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SUMMARY

Several axi-symmetric EN3B steel components differing in shape
and size were forged on a 100 ton joint knuckle press.

A load cell fitted under the lower die inserts recorded the
total deformation forces. Job parameters were measured off the billets
and the forged parts. Slug temperatures were varied and two lubricants =~
aqueous colloidal graphite and oil - were used.

An industrial study was also conducted to check the results of

the laboratory experiments. Loads were measured (with calibrated

extensometers attached to the press frames) when adequately heated mild
steel sluygs were being forged in finishing dies. Geometric parameters
relating to the jobs and the dies were obtained from works drawings.

A1l the variables considered in the laboratory study could not,
however, be investigated without disrupting production. In spite of
this obvious limitation, the study confirmed that parting area is the
most significant geometric factor influencing the forging load.

Multiple regression analyses of the laboratory and industrial
results showed that die loads increase significantly with the weights
and parting areas of press forged components, and with the width to
thickness ratios of the flashes formed, but diminish with increasing
slug temperatures and higher billet diameter to height ratios. The
analyses also showed that more complicated parts require greater loads
to forge them.

Die stresses, due to applied axial loads, were investigated

by the photoelastic method. The three dimensional frozen stress




technique was employed. Model dies were machined from cast araldite
cylinders, and the slug material was simulated with plasticene. Test
samples Qere cut from the centres of the dies after the stress freezing.

Examination of the samples, and subsequent calculations,
showed that the highest stresses were developed in die outer corners.
This observation partly explains why corner cracking occurs freguently
in industrial forging dies.

Investigation of die contact during the forging operation

revealed the development of very high stresses.




CHAPTZR  SYMBOLS

4.1

Introduction .

CONTENTS

Relevant Industrial Practice

Review Of Forging Theories

Simple Upsetting

Closed Dic Forzing

Summaxry

Laboratory Load Experiments

Equipmentg and Procedure

Forging Cycle

Experimental Variables

Method Of

Analysis

Ixperimental Results

Loads in Die and Process Design

Loads in Press selection

Pactors Determining Press Forzing Load

Bffect OF
Bffect OF
Effect Of
Influence
Effect Of
Effect Of
Effect Of
Influence
Bffect OF
Effect Of
Effect Cf

®Lash Width-to-Thickness Ratio
Bille% Diameter-to-Height Ratio
Parting Area

Of Shape Complexity Factor
Temperature

Flash Shape

Flash Thickness

Of The Amount Of Excess letal
Radii and Draft Angles

Strain Rate

Friction

PAGE

35
43
45
51

54
65

81
82
84
85
85
88
90
95
100
100
102




CHAPTER SYMBOLS PAGE
6 Industrial Load Experimentation
Sxperimental Set-up 105
Celibration Of Sxtensometer - 107
Forging Variables ‘ 108
Regults 110
Discussion 120
Tel Thermal Stresses
Temperature Distridbution 122
Stress Determination 129
T2 Mechanical Stresses
Photoelasticity 132
The Frozen Stress Technique 134
Manufacture Of Model Dies 134
The Billet Material 139
The Stress Freezing 139
Photoelastic Examination 141
Calculations 147
Transposition Of lfcdel Stresses to
Prototype 157
Discussion 159
8 Conclusion 163
9 Suggestions For Further ‘Work 168
10 Appendices 170
11 References 186

12 Acknowledgement 198




Symbols

o, = B g
on
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Resistance to deformation
Effective stress

Normal stress

Radial stress

Circumferential stress

Mean stress

Total load

Height of forging

Coefficient of friction

Unit friction coefficient

Poisson's ratio

Temperature

Rigidity modulus

Shear stress

time

Thermal conductivity

Specific heat

Density

Axial, radial and circumferential strains
Coefficient of expansion

Relative retardation in inches
Wavelength of light in Armstrom units

Unit fringe value in 1b/in fringe




Symbols (continued)

C

n

P, Q
SERRP

Stress optical coefficient

Fringe order or no of fringes

Displacement potential or rotation angle
in degrees

Stress function

Secondary principal stresses

Principal stresses




INTRODUCTION

u The loading cycle to which any pair of forging dies will be
subjected determines the composition: of the die material required and
the hardness level to which the dies must be hgat-treated to aveid
deformation. | The magnitude and distribution of the stresses developed
indicate the probable mode of failure of the dies and hence the design
modifications necessary to prolong their lives.

If forging load is under-estimated, toc big a ccmponent may be
forged on too small a press. The press may be stalled. Valuable
production time will be lost and the dies may be damaged in the process
of releasing the‘tools. Where the commonent is safely made, maintenance
of close dimensional tolerances will be difficult, and the greater
machining necessary will increase the unit cost of the component.

If forging load is over-estimated, too big a press may be used
to forge too small a part. Press capacity will not be utilised to full
édvantage and the unit cost of the forging will rise. High die stresses
will also be developed, and a reduction in die 1life may result.

An investigation of die loads and stresses in press forging
is, therefore, necessary not only for efficient design but also in the
interest of safe and economic use of machinery.

In industrizl forging practice, design limits are often so
tight that only & few job ana process parameters can be varied by the

forging designer to obtzin the best results. An optimum design

1

these

charscteristic can be determined for esch forging by 'blending'

factors in a particular fashion.




To this end, loads have been studied in relation to die and

procéss design and with regard to press capacity selection.

Die stresses have been investigated by a simulative method.
Effect of die contact (during the yress forging operation) has been
studied, and a theoretical treatment of thermal stresses has been

attempted. A literature survey is included to give a balanced outlook.
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26 RULLVANT TNDUSTRIAL PRACTICE

Forging load and slugz size estimation in industry can be cited
ag being relevant to the present study.

Jobs with close dimensional tolerances-are forged on presses.
Others ; especially relatively heavy ones and those with long extruded
sections , are made on hammers.

The determination of the press capacity needed for a job is

almost always(l’2’3> b

ased on the component's width or area at parting
line , its maximum height and its least thickness. Forging weight is
considered in drop forging.

Deformation force is estimated as the product of the job's
parting ares (calculated from die drawings) and a pressure value which
devends on how "thick" or "thin" the estimator cénsiders the part to be.
If thick, a value of 25 to 40 ton/in2 1s used, otherwise the "multiplying
factor" is between 40 and 55 ton/inz. The forging is then made on the
press nearest in tonnage capacity to the estimated load.

There is no clear-cut demarcation between the definitions
“of "thick" and "thin" forgings. A visual comparison of any‘component's
width to its diameter is all it takes to decide the category to which
it belongs. Betimators, however, seem aware of the dangers of these
loose classificetions and -try to compensate for any "incidentel errors"
by overestimating the forging load. This has been confirmed in a study
conducted by the author on the differences between the tonnage capacities
of presses used for various jobs and the actual deformation forcese.

The results of 'the suvey showed +that the actual




forging loads are sometimes less than 25% of the rated tonnages of the
presses.

In hammer forging, the tup weight is considered the maximum
load deliverable by the machine. Hence each hammer is used for
components whose load requirements do not exceed the force due to its
(hammer's) tup weight.

"Pressure multiplicant factors' similar to those employed in
press forging, are also used here. But some large forges prefer
nomograms. Two hammer sizes based on the weight and parting area of
a component are read off the graphs (see Fig 2.1) and the part is forged

on the hammer whose size is nearest to “heir mean.
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The graphs are based on forging load rmessurements and are to

be prefered to the pressure method whose main limitation is the looseness

of the classifications.




Forging Stock

Most British forging works are geared to the use of square
billets; probably because of their relative cheapness. The cost of
round bars often restrict their use to long hubbed and small sectioned
forgings. But forgers broadly agree that round stocks are preferable
because of the '"likelihood of better grain flow'.

Forgers avoid large sectioned billets as much as possible.
This is partly because of the time and material savings made; and partly
because of better grain flow associated with large deformations of
croppable small sectioned billets.

The stock size estimation is based entirely on the volume
enclosed between the die halves and the>degree of difficulty of making
the part. Five to forty percent of this volume is geﬁerally added on
for pierced parts, flash formation and losses due to oxidation.

But yield can be as low as %2% in the non~ferrous industry
where finned jobs, like aircraft parts, are common. Forgers accept
that such yield rates are undesirable but insist on using oversized
billets to ensure complete die filling, because product designers leave
little room for manoevre in die design.

It is probable that some stock material saving can be made if
adequate consultations are held between product and die designers in the

early stages of product development.




3, REVIEW OF FORGING THEORILS

Closed die forging is a non-uniform process.Its tools are
complex‘in shape and worked materials are often inhomogeneous. The
process does not, therefore, satisfy the conditions for the application
of plasticity theories to a forming process.

But in spite of this obvious limitation, attempts are being
made to determine analytically the stress distribution, the forces and
the work done in forging processes.

Most of such analyses are confined to simple upsetting and
it is assumed in the majority of them that:-

(1) pléne cross-sections before compression remain
plane after it, and

(2) that the direction of the mean principal stress is
perpendicular to the rlane of deformation.

In practice, barelling occurs as a resulﬁ of friction at the
job—tool interfaces. The mean principal stress would, therefore, not
be perpendicular to the plane of deformation.

Thus, theories based on these assumptions can only be
approximate. Some of the models, however, prove to be fair

approximations of what obtainsin practice.

SIMPLE UPSITTING

One of the earliest attempts to derive expressions for

e
,l

/
\‘7> .

forging load was made by Siebel -




In 1922, he obtained a simple equation for the normal stress

q on the compressed faces of an upset specimen.
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Writing force equilibrium equation for an elemental strip of

width dx, Fig (3.1a).

' x
s =L eps dx _ 2pa x coseees (3.1)

X h h
where ! is the coefficient of friction and OB is the resistance to
deformation.

Assuming that O& and o% are principal stresses and that Tresca's

‘shear stress theory is the criterion for yield,

L2
= = 1;225. ec o8 ee s e )
6, =0 * 9, o, (+1-] (3.2)




Thus, the mean compression pressure for plane strain deformation is

qzdo(i"f%}%) ceveons (3.3)

Siebel considered that equation (3.2) is egually true for
cylindrical upsetting and hence expressed the mean compression stress

on a cylinder radius r and height h as
T

O‘C = ---—2- i (r-x) 6ydx = O”O@ + %L_\f}‘.cc (3.4)

(9

These equations are, clearly, simple to apply. But they are
liable to be inaccurate in view of the assumption that 6¥ is a function
of Goa The lateral compression stress 6% is a function of the ncrmal

, o
compressive stress 6&; not of the resistance to deformation 60. The
other assumption that Gy and d% are principal stresses is also liable
to introduce an error since metal shearing occurs at the job-tool
interfaces.
g . & . .

Geleji and Lippmann  derived normal stress equations
for plane strain compression in the same way as Siebel. They assumed
that 6& - éx = 65 and that friction resistance f is proportional to the

P

normal stress and obtained a normal stress distribution of the form

Zpx
e = ¢ eh evecco s (305)
J o , _

which gives a mean compression pressure

h¢ 2pa.
O """‘“‘"“"‘"1 eeceocece (3-6)
a=gele }

)

Dietrich and Ansel ~  considered that equation (3.5) is




9.

applicable to circular jobs and expressed the force, Q, on the press

plates when upsetting a cylinder of radius, r, and height, h, as

r
Q = J; 2m(r - x)dx.q

; %(e Lo - ceeoees (3.7)

The average pressure is given by

- d h 2hr
q‘ﬂra'_ O h (’3 -l) -1 ceovcveece (308)
pr - 2pr
(8) . cg
Baraya et al . expressed the friction stress f ac o,
2

where ¢ is a constant fraction less than one’and assumed that the
normal stress at the edge of the specimen is equal to the resistance to
deformation 8o. The normal stress distribution on the faces of a

cylinder of radius r = a, and height, h, is thus given by

Q..y =Q-O [1+C (a.-r)/h] sceccoo (309)

This equation, like Siebel's, suffers from the approximate
assumption that the friction stress is a function of the resistance to
deformation of the material of the forging.

Later, Schroeder and Yebster 9) analysed the effect of

friction, area and thickness on pressures required for press forging

thin sections.




In doing so, they considered the following friction

conditions,.

(1) Relative sliding motion between the blank and die
surface at all points except the blank's geometric
centre.

(2) Sticking between surfaces and spreading due to shear
strain in the blank surface parallei to the die
surface. |

and

(3) Sliding in an annular zone near the edge and sticking in

the central area.
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Writing the force eguilibrium equation for an element of the

disc shown in Fig (3.2¢c) gives

dq;‘ +Gr“6C=~2f e6ceoce (3-10)

where f is the friction stress.,

Using the shear strain energy yield criterion and assuming
coulomb's friction conditions, i.e, f = qu the normal stress

distribution for case 1 is given by
n
= =& 1
G‘y bt g’o exp [EP (h IJ_)_] ® 60000 e (301-‘-)
And the average die pressure; q, is given by
20 ¢ €
q: (o] e "C—l ecoeccee (3012)
ol ]

(44
. _ 2pr
where C = T

For high values of the unit friction factor fy Schroeder and
Webster consider that the restraint to free spreading offered by the
dies approximates to a hydrostatic pressure%o upon which a shear stress,

f, is superimposed Fig (3.3).

Fig. 3.3




Thus the yield equation becomes
- 1
G -1 E(2f0)2+f2‘+f2]?
b, =T o o
and f = 095770- = kG eoeceoee (3913)
o o 0

Integrating equation(3,10) ang substituting fo = kﬁz gives

R r .
—e = 1+ 2k (E - E) and the mean compression pressure becomes
o

2kR
= e l
q" o (l+3h 6000 e (301“‘“)

For the intermediate friction condition, i.e, when p £ k and
R/h > %p in % s the stress distribution and the mean stress aiec

expressed respectively as

. K 2k(£9 Ly
Uy =G (57 i

J
d = 2 C-D 2k 4 °KT
HEL T Dy T -C-1]+D(—~ —£)
q 2 = B Sh
o C C2
60000 e (3-15)
2pr
c r R 1 k
where D = == and "¢ = = = == Ipn —
h 5 h 2n R

Clearly, the simplifying assumptions made on stress and strain
states and on the nature of the material are liable to reduce the
accuracy of the models. But they cover a variety of friction
conditions and are easy to apply. This probably underlines their
broad acceptance, in the literature, for the prediction of loads during

disc forging.
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Sokolovskii - used numerical integration to calculate the

normal stress when compressing rectangular strips between parallel
platens under conditions of constant friction forces at the contact
plane.

Shear stresses at the contact planes are expressed as

o+

G
f§~'where t is a constant and o £ t 4 1. Sokolovskii then

Y=

obtained and integrated slip line equations and deduced for frictionless

-}

N

compression, that the normal stress jfsg&': -33(30 and the flow stress
Gx is zero. He also observed that if t £ o, stresses depend on the
width to height ratio a/h. And when o £ a/h £ 1, stresses are vniform
over the whole strip and are given by

T, = O (}'y = 3—3-(‘50 and Txy = 0.

For 1 £ a/h £ 8(t) where 1 ¢ 8(t) £ 3.66, conditions at the
free end planes and at the vertical axis of symmetry fully determine
the solution. Shear and normal stresses, iﬁ this case,; respectively
attain their maximum and minimum absolute values at the edge and centre

Got

of the strip and shear stresses do not reach # 7

¢
When &(t) < a/h < o, the shear stress, 1, equals + 7% t in

every part of the contact plane except the centrel area. The normal
stress has a constant value in sections Al Bl and A2 BP of the strip

and increases to a meximum at the centre Fig (3.4).




Fig, -

14,

Table 3.1 below shows some of the normal stress equations

derived by Sokolovskii,

TABLE 2,1
Coefficient
Of Friction, p Ratio (a/h) Specific Pressure (q)
2
0 Any 1 =750,
2
1 Za/mhdl7|q=5qaG |1+0.2 (a/h-1)
0,15 V'3 o L J
a/h 71.7 1] q :V,-Pf—g (‘;,'O [0.66 + 0,15 a/h + 0,41 -21
1 ca/mglbla=2_o [1+0.39 (a/n- 1)']
0,25 V3 o
5 )
a/h > 1.6} q :\/:—3—@0 [0.43 + 0.25 a/h + 0.64 -lﬂ
1 <a/h <1.5 q:j—:,;rfo[1+o.52 (a/h-l)]
0.30 -
2 . c A - h
a/h > 1.5 a = 536 [0.51 + 0.25 a/n + 0.57 «;]
2
1 ¢a/m<lli|qg :{75 C [1 + 0,71 (a/h - 1)]
0640
> h
a/h > 1.b|q :f/?go [0.58 + 0.25 a/h + 0.5 ;—]
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Fig (3.5) shows the relationship between normal pressure and

a/h ratio for @ifferent friction coefficients.

