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ABSTRACT

THE INFLUENCE OF STRAIN RATE AND THE EFFECT OF FRICTION
ON THE FORGING LOAD IN SIMPLE UPSETTING AND CLOSED DIE

FORGING.

F B Klemz

Forging provides an éiegant solution to the problem of

producing complicated shapes from heated metal. This study
attempts to relate some of the important parameters involved
when considéring,-simple upsetting, closed die forging and

extrusion forging.

A literature survey showed some of the empirical graphical
and statistical methods of load prediction together with
analytical methods of estimating load and energy. Investi-
gations of the effects of high strain rate and temperature
on the stress-strain properties of materials are also

evident.

In the present study special equipment including an
experimental drop hammer and various die-sets have been
designed and manufactured. Instrumentation to measure
load/time and displacement/time behaviour, of the deformed
metal; has been incorporated and calibrated. A high speed
camera was used to record the behaviour mode of test

pieces used in the simple upsetting tests.

Dynamic and quasi-static material properties for the
test materials, lead and aluminium alloy, were measured

using the drop.hammer and a compression-test machine.
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Analytically two separate mathematical solutions have been
developed: A numerical technique using a lumped-mass
model for the analysis of simple upsetting and closed-die

forging and, for extrusion forging, an analysis which

equates the shear and compression energy requirements to

the work done by the forging load.

Cylindrical test piecés were used for all the experiments
and both dry and lubricated test conditions were investi-
gated. The static and dynamic tests provide data on Load,
Energy and the Profile of the deformed billet. 1In addition
for the Extrusion Forging, both single ended and double
ended tests were conducted. Material dependency was also
‘examined by a further series of tests on aluminium and

copper.

Comparison of'the experimental and theoretical results

was made which shows clearly the effects of friction and
high strain rate on léad and energy requirements and the
deformation mode of the billet. For the axisymmetric shapes
considered, it was found that the ioad, energy requirement-

and profile could be predicted with reasonable accuracy.
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1.1 Background

In recent years there has been an urgent need to
increase the rate at which forglngs can be produced
in order to reduce manufacturlng costs. This has led
to a study of the dynamic behaviour of metals in order.
to exploit to the full the potential of high rate

forming methods.

Manufacturers with existing forging equipment need rel-

iable information regarding the load and energy needed to

make particular forgings. It should be noted that the

numerical technique, such as the finite element method and

other techniques based on the upper bound method have

successfully been employed to solve very complex forming

processes. However these techniques require large
computer facilities and are not easily accessible to

everyday Engineers. Hence there would always be room for

analytical solutions, for specific problems, based on
simpler and easily understandable principles.

1.2 Literature Survey

1.2.1 Empirical,Graphical and Statistical Methods of Load
Prediction |
A number of empirical methods have been formulated
[1-5] to determine the forging load under dynamic
conditions. However, these are applicable to a

limited number of cases only.

Graphs relating the area of forging including flash
to the forging load for different degrees of die

complexity have been used. Examples are given in a

2



Drop Forging Research Association reportll.

6 measured forging loads on presses to produce

BALOGUN
axisymmetric and plane strain forgings. Using
multiple linear regression analysis, equations for

estimating forging load were then developed.

NEUBERGER and PANNASCH7 plotted values of mean

effective yield strength vs mean height and deriving
equations for the upper and lower curves which
encompassed their experimental data, obtained
expressions for the mean effective yield stress in
terms of forging weight and forging area. They have
also extended their analysié to produce nomograms
for predicting load and energy requirements. Other
investigators [8-10] have also compiled similar

design nomograms.

In the Drop Forging Research Association report11 on

Load and Energy estimation in Forging, results
calculated using Neuberger and Pannasch's9 method
were used to obtain équations for relative yield
strength and forging load. The load equations were
based on a multiple linear regression analysis of
experimental results on completely axisymmetric for-
gings with external flash. The load equation is in
terms of the area of forging including flash, the
ratio of the flash land width to flash land thick-
ness and the mean height of the forging including

flash.



Analytical Methods for Estimating Load and Energy

SIEBEL12 produced an analysis for the load estima-

tion for the free upsetting of a cylinder or prism.

SCHROEDER and WEBSTER13 have given a more detailed

analysis of free upsetting in which they recognise
a limiting value for frictional resistance. Once
this resistance exceeds the material yield strength
they argue that deformation proceeds by internal

shearing of the deformed metal.

14 12

modified SIEBEL'S analysis to extend to

FOSTER
complex forging shapes. His method is to divide the
forging into sections, and having found the stress
required to induce metal flow in each section,

determines the value of the load in each section by

integration of the stress throughout the section.

DEAN15, in a paper discussing the effect of flash

land geometry on die stresses, evolved a method of
calculating forging load based on an interpretation

of the Schroeder—Webster13 analysis.

Dean assumed that, in the final stage of forging,
deformation is confined to a disc whose thickness is
that of the flash gap. Within the body of the
forging sticking friction is assumed, whilst the
conditions in the flash land are decided by calcul-
ating the radius of the sticking region. The

parameters involved in Dean's equations are: radius



to the entrance to the flash, radius to which
sticking extends, radius to edge of flash land,
coefficient of friction, normal stress on forging
‘section, load, flash land width and mean yield

strength.

16 have considered the forging of

DIETRICH and ANSELL
plane symmetrical sections. As with the Siebel-
Foster14 method the forging is divided into sections
and calculations begin with the flash and proceed
towards the centre. Frictional resistance is
accounted for by means of a 'back-pressure' term

and the extrusion effect when metal flows into a

reduced section is also allowed for.

BISWAS and ROOKS17 have adapted an original analysis

by ALTANI®

to predict forming load and energy. In
analysing the forging load for axisymmetric shapes
they assumed that, free upsetting, extrusion into
cavities and the formation of flash occur as three

discrete forming stages.

McDERMOTT19 has extended the upper bound elemental

25 to calculate

technique first suggested by KUDO
forging energy. In applying the method a forging

is split into a number of regions and for each region
an equation is set up relating the rate of energy
dissipation to the strain rate of fhe forging in

various principal directions. By developing

admissible velocity fields for metal flow, the mean



1.2.3

yield strength in a section can be determined,

allowing load and energy to be calculated.

Stress-Strain Properties at High Strain Rates

A number of workers have attempted to derive a single
equation expressing the stress in terms of strain,

20 obtained such

strain rate and temperature; - LUBAHN
an equation containing six constants from three
empirical relationships. He assumed that for large
strains the true stress/strain curve could be
represented by a simple power law. This assumption
was supported by tensile test data obtained on a

number of materials by FUSFELDZ1 and by LOW and

22

GAROFALO but was in poor agreement with the results

of DORN et al.23

ALDER and PHILLIPS®* used a cam plastometer to

produce constant true strain rates in the range

1-40 sec~! during compression to 50% reduction of
height on (a) commercial-purity aluminium from -190°C
to 550°C, (b) phosphorus-dioxidized copper from 18°C
to 900°C and (c) a 0.17% carbon steel from 930°C to
1200°C. They found that 6f the three materials
tested only aluminium, at room temperature, had a
stress strain relationship that could be represented
by a power law. This power law had an index of
approximately 0.2. The effect of strain rate on the
stress for a given strain was bettér expressed by a

power law than by the semi-logarithmic formula of



LuDwIik28.

SOKOLOV27"'31 also concluded from tests on lead, tin,

zinc, aluminium, copper, nickel, brass and several
steels, over a range of strain rates from 10-3 to
102 sec'lband at temperatures from 20°C to their
respective melting points, that the power law
provided a better interpretation of the effect of
strain rate. However, a number of American
workers?’z"36 found from compression tests at

102-103 sec~! on copper at room temperature that the

stress was proportional to the logarithm of the

strain rate for a given strain (up to 257 compression).

Other workers who have been concerned with the

effect of strain rate on the tensile properties are:

cinns3?, ELam3®, JoNES and MOORES?

NADAI40. Nadai, working on aluminium, copper, and

, and MANJOINE and

steel at strain rates of 102-103 sec~l and at

elevated temperatures, found that the ultimate trﬁe
stress varied approximately linearly with the

logarithm of the strain rate, in agreement with the
results of JONES and MOORES3? on the yield strength of
fourteeﬁ metals tested at room temperature and at strain

rates up to 10-1 sec-1.

SLATER, JOHNSON and AKU%0

derived approximate
equations to account for the compressive engineering
strain-time, dimensionless compressive engineering

strain-rate, compressive engineering strain and



1.2.4

dynamic force-time characteristics for the fast
compression of prismatic blocks of strain-
hardening, strain-rate-sensitive material using a
drop hammer. Within the limits of maximum strain
rate of 250 sec‘l, maximum engineering compressive
strain of 0.4 and a constant ambient temperature of
approximately 20°C experimental and theoretical
results were compared. Agreement between experi-
mental and theoretical results was found, with the
exception of the force-time relationship, where the
theqretical prediction underestimates the maximum
force by between 10 and 15 per cent. They concluded
that lead at ambient temperature was not particular-
ly strain-rate sensitive for strain rates of up to

250 sec—1.

Use of a 'Model-Material' Technique

DANCKERT and WANHEIM58 have used a model-material

technique in the analysis of a rotational symmetrical
forging. These results were then compared with an
actual forging made from aluminium. This technique
makes it possible to investigate the effect of

different preforms and billet sizes on:

(a) the filling capacity of the final dies
(b) the flow pattern in the final product

(c) the extent of die wear quantitatively.

