w = O. 

The value for EL/Ee ~ 1 was determined by the Energy of Dis tort ion Theory 

using empirical data and allows the dimpling process to be plotted on the 

"Effective Strain" Ellipse in Figure I-133 for correlation to the 

standard tensile specimen. 
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FIGURE 1- 28 APPLIED STRESS AND STRAIN DIAGRAMS FOR DIMPLING 
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RUBBER STRETCH AND SHRINK FIANGING 

The forming of stretch and shrink flanges on the rubber press (the 

Guerin Process) is one of the major methods of producing contoured flanges 

for aircraft parts. A 5,000 ton Lake Erie rubber press, shown in Figure I-30, 

was used to form both stretch and shrink flanges on this program. 

FIGURE 1-- 30 5,000 TON LAKE ERIE RUBBER PRESS 
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Stret ch and shrink flange dies, as illustrated in Figure I-3l(a), for 

de t ermining buckling limit s were used to form parts ranging in radius from 

10 i nches to 16o inches wit h a 4 inch maximum flange height. The circular 

die illustrated in Figure I-31(b) was used to prov i de a 4 i nch radius for 

s t retch flange splitting and a 6 inch radius for increased shrink flange 

range. The phot ograph of tooling is shown in Figure I-32. 

SHRINI-< FLI\NGING 

STRETCH FL-6.NGING 

B 

A 

SHRINK FLANGING 

STRETCH FL.-'\NGING 

FIGURE 'l-31 RUBBER FLANGING DIES 
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FIGURE 1- 32 TOOLING FOR 
RUBBER FORMED FLANGES 

The blanks for producing rubber f'onned stretch and s hrink flanges are 

generally fabricated by either sawing or blanking with a subsequent deburring 

operation. Figure I-33 illustrates the stretc~ and s hrink flange blanks and 

resulting good parts. 
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• 

RUBBER STRETCH 
RUBBER SHRINK 

FIGURE 1-33 RUBBER FORMED STRETCH AND SHRINK FLANGE BLANKS 
AND RESULTING GOOD PARTS 

The parameters for rubber formed stretch and shrink flanges are flange 

height (h), contour radius (R) and material thickness (t) as shown in the 

sketches in Figure I-34. 
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SHRINK FLANGE 

STRETCH FLANGE 

FIGURE 1- 34 PARAMETERS FOR RUBBER FLANGING 

Major failures for rubber formed stretch flanges are elastic sine 

wave buckling, splitt ing and insufficient pressure. 

Sine wave buckling, shown in Figure I-35, occurs when t he forming 

pressure is removed from the part due to residual stresses remaining in 

the flange. These buckles can generally be pressed out by subsequent hot 

finish forming if buckling is not too severe. 

SINE WAVE BUCKLING 

FIGURE 1-35 SINE WAVE BUCKLING OF RUBBER FORMED STRETCH FLANGE 
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Flange split ting, shown in Figure I-36, is dependent on the available 

elongat ion for a given material and eliminated only by decreasing the h/R 

value to formable limits . 

\_ FLANGE SPLITTING 

FIGURE 1-36 FLANGE SPLITTING OF RUBBER FORMED STRETCH FLANGE 

Insufficient pressure results in a part that is not completely pressed 

against t he die. This failure is shown in a cross-sectional view of the flange 

and die in Figure I-37, I nsufficient pressure failures result for low values 

of h/t and can be eliminated only by increasing the h/t value or the forming 

pressure. 

FIGURE 1-37 INSUFFICIENT PRESSURE FAILURE 
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The major failure in rubber formed shrink flanges is the fonnation of 

wrinkles, as illustrated in Figure I-38. These wrinkles form for large 

h/t and small h/R values or sma 1.1 h/t and large h/R values. 

FIGURE 1-38 WRINKLING IN RUBBER FORMED SHRINK FLANGE 

The wrinkles first form as normal plate buckling sine waves f'rom 

compressive hoop stresses and are pressed into wrinkles with continued 

forming as shown in Figure I-39·. 

FORM '8LOc..K. 
\\\\\\\\\\\ 

DOWN 

FIGURE 1-39 FORMATION OF WRINKLES IN RUBBER FORMED SHRINK FLANGE 
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The minor distortions for rubber formed stretch and shrink flanges 

are hump, springback, crown and shear buckling, as shown in Figure I-40. 

These minor distortions are common for stretch and shrink flanges, however, 

it should be noted that the shear buckling and crown for stretch flanges 

are in opposite directions from the shrink flanges. 

A hump in the bend area occurs when there is insufficient pressure to 

force the part to the die and is common for parts with large h/R and 

small h/t values. This distortion can be minimized by using higher form

ing pressures and smaller material thicknesses. 

Springback and crown occur on all formed parts and depend on the 

material and the shape of the part. They can be eliminated by hot finish 

forming, allowance for springback and crown on the forming tool or hand 

working . 

Shear buckling is an end condition that occurs at high h/R values 

for materials with a low E/Sryy value, where Eis the modulus of 

elasticity and Sryy is the tensile yield strength. Control of this 

distortion can be made only by allowing excessive material so that ends 

can be trimmed. 
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SHRINK FLANGES 

FIGURE 1-40 MINOR FAILURES FOR RUBBER FORMED STRETCH AND 

SHRINK FLANGES 
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Rubber formed stretch flange curves, illustrated in Figure I-41, are 

defined by good parts under the curve and failed parts over the curve. 

Buckling occurs for large h/t values and splitting occurs for high 

h/R values. 

LOG 

0 GOOD PART 

A SPLITTING ..._ ____ ____, - - - - -- e ELASTIC BUCKLING 

A SPLITTING 0 

t 
GOOD 

• 0 
BUCKLING 

LOG 

• 
FIGURE 1-41 RUBBER FORMED STRETCH FLANGE CURVE 

Rubber formed shrink flange curves, illustrated in Figure I-42, are 

defined by good parts under the curve and failed parts CNer the curve. 

Elastic buckling occurs for large h/t and small h/R values while plastic 

buckling occurs for small h/t and large h/R values. 
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FIGURE 1~42 RUBBER FORMED SHRINK FLANGE CURVE 

The applied stress and the strain diagram for a rubber formed stretch 

- -
flange is shown in Figure I -1 !- 3. The strain diagram shows EL+ Et + E w = 0 

The value for EL/Ee= 0.99 was determined by the Energy of Distortion 

Theory using empirical data and allows the rubber stretch flanging process 

to be plotted on the "Effective Strain" Ellipse in Figure I-133 for correla

tion to the standard tensile specimen. 

ASD TR 61-191(!) I-36 



NEUTRAL 

_] - ' - ' 

NEUTRAL 

AXIS 

OUTER 

SURFACE 

' ' 

/ 

/ 

/ \ 

\ 

NEUTRAL AXIS 

I 
I---\ 
I--.\ 

' I~ 
I ~ '-----~-' ~ -

Et Ew 

FIGURE 1- 43 APPLIED STRESS AND STRAIN DIAGRAMS FOR RUBBER 
FORMED STRETCH FLANGING 

ASD TR 61-191(!) I-37 



hi 
I 

w 
CD 
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FIGURE 1- 44(8) PLASTIC BUCKLING FOR RUBBER FORMED SHRINK FLANGES 
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LINEAR STRETCH FORMING 

The principle method of formitlg contoured angle, channel and hat 

sections is by stretching on the linear stretch press. The 17½ ton, A-10 

Hufford Stretch Press, shown in Figure I-45, was used to form heel-in and 

heel-out angle and channel sections and heel-in hat sections for this 

program. 

FIGURE 1-45 17 1/2 TON, A-10 HUFFORD STRETCH PRESS 
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The linear stretch dies, shown in Figure I-46, provided a wide range 

of contour radii for sections which were formed with contour radii ranging 

1 11 to 80" for angle and channel sections and 3" to 8o" for hat sections. 

F IGURE 1-46 TOOLING FOR LINEAR STRETCH FORMING 
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The parameters in linear stretch forming are flange height (h), contour 

radius (R) and material thickness (t) as illustrated by the heel-in angle 

sect ion in Figure I-47. 

SECTION "A"-"A" 

FIGURE 1-47 PARAMETERS FOR LINEAR STRETCH FORMING 

The photographs in Figures I-48, I-49 and I-50 show the progressive 

steps in linear stretch forming. Figure I-48 shows a heel-out angle section 

being stretched to yield before wrapping. Stretching to yield before 

wrapping enables the neutral axis of the heel-out angle section to shift to 

the inner fiber of the flange as further wrapping is accomplished in 

Figure I-49. 
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FIGURE 1-49 HEEL-OUT SECTIONS-IN PROCESS 
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Figure I-50 shows the heel-out angle section completely wrapped. The 

part is given a final setting operation by increasing the tension to reduce 

springback and assure part to die fit. 

\ ,. 

FIGURE 1-50 HEEL-OUT SECTIONS - COMPLETELY WRAPPED 

The major failures in linear stretch forming are splitt i ng, plute buckl

ing and twist buckling while the minor distortions involved are "walking", 

transverse buckling and wrinkling. Since five part configurations are involved 

in the failure analysis, failures for each configuration will be presented 

separately in pictorial form in Figures I- 1 thru I-55 on the fol l owing 

pages. 
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Transverse buckling is a minor dj_stortion occurring in heel-in sections 

which i.s caused by imprcper die clearances. This distortion can be minimized 

by proper shimming of parts. 

"Walk" and wrinkles are minor distortions occurring in heel- i n and heel

out sections respectively. Both "walking" and wrinkling occur as t he part 

is first wrapped around the die and can be removed by subsequent stretching of 

t he part . The only limitation of t~is subsequent stretching is the ultimate 

strength of the material. If no "walking" or wrinkling is evident in a 

fractured part, the part cannot be evaluated because there is no evidence 

that t he part has not been pulled beyond the amount necessary to eliminate 

the minor distortions. If "walking" or wrinkling is present but no fracture 

occurs, the part cannot be evaluated because i t has not been pulled enough. 

The above discussion defines the splitting criteria illustrated in 

Figure I-56. The cross hatched quadrants represent parts that cannot be 

evaluated. 

N O W A L.KI NG O R WRI NKLI NG IS 

PRESENT 

SPLIT 
W A L.KING OR WRINKLING IS 

PRESEN T 

NO WAL.KOR WRINKLI N G 

( P U LL.ED TOO M UCH ) 

FIGURE 1- 56 SPLITTING CRITERIA FOR LINEAR STRETCH FORMI NG 
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Plate buckling results from residual stresses which deform the part 

after machine pressures arc released and is evaluated in the same manner for 

both heel-in and heel-out parts. The buckle appears as a regular sine wave 

in the flange and a slight amount of "walking" in heel-in parts will assure 

that the part has not been pulled too much, whereas, wrinkling in heel-out 

parts will show that the part has not been pulled enough . 

The linear stretch curve, illustrated in Figure I-57, is defined by 

good parts below the curve and failed parts above the curve. It will be 

noticed that the splitting limit line takes on increasingly negative slopes 

as h/t increases and is dependent on h/t as well as h/R . The reason becomes 

clear when it is realized that the splitting criteria involved buckling which 

is a function of h/t. 

LOG 
-- SPLITTING LIMIT 0 GOOD PART 

• PLATE BUCKLED 

....... • SPLIT 
..... ...... 