Fip. 2.5

Friction effect on specific pressure is negligible when
the coefficient of friction p is greater than 0.25 . Thereafter,

the specific pressure tends to a limiting value given by -

2 7
q :73‘ GO [O¢75 - 0925 a/hJ ceso0eoo0 ()016)

(

Unksov's upset forging tests 11) have yielded similar
results, and have also shown that three friction conditions exist on
the surfaces of compressed metal. DBillets whose width-to-height
ratios a/h exceed a value of six show slip, drag and stick zones

Fig (3.6); those with 6 7 a/h » 2, show slip and stick zones Fig (3.7)

while those with 1 £ a/h £ 2, stick to the platens Fig (3.8).
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Unksov's tests also showed that the shear stress increases
with normasl stress in the slip zone and is independent of it in the
drag and stick zones. The shear stress,‘r, in the slip, drag and

stick zones are expressed as 1= +p¥ T = iqﬂ and T = 3'—_0:3 o X
3 V3 x

respectively €

‘y é oy T
VAN A A 57 ‘?% /. _/ / /’
Ty |

3! i - g _
AR :
i i :
| L=

/s Y/ / /7 ' / / / / / .4
bes 7 sof X ea {
‘ _' ] {
P ] | !
D /2 ! _
Fig. 3.9

Assuming that the lateral flow stress,‘fx, is independent of
¥ys the equilibrium equation for the element shown in Fig (3.9) is given
by

do

x 27

-—-——-sdx +h __O e 000 ¢0eo (3017)
Unksov showed that do; = dd& in the areas of the contact

surface where‘r, is independent of 6% and 6& and integrated equation

(3.17) with boundary conditions relevant to the three stress

distributionse.
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For a/h » Mo where Mo =a/h 2(1 +d% the normal

lim

compressive stress q is given by

s
- “on {Gp -1+ & - ~1>Ll+p<--..¢-.1>]+a,1[<,1+3>

) na
G -¢-0l}
where & = « in 2pn (3,18)
2)1 ecocece e Bol

while for Mo > a/h » 2,

2¢
L
q = ,,3,1 [@van+ 30 ep 2 @2 -n) -1 ...ii.. (3.19)

20; 1a
and q=$[l+%ﬂ ecoeeade (3020>

when 1 & a/h & 2,

ﬁ/gﬁ o

Fip. 310

Fig (3.10) shows the relationship between the specific

pressures and the ratios a/h and p. As in Sckolovskii's plots,

friction effect on the pressures is negligible for p > 0.25.
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CLOSED DIE FORGING

Pomp, Munker and Lueg are credited in the literature, as the
first to analyse die filling and force development in closed die
forging.

Unksov's later analyses are based on two assumptions that the
metal deforming at the last moment of plane strain forging is a

parallelopiped and that the shear stressqrequals fé at its upper and
/3

1
lower boundaries. The yield stress db of the metal in the flash is

related to that of the body of the forging by
. )
66 = mdb eo0oeo0 0 (3.21)

where ms1.
And Coulomb's friction is assumed in the flash area.
Thus he deduced that the load PC for axi-symmetric forging

Fig (3.11), is given by

2
_ ma_ 2ps 4 T (2 _ 42 BS
PC = O;{l Z (m hf 573 hk) + (D aA™)m (1 + hg)

eeco0cs e (3022)
The corresponding load Pp for plane strain compression is

given by '

P = 2 65 abZ (m 2ps + B2 ) 4 obs (1 0+ B
; h, " Gn_ hy

ceceseo (3.2%)
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Pig 3.11

ab is the area at the parting line of the forging and hk
is the height of the metal deforming during the final moments of the
forging operation. The factor, Z, accounts for die complexity and
the unevenness of stress and cooling states of the forging.

Unksov's equations are derived partly from experimental
stress distributions and partly from plasticity theories which are
very approximate. The introduction of Z is logical but its

determination is difficult. Unksov has not suggested how to measure

the height h, .




2l.
: (212)
An approximation that hk = hf gives values higher than those
obtained in practice. But the substitution of hk values determined
by Gubkin, give reasonable load figures.
Dietrich and Ansel.have calculated die forging load by

analysing the local forming process in each area of the forging.

Fig (3.12) shows Lalf the cavity into which a billet is

assumed to have been forged. The lateral flow stress G; is expressed

as
dx = ﬁo Iexp (Cpx/h) - i] + db exp (pr/h)
covenee (3:24)
where Gg is the back pressure from flash area F on surface A.
The pressure G& in section D, distance, x, from surface A is
given by

dd = (G; + Ub) exp (2px/n) ceceses (3.25)

and the total force @ acting on section D is
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W Ah
Q = 2j® 6ddA = S CA ¢£) exp (pw/h) - 1
(o}

cecsoes (3.26)
The back pressure Gb is the sum of pressure d; produced by
friction in the adjoining section of lower pressure and the pressure
0'; necessary for extrusion from section D to section F.
The back pressure acting on section G due to friction in

o

section D is U; at surface 5. Thus,

d = J, exp (Epw2/h2> -1 +~G£2 exp (Euwa/hz)
coseses (3.27)
whereﬁfo is the deformation resistance in section G.
Dietrich and Ansel then modified Siebel's equation for
frictionless extrusion with Sachs' idea that the average deformation
resistance is larger in forging than in other processes by a factor of
2 and obtained

1 i " hl
q‘ = 2 (6 + 6 ) ln"—" eceve¢eo0 (5028)
b o o} h2

from (3.,27) and (3.28)

. 1
‘jb = 6£2 exp (Buwa/h2) + Go exp (2pw2/h2) -
hl

§ 1
(@ +7) 1n H; ceveoes (3.20)

The formulae are easy to derive. They account for
temperature variations from one part of the forging to the other.
But they are difficult to apply and seem only applicable to stepped

parts similar to that shown in Fig (3.12), The various yield stresses
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necessary for a complete solution are also difficult to determine.
Mean values may, however, suffice for rough load estimation.
{5\
In addition to his simple upsetting model,; Lippman v
has proposed a forging theory applicable to any forged shape. The

method deduces forging pressure from force equilibrium equations and

boundary conditions describing the profiles of the forged component.

b 64)

EOONNNY

|

Fig (3.13) shows a hypothetical forging whose boundary
equations and. their derivatives are assumed known. It is also assumed
(a) that the slopes of the boundary curves are small at all points,

(b) that the forged material does not stick to the dies, (c) that no
material flows at section x = X and (d4) that plane strain conditions

prevail during the compression.
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Thus, from equilibrium equations the axial forging pressure

distribution 6& is given as

a a o3
h' + E (h7o)'
6 - el — [ AN, -
y exp J; T {GB 0 ]exp

fah_'.j___il dXJ @) vennnas (3.30)
X

B J

ep (I - n!ny) - Q- )12) h!

where f = O Ph&) G Vhi) s 1 is the maximum
dh dh (x) dh, (x)
_helght of the forging and h' = o) h& =~ and hi =

The forging load Q is thus given by

A
Q:j dy dA eocecocoe (3031)

where dA is an element of Area A,

This model may well be an accurate one but its complex nature
and the assumptions made in deriving it make it difficult to check
experimentally., It is also difficult to apply.

The use of profile equations in the derivation assumes a
knowledge of what will, more often than not, prove to be complex
equations., It is doubtful if the degree of accuracy expected from this
model can outweigh the mathematical rigour involved. The main asset
of Lippmann's theory seems to be its applicability to any forging at
all, providing iis profile eguations can be determined.

Heanwhile, simpler theories have been proposed.

In their own analyses, Kobayashi et a1(12) assumed that the
metal deforning in the last moments of closed die forzinz is a

"disc of which the flash is part Fie (3.14 ).
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Metal shear below the rigid metal of the forging and sliding beitween

the flash metal and the land ars also assumed during the finish

forging operation.

It is then deduced from the equation of radial egquilibrium

of an element of the disc to which deformation is sssumed confined

and a yileld equation based on Von Mises criterion that,
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aT
X = ”“Z‘B‘d“l“' seo0ocEe e (5032)
¢ -7 h
r o}

where do is the effective stress.

By assuming further that shear occurs on the asperities of
the disc on which the normal stress @& is a hydrostatic pressure, i.e.
G& = @r = @c and that the effective stress U; is not a function of

specimen radius r, the normal compression pressure q is deduced from

equation (3.32) as

2pr 21(r -r.) 2ur
. [<—-«>?{<’l 2o
o

2 (r -r, ) EJE 4
(—~) ‘( . * 5 h }‘J

=\

coseees (3.33)

Fig (3.15) shows a typical plot of gr-against %* for various
0 o

r
values of the coefficient of friction p and one value of Hg .
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The experimental points are those obtained during press
forging tests on 1 15/16" 3iameter billets of aluminium and lead.

Kobayashi et al blame the assumption that shear occurs only
in a thin surface layer of the flash for the discrepancy between
experimental results and their theoretical predictions. The assumption
that deformation dvuring the later stages of the forging operation is
confined to a fictitious disc of which the flash is part is equally
likely to introduce an error, since metal flow experiments(iiylsii4)
have shown that the metal deforming in the final moments of the forging
operation is nearly lenticular, Further errors are likely from the
assumption that effective stress is independent of specimen radius, r.

From the foregoing, the importance of the coefficient of
friction, p, in forging theories is apparent. For process design,
the value of p has to be known before the operation,

Friction in simple upsetting has been reasonably measured
with a push pin device fitted with strein gauges. But there is, as
yet, no method for measuring its exact value in closed die forging
dies. However, a hope seems offered by & fairly accurate method for
its determination(iS) during plastic deformation between rigid tools.

Realising the futility of predictions without an accurate
knowledge of the coefficient of friction, an attempt to rid forging

-
pressure equations of it has been made by Lippmann and Stoter (lo).

They wrote a functional equation for local compression stress in terms

of the coefficient of friction p, the height h of the forging and the




lateral displacement, X, viz
dy = G’o f(p X/h)
2 4
where by 6& = do[:1 + Alx/h) + B(z/n)° + C(x/n) ]

Ay B and C were determined experimentally by measuring 6}
for various values of x/h when upsetting Pantal 19 (AlMgSi) samples at

rocin temperature.

Simple Upsetting

Figs (3.16), (3.17), (3.18), (3.19), (3.20) and (3.21)
sugzest that the normal stress developed when upsetting a specimen
veries directly as its width - to - height ratio. Thus all the models
conform with the established fact that thinner specimens require more
pressure to forge them., The wider the contact area between tool and
workpiece, the greater the friction resistance. The higher, therefore,

will be the upsetting pressure.

Plain Strain Upsetting

Figs (3.16), (3.17) and (3.18) show the variations of
predicted normal stress with the billet width - to - height ratios for
three valués (0.15, 0,30 and 0.50) of the coefficient of friction_p.

Geleji and Lippmann predict the highest values.

For p = 0,15, Geleji and Lippmann's pressures are higher than
the nearest to them (Siebel's) by as much as 60% for the range of width -

to - height ratios considered. IFor higher coefficients of friction,
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their values are very much incompatible with other theories. This is
largely due to the assumption that Coulomb's friction oécurs on the

Taces of every compressed specimen. At least two friction conditions -
sticking and slipping -~ occur when upsetting specimens whose width - to =
height ratios are greater than 2.

In his analysis, Siebel assumed that friction stress is a
function of the resistance to deformation of the forged metal, This
can only be true to a small extent. It has been proved that friction
is a function of the normal stress. The wider the spread of the
compressed metal, the higher the friction resistance. But the amount
of sprea? is jointly determined by the force applied on the piece and
the resistance to deformation of the metal. It will be difficult,
therefore, to justify that friction stress is mainly a function of the
yield stress of the metal - an assumption responsible for Siebel's
fairly high pressure valwes when p = 0.50. Despite these limitations,
investigators favour Siebel's equations for pressure estimations because
it is simple to apply and his values aré moderately high.

When p = 0.15 and p = 0,30, Sokolovskii, Siebel and Unksov
predict similar pressures. At p = 0.50, only Sokolovskii and Unksov's
models agree. The agreement between Unksov and Sokolovskii's models
is, however, not totally surprising in spite of their different methods
of derivation.

They made identical assumptions and both recognised and
accounted for two friction zones - slip and stick zones - on the

surfaces of specimens considered. Siebel's pressures are probably
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slightly higher than Unksov's and Sokolovskii's because of differences

in his friction concepts and theirs.

Cylindrical Upsetting

Figs (3.19), (3.20) and (3.21) are the plots of predicted
compression pressures against billet diameter - to - height ratios.
While Dietrich and Ansel predict the highest pressure values, Siebel's
figures are the lowest. Dietrich and Ansel's figures are probably
high because of the assumption that only slipping friction prevails on
the surfaces of compressed metal.

For all values of the friction coefficient, Unksov and
Schroeder and Webster predict identical normsl compression pressures.,
They considered similar friction conditions on the surfaces of the

specimens and made identicsl assumptions on metal plasticity.

Closed Die Forging

Unlike in simple upsetting, there is no common basis for
comparing all the closed die forging theories reviewed,

Lippmann's model depends on the profile equations of the
boundaries of the forgings. But the profiles of most real forgings
are complex and the derivation of their equations is laborious. The
use of this model for process design thus depends on the ease of
deriving the profile eqguations. The computer may help in the appli~
cation of the model to industrial situations.

in contrast, Kobayashli et sl's model is simple and easy to

apply. But their theory does not secem to agree well with experimental
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results. This discrepancy might have arisen from the agsumption that
deformation in the last moments of the forging operation occurs in a
fictitious disc of which the flash is part. Forging experiments

have shown(11?13914,i7)

that this is only approximately true.

A further source of error is the assumption that the effective
stress 1s not a function of of specimen radius r. Thig is difficult
to justify since effective stress is a function of effective strain
which 1s ,in turn , a function of the specimen radius.

Dietrich and Ansel have exploited the die filling mechanism
in deriving their own equation for forging load determination. The
model is difficult to use but the consideration of the extrusion
aspect of the filling process helps in understanding the mechanism of
die Tilling.

The use , in the theory , of different yield stress values
for various sections of the forging is welcome. Temperature differences

(11,18)

have been observed between the flash areas and the main bodies
of forged components. However, the difficulty of application of the
model because of its nature and the introduction of various back pre-
ssure terms , which are by no means easy to determine , may not lend it
to industrial application.

Unksov , in his own derivations , considered three friction
conditions in the die impression and introduced a factor Z to account

for die complexity and the un-evenness of stress and cooling states.

Thig factor seems logical but its determination is largely intuitive.
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Unksov assumed that the deforming metal in the final stages
of forging a circular part is a disc thicker than the flash, but did
not suggest a method for measuring its height. Reasonable results
are, however, obtained by using the height h obtained (21 by assuming
that the shape of the deforming metal is lenticular.

Unksov, like Dietrich and Ansel, also assumed different
yield stresses for the flash and the body of the forging. His factor
m » 1 suggests that the flash is colder than the body of the forging.
This, thus, restricts the model to press forging since it has been
(18]

shown that flash tempersture is higher in hammer forging and

colder ia press forging.




4ol o BQUIPMuNT AND PROCEDURE

The forging machine was & K100 type Hordern,Mason
and Edwards joiﬁt knuckle presse Manutacturer's data are listed
in Appendix 1. The press and instruments are shown in plate 1.
Plate 2 shows a close-up of the tools which included a
standard Hazlewood anid Dent four-inch bolster,vtwo mild steel
shanks and twé tool steel (Bestem) die inserts.

The hardness of the tool steel,as supplied, fell
within the hardness range of industrial forging dies. They were,
therefore, not heat-treated.The impressions were machined on a
lathe and polished to a good finish (about 50 microns). Some of
the impressions are shown in Fig 4.1.1.

Load leasuring Instruments

The load measuring instruments included a load cell,a
power pack and an ultra-violet recorder.

The load cell (see Fig 4.1.3) was made of EN23T steel
because of its high tensile strength and was designed to it
under the lower die insert (see Fig4.1.2) and measure compressive
loads of up to 120 tonf. To ensure good fitting and uniform
straining of its fibres, its flanges were made as wide as the

die insert.
The yield strenzth of the EN23T steel used was 60 tons

per square inch. Using a factor of safety of 3, the maximum

' .2 . .
allowable stress is 60/3 =20 tons/in". Since the maximum 1oad
to be withstood is 120 tons, the cell's cross-sectional area

should be 120/20 =6.0 sguare inches.
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Plate 1 Showing Forging Press, Furnace and

Measuring Instruments.
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thus 7'((D2—-d2) /4 = 6

e

If d= 0.5 inch, D = 2.81 inches,
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Fig 413 : D = 2.81 i

Expediency was the sole criterion for determining the
size of the holej its main purpose being to ease the withdrawal
of die inserts from the bottom shanks.