They demonstrated the use of 'the plane analogy' as



1.2.5

a means of using the material model to get an
overall idea of material flow in the dies. More
accurate information about the flow pattern was
obtained by way of a "three-dimensional model-
material experiment" in which the model is

geometrically similar to the original process. To

determine the stress distribution in the dies a

special rubber model technique was used. In this
technique the die to be investigated is made of
transparent rubber which has a grid placed in its
plane of symmetry. The transparent rubber die is
placed in a liquid with the same refraction index as
the rubber and the forging is carried out with the
billet made of wax, simulating the metal billet.
The distortion of the grid that occurs during for-
ging is recorded photographically. By measuring
the displacement of thé grid points during the
deformation of the wax billet it is possible to
calculate stress values and to locate stress

concentrations in the die.

Extrusion Forging

61

JAIN, BRAMLEY, LEE and SHIRO KOBAYASHI looked at

the effect of friction and die hole geometry on the
total height of axisymmetric extrusion forgings,
for a range of billet and hole sizes. These

results were then compared with theoretical



predictions, which were based on an assumed velocity
field. They concluded that to achieve a maximum
amount of rise (extrusion) and minimum load and
energy, a billet with a high aspect ratio should be
used in conjunction with a radiused and drafted

die hole. Their analysis did not take account of the

taper in the flange profile.

NEWNHAM and ROWE®% applied a slip-line field theory

analysis to the problem of compound metal flow in a
simple extrusion/forging process. They tested their
predictions experimentally and confirmed the tran-
sition from simple forging to rigid-core forging

and hence to extrusion with forging. Their

analysis also did not take account of the taper in the

flange profile.

1.3 Present Work

1.3.1 Simple Upsetting and Closed Die Forging

A theoretical and experimental study of the load
fequirements associated with the upsetting and closed
die forging of cylindrical billets, which takes into

account the effects of interface friction, axial

le



inertia, strain rate and strain hardening properties

of the material, was made.

A theoretical analysis has been developed based on
a numerical technique which enables the billet
profile, the tup load and velocity to be determined
at any stage during the in-process time. The
stress and strain-time history at any point within
the billet can also be determined. This method uses
a lumped mass model for the actual cylindrical
billet. ZEach mass was considered in turn and the
associated dynamic force equilibrium equation was
expressed in finite difference form. This related
the displacement of each mass to the strain in the
corresponding link after each time increment. The
stress in each 1link, and hence the axial force, was
then calculated from the material stress strain

characteristics.

Various dies, to enable axisymmetrical shapes to be
formed from lead cylinders, were made. These dies
- allow for radial expansion only and no provision
was made for flash. Split dies were used for the

more complicated shapes.

For the simple upsetting tests high speed photo-
graphs were taken of the billet as it was deformed.
A Hi-cam high speed camera working at 2400 frames
per second was used. The processed film was then

projected on to a screen using a 16 mm cine-
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projector with single frame movement facilities and
analysed for instantaneous profiles and tup-

displacement-time curves.

For the upsetting tests only, tests were also carried
out on aluminium alloy billets heated to forging

temperature,

1.3.2 Extrusion/Forging

As the flow of metal in this process is only partially
radial the lumped-mass method outlined in Chapter 3
was found to be inapplicable and a different
theoretical approach was developed. This approach
considers the plastic work done in compression
together with the work done in radial and circum-
ferential shear. By equating the forces iﬁvolved and
assuming that the material deforms in a mode asso-
ciated with the least work done, the shape of the

profile during deformation can be predicted.

Dies with three different extrusion ratios were
manufactured for experimental work in order to

check the extrusion/forging theory. The majority

of tests were carried out using lead billets. A few
tests on aluminium and copper billets were also
carried out to check for material dependency.
Double-ended extrusion tests were also carried out

using lead and copper billets.

A drop hammer was designed specifically for the
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experimental work associated with this study. Its
energy capacity enables lead billets to be

deformed easily. The fact that lead is hot-worked at
temperature means that it can be used to simulate

- the behaviour of other stronger materials that need
to be heated to a suitable hot working temperature.
The drop hammer incorporates instrumentation which
enables load/time and displacement time behaviour

to be measured and recorded.
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CHAPTER 2

EXPERIMENTAL EQUIPMENT, INSTRUMENTATION

AND BILLET MATERIAL PROPERTIES
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2.1

2.1.1

Equipment

Drop Hammer

The drop hammer frame was made from 80 x 80 x 10 mm
angle iron and is of welded construction. See

Fig. 1.

The framework provides the upper support for the tup
guide rails, and support for a motorised hoist which
is used to raise the tup to the required height. A
cord release mechanism allows the tup to be
separated from its 1lifting cradle. The tup (see

Fig. 2 and 3) has a mass of 15.64 kg with a

maximum free fall height of 4.32 m. This is

equivalent to a maximum impact velocity of 9.2 m/sec.

At the base of the drop hammer an inner framework
made from 50 x 50 x 6 mm angle iron is used to
contain the load cell unit and to provide support for
the tup guide rails. The load cell housiﬁg is
encased in concrete to provide an additional mass

of material to absorb the shock load which occurs

at impact.

In the interest of safety the lower 1 m of the drop
hammer framework is encased in 3 mm thick duralumin
plate. The remainder of the framework is encased
in 25 x 25 mm wire mesh. Access for the removal

of test pieces is by means of a hinged door which is

pivoted in such a way that when in the open position
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2.1‘2

2.2

2.2.1

it will arrest the tup should it fall accidentally.

Displacement Measurement
The displacement/time behaviour of the material
under test is measured using infra red light beams
which are activated by means of a grid attached to
the drop hammer tup (see Fig. 4). A complete
layout of the instrumentation is shown in a photo-
graph (Fig. 5).

Instrumentation
Load Cell

A schematic block diagram of the load cell instru-
mentation is shown in Fig. 6. The signal from the
load cell is fed into a Mini-balance and a Mini-
amplifier unit, the strain gauges being activated
by a 5 volt d.c. supply. The signal from the strain
gauge is balanced so that its output will be =zero

at zero load.

Because the output voltage from the load cell was in
milli-volts a Mini-amplifier was used to increase
the signal strength by|a gain of 200. This

amplified signal was then fed to a Digital storage
Oscilloscope 0S4040. Later this stored signal was
used to produce a load time trace on an X,Y plotter.
The digital storage oscilloscope was also used to

record and display simultaneously the signals from

(6



the infra-red switch unit.

Calibration of Load Cell

Before the load cell was assembled, in the base of
the drop hammer, it was calibrated using a 500 kN
Denison Tensile testing machine. The calibration

curve is shown in Fig. 7.

A further calibration was necessary when all the
instrumentation was in place and a series of tests
with the drop hammer were to be made. The

calibration took the following form:

(a) The load-cell was disconnected

(b) A known voltage of 0.5 mV was applied to the
load cell input terminals

(c) The resulting display on the oscilloscope was
copied using the XY plotter (see Fig. 8).

The 'step' on the XY plotter print out is equivalent

to 65.57 kN (Fig. 8). The size of the step can be

changed by altering the 'Y' axis settings on either

the oscilloscope or XY plotter. (A large 'step’

size was used when low impact forces were measured.)

The 0.5 mV output from the load cell was amplified
200 times. With the digital storage oscilloscope
set to display a step of 1 cm per 20 mV a ‘'step' of
50 mm would have been obtained if there were no

errors in the instrumentation.
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2.2.3 Infra-Red Switch Unit

The velocity of the falling tup just before impact
was obtained by an electronic counter which was
activated and stopped by an infra-red switch unit.
See Fig. 4. The signals were generated from the
switch unit by interrupting the passage of light
passing between two light emitting and light
sensitive heads, the interrupting device being a
strip of clear plastic sheet on which there had
been drawn a series of equally spaced black,

parallel, horizontal lines of equal thickness.

This switch was also used to trigger the
displacement/time display on the Digital storage
oscilloscope 0S4040, together with the load time

display. A ten per cent pre-~-trigger was used.

Copies of the load/time, displacement/time traces
were obtained from an XY plotter which had been
connected directly to the digital storage

oscilloscope.

2.3 Load and Displacement Recordings

2.3.1 Load Recordings

A typical load/time trace is shown in Fig. 9. It
is possible to read off values of load and time

direct from this trace (see pagedl)
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Displacement Recordings

For each test using the drop hammer three traces are

required, see Fig. 10.

Fig. 10(a) is obtained by lowering the tup gently
on to the test piece and the resulting trace pro-

vides a datum which indicates the point of impact.

Fig. 10(b) shows how the tup decelerates as the

metal is deformed.

Fig. 10(c) is obtained by lowering the tup gently
on to the deformed test piece. Its function is
to identify the total extent of deformation and
will show clearly if there has been any rebound

incorporated in Fig. 10(b).

Fig. 10(b) is used to provide displacement/time data
from which the deceleration of the tup can be cal-
culated. Since the mass of the tup is known the
associated force (which is the forging force) can

be calculated simply as the product of the deceler-

ation and the mass of the tup.

2.4.1

The true stress/log straingrelationshipéfor the lead
used to produce all the test pieces for this study

were obtained using a Denison testing machine for

(9



the static tests, and an Experimental Drop Hammer
for the dynamic tests. The test pieces were cyl-
inders 24 mm * 0,13 mm diameter and 24 mm + 0.13 mm
high. In each case a paste of graphite in
petroleum jelly was used to lubricate the surfaces

in contact to reduce barrelling of the specimen.

In the quasi static test the Denison testing
machine was set to compress the test piece at its
slowest rate, a constant speed of 3.5 mm/min. The
test was interrupted at each true strain interval of
0.1 in order that the surfaces in contact could be
relubricated. Results from three identical tests

were averaged.