.--- BUCKLING LIMIT 

LOG 

FIGURE 1-57 LINEAR STRETCH LIMIT CURVE 
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The applied stress and the strain diagram for a linear stretch sample 

is illustrated in Figure I-58. The strain diagram shows EL+ Et+ E w = 0 

The value for EL / Ee= 0.98 was determined by the Energy of Distortion 

Theory using empirical data and allows the linear stretch process to be 

plotted on the "Effective Strain" Ellipse in Figure I-133 for correlation 

to the standard tensile specimen. 
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FIGURE 1-58 APPLIED STRESS AND STRAIN DIAGRAMS FOR LINEAR 

STRETCH AND LINEAR ROLL FORMING 
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FIGURE l - 59(A) SPLITTING OF LINEAR STRETCH FORMED HEEL-OUT ANGLE SECTIONS 
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FIGURE 1-59(8) BUCKLING OF LINEAR STRETCH FORMED HEEL- IN ANGLE SECTIONS 
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FIGURE l-59(C) SPLITTING OF LINEAR STRETCH FORMED HEEL-IN ANGLE SECTIONS 
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FIGURE l- 59(0 ) BUCKLING OF LINEAR STRETCH FORMED HEEL- OUT CHANNEL SECTIONS 
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LINEAR ROLL FORMING 

The linear roll process is commonly used for forming contoured heel-in 

and heel-out channel sections when the maximum flange heights desired do 

not exceed 1.5 inches. Angle sections are obtained by forming channel 

sections and subsequent splitting of the channels into angle sections. 

The Kane-Roach (3 Roll) rolling machine, shown in Figure I-6o, was used to 

form heel-in and heel-out channel sections for this program. 

ASD TR 61-191(1) 

FIGURE'. 1-60 KANE- ROACH ( 3 ROLL) 
ROLLING MACHINE 

I-60 



The rolling dies shown on the Kane-Roach rolling machine in Figure I-61 

are typical of the dies used to form the channel sections for this program. 

The dies required contour radii of 5" or greater, a minimum material 

thickness of 0.020" and a maximum material thickness of 0.063". The 

schematic of the linear roll process, shown in Figure I-62, illustrates 

the part types (heel-in and heel-out channels) and the set-up for a heel-in 

channel section. 

FIGURE 1-61 DIES FOR ROLL FORMING 
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The parameters for linear roll fanning are flange height (h), contour 

radius (R) and material thickness (t) , as illustrated in Figure I-63. 

t 

SECTION "8" - "8" 

FIGURE 1-63 PARAMETERS FOR LINEAR ROLL FORMING 

Roll forming is a process that depends on operator technique. Premature 

buckling will occur if the contour radius (R) is decreased in increments 

that are too severe or too many passes are made causing work hardening of 

the material and changing its buckling characteristics. The operator 

usually forms several trial parts in order to get a feel for the material 

involved and the geometry desired. 
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The major failure for linear roll forming of heel-out channel sections 

is wrinkling. This failure occurs as a result of the neutral axis not 

shifting to the inner fiber of the flange as illustrated in Figure I-64. 

GOOD PART 

NEUTRAL 
AXIS 

FIGURE 1---64 MAJOR FAILURE FOR HEEL-OUT CHANNEL SECTIONS 
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The major failure occurring for linear roll forming of heel-in 

channel sections is transverse buckling as illustrated in Figure I-65. 
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FIGURE 1-65 MAJOR FAILURE FOR HEEL- IN CHANNEL SECTIONS 

ASD TR 61-191(!) I-65 



Transverse buckling of heel-in parts is the result of the flange buckling 

to relieve tensile stresses in the outer fiber. This buckling occurs in 

the area between the rolling dies where the flange is unsupported as 

shown in Figure I-66. 
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FIGURE 1-66 SET-UP FOR HEEL-IN CHANNEL SECTIONS 
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The minor distortions in linear roll forming are "walking", plate 

buckling, web buckling and splitting in the web. "Walking" or crown in 

the web occurs for both heel-in and heel-out channel sections while plate 

buckling, web buckling and splitting in the web occur only in heel-in channel 

sections. These minor dis tortions are illustrated in Figures I-67 and I-68. 

PLATE BUCKLING SPLITTING IN WEB 

SECTION "E" -"E" 
WALKING 

WEB BUCKLING 

FIGURE 1-67 MINOR DISTORTIONS FOR HEEL-IN CHANNEL SECTIONS 
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SECTION 11D II -
11D" 

WALKING 

FIGURE 1-68 MINOR DISTORTIONS FOR HEEL-OUT CHANNEL SECTIONS 

Although sine wave pl ate buckling i~ usually considered a major 

failure, it is considered minor for heel-in roll formed sections because 

transverse buckling occurs first. The exception is for materials with low 

E/STY values where transverse buckling and plate buckling occur simultaneously. 

Buckling in the web occurs when the web width exceeds 3/4" for material 

thicknesses of 0.020" or less and splitting in the web results from bend 

radius reduction as the contour radius (R) is decreased. Both web condi

tions are considered secondary failures since transverse buckling occurs 

in the earlier stages of forming. 
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The linear roll curve, illustrated in Figure I-69, is defined by good 

parts below the curve and failed parts above the curve. The curve shows 

that buckling occurs for high values of h/t and splitting for high values 

of h/R. Splitting was not encountered in this program because transverse 

buckling occurred to relieve the tensile stresses in the outer fibers of the 

flanges. However, the theoretical splitting limit curve is shown since 

splitting would occur for high values of h/R if flange stability were 

attained. 

Since the part geometry for linear roll forming and linear stretch forming 

are identical, the applied stress and the strain diagram is not repeated. Refer 

to Figure I-58. 

t 
~ R 

ASD TR 61-191(1) 

LOG 

• SPLITTING 
-------

0 LIMIT 

• 0 

0 GOOD PART 

e BUCKLED 

• SPLITTING 

LOG 

FIGURE 1-69 LINEAR ROLL LIMIT CURVE 

I-69 



FIGURE 1- 70 SINE WAVE BUCKLING OF LINEAR ROLL FORMED 

HEEL- IN CHANNEL SECTIONS 
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FIGURE I- 70(A) SPLITTING IN THE WEB RADIUS OF LINEAR ROLL FORMED 

HEEL- IN CHANNEL SECTIONS 
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SHEET STRETCH FORMING 

Sheet stretch forming is a common method for double contouring relatively 

large sheet metal parts. The 300 ton Sheridan Stretch Press, shown in 

Figure I-71, was used to form sheet stretched double contour parts for 

this program. Although the sheet can be stretched in either one or both 

directions by the jaws of the stretch press while the die is displaced up

ward into the part, only a single set of jaws were used and the two free 

edges of the sheet were free to move inward while the sheet was stretched 

in the other direction. The sheet stretch forming set-up is illustrated 

in Figure I-72. 

FIGURE I - 71 300 TON SHERIDAN STRETCH PRESS 
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FIGURE I - 72 SCHEMATIC OF SHEET STRETCH SET-UP 
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The parameters for sheet stretch fo:nning are longitudinal radius (R1), 

transverse radius (RT), longitudinal chord length (L) and transverse chord 

length (T), as illustrated in Figure I-73• 

FIGURE I - 73 PARAMETERS FOR SHEET STRETCH FORMING 
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The double contour dies for sheet stretch forming, shown in Figure I-74, 

covered a wide range of contour radii and chord lengths. The combinations of 

contour radii and chord lengths are given in the following table. 

R1 L ~ T 

15 17 .5 15 17.5 
30 24.o 15 21.5 
40 24.o 15 23.5 
6o 24.o 15 24.5 
6o 25.5 6o 25.5 

FIGURE I - 74 DOUBLE CONTOUR SHEET STRETCH DIES 
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The only failures in sheet stretch forming are three types of splitting. 

The first type of splitting, shown in Figure I-75, occurs at the stretch 

press jaws for ductile materials that do not thin excessively when formed 

over the double contour die. This type of failure occurs for almost all 

materials and is defined as the forming limit. 

FIGURE I - 75 SPLITTING FAILURE IN FREE AREA 

FOR SHEET STRETCH FORMING 
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The other two types of splitting, illustrated in Figure I-76, occur 

near the center of the contour die for materials with insufficient ductility 

to conform to the dies or ductile materials that thin excessively when 

stretched. 

BRITTLE FAILURE DUCTILE FAILURE 
( MATER I A L. T HI NN I NG) 

FIGURE I - 76 SPLITTING FAILURES FOR SHEET STRETCH FORMING 
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The sheet stretch curve, illustrated in Figure I-77, is defined by 

good parts above the curve and failed parts below the curve. Splitting 

results for small values of Rr/T and Rr/L while good parts result for 

larger values of RT/T and RL/L. The theoretical limit is the point where 

the radius is equal to 1/2 the diameter so that the die would have to be a 

complete half sphere. 
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FIGURE I - 77 SHEET STRETCH LIMIT CURVE 
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The applied stress and the strain diagram for a double contoured sheet 

stretch part is shown in Figure I-78. The strain diagram shows EL.~ Et+ Ew = 0 

The value for EL/Ee = 0.96 was determined by the Energy of Distortion 

Theory using empirical data and allows the sheet stretch process to be 

plotted on the "Effective Strain" Ellipse in Figure I-133 for correlation 

to the standard tensile specimen. 
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ANDROFORMING 

Androforming is a double contour skin forming process . A Model J 

Androforming machine, illustrated in Figure I-80, was used to form the 

symmetrical double contour parts for this program. The machine used was 

located at Convair, }·or -c Worth , Texas. 

A 

HOLD BACK 
SYSTEM 

SIDE VIEW 
SHOWN BELOW 

ELEMENT RADIUS 

DIRECTION B 
SHAPING 
SYSTEM 

GRIPPER JAWS OF PULL 

---
C 

FIGURE I -80 SCHEMATIC OF MODEL J ANDROFORM MACHINE 
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The machine consists of three components: (1) the hold-back system, 

(2) the shaping system, and (3) the gripper jaws. The leading edge of the 

sheet is fed between the elements in "a" and "b" and clamped in "c". The 

elements at "a" and "b" are closed to predetermined gaps and the sheet 

pulled between them as "c" moves as shown. The elements at "a" are straight: 

they have no transverse curvature, while the elements at "b" and "c" are 

set to a given curvature before forming begins. The edges, represented by 

the distance "X-X", change little during forming but the center longitudinal 

element stretches to the length "Y-Y". It is the difference between the 

stretch at the center and the edge of the sheet that causes the contour 

in the transverse as the longitudinal direction. There is another fa~tor 

which contributes to the contour. The center longitudinal element, having 

stretched more than the edges, has a greater amount of springback, thus 

adding to the double contour. 

The changing of dimension "A", shown in Figure I-81, has the greatest 

effect on the severity of double contouring of any of the machine adjust

ments. Therefore, all adjustments are set to optimum conditions of a given 

gage and the "A" dimension is w~ried. 

CJ HOLD-BACK 
STAGE 

D 
~------- A --

FORMING STAGE 

FIGURE 1-81 DIMENSION ''A' BETWEEN HOLD BACK AND FORMING STAGES 
( ANDROFORMING ) 
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Two sets of special forming stage dies were used to investigate the 

formability of the materials. The first set used was the property of 

Convair and had a radius of 50 inches. Since this radius was not severe 

enough to find the forming limits for some materials, a 20 inch radius 

set was fabricated and used. A photograph of the 20 inch die is shown in 

Figure I-82. 

FIGURE I - 82 ANDROFORM DIE (20 INCH RADIUS) 
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The parameters for Androforming, illustrated in Figure 1-83, are 

longitudinal contour radius (RL), transverse contour radius (RT), and 

the material thickness (t). 

DIRECTION OF PULL 

FIGURE I - 83 PARAMETERS FOR ANDROFORMING 
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The failures for Androforming are splitting, longitudinal buckling 

and transverse buckling. 

Splitting, shown in Figure I-84, is the result of bending failure when 

the distance "A" (see Figure I-81) between the hold-back stage and the 

forming stage becomes critically small, The Androforrn splitting curve, 

illustrated in Figure I-85, is defined by good parts above the curve and 

split parts below the curve. Similar to bending failures which result for 

small values of R/t, splitting occurs for small values of RL/ ft and 

RT/ ft. 

F IGURE I - 84 SPLITTING OF ANDROFORM PARTS 
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FIGURE I - 85 ANDROFORM SPLITTING CURVE 

Longitudina l and t ransver se bucr<.l i ng f or Anciroi'orming are sh own tn 

Figure I-86. Buckling results for small contour radii and thin ma.teria.l 

gages; thick material gages are more resistant to buckling. The Androform 

buckling curve, illustrated in Figure I-87, is defined by good parts above 

the curve and buckled parts below the curve and shows that buckling occurs 

for small values of Rr,t and R1t. Stretching after buckling occurs will 

result in splitting. 

