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SUMMARY

Billet augmented hydrostatic extrusion process for some
metals has been investigated in detail., Hydrodynamic lubrication in
the general hydrostatic extrusion process is studied theoretically.

A double reduction die has been designed to achieve back tension (or
negative billet augmentation) and tested for possible advantages
regarding lubrication, reduction in frictional work, and the possi-
bility.of extruding brittle materials successfully.

Copper and mild steel billets were e#truded by simple
hydrostatic extrusion and billet augmented extrusion. The effect of
the magnitude of the augmenting stress on friction and lubrication of
the die was estimated. The limits of billet augmentation by exéessive
deformation of the billet, by plastic buckling and by excessive die
stresses were analysed.

Hydrodynamic lubrication in the general hydrostatic
extrusion process was investigated and the conditions for its
existence derived. The fluid pressure, billet augmenting stress and
product augmenting stress relationships under these conditions were
predicted. A numerical method was formulated for using the computer
to analyse the hydrodynamic lubrication process accounting for the
'sinking in' of billets of work hardening materials in hydrostatic
extrusion,

A double reduction die designéd for promoting hydrodynamic
lubrication in hydrostatic extrusion was used for extruding aluminium,
copper and a brittle aluminium alloy with different reductions and
compared with the pressures necessary fér these reductions using a

conventional hydrostatic extrusion die. Different fluids were also



used in these tests to assess their role in lubrication. The limit-—
ations of the die as regards to leakage and tensile instability of

the billet were investigated,
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1. INTRODUCTION

Various aspects of the hydrostatic extrusion process have
been investigated in research laboratories all over the world, The
aim of these investigations has been to develop hydrostatic extrusion
as a viable production process for the cold forming of metals to
various shapes. Since the fluid pressure introduces a state of
hydrostatic stress in the billet, the simple hydrostatic extrusion
process does not take advantage of the strength of the billet or the
product, unlike drawing or open.die extrusion. Thus there is no
limit to the extrusion ratio or to the shape of the billet because
of the hydrostatic state of stress in the billet in simple hydrostatic
extrusion.

Although simple hydrostatic extrusion has several
advéntages over conventional cold extrusion [1]* it also has certain
inherent disadvantages. In hydrostatic extrusion the container-
billet friction found in direct conventional extrusion is eliminated
and the presence of high pressure fluid aids in the lubrication of
the die-metal interface. However the initial peak in pressure and
the subsequent acceleration of the billet to high velocities in
simple hydrostatic extrusion makes it difficult to control the
process, Also the stick-slip phenomenon found in simple hydrostatic
extrusion at lo@ speeds, caused by the compressibility of the fluid

etc., is not desirable in a production process.

There are several well established ways [1] of overcoming

these undesirable features,

* Numbers in the brackets refer to a 1list of references given on page 98
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Preduct and billet augmented hydrostatic extrusion are
two variants of the basic process considered for the extrusion of
rods, sections and tubes. In product or billet augmentation where
a mechanical force is applied to the product or to the billet to aid
the fluid pressure, the velocity instabilities mentioned above are
minimized or eliminated and closer control of the process is obtained.
These mefhods also reduce the magnitude of the fluid pressure
necessary for.extrusion. But there are limits to the magnitude of
the augmenting load or stress and thus to the saving in fluid pressure
achievable. Some of these limits are derived and determined experi-
mentally while others are discussed, in this thesis.

The application of augmenting stress alters the state of
lubrication of the die and the coefficient of friction is expected
to change with different augmenting condition. The coefficients of
friction in billet augmented extrusion tests are estimated under
certain assumptions.

There is a strong possibility of hydrodynamié lubrication
in hydrostatic extrusion, associated with large velocities, high
pressures and high viscosities, giving low coefficients of friction.
A theory of hydrodynamic lubrication for the generalized hydfostatic
extrusion process is presented.,

A methed of promoting hydrodynamic lubrication at low
speeds, especially for hard materials and in billet augmentation, is
studied using a double reduction die. The principle underlying this
die is the introduction of fluid pressure between two reductions so
that for all purposes in.plastic deformation the intermediate
product is in a state of tension. Thus the first reduction is in

" effect drawing, under all round hydrostatic pressure and the second

reduction (the major)‘is hydrostatic extrusion with back tension.



2. NOTATION

Symbols used in this thesis, unless otherwise defined or
redefined in the text, are as follows:
A, A Area of cross section of the bulged billet and the
original billet respectively.
a, b Constants in the expression for extrusion pressure

po=a+blnR.

By B, B, e” P, &P, e"YP2 respectively in section 4.6,

Di’ D, D2 Diameter of the billet, deforming zone and the product
respectively.

E, Er, Et Young's modulus, reduced modulus and Tangent modulus
respectively of the material extruded.

F Augmenting load.

A

J 2 1 1 + 11
fla) = 5—{ 1-cosa 1_——51n a + s In 12
sin a V(
osa + 1-——51n a
G YO
. -ng

H A constant in 0 = g_ + (H - Oo)(l ~-e )

hi’ h, h2, h3 are the film thicknesses at the inlet of the die, in
the deforming zone, at the die throat and at the exit
to the die land respectively.

I Second moment of area of cross-section of the billet.

K = D2(1 -— \))/2Ec

k Yield shear stress.

1 Length of strut (billet),

L Length of die land.

n Index defined in equation o = g, + (H - Uo)(1 - e



Pqr» P P2, Py

Pa

PCR

pH’ pR, pFD
s

Py» Py

q, q

Q, Q!

Iy Ty Ig

r

R

Ry Ry

R, R, Rg

R

Q

SCR

U, U, U,

Fluid pressure at the inlet to the die, in the
deforming zone, at the die throat and the back
pressure respectively.

Fluid pressure in augmented extrusion.

Critical buckling load,

Components of extrusion pressure due to homogeneous
deformation, redundant deformation and friction
respectively.

Extrusion pressure in simple hydrostatic extrusion and
that for hardened material through extrusion fatio R
respectively.

Die pressure at any point on the die-metal surface and
the mean die pressure respectively.

Lubricant flow rates defined in section 4.6.

The initial, instantaneous and the final radius
respectively in the spherical co-ordinate system

(r, 8, ¢) except in section 4.52.

Least radius of gyration of cross-section (of the
billet = D/4) in section 4.52,

Extrusion ratio except in section 4.3.

Extrusion ratios at the first and second reductions
in the double reduction die,

Radius at the die entrance, instantaneous radius and
radius at the exit respectively, in section 4.3.
Extrusion ratio of the undeformed billet through die.
Critical stress for buckling.

Billet, deformation zone and product velocities

respectively.
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Velocities of the deforming material in r, 8, ¢
directions respectively, in section 4,3.:

Velocity of the deforming material perpendicular and
parallel to the axis respectively.

Volume of deforming zone.

Distances along the die from the apéx of the die cone
of the inlet, instantanecus and the exit respectively
in section 4.6.

Distance along the axis, defined in section 4.6.

Die semi-angle.

Optimum die semi-angle.

Redundant strain at entry, strain of homogeneous
deformation and redundant strain at exit respectively.
Effective strain of bulged billet, except in section
4.6 and effective strain in g = g, + (H - GO)(l - e—ne)
in section 4.6,

Strain rates in r, 6 and z directions in the deformation
zone, in section 4.1.

Strain rates in r, 6 and 0] directions in the defcormation
zone, in section 4.3,

Shear strain rates in (r, 6), (9, %), (¢, r) planes in
the deformation zone, in section 4.3.

Strain rate in the (r, z) plane in the deformation

zone in section 4,1,

Effective strain rate (section 4.3 and 4.1), where

(1, 2, 3) are replaced by the respective co-ordinate

system,
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where E12, §23 and 531 are tensor shear strain rates.
Viscosity of fluid at atomosheric and at pressure

p respectively.

Pressure coefficient of viscosity of the fluid.
Parameter in the Levy-Mises equations, in section 4.1.
Poisson's ratio of the material extruded.

Coefficient of friction in augmented extrusion.
Coefficient of friction associated with optimum die
angle in simple hydrostatic extrusion.

Yield stress of a material.

Constant in the equation g = o_ + (H - GO)(l - e_ne),
for a work-hardening material.

Billet augmenting stress.

= (Gr + 0, + GZ)/3 Hydrostatic component of stress

8
(mean stress), in section 4.1.

Mean yield stress for extrusion of the bulged billet
through ratio R.

Mean vield stress at strain e¢.

Mean yield stress for extrusion at a ratio R.

Mean yield stress for the bulged and extruded billet.
Product augmenting stress.

Stresses in the r, 9 and z directions in the deformation
zone in section 4.1.

Back pull stress and drawing or front pull stress
respectively in section 4.3.

Shear stress in the (r, z) plane of the deformation

zone in section 4.1.

Constant of préportionality in proporﬁional billet

augmentation, given by F, = w.pA.AO



3. . : SURVEY OF LITERATURE

3.1 Simple hydrostatic extrusion

Much attention has been paid in recent years to various
aspects of the hydrostatic extrusion process. Substantial experimental
results are available for the hydrostatic extrusion of rods, tubes
and various sections of a variety of materials including those which
are impossible to extrude by the conventional method. The Bulleid
Memorial Lectures Volume IIIB (1965) by Pugh [1] record most of the
work done up to that time. Some of the important parameters like the
extrusion pressure, die angle, extrusion ratio are related by the well
known empirical relationships of the form, 'p = a + b In R'. Some
phenomena like 'stick-slip', initial pressure peaking and subsequent
speed instability [2] etc. have also been investigated and qualitative
explanations put forward. Several ways of minimising these undesirable
features are available in various experimental equipments [1]. Though
some experimental data afe available on the effect of different fluids,
the role played by the pressure transmitting fluid in the lubrication
of the die is not well understood. Dies with conical, spherical and
raduised entry shapes have all been used in hydrostatic extrusion [4].
Warm hydrostatic extrusion experiments with certain metals are described
in reference [37]. Some workers have been concentfating on die design
and the analysis of die stresses [3, 5, 6]. Extensive investigations
are going on into various aspects of pressure vessel design for
pressures up to 200 T/in2 (7, 8, 9, 10, 11]. With present-day
materials, to achieve these pressures on a commercially feasible

basis needs ingenious designs and extensive testing. High pressure



equipment such as intensifiers, valves, pipes, seals, etc. and
instrumentation are also being developed by research WOfkers in this
field. Prototypes of integrated hydrostatic extrusion presses are
also being developed [7, 12]. Another feature of the hydrostatic
extrusion process is the possibility of the semi-continuous or inter—
mittent extrusion of long bars. Several versions of this process

have been designed and feasibility studies are going on t13, 14, 15, 16].
Properties of hydrostatically extruded products are being investigated
at several places, with regard to the U.T.S., yield strength, fatigue
.strength, hardness variation, surface finish etc. [17, 18, 19, 20].
Very recently, a means of achieving continucus hydrostatic extrusion
has been described [74], and a novel process combining hydrostatic

extrusion and machining known as 'Hydrospin' is being developed [75].

3.11 Billet augmented hydrostatic extrusion

This process has been developed for the control of
hydrostatic extrusion to minimize stick-slip and to prevent the
dangerous release of large energy at the completion of extrusion,
which often occurs with simple hydrostatic extrusion [1]. However,
there are ways of preventing this release of large energy even in
simple hydrostatic extrusion, for example by the method of pressure
phasing [43] and by fitting a cap to the end of the billet [1].
Moreover in augmented extrusion, the strength of the billet is made
use of to reduce the fluid pressure required for extrusion.
Proportional billet augmented extrusion in which the augmenting load
is proportional to the fluid pressure was first mentioned by Green

and Salter [44] and Fig (1) shows the set-up used by them. In this
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assembly the upper vessel has a slightly larger bore than that of the
lower vessel. The differential punch slides freely in both vessels,
In operation, the upper vessel is pushed towards the lower one thus
pressuring the fluid in both the vessels which are interconnected by
the small drilled hole through the punch. The pressure is therefore
the same at each end of the punch and this results in an out-of-
balance force which pushes the punch against the back end of the
billet. This out-of-balance force augments the fluid pressure already
applied to the billet. One important feature is that the fluid is
displaced to the upper vessel as extrusion proceeds. At the end of
extrusion, practically all the fluid is displaced to a position
remote from the die and separated from it by a choke hole thus
minimizing any dangerous release of fluid at the end of extrusion,
Fig. (2) shows a variation of the above process of augmented extrusion
principle applied to long bars.

Thompson analysed the billet augmented extrusion process
(45] using the empirical relationship, p = a + b 1n R for simple
hydrostatic extrusion. He thus derived a relationship for an approx-—
imate bulging limit or instability in billet augmentation. Most of
his experiments in bar extrusion [43] were with proportional billet
augmentation. The total extrusion pressure was calculated from the
fluid pressure presumably using the proportionality based on the
areas of the differential punch. He also estimated [43] the fluid
pressure-augmenting stress relations based on his mean induced strain
theory. This theory, like that of Pugh is based on exXperimental
findings and has little theoretical basis. Thompson in his paper
(45] has also shown some forms of augmenting which would be possible

with bar and tube extrusions and these are reproduced here in Fig. (3).



Some results of his experiments on the augmented extrusion of tubes

were also given in the paper.

3.12 Product augmented hydrostatic extrusion

Product augmenting is relatively easily achiéved with
hydrostatic extruéion equipment by incorporating a draw bench. This
process has been given different names such as 'hydrostatic drawing!
etc. by some investigators [40, 46,47, 48]. Among these investigations
that of Parsons et al [46] is notable in that they embarked on finding
the influence of the parameters involved and the effect of augmenting
on lubrication of the die. They measured the mean die pressure using
strain gauges mounted on the outside of the die and with the measured
extrusion pressure they determined the coefficient of friction.

Fig. (4) reproduced from their paper shows the 'total extrusion

e]

. . . o
pressure' versus extrusion stress/drawing stress ratio, for 157, 307,

O, and 60° die angles. These curves show a minimum indicating the

45
variation of friction conditions for different values of this ratio.

The variation of coefficient of friction with this ratio is given in

Fig. (5).

3.2 Hydrodynamic lubrication

Wistreich [53] used a split die technique to measure the
coefficient of friction in wire drawing of copper and obtained low
values (around 0.03). Since then various attempts have been made to
promote hydrodynamic lubrication in wire-drawing and several theories

have been put forward.
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3,21 Hydrodynamic lubrication in wire drawing

Christopherson and Naylor [49] working on an idea
originally suggested by Cameron used a pressure tube having a small
clearance between it and the wire stock and generated fluid pressure
at the die by hydrodynamic action. They also put forward an analysis
of hydrodynamic lubrication in wire drawing. To satisfy the experi-
mental-results they assumed that the wire travelled eccentrically
with respect to the tube and calculated the pressure distribution and
other parameters on this basis. The validity of this assumption was
questioned by latef workers on the field. Also, they did not analyse
lubrication conditions in the deforming zone. Tattersall [50]
considered the deforming zone, but this simple analysis did not take
into account several parameters. Oéterle and Dixon [51] considered
viscous lubrication in wire drawing with a pressure tube. In their
analysis they assumed a rigid-work hardening material (o = Oy + Tede
But they neglected the shear stress of the viscous drag and obtained
the pressure distribution along the die. Change in viscosity with
pressure and temperature increase caused by plastic working was
allowed for and the film thickness along the die was obtained.
Finally they discussed some of the restrictions on various parameters
for hydrodynamic lubrication. Bedi [52] assumed hydrodynamic film
thickness variation along the die as (i) exponentiél (ii) constant
and used the principle of minimum entropy production to analyse the

hydrodynamics of wire drawing.
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3.22 Hydrodynamic lubrication in hydrostatic extrusion

"Since there is fluid at high pressure at the billet end
in hydrostatic extrusion there is a strong possibility of hydrodynamic
lubrication of the die metal interface., Recently there have been
attempts to analyse the mechanics of hydrodynamic lubrication in
hydrostatic extrusion.