Eight strain gauges ( four active and four dummy)
were mounted on the load cell as shown in Fig.4.l.4a and
connected in a bridge cipcuit. One arm of the bridge was
connected to the power pack, the other to the ultra-violet

recorder Pig.d.l.4b,
a2
|
]

.
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|

Dummy Gauge Active Gauge

Pig 4.1.4a
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Calibration of the load cell was on a 300 ton testing

machine .Loads of up to 120 tons,in steps of 10 tons,were applied

on the load cell and deflections of the recorder galvanometer




were recorded. The transducer stiffness was then deduced from

the force-deflection characteristic graph shown in Fig {4.1.5)

A compressive load 0f9.310 ton caused a2 centimeter deflection

of' the recorder zalvanometer.

Forging Cvcle

Billets were heated in a four-element electric furnace
operating at 60% output voltage. Slug temperatures were read off a
thermocouple inserted in a dummy billet.

When the preset temperature was reached, the dies were heated

to about 120°C and Jubricated. Billets were removed from the furnszce
and descaled on a steel block with a hammer. The tongs used for
handling the billets and the steel block on which they were descaled
were heated to about 200°C to prevent chilling. The hammer was also
heated.

Each billet was then placed centrally (or approximately so)
in the dies and forged. Those which could not be positioned well in
reasonable time were reheated; so also were those which fell off the
steel block during the scale brezking operation.

As 2 further precsution agzinst errors, forgings which
did not fill the dies completely were discarded.
Such situetions frequently arose when forging billets into

grooved impressions (see Fig 4.1.6).
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Air trapped between the job and the tool (position 4
in Pig 4.1.6) acted as a cushion and prevented metal from

completely filling the dies. Furthermore, increased yield

strength of the metal flowing into such grooves made die filling
more difficult.
(26)

Press forging tests on AISI 4340 steel have shown

that forging pressure varies with the amount of die fill (Figd.1.7)
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Parts which did not completely fill the impressions were,
rtherefore, discarded to avoid false readings being recorded for them.
The problem of incomplete die filling was subsequently solved by using
grooved impressions as top dies. In this way, all corners were filled
and perfect forgings were produced.

Two other grades of imperfect forgings were also discarded.
These were those whose billets were too small to fill the dies and form
adequate flashes, and those whose billets were excessively big that they
could not be deformed.

The latter of these two discards occured frequently when
forging large billets into the bigger impressions, where deformation
loads required exceeded the tonnage capacity of the press and the

pressure build up was not enough to cause adequate metal flow.

Ixperimental Variables

The data obtained from the billets and the forgings can be
classified into four groups expressing
(a) the amount of metal and the efficiency of its use
(b) the shape and size of the forging, and
(¢c) the ease or otherwise of making the forging.
The fourth group is meinly ratios included, in some cases, to
check the validity of various claims that they are significant in

forging load determination.

(a) TFactors Relating To Amount Of Metal

These include the billet and forgingweights, the‘process




yield and the flash dimensions,

The forging weight is the net weight of the forging after
clipping.  And the process yield is the ratio of the forging weight
to the weight of the billet,.

The flash width is the mean width of the flash metal.
Flash thicknesses were measured from the unclipped forging.

(b) Factors Relating To Sizes Of Forgings

These are the mean areas at the parting line of the unclipped
forgings, the heights of their deepest sections and the depths of those
sections nearest in thickness to the flash.

(c) The variable that 'measures'" the "degree of difficulty' of
making a forging is the shape complexity factor.

It is the ratio of the forging weight to the weight of any

simple metal shape, cylindrical, cuboidal, cubic, parallelopiped that

will completely enclose the outlines of the finished forging.
For example, the shape complexity factor of the round forging
shown in Fig (4.1.8) is the weight of the sectioned forging divided by

the weight of the enclosing cylinder.
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Other variables considered include the slug temperature
and the lubricant employed, The products of some of the forging

ratios were a2lso included to investigate the effects of interactions.

THE ZXPERITLINTS

EMRR S £ U

As stated elsewhere , the laboratory ewperiments were con-

ducted with two mein objectives in mind. These were to determine
(a) the influence of forging loazd in die and process design
and

(b) the influence of forging load in press selection.

To achieve these , loads were measured when forging small
components differing in weights , heizht , parting diameters and

shape complexity. Various sizes of billets were force
I I o

|}

e}

and slug
temperatures as well as flash dimensions were varied.

the data thus obtained were analysed statistically, sepa~
rately for each pair of experimental dies and collectively for all
the forgings considered., The individual analyses show the influénce
of forging load in die and process design while the joint one shows

its influence in press capacity selection.

. . o Neai o
Forging Load in Die and Process Desgizn

It is necessary to study the effects of various job para-

meters on the loads regquired in making individual forgings when

nsidering loads in die and process designe.

|
5
£
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Fig 4.1.9 shows the die sets A and B into which various sizes
of billets were forged. The impressions differed in size, shape and
height, and their flash lands were parallel.

Yhile Forging "A" was moderate in height, simple in shape and
symmetrical about the parting line, "B" was more complex in shape and
unsymmetrical about the parting line. = The top half of Forging "B"

was filled by extrusion.

TABLE 4,1
Billet Diameter Billet Height Billet Diameter

(ins) (ins) Billet Height
0.960 1.694
1.625 0,983 1.655
1.005 1.617
1.127 1.331
1.500 1.150 1.271
1.180 1.025
1,342 1.025
1.275 1,272 1.003
‘ 1.405 0,980

The Forging Stock

The billets listed in Table 4.1 were sawn and machined from

l%n’ 1%u and l%” diameter bars of EN 3B wmild steel supplied in the

bright drawn condition.
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TABLE 4,2
Billet Temperature Flash Settings

(degrees C) (ins)
1150 0,115

0,100

1200 0.085

0,100

1250 0,085

0,115

Table 4.2 shows the three temperatures at which billets were
forged. Fifty degree intervals were chosen to ensure appreciable
variations in loads when temperatures were varied. . The flash
settings included in Table 4,2 were the preset gaps between the faces
of the top and bottom dies.

Actual flash thicknesses were greater than the settings,
because of the elastic stretch on the press frame, The various
combinations of billet temperatures and nominal flash settings on the

(28,29)

press were obtained by partial replication

Experimental Set Up

The billets, listed in Table 4,1, were weighed before heating
them in a furnace to the forging temperatures. They were then forged
into the dies at corresponding flash settings and left to cool. Loads

were read off the ultra violet recorder, and the parameters listed in




page 45, were measured.

Forzinz Load in Press Selection

Various forging shapes and sizes can be made on any
industrial forzing press. It is necessary, in determining the
influence of load in press capacity selection, therefore, to collect
data from numerous forzings.

To this end, six more impressions (some of which were shown
in Fig 4.1.1 ) were sunk and used for experiments similar to those
described above. lore data wers also obtzined by swapping dies whose
parting diameters were the same.

To further simulate industrial closed die forging, the above
experiments were repeated with flash gutters cut in the dies. The
gutters differed in depths and widths and flesh lands varied from die
to die, 'The data from this and the previous experiments are tabulated

in appendix 2.

Method of Analvsis

- The statistical metrod of analysis employed was Multiple
Regression. In general, the method expresses a dependent variable
Y, saysas a linear function of independent variables x,, %, g eeee X,
viz
T = a1xq 4+ aniy + a3x3 ceccsesireca X+ C
C is the constant term and 819 8py Ayseceeseessed, QTS

constants known as rezresgion coefficients .
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The theory of the technique is extensively treated in Davis( 2/

(30)
and in Barry.)

It has, therefore, been omitted. For this work,
multiple regression programmes developed for ICL 1905 computers have
been used. In general, the programmes calculate the regression co-
efficients, the constant terms and the degree of fit and test for
significance of the variables.

Two procedures are available. Their layouts are explained

(31).

in the computer handbook and in Tognarelli. . ..

Procedure One

In this procedure, the significance level at which the
dependent variable should be regressed on a specified number of
independent factors is stipulated. Variables significant at the level

are output in the regression equation. Others are left out.

Procedure Two

Unlike in Procedure One, significance levels are not specified.
Instead, the computer is programmed to determine regression equations
with known numbers of independent variables. This is achieved by
indicating the minimum and maximum number of factors required in the

regression equations.

Presentation Of Results

The.results of the analyses are presented in tabular form as
well as graphically.

The tables are abridged versions of the computer outputs and
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include the names of the significant variableé s their correlation co-
efficients and statistical t-values and the intercept terms. HMultiple
correlation coefficients and residual errOTS-are also included.

The graphs , for their part ,‘show figuratively how each of
the significant variables affects the forging load. Each of the plots
has been corrected for the effects of the other factors.

It bl’ b2, and b3 coesssess are the regression coefficients
and a is the intercept term whon a dependent variable Y is regressed
on independent variables X19 X5 x3o.,...and tys t2? t3.a...., are typi-
cal values of Xg5 Xy Xyeeeeees respectively, then

Y (otserved) =Y

Y (Calcule—ted) a + bl Xl +b2 X2 + b3X3 + occeecee

and Y (corrected)

Y - bl(xl = tl) - b2(y2 - -t2) - b3(}{3 -— t3) 60
Thus the values of Y which will be plotted against the vari-

ables x;, ¥y, and Xy are respectively

Y(xy) = Y - b2(x2 - tz) - b3(3{3 - t3) cveacae
Y(XQ) = Y Ll bl(xl e .tl) -—b3(x3 - t3) e 00ceo0 0
and Y(x3) =Y - bl(xl - %) - b2(x2 - *tg)

The other graphs are those of forging load as calculated
from the regregsion equations against the loads obtained from the eXp—
eriments. These show the degree of accuracy of predictions from the
regression equations and should , for good fit ; be distributed about

the 450 line.
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42, EXPERIMENTAL RESULTS

The data obtained from all the laboratory cxperiments are
tabulated in Appendix @ . Results for forgings with parallel flash are
in Table 1, and those for forgings with flash gutters in Table 2. The

results of the analyses are presented below.

Load In Die and Process Design

Tables 4.3 and 4.4 show the respective regression outputs from

the data of die sets A and B, The mathematical models, derived from

the tables, expressing forging load as functions of the significant

variables are written below each table.

TABLE 4,3

SIGNIFICANT REGRESSION | T-STAT | INTERCEPT | MULTIPLE RESIDUAL
VARIABLES COZIFFICIENTS | VALUES TERM CORRELATION ERROR
Flash Width
Flash Thick-

ness 17.573 10.59
Billet Dia-

meter 77.912 0,860 6.086
Billet Height =7.2%0 2.26
Slug
Temperature
(Degrees C) -0.050 1.99

The mathematical interpretation of Table 4.3 is

Flazsh Width 5,23 Billet Diameter
= (e’ X Billet Height

i)

Forging I:Oad (TOHS) = 17¢5/ X Flash ThiCk'ﬂG‘SS

- 0.05 x Slug Temperature (°cy + 77.01




TABLE 4,4

SIGNIFICANT REGRESSION | T-STAT | INTERCEFT | MULTIPLE RESIDUAL
VARTABLES COLFFICIENTS | VALUES TERM CORRELATION ERROR
Flash Width
Flash Thick-~

ness 28,987 12.91
Billet Dia-

meter 136.831 0,890 6.209
Billet Height =18.272 5.07
Slug
Temperature
(Degrees C) - 0,099 3,84

The mathematical interpretation of Table 4.4 is

Flash Width
Flash Thickness

Billet Diameter

- 18.27 x FTex Feight

Forging Load (Tons) = 28.98

- 0,099 x Slug Temperature °c) + 136.83

The two results are .similar and indicate that the load
required to forge any given part increases with the width to thickness
ratio of the flash formed, and decreases as both the slug tempersture
and the billet diameter to height ratio increase.

The flash width to thickness ratio is significant at the 1%
level, while slug temperature and the ratio of billet diameter to its
height are significant at the 10% level. Other forgings investigated
showed a similar trend,

In general the multiple correlation coefficient for each of
the forgings investigated exceeded 0.85, and their residual errors were

less than 7.5ten. Corresponding values for die sets A and B are 0.86




1.080

0,580

0.860

FORGING LOAD (TONs)*io‘2

) I 1 f

1,100 1. 560 1,500 £ 360

Fie. 4.10 FLASH WIDTH/FLASH THICKNZSS

|
2..700 3,100




J

G LOAD (TONS) x10™ %

FORGI}

000

g

— I
1,850 Z.100

|
2.960

THICKN.SS

1
3. 700

4.500




f ] I I !
03071 098°'Q 0980 3L 099°0 0857 Q b0

~OTx (SNOL) @¥oT ONIDEOJ

0sg"0

1.760

1.500

R/BILLsT HZIGHT

1,300

BILLET DIAM=T;

. 100

0.9%00
o U412

A
i

Fi




L]

O

¥ t ! 1 7

a i e -+ —

o
|"l !T
i o &
LT 3 -
({;I/l!l.‘....f | 1.“ =
. . )
/’1’ m
- i..u:f,.,i Du
Ny 3
- -+ n Z
rﬁ./ e M
| o}
3 5
b —
-< R
e

0
f * I T T %@ ZJ
_ ! ! T T b i
S Gl 0% 9 3 . - . : TS A
Qoo'8 602 4 00y 3 0035 ‘Qﬂ.&,% R 007 ¢ G0 2 =
_OTx(SNOL) QVOT oNIOHOL =

T




1. 060

1
@
@ _ -'—\\ -
© —\
[
4]
o
N
4
S o
* W
— =
2 &7
& i +
a *
(@] 4-
S 2
[&] ‘%—;i
2z e
= il
&
(@]
(6
Q)
& | \
S + N
+
:t:
$ *
p
&
(13
(a2}
o r I T l T x
1. 500 11,760 14,900 12. 100 12,300 12.500

Fig. b4.1h

SLUG TEMPERATURE (DEGRZES C)*107




g

©w
<~{
i
@

w @

oo

&

=4 '

o W
e
S
Q
o

— &

(=]

[Go S+ ¥

= s

e
[
™
(@]
P

&2

€«

(@]

<=

g

\3]

3

ﬁ-.

od

Fig,

61
-"‘.
._‘_
_{..
|- 4 ‘
- *
.{_
_;_
— I l 1 I ]
11.500 14.760 11.300 12.100 12,300 12.500
4,15 SLUG TEMPLRATURE (DEGReES C)*1072




CALCULATZD LOADS (TONS)

62,

120
100
80
60
40
20

Fig. 4.16

(SNOL) SQ¥0T CTANISED




63.

i

(2le)

40
CALCULATED LOADS (TONS)

20

126
16

8o -

€0 -
40

(SNOL) SAVOT ATA¥TSHO

20

Fig, 4,17




64.

and 6,086 and 0.89 and 6.209 respectively.

The separate effects of each of the significant variables on
the load applied on components A and B are shown graphically in
Figs (4 » 10 to 4 o 15), Forging lozds calculated from the
regression equations are plotted against those obtained from experiment

in Figs (4 ¢ 16) and (4 » 17).
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LOAD IN PRESS CAPACITY SELECTION

The relationship between the various forging parameters

considered are shown in the correlation matrix in Appendix 3. A zero
ceefficient symbolises a complete indepéndence between two variables
while a perfect linear relationship produces a coefficient of one.
A negative correlation suggests that one factor tends to increase as
the other decreases. A possitive one indicates that the two factors
tend to increase together. Any coefficient less than 0.4 could have
arisen by chance.

The correlation matrix is used to prevent any "chance" corre-—
lation from interfering with the regression analyses and to ensure
that two or more highly correlated variables do not occur simultanecusly
in the repression equations.

The areas at parting lines of the forgings were highly
correlated withjszights of the billets; the parting diameter to height
ratios of the forgings and the process yield. A sensitivity check
characterised by the correlation of all the variables investigated
with forging load revealed parting area as having the most significant
influence on the load. Area was, therefore, included in the analyses
at the expense of those highly correlated with it.

The flash width to thickness ratio was in similar circum-
stances included in the analyses to the exclusion of the flash width
and the flash width to clipped forging diameter ratio with which it

was highly correlated.