The Androforming process is not plotted on the "Effective Strain" 

Ellipse because heat treated materials were used that had elongations 

of only 6 to 8 percent . These small values of elongation allow considerable 

error in grid measurements for calculation of the effective strain, 
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Since the part geometry for Androforming and sheet stretch forming are 

identical, the applied stress and the strain diagram is not repeated. Refer 

to Figure 1-78. 

FIGURE I - 86 BUCKLING OF ANDROFORM PARTS 
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FIGURE I - 87 ANDROFORM BUCKLING CURVE 
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DEEP DRAWING WITH MECHANICAL DIES 

Deep drawing with mechanical dies is the princ~metbod of forming 

deep recessed parts. A 6oo ton Lake Erie hydraulic press, shown in Figure I -90, 

was used to form cylindrical cups for this program. 
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Figure I-91 is a schematic of the tooling used in deep drawing. The 

shoe and spring arrangement was used to prevent movement of the blank during 

forming and resulted in increased formability by eliminating uneven draw 

across the top of the punch. 

SPRING 

,.,------- SHOE 

DIE 

PART 

------ HOLD DOWN 

PUNCH 

FIGURE 1-91 SCHEMATIC OF DRAW PRESS AND TOOLING 
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The deep draw punches and die rings, shown in Figure I-92, were used 

to form parts ranging in diameter from 2½ to 10 inches. The tools were 

fabricated from hardened steel and chrome plated to reduce friction to a 

minimum. Further friction reduction was accomplished with International 

Drawing compound - 155 DS. 

-------=:' 

FIGURE 1-92 DEEP DRAW TOOLING 
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The parameters for deep drawing, as shown in Figure I-93, are blank 

radius (Rb), flange height before forming (h), and material thickness (t). 

The relationship of the flange before forming (h) to the final cup depth (H) 

is developed in Chapter II of this report. 
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FIGURE 1- 93 PARAMETERS FOR DEEP DRAWING 
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The sketch in Figure I-94 illust rates the compression that results 

as a given segment of the blank conforms to the draw ring and corresponding 

punch. Each segment on the blank compresses a different amount as the part 

is drawn to the punch because each segment is at an increasingly larger 

distance away f rom the punch radius. 

SEGMENT 
(ORIGI NAL) 

SEGMENT 
(AFTER DR A WI NG ) 

FIGURE 1-94 CIRCUMFERENTIAL COMPRESSION IN DEEP DRAWING 
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The maximum principle strain in deep drawing is defined as the strain 

that occurs from actually stretching the part and not the "free" strain 

(Poisson's Effect) that occurs from circumferential compression. The actual 

compression that occurs after the part has been drawn over the punch is 

equal to zero. The "free" strain from circumferential compression is 

illustrated in Figure I-95 -

C 
t 

C 

--7 
I 
I 

__ .J 

I 
i.,__ FREE STRAIN 
I - (POISSONIS EFFECT) 

FIGURE 1-95 FREE-STRAIN FROM CIRCUMFERENTIAL COMPRESSION 

The failures in deep drawing are circumferential buckling (wrinkling) 

and splitting in the cup wall at the point of maximum stretching as 

illustrated in Figure I-96. 

Splitting results from the punch force being transferred from the cup 

bottom into the cup wall which is subject to axial tensile stresses. As 

the drawing operation is continued, thinning occurs in the cup wall near 

the punch radius and results in splitting. 
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The axial tensile stresses in the cup wall produce reactive stresses 

which circumferentially compress and radially stretch the flange. The 

hoop stresses introduced cause wrinkling in the flange under the pressure 

ring. If the pressure. is excessively increased to stop wrinkling, pre

mature splitting failure may result. 
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SPLITTING 

FIGURE 1-96 FAILURES FOR DEEP DRAWN PARTS 
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The deep draw curve, illustrated in Figure I-97, is defined by good 

parts below the curve and failed (buckled and split) parts above the curve. 

Buckled parts are drawn until splitting occurs to assure that the buckling 

can not be removed by increased pad pressure. 

LOG 
0 GOOD PART 

e BUCKLED AND SPLIT 

• 
0 

LOG 

FIGURE 1-97 DEEP DRAW LIMIT CURVE 

The applied stress and the strain diagram of a deep draw sample is 

illustrated in Figure I-98. The strain diagram shows EL= Et and 

Ew= 0 therefore, EL/Ew= CO. The value for EL/Ee= 0.866 

was determined by the Energy of Distortion Theory and allows the process 

to be plotted on the "Effective Strain" Ellipse in Figure I-133 for 

correlation to the standard tensile specimen. 
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FIGURE 1-98 APPLIED STRESS AND STRAIN DIAGRAMS FOR 

DEEP DRAWING 
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SPINNING 

Spinning is another method of forming deep recessed parts . The 

principle difference between spinning and deep drawing is that deep 

drawing produces a uniform pressure on the drawing flange to prevent 

buckling whereas spinning has only the pressure of the forming and back-up 

bars in this area. A 5 horsepower, variable speed, Model 1006 Spin Master, 

shown in Figure I-100, was used to form cylindrical cups for this program. 

FIGURE 1-100 MODEL 1006 HAAG SPIN MASTER 
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The spinning dies, shown in Figure 1-101, were used to form spun parts 

ranging in diameter from 2.5 to 5 inches. Two spinning dies with diameters 

of 7 and 10 inches were fabricated late in the program to substantiate the 

forming limits for each material gage used. 
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FIGURE 1- 101 SPINNING DIES 
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The procedure used for spinning the cylindri ca l cups is illustrated 

by the) s k tches in Figures 1 -102 , I -103 , 1-104 and I-10 5 , Figure 1-102 

shows the blank centered over the 1/ 4 i nch pi n in t he spinning block with 

the edge trimmed and rounded off with a carbide cutter and sanded with 

No. 200 and 400 grit sandpape~ . Lubr i pl a te i s t hen applied over the 

omplete sur face of tne part . The part i s formed around the die radius 

and the fi na l friction block inser ted t o prevent r adius hump as shown in 

Figure J -103. The steady rest is then rot ated par a l lel to the center line 

of the spinning block and moved closer to t he part i f necessary. Figure I-104 

shows t he phenolic tip repl aced by a br ass t i p for the high strength materials. 

The par t is for med ~o the die by formi ng a 1/ 4 to 3/4 inch flange on the edge 

with the back-up bar , t hus enabling t he part to be spun flush to the die, 

For the higher strength mater i als a bal l bearing steel roller can be used to 

form the flange t o the die . 

DIE 

WOODEN 
BACKUP BAR 

CENTER ( F R I C TI ON B L OCK ) 

TAILSTOCK SPINDLE 

--------

---- BALL BEARING TAIL CENTER 

1ec-----,,,.::..__---,;)- PHENOLIC TIP 

~---ADJUSTABLE FULCRUM PIN 

FORMING BAR 

--- PIVOT 

LATHE STEADY REST 

FIGURE 1- 102 SPINNING PROCEDURE ( STEP 1 ) 
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FIGURE 1- 103 SPINNING PROCEDURE ( STEP 2 ) 

B RASS TIP 

FIGURE 1-1 04 SPINNING PROCEDURE (STEP 3) 
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FIGURE 1-1 05 SPINNING PROCEDURE ( STEP 4) 

"rhc i;ara1~e ters fe r si;:i.nning, as shown i n Figure I-106, are blank 

radius (Rb), flange height before forming (h) and material thickness (t). 

The relationship of the flange before forming (h) to the final cup depth (H) 

i s developed in Chapter II of this report. 

FIGURE 1-106 PARAMETERS FOR SPINNING 
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The sketch in Figure I-107 illustrates the compression that results 

as a given segment of the blank conforms to the spinning die. As in deep 

drawing, each segment on the blank compresses a different amount as the 

part is spun to the die because each segment is at an increasingly larger 

distance away from the die radius. 

SEGMENT 
( ORIGINAL) 

SEGMENT 
( AFTER SPINNING) 

FIGURE 1-107 CIRCUMFERENTIAL COMPRESSION IN SPINNING 
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The maximum principle strain in spinning is defined as the strain that 

occurs from ac t ually stretching the part and not the "free" strain 

(Poisson's Effect) that occurs from circumferential compression. The 

actual compression that occurs after the part has been spun over the die 

is equal to zero. The "fr ee strain" from circumferential compression is 

illustrated in Figure I-108. 

C 
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FIGURE 1- 108 FREE- STRAIN FROM CIRCUMFERENTIAL COMPRESSION 

The failures in spinning are sine wave plate buckling, plastic buckling, 

circumferential splitting and shear splitting. 

Elastic buckling, illustrated in Figure I-109, takes the form of 

sinusoidal waves and occurs when the critical buckling strength of the 

material at a given slenderness ratio (h/t) is less than the yield 

strength. 
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FIGURE 1-109 ELASTIC BUCKLING FAILURE FOR SPINNING 

Plastic buckling, illustrated in Figure I-110 occurs when the slender

ness ratio (h/t) is small and the critical buckling strength of the material 

is higher than the yield strength. This type of failure is usually 

accompanied by shear splitting that occurs when the operator tries to 

remove the plastic buckling. 

Circumferential splitting, illustrated in Figure I-111, r esults when 

the operator uses excessive wiping action in an attempt to remove previous 

buckling. However, splitting occurs at a higher value of h/Rb than 

plastic buckling, therefore, eliminating it as a major failure. 
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SHEAR SPLITT! NG 

FIGURE 1-110 PLASTIC BUCKLING AND SHEAR SPLITTING FAILURES FOR SPINNING 

FIGURE 1- 111 CIRCUMFERENTIAL SPLITTING FAILURE FOR SPINNING 
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The spinning curve, illustrated in Figure I-112, is defined by good 

parts below the curve and failed parts above the curve. Elastic buck.ling 

results for high values of h/t while plastic buck.ling and shear splitting 

occur for small values of h/t. Circumferential splitting occurs at a 

higher value of h/Rb than plastic buckling and considered as a secondary 

failure. 
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BUCKLING ---- \------
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BUCKLING 

___________________ .__LOG 
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FIGURE 1- 112 SPINNING LIMIT CURVE 
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The applied stress and the strain diagram of a spinning sample is 

illustrated in Figure I-113. The strain diagram shows EL= Et 
and Ew = 0 ; therefore, EL/E w = 00 The value for EL/Ee= 0.866 

was determined by the Energy of Distortion Theory and allows the process 

to be plotted on the "Effective Strain" Ellipse in Figure I-133 for 

correlation to the standard tensile specimen. 

SPINNING 

INSIDE 
SURFACE 

OUTSIDE 

SURFACE 

EL+ Et = 0 
FIGURE 1-113 APPLIED STRESS AND STRAIN DIAGRAMS FOR SPINNING 
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RUBBER PRESS BEADING 

Beading, a shallow recessing process, is the principal method used 

for achieving stiffness in thin sheet metal panels. Although the rubber 

beading process is commonly used, drop hammer beading is considered to 

be a much superior process. A 3,000 psi HPM Die Press, shown in Figure 

I-115, was used to form the rubber formed beaded panels for this program . 

FIGURE 1-115 3,000 PSI. HPM DIE PRESS 
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The tooling for rubber press beading, shown in Figure I-116, consists 

of a base plate with tooling holes to accommodate different size bead 

inserts and allow a variable bead spacing in increments of 3/8 inch. 

The bead inserts range in radius from 1/4 to 3/4 inches. 

FIGURE 1-116 RUBBER BEAD TOOLING 
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The parameters for rubber beading are bead radius (R), distance 

between bead centers (L) and ma.terial thickness ( t) as shown in 

Figure I -117. 