It can be shown easily that the mean die pressure would

be smaller than the fluid pressure if cota > using a simple

1
W(R = 1)
analysis, Under favourable conditions the fluid may be expected to
penetrate the die metal interface. Rozner and Faupel [54] used a
simple hydrodynamic analysis for their experiments in hydrostatic
extrusion and obtained a parabolic pressure distribution and a mean
film thickness of 6 x 'lO_4 cms, assuming a linear decay of film
thickness., The variation of viscosity with pressure etc. was
neglected in this analysis.

Hillier [55] analysed the hydrostatic extrusion process
with a constant film thickness using the principle of minimum entropy
production. 1In the analysis he used the upper bound solution by
Avitzur and defined a modified Sommerfeld number, N = ng; . Using
N and the experimental results of Pugh he showed that hisbtheory
agrees well with the experiments. He.also obtained optimum die angles
for several reductions. However some of the assumptions‘are not
accurate and the variation of viscosity with preséure is neglected.
Iyengar and Rice [56] investigated the conditions for the initiation
of a fluid film and for sustained hydrodynamic lubrication. They

also used a constant viscosity, a pressure distribution due to Sachs

[30], and the approximation that h a D. They assumed the existence



of a hydrodynamic wedge at the inlet zone which is essential to attain
the die pressure at inlet, which is undoubtedly higher than the fluid
pressure in the vessel.

The most recent analysis of hydrodynamic lubrication
applied to hydrostatic extrusion and wire drawing is by Wilson and
Walowit [57]. 1In this analysis of the generalized hydrostatic
extrusion process they considered a rigid-perfectly plastic material
accompanied by other assumptions. However in the final result their
definition of 'driving stress!', (pA + Op - p3) in the present notatioﬁ
does not include Ope If the 'driving stress!' is to mean the external

stress system performing the work per unit volume of the material

being deformed, then obviously g,, the billet augmenting stress has

A’

to be included. Equation 31 of the reference cited is

-ylo + GA))(D—3 -2G

1 2(1 - e -D ), ;%6 e—y(c + GA)]

-py) =1+ Jnl3 (3 - 20)

( + g
Pp p
using the present notation.
If U, appears in the left hand side of this equation it
can be rewritten as
(pA + O, F op - p3) = olnR + Ppp ~ equation 24 in section 4.61

which is the usual expression for extrusion pressure or drawing stress

in terms of homogeneous and frictional (and redundant) components.

3.3 Theories of axi-symmetric extrusion

Due to the absence of an exact solution for axi-symmetric
extrusion, available ones are upper bounds [21, 22, 23, 24, 25, 26,
27, 28, 29], approximate ones [30], quasi-empirical ones [31] or

elaborate ones, for example using experimental flow lines by the
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“"visioplasticity" method [32, 33, 34, 35]. Attempts have been made
[25, 36] to include strain rate effects by making use of stress-strain
curves at different strain rates,

A numerical analysis of the temperature changes in
extrusion through conical dies was given by Altan and Kobayashi [38].

Available upper bounds fall into three categories;
1. Kinematically admissible velocity fields, being assumed
to consist of>'triangular' portions with parailel or converging
streamlines and conical discontinuities separating them. OCne, two or
even more portions were used by Halling and Mitchell [26], Kobayashi
[22] and Adie and Alexander [60]. The work of deformation in these
modes was optimized using computer methods, by varying the shapes of
the triangular portions.
2. A method mainly due to Lambert and Kobayashi [27, 28] who
superimposed several basic kinematically admissible velocity fields
with discontinuities to obtain a velocity field without discontinuities.
Fig. (6) sﬁows such a superimposition of velocity fields. Using
parabolic boundaries for the basic velocity fields and the concept of
a flow function they formulated the strain rates etc. in the field
and optimized it for minimum extrusion pressure. This method seems
to give upper bounds which are better than any other available,
Provision is also made for including friction. They found that
extrusion pressures for frictionless extrusions with die angles 450,
60O and 90° follow the usual straight line variation of the form

p, =a+ b 1n R as given below.

Die angle Extrusion pressure, P,
45° p, = 0.16 + 1.00 1n R
60° P, = 0.45 + 0.90 1n R
90° p_ = 0.70 + 0.85 1n R



3. A method due to Avitzur [24], who used the theory of
plastic flow through a conical channel by shield [61], but with the
addition of spherical discontinuities at the die entrance and exit.
The coefficient of friction was also taken into account in an approx-
imate way. This method is described in detail in section 4.3. An
improved method using generalized boundaries is given by Zimmerman

and Avitzur [73].

3.31 Theories of hydrostatic extrusion

Though the theories cited in the previous sections may be
applied to hydrostatic extrusion the features present in hydrostatic
extrusion warrent special treatment. Pugh has given an approximate
theory of hydrostatic extrusion [31]. The other theories of hydro-
static extrusion are based on hydrodynamic lubrication as discussed
earlier. The effects of size in hydrostatic extrusion are discussed
in references [39, 40]. Though suggestions are made regarding the
size effect the only theoretical explanation by Avitzur [41] based on
his theory [23, 24] is apparently not consistent with experimental
findings [42]. Also the hydrodynamic theory by Hillier is said to be
insufficient to account for this effect. This may be attributed to
higher strain rates as the size decreaées and to different lubrication
conditions. An explanation based on a theory of hydrodynamic

lubrication is given in Chapter 6.
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4, THEORETICAL WORK

4.1 The basic equations of axi-symmetric extrusion

In axi-symmetric plastic deformation the non-zero components

€ €
Tt and Y €

£ .
of stress and strain rates are G.s Tgy O P 0 €y

Z’
respectively, referred to the cylindrical polar co-ordinate system (r,
9, z) shown in Fig. (7). The components of velocity are u and w, perpen—
dicular and parallel to the axis respectively. The component in the 6

direction is zero and the flow is along the meridian planes.

The strain rates are related to the velocity components as

follows.
: U ° 8] ° ow
eI eTT T s
.1 (BU aw)
rz - 2 ‘oz ¢ dr
The yield criterion of von Mises is given by the equation
2 2 2 2 _,2
(dr - de) + (de - dz) + (dz - dr) + 6 Ty = 20 2.
The Levy-Mises relations of plastic flow are
- .. - E ;
€r g B ez __FZ _ 3 _ 3 € 3
(¢,-c,) (gg-0,) (6,-0 ) 7T, 2 =

where dm ; (dr + Og + dz)/3, the hydrostatic component of stress

A =a positive variable parameter in the stress-strain field
€ = equivalent strain
25 s a2 ° 2 . ~ 12 2
==J;£€r - ee) + (ee - ez) + (ez - er) + Serz 1 4,

Equation 3 satisfies volume constancy in plastic flow,

(i.c. er + ée + éz = 0) automatically for any A.
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From the stress-strain relationship of the material
¢ = H(E) by strain hardening hypothesis, 5.
The equations of equilibrium in the r direction and the axial direction

are given by

adr arrz d. = Cg

5t t ozt r

adz ot T

Z Xz, rz_ g
oz Or r

Equations 1 through 6 contain 7 unknown quantities G.» Og
?

T ., U, wand A and seven independent equations. Thus the solution

o
z? ‘rz

is unique [63] for a set of boundary conditions. However these equations
and the boundary conditions for an extrusion problem make it difficult for
an analytical solution to be obtained. The velocity and stress boundary
conditions for hydrostatic extrusion with zero friction is given in Fig.
(7).

Using extremum principles one can evaluate reasonable upper
and lower bounds to the true solution. A lower bound solution is asso-
ciated with a stress field satisfying the equilibrium equations, the
yield criterion and the stress boundary conditions but need not satisfy
the kinematic or velocity conditions. Upper bounds are associated with
model velocity fields satisfying constancy of volume and the kinematic
conditions, but need not satisfy the stress conditions. Upper bounds
are relatively easier to formulate and are usually close to experimental

observations.

4.2 Theories of axi-symmetric extrusion

In the literature there are technological theories of

©
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extrusion by Sachs [30], Pugh [31], etc. Sachs'stheory assumes a simpli-
fied deformation pattern and is based on a differential equation of equi-
librium, assuming axial and radial directions as principal directions and
plane sections remain plane after deformation. This theory allows for .
friction but not for redundant deformation and is found to be inaccurate
for large die angles and reductions. Pugh's theory [31], described below,
is for hydrostatic extrusion where the friction is small and it allows

£

for friction and redundant work in an approximate waye.

4.21 An approximate theory of hydrostatic extrusion (By Pugh)

The hydrostatic extrusion pressure is given by;

P =Py + Pg + Ppp
where Pys PR and Ppp are the compoﬁents of work due to homogeneous
deformation, redundant sheafing concentrated at discontinuities at the
die entrance and exit and the frictional resistance respectively per
unit volume of material extruded. It can be easily shown that the

redundant work expended for a spherical boundary at the die entrance or

exit is
« :
Ppq = k (— - cot o)
sin oL
or A . .
Ppq = 7§{tan o/2) for an optimum conical boundary at the

entrance or exit to the die, where k is the yield shear stress. For a
parabolic boundary, Fig. (8) the expression for pRiiS derived in appendix
II and optimised on a computer. The values of dimensionless pRiwith
various die angles are given in Table (1). Also the values for spherical
and optimum conical boundaries are given in the table for comparison.-

Values of pR1Ac are plotted for various die angles and compared with the
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curves for other boundaries in Fig. (9). It is easily seen that the
optimum parabolic boundary gives the lowest pRifor all the boundaries
considered.

Continuing with Pugh's theory he converts Prq into a

redundant strain at entry using Tresca's yield criterion (g = 2k), thus

( X

P
R
T: —COt(X.)—'—‘e,l.

N

sin" o

€
When ¢ 1s varlable Prq = f 1'dd€
(@)

Once the material has changed direction by redundant shearing at the
entrance it undergoes a homogeneous deformation given by

..€2
= I gd€ where €, = €, + 1InR

Py 2% 71
1

Similarly to condition at the entrance it can be shown that at exit the

material undergoes change in direction with redundant strain €1 thus

e
3
2
where 63 = 62 + 61

Assuming d, to be the mean normal die pressure for frictionless extrusion,

- R
9% " R—1 * Pu

€
R 2
= R ode
1
from pseudo-equilibrium considerations. The rate of dissipation of work
D2 1./2
in overcoming friction is given by njf « Ppp ° U1 = 27r « pqVv dr/sin o

2

where q is the mean normal die pressure and assuming

v D
U 2

=
N
.

K



28

3/2

b = 2 f dr

FD 51nxD/2 r
_ g,
sing

Assuming q = q, for p < 0.10,

)

~_ pRImR :
Prp T sing(R-1) ° I ode
: 1

Thus éathering.the.components we get

P =Pg * Py * Ppp = Ppq + Ppp + Py + Ppp
' : €
& e € 2
= f 1dde + 3dd€ + 2dde + —55555——- I gde
g sino(R-1) &
2 1 1
€ €
3 R .Mt . InR 2
= f cd€ + Sirg (Ro1) . i cdé
O
: 1
. RS ¢ S . -
where €, = 3 ( — cot o) 3 €, = € + 1R
sing, .
63 = 261 + 1nR

By comparison with experimental results of mean strain € given by P, =
f 36d€, and assuming friction to be small Pugh arrives at the result
1 = 0.462 (EIH%E - cot ). The expression for extrusion pressure has

an inplicit optimum die angle for an extrusion ratic R and a coefficient

of friction u.

4.3 An upper-bound for axi-symmetric extrusion

This method is due to Avitzur [24]. This method, unlike the
numerical methods, gives an algebraic expression for extrusion pressure.

The velocity field and the notation used are given in Fig. (10). The
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material is divided into three regions I, IT and IIT representing the
billet, the deforming zone and the product respectively. The (axial)
inlet velocity and the outlet (axial) velocity are related by constancy

of volume thus;

[}S)

2
1 "V "oV T2 .
R. r,
2. 2.

In zone IT the velocity components in the spherical co-ordinate system

(r, 9, @ are given by

U =veey 2 . 2 cos®
r - T F STfF 2
r
2.
Ue = U(P =0
The strain rates are given by
e _ aUr - ov.r 2 cos®
rr = or - “Ve'E 3
: r
. 1 oy ?ﬁ_ v r2c:ose_ e:rr
e =T o0 * T T Ve 'r 3 T2
U B‘{p U . 3.
. r 1 2 cos® rr
= -— 9 _ = - . . = -
“op = T * Taind op + ot Ve o Tg 3 5
] )
3 _1(5[’9 _[_1_9_ _'J;Ur)_ierSinG
=3 3¢ ~F T8 77 Vfr r3
& & =0
“Op T Tor
The equivalent strain rate
= 2 % 2 = 2 - c 2 ~ 2
€ = -§|:€ + €gg + € + 2(e o + € * Lo )]
s 2 4 2
_Jrr +§€r9 from 3
Power dissipated in zone IT,
Ve, - -
Wi = j o€ dV = ¢ j edv, 0 = ¢ = constant yield stress
o o

and V is the volume between the spherical boundaries.



v 2
—_ 2 4 cos® 1 24sin“6

=6I Ve Vg Tt 3 %5 6 -
O r r

= 2 1 2, 1 .2

=dvf.rf2’;:§/4cose+-5-51n9.dv

v
— 2 1 11 . 2
= 2¢ Vere . l ——r3 /’l —._12 . sin“6 dv

On spherical polar co-ordinates with axial symmetry

= 2% . r3 . sinfdb

=
It

04 .
- 2 f ‘/ 11 . 2 y fl
5 47:dvfrf . 1 - 5 - sin & . sinb . dr . db
. o k.

Il

5 _—— 9 . 5inbdo
47Edvfrf . I ‘/ sin sinfd

which can be integrated by parts to give

r,

— 2 i 11
Wi=27td.vf.rf .1n¥['l-cosoc 1—1251noc+7m in

1—1- co +\/1 Esin2
Vi + o - 12 o

Also by way of geometry

2 1
hence Wi = r—, In —['1 - cosaJl - Tz‘ sin o + 11*12 .. 1n

i
¢ 1+ 1>
E co + J;. 'ji Sln2
13 - oo B

Power dissipated in shear across the velocity discontinuities along

1]

surfaces l"l and )—'2 ’



ds

v1s12=stk.Av.ds=fk.Av1.dsi+J'k.sz. 5

2 sy sy
vhere the yield shear stress, k = Eyvefby the von Mises criterion

Avi, Av2 are velocity discontinuities ac:rossr',l andr'2 and are

equal to visine and v. . sin® respectively.

£

ds; = 2nrizsin9d9, ds, = 2nrf25in9d9 are the elemental areas of

r& and["'2 respectively.

J“ (kvisine . 2nri25in9 + kv
o]

.o Wsl2 fzsine . anfzsine)de

Ax . v_r 2 - kjasinzede since v.r.2 = v _r
£f £ 2 i i

2nvfrf2k (o0 = singcosol)

But rf = Rf/51na

2 o
ZKRf VEK(—T—§~ - coto)
sSin oL

.t Wsl2

Along the die-metal interface,rﬂs Sachs' expression for die pressure

in wire-drawing process is used thus

+ E'lnR 2

- 2
Gy =0 f-d('l+1nR)

xf£
where R is the radius measured from the axis to any point on the cone.

Power dissipation along this surface is given by

Ws3 = IT . Av . ds
S[3

where frictional shear stress, T = Ky assuming Coulomb friction.

Av = -vfrf2 . coz& (relative velocity between the die and
r

deforming metal) and ds = 2aR . dr = 2gRdR/sinc.



R, 2 R_ 2

-« » i i 27RdR

..Xr!sB:I:[R T « V .(R—) .(R) . costt .« e
£ )
f ° .

6 .+ 1nR2 2
2 i~ xf -1 1nR
= 2ncota « v, o Ry uiR L = - 0(F + = ) ]dR
£

After integration it becomes

. 2 = 2 = -
Ws3 = —2n . cota . V,R;7 . u[(cxf + 01nR7)InR - GIrR - g(1nR)

After simplification it becomes
o

2 - B Ry Oy
= 2ncoto « Vi o Re .u.d.lnﬁ-f-('l+1n-1¥+—g-)

Along the die land the von Mises yield criterion gives

G = Gy = O¢

. Wsd = f TAV . ds
Sr’4

where Ws4 is the power dissipated in the die land.