" Dynaniic Tests

For the complete deformation to occur at a constant
strain rate, using a drop hammer, it would be
necessary for the ratio, tup velocity/height of test
piece, to be constant. In practice the strain rate
will usually decrease as the deformation progresses.
To allow forithis only the initial 10% of daﬁa
associated with a particular load/time, displacement/
time output was used to calculate strain rate. By
altering the height through which the tup had to
fall the impact velocity was accurately controlled.
By precompressing the test piece to the required
thickness a strain rate could be applied to the test

piece where its initial strain condition was known.
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2.4.3

In this way successive steps were used to obtain

.stress/strain data at constant strain rate.

A computer program was used to help

analyse load/time and displacement/time data.

The relationship between stress and strain for diff-
erent strain rates is shown in Fig. 11. These
curves, based on experimental fesults were found to
fit closely the strain rate sensitivity equation

1

o = oul1 + (&P

where o 1is the dynamic flow stress corresponding

to strain rates é of up to 500 per second and o, is
the flow stress corresponding to strain rate &, equal
to 1 per second. The constants of strain rate sensi="

tivity D and p were found to be 1000s-' and 0.65

respectively.

From the quasi-statically obtained stress-strain
characteristics shown in Fig. 11 it was found
reasonable to assume that for direct comparison with
quasi-static tests, the lead billets behaved as. a
bilinearly elastic-perfectly plastic material with a
constant flow stress of 17 N/mm2, after a strain of
about 147. This is shown in Fig. 12 and was incor-

porated in the numerical technique. For the

2|



extrusion forging analysis outlined in Chapter 6
lead billets were assumed to be rigid-perfectly

plastic with a yield stress of 17 N/mm2.

Quasi-Static Tests on.Aluminium Alloy and Idealised

Diagram

The diagram shown in Fig. 13 was also obtained from
quasi-static tests. In its idealised form it is
suitable for analysis involving the finite difference

numerical techniques used in this study.
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CHAPTER 3

ANALYSIS USING A NUMERICAL TECHNIQUE
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Introduction

In order to.study theoreticgli&;the deformation mode
and hence assess the influence of friction, material
iﬁertia, and strain rate sensitivity on the forging
load in simple upsetting, a numerical technique has
been employed. From this the billet profile, the tup
load and velocity can be determined at any stage
during the in-process time associated with the simple
upsetting of cylindrical billets. The stress and
strain time history at any point within the billet

can also be determined.

The Numerical Technique -

In this technique aQiﬁmped—massimodel is used for the
actual billet and is based on tﬁé following assump-
tions: .

(a) The billet is made up ofﬂa number of concentrated
connectedwmasses connected _to each other by
masslessgiinks of circular cross section which
possess the same strength properties as the
material of the billet.

(b) The plane sections remain plane throughout the
deformation process.

(¢c) Uniform axial straining occurs within each
individual link.

(d) The frictional stress in the billet-tup inter-

face is proportional to the normal stress in the

face of the billet.
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(e) The radial expansion for each connecting link is
governed by the condition of volume constancy.

(f) There is no resistance to radial expansion of
any link from the neighbouring link except for the
links in contact with the top and bottom platens
in which case interface frictional force resists

radial expansion.

The procedure amounts to expressing the dynamic force
equilibrium equations for each concentrated mass point
in finite-difference form and relating the displace~
ment of each mass point to the strain in the corres-
ponding link after each time increment. The stress

in each 1link, and hence the axial force, is then
determined from the material stress-strain

characteristics.

SYMBOLS

A annular area in the cross-section model

D material strain-rate constant
E elastic modulus

N axial force

P material strain rate constant
R current billet radius

m mass per unit length

As link length in the numerical model
At time increment
u,v displacement

X,y co-ordinate axis
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€ engineering strain

o] stress
Subscripts
i this refers to the mass point number and the

preceeding link

J time position

1 refers to the subannulus number
T refers to the annulus number
Superscripts

m modified value

t trial value

(*) single differentiation with respect to time

(") double differentiation with respect to time

The general equation of motion for an element of the
billet, soon after the tup strikes the top face, can
be derived by considering the internal forces acting

on the element as shown in Fig. 14(a) and is given by

SN mi = 0 — (1)

Fig. 14(b) shows the lumped parameter model for a
number of elemental lengths of the billet shown in
Fig. 14(a). For convenience each elemental length As
will be considered to consist of one concentrated mass
and a massless link and initially all elemental
lengths to be equal. This model replaces the actual

billet by a mass-1link system. Under the action of the
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internal and inertia forces the position of each
concentrated mass in the model identifies the
position of a corresponding elemental length of the
actual billet. The finite-difference equation for
the elemental length at the ith location of the model

in Fig. 14(b) is given by

Ni+1,j - Ni,j - Asom.uij = 0 (2)

Equation (2) applies to all the elemental lengths
along the billet and gives the instantaneous value of

the acceleration 1.

i,j+1 for any instant of time t, 1°

J+

Using finite difference notation the relation between

displacement and time takes the form shown in Fig. 15.

u. . - u. .. - U, .
. -1 i,j+1 J ij i,j-1
uij 6t[( 5T ) - ( 5T )1
= .o 2 _—
uij+1 uij(ﬁt) + 2uij uij-l (3)
where 8t = tj+1 - tj (4)

When equation (2) is combined with equation (3)

instantaneous values of u for any instant of time

i,j+1

tj+1 can be determined.

In order to facilitate the calculation of stress which
may vary across the cross section of the billet, it is
necessary to idealise the actual cross section to an
equivalent cross section model which consists of a

number of annuli across each of which the stress is



assumed to be uniform. The circular cross section of
the billet is assumed to consist of n discrete annuli
of material which can carry normal stresses. These

: annqli.are considered to be separated by a material
which can not carry any normal stress but has infinite

shear rigidity.

With this simplified model the stress in the billet

can be defined by the individual normal stresses at the
n separate annuli without having to contravene the
assumption that plane sections remain plane throughout
the deformation process. The cross sectional area of
each tubular layer can be calqulated by equating the
fully plastic pure axial load carrying ability, with
that of the actual cross sectionof the billet. A

~

typical cross section model is shown in Fig. 17.

In order to describe the elastic-plastic stress state
in an<mnvh$of the section-model, further idealisation
is made and each annulus is assumed to consist of
subannuli the number of which is determined by the
number of‘positive sloped sides in the approximated

polygonal stress-strain diagram shown in Fig. 18.

Fig. 19 is used in establishing a relationship between

subannular area and its parent annular area

Assume that the deformation has reached stage B, ie
sublayer Ar(z—li is loaded elastically to the

condition o;e; and the remaining subannular éféas are
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loaded to the condition oc,e,5.

The stress og is the hypothetical stress that the

subannular area Ar would have to be subjected to if

1
it were stressed elastically to a strain value of €3.

Oc is similarly related to e3 for the subannular area
Araaeny

Equating forces NOTE: AL = Ap(g-1) *+ Apg + Ap(g+1)

(
B + A(1+1)I‘OB (5)

o, *+ A, ¢

024, = A(1--1)r 1r
= Ao1yr9r * 9plA1 Ay

= A(po1y)r%r T 9plAL - Ay,

= Acio1yr9t T 9% - BA1on)r

Ar(O'z - OB) = A(l_l)r(cl b_ OB)

Aa-1yr = ApL02 - 9B)

(01 - O'B)
= A (0B - 02)
(UB - 0'1)
If the slope of OA = E, = %:. = F = Yoﬁng.é modulus
and the slope of AB = E, = 2291
2 €2-€1
= = 03—02
and the slope of BC E3 e,

then
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— (e€2-€1)(E-E5)
AI‘(l—l) B AI'[ E(Ez-—E'—1)J ]

Ar :
4 [E - E;] (6)

Assume deformation has reached Stage C.

Equating forces

O, = A(l—1)rOl A0t A(1+1)rUC (7
combining equations (5) and (6)
SEE 928, = A141)r%B T A(1+1)r%C
Ar(oa_OZ) = A(1+1)r(GC_UB)
(03-07)
A = A - </
(1+1)r iy (oc-oB)
- E3 (e3-€5)
E (e3-€,) "r
= E3AI‘ (7)
E
To find A1r
Ap rE;
Arp = Ap - FlE-B] - —5
Ap
= —E"[Ez - E3] B (8)

If the number of subannuli is reduced to two to be
compatible with stress strain diagram shown in

Fig. (6) then the two. subawmular areas Arl and Ar(1+1)
are related to the parent‘amulqr area Ar by the
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Denoting o4 as 04 for convenience,

rl,J

t _t
If__oyl < 01 < Gyl then ol = Ol
1f Ot < =0 then o, = -¢ (12)
1 yl 1 yl -
If ot > 0 then o =‘o
1 y1l 1 vl

This procedure is applied to all,subannuk of each

anmJ( for all the links.

The values of the subamnular stresses for the links in
immediate contact with the tup and the anvil are then
modified, to take into account the interface friction,

by using the equation,

o = 00[1 + 2u(R-r)/h] (13)

Following the terminology applied to the numerical

model this equation could be written as

o = olj[l + 2u(Ri—Rir)/h] (14)

m
1,3
where p is the interface friction coefficient, and 91,5

?
is the subannular stress determined by equations (12).

After this modification, the axial forces Ni,j in
each link are then obtained from the equation.
n k
Ni,j = rﬁl iil Oirl,j Al,j (15)
where Al,j is the current subanaular grea.

If the links can be assumed to have the same mass
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density as the billet, then further modification to
the values of the subawm4qfstresses can be made to

take into account the effect of radial inertia of the

billet material, by using the equation

o =0, + 3pv2(R2-r2)/8h? ‘ (16)

Equations (13) and (16) are detailed in appendices

1 and 2.