Other variables which are independent of the other parameters

Were algo included in the computations. These were the slug temperature,

[N
m&l

o

=
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the shape complexity factor, the weight of the forging, the billet dis- §

meter to height ratio and the flash thickness. The products of some
of the variables were also included to investigate the effoects of

interactions. Definitions of all the parameters are listed in pages

45 and 46,

Forgings with Parallel Flash

Table 4.5 shows the results of regressing forging load (tons)
on the job and process variables measured when forging billets into

dies with parallel flash,




TABLE 4,5 | %
N

LEVELS
REGRESSION oF INTER- MULTIPLE DEGREES
o 3 CO- T.STAT{SIGNI~ | CEPT | CORRE. |RESIDUAL| OF
VARIABLES | EFFICIENTS [VALUES|FICANCE] TFRM LATION | ERROR FREEDOM

Parting .
Area (In")
(Area) 14,0189  [2z.04 | 1.,00%

Square Of
Flash Width
Over
Thickness 23,1625 112,82 | 1.,00%
117.857] 0.9%30 | 7.5906 162

‘ Slug
i Tempgrature
(e) - 0.09087 ! 5,95 | 1.00%

Rillet
Diameter

Billet
Height =13,4207 Seltl 1.00%

Shape
Complexity | = 8.,8357 1.66 [10.0%

The mathematical interpretation of this table is that

Flash Width 2
Flash Thickness

Forging Load (Tons) = 14,0189 x Parting Area + 23,1625 x (

Billet Diameter
Billet Height

~ 0,09087 x Slug Temperature - 13,4207 x

- 8.8357 x Shape Complexity + 117.857

where parting area and slug temperature are in square inches and degrees

centigrade respectively.

The physical interpretation of the results is that forging load

increases with the area at parting line of the forging and with the width
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to thickness ratio of the flash formed, and diminishes as the slug
temperature and billet diameter to height ratio increase. And the
wore complex the shape of the component, the greater the load required
to forge it. |

It is pointed out here, for clarity, that the shape complexity
factor has been defined such that it tends to one for simple shapes and
tends to zero for complicated ones. Hence, the negative sign of its
regression coefficient implies that forging load increases as the
configuration of the part becomes more complex,

All the varisbles listed in Table 4.5 are significant at
1.00% level except the shape complexity factor which is significant at
the 10% level. A multiple correlation of 0.930 was achieved, and the
residual error was + 7.,5906 tons.

The variations of forging load with each of the significant
variables listed above are shown graphically in TFigs &4 .18 -« 4 « 22,
Each plot had been corrected for the effects of the other four variables.
Fig 4 » 23 is the plot of observed loads against those calculated from

the regression equation.

Forgings VYith Flash Gutters

Regression analyses of the data obtained when forging into dies
having flash gutters show that forging load increases as
(1) parting area increases
(2) the flash width to thickness ratio increases
(3) the shape of the forging becomes more complicated

(4) slug temperature decreases, and




(5) as the forging weight increases.
All the factors are significant at the 1% level. The
miltiple correlation was 0.852 and the residusl error was + 6.29 tons.

Table 4.6 shows a summary of the computer outpute

TABLE 4,6
LEVELS
REGRESSION CF INTER- {MULTIFLE DEGRELS
CO- T~-STAT! SIGNI- | CEPT { CCRRE~ IRESIDUAL! OF

VARIABLES EFFICIENTS [VALUES! FICANCE| TERM | LATION | ERROR FREZDOM

Parting
Area (In“~) 10.55 17,61 1%
Weight Of
Forging

(1bs) 122,90 9.78 1%

63,0451 0,852 6.29 188

Slug
Tempgrature

(7C) - 0,0897 7.21 1%
Flash Width/
Thickness 15.862 6.06 1%
Shape
Complexity |-27.36 5.18 1%

Mathemetically, the table can be expressed as

Forging Load (Tons) = 10,55 x Parting Area + 122.90 x Forging VWeight

‘ oo \:,;!’ NEN
- 0.0897 x Slug Temperature + 15.862 x “:h 1dth

h Thickness
- 27.36 x Shape Complexity + 63,045
The corrected variation of forging load with each of the
significant variables are shown graphically in Figs 4 8 24 to L » 28,
and Fig 4.2:8%s the plot of forging loads cglculated from the regression

equation against those measured in the experiments,
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5 FACTCRS DETERMINING PRESS FORGING LOAD
6

5

The load necessary to forge any given component varies directly
as the width to thickness ratio of the flash formed and inversely ss
both the billet diameter to height ratio and the slug temperature. As

suchscareful consideration is necessary in the choice of these para-

mneters.

Effect Of Flash YWidth To Thickness Ratio

“lash forces increase as flash width to thickness ratio
: (’,6\ : : ) .
increases' ~ ' . Since forging load increases with flash force. |
increments in flash width to thickness ratio cause a steady increase in
forging load. For low die loads, therefore, the flash width to
thickness ratio must be low.
(35) . . :

Recent flash gap . studies have revealed that forging
loads and deformation energy get unne sarily high when the flash width
to thickness ratio exceeds a value of five. . Since a sizeable
amount of flash forces is required for good die filling, the flash ratio
cannot be too low lest die filling will be impeded.

In the present study, all forgings with flash ratios less than
1% did not #3171 the dies completely bwk  ratios of between 12 and 3%
gave very good results.

The choice of flash dimensions in industry seems very much

a function of the size of the impression to be filled. Forgers appear

to favour higher flash ratios for big impressions and lower ones -~ say

|

\
i
g
s ﬁ
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14 to 2% ~ for smaller parts. Long hubbed components are generally

filled by extrusion and reguire high flash forces to push metal up

their hubs. Their flash ratios should, therefore, be in the higher

(35,36)

range. Using the current results and those of Vieregge ag yard-

stick, values of between 2% and 5 would seem adequate.

Effect of Billet Dismeter to Height Ratio

Figs 4.12, 4.13 and 4.19 (later) show that forging load

increases as the billet diameter to height ratio decreases., The influ-

ence of the variable is marginali 20% increase in billet diameter to
height ratio decreased the force of deformation by only 2.88%, However,
the invrerse variation of forging load with the billet diameter to height
ratio is as expected.

The shorter and wider the billets, the closer they are to the

final forging size., Die filling will be easier and temperature losses
to the dies will be less.

Apart from this, forging stocks barrel when upset because of

friction at the job-tool interfaces and the taller the billet the more
important the influence of barrelling on the mode of die filling. TFor
instance, excessive barrelling will cause material to arrive at the
die parting line significantly earlier than a billet with a low aspect
ratio(ZS)Qalso see Appendix 4),and a colder metal will, as a result,be
thrown as flash.

Furthermore, contact time between the taller slug and the

i tools is longer. More heat is transfered to the dies and the yield

strength of the material increases. Greater force will, thus, be re-

Quired to forge the taller billet.

E




83.

In advising the use of billets with high diameter to height

ratios, it is recognised that the size of the cropping machine available
often limits the sizes of billets used. But short billets do not nece-
gsarily have to be cut from large sectioned barse. The same resuvlt will
be obtained by upsetting smaller diameter bars to as near as possible

to the height of the deepest parts of the die impressionse.

Slug upsetting and preforming are not being recommended as

new forging techniques. What is being pointed out here is that they

offer more, by way of die load reduction, than the breaking of oxide
scales and easing of die fill.
It will, however, be ill-advised to forge slugs wider than

the impressions into them. When 13 inch and 2 inch diameter billets

were forged into die sets A and B respectively (theif respective maxi-
mum impression diameters are 1.6" and 1.8"), loads were considerably
reduced bu€a$2ges "caved" in, filling was incomplete and the forgings
produced had laps and tears.,

The mode of die filling seems responsible for these obser—

vations. In forging the billet shown in Fig 5.0 into the die, for

oxample, the bottom edzes of the billet will be sheared and the metal
contained within the die tappered. This is similar to the extrusion

process where sections leaving the die taper at the exit. The billet

metal does not drag along‘the die wall and may only just have reached
the bottom of the die when the crank of the forzing press is at the
bottom dead centre.

Thus, the die msy not fill completely and because of the
reduced friction resistance to the flow of the billet metal and the

shorter contuct time betveen it 2nd the die (hence the lower rate of
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cooling) the forzing load will be less.

Shear zone ~—_| B )5§%i::2i::;/ Shear zone
\1 ) %/

_J

DIE

Fiz 5.0

A volume of air may also be trapped between the billet and
the die (es discussed in page 44). This will act as & cushion and
prevent the flow of metal to all corners of the die. This, however,
is considered unlikely since some escape channel would have been
created when the bottom edges éf the billet are sheared in the early

stages of the forging operation.
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LOADS IN PRESS SELECTION

Die loads in press forging are controlled by the weight and
parting area of the forged component, the diameter to height ratio and
temperature of the slug, the width to thickness ratio of the flash
forméd and the shape complexity of the part.

The effects of the flash width to thickness and the billet
diameter to height ratios have been discussed in the preceeding text

and are, therefore, omitted here.

Effect Of Parting Area

The area at parting line is the most important geometric
factor influencing the forging load. It is significant at the 1% level.
And the multiple correlation coefficient obtained when forging load is
expressed in terms of parting area alone always exceeded 0,8; high
enough for reliable load estimation to be made from known values of the
parting areas alone.

This is consistent with the industrial forging prectice of
selecting press capacity for jobs on the basis of their parting areas.

The highly significant effect of partins areas on deformation
loads seems easy to explain. Force iz theoretically the product of
Inean stress and area. It is to be expected, therefore, that any
incresses in area will give rise to an increment in the force.

In any case, the greater spread of metzl necessary to cover
& wider parting area and the increased frictional resistances to the

flow of the metal - both incide the impression znd along the flash




land - adejguately explain why deformation forces increase with parting 5
-
|
arease. |

Influence of the Shape Complexity Factor

The regression analysis show that the shape complexity fTactor,

AN

defined in this work asg the ratio of the net weight of the forginz to
the weight of the simplest shape of metal that completely encloses it,

is significant at the 190 level for components with stepped flash sutters

£

but less his

U4

g

hly significant for parts with parallel flashes. lMore complex

forgings re-ulre higher loads to forze them.
L) -] W = o

(6]

The high deformation forces associated with complicated parts
is a reflection of the greater effort needed to fill their dies, it
¢

I
&

beinz the casse that the local vyield strensth varies more in comnlex
(] (Y3 (] 3

Iv]

dies than in simple ones. Apart from this, surface arecas of complex forg-

¢

ings are often greater. There is thus a wider area of contact beilween
the tools and the workpiece. Frictiocnal resistance to the flow of the
slug metal will be greater and the forging load higher.

It is conceded that the shape complexity factor,as defined
here, does not adequately reflect the "degree of difficulty" of making
all forgings. But all alternative criteria aﬁailable are only marginally

(38)et

more satigfactory. Of these, Teterin al's seems the most physica~
1ly meaningful in that it considers various parameters, e.g. draft
angles, corner radii and maximum impression depths, that are likely to
define complexity best. Its application, however, to a few of the for-

gings considered in the present study, showed but little improvement on

the level of significance of the complexity factor.
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Effects of Temperature

Figs 4.20 ani 4.26 show that forzing load decreases as slu

(el

temperature is raised. The varisble is significant at the 17 level and
a sensitivity test shows that load decreases 21.9" for a 207 rise in
sluz temperature. The effect of increasing slug temperature is to de-
crease 1ts resistance to deformation and hence reduce forces. Fig (561)
shows the effect of temperature on the yield strengthof EN3RB stegly for
exvamnple .

Thus, for best results, forging stock must be adequately heated
to within the recrystallisation temperature of the billet material, It

<

or a while at the forging temper-

=y
v

is good practice to soak the billets cing
ature. This ensures uniform heating and hence fairly uniform slug res-

istance to deformation. Too lonz a sozk may, however, cause unnecessary

grain growth and cause more oxwide scales to be produced.

1100%
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1

% 1509
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Temperature "has - a considerable.effect on die life. Die
tenmperature rises when billets are forged into them, and drops when the
dies are lubricated. With time, the temperature rise-drop cycle in the
dies ceuses their surfaces to harden. This minimises die deformation
but increases the risk of die failure by cracking.

Temperature also affects the grain structure of forged compo-
nents., This is true of precipitation hardenable steels, particularly
those in the semi austenitic grades., For example(40), forging AM355
alloy steel at too high a temperature (above 109500) produces a coarse
grain structure which may not transform properly during subsequent
heat treatment and may thus leave an undesirable amount of austenite in

the finished forging.

Some martensitic steels partly transform to delta ferrite,

which reduces forgeability when heated to too high a temperature. Over—
heating at the centre of heavy sections of some maftensitic steel forg-
ings, e.g. 17-4 Ph alloy steel, may cause thermal cracking because of
too heavy or too rapid a reduction. Hence their maximum forging temp-
eratures are generally 40°C to 15000 lower than for low alloy steels.
Hot twist tests by Ihrig(4l)and Clark and Russ(42)on nume rous
steels have shown that forgeability increases with temperature until
the melting point of the steels is approached (see Pig 5.2), and that

forging temperature decreases with increasing carbon content.
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iffect Of Flash Shave

Flash and punch loads

iI8se 1850 iteo 1150 [EL5] 1250

i | { H 4

T%ﬁqzaréﬁue(ﬁg)

(25)

have been measured when experi-

menting with different types of Flash gutters, to establish the best

shape for good die filling. The results plotted in Fig (5.3) show

that the closed ended flash shape S, has the highest flash and punch

forces.
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This is due to the high friction forces resisting the flow of
metal into the flash land and the back pressure set‘up vaen the metal
reaches the end of the gutter. The absence of such a back pressure in

flesh S, explains why its force values are lower than those of S

2 1°
Flash shapes S‘j and Sl‘L have the lowest punch forces, but the
flash force of S3 is a little higher than that of 54‘ This is probably

due to the greater friction resistance to metal flow encountered in
flash S_.
>
Good die filling is obtained when using shapes Sl and S
because of the high flash forces developed. But the high punch forces

and the high rate of die wear sssociated with high flash forces would

not make their use competitive.
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A modified wversion of flash shape SB is used in most British
forging works. This is not surprising in the light of the results plotted
in Pig (5.3)3 punch loads are low and flash forces are moderately hizh.
while the first advantagze can aid overhead costs reduction, the other
ensures good die filling.

In the present study, the parallel flash was compared with the
open-~ended version of die shape SB.While forzing various sizes of billets
into two identical dies. The results showed no siznificant differsnce
in loads when the width 5f the flash metal was less than that of the land
of the die with flash gutter. With greater volumes o:r billet, 1loads in
the die with parallel flash exceeded those in the other by as much as 16%.
This difference is clearly'due to the greater flash forces developed in the

die with parallel flash because of the increased area of contact betwsen

its land and the flash metal. and further strengthens Schey et al's results.

Effect Of Flash Thickness

Figs 5.4 to 5,7 show that forging load increases as the flash
thickness decreases. The slopes of the curves are steep and 27% increase in
flash thickness causes as much as 40% reduction in load. The rate of
increase of forging load with decrease in flash thickness is more rapid
when flash thickness is less than 0.115 inches., This is similar to Byan-
Grounds 43 earlier observation that press forging loads are considerably
high if flash thicknesses of typicel carbon and low alloy steel forgzings

. . ~ Arn @
are less than % inch, within the temperature range of 1150 and 1200 C.,
of
The inverse variation/forging load with flash thickness is a

reflection of the greater deformation necessary to forge thin [lashes.
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(40,50),

ests have shown that deformation pressure increases

Se

ght progresse n

A greater reduction i

E2E

flash thickness accordingly results in‘higher forzing load,

Apart from this, thin flashes lose heat to the dies more
readily and the attendant increase in their yield strength causes the
load to increase.

Tn industry, flash thickness is always given close attention

o o

in die and process design. Forgers realise that the effects of throwing

thin flashes are to improve process yields and increase the forces of

deformation and vice versa. It is, however, difficult to ascertain
. 1 e e . . e
what their (forgers ) priorities are in terms of choice between thin

and thick flashes. Yhile most want %o do anything that improves process

vield, a good many care more about the forging load.

Tt scems advisable, in view of the influence of mechanical

stressing on die failure and in view of the high costs of die manufacture,

to avoid forginz too thin a flash without compromising the process yield.

.
4
oL

Th

3

can be done by throwing a moderately thick flash that only just

covers the flash land, In this way, smaller capacity presses can be used

for such jobs and overhead costs can be reduced, in some cases, by as

much as 25%.,

Eal

Influence of the Amount of

Fige 5.8 to 5.11 show the effect of the amount of excess metal

on load for various forgings. All the results were those obtained when

forzinz into dies having flash gutters. It was considered unrecalistic

to attempt to determine the influence of excess metal in dies with

parallel flagh since such excess volumes would simply increase the flash
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area of contact and hence the forging load.

The curves obtained can readily be classified into two distinct
categories. These are those which show.a prozressive increase in forzing
load as the amount of excess metal increases and those which tend to
portray load increases with excess metal to a certain stage and then

dropse. This later catezory seems the more recasonable one.

The forezoing view is shared by investigators in Manchester‘97)

5

[45)

P

who agree that the effect of increasing the amount of excess metal is to
increase the amount of metal thrown as flash without increasing either
the frictional resistance to its flow or its resistance to deformation,.
The theory then is that when a comparatively big billet is being forged,
flash ig formed before the dies have completely closed. This "initial™
flash loses heat to *he land and flows into the gutter without being
greatly deformed in th§>gi;ents of the forging operation., The "real"
flash which is then extruded from the metal in the impression,

logses little or no heat and in any case generates internal heat as it

is further deformed to its final size. Thus, the effective yield
strength of the flash metal from a bigger billet will be less. TForging
load will accordingly diminish.