T = Wdg = plo + dxf)
Av = Ve
ds = Zan . dx where x is measured along the die land

- o - 21 ,—
e o Wsd = iﬁ(d + dxf) Ve . 2an. dx = 2nuvin E; (g + dxf)

where L is the length of the die land.

Power extracted by frontal compressive stress, Wf = IR £ Vfd <F
Power supplied by pressure at the back end of the billet, 1;1 = nRi2vi0‘ «b

oW W =1;Ji+17v's'l2 + Ws3 + Wsa

f
hence
(4] o R, .
nv.R.2 . 2 v _R 2 l:——}CE + 2f(o<.)lnf{—l- + i ( - coto)
i i - £ f —_— .
c g £ 3 sin“o
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0]

R. ¢ R, .
+ 2ucobxln§5{—§£ + Lo+ lnﬁi) + 2uL (1 + -%;O]
f ¢ £ £ o
It can be simplified to give
4] ag R. o R,
TXb=—i_CE—+ 2f(a) . 1n.R—l-+—2-( ocz ~ cota) + 2pfcota (—_—_}CE-+ 1+ 1nﬁi'-)
G g £ Y3 sin“a o £
R, 4]
- I 4 2 (14 2]
£ £ o]
(11
where f(a) = 12 I:'J.--cosoc\/l—i—é-sin205+——1 In . L ]
sin“q - 11512 \/E ‘/_Tz
= cosO +yf1l -~ ==sin o
_ 12 12
4.4 Estimation of friction in hydrostatic extrusion

The method that will be used is due to Evans and Avitzur [62].
For a given reduction of any particular matgrial there exists an optimum
die angle for minimum extrusion pressure. For the same material this
optimum die angle increases as reduction increases. It is also found
to increase with garder materials (i.e. as the yield strength of the
material increases). In the ideal case when friction is zero the
optimum die angle would be zero, whatever the material or the reduction,
since the extrusion pressure for any reduction would be expected to
increase with die angle due to increased redundant work. In view of
this the optimum.die angle can be taken as a measure of friction
(direct determination of friction in hydrostatic extrusion requires
elaborate and careful measurement of the pressure distribution between
the die and the deforming metal and precise measurement of the extrusion
pressure). Using the analysis put forward by Evans and Avitzur one can

éstimate the value of coefficient of friction if the optimum die angle
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can be found. Though this analysis is based on: an upper-bound

solution by Avitzur [24] it allows determination of the coefficient of
friction without recourse to the mechanics.of friction. In hydrostatic
extrusion the optimum die angles recorded lie in the range 0° to 70°.
Hardly any cases of dead metal zone formation have been recorded. In
conventional extrusion, however, this angle lies between 90° and ‘1800
approximately.and cases of dead metal formation are not infrequent.
Thus it is possible to compare the coefficients of friction in hydro-
static extrusion with those obtainable in conventional extrusion. This
simple analysis can be applied to any material as the yield strength

of the material does not appear explicitly in the expression for the

coefficient of friction.

The coefficient of friction'p.O is obtained as follqﬁs:—

Now

P ,

—0.9- - £o) . IR + =2 5~ - cota) + 2uo[cotoc(‘l + %1nR)2‘2ﬁ + EIi-]
V3 sin“x : f

is the expression for extrusion pressure, from Avitzur's theory given
in the previous section with the notation given in chapter 2. Different-

iating this with respect to o and equating to zero gives

[J > 0(, COS(X
sing [f1 - ——61n o, - f(a Ycoso, ] 1nR + ——{1 - =2
12 V3 51nab

uo =
LimR(1 + X 1mR)
2 2

Using the above equation the coefficient of friction may be calculated
as a function of optimum die angle and extrusion ratio. Fig. (11) shows
curves illustrating this function for several extrusion ratios.

4.41 Friction in billet augmented hydrostatlc extrusion

Avitzur's analysis given in section 4.33 does not predict



35

any change invthe total extrusion pressure with billet augmentation.
This'could only be incorporated by a change in the coefficient of
friction with augmentation. The observationsmadein the present
experiments with billet augmentation indicate that the coefficient
of friction increases with augmentation. A method of estimating the
coefficient éf friction in such cases is given below.

For a given material and reduction in simple hydrostatic
extrusion, the average coefficient of friction k, can be calculated
from the optimum die angle using the method already described.

To determine the coefficient of friction p in billet aug-
mented extrusion, the coefficient of friction ko and extrusion pressure
P, in simple hydrostatic extrusion could be used as the starting point.
With reference to the Fig. (12) there are two components to be isclated
from the total extrusion pressure to obtain the component due to
increased friction at any augmenting stress, namely:-

1. The component due to increased extrusion ratio caused

by the bulging of the billet.

2. The component due to increased mean yield stress caused

by the work hardening of the bulged billet.

For the same coefficient of friction as in simple hydrostatic
extrusion the component due to increased extrusion ratio R, caused by
bulging can be given by the line p = é + bInR for simple hydrostatic
extrusion, if increase in R is small compared to R. However this is
for a material with the same initial conditions (non-work hardened).
To allow approximately for work h?rdening of the billet by bulging,

o

this pressure p is multiplied by ?El%ﬁ
m 1l

neglecting the effect of
nR :

frictione.

(g.) is the mean yield stress for extrusion at a ratio R
q“lnR



starting with annealed material.
(dﬁgA is the mean yield stress for extrusion at a ratio R
of the deformed billet, determined as follows:-

Referring to Fig. (12) again and considering the homogeneous work

done,

(00, « InR = (Gp)y pone » [InR_ + 2€] = (om)g. €

strain imposed on the bulged billet by extrusion

where 1nR = ln_Ro + €

€ = true strain due to bulging

InR + € = 1nRo + 2€ = total strain suffered by the original billet
due to both bulging and extrusion.

For small €, (ONQA (o)

1nR

With the above modifications to the measured pressures and augmenting

stresses, B can be calculated on the assumption that the die pressure

does not change appreciably with change in p. This is a good approx-

imation if pu is less than 0.1.

Referring to the models in Fig. (13) with

po‘ = fluid pressure for simple hydrostatic extrusion of work hardened
material through extrusion ratio R.

q = mean die pressure

Equating the die loads in the axial direction in each case

R -1 .
Ap * = =% A (q sing + k. coso)
and
Alp, + d,) = R-1, (q sing + )
pA dA - R q 1204 lJ'q cosx
. _ R po*
c 9= RT7 ° Teinx + uocosx)
Pa +'6A
and {4 = " (taro + uo).— targ
o
= tanqy, ( S DL )
p_* o

o lo}



(c)
where P = ?EgjﬁL—-. P; p,=a+ blnR
m"1nR

When bulging is negligible, Py, P and W is given simply by

P, + G P, + 0
A A
g = tany (—EL—-—li - 1) + ———, o
Po Po
4,42 Friction in product augmented hydrostatic extrusion

Avitzur's analysis applied to product augmentation gives

Oy *+ Pa 2 [ d 1
L2 F()InR + = ( ~ coto) + peoto (1 - £ 4 Z1r) InR
T o c 2
o 3 sin“o o

neglecting the effect of the die land.

Assuming a constant coefficient of friction f, according
to this equation the total extrusion pressure (dp + pA) should decrease
with increase of dp. In the experiments carried out by Parsons, Bretherton
and Cole [46] this total pressure decreased with increasing dp giving
a minimum, and increased with further increase in dp. Thus this equation
does not satisfy their experimental results. This can perhaps be attri-
buted to the deterioration of lubrication at the die-billet interface
as the flpid pressure p, is decreased while dp is increased. Thus as
the fluid pressure is reduced with increased product augmentation; the
die pressure decreases while the coefficient of friction increases.
Beyond the optimum augmentation the advanfage of reduced die pressure
with product augmentation is offset by the break-down of lubrication.

In simple theories of extrusion, the extrusion pressure is
made up of separate terms for homogeneous; redundant and frictional work.
On this basis the validity of the frictional term such as in the equation

given above can be tested using the coefficients of friction measured
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in product augmentation experiments where the homogeneous work or the
redundant work due to the gecmelry of the die can be assumed not to
change with augmentation. The redundant deformation, if any, caused
by friction may be neglected if the coefficient of friction is less
than 0.1. Therefore; subtracting the expression for product augmented

extrusion from that for simple hydrostatic extrusion we get

Pp-p, -0 o
AP 1 _ S .

= [u-o('l + ZInR) - p(1 3 +‘21nR)]cotoc 1nR

o : o

1 Ko ’
= [(p_ = )1+ = . 1InR) + -—Eﬂ coty, « InR
o 2 do

4.5 Limits of augmentation

Since augmented extrusion processes rely on the strength
of the billet or the product or both there are limits to the magnitudes
of augmenting stresses. In product augmented hydrostatic extrusion the
limit 1s imposed by the tensile strength of the billet. FEven within
this 1imit the deformation of the product at high augmenting stresses
may be appreciable and to obtain a product to specified tolerances the
augmenting stress has to be further limited.

In billet augmented extrusion, in addition to the limit
imposed by the compressive strength of the billet there is another
restriction on the length of the billet due to its possible buckling.
The larger the initial work hardening rate and the yield stress the
more useful the billet augmented processes are since large augmenting
stresses can be applied. Even for soft materials the product augmented
extrusion process is useful and does not need straight billets; coiled-

billets could in fact be used. Considerable reduction in die pressures
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could also be expected. On the other hand there is an additional limit-
ation in the billet augmented process due to the reduced lateral support
given by the fluid pressure on the die. These limits are derived and

discussed below.

4,51 Bulging limit in billet augmentation

The application of augmenting stress to the billet will
deform it to a certain extent before extrusion starts. The amount of
bulge or deformation of the billet entering the die depends on the
magnitude of the augmenting stress and the stress-~strain characteristic.
of the material. Materials with rapid work-hardening from the elastic
limit could sustain considerable augmenting stress before any appreciable
plastic deformation of the billet occurs. The limit to the augmenting
stress could be visuallsed as the stress beyond which the increase in
augmenting stress associated with the deformation of the billet will no

longer be able to provide the 'total extrusion pressure’, (pA

+ o‘A)
necessary for extrusion of the deformed billet. This argument is true,
in general, for any hydrostatic extrusion process with billet augment-
ation.

To determine accurately the limits of augmenting stress,
the stress-strain curve of the matérial and the mechanics of the pro-
cess must be known. Also this limit varies with the-mode/of aﬁgmenting.
Examples are (i) constant pressure augmentation, (il) proportional aug-
mentation, where augmenting load is proportional to the fluid pressure.
The stress-—strain curve can be determined readily by the Cook and Larke

test or by any other standard test. The mechanics of the process are

complicated however and available solutions are only approximate upper—
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bounds or empirical ones. The coefficient of friction also varies with
different augmenting conditions and is difficult to predict beforehand.
This makes it necessary to base any reliable prediction on empirical

results. These limits could also be determined experimentally by not-

ing the stress at which extrusion becomes unstable.

4.51.1 Constant fluid pressure augmentation

With reference to Fig.-(14), the fluid pressure Py is insuff-
icient to extrude the material through extrusion ratio Ro,iin simple
hydrostatic extrusion. If Py is only slightly less than p, the simple
hydrostatic extrusion pressure for ratio Ré and the increase in coeffic-
ient of friction due to augmenting is small, then the extrusion proceeds
with elastic deformation of the billet. Since elastic strain is small
this will not contribute significantly to increase the extrusion ratio
by bulging. Thus augmented extrusion takes place with the original
extrusion ratio Ro' If Pa is further reduced (say p - pA»> elastic
1imit), the billet will deform beyond the elastic limit, increasing
the instantaneous extrusion ratio and work-hardening the material until
an equilibrium is reached when (pA + UA) is sufficient to extrude the
billet having been bulged by a fixed amount with extrusion ratio R.
However if P-P, is large, the billet bulges with increased extrusion

ratio and Py *+ O will not be sufficient to extrude the bulged billet.

A
Thus the maximum augmenting stress at which a steady extrusion is poss-
ible is the limit of the augmenting stress’ in bulging.

A construction for determining this limit in experiments

with augmented extrusion is as follows;

With reference to Fig. (14) consider a billet with an initial



extrusion ratio Ro' Suppose from experiments Pps dA and R are obtained
for several Py- If enough experimental points are obtained at large
steady augmenting stresses, the total extrusion pressure GA + P, at
the 1limit can be obtained by extrapolation. As shown in the figure
the stress-strain curve of the material is superimposed on the total
extrusion pressure vs 1nR diagram. At steady (pA, GA) the (GA + pA)
vs InR curve cuts the stress-—strain curve determining the bulge strain
for (pA, dA). If we EOnsider a very low P, then (GA + pA) vs InR curve
is well above the stress-strain curve superimposed on Pa showing that
there 1s no possible steady augmenting stress GA for this Pye Somewhere
between these two cases there exists a 9% when the extrapolated (GA + pA)
vs InR curve will touch the stress-strain curve superimposed. This will
give the limit of augmenting stress. Instead of superimposing the stress-—
strain curve if we draw a tangent ,with slope equal to that of the'(dA + pA)
vs InR curve at large Cps to touch the stress-—strain curve the correspond-
ing stress will give the limiting augmenting stress. If, however, we
make a few simplifica£ions the limiting augmenting stress may be obtained
mathematically. The simplifications are (i) that the hardening of the
bulged billet may be neglected, (ii) that the bulged billet follows
'p = a + blnR' of the simple hydrostatic extrusion but modified as
Py + GA = a + blnR.

With these simplifications the method of Thompson [45] applies
as follows;

If the extrusion ratio were increased from Ro to R keeping

Pa constant, the rate of change of augmenting stress required to main-

ddA

tain extrusion would be TOnR)

= b as illustrated in Fig. (15). This
change of augmenting stress would lead to an incremental equivalent

strain due to bulging of d¢ associated with a change of stress dg on
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[\b]

dg

' . A dg
- i = . — >—
the stress-—strain curve, where do ddA Hence if I(InR) ~de (of
stress—strain curve) bulging will proceed rather than extrusion.
oy do -
- <59 i i d i i
If ) " de extrusion will proceed steadily with the

billet having been bulged by a fixed amount (d€). A construction for

determining this amount is shown in Fig. (15).

4.,51.2 Proportional augmentation

In this case the augmenting load = w. Py - AO
where wis the constant of proportionality and
Ao is the initial area of cross-—section of the billet.
Due to bulging the area of cross-—section of the billet Qill increase and

o, is given by,
A

R
o

Op + R WPy

Thus ¢, will depend on , Pa and the new area of cross-section.

A
The total extrusi ressur + 0, =06, +0 031—)
e e ion p e, D, A = Oy A Row

€
dA(i + e /o

where € is the bulge strain = lnR/RO

Thus the rate of increase of total extrusion pressure associated with
€

bulge strain €, = é%-(pA + gA) = é%-(dA(i + %EJ)
do € €
= ——fi(i T =
de ) A

w
The rate of increase of total extrusion pressure needed for the increased

extrusion ratio caused by bulging is

d
= J0IR) (a + bInR) = b .
do, o gpe
Thus instability will occur when —— (1 + —) + <b

de w O -



i.e. when the slope of the stress-strain curve

€
b—O'Ae
do < (————%—)) , where do = do
de — A
1+ e /u.

If w is large when it becomes open die extrusion

%g— Ebfor instability

If w is small as in most proportional augmentation the limiting Op is

larger than that given by g% =Db

4,52 Buckling limit in billet augmentation

Both ends of the billet may be considered as fixed. At the
die end this may not be entirely true becaﬁse the die angle and the
reduction (due to unsupported area) would have some effect on this con;
dition. At the back end this depends on the type of support. If the
billet were held rigidly in a clamp this would be justified. For a
fixed end strut, the Euler buckling load is given by

2
A
p _ 1t ET

CR 12

where E = Young's Modulus

Second moment of area of section

H
It

nD14/64 for a circular billet of diameter D

1

1 = length of the strut (billet)
Since the augmenting stresses can be high, the possibility of plastic
buckling exists in billet augmenting. For calculating the plastic buckling
load the reduced formula and the tangent modulus formula are available.