In its existing form, when using the present numerical
approach the time increment cannot be chosen
arbitrarily. The value of the time increment should
be less than the time needed for the elastic stress

wave to propagate through the length of the link.

3.2.1 Strain Rate Sensitivity

To take into account strain rate sensitivity the stress

strain behaviour of the material, for different strain

rates, must be known. Approximated stress strain
diagrams are shown in Fig, 18,.and‘referring to equations

(3) and (4), namely

§t = tieg — ty - (4)

. ) o
Uger = U3 (000% + 23Uy -y (3)

The change in length of the element G(AS)i j+1 of the
’

link occurring during the time interval 6t is

i,j+1 = B85 5 (17)

G(AS)i 5+1 = AS
’



The strain increment and strain rate occurring in the

link during the time interval are:

: S(AS). .
+1
084,541 = —gg—22 (18)
, i,o
where AS. is the original
i,o
length of the link
and
Se. -
- - i,j+1,
®1,4+1 5t (19)

The total strain in the link can now be determined

from:
Ei,j+1 = Ei,j_+ (ei’j+1)6t (20)
f1,5¢1 T F1,5 7 04,501 (2

since the time interval and, hence, the strain incre-

ment are both small.

A computer simulation based on the lumped parameter .
model can be used and strain rate sensitivity
incorporated into the analysis in the form of a
stress—strain rate law. For lead the law

. .

o =o01[1 + (§€§if5] was used as detailed in Chapter

2.
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Introduction

Simple upsetting or dynamic compression of cylindrical
billets is one of the most commonly used and relat-
ively simple operations used to increase the diameter of
the billet. The dimensions of larger sized billets are
usually changed by hot upsetting at moderately high
speeds and hence the forging load is influenced by
interface friction and strain-rate sensitivity of the
material. The object of this part of the work is to
investigate the effects of friction and strain rate
sensitivity on the forging load and final shape of the

billet, both experimentally and theoretically.

. Experimental Work

Simple upsetting tests were carried out under the drop
hammer and a different degree of deformation was
imparted to each billet by releasing the tup from
different heights. For each test the following data
were obtained:

(a) the forging load

(b) impact Velocity

(¢) deformation-time history.

The deformation sequence of a number of test specimens

were recorded using a Hi-Cam high speed camera.

Using the drop hammer set to give maximum impact,

Velocity tests were carried out on lead billets
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25 mm diameter x 24 mm long and aluminium alloy billets
19 mm diameter x 19 mm long. Two types of friction
condition were studied, one, using a paste of graphite
in petroleum jelly as lubricant to induce low friction
and the other, without any lubricant, to induce dry
friction conditions. High speed photographs were

used to obtain experimental data giving instantaneous
billet profiles and tup-displacement-time curves.
Elastic strain hardening and stress-strain character-
istics of the billet material were obtained from quasi-
static tests. The dynamic stress-strain properties
were established from drop hammer tests (described in

Chapter 2).

The load time variation was obtained from the tracings
recorded on the oscilloscope. A typical photograph of
such a trace for an aluminium alloy billet is shown in

Fig. 21.

TheOretiéai‘PfedictiOns

In order to predict the results theoretically, the

numerical technique described in the previous Chapter

was employed. In predicting the results it was assumed

that a constant frictional coefficient p = 0.06 existed
for both lead and aluminium billets. This value of u
was thought to be a reasonable estimate of what graphite

in jelly would induce. For dry test conditions the

value of p 0.577 was incorporated in the analysis for
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lead billets [51] while for aluminium billets

p =0.,18 was used [59].

The actual loading configuration and its equivalent
numerical model, applied to both the lead and
aluminium billets, is shown in Fig. 22. The quasi-
statically obtained stress strain chafacteristics and
their polygonal approximations, as required by the
numerical technique, for lead and aluminium alloy used
for these tests are shown in Fig. 12 and Fig. 13

respectively.

Results and Discussions

The instantaneous profiles of a lead billet at various
instants of time after the onset of the process were
obtained from the high speed photographs and are

shown in Fig.23(a). This test was carried out under
lubricated conditions. The billet deformed in such a
manner that the profile shape remained right cylindri-
cal throughout the deformation process. The
theoretically predicted instantaneous profiles for the
same billet are shown in Fig.23(b) which shows profile
shapes having either upwards or downwards directed
slightly tapered sides. Slight barrelling also becomes
apparent in the profiles corresponding to higher
reductions in billet height. This slight discrepancy
isrthought to have arisen due to insfébiiityrin the
techniqﬁe used. Experimentally it was not possible

to identify such behaviour.
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The instantaneous profiles shown in Fig. 24(a) for a
lead billet deformed under dry lubrication conditions
are seen to compare reasonably well with those in

Fig. 24(b), which were predicted using the numerical
technique. The die load determined experimentally was
plotted in Figs. 25 and 26 against reduction in billet
height measured from the high speed photographs for lead
and aluminium alloy billets respectively, both tests

being carried out under lubricated conditions.

The theoretically predicted curves are also included
in the respective figures for comparison.’ It can be
seen that for the lead billet bpth theoretical curves‘
predict' lower die loads. For14{4ﬁmireduction in height
the curve excluding the strain rate term predicts a
load which is 387% of the actual load, whereas the
curve including the strain rate term predicts a load
which is 607 of the actual load. The effect of strain
rate is clearly shown by these two theoretical curves.
During the initial stages of deformation the theore-
tical curve matches closely with the. experimental curve
when strain rate sensitivity is incorporated in the
analysis. For greater deformation

the frictional effect becomes predominant. The
discrepancy between the theory and experiment for
larger deformation may thus be attributed to frictional

effect. Although the effect of friction has been
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incorporated in the analysis, in reality the coefficient
of friction may change from what was assumed
originally, generally becoming much higher and

approaching that of sticking friction in hot forging.

Since aluminium alloy is not a strain rate sensitive
material, only a single theoretical load curve is shown;
The load predicted is comparable with that obtained
experimentally, being slightly higher during the

initial part of the deformation and slightly lower

thereafter.

In order to compare the effect of friction tﬁe die
load/deformation curVes’obtained experimentally for the
aluminium alloy billets under lubricated and dry
cdnditions are plotted in Fig. 27. The corresponding
predicted curves are also shown in this figure. It

is seen that a maximum increase in die load of less than
10% occurs for reductions of billet height of up to érmm
(16%5.The increase in die load due to friction as
predicted using the numerical technique is much

less than that obtained experimentally.

The increase in friction, when the billet is deformed
under dry test conditions, results in increased
barrelling of the billet. Fig. 28 shows the increase
in radii at the middle and top section of the aluminium
alloy billet. The extent of barrelling can be readily
appreciated from this figure. The theoretically

predicted results suggest slightly less barrelling of
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the billet. .

Tup displacement-time curves were obtained using
high-speed photographs which upon graphical differen-
tiation enabled a velocity time curve to be used to
calculate the kinetic energy of the tup still unused
at any time instant during the deformation process.
Figs. 29 and 30 show the variation in percentage
kinetic energy absorbed with deformation for lead

and aluminium billets respectively both deformed under
lubricated test conditions. The theoretical curve for
the lead billet shows that much less energy is
required where more than 557% reductioh in height is
obtained. This is again an underestimation of the
actual energy requirement due to the exclusion of the
strain-rate sensitivity. On the other hand, it is evi-
dent from Fig. 30, which shows similar kinetic energy
vs. deéformation curves for the aluminium alloy billet,
that there is close agreement between the experimental
results of predictions obtained theoretically, despite

the exclusion of the strain rate sensitivity.

The deformation vs. time curves for lead and aluminium
alloy billets deformed under lubricated test conditions
are shown in Fig. 31 and 32 respectively. The experi-
mental and theoretical correlation is very good for

lead billets when the theoretical curve which takes

into account strain rate is used. The theoretical curve

which does not take strain rate into account gave good
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results for up to 55% deformation.

For aluminium alloy billets, close agreement exists

during the whole of the deformation process.
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TYPICAL LOAD-TIME TRACE FOR ALUMINIUM BILLET.

FIG. 2l.
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Introduction

Apart from upsetting tests on cylindrical billets
closed die forming tests were also carried out using
lead billets of 24 mm diameter and 46 mm in height.
These were formed into axisymmetric shapes. Unlike
simple upsetting it was not possible to photograph
the deformation mode of the billet. The load time
history was recorded and the impact velocity was
measured. Tests were carried out under both dry and

lubricated conditions.

Experimental Work

Experiménts were conducted using the drop hammer. The
tup was dropped from its highest position so that the
velocity at impact reached its maximum value of 9 m/s.
The actual loading configuration of the billet is shown

in Fig. 33(a). Billet details are shown in Fig. 34.

Experimental results were obtained in terms of the
load deformation history, final shape of the billet,

kinetic energy and friction effects.