FIGURE 1-117 PARAMETERS FOR RUBBER BEADING 

The most objectionable limitation of rubber beading is the large free

form bend radius (r) that a given material will form regardless of the bead 

height or spacing due to insufficient pressure. Since this free-form 

radius, illustrated in F1gure I-118, is independent of the bead radius 

(R) and the distance between beads (L), it cannot be plotted on the form

ability curve. However, an expression for this radius is derived in 

Chapter II. 
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FIGURE 1- 118 FREE. FORM RADIUS IN RUBBER BEADING 

The major failure in rubber beading is splitting in the free-form 

radius area as illustrated in Figure I-119. This failure results when 

the available elongation of a given material is exceeded, 

SPLITTING 

FIGURE 1- 119 MAJOR SPLITTING FAILURE IN RUBBER BEADING 
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Splitting failures occurring at the top of the bead, illustrated 

in Figure I-120, are due to bending strain superimposed on the forming 

strain. If the forming strain is greater than th~ allowable bending 

strain of the material, failure will occur before the part is completely 

formed. 

-- BENDING 
FAILURE 

IIA II 
IIA II 

SECTION 11A 11
-

11A II 

FIGURE 1- 120 BENDING FAILURES IN RUBBER BEADING 

Buckling in the panel between the beads occurred for large bead radii. 

This buckling was not considered because increasing the bead length to 

bead radius ratio will eliminate the buckling. 
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The rubber beading limit curve, illustrated in Figure I-121, is 

defined by good parts below the curve and failed parts above the curve. 

Splitting results for high values of R/L and R/t. 

LOG 
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0 GOOD PART 

• SPLITTING 
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FIGURE 1- 121 RUBBER BEADING LIMIT CURVE 

The applied stress and the strain d i ag~·a.ms for a rubber formed beaded 

panel is shown in Figure I-122. The strai n diagram shows 

The value for EL/Ee = 0.925 was determined by the Energy of Distortion 

Theory using empirical data and allows the rubber beading process to be 

plotted on the "Effective Strain" Ellipse in Figure I-133 for correlation 

to the standard tensile specimen. 
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FIGURE 1-122 APPLIED STRESS AND STRAIN DIAGRAMS FOR RUBBER BEADING 
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DROP HAMMER BEADING 

As previously stated, drop hammer forming is considered to be the 

superior shallow recessing process for beading. An air operated 

Cecostamp Drop Hammer shown in Figure I-124, was used to form the drop 

hammer beaded panels for this program. 
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The drop hanuner dies, partially shown in Figure I-125, provide bead 

spacings of 2 to 5 inches for the 1/2 inch radius beads and 3 to 5½ 

inches for the 1 inch radius beads • 

... 

FIGURE 1- 125 DROP HAMMER BEADING DIES 

The parameters for drop hammer beading are bead radius (R), distance 

between bead centers (L) and material thickness (t), as shown in 

Figure I-126. 
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FIGURE 1-126 PARAMETERS FOR DROP HAMMER BEADING 

The forming process is accomplished in several stages starting with 

thick rubber strips and reducing the strips at each stage until the final 

stage which is accomplished without the strips. The sketches in Figure 

I-127, illustrates only the initial and final stages. As the material is 

bent around the bead radius in the initial stage (Position A), the bending 

strain superimposed upon the forming strain ( E 1, total at a) gives a 

distribution as shown in A. If E 1 is greater than the maxiurum allowable 

bending strain of the material, then failure will occur at the top of the 

bead before the part is completely formed. If E 1 is less than the 

maximum allowable bending strain of the material the part will develop a 

strain distribution as shown in Band the part will fail at point (d) where 

E2 is maximum strain. The two types of splitting are illustrated in 

Figure I-128. 
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FIGURE 1- 127 INITIAL AND FINAL STAGES OF DROP HAMMER FORMING 
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FIGURE 1-128 SPLITTING FAILURES IN DROP HAMMER BEADING 

The drop hammer limit curve, illustrated in Figure I-129, is 

defined by good parts below the curve and failed above the curve. 

Splitting results for high values of R/L and R/t. 
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FIGURE 1- 129 DROP HAMMER BEADING LIMIT CURVE 

The applied stress and the strain diagram of a drop hammer beaded 

part is illustrated in Figure I-130. The strain diagram shows {L = Et 

and Ew = 0 ; therefore, EL/ E w = GO • The value for EL/ Ee = 0 .866 

was det ermined by the Energy of Distortion Theory and allows the process 

to be plotted on the "Effective Strain" Ellipse in Figure I-133 for 

correlation to the standard tensile specimen. 
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EFFECTIVE STRAIN 

The table in Figure I-132 gives the ratio of the longitudinal strain 

to width strain ( EL/ Ew ) and the ratio of longitudinal strain to 

"effective" strain ( EL/ Ee) for all the processes with splitting as 

a major failure except Androforming. Androforming is not plotted on the 

"Effective Strain" Ellipse because heat treated materials were used that 

had elongations of only 6 to 8 percent. These small values of elonga

tion allow considerable error in grid measurements for calculation of 

the "effective" strain. 

The "Effective Strain" Ellipse in Figure I-133 is the combined 

strain condition for uniform strain up to necking. The strains for the 

processes plotted are uniform strains and do not violate the basic 

assumptions for the ellipse. The exceptions are strains used for brake 

forming and joggling that exceed the uniform strain. However, E 1.. / E w 

is equal to infinity ( GO ) for these processes regardless of the magni

tude of the longitudinal strain ( Ei. ) since the width strain ( Ew ) is 

equal to zero. For this reason, the brake forming and joggling processes 

are plotted with the other eight processes for comparison. 
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PROCESS EL/Ew EL/Ee 

Brake Forming 00 o.866 

Joggling 00 o.866 

Dimpling -2.15 l 

Rubber Stretch Flanging -2.46 0.990 

Linear Stretch Forming -1.48 0.980 

Sheet Stretch Forming -3.70 0.960 

Deep Drawing 00 o.866 

Spinning 00 o.866 

Rubber Press Beading -7 .05 0.925 

Drop Hammer Beading GO o.866 

FIGURE 1- 132 STRAIN RATIOS FOR PLOTTING THE "EFFECTIVE 

STRAIN" ELLIPSE 

ASD TR 61-191(1) I-129 



0\ 
f-' 
I 

f-' 
\() 
f-' -H -

H 
I 

I-' 
I.,.) 

0 

Ew 
Ee 

Ew 
Ee 

Et .. 

-
--

00 

7 -os 

3,7 

3.~ 

<.46 

"-

BRAKE FORM 

DROP HAMMER 

DEEP DRAW 

SPINNING 

JOGGLING 

RUBBER BEAD 

SHEET STRETCH 

LINEAR STRETCH 

RUBBER STRETCH 

DIMPLING 

TENSILE TEST 

(SQUARE) 

FIGURE 1-133 "EFFECTIVE STRAIN" ELLIPSE FOR SHEET METAL FORMING 





SPLI'M:'ING THEORY 

The factors determining the amount of strain that a part can be subjected 

to without failure are: 

(1) The material 

(2) Geometry of the part 

(3) The complete stress-strain state of the part (triaxial 

stress-strain consideration) 

(4) Strain gradients across the part 

(5) Stability against necking. 

The material determines the amount of elongation a part can take before 

fracture. The geometry of the part indicates the amount of strain that has 

to occur to develop a certain shape. The stress-strain state of the part 

gives the biaxial effect that takes place during fonning. The strain 

gradients across the part determine the amount of elongation a particular 

material can take before fracture. Finally, stability against necking 

detennines fracture sensitivity in that the more near maximum elongation is 

occurring near the free edge and surface of the part, the more near it will 

be to fracture. 

This chapter is concerned principally with the second fac tor. The 

other four will be treated elsewhere in this book, either from a theoretical 

or empirical approach. 
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BUCKLING THEORY 

As shown by the failure analysis in Chapter I, all of the forming 

methods except five exhibit buckling as a major forming limitation along 

with splitting. These five exceptions are brake forming, dimpling, sheet 

stretch forming, rubber bead forming, and drop hammer bead forming. The 

other seven forming methods will exhibit buckling in the form of rectangular 

sine wave buckling, sheet shear buckling, circular sheet buckling, and 

section twist buckling as shown in Figure II-2. 

Rectangular sine wave buckling is shown to result when thin gage sheet 

material is subjected to compressive end stresses. A sine wave buckle will 

occur where each half wave approximates a square. Shear buckling of sheet 

material occurs from shearing stresses acting on the part resulting in sine 

wave type buckling rotated approximately 45° from the long direction of the 

sheet. Circular sheet buckling is noted to occur from compressive radial 

stresses as shown (or alternately, from tensile radial stresses on the inside 

edge) resulting in circumferential sine wave buckling. It should be noted 

that these buckles are perpendicular to the applied radial stresses; however, 

resulting circumferential compressive hoop stresses are the direct stresses 

causing the buckling. 

Thin gage sheet metal stabilized by a bend, as shown by the angle section, 

can buckle in another manner. Twist buckling of this type occurs when the 

twisting stiffness of the section is below a critical mininrum value. 

The edge conditions of the sheet elements control the ease of buckling. 

Practical parts have only two possible edge conditions as shown by the channel 

in Figure II-1. 
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FIGURE 11-1 EDGE CONDITIONS OF PRACTICAL PARTS FOR BUCKLING 

These edge conditions are designated as freely supported and entirely free 

as shown by the web and flange of the channel. A freely supported edge 

condition is one that is free to rotate but is constrained to remain 

straight, thus taking no bending moment. This is represented by both 

edges of the web and one edge of the flange because of the stiffening 

bend along these edges. An entirely free edge condition is one that 

can bow as well as rotate, represented by the flange with the free edge. 
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Webs with freely supported edges are much more difficult to buckle 

than flanges. For this reason, only flange type buckling will be consider

ed in the following analysis. Shear buckling and circular sheet buckling 

will be considered for freely supported edges only because the edge condi

tions are of secondary importance in these cases. Twist buckling will be 

analyzed for sections that are completely free to rotate. 

The general sheet buckling equation for both sine wave and shear buckling 

is: 

( II-1) = k 

where SCR is the critical compressive buckling stress, his the width and 

tis the thickness of the sheet, k is a numerical factor depending on the 

width h, the length L, and the edge conditions of the sheet element, 

and Dis the sheet constant as defined by: 

(II-2) 
---E-t3 ___ 1 I D • 12 ( 1-µ 2) _ 

where Eis Young's modulus and µ is Poisson's ratio. Substituting 

equation ( II -2) into equation (II-1) gives: 

= [ 
E t3 7 

12(1-µ 2)j 

ScR = 
k 1(2 E 

12(1-µ2) (h/t) 2 

(II-3) I scR Bl 
E 

= (h/t) 2 
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where B1 is a numerical constant: 

(II-4) 
k 7T2 

12(1-µ 2) 

The general buckling equation for circular sheet is: 

(II-5) I scR k D k Et3 :; 

R2t" = 
R 2 t 12(1-µ 2) 0 0 

8cR = k E 

12(1- µ ~) (Ro/t) 2 

(II-6) I scR = ~ (Ro~t)21 

where all of the parameters are the same as before and R
0 

is the outside 

radius of the circular sheet. The numerical constant B2 in this case is 

seen to be: 

(II-7) k 

12(1-µ 2) 

The critical buckling stress in (II-3) and (II-6) is seen to be directly 

proportional to Band E and inversely proportional to (h/t) 2 and (R0 /t)2. 

This means that materials with a high modulus such as the steels and some 

of the refractory metals are resistant to buckling whereas the titaniums 

and aluminums are relatively easy to buckle. Also, as the h/t and R0 /t 

value gets small, it is more buckle resistant as would be the case for 

thick gage materials. 
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For a given material, however, equations (II-4) and (II-7) indicate the 

relative ease of buckling of different shape parts because k is dependent 

on the length and width of the sheet element, its edge restraints, and 

types of loading. This constant can be determined for the three types 

of elements found in sheet forming. 