These are obtained by substituting for E, in the Euler formula, the

reduced modulus Er, or the tangent modulus Et respectively. In the reduced
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modulus formula, Er depends on the shape of the section and gives a
higher value for buckling load, than the tangent modulus formula. This
formula also implies a stress reversal at constant buckling stress. The
tangent modulus formula is easier to manipulate and gives a conservative
estimate of the buckling load. Also in its derivation [64] it is assumed
that the bending moment and the axial load are increased simultaneously.
This condition is most probably realised in billet augmented extrusion
where there may be slight eccentricity in loading and the billet may
not be expected to be perfectly straight. It has also been shown that
for very short struts the experimental buckling loads tend to approach
the reduced modulus value. Therefore it remains to be shown in augmented
extrusion experiments as to which formula gives the appropriate buckling
loads in these cases. |

Using the tangent modulus formula

2 2
PCR = 4n EtI/1"

where Et = tangent modulus = slope of the stress-strain curve at the
corresponding stress. This buckling load can also be given in terms of

a critical buckling stress, SCR where SCR = PCR/(nD12/4). For a material
with a stress-strain curve if we assume that any stress on the curve ié

a critical stress for buckling, we can calculate the corresponding
critical slenderness ratio 1/r. Up to the elastic limit the Euler buckl-
ing load and above this limit the tangent modulus formula will be used

to calculate the critical slenderness ratios. These values for copper

and mild steel are given in Tables (2, 3) and plotted in Figs. (16a and b).

4,53 . Limits to product augmentation

The limiting product augmenting stress that can be applied

to the product is its yield strength. This strength depends on how the
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'tag' has been produced. If»the billet were machined with a tag then
it is the yield strength of the original material. However if it was
formed by extrusion, with the maximum fluid pressure available at a
smaller extrusion ratio than that is to be achieved, the strength of
the tag will be higher, equal to the vyield strength of the extruded
product. For this purpose it can be assumed that the strength of the
extruded product is the flow stress at the strain corresponding to the
extrusion ratio. A construction to determine the maximum extrusion
ratio achievable with a given maximum fluid pressure is given in Fig.
(17), for product and billet augmentation .

Since the augmenting stress is applied to the product this
stress cannot be high even if it may be stable extrusion because the
deformation of the product by the applied stress has to lie within the

tolerance allowed. This restriction is not preseht in billet augmentation.
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4.6 Hydrcdynamic lubrication in the general hydrostatic extrusion

process

Rasic equations:-~ With reference to fig. (18) the basic equilibrium

equation for an element of the fluid, assuming 1| to be constant with

respect to the y-direction is:-

dE'_ 1 d2v
dx ~ 2
dy

vhere v is the velocity of lubricant at (x, y)

After integration

dv _ 1 dp
v M el Yy + =
1.
v = 2 .9 2 + c + C
"ot ax Y A
Hence )
' h 3 c
g_o__f b dp, 12
== v . dy 127 Gt - h™ + c2h] 2.
o .
and
2
dp _ &l (Q_———Ci.h -~ c. . h) 3.
dx 37 'x 2 2
h
where T]=T]O°er 4.

Q, Q' are assumed constant in the inlet, deforming and the outlet regions
and p, %% are piece-wise continuous in all the regions and where they meet.

v

]

0 at ¥y = 0 in all the regions,

v = ---U1 in the inlet zone (if there is no 'curving in'),
5 .

v = —Ui(——d in the deforming zone,
x

2
X

and 1, . .
d v=-U,= —Uib——) in the outlet region, when

y =h,
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With the first one of these velocity boundary conditions c, = 0.
The pressure boundary conditions are

At h

I

Ry, by =0 + Py + Gy

h=hy, Py =0+ py =0,
where Pa is the pressure at the entrance to the die and Py is the pressure
at the exit of the die land (back pressure). From the geometry, the film

thickness, in the deformation zone

D

hEx -t e s

In the outlet zone with a parallel die land assuming the deformation of
the product to be elastic and the die land to be rigid, the film thick-

ness his glven by;

h=h,+ 5. (1 -W) (p-p2)

Analysis of the deformation zone

Substitution of the velocity boundary conditions give

U X 2
-1t dp 2 22
V—2T]odxn(y —yh)—hc(x).y,
h> dp . 1 N
Q= X[12T]dx+7(x)'h] 5.
2
U pd
dp 220 @ 1 T2
'CE—— 30[;'!‘7.(}{) h] 6.
h
2
o L@y o2y 7
dy h T2 % dx :
Considering the equilibrium of an element in the deforming zone
dp _dgy _ o5 - :
X (dx' dx) 20 - 2t/tan o = 0 8.

and gz +p=d Tresca yield condition (approximately).



Substituting for T, equation 8. becomes

X h dp x dg
(§-+ 2 tan o dx 2 dx g
Inlet zone
Uy
1 dp 2 1
o7 - ax ¥ " YR -
3 U,h
h d 1
Q=-x g a2
and
u
g2=_12ﬂE_Q_+ 1h]
dx h3 x1 2
QOutlet zone
2
U %X
- X dp (2 R
v 27 ax {(y"~ - yh) - n (x2)
2
Q x[h3 dp Hﬁ(}—ci)]
27127 * dx 2
and
' dp _ _ 121 [%l + EEE. (fl
dx h3 5 2
4.61 Rigid-plastic material analysis

5 = constant, therefore 32 = 0

dx

NEN

10.

11.

12.

In equation 8* h/tan o may be neglected compared to x since h is small.

Hence from 8#

Yp
U
dp 5 ﬂo. e « 1
% " x Ot i tama
1 1 1

Also from equation 5 or 9

(@]
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3
h U, - h
Q _ 1 dp S '
g = - [Tiﬂgg Yp, - (dx)x1 + 5 J-—C3 (say)
e dp
Substituting for (dx)x1
Yp
3
& = - [_L_ _2_ (¢ + noe 1Ui) + Uihi]
*q 120 1 T h tan 2

Substituting for-;-iL in equation 10 we get in the inlet zone,

1

4 12T]oer h13 ) 1 er1U1 U,

e W e T (o e
h 121]Oe 1 1 1

And in the deforming zone, from equation 6,

Yp 3 YP1
ap 127 e h, 2 Ne U,l) . U %, o - hx,l)] s
dx h3 197 o YP1 T x° h1 tano 2x 1 X °

o
Also in the deforming zone, from equation 8*
YP1,
@ _ 2., o 1 Bfy .
X X h tan o X

The values of g&-in equations 13 and 14 are obviously the same quantity

and therefore h should vary accordingly. Thus equating and re-arranging

equations 13 and 14 we get

Yp 3 ‘ YP1
S U i T . S W DO slilie
1Znoevp X h tan o X 12ﬂoer1 X h1 tano
U, % hx
171 1

If we neglect terms containing h3, h13, h2, h12 compared to those contain-

ing h or hg, (for small h, hi) we get

h o X
hy %
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Thus equation 8* becomes

ﬂOU,l x13
(—) . e
X

1

Yp:O.

Changing to dimensionless parameters defined in the notation

aB | ) 20 u,
dx X - m_ *tangq " L4

where X = x/xi

Hence the solution

B = e_Yp = - % 4 ——SG 16.
X X
2110U1 v
vhere A = . and C is a constant to be determined.
hitana (2G=3)

At the inlet edge of the deforming region X = 1 and Pqp =Py * 0y * o
. B, = eYPy * Oy * 9 | ¢ p frem 16.

Substituting for C in equation 16 we get

-v(p, + g, + O)
e A A 17.

’1
AtX=X2=—I-{,B2

Hence from equation 17

oYy + O =0 (g3/2 _ g8 , g8V By Gy) 4g

Equation 18 relates_pA, Pys Ty dp for a particular h1 contained in

the constant A.

The wvalues of h1 and A could be determined from the inlet conditions

as follows;

From equation 10*, in the inlet zone §§~is given by

Yp 3 YP1.
12ﬂ0e h 5 Me U, Uy

dp 1 <
de___ o ¢ 2 e 2—h i 2o -]
dx 03 121ioer1 * h, tana 2 1



12110er - Uh ,
= ——— (C, - =) 19.
13 3 2

but h = x tan ¢ - D/2 cos g

e« dh = dx tan ¢ since dD is zero

Yp
d '12'ﬂoe U, h

. @ ___° - — i
. . tan o i h3 (C3 5 ) from equation 19.

Integrating this equation we get

o—YP 127 C U

o 3 1
- = [ ==+ ==] + C
Y tang, 2h2 2h 4
but h+= as P+P, at the billet
.1 —vpa vp 12110 Cy Uy
oo = (e e ) = (= — + =) 20.
Y tano 21,12 2h

Atx:xi,p=p1=pA+dA+dandh=h1

."« from equation 20

'12'ﬂoy C U

-YPA -YP1y _ 3.1
(e -e ) "tanoc(" 5+ 21,1)
2hl 1
1220y U, : 2n,” n_eYP1y, T
tan o EZh,l oh 2 121 er'lx h,1 tan o 2
1 (o) 1
12ﬂov~ Uy s U,

—_— e . h, - o——————] 20*,
tan o [4h'l 121]0er13<1 1 'le,l tan o

If the term containing h’l can be neglected compared to the term contain-

ing 'l/h,l in the right hand side of equation 20*,

vy over oY Y
tan o h’l % tan‘o
1
3N U,y
1 tan o U n y
( 1o , & YPA _ 7Py
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Hence
= 2TIOU1Y 1 = 2 [ Uinoy + e—YpA -— e—Y(pA + GA + d)]
hitana, (26 -~ 3) 3(2G6 - 3) xitanza
e s ae® 22.
Substituting for A in equation 18 we get
P!
=y( Py + g -0) RG ---Y(pA + Oy + o) 2(R /2 - RGX
© po=re T T 3(26 - 3)
u My -¥(p, + ¢, + ©)
. [___19__ + o~YPa—€ A A ]
xitan o
After re-arranging it becomes
3-2G
2
Y(p, + 0, + G_ = py) _ .G 2(R - 1)
e’ "FA A P 3—R[1+——_3(3-—ZG) ’
UinoY Y(p, + ¢, + ©) Y(o, + o)
°(————7?-e A A +e A - 1)] 23.
xitan o ’

It can be shown that the term within the square bracket is positive

for all values of G.

Hence taking the logarithm of eguation 23.
3-2G

2(R 2 _'1),U'lnoY e'Y(pA + 0, * c)
3(3-2G) . 2

xitan o

= 11
(pA + 0, + dp - p3) = ¢1nR +7 (1 +

Driving stress or  Homogenous .
(External work) Work = Py N eY(dA + qli}] sa.

Frictional work, Prp
Therefore the frictional contribution to 'extrusion pressure' or 'driving

stress' in hydrodynamic lubrication,

3-2G
2 u, My
1 2(R 1), 10 Y(p + 0, + g) y(g + o)
Ppp= 1 + 303 =30) (x tanza. V'R G + e’ % -] 2s5.
1

It is obvious from equation 25 that the frictional contribution depends

on R, Ppr Ops Oy U1 and tan o apart from the material properties of the
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lubricant. The term containing U1 may be neglected if U1 is small and

o is large.

4.61.1 Theory of a double reduction die

Equation 21 of section 4.61 for film thickness at the die entrance

gives;

h. = 3noU1Y o YPA

. if the velocity term
17 tana oy o—Y(d, * o‘))

in the denomenator is neglected.

Thus if Cp is negative augmentation, h1 may be increased considerably,
other factors being the same, due to increased Py associated with
negative Op and decreased denomenator in the above equation. If we
lock at the equation in another way, the velocity U1 required to form

a certain film thickness is reduced by increased negative Gpe

Under these conditions, the equation 25 of section 4.61 gives;

3-2G
2
1L 2 (R =1) . Y(o, + o)
Ppp =y L1+ 5 3ag) (& A -1

neglecting the velocity term within the square brackets. It is again
obvious that if Op is made increasingly negative the frictional component
decreases correspondingly. The above analysis applies to the second
reduction (major) R, in the double reduction die (fig (52)).

In the first reduction it can be shown that the frictional component

is not altered. But the fluid film is increased and more stable because

of the presence of high pressure fluid on the billet and the product

sides.

4.62 Work hardening material analysis

With the assumptions and approximations as in section 4.61 except that



0 is variable and is given, for simplicity by;

-TE .
6=0 +(H=0) (1=-eT) 26.
o o .

where € =2 (D1/D) 27.

From equation 8., neglecting h/2 tan o as before, we get

& _ 49, 20‘—2n0U1 (ﬁf P _ o
ldx T dx’ T hotan ® Tx T =
With the use of equations 26, 27 and the assumption that Ell- = xi
1 1
as before, we get
3
H-g 2N U, x Yp
By oon 92 oy oo X o2l e g
dx 2n o' 'x h x tano
X 1 1
1
. 3
vl'e°Yp 4o o 2(H-do)(n+1) on-1 2H 2T]0U1X1 1
et ==+ e . ( - X - -—, == =0 28.
dx 2n X h, tan o a4
X1 1 X
Since e P _p and x/x1 = X, equation 30 becomes
.  2Mu,y
dB 2n -1 2H o 1 1
= B(2(H - 60)(n + 1) X - 'X—) =-m. = 29.
1 X
Let 2Y(H -0 J(n + 1) =T
fo) 1
2YyH = 12 30.
h tance. =~ 3
1
I -1
dB on -1 "2, _ T3
Then X~ B(I,lX - ;{—) = 7 31.
X
Hence the solution
I I
12'2_31'X2n Taoa -‘2'1"’(2“
BX e =_13jx -, en .dX+C5 32.

Integration of the right hand side integral is given in Appendix II.



Thus ' T 12_
o .
T —(Yp + == X)) —I.x (-1)7 ( ) . x°nd
X2 .e 2n - Z ¥ C
: T o Ly 5
= + 313
eses 33.
at X 1’p=p1=pA+dA+do
I @ j
1 (=1) ( )
. . C =e-Y(pA+d +0‘)-—2_n- +——3
> en j=o ( 2 3
——+ 3 |3
and
@©
T (—1)3 (—)J . T
I 1 y2ny_ Z ) 2nj + ~2-3
x2.e—('Yp+2X [ —-—-—-————(1-x )]
—_ _'])L_
- - 4,
+ e 'Y(pA + 0, do) Ji/2n 34
As in the previous section hiis found to be,
MUY 1
ho= e s T 35.
(22 5 e~YPA _ ~Y(Py + Gy *+ )
xdtan o
and from equation 30
u, My
Iy = %-(—3;5175—-+ e~ P e—Y(pA * Ot do)) 36.
x,ltan o

Substituting for I, in equation 34.

3
H~0
o 2n u, My
e—-Y(p+( = Y(n + 1) X ).X2YH=§%( 102 +e—YpA_e-Y(pA+o‘A+o‘o))
,ltano(,

H-g

@ 1 :
—1)J(Y(H—d ) (F= )f : o
.[Z’ _x2nj + 2WH - 3)}] . e—Y(pA+dA+do+(T)(n+1))

_O( n +J)/__

ss e 37.

Equation 37 gives the pressure distribution along the die



1
When X = X =75 P, = 6 + (H - 6 )(1 =R + Py -~

by Tresca's yield criterion approximately..

Hence from equation 37,

GV (O, = By k0 4 (H = 6 ) (L - R o H=00) (e r
- : n
- u My
- L (—-E;EL—- + e YPA _ e‘Y(pA Oyt do)) .
3n 2
X, tan o
1
(H-~-o0¢) .
«x
(~1)J(v————° (n + 1)7 .
.[z ( N{ y(1 - RY2 = W = njyy
o BE=2 s
vip. + 6. +o +22Tmo g
+ e 1'Py At % ~ Yo 38.