' ‘Theoretical Prediction

The numerical technique detailed in Chapter 3 was
applied to pfedict theoretically the deformation mode
for each loading situation. The finite-difference
equivalent model of the actual loading situation is
shown in Fig. 33(b). The stress strain properties

shown in Fig. 11 were incorporated in the analysis.
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The effects of material inertia and interface

friction at the die-billet constraint were also taken
into account. The die load, instantaneous billet
profiles, die pressure and strain rate within the
billet, for both the lubricated and dry friction con-
dition, were predicted theoretically and compared

with experimental results where appropriate. In the
analysis, the friction factor for the dry friction
condition was taken as unity whilst for the lubricated
condition it was taken as zero along the die-billet
interfaces. For shearing friction within the billet at
the die-billet constraint the friction factor was again\
taken as unity to simulate sticking friction. Fig. 35
shows theoretically predicted instantaneous profiles

at various times during the deformation process for a
billet forged under lubricated condition. The
instantaneous profiles for a billet forged under dry
friction conditions are shown in Fig. 36. It was

not possible to record the experimental instantaneous
profiles due to the nature of the forming process.
Therefore only the corresponding experimentally obtained
final profiles are shown in these figures. It is
clearly evident that forging under dry friction condit-
ions gives rise to considerable barrelling of the
billet during the development process. This causes

the billet material to get into the flash land rela-

tively earlier than under lubricated forging conditions.
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5.4

Results and Discussions

In Fig. 37 the variation in forging loads with tup
displacement measured experimentally are compared with
those predicted theoretically for forging under lubri-
cated and dry friction conditions. The effect of strain
rate and material inertia on the forging load was

found to be significant when the experimentally estab-
lished dynamic stress strain properties shown in Fig.1l1
were incorporated in the analysis. The agreement
between the theoretical and forging load under both
frictional conditions show close agreement. Fig. 37
also shows the quasi-static forging load under dry
friction conditions. This static load is seen to be
considerably lower than both the experimental and
theoretically predicted dynamic forging loads. This
discrepancy may be explained by the apparent strain
hardening of the lead, used for these experiments, under
dynamic loading conditions. The instantaneous profiles
in Fig. 35 and 36 showed barrelling of the billet in a
qualitative manner. In Fig. 38 this is shown in a
quantitative manner in terms of the variation in the
billet radius at mid-section and at the die-billet
constraints. It is clearly evident from this figure
that forging under dry friction conditions causes the
billet radius at mid-span to increase at a relatively
faster rate with deformation than under lubricated
forging conditions. This may result in appreciable loss

of material as flash.
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The theoretically predicted variation in strain

rate at mid-section and at the section along the die-
billet constraint is shown in Fig. 39 for lubricated

and dry friction conditions. This figure shows that
during most of the deformation process the maximum
strain -rate within the billet remains above about 200/sec
for an iﬁpact velocity of 9 m/s and hence makes appre-
ciable difference in the forging load even during the

later stages of deformation.

Comparing the theoretically estimated die pressures
with those obtained experimentally as shown in Fig.40.
shows close agreement under both forging conditions.
It is evident, however, that in the case of dry friction,
the theoretically predicted die pressure is slightly
greater than that obtained experimentally whilst this
trend is reversed when a lubricant is used. The main
reason for this behaviour could be the fact that for
dry friction conditions the friction factor, taken as
unity, was too high and that the use of graphite

in petroleum jelly as a lubricant did not result in

a friction factor of zero.

Feasibility tests were carried out on shapes involving
the use of split dies, Fig. 41. Photographs showing
the different shapes produced are shown in Fig. 42.
These shapes have not been investigated analytically

but could serve as a basis for further work.
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6.1

‘Introduction

In chapter 3 the mathematical model used was formul-
ated to take into account forging conditions where the
flow of metal during deformation‘was entirely radial.

A more complex material flow situation is where flow

is partly radial and partly axial ie. extrusion forging.
In this chapter extrusion forging is analysed by
assuming that the energy absorbed during deformation

is used to deform the material plastically, while being
strained axially, and at the same time shear energy is

required as the boss is being formed.

A relevant analysis has been presented earlier in
reference [6]l ] in which the equations for predicting
various parameters during extrusion forging were for-
mulated based on an assumed velocity field. In this
analysis attempts were taken to take into account the
influence of billet and tool geometry speed and fric-
tional conditions. However, the analysis, which
appears to be very complex was derived on the basis of
the assumption that the billet deformed in a purely
cylindrical manner throughout the deformation period.
Furthermore the frictional effect on the total height
of the deformed specimen was found to be. exaggerated
and the correspondence between the theoretical and
experimental shapes of the billet for deformations up
to about 707% have never been demonstrated. This

aspect of the product shape during the earlier stages
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of deformation which shows significant deviation
from the assumption of purely cylindrical deformation,

should be taken into account in formulating an analysis.

In this work such an analysis has been attempted,
initially under frictionless condition, which

predicts the shape during the first 707 of the deforma-
tion which shows severe tapering of the flange during
the deformation especially when the boss to billet
ratio is more than 40%. Very good agreement between
the theoretically predicted and experimentally observed
. flange shapes wasﬂpredicted over a large range of

boss to billet diameter ratios. This is thought to be
the main contribution of this work towards the study

of extrusion forging. Subsequently an attempt has

been made to incorporate.the effect of friction in

the analysis in an approximate and simple manner, and

has been outlined in Section 6.2.4.

In the analysis outlined in the following sections
the deformation is shown to be in two stages. In the
first stage deformation of the top surface begins
when the applied load is just sufficient to cause
local yielding of the billet. This yielding causes
the top surface to spread radially while the lower
portion of the billet retains its original radial
dimension. However the lower portion of the billet
begins to expand radially when the applied load is

large enough to cause yielding in that area. This
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marks the beginning of the second stage. At the end
of the first stage the overall depth at which
plastic yielding occurs is shown to be equal to half

the boss diameter.

From the commencement of the second stage any increase
in load causes deformation such that axial
compression becomes directly related to a simultaneous

increase in the billet diameter.

Equations have been derived which enabled the tup load,
total energy absorbed, boss and flange heights and

profile of the deformed billet to be calculated.
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Analysis under Frictionless Conditions

SYMBOLS

billet diameter at depth h

depth * . )
shear yield stress = (5 for Tresca Yield Criterion)

constant

yield stress

5o )RRED -

axial depth *

plastic work done per unit volume

g

Dg billet diameter

‘D¢ boss diameter

Py load at depth H

Po load required to initiate formation of boss
Wg shear work done

Wp plastic work done

W total work done

H, depth of shear zone

H, depth of flange taper

Hy depth of plastic yield zone

Ly original length of billet

hy depth of flange taper

h, flange dimension *

h, 'depth of flange with constant diameter
X1 axial displacement

H' depth *

Dy bottom diameter of flange

Py load *

€ true strain

* defined in text
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First Stage

In formulating the equations it is assumed that the
material of the billet is rigid perfectly plastic
with a yield stress Y. Referring to Fig. 43 Dy is
the diameter of the billet, Dy is the diameter of the
die cavity and L, is the height of the undeformed
billet. Let P, be the load which is just sufficient
to initiate plastic deformation to the ring area of

the billet. Thus:

= E. 2 _ 2
P, = J¥(Dg? - Dg2) (1)

Let P be the applied load which is greater than Po
and which is sufficient just to cause plastic
yielding to the ring area at a location Ho' At any
other intermediate location the compressive load

available to deform the ring area is given by:

PH = Po + ﬂDCkH (2)

where H is the distance as shown in Fig. 43 and'k.is
the shear yield stress of the material which may be
taken as equal to Y/2. Substituting for k in

equation (2) we have

= I
Py =P, o+ 2DCYH (3)

when H = HO (denoting the top contact surface), PH

is simply given by the applied force P. Thus

= L
P = PO + 2DCYHO (4)
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which upon substitution for Po becomes

=1T_ 2 _ 2 I i
P 4Y(DB DC ) + 2DCYHO . (5)

when P reaches a value P; which is sufficient to

cause plastic yielding of the billet as a whole, then

P=p; = gDBZY (6)

substituting for P in equation (5) we get

Ty 2v = (p.2 - p.2 .
D_2Y 4(DB DC )Y + =D

2 CYHo

which upon rearrangement and simplification gives the
depth, Ho’ of the plastically yielded zone before the

billet starts to deform, thus:

Ho = DC/2 (7)

Hence during the first stage of deformation, the
plastic zone will extend to a depth equal to half the

diameter of the boss.

Assuming that the billet deforms under the action of
P in the manner shown in Fig (43), let an element at
a location H before deformation correspond to an ele-
ment at a location h of the deformed billet. PH will
thus be the load just sufficient to deform

plastically the new element of outer diameter D. Thus:

Py = %Y(Dz - D?) (8)

Substituting for PH in equation (3) and noting that

=T 2 _p.2 k=X
Po 4Y(DB DC ) and k 5 Wwe get,
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Tv(p2z - 2y = I 2 _ 2 ,
4Y(D DC )A 4Y(DB DC ) + 2YDCH

which upon simplification and rearrangement becomes:

H = (D% - DBZ)/2DC (9)

Equation (9) gives the relationship between the
diameter of the deformed shape and the parameter H
which locates the position of the element of the
undeformed billet. During this first stage of
deformation the total work done may be expressed in
terms of the plastic work and shear work done in the

billet.