This, of course, presupposes that an optimum billet size has
caused the load to increase to its maximum value. For the range of
forgings considered, the optimum excess volume of metal can broadly be
estimated from Figs 5.8 and 5.9 as between 18 and 22 percent.

The other category of curves (those which show a progressive
increase in load as the excess metal inoreases) ig more difficult to
€xplain., It is possible that lubrication breakdown occured in the

flash land, frictional resistance to flash metal flow increased and

i
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forging load bscame high., This, however, seems unlikely to explain
the obgervation since lubrication was administered in identical fashion

throuzhout the experimentse. .

Effect of Redii and Draft Angles

Large corner radii aid die filling and prevent laps and cold

shuts but their effect on forging load is insignificant. Aston and

(45)

Muixr have observed that large draft angles promote die failure by

mechanical cracking in inner corners. On the other hand, large draft

angles make forging ejection easy and slight relief in dies reduces<46)
the forging load.
The amount of forging load reduction is, however, only

slight., It is, therefore, doubtful if the advantage of this small

load reduction and the ease of forging ejectlion can outweigh the risk

of die feilure.

Effect of Strain Rate

Pig 5.12 is the result of camplastometer hot compression
tegts, conducted by the author, on EN3B gsteel to show the influence

of strain rate on its resistance to deformation. The plot shows that

the metal's resistance to deformation decreases as the rate of straining

is decreased. TFor 20% reduction in slug height, the resistance to

deformation decreased by 33% for 70% drop in strain rate from 6.3in/in/sec

(47)

to i.8in/in/sec. Similar results have been reported by Orowan R

Larke(48), Samanta<49), and Sabroff et a1(40).
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The influence of strain rate on deformation forces varies
(49)

from alloy to alloy. Vhile it is minimal on 4340 steel and 1100

aluminium, effects on the titanium alloyﬁTi - 13V = 11Cr - 3Al is

considerable Fig (5.13),
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Alder and Philip's upset forging tests . on low carbon

steel have shown that forging pressure increases with strain rate and

that the strain effects are more appreciable at higher températures

Fig (5,14).
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. ‘ - (40)
Similar results have lately been obtained ~ when AIST

43L0O steel were upset forged Fig (5.18).
Deformation energy also increased with strain rate. At

(40)

126000, upsetting energy more than doubled over a 100 fold

increase in strain rate and trebled over a 1000 fold increase.

Effect Cf Friction

The three friction zones occuring on surfaces of compression
tools, have as vet, not been fully analysed. lNevertheless, friction is
known to cause severe barelling when billets are upset.

In hot forging, the billets touch the colder walls of the dies
too soon because of barelling. Such contact areas get cooled and the

local yield strength of the billet material increases. Thus, the




103 .

deformation forces increase and die filling becomes more difficult.
Minimisation of friction and hence of barelling should, therefore, be
one of the principal qualities of a good forging lubricant.

(51)

Conpression tests have shown that forging pressure

increases with the coefficient of friction. Results obtained during

upset forging tests on 2014 aluminium slugs using various lubricants are

shown in Table 5.1.

TABLE 5.1
Final
Thickness | Final Forging
Iubricants Of Billet |Diameter Friction Pressure
(ins) (ins) Coefficient | (1b/in")
Silicone Grease 0,103 2.2 0.16 36,000
Flake Graphite In 0il 0,101 2.2 0.15 36,000
25% Flake CGraphite +
15% ltoS. + 5% Mica In
Bentone Grease 0,095 2.3 0.13 33,400
Colloidal Graphite In
0il 0,091 2.5 0.12 32,000
Colloidal Graphite In »
Water 0.086 2.4 0.11 30,000
75% Flake Graphite +
5% Mica In Calcium-Base
Grease 0,067 267 0.06 23,500

With flaked graphite and mica in calciunm-base grease, the
forging pressure and the friction coefficient were lowest. S5uch a
lubricant is ideal for wide discs and other flat spreading components
where the friction resistance to lateral flow should be minimum. The
lubricant's low friction coefficient makes it unsuitable for deep

forgings.
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X

Silicone grease and flaked graphite in oil have the worst
properties. They combine high friction forces with the least reduction
in forging pressure.

The ideal lubricant should reduce deformation forces and

minimise die wear by preventing metal contact between the workpiece

and the tools. It should also minimise heat transfer from the workpiece

to the tools as heat losses from forgings cause the yield strengths

of the slug metals to rise.

R A e SN A

In all, graphite dispersed in water has shown the best

(51, 52, 53, 56)

results Silicone grease and graphite dispersions
in oil are less favourable. With the latter, dry lubricant films

needed to separate the metal surfaces do not form during the forging

]

operation. 'Fith polyalltyleneglycol and diethylenezlycol, high sticking

.

forces which indicate lubricetion breakdown were developed.

The main shortcominz of colloidal graphite in water ig its
poor propellent effect. 0Oil base graphite lubricants are better in
this respect. Sawdust has the best propellent effect but its screening

quality is poor as to limit its use in indusiry.

The current author's experimental study of two lubricants -
queoug colloidal graphite and "forgers' o0il" - seem to confirm some
of the attributes of colloidal graphite in water reviewed above. The
graphite lubricant used in the tests was a sample supplied by Acheson
Colloids Ltd(SS)and the oil was teken from a stock in use in one of
the forging works at which the industrial studies (reported later)

were conducted. They were both, therefore, considered of average quality,

Avout forty billets were forged into a pair of dies using
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aqueous colloidal graphite as lubricant. Forging load: was:
recorded for each billet and the hardness of the die impression was
measured after the last billet had been forged. The experiment was
thenrepeated with identical dies and billets using forgers's oil as
lubricant.

The results showed that forging loads were lower when dies

were lubricated with agueous coll@®idal graphite than when oil was

used by as much as 9%. The die surfaces hardened in relation to

their unused stetes and the rate of hardening was less with the graphite |
in water lubricant than with oil.,
These observétions seem to suggest that agueous colloidal

graphite hasa better screening quality than o0il. In other words,the

graphite lubricant is more effective than forgers's oil in minimising

contact between the dies and the workpieces.
The primary function of the water in the graphite lubricant
is to cool the dies. The water often boiled and dried up leaving

graphite particles in the impressions. It is concelvable that such

particles formed a more efficient contact barrier between the dies
and the deforming metal than the oil lubricent which, no matter how
generously sprayed on the dies, always burned off in the last stages
of the forging operations.

The result would then be that more billet heat will be 1ost‘
to the dies when oil is used than will be lost with aqueous colloidal
graphite. Thus, the billet resistance to deformation and hence the

forging load will be higher in the former case than in the latter.
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The hardening temperature of the die material will also be sooner
reached with oil.

The load reduction with grabhite lubricant as compared with
0il may also be partly due to the differing friction conditions
existing at the Job-tool interfaces. Whereas slight sticking occured
with oil, the forgings lubricated with graphite always came out clean
without the slightest sign of sticking. It is probable, judging by
its burning off, that the 0il lubricant brokedown while the graphite
particles caused the billets to slip or skid on the dies. The deve-
lopment of higher loads with oil will, thus, not be surprising since
flowing metal will encounter a greater frictional resistance.

This would then seem to confirm the suggestion of most
of the closed die forging theories reviewed in chapter three that
the deformation pressure increases with the coefficient of friction,

On the whole, there is as yet no single lubricant good enough
for all conceivable forging conditions. Graphite dispersions in water
and oil are good respectively for shallow and deep impressions, and
graphite and mica in grease is good for discs. It is, however, olaime854)
that addition of poly-ethylene-glycol may improve the propellent pro-

perties of agueous solutions.
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INDUSTRIAL X PIRINENTATION

v : —~ .. ~ - . . .
Forging loads were measured on industrial presses with the aid

of instrumented extensometers attsched to their frames.

Principle
RS L S

When dies close during a forging operation, a reaction force
iz applied on the moving parts of the machine. The force tends to
push the dies apart at an instant when the crank is at the bottom dead
centre, and thus couses a stretch in the press frame.

(60)

The stretch . is directly vroportional to the resistance

to deformation of the material forged and the load applied on the

component. Thus the forging load can be determined from the axial

strain on the frame of the press.

Experimental Set Up

Fig (6.1) shows the main features of the extensometer used to
measure the strains in the press frames. The steel cylinder, housing
a two inch strip of hardened and tempered high speed steel, was bolted
to the press frame as indicated in the diagram.

Four strain gauges (two on either face) were mounted on the
steel strip and connected in a bridge circuit. A power pack was
connected across one arm of the bridge and a multi-channel ultre violet
recorder was connected across the other.

A 66 inch long tube hung freely from a fixed support and

carried a trigger rod, having knife edges designed to suit the steel

strip, at its other end. To take a reading, the trigger knife edge was
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made to touch the lower face of the steel strip. When forging
commenced, the fixed suprorts moved apart and the knife edge bent the
strip., The bending caused aninbzlance in the bridge circuit and a
signal proportional to the stretch of the frame was recorded. The
product of the height of this trace and the press frame stiffness is

the forging load.

Calibration Of the Fxtensometer

An BN 24 steel load cell, precalibrated on a 300 ton testing
mechire was used to calibrate the extensometer., The cell was
compressed elastically between experimental dies fitted to the press
while the extensometer was attached to the frame. The frame exténsion
and the strain on the load cell were recorded on the rulti-chennel
recorder.

Six steel discs, 0.05 inch thick and haviﬁg the same diameter
as the load cell, were then placed (one by one) on it to vary the strain
in press frame. The frame strain corresponding to a unit load cell
strain waé then deduced froﬁ a plot of load cell strain versus frame
strain. The extensometer stiffness was finally obtained by dividing

the load cell stiffness by the frame strain per unit cell strain.

M

he Data

Loads were measured during actual production runs when mild
steel billets considered to have been adequately heated were being
forged into finishing dies. Cther forging dats relating to job size

and die shape were obtained from relevant die and component dravings.
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Colloidal graphite in water was the lubricant and the
forgings were classified into two categories ~ Axi-symmetric or
circular, eg. gear blanks and Irregular, eg. connecting rods and

spiders. The data for each category were separately analysed.

Forging Varigbles

The job and process variables considered in the study of
circular forgings were similar to those investigated in the laboratery.
But the definition of parting area excluded the flash width because it
was not practicable to measure the parting diameters of unclipped
forgings without disrupting productiomn.

Other geometric parameters considered in the study of
irregular forgings were the equivalent parting diameter and the
equivalent width. The former was defined as the diameter of a circular
part having a parting area equal to that of the irregular forging, and
the latter was the breadth of a rectangular part vhose length and
parting area are equal to those of the irregular component.

The billet diameter to height ratio and the flash width to
height ratio were investigated and found highly significant in the
laboratory. They have been ignored here. The reasons for abandoning

them are given below.

Billet Diameter To Height Ratio

All the billets were upset and preformed before forging them
in  the finishing dies. Tt was not practicable to measure the

diameter to height ratios just before the finishing operation.  They
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were, therefore, ignored.

Flash Width To Thickness Ratio

A1 the dies investigated had flash gutters.

width to thickness ratio was, therefore, to be defined

The flash

as the land

width over the flash thickness. It, however, had to be abandoned

because it did not vary from forging to forging. This seems a

‘deliberate policy of the works in which the study was conducted.
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RESULTS

i Circular Forgines

g
%\ Table 6.1 shows the results when forging load was regressed on
?‘ the other variables, The table shows that forging load increases with
. wider parting area and lower forging temperature. It also suggests
that complex parts require less load.
TABLE 6,1
Significant Regression T-Stat Intercept fultiple
Variables Coefficients Values Term Correlation
Area At
Parting ILine 32,7784 5ol
(Sqg. Inch)
Shape Complex- 361.9748 0,704
ity Factor 565 .6566 1.05 . :
Slug.
Tgmperature - 0.5293% 0.10
(7C)
Mathematically,

u

Forging load (tons) 32,78 ¥ Perting Arca (sq. in)

‘ : + 565,66 x Complexity Factor

0.53 x Slug Temp (°C) + 361.97

The variations of forging load with each of the significant
factors are shown graphiczlly in Figs 6.2, 6.3 and 6.4, Each plot had
been corrected for the effeéts of the other two variables. Fig 6.5
; is the plot of observed loads against those calculated from the

regression equation.
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Irregular Forgings

The results of regressing load on the job and process
parameters of the irregular components investigated are summarised in
Table 6.2 below.

Forging load increases with parting area and diminishes with
increasing slug temperature. More complicated forgings require higher

loads to forge them.

TABLE 6.2

Significant Regression T-Stat Intercept Multiple
Variables Coefficients Values Term Correlation
Parting Area

(Sq. Inches) 35.7322 5.49

Shape Complex-~ 785,693k 0.734
ity Factor ~57.8492 Oe13

Slug

Tgmperature - 0.2991 0,07

(tc)

The mathematical interpretation of the table is that

i

Forging load (tons) 25,73 x Parting Area (sq. in)

57.85 x Complexity Factor

!

0.30 x Slug Temp (°C) + 785.69

The influence of the parameters on the forging load are shown
in Figs 6.6 to 6.8, and observed loads are plotted against the

calculated ones in Fig 6. G .
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120.

Both multiple regression results show that forging load
increasés with parting area and decreases with increasing élug
temperature. This is as expected and in agreement with the laboratory
study,

But while the results from the irregular forgings data show
an increase in load as forging shape becomes more complex, the results
of the circular ones suggest the reverse.

It is thought that more complicated parts should require
higher loads, partly because of the greater variation in metal
resistance to deformation and partly because of the greater difficulty
in die filling. This has been confirmed by the laboratory studye.

It is somewhat difficult, therefore, to see why loads applied
to circular forgings varied as they did with the shape complexity.

One probable reason is the ;ontrasting thicknesses of the circular and
irregular forgings., While the circular parts were hardly less than
2% inches in thickness and included a few with long extruded hubs, the
irregular components were much thinner with most not thicker than one
inch,

If this be the reason, the result seems to confirm the doubts
expressed elsewhere about the inadequacy of the definition of the shape
complexity, in reflecting the degree of difficulty involved in forging
tall components.

Even then, the level at which the parameter is significant is

comparable with its level of significance in the laboratory study.
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The parting areais significant at the 1%, the siug temperature at 99%.
The insignificance of the variation of forging load with
temperature is not surprising. A few of all the forgings investigzated
were made at 1300 °C. The rest were produced at two temperatures (12000
and 125000) and no single component was made at any two of these tempe-

ratures. Clearly, an element of bias has been introduced. The signi-

ficance of sluz temperature cannot, therefore, be adeguately indicated.

In general, the industrial study confirmed the corresponding

! results obtained in the laboratory. It showed that the parting area

ng

is the most significant parameter influencing the forginz load, and

4.

thus vindicates vic industrial practice of press capacity selection

from parting areas of components to be forged.

(@]
o

ation beltween Theory and Practice

The simple upsetting theories reviewed su@gegt that ferring
pressure increases with bille% diameter to height ratio.and the experi-
ments have shown that the reverse is the case in closed die press forging.
This seeming disparity between theory and practice is to be expected.

In simple upsetting, there are no constraints whgtsoever to the spread

of slug material as obtains in closed die forging operations. The effect
of increasing the billet diameter to height ratio is to increase the
contact area between the tools and the workpiece. Torging load will,
thus, increase with billet diameter to height ratio because of the
increased frictional resistance to the flow of the slug material.

In closed die forginz, the taller the billet, the colder the

metal thrown as flash and the greater the heat losses to the dies. Con-

Sequently, forging load decreases as billet diameteér to height ratio
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increasese.

Most of the closed die forzing theories reviewed secek to
predict deformation forces from the parting areas of forged components.
Phey also suzgest that forzing load increases with the flash width to
thickness ratio. Both ideas have been vindicated by the results of the
experimental studies which showed that press forzing loads significantly
increase as both the compornents' parting areas and the aspect ratios of

(11)

the flashes formed increase. The shape complexity factor which Unksov

asccounted for in his theory and the slug temperature which both Unksov

(
and Dietrich and Ansel‘é)compensated for have been shown to be significant
in press load determination,

The pressures predicted by two of the closed die forging theo-
(12)
$

ries 4, namely those of Unksov and Kobayashi et al have been checked

against experimental results. The models were used to calculate the

pressure required to forge a billet having a diameter to height ratio
of 1.025 and a weight of 0.563 pounds into a pair of dies A (shown in
Fig 4.1.9) at a temperature of 115000 and produce a flash 0.067" wide
and 0.121 inch thick. In practice, a pressure of 13.8 ’cons/in2 was Ie-
guired .