Equation 38 may be simplified to give the work of homogeneous deformation

and frictional work, thus

-n

R "~ =1
(pA + Oy = Py + dp) = dolnR + {(H - do)(lnR 4 —) + Ppp
LU ) 39.
'Total Extrusion pressure' Work of homogeneous Frictional
or 'driving stress!' deformation Component
where
(n + 1) u, My
P = ™ [1 + QY(Pp + Ty + O * n (H - Gbl). f—;Lil—-+ e~ TPA
FD ~ Y . 2
xitan (¢4
s (H=0)) 3
@ (1) (y ‘T“' (n + 1))
LYy 0y Oy g (2YH . (1 —r¥2 - - niyy

j=o +3) L,
ceae 40,

For small U1 and large Xq the term containing U1 may be neglected and

Pep will be independent of Ppe
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4.63 Modification to include redundant work approximately

In both sections 4.61 and 4.62 the equation for 'driving stress' is
- given by;
(pA + Gy * dp - p3) = Py *+ Ppp

The redundant shearing at the entrance and exit in the simplified model using

optimum conical boundaries can be given by

€ 2
4 =7 tan o/2
Then by power balance,
€1 P €3
(pA + GA + dp - p3) = J gde + I ode + j‘dde + Pop
€1 €
= gde + Ppp
o
4
where e, = 1nR + 261 = InR + §-tan o/2
Hence equations 24 and 39 may become
€3
(pA + Oy * dp - p3) = i ode  + ppp 41.
4.64 A numerical method for hydrodynamic lubrication with a work

hardening material. to include the deformation of the billet

in the inlet zone

In sections 4.61 and 4.62 it Was assumed that the billet
remains rigid and does not deform in the inlet zone. This may be true
for a rigid-plastic material with low billet velocities. But for a
work-hardening materials with initial yield at very low values at large
velocities the pressure rise due to the hydrodynamic wedge at the inlet

zone may be sufficient to deform it. This deformation though small will



considerably change the film thickness at the inlet zone and thus the
quantity of lubricant draged in. In sections 4.61 and 4.62 this quantity
is determined using the inlet conditions. ‘Unfortunately this cannot be
cdone in this case.

Therefore the value of Q has to be determined by an entirely
different method. This is done by assuming that the extruded product
expands elastically in the die land. With certain assumptions Q is
determined as follows;

With reference to Fig. (19), in the die land region

D
2 : )
h = h2 + 5%#1 - v)(p - p2) 1.

L
assuming that the die land is rigid and [l to the axis.
D5
Let K = >E (1 =)

The pressure gradient in the die land is given by;

Yp
dp _ _ 12noe , Q . U2h) ,
dx h3 KDZ 2

L
where x is measured // “to the die land.

Thus, substituting for h and integrating equation 2, we get

- 3
fpz e¥P . (h, + k(p - p,))7dp

” = — = -127 L 3.
3 (—2 (p - p.) + 22,9,
2 ‘P~ P 2 "W,

where L is the length of the die land.

h
2 2Q
leta =+ —=——=-7D ’
K nDZUZK 2
2Q
b____.__—.__
nD2U2K
and -

P=DpP+a
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Then equation 3 becomes

p.+a .
2™ 61 U
,[ oW EBrb3, o2 -ya
P 2
pPy+a K

which when integrated becomes

2
[ LR L BRL2L 2 30 g
Y % Y
> 1, 0 1 p.+ 6N UL
3 (it oY,
el ) = N T oom =
1=1 P3 K . e
Now in the deforming zone (including inlet zone),
Yp
U, D 127 e
@, % B g e - ;.
dx nD 2 D 3
: h
-ne.
g=0_+(H=0)(1-¢e"7) 6.
o o
Equilibrium equation becomes
do _dp 2t _
D(dD - dD) + 20 + D = 0 8.
dz
Yp
T _.EEEL_EE (23)2 _bhd 9
- h D 2 dx °
and h = x tand - D/2 cosf 10.
Differentiating equation 10
dD . dh
Pl 2 sinb - 2 cosf o 11.

%% which was small and neglected in sections 4.61 and 4.62 will become

significant in the 'inlet zone' and thus included here.

From equations 5 and 2 (%E)Z could be equated to give

f.U e P2 121 e'P2 Uoh |
2 (0. + — 2 ) = = 2 ( Q_ ., 2 2) 12
Xy 2 h2tana h23 ﬁDZ 2




where g, = o0+ (H - o (1 - R
2 o o

Equations 4 and 12 contain Q and h, as unknowns, the other quantities

2
being known. A computer programme for solving these two equations has
been written using Newton's iteration formula.

Having determined h, and Q the differential equation in the

2
deforming and the inlet zone is solved numerically using increments of

X by an. iteration procedure using equations 5 through 11. The complete

computer programme is given in Appendix (III).
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5. EXPERIIMENTAL WORK

The experimental work performed in billet augmented hydro-
static extrusion is described in this chapter. The double reduction
die, shown in Fig. 20, designed to achieve back tension or negative
augmentation was also used in a series of tests to assess the feasibility

of using this die in hydrostatic extrusion.

5.1 Extrusion equipment

The experimental tools comprise essentially a horizontal
hydraulic press, a sub-press for billet augmented and simple hydrostatic
extrusion and a recorder console for recording various quantities measured

in the tests.

5.11 Extrusion press

This consists of a horizontal hydraulic press with two rams
in opposition and a third ram moving perpendicular.to the other two, all
three rams being in a horizontal plane. These detachable rams are mounted
on a fabricated steel yoke, as shown in Fig. 21. The yoke has provision
for closing the open side with a large hkeep" bar and two heavy pins. In
all experiments in hydrostatic extrusion the yoke was cloged with the
keep bar. The third ram was removed. This press is free to slide on

rails fixed to the floor. Details of the press are as follows:—

Diameter of the pistons = 11} ins.
Diameter of the piston rods = 8 ins.
Stroke of each ram = 6 ins.

Distance between the opposed rams
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when fully withdrawn = 54 ins,
Maximum pressing load of each ram = 200 tons.
Maximum draw-back load of each

ram » = 100 tons.

Maximum pressing speeds of the

60 ins./min.

1l

two opposed rams

The hydraulic drive operating these rams is known as the
'Fraser' system. This embodies three hydraulic pumping units, connected
to the rams throught the manually operated control valves. Valves V20,
v22, v23, v27, V24 and V26 as shown in Fig. 22 connect pump units 2 and
3 to the horizontal rams used in the experiments. Pump unit No. 1 is
used oqu to drive the main ram of a Fielding vertical press. Pump units
No. 2 and 3 are identical and are used either in combination with unit
No. 1 to drive the main ram or alone to drive the opposed rams. Pump
unit No. 1 consists of a single positive displacement pump which has
a fixed capacity of 25 gal/min at 4480 1b/in° and is driven by an 85 H.P.
electric motor. Pump units 2 ang 3 each comprise two positive displace-
ment pumps driven by a 75 H.P. electric motor having a dogble shaft
extension; one pump has a fixed capacity of 7.7 g.p.m. at 4480 1b/in2
and the other has a variable capacity of 0 - 15 g.p.m. at 4480 1b/in2.
Within each of these two units, control over the output of the variable
delivery pump is effected by a %+ H.P. éeared electric motor arranged
to drive the delivery adjustment shaft an indication of the output at
any instant being read off a Weir indicator unit at the control console.

The manually-operated two-position control valves V23, V27,
V24 and V26 connect the pump units 1 and 2 to the rams as required.
Valves V23 and V27 connect pump units Nos. 2 and 3 either to the main

ram circuit or to the horizontal rams by way of the valves V20 and V22.
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The valves V24 and V26 are used to by-pass the flows from the fixed-~
delivery pumps within the pump units Nos. 2 and 3 to the éupply tank
when they are not required. The valves V20 and V22 are three position
valves to enable the horizontal rams to be driven forward, held in any
desired position or retracted. The rams are protected by relief valves
R20 and R22 which can be pre-set to cause'the rams to stop when the

load it sustalns reaches any predetermined value within their capacities.

5.12 Tooling for hydrostatic extrusion

The experimental sub-press has been designed to fit into
the yoke. Fig. 23 shows the general arrangement of the sub~press and
Fig. 24 shows the sub~press in position within the yoke. The design
of this sub-press is such that both billet augmented and simple hydro-
static extrusion can be performed. Moreover, thls sub-press can also
be used for fluld-to-fluid extruslion with modifications as shown in the
schematic diagram, Fig. 25. The strocke of each fam 1s only six inches
and this imposed a serious restriction on the design of the sub-press.
Thus the length of the billet that can be extruded in this sub-press
is less than four inches. The large end of the bore of the pressure
vessel is 1%} inches in diameter so that pressures up to 110 T/in2 can
be obtained within, the load capacity of the press.

The sub~press comprises the container (pressure vessel)
with the two plungers and their supports. The container rests on a
support placed on a fabricated platform with four screws for levelling
the container. Since there is no resultant vertical force on the.con—'
tainer except for its weight this simple support is sufficient. The
mild steel tube, firmly attached to the yoke at one end, supports the

resultant horizontal force on the container during extrusion. The
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end of the tube which is in contact with the container is lined with
lead sheet so that the container will not be tilted by any small lack
of parallelism between the container and the tube. At this end a 14
inches thick circular ring is attached to the tube by six bolts around
its circumference. This ring is in turn screwed to the container by
six bolts and once the container is aligned these bolts are tightened
to keep the container in place. This tube also has two rectangular
cuts 6" x 4" tb take the lead wires from the container and to remove
the small plunger if necessary. This plunger has a spherical base which
rests on a pad with spherical face to match the plunger. This pad is
placed against the face of the ram and the plunger is held in place

by a cap screwed on to the attachment to the ram. fhe large plunger
is attached to the thick cylinder, with provision for holding the
extrusion product which in turn is firmly attached to the ram. This
cylinder is also supported by a pedestal fixed to the fabricated plat-
form to prevent.it creeping down due to its weight.

Alignment of the container and the punches is achieved as
follows; the two plungers are fixed to the rams, and a tube of outer
diameter equal to that of the large plunger is fitted closely to the
small plunger. The plungers are then adjusted to be in line using a
dial gauge. Once this is done the tube on the small plunger is removed;
the container is placed in position and the screwé of the fabricated
platform are adjusted till the large plunger moves freely in the container.
The container is then locked in position and the small plunger is removed
and placed as far as possible in the bore of the container. The ram is
brought forward to take this plunger and the cap screwed on. A rubber tg¢
ring between this plunger and the cép allows the plunger to adjust

-itself on the spherical seat.

|()

4



For augmented extrusion tests the small and the.large
plungers have to move with speeds of ratio (A2 - A)/A1l to keep the
pressure constant, where Al, A2, A are the areas of cross section of
the small bore, large bore and the billet respectively. In the case
of fluid-to-fluid extrusion where the die is placed on the shoulder
of the liner and the product emerges in the small bore, the speed ratio
has to be A2/A1 provided the extrusion is steady under constant pressures.

In the case of simple hydrostatic extrusion however the
die is carried on the large hollow plunger and both the plungers can
then be moved independently to attain the necessary pressure.

The speed ratio in the first fwo cases is achieved thus;
the speed of the large plunger is set at a desired value and that of
the other is controlled by a screw device attached to the manual valve
V20 at the control panel, to vary the opening of this valve until the
constant pressure required is achieved and indicated on the U~V recorder.
If this adjustment is made prior to commencement of augmented extrusion,
it will be slightly upset due to the bulging of the billet caused by
augmenting. This could be corrected by adjusting the device once the
extrusion starts.

The container consists of a tapered liner with stepped bore
placed inside a cylinder with tapered inside as shown in Fig. 26. Both
the liner and the cylinder were made of En30B steel. The liner was heat
treated to a strength of 100 T/in2 while the cylinder was heat treated
to 90 T/inz. The axial force produced by the fluid pressure in the
vessel is transferred to the outer cylinder by the liner moving in and
thus receiving the radial pressure support from the outer cylinder.

Thus the higher the fluid pressure in the vessel the more the interface
pressure on the liner. However, the liner does not receive the full

radial support from the cylinder because of the friction at the inter-



face which partly supports the axial force on the liner.

Due to repeated scoring of the large bore of the liner
caused by the tilting of the pads placed in it to support the billet,
this simple liner was replaced by a new one with a thin sleeve for
the large bore. Due to the axial load on the sleeve caused by fluid
pressure it has to be supported by a screwed plug as shown in Fig. (26).
It also incorporates a seal as seen from the figure. With this liner
the filiing of the fluid is also made easier by having two holes drilled
and pumping the fluid through the lower one and expelling the air through
the upper one. The screwed plug supports the axial load, of about 46
tonsf., at‘lOOT/in2 fluid pressure, from the sleeve. This thin sleeve
of thickness 0.094 ins, made of EN30B steel to a strength of 100 T/in2,

could be easily replaced if damaged by scoring.

5.2 Instrumentation

The fluid pressure, augmenting load, displacement of’the extrusion
product and the displacement of the large ram for ecach extrusion
test are recorded on a U=V recorder. The fluid pressure is measured
by a manganin coil of 100 ohms resistance and the augmenting load by
a strain gauge load cell placed inside the pressure vessel. The aug-
menting ram displacement and the extrusion product displacement are
measured by two displacement transducers. The signals thus transduced
from the instruments for measuring pressure, augmenting load and the
displacements are supplied to the respective Wheatstone bridge circuits
located in the recorder console and the resulting signals are fed into
the separate channels of the recorder where they are recorded simul-

taneously on a photosensitive paper driven at constant speed.
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5.21 Recorder console

The recorder console shown in Fig. (27) has been designed
and built to the specificétion by Lengyel (58) for general use with the
Fielding and Platt press and its yoke. It essentially comprises a
12-channel U~V recorder, electrical bridges, for measuring pressure,
load, displacement and temperature, and a stabilized 4 Volts D.C. supply.

The U~V recorder incorporates an ultra-vioclet lamp which
sends out beams of light to pencil type moving mirror galvanometers.

The deflected beams from these galvanometers are in turn directed on

to the photosensitive paper chart. This paper is driven by a synchronous
motor via a gear-box and clutch, with provision for several constant
chart speeds from 0.2 to 10 cms/sec. [Four galvanometers of a sensi-
tivity of 0.130 mV/cm deflection and one of 0.035 mV/cm are used for

the extrusion tests.

The width of the trace may be changed, within limits, by
adjusting the intensity of the ultra-violet lamp and also by adjusting
the galvanometer in the vertical plane.

An electronic timing device is incorporated-in the U~V
recorder, based on the frequency of the mains'éupply. Lines are printed
across the full width of the chart at intervals of several preselected
periods from 1-25 secs for which provision is made»in the recorder.
Reference lines, at 2 mm intervals, along the length of the paper are
also printed simultaneously with recordings and timing lines. This
facilitates the evaluation of recordings and allows for any shrinkage
or misalignment of the paper. Once the record is obtained it may be

stabilized by spraying it with Kodak lingograph stabilizing lacquer.



5.22 Measurement of fluid pressure

Measurement of fluid pressure is effected by manganin coils
of 100 ohms resistance placed in the pressure vessel. In the augmented
extrusion tests one such coll was situated on the small plunger and
leads taken through the terminals on the plunger, The‘coil consists
of double silk covered 40 gauge manganin wire wound non-inductively
(doubled wire) on a nylon reel. The leads of this coil are connected
to the third arm of aWheatstone bridge, each arm of 100 ohms resistance,
situated in the recoider console. The electrical.circuit diagram is
showm in Fig. (28). When there is no pressure in the vessel, the bridge
is balanced by a potentiometer in the front of the recorder console,
where a switch for check balance, balance and with the recording galvan-—
ometer is also available. In the case of fluld-to-fluid extrusion and
in the calibration of the load cell under pressure two manganin coils
are used situated one at each plunger, to measure the pressures in the
two bores.