The plastic work per unit volume may be given by:

- (€
w = J ode (10)
since for a rigid plastic material
0 = Y (constant)

hence, w = Ye, which for the small element of origi-

nal thickness 'dH' becomes:

o dH |
w = Yln(dh (11)
Plastic work done on the element is thus given by
_ dH
Wy T dVYln(aH)

where dV is the volume of the element.
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Thus

:E 2 _ 2 QE
w3 4(D DC )thln(dh)_

Total work done on the outer sleeve

H

h
- Tyl %2 - p.2 dH
p = 4YL) (D Dc?)1n(g)dh

From volume constancy of the element

2 _p.2) = 2 _p.2
dH(DB DC ) dh(D DC )

dH _ D? -Dg?

or — P — 5
dh DB DC

_ 2
Dc )

dh

Dp?2
dH(D2 - Dc2

so that combining equations (13), (14) and (15)

HO ) 2 2 2 2
=T 2 _ p.2 2__:_2Q_§ Dp? - D
W 4YL(D RRELS e )x(ﬁg-:7559—>dn

or

- DC2

n (Ho 2 2 D2
Wp = ‘ZJO (DB - DC )1n(DBg

)dH
- 2
D¢

From equation (9)

= 2 _ 2
H (D DB )/2DC
dH 2D
or == = 57—
dab 2D,
and
dH = 24D
D¢

Combining equations (18) and (16)

W=

B
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Dy 2 2 D2 - D2 | D
D 4YL) (DB - DC )1n(ﬁgr—:—%ay)ﬁEdD

(12)

(13)

(14)

(15)

(16)

(17)
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or

D,
2 _ 2
w = TyBBZ = Dc7, 1n(D2 - D.2)DdD -
P 4 DC C

B

D
2 -
L ln(DB - DC2 )DdD]‘ (19)
B ~ '-

Now the integral:

D,
2 2 = 2 2 QLE_Z_QBE
L) ln(DB DC )D.dD ln(DB | De )( 5 )

B
(20)
and the integral
D 1 .
L) In(D2 - Dcz)DdD (21)

B

may be carried out as follows:

let 1n(D2 - DC2) = 7
7
. 2 2 =
«e D DC e
az _ 2D
°r 3D DZ - D2
D2 - Dg? &2
hence DAdD = (———5——9—)dZ =5 dz

Back substitution into equation (21) and integrating

we have:

D, A
%L zeldz = £z - 1)

B
hence
D D1
1
L) 1n(D2 - DC2)DdD = %[EDZ —kDC){ln(D2 - DCZ) - 1{}
B Dg

= é|:(D 2 - Do) {1n(Dy? - D2) - 1}] - i:lj(DBz - Dg?)

{ln(DB2 - DCZ) - 1{]———(22)
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combining equations (19), (20) and (22)

D2_D2
w o= Ey(_g_____g_

(D,2 - DCZ){ln(DB2 - DCZ) - 1} - (D32 - DBZ)

B
. 2 _p.2
ln(DB DC )]
which after simplification and rearrangement becomes
= 2 _ 2 2 _ ) - - 2 _ 2
W, = (D Dc ){1n(D1V Dg?) - 1 - In(Dg Da2)} +

2 _DC2

T, , DB
(Dg? - D?)12¥( ) (23)

2Dc

The shear work done along the interface of the outer

sleeve and inner core material gives:

= Tp X
Wy = 5Dcg(Hy - x )% (24)

Total work done

The total work done by the tup load = average tup

load x displacement

Py + Py

5 (23b)

( )X =Wy + W

o b S
When the tup load reaches P,

Py = (D12 - D2)Y = 7Dp%Y

which gives the diameter of the billet at the tup

interface. Thus,
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To determine the shape of the billet profile at the

end of the first stage of deformation we have, from

equation (15)

2 _ p.2
(Dg D-*)

dh = dBrpr— D)

_ 2y =
let (D2 DC ) Z

then DdD = —«

from equation (18)

DdD = D,dH

C

combining equations (24), (23) and (26)

DZ_DZ
dh = 2$D( B c,
C Z
DZ_DZ
dn = (2—= 22
2D
C
dz
dh = KTT
D2__D2
where K = (—E—————ELO
2DC

integrating equation (27)
h + C = Kln(D2 - Dcz)
when h = 0, C = Kln(DB2 - DCZ)

= 2 2y o 2 _ 2
hence h Kln(D DC ) Kln(DB DC )
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Second Stage

During this stage, any increase in load will cause
deformation such that the outer sleeve will be
compressed axially with-a simultaneous increase in

the billet diameter.

Let the load P be greater than P; such that

P = %(DB')ZY (29)

where DB' is the expanded billet diameter at the
lower end. Equation (5) is equally applicable to

this new situation. Thus

|=_Tl 2 _ 1N 2 E
PH 4Y(DB, DC ) + 2DCYH' (30)

where H' locates an element of the deformed sleeve as

shown in Fig. 44.

In this case, at H' = H,, PH' =P

=lT.. 2 2 ..11
so that P = Z¥(Dy3 - Dy?) + 2D.YH, (31)

By combining equations (29) and (31) it can be seen

that

Hy = -2 (32)

Thus the shear zone is extended axially by an amount
H; and the lower part of the billet, of height

(Ly - H1), will deform in a pure compression mode.

For an axial compression of x; the shear zone

changes from H, to H,. Thus the axial strain

29



_ L, _ H,
€ = ln(m) = ln(-H—z_) (32a)
or H, = —-(L1 - x;) = (H; - H1 ) —_— (33)

The mean shear zone is thus given by:

B2 -y o+ om, - 225,
' L
H = _ Haxa
1 2 (Ha L. )
x, t

The height of the section of the billet under pure

compression may be obtained as follows:

£ = 1n(f—-?—x7) = 1n( )

or h, = %f(Ll - x1) (34)

Total work done in the second stage

Plastic work done on the sleeve may be expressed as:

Wos = %(DB2 -D 2)Y1n( )(H1 + %) (35)

and the shear work done between the sleeve and the
inner core can be expressed as

DALY )
_ C H1X1

De
. N
T | | ]
H . 17
‘ +X, x,
\\~._____,—//J“—L i ' —%_l. M
) . T 2L,
| i
.__________D5 -~ ‘\“s—T-—"" 5
.SLEEVE INNER CORE
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The shear work done at the junction of the boss and the
lower part of the flange which is deforming in a pure

compression mode

2
W _ mD%Y, (DC' - D

S, 8 )

Cc
where DC' is the virtual increase in DC due to an

incremental compression X, .

Also the plastic work done on the lower part of the

billet is given by

= - - In 2 B}_ '
WP (LO Xq H1)4DB Yln(h2 (37)

Total work done in the second stage is thus obtained
by the sum total of all the works expressed by equa-

tions (35), (36) and (37). Thus,

W, = (D,2 - D 2)Yln(g-l—) x (H; + x) + HDCY
t =298 ~ h, 1 T X, D)
Hix;, Ty 2 h;
X1(H1V - 2L1 ) + (LO - XO - H1)4DB Y 1n(h2)
mD23Y,
e 8 (Dg" = Dg) ——— (37a)

The tup load at the end of a small axial
compression, x;, can be calculated by equating the
total plastic work done to the work done by the

external load. Thus,

(&—.;—Pz-)xl = Wt
2w

X1

hence P, = t_p (38)
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From Fig. 44 the boss height is given by

hb =x, * [xl.— hi1 + h,] (39)

and the flange height is given by:

N =H2+h2..... (40

where H, and h, are given by equations (33) and (34)

respectively.

The radial strain at the top of the sleeve may be

expressed as

(D, - De)

€. = ln[(D1 — DC)]

which is equal to half the axial strain € given by

equation (32a) hence,

so that
D, = Dy + (D1 - Dg) exp(3) (41)

Equation (41) thus enables calculation of the

diameter at the top of the flange.

Similarly, the radial strain at the bottom of the

sleeve may be expressed as

(DB' - DC)] — _E_
(D = Do) | 2

g1 = 1Inl[

which gives

D' = Dg + (Dg - Dg) exp (%) (42)

Equation (42) thus gives the diameter at the bottom
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of the flange.

These equations were used to obtain theoretical
values for later comparison with those obtained
experimentally. The results tabulated on pagesrAS.l
to A3.6were calculated using a computer program
given in Appendix 4. The foregoing equations were
used in the following sequence in evaluating the

theoretical results.

a) Equations (1) and (6) were used to calculate the
values of PO and P,, the forces needed to
initiate stages one.and two respectively.

b) Equation (7) was used to obtain Ho’ the amount
of plastic deformation at the end of the first
stage.

c) Equation (23) was used to calculate Wp, the
plastic work done at the end of the first stage.

d) Equation (23a) was used to calculate WS the
amount of shear work done at the end of the
first stage.

e) Equations (23), (23a) and (23b) together with
equations (1)and (6) were used to find %o’ the
boss height at the end of stage 1.

f) Equation (37a) was used to calculate W., the
total work done during the second stage, for
known values of x;.

g) Equation (38) was ﬁsed to calculate P,, the

maximum forging load for compression up to

(XO + Xl).
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h) Equations (39) and (40) were used to calculate
hb and hf, the boss and flange heights at this

stage.

Finally, equations (41) and (42) were used to cal-
culate D, and DB' the top and bottom flange
diameters respectively. The procedure is repeated
taking incremental values of x;, each time the final
values of the previous stage is taken as the
starting Value for the next stage. During this
stage the energy requirement for deformation under
the second and third modes are continuously
compared until the extent of deformation is reached
after which less energy is required to deform the
billet in the third mode. The deformation there

after carries on until the end of compression.

Third Stage

At some point during the deformation according to

the mode prescribed in the second stage the billet
will require less energy to deform in a mode in which
only the outer sleeve is compressed and the central
core remains rigid. The energy required is given by
the sum of the energy to compress the outer sleeve and
the shear energy at the sleeve-core interface.

Thus, the plastic energy in the sleeve is given by:

w . 4 X3

=T 2 _n 2 L,
- YL (Dg? - Dp?)1n(gi—-) (43)
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‘and the shear energy is given by:

W, o= ﬂgﬂ Yxy (L - B (44)

Effect of Friction

The effect of friction at the die-billet interface on
the load and deformation modes in extrusion forging

may be accounted for in the above analysis in an

approximate but simple manner outlined below.

Assuming that the frictional shear stress can be
expressed in terms of mk where m is the friction
factor and k is the shear yield stress given by

kK = Y/2 according to the Tresca yield criterion.