In the calculations, a friction coefficient of 0.20 was assumed
for the graphite in water lubricant. Shaw et al(sl)have obtained a value

of 0.11 for the lubricant during upset forging tests on aluminium samples

(98)

and Peterson and Johnson's press forging experiments have indicated
that graphite containing lubricants “usually result in friction coeffi-
cients ranging from 0.1 to O.4. A summary, by Unksov, of the results of
several friction investigaters hag also shown that the friction coe-

fficient of graphite in various types of solvents wvaries between 0.1
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and 0.2 during extrusion and plercing in closed dies., The assumed
friction value can, therefore, be considered adsquate.
To use Unksov's model (fquation 3.22, Page 19) , values must

be assumed for the factor "Z" accounting for die complexity and the

un—-evenness of stress and cooling states of the forging and the factor
tm" which reflects the differences between the resistances to defor-
mation of the metal in the die impression and that in the flash land.
Unksov has suggested that 2 varies between 1.5 and 2.0 for hot metal

working operations. The lower value of 1.5 was used in the calculations

because of the simplicity of the die shape under consideration. For the
factor my, a value of 1.1 was assumed. This corresponds to a 5% diffe—~
rence in the flash and forging temperatures of components made of EN3B

steel. This seems a realistic value since, as far as the author can

ascertain, no investigation has revealed a greater temperature differe-
$ial between the body of a component and its flash.
The only unknown guantity now left in the egquation is the

height h

K of the metal deforming in the last stages of the forging ope-

ration. Unksov has not suggested how to determine its value but has
indicated that pressure values higher than those occuring in practice
will be obtained if hk ig assumed to be egual to the height hf of the
flash. The author's calculations showed this to be the case., When

k

represents a 297, over-estimation was obtained. The theoxry (Unksov's)

h_ was assumed egual to hf, a pressure value of 17.8 tons/in2 which

agreed with practice when hk was assumed equal to 1l.3he.

Tt 4is evident from the foregoing that Unksov's model is be-

devilled by too many factors whose determination can hardly be precise.
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T+ is possible to obtain accurate figures for factor m by experiment

put the determination of 7 is less certain and the height hy of the

. £~ Y 3 3 A I~ P
metal deforming in the last stages of the forging operation can probably

(o9
s

e

m
-

only be determined approximately by studying interpcnetration of

Q

metal zones in the forging stock.

¥

Unksov!s theory takes account of most of the load influencing
parameters in closed die forging. If factor Z, whose determination
at the moment is largely intuitive, cen be readily assessed it secms
1ikely that the model can be satisfactorily employed for press shop
load estimationse

medel

The application of Kobayashi et al'ﬁ/to the forging data
listed earlicr yielded a pressure of 857 tons/in2. This represents
a 374 underestimation of the forzing load. It must be sald, however,

that whereas Kobayashi et al defined the effective stress 6y (see
equation 3.33, Page 26) as the instantaneous resistance to deformation
of the billet material at the moment of peak loading, an average yield
stress value has been used in the calculations. Even then, the diffe-
rence between these two stress values must be only slight and cannof,
therefore , explain the wide disparity between this theory and practice.
Possible reasons for this discrepancy have been put forward in chapter
three, A pressure value of 14.35 tons/ing, which agrees broadly with

the experimental results, was obtained when a friction coefficient of

0.4 was assumed.




7 DIk STRESSES

Stresses in forging dies are mainly mechanical and thermal,
due respectively to the applied axial loads and to the contact between
the dies and the hot deforming metal.
Apart from other physical and metallurgical factors théy détermine
the mode of failure of most forging dies. Thermal shock speeds die
wear and mechanical fatigue - the cumumlative effect of continual
mechanical siressing =~ causes cracks to develop in die corners.

In general, each forging cycle involves the crushing of a hot

slug in a colder pair of dies. The temperature of the latter is raised
mainly by conduction and then suddenly dropped by spraying lubricants

into them. Thermal stresses are thus developed in the forging dies.

The rise - drop cycle of the die temperature also has a

characteristic of hardening the die surface. This reduces the chance
of die deformation but increases the risk of die failure by cracking.
The thermal stress developed in a die when a billet is forged
into it can be determined approximately by calculating the temperature
distribution in the die and using thermoelastic theory to deduce the

stress.

7.1 Temperature Distribution

By considering heat balsnce in an element of a forging die
and assuming that heat transfer is by conduction eloss, it can be shown
that the temperzture T at a point (%, ¥, z) in the die, time t after

being in contact with a hot billet is given by
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where K is the thermal conductivity of the die material

{(assumed constant), H is the rate of internal heat generation, c¢ is the

specific heat and g is the density.

If H is ignored, then
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eCo T = = == .

1 eVZ 2 at ceeovo o0 7-1:3
Ko . : . . .

where a = == is the thermal diffusivity of the die material.

In cylindrical co-ordinates, the laplacian operator‘v2 is

given by §72 = a2
érz

f_‘_ e 66660 : 701.“’
22

+ 1a +
r dr

Assumptions “nd Boundary Conditions

Apart from assuming that heat transfer from the billet to the
die is by conduction alone, other assumptions to be made include
(a) that the preheat temperature of the die is constant
throughout the die surface.
(b) that the billet temperature is constant throughout
its section.
(¢c) that at all times the temperature of the free
surfaces of the die remains constant.

(d) that the billet is placed centrally in the die, and
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(e) that the centre of the die impression attains the billet
temperature as soon as contact is made with it.

The following boundary conditions can thus be formulated
. ;

(1) T = To (die preheat temperature) at t = o at all
points on the die surface.

(2) T = To for all values of t in areas where there

’

is no contact with the billet material.

(%) T = Tl at t = o, r = o,z:=‘5.

Solution of voT = 'i'g% By Finite Difference Method

A compleﬁe solution of the differential equation for
temperature distribution can be obtained by superimposing a grid of
suzll squares on the die profile as in Fig ( 7.1 ) and integrating from
pointvto point.

In cylindrical co-ordinates, the equation is

2

(o5
=]

ecoeov00 7.105

+
M~
i3

+

lb'
no
H
1
O
o
3

o

<4

Mo
Qr
(—’-

dr

For a typical node, expansion of each term of the eguation
by Taylor's series gives

2

T z T
<§2::L? “(r +4T,z,t) —dThymt)+ (r«brﬁqtﬂ
ar LT
¢ e o008 8 7.106

2

T T T
-‘wf; = }-—-é- T(r,z +Az,t) - e (r,z,t) + (r,z wbz,t)}
07 Az i

6006000 7;1.7
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T T
1 &7 1
'-1:' ‘.'a-‘;* = ‘j:: (1" "‘Aryzst> - (I‘ "AI‘,Z,t)“ b s 006 oo 7.1.8
2Ar B
ar 1 [T T :
and wr = 57 | (ryz,t +At) - (r,z,t)] veevoee 7.1.9
Thus for a node {i,j) shown in Fig ( 7.1 ), whereAr =Dz =85
equation (5) reduces to
N NI * S T, | T, .
5 1+ 2,3 =~ i, + 1 -4, + 1,5 +21+ i, -1
DHs
T' * 1~ . . . . .
+ 1+ 1.9 = 11 - 1,3 - T:Lgt1 - TlJto =0
A -
2rhs 3
e e me s oAt |1+ 1,4 =T - 1.3
from which Tl,J,tl_ Tl’J*to +Z}S 2 +
1 ) Ti+ 1,3 - 4bri 3 + Ti - 1,5 + Ti,j +1 + Ti,3 - 1}
AS -
ceesons 7.1.10
not to

This solution applies to evenly spaced nodes only;
those on curved boundaries which in general are unevenly spaced.

Fig ( 7,2 ) shows two nodal points A and B on a curved

section of the die surface. Assuming they are located respectively at

, less than unity, from the node (1,3).

distances ny and n,
Then
. OTi,i 1, 2 2&Tij
TA = Ti,j +bs ny + -é-As ny brz
ceseene 7.1.11
for point (i - 1,3)
e ari,i . 1,2 8°Ti,i
Ti ~ 1,3 = Ti,j -bs St -éb.s >
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from (11) and (12)

2

A
AFSN

Ti - 1¢9 Ti,j

and 1 ali,j

1

r ar

rnl(l + nl)

S2 nl(l + nl) MG

1 oy

eeeo0oee

By similarity

Ty Ti,3 -

2 [0, 7t T el
c,Ln2l+n2 1 +n n2

-

,AS -

cevecece

Substituting (13), (14) and (15) with

7elel3

T 2 oy -
[ A-mn” -1, - 1 - n12) Tl,é}

7el.1k4

7e1.15

1 22 1 [Ti,j,tl - Ti,j,té]into equation 7.1.5
a ot ~ aAt
2 | Ta TL - 1.5 Ti.3 .
£§52 [nl(l + nl) - (i + nig - ;ia] * fm;ﬁkmmwwg
rg1(1'+nl)ﬁ

. T
2 .. . 2, .. 1 2 B Ti, -1
T, - n Ti - 1,‘:] - (l - 1N ) Tl,a] + —_-—-—[--,.- . S s,
[ A 1 1 A2 Loy 14n,) Q+ nZ)
- .q“:ii.:l - _l_ [Tiaj$t1 = Tiaj,tO] =0
n aht
2 .
from which
. abe Wor +bs ) 2T, 2
Ti,j,t = Tl,j,t + VTA + - + T
1 N rnl(l + nl)J n2(1+n2) 1+ n27
Ti,i - 1 + er - nibs }Ti S1,5 - Zr(nl + nz) + n, (1~ nlygs
Lr 1+ nl) r oy n,

eo o 00060

7elelb

]
)
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Stress Determination From Temperature Distribution

m

The thermoelastic strains Ey, Ex and Ez are composed of the

strain related to stress by Hooke's law and that due to free thermal

expansion and are given by

Ex = %"{(rx ~Y @y 40z )] oL T 7,1.17
Lo & L0 ,
Ey = © y e B}( X =+ ;) "‘0‘;1‘ eceocco 7.1018
2o = 2 [0, 1Y (O 4O o
and EJ.',D = 'E' O X + y) +c4& T ceecccoe 701019
where © is the coefficient of thermal expansion, T is the
temperature predicted in the temperature distribution equation and V is
poisson's ratio.
Solving equations (17), (18) and (19) give
Ty = Ne - _°::JE’__W
X = %e R ZGEX 1 2,}) A @e¢ ee o0 00 7a1-20
g, - _ s
y = e + 268y - T3y 7.1.21
o, g, | OKET ‘
Z = )\O t 2»»E/L T - 29 6006000 7.1 22
A de=B+ B +8
X 5 = e + & 7
where i GBI G and e N
In polar coordinates, @, O 2nd ¥ are given by
= -— l+v OCT) e 6 €605 e6 701¢23
Or QG(E' * "":Zv!" T=2v
= _,..’—v L - ‘+9 o segeve 791&24
U"@ QC@ (EQ 4+ ] ~ 2y .—-——4!"1." T) s ¢
= + e "_‘+v ® e 00 o ¢ 8 a ’2
¢ - 26 (k2 ‘(i‘v el 7.1.25
g v g o L, .S, du
and €1" T ar’ E‘:9 T &, = grz ¥, T dz T ar
and. e'.: %f+€8+az 6o 0000 7.1.26
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The stresses are independent of @, and Yre and | ez varnish

because of symmetry.

Pisregarding body forces, it can be shown by considering

radial and axial equilibrium of an element of the die, that @ _, 7
r z

Gé and G are related by

A 3les 0y . Ty
’é;.-' a‘,ﬁ-.‘_ T““:O ©cece0ese 7¢1¢27

~/
and dlry 39 .frrz .
ar. + a‘_,,' " =0 IR RN 7:10&8

2 u 1 de 2(1 +¥) _, a&T
vu "‘ra $ 1-1-2 "a:';:" (l-— v)“"‘;:oao-.l-- 701-99
2 1 de 2(2 +¥)  ar
and AYAR AR EEY, a‘: - Tl u“;g)c’(a: = 0 Ccecaeces 7ele 50
where <72 = éi_ + L é~ + éi—
ar2 r dr az2

: : 2
If a displacement potential of ¢ is defined such that u = 5%,

V2$, equations (29) and (30) transform to

=
!

Q1 Qs

NLQ.
19}
5
2,
o
1

a 2 f“ . P
F [(l-—\))<7¢- (1 +\)>O(PJ =0 evocoses 7¢le3l
and a R o
§ v B} -V TE - (1Y ﬁxij =0 ceveaes 7.1.32

A particular solution of these equations can be obtained from

1 -y

7ele33
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The stresses are, thus, given in terms of ¢ by

2
dr = 2G (-ai-g -v2¢> 7elo3k
ar
1 & 2 '
Cr‘e::ZG ;g”v ¢!) escoc @0 7e1035
2’4
Q’Z = 2G (”‘““?“ “‘staj) cco0ecce 7a1036
&z
_ ,m@ 3
'T’rz = &raz ceoeceo 7elo?

The stresses, as calculated from the particuler solution, will
in general, not satisfy the boundary conditions. A complementary
solution, obtained from equations (31) and (32) when T = O needs,
therefore, = be superposed on the particular solution.

. . . o

If a stress functlon.gpls introduced such that ¥ §> = O, then

the stresses to be superposed on the solution may be obtained from

' 2 2 2
lr o “—-az (Vv g.— i %) ceveosoe 7‘1938
r

g P & 1 &g) 7.1.39
O"e = "“-'az vé - ‘a‘r“‘ eceeoo o ol o

. a I 2. A€

L - SR
Q/Z = a[) {-(2 g)v/b aZ? J e8¢0 00O 701.40

(as]

’{ ceecses 7.1.41

N

,]Jl - %; ([(1 _v) 9 - &

Tz aZ

The entire thermal stress state can thus be calculated with

the relevant boundary conditions.
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For an example, consider the case of thermal stress deter—

mination across the surface of a flat die. The variation of the displa—

cement potential O along the Z axis can be ignored., Hence‘equation
T.1.33 1.8 92}5 Jﬁﬁ"f reduces to %}fq‘_\ ?}; H-\'Bo(f‘r

If the assumptions are made ( page 124) (1) that the die temperaturs

eesse(l)

rises tothe mean of the die preheat temperature and that of the billet
as soon as contact is made between the slug‘and the die and (2) +that
the progression with time of temperature is negligible , then the right

hand side of equation (1) is a constant

1.e li‘dT = a = constant
14
Therefore equation (1) becomes w/g: + 4 et

réﬁr
which since ¢ is now only a function of r can be written as

coeesssss (2)

t
To golve this equation let r=e thgn_%f e t and th
‘ dr

Now 4ff = dff . dt = 1 4f

dr dt dr 1r dt

i.e rg_.g:gg ece00e6c00 (3)

dr dat

Differentiating (3) with respect to r, we have

%g . %Eg %3%igr E&g'%g )

r
- 4 ( ag. at
dt 4t dr
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2.2 2
1‘51_2-&1‘5-__2 ._-;d Q 00000000000(4)

substituting (4) in (2) gives

025 _ o o2
at?

whiich after integrating tields

2t
¢+ a6 +K1t+K2 0001000000000(5) .
where K1 and K2 are constants determined by the initial
conditions.
Substituting for t in (5) gives
2
¢¢a__Z+Kllogr +K,

At the die centre where r=0, $=0 and df =0
dr

B e A e e o e e R

K, =Kk, = 0

1 2

Hence @ =§£2
4

.

The stress components can then be calculated from equations

34, 35, 36 and 37 as

xR
]

2G( %—jg-’?%’) = 26( a/2 -~ a) = -Ga

m(%?ﬁ - v2¢) = 26( 8/2 = a) = -Ga

a2

and 6 = 2G( ﬁ"vzﬂ)-z}(O—a)-—QGa
z 3z ér

W= 20 B8 .o
dr Oz

Since T = O, &, ; 6 and*6_ ocan be regarded as principal siresses.
rz g r L2

~
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Therefore, the effective stress é; can be expressed as
6-41(6,-6)% (6,:6)2% (6 G)ﬂ%
o™ 2 r g § "z 2z °p
- (0% (2% (-Ga)f)%

=_+_GB.

The above stresses are the values obtained from the parti-
cular solution of equations 31 and 32. They, however, also represent
the actual operating stresses since the stress values to be superposed
on the@ ( equations 38, 39, and 40) are partial derivatives with res-
pect to z of terms which are only functions of r.

Thus the effective stress is independent of the size of the
flat die and parallel in distribution to its face. For a die'preheated
to 20000, if the slug temperature is 120000, then

T = 1200 + 200 = 700
2 .