The graph in Figure II-3 gives the k value for these three types of 

elements: 

2 

,-- ----i 
t SHEAR 

-- -- --

4 

OR 

t 
WW 
z> 
- <( 
CJ) 3:: 

6 7 

FIGURE 11-3 DISTRIBUTION OF " k " FOR BASIC BUCKLING TYPES 

These k values can be seen to be fairly constant for values of R0 /Ri and 

L/h greater than 3; however, the k value rapidly approaches infinity as 

L/h approaches zero. The k value for a circular plate with a hole in it 

can be seen to go to 1.9 at R0 /R1 = l where the flange becomes zero. 
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By substituting these k values for practical L/ h and R0 /Ri ratios 

into equation (II-4) and (II-7), the following B values can be computed 

giving a relative evaluation of the ease of buckling the three fundamental 

sheet elements for a given material: 

Case A: Rectangular sine wave buckling 

h 
L 

for L/h 2, k: 0.5 

B : 
k 7T2 

12(1 -µ 2) 
= 

Case B: Rectangular shear buckling 

(0.5) (3.14) 2 

12(1 - .09) 

t-------
t I• L i . I t -- -- -- --

for long parts, L/h 7 5, 

B = 

for joggling, 

B = 

ASD TR 61-191(1) 

k 71' 2 

12(1 -µ~) 

L/h = 1, k 

(20) (3 .14) 2 

12(1 - .09) 

k = 5.5 

= ( 5 .5) (3 .14) 2 

12( 1 - .09) 

= 20 

= 20.0 

II-8 

• O .45 

"' 5 .o 



Case C: Circular sheet buckling 

for Ro/Ri = 1.5, k = 2.2 

B 
k 2.2 = 0.20 = = 

12(1 - µ 2) 12(1 - .09) 

The general twist buckling equation is: 

(II-8) 

where SCR is the critical compressive buckling stress, C is the twist

ing stiffness as defined by: 

(II-9) 

for a cross section of f slender rectangles and a modulus of r i gidity G, 

and Ip is the polar moment of inertia of the section as defined by: 

( II-10) I Ip = g b3 t I 
where g is a numerical constant depending on the shape of the cross section. 
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Combining equations (II-8), (II-9), and (II-10), and substituting 

E for G = -2.5 

C f 
G h t3 

E ScR = = 3 f 
Ip = 3(2.5)g (h/t) 2 

g h3 t 

(II-11) ScR = B3 (h/~)21 

Twist buckling of sections is seen to be equivalent to sine wave and 

shear buckling by comparing equations (II-11) and (II-3); however, the 

size constants Bin both equations are considerably different as seen by 

comparing the following equation with equation (II-4): 

(II-12) 

I ~3 = f I 
_ 7 -5~ 

Evaluating the constant for three typical type sections results in 

the following: 

Case A: Twist buckling of hat sections 

ASD TR 61-191(1) 

f 
7. 5g 

= 5 
7.5(3.6) 

II -10 

f = 5 rectangles 

h long and t thick 

g = 3.6 computed 

= 0.19 



Case B: Twist buckling of channel sections 

f -- = 7 .5g 
3 . 

7 .5( .92) = 0.44 

Case C: Twist buckling of angle sections 

f 
B3 = 7.5g = 2 = 0 64 . 

7.5(.42) 

f = 3 rectangles 

g = .92 computed 

f = 2 rectangles 
_g = .42 computed 

Remembering from equation (II-11) that the critical buckling stress is 

directly proportional to the constant B, it is seen from the above calcula

tions that it is relatively easy to twist buckle hat sections and relative

ly difficult to twist buckle angle s~ctions. 

It should be noticed in equation (II-11) that no k value appears as 

it did in sheet buckling indicating that twist buckling is independent of the 

length of the element. 
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A table of the various types of buckling is shown on the following 

page in Figure II-4. This table gives a description of the types of buckling 

with equations and edge conditions for each. 

The B value is also shown indicating the relative ease of buckling 

for each type. It is shown that twist buckling of hats and circular sheet 

buckling are the easiest because of their low B value; however, deep drawing 

of circular sheets is stabilized considerab~y with the aid of pressure plates 

acting normal to the buckling. Buckling of rectangular plates under end 

compression and twist buckling of channels is next in ease of buckling as 

can be seen by the respective B values of .45 and .44. Most of the 

practical type of parts will buckle under longitudinal compression as 

shown. 

It is shown that angle sections are more difficult to twist buckle than 

to sine wave buckle whereas the reverse is true for hat sections. For this 

reason, angles will always buckle as a sine wave, hats will always twist 

buckle, and channels will buckle either way. 

Shear buckling is shown to be much more difficult than the other buckl

ing because of the large B values, particularly for short parts as in 

joggling. 

Deep drawing and spinning are shown to be the applicable types of 

circular sheet buckling. Rubber forming, linear stretch forming, roll 

forming, and drop hammer forming are shown to be applicable to buckling 

of rectangular sheets under longitudinal compression. 
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Shear buckling encompasses both types of rubber press flanging and joggling. 

Twist buckling of sections occurs in linear stretch forming and roll forming. 

The table also shows that circular and rectangular sheet buckling are 

very important in predicting formability limits. Twist buckling of hat 

sections and shear buckling are of intermediate importance and twist buckl

ing of channels and angles are only of slight importan~e as will be brought 

out in the next section. 

The three general plate buckling equations shown in the table can be 

analyzed together in the development of formability graphs because of their 

similarity as shown below: 

(II-3) 
E 

5cR = B1 (h/t) 2 , sine wave and shear buckling 

( II-6) 5CR B2 E = circular sheet buckling 
(R0 /t)2 

, 

(II-7) SCR B3 
E twist buckling = (h/t) 2 

, 

The shape of the curves illustrating these equations can be better 

visualized by expanding equation (II-3) by taking the logarithm of both sides: 

(II-13) I sc8 = log B1 E - 2 log (h/t) I 
This is an hyperbola, which when plotted on log-log graph paper, will give 

a straight line with a slope of -2 and an intercept on the SCR axis of 

B1 E when h/t = 1. 
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ScR is the critical buckling stress in all types of forming; however, 

it occurs as elastic buckling from residual stresses left in the part after 

the forming forces are removed in such processes as rubber stretch flanges, 

linear stretch forming, and roll forming. ScR is the applied compressive 

stress that causes buckling during forming in rubber shrink flanges , 

joggling, deep drawing, spinning, and Androforming. The same type of 

equation and graph can be used for both cases. 

In order to relate ScR to the geometry of the part, it should be 

remembered that stress and strain are compatible and that no finite jumps 

in strain will occur. In this way, stress can be related as a definite 

function of strain as shown by the following equation: 

(II-14) r(e) • r (ge°""try)I 

Then, as will be shown in the following analysis, this strain function 

can be related to the geometry of the parts considered. 
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BRAKE FORMING 

An analys i s for brake forming can be made wit h the aid of t he 

following sketch: 

\ B E F O R E 
BEN DI NG 

FIGURE 11- 5 ELONGATION FOR PURE BENDING 

It can be seen that the strain equation for pure bending can be computed 

as follows for small angles: 

j_ : (R ~ t/2) OC 

ASD TR 61-191(!) 

(for small angles) 

(original length, assuming the 

neutral axis remains in the 

geometric center) 

II-16 



E- ~1. = t/2 tan o< = tan o( 

;_ (R t/2) o< ( 2 R/t+l) o( 

2 R/t + l l tan ol.. 
= ----E o< 

( II-15) I R/t 
.1. ( l tan o< -1) I = 2 -

E o< 

As shown in the figure, however, the difference between the elongation 

11 J.. and t/2 tan o( increases as the angle o< increases. For this 

reason, it is necessary to compute the strain relationships for large bend 

angles as shown below: 

(II-16) 

j_ = (R + t/2) o< 

Jf = (R + t) o<. 

E = fr - ,R = .1 f 
_f T 

E _ R/t + l - R/t - ½ 
R/t + ½ 

2R/t+l: l 

E 

(original length) 

(final length) 

-1 = f R+t) o< -1 = R~t+l 
R t+ 1 R +t/2)o< 2 

= 
l 
2 = l 

R/t + ½ 2 R/t + l 

This equation shows that the maximum R/t defining the bending limits for 

- l 

a given material is an inverse function of some form of elongation for the 

rraterial. This means that this equation is a constant for a given material. 

In order to draw the complete curve for brake forming limits, it 

will be necessary to superimpose equations (II-15) and (II-16): 
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! tan a -l) 
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FIGURE 11-6 BRAKE FORMING LIMITS 

Equation (II-15) represents the forming limits for sma l l bend angles whereas 

equation (II-16) represents the limits for larger angles. In order to effect 

the initial point of equation (II-15) at the origin as shown, the arbitrary 

size constant " E " was chosen as 1.00. A smooth tracsition curve is 

drawn between t he two in order to form a continuous function as shown by the 

ccmpleted f 0rma bili ty limit gra11h be l r·,1: 

GOOD 
PARTS 

I 
'-i0 

I>-~ 
<:> ~ j ANGLE BEYOND WHICH 

0
+,«; ~ FORMABILITY IS NOT 

~~ I DECREASED 
v I 

I 

FIGURE 11-7 FORMABILITY CURVE FOR BRAKE FORMING 
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This type of graph illustrating brake forming limits indicates increasing 

formability with decreasing bend angle o< It also shows a bend angle 

beyond which formability is not decreased as shown by the horizontal portion 

of the line . Thi.s means that after a certain angle is reached in bending, 

no more strain can be added in the bend to result in fracture. 

Figure II-7 gives the brake forming limits for a single material. In 

order to illustrate the limits for c.ifferent materials, the strain " E 11 

in equation (II-16) will have to be treated as a variable as shown by the 

graph below: 

1. 0 

E 

• 1 
• 1 1.0 

R/t 

R/t = ½ ( 1: - J) 
E 

10.0 

FIGURE 11-8 RELATIVE BRAKE FORMABILITY 

FOR DIFFERENT MATERIALS 

This graph indicates that as the elongation 11 E " of ms.terials are in

creased, the R/t necessary to crack a part is decreased. The curve is 

shown to become a straight line when plotted on log-log paper for the less 

ductile materials with elongations less than about 50<1, . 
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It should be remetnbered, however, that this curve was developed for t he 

neutral axis remaining congruent with the geometric center during bending. 

Although this shape of curve will be used for correlating materials f or 

brake formability in subsequent chapters, it will be shown tha t more pre

cise positioning will be required, particularly for small R/ t, because of 

the movement of the neutral axis away from the geometric center. 

JOGGLING 

The strain equation for joggling can be determined with the aid of 

the following sketch: 

FIGURE 11-9 CROSS SECTION OF A JOGGLE 

L = original length of fiber 

Lr= final length of fiber after joggling 

D = depth of joggle 
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Lf = ~ n2+ 12 

E Lr - L Lr - 1 ~ n2 + 12 - 1 = elongation = = = 
L -L- L 

E = ~ (D/1)2+1 - 1 

( E + 1) 2 = (D/L) 2 + 1 D/L = ~ ( E + 1)2 - 1 

(II-17) D/L = ~ E ( E + 2) 

This equation shows that the maximum strain that can be obtained in joggling 

is a constant for a given material with a strain of E • By combining 

equation (II-17) for splitting limits with equations (II-3) and (II-14) for 

shear buckling, the formability envelope can be established for joggling: 

o/. L 

LOG 
GOOD 

PARTS 

LOG -

~ t 

3/.L= BE (01/ ) 2 
t 

FIGURE 11-10 JOGGLING FORMABILITY CURVE 
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The complete envelope is seen to be bounded by straight lines when plotted 

on log-log graph paper. The buckling line shown with the slope of -2 is 

seen to change to a slope of oO for large D/L values because of the large 

increase in the k value discussed previously, The vertical limit line is 

seen to indicate that formability is independent of D/L, depending only 

on D/t. 