Equations (1) and (6) become:

P = Ty(D.2 - D.2)(1 + =) (45)
"o 4 B C BLO -
and
T IB
= 2
P, 4YDB (1 + 6Lo) (46)

respectively. In the above equations it is assumed
that the mean forging pressure at the top and

bottom interfaces are modified by the friction
mDB DB ‘
term (1 + Ef—) for T ratios of about unity.
o

o
The depth Ho’ of the initial plastic zone given by

equation (7) becomes

D D

C m B
H =+ + =—5—() 47)
o 2 12Lo DC

In calculating the boss height, Xy at the end of

the first stage of deformation, equation (23b) needs
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to be modified by the addition of frictional work
done at the top die interface. No frictional work
is done at the bottom interface during this stage.
The frictional force at the top interface at the

start of deformation is given by:
F, = 2meI Rdr
e
which after integrating and expressing in terms of the
diameters and noting that k = Y/2, becomes
= Jt 2 _ 2
F, = T3 (Dg? - Dg?)

similarly, the friction force at the end of the first
stage is given by

F, = E%X (D1# - Dg?)

where Dy is the top interface diameter and Y is

assumed to remain constant during this stage.

The frictional work done during this stage may then

approximately be expressed as

Wfl = average frictional force x displacement
or
F, + F
= =1 -2 —
Weq - x (Dy - Dp)

which after substitution for F; and F, becomes:

W _ TmY (D12 + D

—_— 2 _ 2 -
£1 = 16 2Dc*) (D1 - Dp)

B

equation (23b) thus becomes

for=



(48)

P, + P
o 1 =
( 5 )xO Wp+ws+wf1

At the end of the first stage the lower end of the
billet also starts to deform plastically and the
second stage of deformation commences. For any
increment, X1 in compression the diameter D1 at the
top interface becomes D2'and that at the bottom

interface becomes DB'.

The frictional force at the top interface at the start

of the second stage is given by:

= TmY 2 _ 2
For =5 (D1 Dc*)

and that at the end of deformation is given by:

= mmY 2 2

3t

The frictional work done at the top interface during
this stage is thus obtained in the same manner as

before. Hence,

_ TmY
ft 16

w (Dz - Dl)(Dzz + D12 - 2DCZ) (49)

similarly, the frictional work done at the bottom

interface is given by:

- TmY v 2 2
Wfb 16 (DB DB)(DB' + DB ) (50)

Total frictional work done during this incremental

compression, x;, 1is thus,

Weo = Wop + Wep _ (51)

[O77



The forging load P, is then given by equation (38)
as:
- P,

2
Py = oWy + Wep)

or the mean forging load Pm is given by:

P = (Wt + sz)/XI, (52)

m2

The deformation mode changes at some stage during the
second mode of deformation. In this changed mode the
central core remains rigid and the outer sleeve
deforms plastically. The forging load in this mode
becomes less than that required for the previous

mode. The plastic work done during this third stage

is given by:

=Tn 2 _ 2\v L,
Wy = 7(Pg? - DY Ly ln(g—2—) (53)

where L; and x; are the current billet height and

incremental compression respectively.

The shear work done between the inner rigid core and

outer sleeve is given by:

=TI
W3S = 30¢

Y x:(Ly - %% (54)

The frictional work at the top and bottom interfaces

are given by equations (49) and (50) respectively.

The mean forging load during any incremental

compression, X1, is given by:

+ W + W

Pp= (W 3s T Vet

- 3p + Wep ) /Xy —————— (85)



In the absence of friction, the deformation continues
in this manner. However, due to the presence of
friction, at some stage of deformation, which is
dependent on the friction factor, m, the billet
starts to deform in pure extrusion mode. This only
happens when the frictional constraint is so high
that the force required to extrude the billet becomes
less than that to cause radial expansion. In
reference [63] it has been suggested that the extru-
sion pressure for axisymmetric extrusion of lead may

be expressed as

P = Y(0.8 + 1.51n%1— (56)
L

The extrusion force is thus given by

Pe = Alp » (57)
where A, is the current area at the bottom end of

the billet.

If at any point during the deformation the mean
forging load Pm given by equation (55) becomes greater
than P_, the extrusion force, then the billet will
start to deform in pure extrusion mode. In this mode,
no further radial expansion of the billet will take
place and axial compression will cause the boss height
to increase obeying the rule of volume constancy.
Hence the increase in the boss height for any

incremental compression, x;, is given by
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Experimental Work

Cylindrical lead billets of 24 mm diameter and 24 mm
height were forged dynamically under the drop hammer
and quasi-statically using a compression testing
machine. Quaéi—static tests were also carried out on
copper and aluminium billets of 24 mm diameter and

24 mm height. The tool and die arrangement is shown in
Fig. 45. Fig. 46 shows the use of a positioning ring
to centralise the billet over the die cavity. Two
types of friction conditions were investigated, one,
using acetone to dry the contacting surfaces and the
other, using a mixture of graphite in petroleum jelly
to induce low friction. Three different die cavities
of diameters 18, 12 and 9 mm were used to obtain

different billet to cavity diameter ratios. For double

ended extrusion tests die cavities of 18 mm diameter only

were used. The instrumentation used is as described in
Chapter 2. Fromthe compression test results shown in
Fig. 12, it was found reasonable to assume that fof
comparison with quasi-static tests, the lead billets
behaved as a rigid-perfectly plastic material with a
constant yield stress of 17 N/mm?. Under dynamic test
conditions, of course, strain rate sensitivity and
material inertia effects would render this value

inapplicable as far as forging load is concerned.

The extrusion forging tests produced specimens with
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a distinct profile irrespective of the material used

and of the method of deformation. The profile produced

lent itself to ready measurement using micrometers and
vernier calipers. Quasi-static and dynamic tests were
carried out, with and without lubrication, for
different billet to boss diameter ratios. These
results were compared with those calculated theoreti-
cally by applying the appropriate equations in the

analysis.

6.4.1 'Single'Ended‘Extrusion Forging

Fig. 47 and 48 shows a series of predicted profiles
of billets when dies of 18 mm and 9 mm diameter
cavities are used. The predicted profiles show
close similarity with those observed experimentally.
Where the boss diameter is small. the deformed
billet will exhibit a small shoulder which quickly
tapers back to the original diameter. A die with a
large cavity diameter causes the deformed billet

to expand radially producing a large shoulder and

a considerable taper. Figs. 49 and 50 show a
number of photographs which depict the deformation
mode of lead billets. The shapes of the lead
specimens at different stages. of deformation having
a boss diameter of 18 mm can be seen in the photo-
graph in Fig. 49. The shapes of 1ead‘specimens
having different billet to boss diameter ratios can

be seen in the photograph shown in Fig. 50. The
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first photograph clearly demonstrates the tapering
nature of the profile of the flange. The second
photograph shows how this tapering effect is

influenced by the diameter of the boss.

The difference between the top and bottom flange
diameters‘gives a clear indication of the extent of
the flange taper. Fig. 51 shows experimental and
theoretically predicted variations in the top and
bottom diameters of the flange with the axial
compression under static lubricated condition. Both
the experimental and theoretical results show
significant difference between the top and bottom
diameters. A similar trend is demonstrated in

Fig. 52 in which the experimental results were
obtained under dynamic forging conditions. Figs.

53 and 54 demonstrate the tapering effect of the
fiange profile when the boss diameter was 12 mm and
the billet was forged under quasi-static and dynamic
conditions respectively. The tapering effect is vis-

ibly less than that seen in Figs. 51 and 52.

Figs. 55 and 56 show this tapering effect of the
flange in terms of the ratio of the top and bottom
diameters for boss diameters of 12 mm and 18 mm
respectively. Fig. 57 shows the same diameter
ratio in a comprehensive manner for three
different boss diameters. It is évident that when

the boss diameter is 9 mm negligible tapering
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occurs over the entire range of axial compression.

The effect of friction on the flange diameters is
demonstrated experimentally when Figs.58, 59 and 60
are compared with Figs. 51, 52 and 53 respectively.
The most revealing effect of friction is shown in
Fig. 61 where the variation in the upper diameter
with the axial compression, for a boss diameter of
18 mm, is clearly affected by the absence of lubrica- .
tion. Without lubrication the upper diameter will

be less and this will be reflected in the billet pro-
file. Fig. 62 shows the effect of friction on the
lower flange diameter, with a boss diameter of

18 mm. Here the effect of friction is minimal,
possibly due to the small amount of radial material
flow involved. Figs. 63 and 64 show the effect of
friction on the top and bottom diameters respectively
for a boss diamefer of 12 mm. Here friction can be
seen to marginally influence the upper diameter size
but its effect on the.lqwer diameter is again very
small. Photographs showing the effect of friction

on the upper flange diameters are shown in Fig. 65
the Sharp'eﬂded profiles (a) should be compared with
(b) where the profiles are rounded due to the

absence of lubrication.

Although the profile of the billet is affected by
friction it does not appear to be affected signifi-

cantly by the rate of deformation. This can be
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seen if referencevis made to Figs. 66 and 67

which compares the flange diameters for both static
and dynamic tests. These show that for a boss
diameter of 18 mm equal amounts.of deformation should
result in similar profiles under both quasi-static
and dynamic forging. The height of the boss obtain-
able for different billet lengths and different boss
diameters as predicted theoretically are shown in
Figs. 68, 69 and 70 for billet lengths of 18, 22 and
30 mm respectively. Results are shown for boss
diameters of 9, 12,\16 and 20 mm. It is evident that
for a given amount of axial compression and for a
given boss diameter the boss height is greater for the
smaller billet length. For a billet 24 mm

diameter and 24 mm long the boss height for boss
diameters of 9 and.18 mm is shown in Fig. 71 in which
experimentally "observed results obtained from dynamic
and static tests carried out under lubricated
conditions are also plotted for comparison. It is
evident that for larger compressions, the boss
heights obtainable are predicted to be more than
those observed experimentally. For total axial
compression of up to 55 per cent the agreement bet-

ween the theory and experiment is very close.