If the die is made of tool steel whose poisson's ratio is 0.285 and
its coefficient of linear expansion is T.l Xx 10"6in/in/°F, then
| a--i—};}’—o('r.-i{g—:g%xv.lxm“éx 1292
= 0,0165
where 700°C = 1292°F
The rigidity modulus of tool stéel being 1.12 x 1O6Ib/1n2 the effective
thermal stress E; is given by |

¢ —

6
60. 1,12 x 10°x 0.0165 tons/inz

2240

=8.25 tons/in2
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The flat die case considered above is clearly a simple ome.

In closed die forging and indeed in simple upsetting, there is a pro-
gression of temperature across the die surface with time éince the slug

does not, in generaly, cover the die surface instantaneously. Tempera-

ture will not therefore be entirely constant across the die surface.
Reliable results may, however.be obtained for thermal stresses

in closed die forging dies by calculating the strésses from the mean

temperature attained by each point of interest along the die supface.

The problem will be much easier if such temperatures are determined by

experiment but the numerical integration technique can also be of tre-
mendous value insofar as temperatures in at least two points each in

r and z directions are predetermined., The displacement potential will

vary in both the r and z directions ané the solution of the equation
V2¢ = %E%KT will be in the form of Bessel functions.

Although time precluded the consideration of a more realistic .
forging problem the simple example has ghown the signs of the various |
stress components and allowed a broad comparison between thermal and
mechanical stresses .

For the sort of die configuration considered in the example,

the effective mechanical atress value is of the order of 25 to 30 tons/in%

This represents between three and four times the thermal stress. The

thermal stresses are, thus, not nearly as insignificant as would other—

wise be imagined.




7,2 Mechanical Stresses

Mechanical stresses in simple upsetting dies have been
extensively investigated. Available experimental and analytical data
show that the normal stress is maximum at the centre of the die and
minimum at its extremes, although there are slight differences of
opinion as to the actual shape of the stress distribution curves. Such
differences havevbeen discussed in Chapter Three,

In closed die forging, die impressions are so complex that
reliable analytical treatment is not feasible. Unfortunately, earlier
die stress experimentations have been restricted to the determination of

normal stresses - their distributions being obtained by the use of

[0}

carbon pick ups and pin sized stroin gauges inserted along the faces of
forging dies.

To fully appreciate thne effects of mechanical stressing on
forging dies, the relevant stress components need .. be studied. In
éttempting to accomplish this objective, the photoelastic stress
analysis technique, which is essentially a simulative one, has been
employed. Tt is assumed in the subsequent text that the reader is

conversant with normsl working of plane and circular polariscopes.

hotoelasticity

The photoelastic method for stress determination is based on

transparent moterials,

jal]

he quasi~crvstalline hehaviour of stresse
‘en a beam of plene polarised light falls on a strained vi-refringent

nodel, it is split =t the point of entry into two components in the
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directions of the principal stresses. And the components are later

transmitted at different speeds Fig (7.2.1).

N

L AANAT
~lO 9y 1—M ]
D —
Incident Row 1&35_;;,*‘,«/““”” ] Brermmntziin
' Urdinary nay i ;
1 i
i i
[

Relative Hetardation

The resulting relative path retardation R is proporticmal to
the thickmness t of the plate end the difference of the principal stresses.
thus R = Ct (¥4 ~9'B) ceenees 72241
C is the stress optical coefficient of thé material of the model
and Gk and Iy are the principal strésses.
Since R = nx and C = % where N is the wavelength of the light

used, n is the fringe order and F iz the fringe value of the material of

the model, equation 7.2.1 can be re-written as

[t

. (T - Op) ceeesee 70202

N =

"

T

Thus the number of fringes observed when a stressed model is
observed in the polariscope is directly proportional to the difference

of the principal stresses and the thickness of the model. This is the

fundamental basis of the photoelastic method.

™ H -1y 5 P < 3
For the present study, the three dimensional version of this

theory is required since plane strain analysis of closed die forging will
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not reveal the true stress state existing. The experimental method

employed for the investigation is the frozen stress technique.

The Frozen Stress Technique

The frozen stress method is based on the di-phasic property

cf some transparent materials.
If a block of such a material is stressed at an elevated |

temperature, and cooled to room temperature while still under load, it

exhibits birefringence even after the load has been removed. And the
fringe patterns developed are not disturbed when the block is cut, ground

or peclished. ' Q

The explanation of this phenomencn lies in the molecular

structure of such meterials, which can be considered as consisting of

two phases. The first is rigid at room temperature and becomes fluid
at elevated temperatures. The second maintains its rigidity at elevated

temperstures, though at a much lower level than that of the first phase

at room temperature.

Thus, it is possible to explore the state of stress in forging

dies internally, by cutting slices off model dies made of such materials

and examining the fringe patterns developed.

Manufacture Of Model Dies

W SR

The experimental dies were machined from cast cylinders of

hardened araldite CT200.
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The Casting Operation

Six pounds of resin was melted in a small electric oven at
15OOC. Two pounds of>powdered HT éOl hardener wasbthen stirred into
the melt and the heating continued. The mixture was intermittently
withdrawn from the oven and stirred to ensure the release of gases.

After about l% hours, the hardener melted completely. The
melt was then slowly poured into two warm copper moulds lubricated with
silicone grease.

Oven temperature was dropped to 1050C and the casts were put
in for gelation to occur. Subsequently, oven temperature was raised to

120°C and the castings were left to cure for 24 hours.

Die Machining And Finishing

The dies were first rough machined on a lathe to within 1/16"
of the finished impression. They were then heat-treated to relieve
residual stresses and eliminate self-weight effects.

The heat treatment comprised heating the dies to 15OOC in a
glycerine bath, cooling them at the rate of half a degree centigrade
ver hour to 9OOC. when all phase changes in araldite are supposed to
have ceased, and finally cooling them in air to ambient temperature,

The dies were then finish-machined, polished to a good finish

and tasken through the stress relieving cycle again to ensure no residual

9]

stresses interfered with the subsequent stress analysis. Figs (7.2.3),

(7.2.4) and (7.2.5) show the three main die shapes manufactured.
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The Billet Material

Several soft materials including aluminium, lead, plastics
and wax were considered. Lead and wax were rejected because their
stress-strain characteristics substantially differ from those of steel,
the prototype metal.

The plastics considered were mainly phenolic resins, e.g.
polystyrene. They too were deemed unsuitable because of their
considerable physical recovery after deformation. Aluminium was
rejected because it needs relatively high load ~ the type that is
physically impossible to apply in the circumstances of the experirnents
to deforn it plastically when cold.

In the end, plasticene was chosen. It flows easily under
moderate loads and its stress-strain characteristicé aré similar to

(83,84,95,96)

those of steel.

The Stress freezing

The amount of plasticene required to fill a pair of dies and
form a flash was cut off a two inch diameter bar stock and upset and
preshaped to the form of the die impression. The dies were lubricated
with a 50/50 mixture of glycerine and teepol before "forging' the pre-
formed slugs into them with the aid of a universal testing machine.

The closed dies were then placed in an oven, loaded as shown
in Fig (7.2.6), quickly heated to 12500, allowed to soak for five hours
and slowly cooled at the rate of half a degree centigrade per hour to

below 320°C, A thin tin strip was used to prevent the outflow of the

L R S Sl S e
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flash part of the plasticene forging at high temperature. Care was

taken to ensure that the dies were centrally loaded.

e I.Sl«ré

Dies

Fig 7.2.6

Preparation Of Test Slices

0,200 inch thick slices vere carefully cut off the centres of
the dies on a milling machine. Cutting speeds were slow and a generous
flow of cooling suds was maintained to avoid any local overheating which
might impair the fringes.

The slices were then held firmly on the table of a surface
grinder with the aid of double~ faced tape and ground. They were later
polished to a glass finish ready for examination.

Rough polishing was accomplished by sticking the slices to

smooth wooden blocks, as shown in Fig (7,2.,7), and rubbing them length-

wise and widthwise on various grades of silicon carbide paper under a
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tap of cold water. Glass finish transparency was achieved by rubbing

. o .
the slices on two fine grades of diamond paste.

wiodel
+ope . b
woeoden
7] lotock
Fig. 7.2.7

The Fhotoelastic Fxamination

A1l the models were examined with the polariser axis inclined
at 900 to that of the analyser. Such a set up gives a dark field of
view and an integral number of fringes.

The isoclinics - the locii of points whére the inclinations of
the principal stresses to an arbitrary reference line are equal - were
determined at the points of interesf. So also were the fringe
distributions along the faces of the impressions, at normal and obligue
incidences Fractional fringe orders were obtained by Tardy
compensation.

Plate (7.1) shows the apparatus used to incline the models
at 30° to the light beam. Its tilting stage allows model inclination

from zero to 450. The glass tank surrounding the model holder was

1izht scattering and the polarising

<«

filled with glycerine to eliminate
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Plate 7.1 Showing part of a model slice mounted
ready for Photoelastic examination.
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effects on the faces of the models.
Figs (7.2.8), (7.2.9) and (7.2.10) show the fringe
distributions at normal and oblique incidence, along the faces of the

model dies,

_—
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Calculations

Let the normael, radial and circumferential stresses acting on

the die be 0)2.:, Gy and GJQ respectively. The shear stress on the surface

) . 3 . . =t
of the die impression will be lpz and Tzs will be zero.

If the principal stresses actins on the plane of the model

slice are Wl and ("/2, and the direction of Y1 makes an angle ¢ with the

4

direction of (yr (see Fig 7.2.10), it can be shown that

¥ =01 cos? ¢ + ¥ gip? ¢ = O .02 cos® é L0
cececee (70203)
T, =01 sin2 ¢ 95 cos(E ¢ = @ -¢2) sin2 é + 0%

cosceee (7e2.4)

v, .¢
andTrz = o2 sin2¢ vecoseo (762.5)

2 f1
bor | ‘

s

3?

Fige 7.2.11

1 %o is the fringe order of a point, A, when the model slice

is examined in a normal incident light beam, then

R o

O = ("1 -%2) ¢ cereeee (7.2.6)

n

By
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t is the thickness of the slice and I' is the material unit
fringe wvalue.,
¥hen the model is rotated in the horizontal plane (see
Fig 7.2.12), such that the angle between the wave normal and the normal
to the surface of the slice is 8, the fringe order Ps or the point is
given by
To = (P~ )t ‘ ceveess (7.2.7)

F Cos 6

Zé%"@ 1s the new length of the path traversed by the light,

and P and Q are secondary principal stresses given by

2
P-Q :\/[o}cosgé +G"esin29 - 0’73 + l:rrzz c0526

cesecce (7.2.8)

s e Biin - P,

Light bé:m

Fig. 7.2.12

Substituting first for (P - §), and then®r, Tp, T, a_ndTrz

in equation ( 7.2.7) gives




Cf@-»[r2: S cos%Aénnzsin%g»
t sin'8 e ©

n_ [00826 - sin2¢ 1+ coszéﬂ} cesesce (7.2.10)

Thusy the principal stress differences (01 - 5‘23, (3’3 -*GJ2)
ana @1 -Tg) can, in general, be obtained from ecuations (7.2.6) and
(7.2.,10). In the special cases where 8 = 0 and B = 90, q’é - G"E are

given by

B
—atﬂ - - o~ 2
(@’9 2) e -0"%¢ sin29 [nex,os ® - n cos 6]
®ooeccoese (702-11)

7

By - T -
and (Y¢ - c.)e o cos@TL(J

—_ o v
50° % t sin® [0

it

ec¢ e coo o (702912)

The effective stress, @ye, can now be determined at each

point of interest from

P 1
Te = 3—2 [(Gl “G2)% 4 @ -T2 . 1 »0'6)4.] =
| soseses (742.13)

For example, at point, K, in Fig (7.2.8) % = 0.86, ™30 = 0.90

and § = 15°,  The material fringe value F = 1.39 1b/in fringe and the

thickness, t, of the model is 0:133 ins.

ey v, Dol 0.8 x
> - TR 0.1%

N

-39

\

g 1b/in2

N

.13% sin 30

v d = >

anudé -«6’2 = 2)'”9 2, [ cos 30\/0.90é - 0.862 sin 30
2 ,

- 0,86 {005230 - sin23_5 (1 + cos 30)}7




which simplifies to

U - 92 2 5.85 1b/in2

1}

¢ 10 = (T -0 . (%, -9 _ 9 - 5,85 = 3.15 1b/in"

il

1
z

oo Tz 2o [of 45857 4 3.152)

= 7.9 1b/in>

n

And at point, C, where ¢ = 0, "o = 0.61 and 30 = 0,59

¢, o5 _ 0.61 x 1,39 _ 2
1 2 = SN = 6,38 1b/in

i

d __(7 .]._:.22.« J 22]
o -T2 61050 [0.59 cos 30 = 0,61 cos”30

and ©1 - 9o = 6,38 - 2.217 = 4.163 1b/in°

: 3
o Te =‘%§ (6367 « 2.217° + 1.1657)

= 5,61 1b/in"

The principal stress differences and the effective stresses
along the faces of dies Dl’ D2 and D3 are shown respectively in Tables
(7-l>, (7.2) and (7.3). The effective stresses are also superimposed

on the die impressions in Figs (7.2.13), (7.2.14) and (7.2.15).
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TABLE (7,1)

Effective
Point On | Y1 .02 |01 _op | v 0> Stress
Die Surface | 1b/in® | 1b/in° 1v/in° | Te (1b/in%)
A 8.36 5.22 3,14 7.33
B 7.63 4,81 2.82 6.68
c 6.37 b1k 2,13 5.61
D 2.926 3,01 -0.084 3,01
I 5.23 4,97 0.251 5.1
F 8.15 6.9 1.26 7.6
G 11.20 8.67 2,32 110,24
H 13,06 9.86 3.20 11.77
J 12.22 8.36 3.86 10.81
K 8.99 3.14 5.85 7.90
L 7.0 1.96 5.04 6.26
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TABLE (7,2)
Effective
Point On | %1 92 |07 .Gy | v . 9> Stress

Die Surface | 1b/in° | 1b/in® | 1b/in® |Te (1b/in)

A 4.oko -0,168 4,208 4,130

B 2,950 | -0.472 3,410 3,210

C 2.356 0.674 1.682 2,100

D 3.120 0.200 2.920 3,026

E 4,050 2.465 1.585 3.546

F 5.640 | 4.480 | 1.160 5.160

G 6.900 5,460 1.440 ©6.310

g H 7.075 5.223 1.852 6.380

J 5.975 4.375 1.600 5.360

K 4,295 3.470 0.825 3.940

L 3.452 3.300 0.152 3373
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TABLE (7,3)

Effective

Point On  |¥1 -0 16y _gp | 09 - | Sirese
Die Surface | 1b/in° | 1b/in 1/in° |Te (1b/in)

A 3,050 0.542 2.508 2.82

B 3,480 0.159 3,321 3439

C 3.305 | 13,900 { -10.595 12,57

D 5.94 1.288 4,652 5,42

E 10.94 4.510 6.430 9.51

F 10.850 7.400 3.450 9.61

G 10.760 6.170 4.590 9.35

H 11.030 2,034 8.996 10.15

J 51,70 =2b 4 76.1 67.3

K 5.68 5.275 0.405 5449

L 2.035 ~1.995 4,030 b,93
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Transposition of Model Stresses to the Prototype

Let the mean stress due to the load Pm applied on the
araldite die of radius Rm be Tp. The dimensionies stress is then given

by

If the load applied to the steel die of radius Rs is Ps, the

dimensionless stress is

.

Assuming geometric similarity between the dies,

Pm Ps

'ﬂ'Rm‘2 Ty 'TTRS‘2 s

‘.6 . FPs [Rm 2
e o = ——— ,“f‘“"‘ s e eoc ¢ e e P 3
s " P (Hs) . (7.2.13)

In a general case where the model and prototype differ not

only in scale and applied loads but also in shape, equation (7.2.13)

becomes

-~

~ <
G‘S = 6’{0 '}i['s‘ (}"n‘:\ EEEEEE (7.2.14)

m \ls

where ls and 1lm are typical length dimensions of the steel
and araldite dies respectively.

The accuracy of the predicted stress distribution depends on
the poisson's ratios of the prototype and of the model, which in this

study are 0.293 at 200°C and 0.5 at 125°C respectively.




Fessler and Lewin 93 have observed little effect of
poisson's ratio on strain concentration factor of a Tee Type branched
pipe and Rose and Fessler(Qo) have shown that a change of poisson's
ratio from % to % caused a 3% change in the meximum stress developed
in a pressurised hemispherical heagd. The latter also observed a more
appreciable ratio effect in areas of lower stresses.

Similar results were obtained by Clutterbuc (91) s who
concluded that ”any&effecf due to a change in poisson's ratio is of an
order not greater than that of the errors of observation, that is,
about 4!,

In the light of these observations, it is reasonable to
suggest a 3 to 10% modification (increment) to the predicted prototyype
stresses. Such modifications, however, are not expected to affect the

basic shape of the stress distributions immensely, nor will they alter

the areas in which forging dies are most likely to fail in service.