This formability graph was developed based on a material with given 

mechanical properties. In considering the relative formability for different 

materials, the material properties in equations (II-17) and (II-3) will have 

to be considered. Only the elongation equation will be shown below in 

graph form because the buckling equation will be positioned subsequently 

using formability indices: 

E 

D/ L 

FIGURE 11-11 RELATIVE JOGGLING FORMABILITY 

FOR DIFFERENT MATERIALS 

This graph indicates that greater depths can be joggled for materials with 

higher elongations, E, independent of the gage of the material. This type 

of curve will be used for correlating splitting limits for different 

materials in joggling. 
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DIMPLING 

The strains developed during the dimpling operation can be determined 

from the following sketch: 

(II-18) 

R!--_h -I ;-- h cos o<. 

FIGURE 11-12 CROSS SECTION OF A DIMPLE 

R1 = h + R - h cos 0.. 

f O = 21T R = original length of circumferential edge fiber 

,J, = 2 1T R1 = final length of circumferential edge fiber 

E = 

E = 

h/R = 

= 211' (h +R - h cos ~) - 2 7f' R 

h +R - h cos o<. - R 
R 

E 
l - cos o( 

21T R 

= h/R (1 - cos o<.) 

This equation represents the h/R ratio to which a given material can be 

stretched for any angle by dimpling before breaking as shown by 

Figure II-13. It can readily be seen that only small bend angles can be 

obtained for large h/R ratios while the opposite is true for small h/R 

ratlos. 
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E 
1-cos a 

PARTS 

FIGURE 11-13 DIMPLING FORMABILITY CURVE 

The above fonnability limit graph is for a single material , In order 

to evaluate the material as a variable, equation (II-18) will have to be 

considered with the strain E as a variable for a given constant angle o< . 

By plotting the two major variables h/R and E , the following graph 

results: 

ASD TR 61-191(1) 

E = 
E 

l -coso( (where a= constant) 

FIGURE 11- 14 RELATIVE DIMPLING FORMABILITY 

FOR DIFFERENT MATERIALS 
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This graph represents the idealized case where the flange remains constant 

length and thickness; however, in dimpling, the flange will thin and 

extend its length tending to lower the circumferential hoop strains pre

dicted in equation (II-18). The hole will often remain the same size 

during dimpling for some materials and, consequently, the dimple will not 

fail in a radial type split. Generally, the hole will enlarge and the 

flange will extend during dimpling. This wi l l affect the shape of the graph 

in Figure II-14, 

cos a 

FIGURE 11- 15 DIMPLE SHOWING FLANGE LENGTHENING 

(II-19) 

h - h cos d... 
h cos o<.. 

1 _ cos o< 
cos o<. 

= 1 - cos o<. 
cos o<. 

Superimposing this equation on the graph for equation (II-18) f or various 

angles will result in the curve in Figure II-16. The intersection of 

the curves for equations (II-18) and (II-19) gives a formability curve 

representing radial type failures for dimpling. From the above analysis, 

it is seen that the resulting strain is a compromise between that resulting 

from a complete circumferential stretch with no flange lengthening to that 

resulting from no circumferential stretch with complete flange lengthening .• 
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FIGURE 11-16 DIMPLING FORMABILITY FOR DIFFERENT MATERIALS 

This formability curve will be used to predict maximum dimpling that 

can be obtained for materials with certain elongation values. 

RUBBER FLANGING 

The following sketches will be used to determine the strain equations 

for rubber forming stretch and shrink flanges: 

A 

--hr 
• t 

'' :_: 

SEC. A - A 

STRETCH FLANGE 

~ 
\ 

B 
L 

o_ -- -
~-[ 

SHRINK FLANGE 

FIGURE 11- 17 STRETCH AND SHRINK FLANGE PARTS 
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L0 = R 0 = original length of fiber 

L = (R+h) 0 • final length of fiber for stretch flange 

L = (R - h) 0 = final length of fiber for shrink flange 

( II-20) 

(II-21) 

E = L - Lo - 1 • 
Lo 

I E = h/R I• elongation for 

(R+h) 9 
R 9 

- 1 

stretch flange 

= 1 - (R - h) 0 
R0 

B, compression for shrink flange 

The shrink and stretch flanges both are defined for percent elongation 

E by h/R where the contour radius is to the free edge of the flange. 

This strain can be related to geometry for buckling by equations (II-3) 

and (II-14) so that the following graphs can be drawn representing the form

ability envelopes for rubber press flanging: 

h/R = £ = constant 

--- 1 
h/R ~ B1E ih/t)2 

h/R GOOD h/R 
PARTS 

t 
Cl 
0 
.J 

LOG-
h/t 

STRETCH FLANGES 

t 
Cl 
0 
.J 

GOOD 
PARTS 

LOG-

h/R = constant 

h/t 

SHRI NK FLANGES 

FIGURE 11- 18 RUBBER PRESS FORMABILITY 
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In the case of the stretch flanges, formability is seen to be dependent on 

buckling from residual stresses in the part for large h/t values and on 

splitting of' the flange for large h/R values. The buckling curve is 

noted to change from a -2 slope to a slope of c;,,0 for large h/R values 

because the flange is approaching a shell which is more difficult to buckle 

than a flat sheet. 

The shrink flange curve is similar to the stretch curve in the elastic 

buckling region, both curves following a slope of -2; however, when the 

gage gets sufficiently large, the shrink flanges become strictly dependent 

on h/R which is a function of the plastic buckling properties of the 

materials. It is seen that failure in the plastic buckling region is 

independent of the h/t ratio. 

Equation (II-20) can also be us.ed to predict the relative formability 

for all materials as shown in the 13:raph below: 

E 

FIGURE 11-19 RELATIVE STRETCH FLANGE FORMABILITY 

FOR DIFFERENT MATERIALS 
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This graph shows a straight line relationship between the available elonga

tion in a material and the flange height to radius ratio h/R. Thus, 

materials with high elongations can be subjected to large flanges before 

splitting is encountered. This type of curve will be used for splitting 

correlation of materials for stretch flanges. 

LINEAR STRETCH AND ROLL FORMING 

This type of part can be defined with a sketch similar to rubber 

stretch flanging as shown below: 

,+ 
T 

SEC. A-A 

FIGURE 11-20 LINEAR STRETCH FORMED PART 

Lo = R8 = original length of fiber (assuming neutral 
axis on the ccncave side of part) 

L = (R+h) 8 = final length of fiber 

E = L - Lo = L _ l _ (R ..- h) 8 -1 -
Lo Lo - R8 

( II-22) E - h/R I= elongation of outer fiber -
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This equation gives the elongation that will occur in a part with a given 

h/R assuming the contour radius is defined to the edge of the free flange 

and the neutral axis remains along this free edge. 

In order to determine the formability graph for linear stretch forming, 

equation (II-22) will be combined with equations (II-3), (II-11), and (II-14) 

in the following manner: 

GOOD 
PARTS 

LOG-

h /t 

FIGURE 11-21 LINEAR STRETCH FORMABILITY CURVE 

It can be seen that parts with large h/t values will fail by elastic 

buckling from residual stresses left in the part. The theoretical curve 

with a slope of -2 is shown to change to a slope of oO for large h/R 

values because the "k" value in equation (II-4) becomes extremely large 

for parts of this shape. 
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Equation (II-22) shows that splitting should be dependent only on the 

elongation of the material so that the splitting line on the graph would 

be horizontal; however, it was assumed that the neutral axis was main

tained along the concave side of the part. This is true for thin gages; 

however, thicker gages allow the neutral axis to move toward the convex 

side of the part without wrinkling of the inner edge, thereby increasing 

the effective h/R to which the part can be formed without splitting. 

The above formability limit graph was developed. for a given material 

with specific material properties. Equation (II-22) can also be used to 

determine relative formability for splitting for materials with different 

elongations as shown below: 

h/R 
FIGURE 11-22 RELATIVE LINEAR STRETCH FORMABILITY 

FOR DIFFERENT MATERIALS 

This curve shows that materials with large elongation values can be formed 

to large h/R values. This is the type of curve to be used for correlation 

of splitting limits for linear stretch forming. 
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Linear roll forming will have the same type of buckling curve as 

linear stretch but roll forming will not exhibit splitting as a failure. 

SHEET STF.E'TCH 

In order to study the strains resulting in double contour sheet 

stretch forming, the following sket ch of a cross section of a spherical 

segment will be used: 

R 

FIGURE 11-23 CROSS SECTION OF SPHERICAL SHEET 

E • Lr -
L 

(II-23) 
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Lr: R 0 = final circumferential length of fiber 

L " 2 R sin~ = initial circumferential length of fiber 
2 

L = Lr -1. R 0 0 1 - 1 = = elongation L 2R sin _Q 2 sin~ -
2 2 

E 2 sin-1 LL2R - 1 = L/R 

2 R/L csc -l (2 R/L) : E + 1 I 
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This is the equation for the meridianal strain for a spherical element. 

In order to extend this to a double contoured skin vith different 

radii in the longitudinal and transverse directions, a nev concept of 

resultant radius vill have to be developed as shown belov: 

(II-24) 

RR= i RL ~ - resultant radius of curvature 

constant, for a given material 

( RL!,,~\ /T tvrlvr) __ "r:7tT constant 

RL = longitudinal radius of curvature 

RT 12 transverse radius of curvature 

L = longitudinal chord length 

T = transverse chord length 

This equation vill plot as a straight line with a slope of -1 on log-log 

graph paper as shovn below: 

R/ L csc-l (2 R/L) = E +1 

1 
LOG L T 

: CONSTANT 

LOG---

FIGURE 11-24 SHEET STRETCH FORMABILITY CURVE 
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The graph shows that when the longitudinal radius chord length ratio 

R1/L is small, the transverse radius chord length ratio Rr/T must be 

large to form a given material and vice versa. 

This graph gives the formability limits for a given material because 

the strain E was considered a constant. In order to determine the 

relative formability for different materials, the strain E in equation 

(II-23) must be considered a variable as shown below: 

R/L 

2.0.,....---------------------

1.5 

1.0 

2 Rcsc- 1 
(2 R/L)=E+l 

L 

.5 --------------
I 
I 
I 

. 57 0 ...._ _ __,1-----+----+-----+----+----4 

0 .1 .2 .3 .4 .5 .6 

E 
FIGURE 11-25 RELATIVE SHEET STRETCH FORMABILITY 

FOR DIFFERENT MATERIALS 

This graph shows that the spherical radius to chord length ratio R/L can 

be decreased toward .5 as the elongation E of a material is increased. 

This means that materials with good elongations can be formed approaching 

a half sphere. This is not true in practice, however, because of die 

friction and resulting non-uniform strain across the part. The shape of 

the above curve will be used to predict sheet stretch formability. 
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ANDROFORMING 

The strains produced in Androforming are similar to those produced 

in sheet stretch forming as given by equation (II-23). However, very 

severe bending strains are superimposed on these from the curved forming 

element described in Chapter I. This makes a complex strain situation 

that has to be developed empirically. 

In the same manner that sheet stretch forming was handled, a result

ant radius of curvature will have to be defined as: 

( II-25) RR = ~ RL RT I = resuJ.tant radius of curvature 

RL = longitudinal radius of curvature 

Rr = transverse radius of curvature 

It has been found experimentally that the smaller the contour radii and the 

greater the gage of material, the greater will be the strain developed in 

the part. This suggests the following relationship: 

= (~)(~) = constant 

(II-26) 
(~) ( ~) = constant , for a given material 

This equation is seen to be derived by first squaring equation (II-25) 

and then dividing both sides by the material gage "t". 
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This equation plots as a straight line on log-log graph paper as 

shown below: 

1 
LOG 

LOG- RL 

'ft 

FIGURE 11- 26 ANDROFORMING FORMABILITY CURVE 

The graph indicates that large longitudinal radii are needed to produce 

parts that have small transverse radii for a given material with a given 

gage. It is also shown on the graph that large gages have lower formability 

limits. 