The manganin coils are calibrated with a Harwood dead-weight
tester whose accuracy is better than 0.02% at 200,000 lb/in2; The basis
on which this sophisticated equipment works is ag follows:- a tungsten
carbide piston of diametral tolerance better than one micron lies in a
cylinder containing the fluid under préssure. This cylinder is surrounded
by a jacket containing the same fluid under pressure which is less than
the pressure under calibration by a fixed amount. The object of the
jacket containing fluid under pressure is to control the clearance
between the piston and the cylinder. The top of the piston supports
welghts corresponding to the maximum pressure to be calibrated. The
manganin coil is placed in a vessel connected with the cylinder such

that the same pressure is present at any time, at the piston and at the



coil. The pressures in the cylindér and the jacket are increased keep--
ing the pressure in the jacket always at about 15 T/in2 less than that

in the cylinder thus ensuring the piston from becoming seized in the
cylinder, _These pressures are obtained by inteﬁsifiers incorporated in
the tester and are indicated on two circular charts transduced by manganin
colls calibrated by the manufacturers. Once the pressure in the cylinder,
indicated by the gauge, is close to the value desired the pressure is
increased slowly to the correct value. When the pressure is enough to
balance the weights on the piston and a little more, the arms on which

the weights are suspended move up slowly, indicatea by a dial gauge
graduated to 0.0001 inch. The pressure is finely adjusted until the desired
time of rise of the piston for a fixed height is achieved. Simultaneously,
recording is made of the pressure, by the manganin coil to be calibrated.
This procedure is repeated for when the piston is falling, to eliminate
the effect of friction due to leakage of oil between the piston and the
cylinder. The accurate pressure is calculated from the dead weights on
the piston and the area of the piston, with corrections for temperature,
elastic deformation and for leakage. However this accuracy is not

required as such effects can hardly be detected on the U-V recorder.

5.23 Measurement of the augmenting load

The load cell consists of a cylindrical fube with electrical
strain gauges cemented on to it. Two load cells were designed with
different types of compensation for pressure effects. Both consist of
a strain gauge half bridge with three gaﬁges in series forming each of
the two arms. Thus three connections have to be taken out of the container.
This half bridge also allows for temperature compensation. The connections

from the load cell to the terminals on the small plunger was achieved by
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thin flexible wires with P.V.C. insulation coiled in a helical form.
Since the small plunger moves about four inches during extrusion the
commections to the terminals are liable to break after a few tests

due to fatigue of the connection. This difficulty which was experienced
during the early tests was overcome by anchoring the wires firmly to

the load cell at that end and soldering the other ends to terminals,

on an insulating disc, which have some freedom of movement. These
terminals are connected to the terminals on the plunger.

The electrical circuit of the bridge for measuring the
augmeﬁting load is shown in Fig. (29). The strain gauges form two of
the arms of 360 ohms each. The other two arms consist of two 350 ohms
foil type precision resistors with a tolerance of 0.02%. A potentiometer
of 10 ohms is included to effect the initial balance. The voltage is
supplied by a power pack with variable voltage. Load ranges of 0 to
1.5, 0 to 7 and O to 30 tons could be obtained with these two load cells
and the two galvanometers of 0.13 mV/cm and 0.032 mV/cm sensitivities
with 6 and 12 Volts supply from the power pack.

Both the load cells were calibrated in a testing machine
whose loading scale was tested at a few loads and found to be better
than 0.5 per cent. The calibration curves for the load cells with
different galvanometers and voltages are shown in Fig. (30). The effect
of temperature on the strain gauges would be a minimum as the two arms of

the bridge are made up of strain gauges.

5.23.1 Design of the load cell

The augmenting load on the billet must be measured inside
the pressure vessel as any measurement of this load outside would give

rise to considerable errors and uncertainty owing to the following factors:-
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1. The frictional force at the high pressure seal on the
plunger (or the die), which is a function of tﬁe pressure
inside is difficult to determine. This may also vary with
different tests and is comparable in magnitude to that of
the augmenting load.

2. Any external lcad measuring device has to measure the
full load on the plunger; due to fluid pressure alone and
yet be sensitive enough to measure a much smaller augment-
ing load with accuracy. This poses a demand for very high
accuracy on the load cell which is difficult to achieve.
It must be remembered that a load cell inside the pressure
vessel needs calibration under pressure because of the
effect of pressure on the strain measuring-device.

Several types of load cell have been used by research workers

in high pressure (65, 66) to measure load inside a pressure vessel.

The most attractive type is that in which electrical resistance strain

gauges are used. There are a few difficulties to be overcome in using

a strain gauge load cell under high pressure environment, namely:-—

1. Strain gauges cemented to the load cell tend to peel
off after a few cycles of pressure.

2. The effect of pressure on the performance of electrical
strain gauges must be allowed for.

3. Calibration of the load cell must be carried out under
different pressures. |

4. The correct pressure transmitting fluid must be selected
to minimise its effect on the strain gauge backing and
on the adheslve when used for any considerable time.

The first difficulty was overcome by using foil gauges with
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epoXy backing cemented on to the load cell by the suppliers of the
strain gauges (taking necessary precautions to obtain a good bond and
to eliminate any air bubbles). The difference in compressibility
between the load cell material and the strain gauge backing has to be
kept small to prevent breakdown of the bond due to shear stresses in
the bond imposed by hydrostatic pressure. A transparent coating
(Gage Kote IT *) was applied to the strain gauges to prevent seepage
of oil ihto the bonding.

The effect of hydrostatic pressure on the performance of
strain gauges has been investigated by several reséarch workers (67, 68)
and differing results have been obtained. The 'pressure effect' as
defined by them is the difference between the measured strain and that
calculated from the Bulk Modulus of the material on which the strain
gauges are cemented. The value of this pressure effect, recorded by
Pugh and Gunn (65), varies from -0.2 x 1078 to +0.56 x 10~° 1pin~2.
Milligan (69) in his experiments with strain gauges under hydrostatic
pressure has shown that this pressure effect could be accounted for if
one uses the general approach to the problem of relating strain and
electrical resistivity as outlined by Brace (70). Milligan has also
shown experimentally that this pressure effect is only slightly éffected
by the type of backing or the adhesive used.

However, these pressure effects are of secondary importance
in the design of the load cell since they can be eliminated or minimised
by the use of compensating gauges. Two forms of compensation were used
as shown in Figs. (32). Taking the above mentioned factors into account
two load cells were designed both made of fool steel heat treated to a

yield strength of about 100 T/in2. The areas of cross section of them

were so chosen that at thelr respective maximum design loads they would

* Supplied by Welwyn Electric Litd.
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be stressed to about 60 T/in2 in compression. Tool steel was chosen
because of its high limit of proportionality so that better sensitivity
could be obtained than any other steel with a lower limit of propor-
tionality (the variation of Young's Modulus with most steels is small).

The first load cell, shown in Fig. (32a), was designed to
accept a maximum load of 30 tons. This comprises, essentially, a hollow
cylinder and a loosely fitting ring which is not loaded, also of the
same material. The outer diameter of the ring and the cylinder are equal.
Three active gauges were mounted axially on the cylinder, while three
compensating gauges were mounted axially on the ring.

The second load cell, shown in Fig. (32b), was designed to
accept a maximum load of 7 tons. It consists of a hollow cylinder with
three active gauges mounted axially on the outer diameter of the cylinder
while three compensating gauges were mounted circumferentially on the
same cylinder.

The circuit diagram of the Wheatstone bridge used in either
case is given in Fig. (29).

For the first cell, with the usual notation

\'s KP/A KV
AVAB——:?—ZB-X A X360=m.P

for the second cell

~ Vv _Kkp _ KV
AVAB—— 720 - AE - (1 + \)) . 360 = 2A_E - (1 + \)) L4 P

When the load cell was first tested under high pressure
the fluid used was Shell Tellus 27 ¢il which was very satisfactory.
But this oil is kﬁown to freeze at about 60 T/inz. The cell was there-
fore tested in a mixture of 75% castor oil and 25% methyl alcohol, so
that pressures up to 100 T/in2 could be achieved without the fluid
freezing. In this case the coating of the gauges dissolved in the fluid

and peeled off. A few gauges also peeled off. Unless a coating that
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does not dissolve in alcohol is applied to the load cell, this mixture
of castor oil and alcohol could not be used as the pressure transmitting
fluid. Pure castor oil gave satisfactory results although it is said

to freeze at 70 T/inz.

5.23.2 Calibration of the load cell under pressure

The load cells were calibrated at atmospheric pressure in
a testing machine. The calibration curves are linear with a little
hysterises for loading and unloading as shown in Figs. (30). Pugh and
Gunn [65] have found by calibrating a strain gauge load cell at atmospheric
pressure and, at several pressures up to about 60 T/in2 that all
calibration curves lie within + 1.5% of the atmospheric calibration
curve. Voronov and Vereshtchagin [71] have found that the modulus of
elasticity of steel increases by aboult 2.6% for an increase in pressure
of about 60 T/in2. Therefore an error of about 2.6 % may be expected
in principle if the atmospheric calibration curve is used up to 60 T/in2.
The loading device as shown in Fig. (33) consists of a g-in
diameter piston and a closely fitting cylinder. Both were made of EN30B
steel heat treated to a yield strength of about 90 T/in2. The piston
was ground and honed and the best fit with the piston found by trial and
error. The piston has a collar l-in thick and a threaded end. A disc

8
of %-in thickness 1s attached to this end of the piston and held in place
by a weak nut. Load is applied to the load cell via the disc as the
pressure differential is brought across the ends of the piston. To prevent
averloading of the load cell due to accidental loss of pressure in the

small bore, the fasteniﬁg nut is made weak so that it fails above a load

of 7 tons, releasing the load on the load cell, Also, as an added safety precaution
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the maximum strain on the load cell is limited to about 0.5%, and above
this value the collar on the piston comes into contact with the cylinder
thus protecting the load cell.

The méthod of calibration ﬁsed by Pugh and Gunn was used
in the present equipment with the second load cell, which is the most
convenient one for calibration under pressure. This arrangement as
shown in Fig. (34) is the same as that used in the augmented extrusion
experiments except that it has a 'solid' plunger with terminals, at
the big end of the bore and the loading device for the load cell. The
vessel was filled with the fluid. The load cell and the loading device
were kept in the vessel in such a way that fluid filled both the bigger
and the smaller bore. The large plunger was then advanced so that fluid
in both the bores was pressurised to the same pressure. Once the plunger
came into contact with the light spring it pushed the spring which in
turn pushed the load cell and the loading device against the shoulder
of the liner. This caused the 'o' ring (at the loading device) to seal
the bigger bore from the smaller one. Any leakage could only pass through
the close fitting piston and the cylinder of the loading device. Any
further movement forward of the plunger would increase the pressure in
the bigger bore and apply a load on the load cell unless the smaller
plunger was also advanced to equalise the pressures. Thus the pressures
in both the bores were brought to a value slightly below the value at
which calibration is desired. Then the larger plunger was held and
the smaller one moved forward to increase both the pressures exactly to
the desired value. This ensured that there was no load on the load cell.
Now the load cell was‘balanced and the smaller plunger was withdrawn to
apply the load on the load cell. Calibration was limited to one load
at three pressures. The best pressure difference was found to be about

15 T/in2. The thin cylinder of the loading device was deliberately made
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thin so that under pressure difference the elastic deformation of it
would decrease the clearance between the piston and the cylinder and
minimise leakage. These calibration points are shown in Fig. (30)

together with the calibration curve at atmospheric pressure,

5.24 Measurement of displacements and speeds of the product and

the augmenting ram

Two identical displacement transducers were used, one for
the movement of the augmenting plunger and the otﬁer for measuring the
displacement of the product. Each transducer comprises a multi-turn
slide~wire and a wiper controlled by rack and pinion movement. The
slide-wire forms the two armsof the bridge with the wiper separating
each positioﬁ. The other two arms are situated in the recorder console.
A coarse potentiometer located within the recorder console may be
adjusted to obtain the maximum desirable travel of the transducer
within the paper width. A 25 ohms fine potentiometer at the front panel
of the recorder console is used to balance the bridge before transducing
ény movement during the tests.

To measure the displacement of the augmenting plunger; the
nmain body of the transducer was fixed to the yoke and the rack to the
cylinder connected to this plunger.

Since the augmenting ram carrying the die is in motion
during extrusion, the transducer for measuring the displacement of the
extrusion product has to be fixed to the cylinder carrying this plunger.
A light Dexion frame was attached to the cylinder and was perpendicular
to it lying in the horizontal plane. The transducer was fixed to this
frame. One end of the rack was connected to the nose of the billet by

a Bowden cable passing over a small pulley at the ram end of the cylinder
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and running along the axis of the cylinder: the cable being attached
to the nose by a 6BA screw screwed on to it. The other end of the
rack was attached to the end of the Dexion'frame by springs to keep
the cable taut for at least 10 ins of the travel of the preduct.

This transducer was found to be extremely useful to determine
the start of extrusion and thus control it. The trace of the displace-
ment was linear for all practical purposes and the velocity of extrusion
may be estimatéd using the displacément trace and the timing lines on

the charte.

5.3 Materials used

It was decided to test two metals with different values Qf
yield strength in billet'augmentation. Copper and mild steel in the
annealed condition were used in these tests.

For extrusion with the double reduction die aluminium and
copper were chosen as ductile metals and an aluminium alloy as a
brittle metal.

The copper and aluminium used in all the tests were of the
commercially pure quality. The mild steel used is to the specification
EN1A. Aluminium; copper and steel were all fully annealed at 21OOC,
610°C and 900°C respectively, being soaked for one hour. The aluminium
alloy (composition: Si 9.25%, Fe 0.25%; Mn 0.010%; Cu 0.013% and
balance Al.) was used as machined from the cast billets. The annealed
materials were cleaned of any scale and emery-papered to a constant
finish as far as possible. The billets in billet augmented and simple
hydrostatic extrusion tests were about 2 ins long with machined noses
to fit the corresponding die. For the-double reduction die the billets

were machined with double noses. The diameters of the billet used



varied from + in to %—in.

The pressure transmitting fluids used were Shell Tellus 27
o0il with aluminium and copper and castor oil with mild steel. In the
double reduction tests both the fluidé were used to assess the effect

of each.

5.31 Stress—strain curves for the materials tesfed

From each material fcur specimens were obtained of 0.750
ins diameter and lengths of 0.250, 0.375, 0.550 and 1.500 ins. These
specimens were annealed as for the extrusion billets and cleaned. Cook
and Larke tests were then carried out on these specimens using a 50
tons testing machine. The end faces of the specimens were 1ubricated
with Molyslip (grease) before each loading to reduce friction. Tables
4 and 5 give the heights of the specimens against load for several
loads. The true reduction in height for an imaginary infinite specimen
with no end effects from friction is obtained by extrapolation as shown
in Fig. (35a and b) for copper and mild steel respectively. The true
stress-strain curve was then calculated assuming constant volume during
deformation and the average diameter thus obtained. The true stress-

strain curves for copper and mild steel are given in Fig. (36 a and b)

respectively.
5.4 Extrusion Tests
5.41 Billet augmented extrusion

The sub-press, once aligned in position within the yoke was

ready for extrusion tests.
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The large plunger was detached from the sub-press and the
Bourden cable for the displacement transducer threaded through it;and:~
through the die and attached to the billet. The billet and the die
were placed in the vessel entrance and the plunger attached in position.
The cable was kept tight by the springs attached to the rack of the
transducer. This kept the die and the billet against the plunger.
Then all the instruments weré connected to the recorder and the
transducers balanced. The large plunger was brought forward in position
within the plug at the big end of the bore. The fluid was pumped through
the bottom hole in the liner while éxpelling air through the upper hole.
In a few minutes the vessel was completely filled with the fluid. The
small plunger was next kept in the correct position so that when the
fluid was pressurized to the desired value and the billet was about to
be augmented, this plunger was almost at its innermost position within
the container. This ensures that the maximum possible length of the
billet was extruded. The large plunger was then moved forward and press-—
urization tock place. The small plunger was moved to its innermost
position to achieve the desired pressure. Then the large plunger was
moved forward whilst the small one was withdrawn keeping the pressure
at the desired value using the screw device at the control valve. As
the augmenting load was applied by the shoulder of the liner via the
load cell and the pads extrusion took élace. When the small plunéér
was about 4 inch from the end of the container the extrus;on was stopped
and the fluid de-pressurized by withdrawing the large plunger. Then
the product was cut off and removed.

During extrusion the movement of the small plunger was
indicated by a pointer attached to the corresponding ram. The fluid
pressure, augmenting ram movement and the product movement were monitored

from the recorder.
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In the case of simple hydrostatic extrusion the above
experimental procedure applies except that both the plungers may be
used to pressurize the fluid during extrusion. The load cell can be

removed in this case so as to contain as long a billet as possible.