DISCUSSION
Figs (7.2.8) and (7.2.9) show the fringe distribution in

dies D, and D2 respactively. In both cases; the fringes drop from a

1
value at the die centre to a minimum at a point about %n from the
centre, and then rises to a maximum at the die outer corner. There-
after, the fringes diminish steadily towards the sides of the die.

The effective stress is tho stress component largely
responsible for fatigue failure in forging dies. I%ts distribution
is ghown for dies D, and D, in Fig (7.2.13) and (7.2.14) respectively ,
The stresses are maximum at the die outer corners. This is as
expected .

Apart from friction, outer relief sides offer the firsi
significant barrier to the flow of slug materials in closed die
forging operations. They constrain the metal in the die impression
and are, therefore, subject to a gtress system which, in the main,
have shearing and bending effecte ., .. . :“=. The sides tend to be
bent about, and sheared off the die corners. Thus high stresses aro
developed in the corners.

Cracking in die corners occursg frequently in industrial
forging practice. The cracks often run round the die corners at an
angle to the adjoining areas of the die. The effective stress is a
most likely factor respongibles the catalysing agent being the

martensitic gtructure of the die surface. This latter factor renders

the die surface brittle and therefore more susceptible to the damaging

influence of the effective gstress.

Greater rigidity is necessary tb minimise the effects of




the stress. This can be achieveg by making the

"clearance width' of

the die (shown in Fig 7.2,16) as large as possible, and by reinforcing

the die with a back~up shank.

Clearance

s dib

die

T

Fig. 7.2.16

It also seems advisable to allow generous radii at outer
COrners. Such a step will reduce the level of stress concentration
and hence lessen the influence of the effective stress, The effect of
the stress component tending to bend the relief sides about the corners
may also be reduced by giving dies greater draft angles.

These steps will admittedly cause the unit costs of forged
components to increase, but it seems more likely than not that the

advantages of any prolonged die 1life would offset such cost increases.,

Shearing On Die Surfaces

The isoclinic angle and hence the shear stress was zero at
all points on the die surface except those on the relief sides. This

is not an adequate reflection of the shear stress state in a forging die.

T




It is, however, a fair result in the contex

t of this experiment, since

there was no relative movement between the die and the plasticene at
the points in gquestion.

Whereas the slug metal spreads momentarily in real closed die
forging cperations, the plasticene had to be forged into the dies before
the stress freezing cycle, partly to ensure uniform slug deformation
and partly to ascertain that the dies were completely fiiled, Shearing
continually occured in the slug material. But the expected movement
of the piasticene mass, on the die impressi.on surface, after softening
at high temperature (12500) must have been too slight as to be unable

to set upr a significant stress pattern.

Effeet of Die Contact on Stress Distribution

When experimenting with die b}’ a very thin flash material of
the order of 0.05 inch sepérated the die halves. At the highest stress
freezing temperature the plasticene softened and most of the flash
material oozed out, thus allowing the dies to touch.

Figs 7.2.10 and 7.2.15 show respectively the fringe
distribution obtained and the distribution of the corresponding effective
Stresses.

Unlike in the other two dies, the stresses are minimum at the
die centre and increase to a maximum in the flash land. Stresses
developed in the die outer corners are incompatibly higher (up to about

8ix times in the area of maximum stress level) than those developed in

die
S Dl and D2.
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It is thus‘easy to deduce that dies which repeatedly tou¢h 1:ﬁ
during closed die forging operations are liable to fail much sooner
than would otherwise have been.

The obvious explanation of this result is the die contact.
Whereas the load applied to dies D1 and D2 were supported by the
plasticene mass, the land area has carried the bulk of the load in
die D3' and a very small percentage had acted on the workpiece,

It is thought that, barring any gross carelessness, this sort
of stress situation is more likely to arise in the coining process where
no flashes are formed than in closed die press or hammer forging
operations,

Applicability of model results to prototype

Some care needs be taken in using the simulative results
for dia‘stress determination in closed die forging of steel. Since
stress freezing temperatures far below its melting point were used
in the photoelastic st;dy the araldite dies can be considered rigid
enough throughout the experiments. They must, therefore, be regarded
as adequate for die simulation.

The photoelastic stress analysis technique has also been
demonstably shown to be applicable to closed die forging die stress
evaluation. But because the frozen stress technique is essentially
8 low deformation-rate process, there is considerable disparity bet-
ween the rates of deformayion of actual steel billets and those prac-—
ticable on the model slug, It is, thus, possible that creep might

have 'interfered with the simulation.

This would have csused a lowering of the stress levels
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within the die impressions and any predictions made from the results
gbuld then be an under-estimation, However, creep 1nf1uence on the
shapes of the stress distributions will be expected to be only slight
as to be unable to alter the positions of areas most prone to failure.
Lxcept during the study of die contact, the stress freezing
temperatures were not jigh enough to cause the plasticene to soften
considerably and ooze out at the die parting lines. If they have been,
the model slug would have flowed like an hydraulic fluid and the effeo—
tive stress would have been constant within the die impression. This
didnot seem td happen. Both weme halves wers always completely full
of plasticene when separated after the stress freezing operations, the
final flash thicknesses did not deviate from the expected values by
more than 5% and the disfributions dropped from a height in the die to

a minimum level before rising to a peak at the die outer corners.

<




CONCLUSIONS

The laboratory and industrial experiments showed that
the shape and size of forged components, the width-to-thickness
ratios of the flashes formed and the size and temperature of the
forging stocks jointly determine c¢losed die press forging loads.

In general, loads were lower in dies with flash gutters
than in those without them. Bigger, wider and more complicated
forgings required more loads to forge thems And deformation forces
decreased with higher forging temperatures and with increasing
billet diameter~to~height ratios.

Reduction in load with higher slug temperature is a
direct result of the reduction in metal resistance to deformation
and local cooling associated with longer contact time between tall
billets and the dies explains why loads increasad with decreasing
billet dismeter-to-height ratios.

Forging loads also increased with strain rate,’ilggh;:
thickness and the percentage amount of excess metal, Forces rose
steeply when metal less than 0.115 inches were thrown ag flash,

Yhen billets wider than the impressions were forged into
them, deformation forces’were low but the forgings produced were
imperfects They had laps and tears and die edges "caved in" as
more forgings were produced.

Forgings whose flash width-to-thickness ratios were less
than 1% did not £ill the impressions completely. Ratios of between

1% and 3% gave zood results. Die fill wes also inadequate when

deep impressions were used as bottom dies. Perfect forgings were
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produced by using such impressions astop dies., .

Light oils are unsuitable ag forging lubricants. When
used, sticking ( characteristic of lubricstion breckdown ) occured
at the job-~tool interfaces and extremely high loads were developed.
The forgers' oil was adequate and colloidal graphite in water
seems an even better lubricant. The die surfaces hardened after
forging a sizeable number of billets and the rate of hardening was
less with agueous collidal graphite than with o0il. This suzgests
that the former has a better screening quality .

On the average, forging loads were higher with forgers!
0il than with agueous collidal graphite. This broadly agrees with
the observations of an earlier research group(sl)a Investigators
in a large forging works have, hoviever, obtained results which
suggest the contrary. This seeming disparity probably confirms
their claim that the effect of die lubricant on deformation
forces is a function of the type of slug heating employed.

DIE STRESSES

The effective stress distribution dropped from a value
at the die centre to 2 minimum at a point between half an inch
and one inch from the centre and thercafter rose to a peak at
the outer corner. This is to be expected since, apart from friction:
the die outer corners offer the first significant barrier to the
flow of the sluz metal.

The stress acting on the outer walls of the die can be
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approximated to a uniformly distributed loading whose effect is
partly to shear and partly to bend the wall about the dje corner.
Bffective stress will thus be higher in the outer corners than in
aréas whoere it ig essentially due to the three polar streésesa It
is therefore thought that forging dies will be more susceptible
to mechanical cracking in such zones.

Such view is supported in industry where dies which crack
have been observed to do so along their outer corners at varying

angles to the containing walls,
ng B

This raises obvious design problems. An arrangement

whereby areas most susceptible to the effects of the stresses are
made softer than the adjoining areas is unlikely to work since
sudden variations in metal texture cannot enhance strength. The
use of backing-up dies is.advisable. Such dies will, apart from
‘holding the inserts in position, curtail the deflection of their
outer walls,

For similar results outer relief angles and corner radii
may be made more generous. Greater relief would reduce the effect
of the bending stress component and more generous corner radii
should effectively reduce the dezree of stress concentration.

But the most effective method of dealing with the problem

Seéms to be the division of the die insert into small units (Fig 8.1)

This has the advantage of eliminating the die corners altogether.
Such arrangements are common in coining and are already being

employed in certain drop forging works.




Die contact

Die contact significantly affected the stress distribution.
Maximum stress was developed in the flash area and the least occured
&t the die centre. Stresses were also significantly higher . Increases
of up to 600% were observed.

The discrepancy in the magnitude and distribution of the
stresses is a direct result of the differences in the mode of die
loading . ‘Whereas the slug material bore the deformation load when
there was no contact, most of the load was now applied on the dies;
particularly the flash area,

Thile die contact occurs infrequently in closed die forzing

Opérations, it is just as well to anticipate an earlier tool failure

if and when it does continually.




Shear Stresses

In general, shearing occurs within the bodies of forged

components and friction shear occurs at the Job-tool interfaces.
The former was apparent in the simulative study but friction shear
situations on the die faces were not properly reflected. Isoclinic
angles were zero in all areas of the impressionsg except along the i
external restraining walls. The indication is that the expected

slug flow at high temperature was not enouzh to set up an appreciable
shear stress pattern.

Such movements are difficult to simulate by the photoslastic

frozen stress technigue without compromising some of the basic

requirements of a perfect forzing. Although the present study has
not dertermined its distribution, the author considers that inter-

face friction is a significant factor in forging load determination.
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SUGGESTIONS FOR FURTHER WORK

The joint knuckle press used for the load study had a maximum
tonnage capacity of 100 tons. This limited the diameters of components
forged to no more than\four inches.  And long hubbed parts which, in
general, require high loads for good die filling, could not be
investigated. It is recommended, therefore, that any further load
tests be carried out on a bigger press.,

The shape complexity factor as defined in the thesis is
inadequate in reflecting the degree of difficulty of making all forgings.
This is probably why it was not nearly as significant as expected.

The author considers that this factor may be more significant than tre
rresent report has portrayed. A more detailed study of the variable,
therefore, seems called for.

The stress measurements have shown the effect of mechanical
stressing on die failure, and the frozen stress technique has been
found inadequate for investigations into shear stress effects on die
impressions. The necessary relative motion between the tools and the
job is difficult to simulate without compromising some of the features
relevant in real press forging operations.

It seems worthwhile, for better understanding of the
phenomenon of die wear, to investigate these stresses. A likely method
1s the determination of normal stresses at the points of interest,
Probably with the aid of pin-sized load cells, and converting them with

(15)
friction coefficients predetermined by the ring method . The
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results will admittedly be approximate.

But they will adequately

indicate or predict the mode of any likely wear.,
More vigorous wear tests with different forging lubricants
alsé seem worthwhile. As far as the author can ascertain, only one
of the tests on lubricants reported in the literature is related
to die wear. Experiments designed to determine the '"wear retardation

or acceleration'" qualities of several forging lubricants seenm likely

to bridge this information gap.

53)




APPENDIX I

Press Specifications

Maximum Pressure
- Daylight Bolster To Top Tool Face
Maximm Stroke

Top Tool Adjustment

Speed

Main motor -~ Horsepower

Main motor - Speed

100 tons

11# inches
12 inches
% inch

70 strokes per minute

3

1440 revs per minute
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- APPENDIX 2

KEY

VARIABLE NAMES
Billet Diameter-to-Height Ratio
Weight of Billets  (IBS)
Area at Parting Lines  (SQ. INCHES)
Parting Diameter/ Maximum Forging Height
Weight of clipped Forging  (IBB)
Shape Complexity Factor
Process Yield
Ilash Width-to-Thickness Ratio
Slug Temperature  (DEGREES C)

Forging Loads  (TONS)
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TABLE 2 (contd)

6650 1,139 0,814 0,442  0.879  3.370 1150  80.0
6770 1,144 0,514 0,662 0,859 3,295 1150 78,4 |
4 110 1.137 0,514 0,646 n,902 2.887 1150 Vo,m |
b 438§ 1,140 0,814 0.644 0,878 2.908 1150 77 .0
b 59% 1,140 0,514 0,664 0,861 3,103 1150 78.5
3.999 1,167 0,517 0.618 0.882 2 025 1200 583
4 080 1.172 0,520 0,619 0,867 2.132 1200 59 5
b 200 1.169 0,599 0,619 n.887 2. 287 1200 58" 1
4 610 1,172 0,520 0,619 0,862 2.495 1200 63,5
3 790 1.165 0.512  0.613 n,882 1,839 1250 52.0
4. 210 1,167 0,513 0,643 0,870 2.302 1250 85 &
3 950 1,163 0,511 0,611 c,881 2,028 1250 58 0
b 0ko 1166 0,512 0,633 0.860  2.442 1250  S3.¢
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Vaximum | Parting Weight
Billet Diameter Parting | Forging Max Oof
Biliet Hei Billet Yeight Area Height |Forging Heig orging

ee] Joe)

1.00Cco0
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~O
-

tg
[N

~0,02%17

0,%2340
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-0,00854

1,00000

o
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0.06953

-0,80334L
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8 Lol ey )
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The Correlation Matrix




CRTRETIY

184 .

AFPPENDIX 3 (continued)
| } - N v 2
Shape Process Flash Flash Flash Width |+ Flash Width \
Complexity Yield | Thickness ¥idth | Flash Thickness | Flash Thickness)
Billet Diameter -0.01593 0.,06902 | -0,02703 | 0,0Lk938 0.07655 0.04944
Billet FMeight .
Billet “eight 0.08939 | -0,68601 0,76375 | 0.26431 -0,04747 -0,07717
arting Area -0.23295 | -0,36346 | 0.57740 | 0.58169 0.32837 0.29391
Faximunm _ L9z ! . _ 0.053
Forpine feicht 0.24839 0.,68421 0.75939 | ~-0,25179 0.05825 .05312
FPartine Diamete = ! %18
etnn danerer 0.04565 | =0.77295 | 0.73054 | 0.34875 0.04619 0.03185
HUeipht OF mowqwsn 0, 30447 0,01934 0,56501 | -0,27070 -0,461%9 -0, 48139
Shape Comvlexity 1.00000 0.12065 0,24961 | -0,01806 ~-0.11684 -0,07705
, 0.12065 1.0000 =-0,52762 | -0,69L%2 -0, L37L7 -0,41568
0,25961 | -0,52762 1,0C000 | 0.11012 -0, 30234 -0.30565
-0,01896 | -0.60432 0,11012 | 1,00000 0.90642 0,87546
-0,1168% | -0,43747 | -0,30234 | 0.90642 1.00000 0.98180
~C.07705 | ~0.41568 | =0,30565 | 0.87546 0.98180 1.,00000
~0,04858 1 -0,08262 | =0,00567 | 0.27118 0.32080 0.29954
-0,242G1 | ~0,84740 i 0.32836 | 0.72783% 0,56798 0.56125
0.12930 | ~0.,37432 | ~-0.14954 | 0,90541 0.92447 0.91173

The Correlation Matrix (continued)
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APPENDIX 4

The author has conducted cold compression tests on brown
plasticene slugs to investigate the effects of aspect ratio on the
flow of billet material. Results similar to those of Schey‘et 31(25)
were obtained. -

A pover press was used for the tests and the lubricating
fluid was a 50/50 mixture of glycerine and teepol. Slugs differing
in aspect ratio but equal in volume were cut from 1.6 inch, 2 inch
and 2.4 inch diameter bars and compressed between flat platens at the
same speed to a final height of one inch.

Visual inspection and measurements of the slugs' widest
sections after compression revealed that all the billets barrelled
and that the bulgings were maximum about half way up their (billets')
heights. It was also observed that the tallest billef barrelled most
and the widest least. 'This confirms that when upset a tall slug con-
tacts the die walls mooner than the shorter one .

A further observation made was that little or no slug wide~
ning occured at the billet-tool interfaces. This later observation
suggests that except the slug very nearly fits the die impression,

billet edges do not form the corners of closed die forged components.

This was confirmed in the labvoratory study where faint rings indicating

the original edges of the billets were seen on the faces in contact

with the bottom of the die impressions. Pig 1 shows diagramatically

the shapes of the slugs before and after compression.
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APPSNDIX 4 (contd.,)
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