In addition to splitting, buckling is also a limitation in Andro

forming. This type of failure becomes noticeable only for small contour 

radii and gages. It has been found experimentally that the smaller the 

contour radii and the smaller the gage, the greater the tendency for buckl

ing. This suggests the following relationship with equation (II-25): 

2 
RR • RL Rr, 

RR
2 

t
2 

= (RL t) (Rr, t) 

(II-27) l (RL t) (Rr:r t) = constant, I for a given material 
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Plotting this on log-log graph paper will give a straight line with a 

slope of -1 as shown below: 

t 
(RTt ) = CONSTANT 

LOG 

LOG ----

FIGURE 11- 27 ANDROFORMING FORMABILITY CURVE 

This graph indicates that large longitudinal radii are necessary for 

small transverse radii and vice versa in order to form good parts. Heavy 

gages also increase formability. 

Formability in Androforming can thus be seen to be a compromise 

for material gage considerations. Thin gages will buckle more easily 

while heavy gages will split more easily. Intermediate gages will form 

best for the more severely contoured parts. 
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DEEP DRAWING WITH MECHANICAL 
DIES AND MANUAL SPINNING 

The simplest type of deep drawing can be analyzed best for cylindrical 

cupping as shown below: 

, v I- R • 1 ~ h • I I A d I , _____________ ,T 
Ve 

H 

FIGURE 11-28 CROSS SECTION OF DEEP RECESSED PART 

Rb= radius of the blank 

Rd• radius of the die 

h = Rb - Rd = overhang flange height 

H = cup depth 

A geometrical relationship exists for cupping with both mechanical dies 

and manual spinning based on a constant volume relationship during the 

drawing operation. 
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It has been found experimentally that the thickness strain for both 

methods of deep recessing are approximately as. shown below for most 

materials currently in use: 

40 -.-----------------. 

3 0 

2 0 

e 10 

t 
0 

-1 0 

-20 

-3 0 
SPINN! NG 

-40 

CUP BOTTOM CUP TOP 

lj 
z 
z 
w 
~ 
u 
I 
I-

lj 
z 
z 
z 
I 
I-

FIGURE 11-29 THICKNESS STRAINS FOR DEEP RECESSING 

Mechanical die cupping will thin the cup to a small amount near the bottom 

to a fairly large amount of thickening near the cup top resulting in a near 

zero average thickness change. Manual spinning, however, will thin the cup 

considerably for most of the cup depth generally increasing to a slight 

thickening near the top of the cup resulting in an average of 22!{o thinning. 

Although these values vary slightly with material, the averages are close 

enough for the following derivations. 

The cup depth {H) will be considerably greater than the overhang (h) by 

the constant volume relationship. Consider first that the cup bottom and 

the associated volume within the blank bounded by Rd as unchanged during 

forming. This means that the cylindrical volume of metal bounded by H 

will equal the annulus volume bounded by has shown by the cross hatched 

areas in the sketch above. 
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VA = 1f ( R b2 - al) t = volume of annulus of blank 

VA = 7T t (Rb - Rd) (Rb+Rd) = 71' t h (Rb+Rd) 

Ve = 2 7T Rd H t = volume of cylinder of cup 

(II-28) 

H 

h 

H 
h 

= 

= -500(--i;: + 1) I f cir mechanical di es 

This is the relationshi p of the cup depth to the overhang wi dth for mechanical 

die recessing because no average thickness strai n will occur for this process. 

It was mentioned, however, that an average of 2c!{o thinning will result 

in spinning, so the equation will . change as follows: 

VA = 1T t h (Rb+Rd) • same as for mechanical dies 

Ve = 2 7T Rd H (1 - .22)t , to allow for 2'c4o thinning 

Ve : 1 • 56 7T R d H t 

VA : Ve = 7Tt h (Rb+Rd) : 1.56 7T Rd H t 

(II-29) 
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h 

= 

= .641 ( ~ + 1) I for manual spilllling 

II-40 



These two equations for mechanical die and spinning are identical 

except for a constant and consequently can be plotted on the same graph 

as shown below: 

3.0 

2.6 

2.2 

H/, 
h 1. 8 

1. 4 

1.0 
1.0 1. 4 1. 8 2.2 2. 6 3.0 3.4 3.8 

FIGURE 11- 30 OVERHANG FLANGE TO CUP DEPTH RATIO 

This graph shows that, for a given material with a given blank and die, 

spinning will produce somewhat deeper cups because of the greater thinning. 

The graph also shows that larger ratios of H/h can be obtained for larger 

Ro/Rd ratios for both processes. The significance of this is that greater 

depth ratios H/h can be produced for the smaller dies. 

Because deep recessing is a process of drawing metal, formability is 

based on the ability of the metal to withstand buckling during the drawing 

action. This formability does not depend on the elongation characteristics 

of a mat erial but on the strength in the cup and the stability of the flange 

against buckling. For this reason, the formability graphs will be obtained 

strictly from equations (II-6) and (II-14). 
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The overhang flange (h) can be used with the material gage to deter

mine the buckling ratio h/t instead of the R0 /t developed in equation 

(II-6) as shown below: 

because his a function of R
0 

minus a constant. Also , the stress and 

strain build-up in the flange during drawing as shown by equation (II-14) 

can be represented by h/Rb as shown by the formability graph below~ 

LOG 

PLASTIC BUCKLING 

GOOD 
PART S 

LOG--

h/t 

FIGURE 11- 31 DEEP RECESSING FORMABILITY 

Elastic buckling occurs for large h/t values as predicted by the equation; 

however, when sufficiently heavy gages are formed, considerable plastic 

strain occurs in the flange before buckling is initiated as shown by the 

horizontal limit line. After this occurs, the formability becomes inde

pendent of h/t. 
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RUBBER PRESS BEADING 

Beading on the rubber press is somewhat different than on the drop 

hammer, chiefly due to the limiting pressure of the former. The following 

sketch illustrates rubber press beading and the accompanying free forming 

radius: 

FIGURE 11-32 CROSS SECTION OF RUBBER FORMED BEAD 

RF: free forming radius 

~ 2 F !l_ 
2 = p RF 8 . 1 

4~ s t . 1 '0 = P RF 0 

Is = 
1 2 (II-30) p RF Free Form Area t 

This equation shows that for a given waterial with a given rubber pressure, 

a free forming radius RF will result and the resulting stress developed will 

be inversely proportional to the material gage. The free form radius is 

almost entirely independent of the bead radius and spacing, Rand L, so 

that the following formability graph results for rubber beading: 
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t 
LOG 

GOOD 
PARTS 

LOG -- R / 
/t 

FIGURE 11-33 RUBBER PRESS BEAD FORMABILITY LIMITS 

This graph shows that formability is very dependent on the material gage 

for small R/L values. For a given material and. a given rubber forming 

pressure, there exists a material gage below which parts cannot be formed 

independent of these small R/L values. For large R/L values, the splitting 

limits are seen to depend only on R/L almost independent of the gage. 

This is because bending is superimposed on tension for the heavy gages. 

DROP HAMMER BEADING 

The forming of beaded panels on the drop hammer can be analyzed with 

the aid of the following sketch: 

R I...,,. __ _ 
L - 2R R 

FIGURE 11-34 CROSS SECTION OF DROP HAMMER FORMED BEAD 
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L = original length before forming 

Lr 2R 1T 77' R + L - 2R = _+L-2R: 
2 

Lf = R (1T - 2) + L = final length after forming 

Lr - L Lr R {77' - 2}+ L -1 
R (7T- 2)+1 - 1 E = - - 1 = L - = L L L 

(II-31) I E = 1.14 R/L I = average strain during forming 

This equation shows that the strain developed during drop hanurier forming 

is a function of the bead radius to spacing ratio R/L. 

The development of the above equation is based on a uniform strain 

occurring across the formed Lr; however, the strain distribution is very 

unequal because of drawing and friction between the die and the rubber 

used in drop hammer forming. The amount of drawing out of the flat area 

of the bead, noted in the sketch, is a function of material gage as shown 

below: 

Assume one square inch of flat area 

FIGURE 11-35 CROSS SECTION OF FLAT AREA IN BEAD ING 
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(II-32) 

F = µ N = force to pull material out of flat area 

µ = coefficient of friction, N = normal force resulting 

from rubber pressure 

F .S·t·l = µ p • l • 1 

Is = µ p ~ I = stress resulting in the flat 
area of the bead 

The stress build-up can thus be seen to be inversely proportional to the 

material gage. This equation will plot as shown below: 

s 

t 

1 
s =µpt 

FIGURE 11-36 STRESS VERSUS GAGE FOR DROP HAMMER BEADING 

For a given pressure and coefficient of friction, it can be seen that 

thin gages build up a very high stress in the part; this is the reason 

that thin gages exhibit poor formability in this type of drop hammer 

forming. 
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Because the strain equation was a function of R/L and the stress 

equation was a function of 1/t, the following graph can be drawn for 

formability of beading on the drop hannner: 

~ L 

t 
LOG 

GOOD 
PARTS 

LOG---

I· 

% t 

FIGURE 11- 37 DROP HAMMER FORMABILITY LIMITS 

This graph shows that the R/L drops considerably as the gage is de

creased. Also, heavy gages exhibit good formability with a high 

R/L. 
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FORMABILITY INDICES 

The last chapter comprised the development of formability limits for 

splitting and buckling based on the geometry of the parts. This chapter 

will be devoted to developing the effect of material mechanical properties 

on these same limits. In a majority of cases, the indices that are developed 

are obtained from the equations developed in the previous chapter; in a 

few cases however, the indices will be developed based on the laws of 

dimensional analysis. 

By taking any one of the three basic buckling equations developed in 

the last chapter, (II-3), (II-6), and (II-11), it can be shown that the 

material variables can be isolated on one side of the equation and the 

geometrical variables on the other as shown by equation (II-3) below: 

1 E (hLt)2 
(II -3) 8cR = B1 E ~ lt)2 or 8cR = B1 

' I 

E (h/t ) 2 

(III-1) Sy = B1 
where 8cR = Sy 

This equation isolates the material buckling variables on the left in 

dimensionless form to give the position of the curve to the geometrical 

variables on the right in dimensionless form to give the shape of the 

curve. 

The function E/Sy is the buckling index that will be used to position 

all curves for processes exhibiting buckling as a failure. It means that 

materials with a high modulus and low yield strength have good buckling 

resistance and, consequently, good formability in this regard. 
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The strain equations developed in Chapter II will be used to position , 

all curves for processes exhibiting splitting as a failure. These equations 

are: (II-16, -17, -18, -20, -21, -22, -23, and -31) which indicate the 

amount of strain a material will withstand before failure. 

Some of the forming processes will have formability graphs positioned 

only by splitting or strain indices while others will be positioned only 

by buckling indices. A third group will be positioned by both as shown 

schematically below: 

1. 

2. 

3. 
4. 
5. 

6. 
7. 
8. 

9. 
10. 

11. 

12. 

13 . 

Process 

Brake Forming 

Dimpling 

Drop Hammer Bead 

Rubber Press Beading 

Sheet Stretch 

Androform 

Joggling 

Linear Stretch 

Rubber Stretch 

Rubber Shrink 

Roll Forming 

Spinning 

Dee-p DrRwin ,rr, 

Splitting 
Index 

Buckling 
Index 

FIGURE 111-1 APPLICATION OF INDICES 

This char t shows that five processes are defined by elongation indices alone 

and four by buckling indices alone while four processes are defined by both. 

These indices ~re developed for each forming process in the succeeding 

pages. 
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BRAKE FORMING 

The brake forming limit curve for a given material was developed in 

the preceding chapter and was shown t o have the following shape: 

R/t=MAXIMUM= f (E.2, 

R/ 
t 

FIGURE 111-2 BRAKE FORMING LIMIT CURVES 

The limit curve was shown to reach a maximum R/t at a given bend angle 

( ~ ) for a given material. This maximum R/t value has been found to 

correlate best with the corrected value of the .25 gage length strain on 

a simple tension test, E . 2 5 • This strain will be defined in Chapter r.v. 