5.42 Fluid-to~Fluid extrusion

Fluid-to~fluid éxtrusion is possible with this sub-press
and the operating sequence is given below. As shown in Fig.(25) the
die with the seals is placed on the shoulder of the liner. A 'solid!'
plunger with terminals and a manganin coil is substituted for the large
plunger. The billet is placed on a support ring with slots to allow
the flow of fluid past it, and kept about %-inch in front of the die.

A light spring touches the support ring and extends up a certain distance
from the end of the large bore.

First of all, the large plunger is brought in position to
fill the vessel with the fluid. The fluid is pumped in and since there
is a free passage from the large to the small bore, the fluid fills
both bores. The small plunger is kept in the desired position,
depending cn the extrusion ratio, to ensure the maximum product length
of about 4%} inches. Next, the large plunger is moved forward to
pressurize the fluid, When this plunger touches the spring any further
movement pushes the billet against the die. Once the billet is forced
on to the die any further movement of the large plunger seals the large
bore from the small bore and the pressure in the large bore will increase,
whilst the pressure in the small bore remains at the pressure just before
" the die was sealed by the billet.

As movement continues the pressure in the large bore is

increased and also that in the small bore which has to be less than the



former for the éeal at the die-billet interface to remain intact. The .
pressure in the small bore is kept at the desired value and that in the
large one increased until extrusion starts. Thié start of extrusion

is indicated by a rise in pressure in the small bore.

The small plunger is then withdrawn to keep the pressure
constant whilst the large plunger is moving forward to extrude the
billet. Once the maximum length of product possible is achieved
without damaging the manganin coil on the small plunger, both plungers
are held stationary. The large plunger is then withdrawn to release

the pressures. The die and product can then be rémoved.

5.43 Tests with the double reduction die

Billets made with double noses, so as to effect an initial
seal at the die, were used with the double reduction die. The experi-

mental procedure is the same as for simple hydrostatic extrusion.

5.5 Surface finish measurements

The surface finish of the billet, product and the deforming
zone were measured using a Talysurf machine, its stylus being moved
along the axis. Fig. (37) shows a record of such surface profiles
for extrusion of copper. It is clear from this figure that the surface
finish of the product improves with increase in extrusion ratio.

In billet augmented extrusion the surface finish improved with
increased augmentation and the surface profile also showed that most of

the aspherities were smoothened out.



6, RESULTS AND DISCUSSION

6.1 Billet augmented hydrostatic extrusion

Annealed commercially pure copper billets of 0.5 and
0.625 inch diameter were extruded through dies with éone angles of
400, 60° and 90° to give peructé of 0.313 inch diameter, i.e. with
extrusion ratibs of 2.5 and 4 respectively., With mild steel the
single extrusion ratio of 2.5 was used through the same three dies.
The simple hydrostatic extrusion pressure was determined for each die
angle and extruéion ratio, prior to tests with billet augmentation.
The fluid pressure was reduced to a fixed value and augmented
extrusion carried out. Five tests were performed with each die angle
and extrusion ratio and the fluid pressure was reduced in steps so
that at the lowest pressure, the extrusion became almost unstable,
All the augmented extrusion tests were carried out at approximate
product speeds of 1 to 3 ins/min.

The cases of steady extrusion were recognized by the
existence of a constant value of augmenting load for a certain fluid
pressure., Fig. (38) shows the record of such an augmented extrusion.
In the case of unsteady extrusion the augmenting load steadily
increased throughout the extrusion. Extrusion was smooth and steady
with no peak in the augmenting load or the fluid pressure in the case
of augmented.extrusion. In simple hydrostatic extrusion the products
often tended to come out with large velocities or accompanied with
"stick-slip" as shown in Fig. (39).

The fluid pressure, augmenting load, diameter of the

bulged billet etc. observed in billet augmented extrusion are given

82
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in Tables 6a,b,c, 7a,b,c and 8a,b,c. Simple hydrostatic extrusion
pressures for copper billets with an extrusion ratio of 5.75 are
given in Table 9. Table 10 gives these values for mild steel with an
extrusion ratio of 4. Variation of augmenting stress with fluid
pressure for copper and mild steel billets are given in Figs. (40)
and (41) respectively.

It is clear from these results that the reduction in
fluid pressure achievable is not equal to the augmenting stress but

is in fact much less,

6.11 Estimation of the coefficient of friction in billet

augnmented hydrostatic extrusion

The total extrusion pressure versus ln R curves are given
in Figs. (42, 43 and 44). The simple hydrostatic extrusion pressures
in that range of 1ln R and the modifications for bulged billets are
also shown in those figures. Fig. (45) shows the simple hydrostatic
extrusion pressure versus die angle for extrusion ratios of 2.5 and 4
for copper billets. Fig. (45) also shows these values for mild steel with
an extrusion ratio of 2,5. The coefficients of friction calculated
using these tests are given in Tables 11, 12 and 13,

The coefficients of friction calculated in billet
augmented extrusion are higher than for simple hydrostatic extrusion -
calculated using Evéns and Avitzur's formula. There are three
possible reasons for these higher values of coefficient of friction,
namely:—

1. Due to the initial peak in pressure and the subsequent

acceleration of the product to large velocities, lubrication in
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simple hydrostatic extrusion may approach hydrodynamic conditions,
whereas in billet augmentation the velocity of the product may be too
low for hydrodynamic lubrication.

2. Since in billet augmentation the die pressure-fluid
pressure difference is larger than in simple hydrostatic extrusion
the hydrodynamic forces may not be able to produce an adequate film
thickness to overcome this pressure difference.

3. The imposition of the bulge strain and the work-hardening
that results will cause this pressure difference to be even higher,
This would probably result in break down of £he fluid film, if any,
causing boundary lubrication with a consequent high coefficient of

friction,
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6.12 Bulging limit

The variation of augmenting stress with bulge strain in
these tests and the stress-strain curves for comparison with these
experimental points are shown in Figs. (46, 47) for copper billets and
Fig. (48) for steel billets respectively. Also indicated in these
figures are the extrusions which were unstable., The limits of bulging
obtained by the methods given in the theory are tabulated in Tables
14 and 15 for copper and steel billets respectively. The experimental
values of augmenting stress representing unstable extrusion are found
to be higher than the values predicted by the theory. This is because
the billet bulges rapidly when the augmenting stress is past the limit
of bulging. Actual extrapolation of the total extrusion pressure
versus 1ln R curves to obtain the bulging limits in the case of copper
shown in Figs. (49)

From the theories of the 1limit of bulging (sections 4.51.1
and 4.51.2) it is shown that this limit for proportional billet
augmentation is always higher than the corresponding limit for
constant fluid pressure billet augmentation. But the usefulness of
this increased limit is restricted because the stress-strain curve
becomes flatter as the stress is increased thus resulting in a large

bulge strain which may not be practicable.

6.13 Buckling limit

The initial length of the billets in these experiments in
billet augmented extrusion was 2 inches. The billets with } in.

diameter thus correspond to the highest slenderness ratio, i.e.
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1/r = 8, Thoﬁgh the length and the diameter of the billets vary as
extrusion proceeds, it may be assumed that buckling, if it occurs,
starts as the billet is augmented. Thus it may be assumed that 1/r = 8
for the purpose of calculating the critical buckling stress, SCR

Corresponding to 1/r = 8, the critical buckling stress?s SCR for
copper and mild steel are 11.3 and 25.0 T/in2 respectively. In some
of the tests with large augmenting stress, the billets buckled with
the form shown in Fig. (50). However, most of the extrusions were
free from buckiing even at large augmenting stresses near the

bulging limit. If long billets are to be extruded in billet augmented
extrusion then the augmenting stress will be limited to low values as
can be seen from Figs. (16a and b). Eccentricity of loading will

considerably lower the critical buckling stress that can be sustained

by the billet.

6.14 Die stresses due to billet augmentation

In simple hydrostatic extrusion, the die is usually designed
so that it receives support from the fluid pressure on the outside. These
dies are normally thin walled and serve well for extrusion of most
materials and reductions. This is mainly due to the increased pressure

support as the extrusion pressure and thus the die stresses are increased.
In billet augmented hydrostatic extrusion, however, the

fluid support is diminished and there will be a tendency for the die

to fail due to the circumferential tensile stresses, These stresses

will be higher with smaller die angles and large augmenting stress/

fluid pressure ratios. In the present series of experiments no die

failure occurred due to billet augmenting. This may be partly due to
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increased coefficients of friction obtained which reduces the bursting
load on the die. However, if large augmenting stress/fluid pressure

ratios are used, excessive die stresses may become a serious problem.

6.2 Hydrostatic extrusion with the double reduction die

With reference to Fig. (51), R, and R, are the extrusion

ratios in the first and second reductions respectively. R2 is fixed

by the geometry of the die (R2 = 3.23 in the die used). R1 may be

varied by using billets of different diameters. The first reduction
is, if effect, drawing with all round hydrostatic pressure p. The
second reduction is hydrostatic extrusion with 'back tension' or
negative augmentation (magnitude cA). The overall extrusion ratio,

R = R1 R2. Since the intermediate product is in a state of tension

depending on Ri’ there exists a limit to Ri' For a particular RZ’

there is another limit to R, due to possible leakage of fluid through

1

the die-metal interface., It can be shown that,approximately, the

mean die pressure in the second reduction will be less than the fluid
R,-1
pressure, p if 5, > p(1 - —— (1 + cota)).
A R2
If we assume the empirical formula p = a + b In R to

apply to both reductions, then

O, =38+ b In R1 for the first reduction
and p-0,=2ax+ b In R, for the second reduction
hence p=23a + b 1ln R1 R2 =23 + b 1In R,

It appears from the above equation that the extrusion pressure would
be higher than that with a simple die for the same extrusion ratio R.
But 'a' and 'b' are in general dependent on the redundant work and

friction. Though the redundant work is increased by the use of two



38

reductions, the friction may be reduced. Thus the extrusion pressure
under certain conditions may be lower than that with a simple die,

Iubrication at the first reduction is exéellent because
of the presence of high pressure fluid at both ends of the die. 1In
all the tests with this die the surface of the intermediate product
had no signs of touching the die during deformation. The machining
marks on the billet were pfeserved and it appeared as if it was
stretched in tension. This 1s positive evidence of the existence of
a fluid film (hydrodynamic lubrication).

Lubrication at the second reduction is better than that
possible with a simple die, because of:
a. possible deformation of the billet before touching the
die caused by back tension.
b. the interface pressure being reduced by the application
of back tension.

Commercially pure aluminium and copper billets of diameters
0.625, 0.688, 0.715,-0.750 and 0.813 inches were extruded using (i)
Tellus 27 oll (ii) castor oil as the pressurizing fluid. Hydrostatic
extrusion tests with a simple die (included angle 40°) for all the
diameters and the fluids were also conducted. The results of these
tests are given in Tables 16 and 17 and plotted in Figs. (52) and
(53) for aluminium and copper respectively. With a cast aluminium
alloy (composition: Si 9,.25%, Fe 0.25%, Mn 0.01%, Cu 0.013% and
balance Al), billeté of diameters 0.625 and 0.688 were used with the
simple and double reduction dies with both the fluids. The results
of these tests are given in Table 18, The double reduction die gave
no significant éhange in the brittle nature of the products obtained

from hydrostatic extrusion of this material.



For aluminium and copper billets, with reference to

Figs. (52 and 53), the following observations were made:

1. The extrusion pressure was higher than that using a
simple die, at small R1.
2. At larger R1, the extrusion pressure was lower than that
using a simple die.

the fluid started leaking at a

3. At still higher R1,
certain pressure,

As R1 is gradually increased, contact with the die in the second
reduction was reduced with more free deformation of the intermediate
product, and at large R1 the billet in the second reduction curved in
to touch the die near the die throat Fig. (59). This effect was
observed to be more pronounced with castor oil than with Tellus 27

as the pressuring medium. More and more surface marks were retained
in the final product as R1 was increased.

Thus, as expected, reduction in friction and increase in
redundant work were obtained in the experiments with the double
reduction die. For harder materials like steel etc., this die may be
useful in reducing friction and possible "stiction" to the die. Since
the reductions are separate and the fluid pressure support is higher
than obtainable in simple hydrostatic extrusion of the two reductions
separately, the fluid pressure support to this die is better than
with a simple die. Hence this die may be used in billet augmented
extrusion to offset the reduction in fluid pressure support caused
by augmenting. Also this die may help reduce the high coefficients
of friction encountered in billet augmented extrusion with a simple
die.

Since there is enhanced fluid film lubrication the double

89
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reduction die should give increased die life, In practice, instead of
a single double reduction die two separate dies may be used with

provision for high pressure fluid to enter the second reduction.

6.3 Theories of hydrodynamic lubrication in hydrostatic
extrusion
6.31 Rigid plastic material analysis

From equation 25 of section 4,61, the term containing

Ui may be neglected for smalllji, TB’ vy and large o and billet

diameter, Then the driving stress is given by

3 -2G
2 (o, +0)
1 2(R - 1), 1'%

(py + 0, + op - p3) =0 1ln R + y In[1 + 3 —55) (e - 1]
In the case of simple hydrostatic extrusion when Oy = cp = Py = 0 and
pA=p7

3 - 2G
1 2(R 2 1), .Y
p =0 1lnR +-§ in [1 + (3 = 30) (e?™- 1)]

Therefore the frictional component of extrusion pressure is a function
of y, R and o.

This rigid-plastic analysis is not adequate for an
annealed material which rapidly work hérdens from a low value of
yield stress in the initial stages of deformation. The film thickness
calculated would be toc small because a méan yield stress has to be
assumed in this theory instead of the initial value. However this

will serve for materials which are work-hardened, with a flat stress-

strain curve,
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6.32 Work-hardening material analysis

Equation 40 of section 4.62 gives the frictional component
of the driving stress for a work-hardening material. If the term

containing U, is neglected for small U1 and large billet diameter,

1
then
X vyn+ 1(H - GO) Yo, +a) |

Prp =-§ In [1 + e n . (e ~1)e {

joy(H=-0)(n + 1) J
X’ (;1) ( o' '——") - 2372 = yH = nj)}]
t— _3 A d
j=0 (—X%H———-+ J)Zil

Equation 41 of secion 4.63, modified for redundant shear at entrance
and exit gives

€3
>
(p, + T, + o, - Py) = J ode + Ppp

where €q = In R + 4/3 tano/2
can be calculated for a material by fitting an approximation
Ppp Y g p

o =0a + (H - 00) (1 - e ™€) to the stress strain curve.

)
3
dee is obtained by the integral of the stress strain curve up

o]
to 63'
-3.8¢ . 2

For annealed copper, g = 3.0 + (25.4 - 3) (1 - e )} T/in

The simple hydrostatic extrusion pressure for copper for
various o and R were calculated using a computer and plotted in
Fig. (54). This theory of hydrodynamic lubrication does not give an
optimum die angle for extrusion with an extrusion ratio R. This is

perhaps due to the effect of velocity not being taken fully into

account while extrusions with different die angles may be accompanied



by different velocities. Also there is a possibility that there
exists mixed lubrication at certain die angles. However, in the
following section an attempt is made to determine the velocity
associated with simple hydrostatic extrusion, using a different
approach.

The theoretical pressure distribution along the die
derived from work hardening material analysis for extrusion of
copper ét an extrusion ratio of 3 and die angle of 45° is given in
Fig. (55).

Fig. (56) shows the theoretically predicted variation of
total extrusion pressure with billet augmenting stress for extrusion
with an extrusion ratio of 2.5, for copper billets. The effect of
bulging is included fully (cf Appendix V).

In all these calculations of hydrodynamic lubrication the
fluid properties were taken as those of castor oil whose coefficient
of viscosity and the pressure coefficient of viscosity are known;

T 1.13 x 10'7T/in2sec

o

Y

1]

0.112 inz/ton

The effect of size is predicted by equation 40 of section
4.62., Assuming a billet velocity of 100 ins/sec the size effect
calculated for copper billets for an extrusion ratio of 4 is shown in

Fig. (57).