Theoretical curves showing the variation in flange
thickness for billets of different lengths and boss
diameters are shown in Figs. 72, 73 and 74 for boss

diameters of 9, 16 and 22 mm respectively. The
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billet diameter being 24 mm for all cases. Billet
lengths of 18, 24 and 30 mm were considered in

these figures. For a given displacement the flange
‘thickness is directly related to the billet length

and is independent of the boés diameter. As
illustrated in these figures, for an axial

compression of 12 mm the flange thickness is about

6 mm for a billet of length 18 mm, irrespective of the

boss diameter.

One of the most informative parameters in extrusion
forging is the ratio of the boss to flange height
obtainable for different boss diameters. This
parameter for boss diameters of 18 mm and 20 mm is
shown in Figs. 75 and 76 respectively for billet
diameter of 24 mm and billet lengths 6f 18, 20, 24
and 30 mm. These theoretical curves show that for
a given displacement the shorter the billet and

the larger the boss diameter - the greater the
height ratio. Fig. 77 shows the variation in boss
to flange height ratio with axial compression for
billet diameters of 24 mm and length of 24 mm and
boss diameters of 9, 12 and 18 mm as predicted
theoretically. Theoretical and experimental results
for boss diameters of 9 mmvand 18 mm diameter are
compared in Fig. 78 for a billet diameter of 24 mm
and 1ehgth 24 mm. It is evident that a more
reliable prediction for the height ratio is made for

the larger boss diameter. For smaller boss diameters
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considerable discrepancy arises between the
theoretical and experimental results. In Fig.

78(a) theoretical and experimental results show the
variation in percentage total billet height with
percentage deformation for boss sizes of 18, 12

and 9 mm, billet lengths of 24 mm were used and tests
were undertaken under lubricated quasistatic and
dynamic conditions. The transition from the second
to the third deformation stage can be inferredr

from this figure. If allowanée is made for 'scatter'
there is a Very reasonable correlation between the
theoretical and experimental results for all three
boss sizes, for both quasi-static and dynamic

tests. Fig. 79 shqws.the theoretical relation
between the height ratio and the diameter ratio for
the forging loads of 14 kN and 13 kN applicable to a
billet of diameter 24 mm and length 24 mm and
constant flow stress of 17 N/mm2. TFor a given

billet size and material the load required to initiate
axial displacement P, will depend on the boss
diameter. The variation of P, with boss diameter for
a lead billet of diameter 24 mm and length 24 mm is

shown in Fig. 80.

The variation in forging load with axial compression
for different boss diameters and billet lengths have
been caiculated for billet diameters of 24 mm. These
results are shown in Figs. 81 to 86 for boss

diameters ranging from 9 to 20 mm. For boss to
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billet diameter ratios of up to 0.5 the forging
load is generally greater for smaller lengths of
the billet. This trend, however, reverses as the
ratio becomes as high as 0.8 (see Fig. 86) and the
axial compression is not more than about 60 per
cent. The forging load for a billet of length 24 mm
and diameter 24 mm but with boss diameters of

9, 12 and 18 mm are shown in Fig. 87. In Figs.
88(a) and 88(b) theoretically calculated forging
loads for a 24 mm long and 24 mm diameter billet
haVing a boss diameter of 18 mm and 12 mm are comp-
ared with those obtained experimentally from

static and dynamié forging tests. It is evident
that the load recorded from the quasi-static forging
tests, for both 18 mm and 12 mm boss diameters,
agrees reasonably well in terms of the magnitude
.with that predicted theoretically. To predict the
load under dynamic conditions the flow stress

is modified and incorporated in the theory used for
the quasi-static forging condition to take into
account the effect of strain rate. For the boss
diameter of 18 mm there is an overestimation of the
forging load required when the billet is deformed
dynamically, whereas for the boss diameter of 12 mm
there is an underestimation . In both these cases
it is evident that fhe modified flow stress used

to predict forging load gives agreement between

theory and experiment similar to the static tests.
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As the inertia effect has not been included in the
analysis some error in load prediction must be
expected. The effect of friction as observed
experimentally on the forging load for boss
diameters of 12 mm and 18 mm diameter is shown in
Figs. 89 and 90 respectively. It is evident that
friction adversely affects the forging load for a
given displacement and that the larger the boss
diameter the greater the influence of friction on
the forging load. The forging load calculations
were also carried out for mild steel at hot

working temperatures for providing a basis of compar-
ison with the forging loads predicted for lead used
in this study. Theoretical curves showing the
variation in forging load with axial compression
for different boss diameters and billet lengths

for steel at forging temperatures of 800, 1000

and 1200°C are shown in Figs. 91-96. These

results help estimation of the load requirement if
extrusion forging was to bé carried out with steel
at hot working temperatures and show that the
temperature of the billet is of paramount importance

when calculating forging loads.

The total energy requirement predicted theoretically
and measured from quasi-static lubricated tests via
load displacement traces, are shown in Figs. 97-99 for
boss diameters of 9, 12 and 18 mm respectively with

a billet diameter of 24 mm. These values are again
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6.4.2

shown in Figs. 100, 101 and 102 and are compared

with dynamic forging test results where the amount of
energy used was calculated from the tup mass and its
total displacement. Again it is clearly evident

that close agreement is demonstrated between
statically measured and theoretically predicted
results. Dynamically forged results show much
greater energy requirement for the same amount of

axial deformation.

The total energy curves, based on the theoretical
(dynamic) load results shown in Figs. 88(a) and
88(b), are shown in Figs. 101 and 102. In each

case there is an underestimation of the total energy
required. This could be due to the fact that not
all energy giVen up by the tup is actually used to
deform the billet. Energy losses occur by way of
elastic deformation of dies and the load cell
housing, together with losses due to impact noise.

A further improvement in predicting the dynamic for-
ging energy requirement could be obtained if allow-
ance for material inertia could be incorporated in the

analysis.

Tests on Materials other than Lead

To check if the profile of the deformed billet is
material dependent quasi-static lubricated extrusion
forging tests were carried out on copper and it was
found that the copper billets deform in just about

the same manner as the lead billets did. Fig. 103
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shows a photograph of copper billets at different
stages of deformation with boss diameters of 18 mm.
These profiles are similar to those observed for lead
billets and shown in the photograph in Fig. 49.

It is evident from these tests that when different
billet materials are used similar profiles can be

expected from the same set of dies.

" Double-Ended. Extrusion Forging

To confirm that the analysis. developed in this study
could be applied to cylindrical billets in which
forging was combined with extrusion at both ends,
static lubricated tests on lead billets 24 mm
diameter, 24 mm long with boss diameters of 18 mm
were carried out. Figs. 104, 105 and 106 show how
Displacement is related to Energy, Flange diameter
ratio and the Top and Bottom flange diameters
respectively. In each case a close relation between
theoretical and experimental results was found and
it is thus evident that the double ended extrusion
forgings could be analysed in the same way as the

single ended ones.

A further check on material dependency was made with
billets made from copper and aluminium. Fig. 107
shows photographs of copper billeté at various
stages of deformation in double ended extrusion
forging modes for boss diameters of 18 mm. Fig.

108 shows a photograph of aluminium copper and lead

(2.1



6.4.4

billets partially deformed in double-ended
extrusion forging mode. The deformation modes

appear to be independent of the billet material.

Dynamic forging also gives rise to increase in
forging load due to material inertia. Any influence
in the forging load observed in this study for
tests under the drop hammer is thus due to the
combined effects of strain rate sensitivity and

inertia.

Some unekpected results associated with these

tests is shown in the photograph in Fig. 109 which
shows a lead billet flanked by two aluminium billets.
In each case the flange profile is uneven. This

is thought to be due to the use of‘recasf metal having
a large grain size. This phenomenon didAnqt opbur

when 'bar!' material was used.

Discussion on the effect of friction

Figs. 110 and 111 show the effect of fricfion

(m =1) and (m = 0.5) on the variation in percentage
total height with percentage displacement for boss
sizes of 12, 15, 18 and 21 for lead billets 24 mm
diameter and 24 mm high. The onset of the third and
fourth stages can be seen clearly, but in practice
the abrupt changes shown would be more gradual. It
is clearly evident that the larger the boss size the
lower the percentage displacement needed to initiate

flow in the third mode. This would appear to be

(22



62,61 although

in good agreement with earlier works
it is not possible to make a direct comparison

because of the difference in the size of die and

test piece used. The experimental results show close
agreement with the theory when deformation takes place

in the second and third modes for boss diameters of

12 and 18 mm,

Fig. 112 shows the effect of three different friction
factors in predicting the percentage total height
with percentage displacement for a boss size of

12 mm. Again the onset of the third and fourth
stages can be clearly seen and it is evident that the
larger the friction factor the earlier the fourth
mode of deformation is likely to occur. This is in

62’61. It is evident

agreement with earlier works
from the results in Fig. 112 that the friction has
insignificant effect on the total height of the
deformed billet until the fourth mode of deformation
commences. The agreement between the theory and
experiment is very close. Fig. 113 shows the effect
of friction on the forging load with percentage
displacement for a die size of 12 mm. Theoretically
the higher the friction factor, m, the greater the
forging load required. The experimental curve

shown in the figure indicates that the predicted

load is an overestimation when forging was carried

out under lubricated condition. It is to be noted,

123



however, that experimentally the difference in for-
ging loads under lubricated and dry conditions was
found to be very small for deformation of up to

about 50 per cent (See Fig. 89).
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