The correlation is in conformance with the strain equation (II-16) 

developed in Chapter II for this process. 

The significance of this relationship between the maximum bending 

strain in the outer fiber in brake forming to the maximum tension strain 

in a .25 gage length tensile test is that bending strains can be correlated 

to tensile strains for different materials. 
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DIMPLING 

The dimpling curve developed in Chapter II was shm,n to have the 

following shape: 

40° 

FIGURE 111-3 DIMPLING LIMIT CURVES 

By using equation (II-18) from the preceding chapter and experimental data, 

it was found that the 2.0 inch gage length elongation, E 2 • 0 , correlated 

best to the standard 40° dimple. This means that the complete dimpling 

curves for all materials can be positioned by relating the maximum h/R 

to E 2 • 0 for the standard 40 ° dimple. 

DROP HAMMER BEADING 

The formability curve for this process was developed in the preceding 

chapter and is shown below: 

LOG 

R/L 
r(E.so) 

LOG 

FIGURE 111-4 DROP HAMMER BEADING CURVE 
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Equation (II-31) showed that the limits of this process were defined by 

R/L being a function of some strain. This strain function was found 

empirically to be the corrected strain for a . 50 inch gage length. This 

strain will be developed in the next chapter. 

CUrves for different materials can be positioned by relating this 

R/L as a function of E . 
5 0 

along an index line with a slope of + 1. 

RUBBER PRESS BEADING 

The theoretical curve for rubber press beading was developed in 

Chapter II and had the following shape: 

LOG 

R/L 

/ 

~,+ / 
~<:) /. 0 ' ,~ 
/v 

-R/L= f ( E Su) 
/ 2.0 

LOG 

FIGURE 111-5 RUBBER PRESS BEADING CURVE 

The spli.tting limits were shown to be limited by a definite gage for a 

given material and forming pressure for small R/L values because of the 

resulting free forming radius. The formability index for this process is 

not a simple function of material elongation because of this free forming 

radius. The larger this radius, the less strain the material is subjected 

to resulting in an index that is related to both the elongation and strength 

of the material. 
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This index was found to be the 2.0 inch gage length elongation times 

the ultimate strength of the material, E 
2 , 0 

Su· This means that 

materials with large elongations and high strength values will form readily 

before splitting for a given pressure. The resulting free forming radius 

will, of course, be large for strong materials. 

The rubber press beading curves for all materials .can thus be 

positioned with 

+ 1.5. 

E ~ plotted along the index line with a slope of 
Z , 0 

SHEET STRETCH 

Sheet stretch forming was shown to have the following shape from the 

preceding chapter: 

LOG 

LOG 

FIGURE 111-6 SHEET STRETCH FORMABILITY CURVE 

Equation (II-23), developed in the last chapter, showed that the spherical 

radius to chord length ratio would be a function of elongation. This 

elongation value has been found to be the 2.0 inch gage length elongation 

( E 2 • 0 ) so that curves for all materials can be positioned along the 

spherical radius index line by using these elongation values. 
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ANDROFORMING 

Androforming was found in the last chapter to have a formability curve 

similar in shape to the sheet stretch formability curve for splitting except 

that different parameters were plotted on the graph as shown below: 

LOG LOG 

= f( E I ) 
STY E2 • Rt-f(.£\ 

T - STY / 

LOG LOG 

FIGURE 111-7 ANDROFORMING SPLITTING AND BUCKLING 
LIMIT CURVES 

The splitting formability line has been found to be dependent on more 

than just the elongation of a material. This type of limit was found to be 

a function of springback ( ~Y 1 ) so that the ratio of longitudinal 
-·1· Ez.o 

radii to the material gage can be written as a function of this index: 

RL/ ft• f (~ty E ~. 
0

) • This means that the lower E/Sty (greater spring-

back) and the larger E 2 • 0 , the greater 

The result is that formability increases 

the formability of a 

as the index ( !TY 

material. 

¾,J 
decreases, pointing out the fact that the Androforming process depends 

strongly on the ability of a material to springback to a severe curvature. 

It is, therefore, for all practical purposes, mandatory that materials be 

formed in the heat treated condition. Although severe curvatures cannot 

be formed by this process when compared with sheet stretch forming, it can 

readily be recog1i~zed that Androforming bas definite advantages over sheet 

stretch forming. 
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The buckling limits are not dependent on the same geometrical para

meters as splitting, so another formability graph is needed for these 

limits as shown above. Again, buckling limits are seen to be governed by 

the buckling index, E/Sty, so that formability limit lines can be drawn 

for all materials based on Rr t = f (E/Sty). 

JOOGLING 

Joggling is the second process where formability is limited by both 

splitting and buckling indices as shown by the limit graph developed in 

Chapter II and reproduced below: 

D/L 

D/ t 

J BUCKLING 

i--- lNOEX LINE 

I (Ee\ ---- • ft= f Scv} 
I 
I 

LOG 

FIGURE 111-8 JOGGLING FORMABILITY LIMITS 

The splitting limits were shown to be dependent on some form of elongation 

limits of a material by equation (II-17). This parameter has been 

found empirically to be the ,02 gage length elongation( E . 02 ), so that 

formability curves for all materials may be drawn by relating the D/L 

ratio to the ,02 elongation: D/L = f ( E ) . 
, 0 2 
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Buckling is a function of the compressive modulus to yield strength 

index, Ee/Sey, so that curves for all materials may be drawn by the 

following relation: D/t = f (Ee/Sey). 

LINEAR STRm'CH 

The formability limits were seen to be dependent on the following 

curve from Chapter II. 
LOG h/R = f ( E ) 

2 • 0 

BUCKLING INDE X LINE 

I/ ~ET) I h/R=f -
I STv 

LOG 

FIGURE 111-9 LINEAR STRETCH FORMING LIMITS 

Equation (II-22) predicted the splitting limits based en the elongation 

of a material. Splitting formability for any material has been found 

empirically to be a function of the 2.0 inch gage length elongation 

h/R = f ( E ). 
2 • 0 

As mentioned at the beginning of this chapter, buckling is dependent 

on the index E/Sty so that linear stretch buckling limits for any material 

can be found with the following relation: h/R = f (Er/Sty). 
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RUBBER PRESS STREI'CH FIANGES 

These types of stretch flanges are represented by almost an identical 

formability curve to linear stretch forming as developed in Chapter II 

and shown below: 
LOG 

FIGURE 111-10 RUBBER PRESS STRETCH FLANGE LIMIT GRAPH 

The elongation equation developed in Chapter II, (II -20), was shown to 

depend on an elongation factor of material. This has been found empirically 

to be the 2.0 inch elongation, E 2 • 0 , so that all materials can be related 

by the following function, h/R = f ( E 2 • 
0 

) • 

The buckling limits are again dependent on the buckling index E:r/Sty 

so that all materials can be related by the function: h/R = f (~/Sty). 

This index is the tensile modulus divided by the tensile yield stress. 
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RUB.BER PRESS SHRINK FLANGES 

Because shrink flanges are formed with resulting compressive hoop 

stresses in the flange, splitting failures will not result in this type 

of forming. Looking at the formability limit curve developed in the last 

chapter, the index for shrink flanging can be determined: 

LOG 

h/R ::: f ( !:v ) 

h/t LOG 

FIGURE 111-11 RUBBER PRESS SHRINK FLANGE LIMIT GRAPH 

Buckling in the elastic region can be seen to be defined by the same 

buckling index as for most of the previous cases; i.e. h/R = f(Ec/Scy), 

where both the modulus and yield are canpressive values. The plastic 

buckling for heavy gages is shown to depend on the index 1/Scy 

so that h/R. f (1/Scy). This indicates that the heavy gages wrinkle 

independent of the modulus of elasticity of a material. 
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ROLL FORMING 

Roll forming curves developed in Chapter II indicated formability 

limits were dependent only on the buckling characteristics of a material 

as shown below: 

LOG 

INDEX LINE 

1/ h;R = f ( !:y) FOR HEEL-OUT 

I 
h/R -- f ( ET ) FOR HEEL- IN 

I Scv 

LOG 

FIGURE IH-12 ROLL FORMING LIMIT GRAPH 

Because buckling instabilities are so great for this forming process, strains 

necessary for splitting are never encountered. Buckling indices for this 

process are again the ratio of modulus to the yield strength; however, the 

compressive ratio defines buckling for heel-out sections and the tensile 

ratio for heel-in sections: h/R • f (Ee/Sey), for heel-out, h/R = f (Er/Sty), 

for heel-in. These two indices can be used to draw the limit curves for 

any material for this process. 
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MANUAL SPINNING 

Spinning is another process, the formability of which is independent 

of the elongation limits of the material as shown by the graph developed 

in Chapter II below: 

LOG 

FIGURE 111-13 FORMABILITY LIMIT GRAPH FOR SPINNING 

The elastic portion of the ~raph can be seen to be a function of the 

compressive ratio of modulus to yield strength, Ee/Sey, while the 

plastic portion of the curve can be seen to be a function of the ratio 

of the modulus to the ultimate strength of the material, E/Su. 

Formability graphs can be drawn for all materials once these two 

material indices are determined. 
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DEEP DRAWING WITH MECHANICAL DIES 

This process is the fourth one to have formability limits independent 

of the elongation properties of a material as shown by the graph developed 

in Chapter II and below: LOG h/ = f ( Ee STv ) 
t Sev Sev 

----- h - f ( Ee ~) 
1/R - Sev Sev 

h/t 
LOG 

FIGURE 111-14 FORMABILITY LIMITS FOR DEEP DRAWING 

The index for formability in this process was found to be a complex 

function of the normal buckling ratio (Ee/Sey) times a tensile yield to 

compressive yield ratio (Sty/Sey>· In this way, formability for different 

materials for both elastic and plastic buckling limits is governed by the 

index (Ee/Sey) ( sty ) . 
Sey 

The reasoning for this index is seen to be quite simple by first 

realizing that the stability of the flange during drawing is a function of 

Ec/Scyi however, the tensile strength in the cylindrical portion of the 

cup determines the ability of the flange to be drawn and the compressive 

flow stress in the flange determines the relative ease for the flange to 

be drawn. 

The result is that the higher Ee and Sty and the lower Sey, the better 

the formability. This means that the higher the index,~ ~ , the 
cy cy 

grea·Ger will be the formability. 
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For elastic buckl ing , h/ R c f/Ec 
sty\ and for plastic buckling, 

lscy Sci/ ' 

h/t ., f (Ee Sty). 
Sey Sey 

Using this index, fonr~bility curves for any material 

can be drawn . 

SUMMARY 

In summary of the fortrability indices to be used for predicting 

formability for any ma erial, the following table is presented. (Figure 

III -15). 

It can be seen from the table that most of the processes depending at 

least partially on the elongation of a material can be correlated to the 

s·andard 2.0 in h gage length elongation, E
2

_
0

• Also, most of the 

pro esses depending a t leas. par t ially on the buckling characteristics 

of a ITV3.ter ial can be correlated to t he basic index E/Sy- Some of the 

processes use beth of these indices for prediction of formability; however, 

i t is necessary to use only one of the two for some processes. 
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FORM ING 

PROCESS 

1 . BRAKE 

FORM ING 

2. DIMPLING 

3. DROP HAMMER 
BEADING 

4 . RUBBER PRESS 

BEADING 

5. SHEET 

STRETCH 

6 . ANDROFORM 

7. JOGGLING 

8. LINEAR 

STRETCH 

9 . RUBBER 
STRETCH 

10 . RUBBER 

SHRINK 

11. ROLL FORMING 

12. SPINNING 

13. DEEP 

DRAWING 

SPLITTING INDICES 

E 2 . o OTHERS 

FRACTURE IN 

FREE AREA 

½ 

BU C K L ING IND ICES 

BOTH 

LONGITUDINAL 

Ee / S cY O T HERS 

FIGURE 111-15 APPLICATION OF FORMABILITY INDICES 
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