6.33 Numerical analysis including the possible deformation

of the billet in the inlet zone

In this method the lubricant flow rate and the film

thickness at the die throat may be determined by using the elastic
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deformation of theproduct in the die land region. Thus, assuming a
certain billet velocity, these two quantities were determined and
integration of the equations given in section 4.63 was made taking
increments along the die surface. Thus the film thickness, the
pressure and the shear stress at any point are determined by
iterations using the values at the previous point. The shear stress
and the pressure components resolved along the axis were also
integrated simultaneously to give the driving load and thus the
driving stress. Thus the driving stress and the fluid pressure at
the entrance to the die were obtéined. The film thickness increases
almost linearly from the die throat to the die entrance, but near
the die entrance the film thickness starts increasing rapidly to
large values. In simple hydrostatic extrusion the driving stress is
equal to the extrusion pressure. Therefore the velocity of the
billet is changed-and the procedure repeated until both are equal.
The fluid pressure, shear stress and film thickness along the die for
a die angle of 20o and extrusion ratio of 4 is shown in Fig. (58)
for copper billets in simple hydrostatic extrusion. The velocity of
simple hydrostatic extrusion thus calculated is 52.5 ins/sec for the
extrusion of copper with extrusion ratio 4 and die angle 20°.

This method of analysis associates a certain velocity
with the external stress system, (GA, op, Py p3), whereas the
previous methods in sections 4.61 and 4.62 do not. This method also
gives larger film thickness compared to the previous ones because a
different method of obtaining the die throat film thickness is used.

The computer programme for these calculations is given

in Appendix III.
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7. SUGGESTIONS FOR FURTHER WORK

If the usefulness of the billet augmented hydrostatic
extrusion process is to be fully exploited harder metals must be
tested. Materials with flow stresses as high as 90 T/in2 could be
extruded with increased extrusion ratios which would be attractive if
achievable with the fluid pressure of 4100 T/in2 available. These'
materials will also bring the problem of excessive die stresses which
were not encountered in the present series of tests. ’To decrease the
high values of coefficient of friction found in biilet augmentation
and to reduce the excessive die stresses the double reduction die
designed and used in these experiments may be used.

The principle of imposing fluid pressure between two
reductions may be tested by designing double reduction dies with differ-
ent angles for the two reductions and with different second reductions

R This die may also be used with hard materials to test for any

2.
reduction in extrusion pressure possible,
This die may be used with product augmentation to inhibit

heavy leakage of fluid at large extrusion ratio R, and, perhaps, obtain

1
lower coefficients of friction in product augmentation at low speeds.
Since this die needs double nosed billets this operation may not be
wasteful if the tag, formed from this part with the maximum fluid
pressure available, is utilized for product augmentation.

It is improbable that hydrodynamic lubrication exists in
hydrostatic extrusion at low speeds. Thus it 1s desirable to know the
effect of fluid pressure on the coefficient of friction in these cases.

To simulate these conditions the ring test devised by Male and Cockcroft

[72] could be used.
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For this purpose the loading device used in the calibration
- of the load cell under pressure may be used. In this case the load
cell is replaced by the ring specimen to be deformed. The procedure
would be almost the same as for the calibration of the load cell

except that the measurement of the load is not essential, it being
necessary simply to measure the amount of deformation imposed. Only
the fluid pressure need be determined accurately. In the present load-
ing device a difference of.about 9 T/in2 1s needed to impose a ioad of
1 Ton; To test stronger materials a larger piston and cylinder loading

device would be required.
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8. CONCLUSIONS

The billet augmented hydrostatic extrusion process is found
to be stable with no stick-slip anq velocity instability. The coeffic-
ient of friction is, however, found to increase with augmenting stress.
The limit of bulging is predicted satisfactorily from the theory. Due
to bulging and the increase in coefficient of frictiéﬁ the billet aug-
menting stress is not fully available for reducing the fluid pressure
required in augmented extru;ion. Particularly for soft metals the
reduction in fluid pressure is not appreciable. However for hard metals
with rapid work-hardening characteristics there is a quite significant
reduction in the fluid pressure needed. The limitation due to buckling
cannot be ignored at high levels of augmentation if substantial lengths
of billet are to be extruded. Here again a rapidly work-hardening stress-
strain curve would give a higher limit of buckling.

The double reduction die experiments indicate that hydro-
dynamic lubrication can be enhanced by this die and at certain 'first
reductions', depending on the material, significant reduction in
éressure could be achieved with hard materials which exhibit high
friction with a simple die. This die would also decrease die wear
and thus increase die life. Also because of the increased die support
'by fluid pressure it may be useful for billet augmented extrusion there-
by minimising the possibility of breakage of the dié due to increased
die stresses caused by augmenting. Alsp it can help reduce friction
in billet augmented extrusion.

Section 4.61, 4.62 and 4.63 of the hydrodynamic lubrication
theory proposed predict the extrusion pressure in hydrostatic extrusion

processes quite satisfactorily. Section 4.64, as opposed to sections
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4.61, 4.62 and 4.63 predicts that there is a certain velocity asscciated
with the parameters of extrusion (pA, Sp etc.). The high velcocities
encountered in simple hydrostatic extrusion are, perhaps, explained by

this theory.
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AEEendix I

An expression for redundant work in axi-symmetric

extrusion using parabolic boundaries

Referring to Fig. (8), the velocity discontinuity,

Uisin 6
= m at the entrance to the die. 1.

Assuming the equation to the parabolic boundary to be;

? = -A (z - Zi)
2
r,m = -A (ri/tan o - Zi) from geometry : 2.

e (r2 - r12) = =A (z = ri/tan(x)Equation to the parabola. 3.

dr

and 2r qz s -7 4,
dr, .
tan ¢ = -3 = A/2c from Equation 4.

also tan ©

r/z from geometry.

Hence the redundant shear work expended at the entrance to the die,

r

1
%¥-= J‘ 2mrkV*ds.
o
r
Ly sin 6
_oomx [ TUpSin dr.
0 sin(B+y) ° sin ¢
Y 22 4 arf)ar
= 2nkU1
o A(r2 + Az,)
1
I r
8nkU1 1 5 A2 o] 1
=-—A—{f rdr+(7l—"AZ1){f dr_Azif g’? N
o o o (r +Az,)
1
8rkU, p o 2 ' r
T <] KA 1

1 -1 1
= ——A—=—+ ¢ - azPE, - {Rz; . ten mi)]

A 3
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Substituting for Z,9 We get

3 2 2
dw _ 8nkU [-2r1 r1 Ar1 + (r1 + "1 - é) riA + r tan"1
dt = YR T T T2 2 " Tamy  dNtamx T F1 ot

r
1
]
riA . 5
tano ri
8nkU 2[_2r1 1 A, (r1 + 1 Ayl s A tan
= O LT3R tano, 4r1 A tanoy, 4r1 r, tano :
1
- ]
1 +
ritanx
Let ri/A =X
Then
dw 2r=2X% 1 1 1 1 1 =1
5 = 8nkU1r1 [—§— -~ ARt (x + e 4X) 1+ o tan
1
T -]
1+
xtano
b
Hence ;E:= dwédt
(nr‘1 U1)2k
—2X 1 1 1 1 1 =1 1
=S -omt=t (x + tano, 4x)\/1 * Xtamo, * tan 1 1 ]
+
xtano

The minimum value of this expression may be obtained using a computer.
It can be shown, as follows, that the same expression would result for
exit boundary, for the kinematically admissible field chosen. For kine-

. r
matic admissibility of the entrance and exit parabolae; ;1-= ~$~= j%

2 r z
Substituting for r and z in equation 3, we get the equation to the exit

boundary as;
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r;2 r'.2 r
* R}
( 1 5 -r,lz) = —=A (-r—jiz_-r,l/tanoc)
r 2.
2
2 r .
(r -r22)=—A-—2-(2'-r/tanor.)
r,l 2
|2 2 .9 -1 :
(r = r, ) = -A (2 =~ r2/tan q)

This equation is of the same form as the previous one except for A-'_'.

Pro Pre

Therefore it will give the same minimum value for S 35 S
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Appendix IT

12—.4 —z;XZn
I=IX . € . dX
I I,-3
1 2n 2
Letz-_b, X = t; (2n ~1) =a

Then I = Ita . PP L ae

2n °
Since the sign of a is not known beforehand and need not be an integer,

the integration is performed in series.

. i.f (£a bta+1 . b2ta+2 . (_1)rbrta+r v oat
= 2n T 2. T r}
1 |:,Ca+1 bta+2 . b2ta+3 . (_1)rbrta+1+r e ]
T 2n Fatl T (a+2) 17 (a+3) 217 (a+l+r) rsv
<@x
g [ +y (1) "(bt) "
~ " 2n ‘a1l T /4, (atlir) r bk
r=1
I,-3 -

x?2 2, (-1)rbrx2nr]
T 2n I2—3 £y I2—3

T + r) r}

2n
r X1 r onr |
12—3 @2 (<1) (-23) X -3 .
= X E ] r 4 ;é 0
L 12—3 ’ 2n
=% + r) r! '
2n
I,-3

If r+ = 0 then the paci term in the bracket tends to @, but this

2n
could be avoided by taking the limit in equation 38 of section 4.62, thus

(3/2 -~ YH - nr)

2YH ~ 3
2yH-3 | >0 (S—+ D

2n

1 ~R

Lt = —nlnR .
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APPENDIX IV

Analysis of hydrodynamic lubrication for a work-hardening

material using a more accurate formula for the stress-—strain

curve

This analysis is similar to that in section 4.62 except that
G is given by a more accurate expression given below. The equation
numbers with asterisks given here are corresponding to the equation

numbers without asterisks in section 4.62.

-n€ .
¢ =0, + (H + pe - do)(i -e ) 26'.
where = 21n (D,l/D) = 21n (X,l/x) 27+,
do one ¢ 2 -n€
Therefore =—— = = — .(H+Be—o‘)——p-('l—e )-
dx X o b4
2n
X (gL 2pInX - ) - 2B (1 - x*™)
X o P

where X = x/x,l

As in section 4.62, the equilibrium equation is;

2N u
dp _ do, _ __o1 3 Yp _
X(dx dx) 20 hitanoc (x,_L/x) .e¥ =0

Substituting for ¢ and -g—?;— it becomes: .

xgl;i- %% L (- c)(n+ 1) - B- 2B (n+ 1) 1nX) + ARMX + 208 - H)
2noU'lY er

h,ltano(, X3

Since B = e~ and X = x/x,, the above equation becomes,

dB 2n-1

-2Nu,y
.dT(. - ZYB[X 2131nX B -H _ o 1 1

+ = -« —
X_ X hitanon X4

emese 29‘.

. ((nfi)(H'- 2fnX - 6_)-P +
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Let 2y [(H=0)(n+ 1) - Bl = A

2y (H-B) =¢C
2n6U1Y _
—_— = D. 30*.
. h, tany .
1
4YB(n + 1) = E
and 4YB= F.
Then B _px® ! . (A - Enx) + PG - - 2 3.
dxX X X e i
The integration factor,
[ —_
_J[xzn T - B0 + F—l—xr’z(- - /¥ d&
I =e
A 2 E on  ExD F 2
e G Gl + ClnX - = (1nX)
2n 2n 2 2
= e an
A BE E
Let£+—2-=]_, and5= M
4n
Then,
x4 MinX . X2 4 CInX - & (1nx)2
I =-e 2
leD(2n+C ax® - Eanx)?
= .« B 2
Hence the solution
2n . ~Lx%" g(lnx)2 - X8 _ g(lnx)2 n . ,
o S =_D}e B e S QU
s0o a0 32'-
Substituting the boundary conditions;
atX:.'l,p=pA+o‘A+o‘0
andX:ip=p =p +[o“+(H+BlnR-o‘)(1—R—n):]-o‘
R - 2 3 o o D
- - - - R - ) IR
. Y(p, + o, + o‘o) . Y(py + o + (H + B1nR o‘o)(i ) o‘p -
F 2 2n F 2
~ =(1nR) P 1= X7 -5 (InX) an . _ 4
o 8 .R_(MR +C)=—Dje 2 .)CMX + . ax
1 .



123

= e D . S (Say) 38‘.

As before, re-arranging the equation and taking the logarithm, we get

R~ 1, B . BimR

+ +
n2Rn Rn

(pA + 0y =Py + dp) = [oblnR + (H = do)(lnR +

.2 (1R)?_ B

5 + Ppp 39+,
n
Y(p, + 6, + 0) + L
1 A A o
where p.- =3 Inf[1+D.5S. e ] 40+,
r..l—LXZn - g-(lnx)2 2n ca_a
The integration of S = Jf . XMX . dX

R ‘
is difficult and has to be performed by a standard numerical method,

h1 is given by the same expression as in equation 35 of section 4.62.
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APPENDIX V

Modification to the formula for driving stress in section

4,62 (work-hardening énalysis) to allow for bulging in

billet augmentation

Let Do’ D1 be the initial and final (bulged) diameters of the billet

respectively. Then the equations 26 and 27 (of section 4.62) become

G=0 -+ (H=g )1 -e "% | 26.
o o
where € = 2ln (D1/D) + 21n (5—) 27+,
o .
= 21ln (Xi/X) + 21n (Di/DO)
X.,2n Do 2n
Thus g =0 + (H- g )(1 - (=) . (=) )
o o b4 D
1 1
2n
and dg _ _ 2n(H - ¢ )(290 i
dx o D 2n
1 X,
1
Hence equation 28 (section 4.62) becomes
2n 3
vp dp ~Yp 2(H -~ do)(n + 1) Do ondl  2H ZT]oUix1 4
e et e ( o . (fré .« X —-;;)-———~————— . — =0
X1 1 h 1t ang, X4
' cees 28%%,
and equation 29 (section 4.62) becomes
D 2n 2N u v
dB 0 2n-1 2H, _ o1l 1
ax " vB [2(n + 1)(H - do)(D )« X - 3{] = - E—EEE; -7 29%*
1 1 X
Let
D°2n .
2¥(n + 1)(H -~ do)(B—) = 11
1
OVH = T ‘ 30%.

2

d 2 : _
an Yno/hitana = I,
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I I
dB * 2n-1 2 3 _
Then =" B(I'l . X - -—X) == 31x>.

is replaced by 11

Hence the solution, as before, except that'I1
*

1 2n 1 2n

.X I - -
2 2n =_13fx -4 o @ dx + C5 0%,

After substituting the boundary conditions that,

at X =1 p = Py + GA + 61

Vd

. D
: o0,2n, _
where o, = G + (H - do)(i - (Di) ) = Gp

and at

X = p=p3—dp+d2

==

D
-n 1,~2n
= 60 + (H = 60)(1 - R . (5;J )

where 62

and the equation 35 for h, which now becomes,

1

. 3NY, Y 1
1 tano UiﬂoY
(————1t+ e

xitan%x

35%+*,

=YPa _ ~Y(Py + Og+ G,),

The formula for driving stress becomes

(H-g) DD

o -n
(py + G, + dp - p3) = HIR + —— 05;) (R™ =~ 1] + Ppp 30%*,

Driving stress Work of homogeneous deformation

where Prp (frictional component) is given by

D 2n

O ) .
, (H - g )52 ) Uiﬂov

e 1
=-—1 — ™
n [1+ 3n xitan%n

{(n + 1)
Y(pA + 26A + T

Prp

<

+ e Py o Y(Py *+ Ty * GA)}
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c YH =6 )+ 1) . D 2nj
@ ()¢ = yJ . (D_O)
. {j—o 2V ~ 3 - R S A Y
(S5-==+ ) Lj_

LN ] 40‘*.

Thus equation 41 (of section 4.63) including redundant work becomes

€

3
- = ' 4
(pA + g, + o’p p3) lo’de + Ppp Alss,

Dy 4
where e3=lnR+ 2 1n (D—) +-§-tanoc/2
O



2 a3 A
S 9
OMO.C
o 30N
ATTIN I M

0 - ﬂ mmmmmmmm

Lo o0
2 & E o
5 B 5 8
H S X ®
8 o

:

//////////

m

777

\%\V&% o

/////////

4>
Q
—~
—
A
2

////////%




128

e i e NN e wu )
\“{7/lJ 3 ? r \J 1 ~ py 1‘ ;
Q777/ [+ L

41t Qil pressure <<h.Augmenting load

FIG.3 Methods of forming bar and tube by augmented

hydrostatic extrusion



129

<15 incl angle die

QY]

E - o30 o n n "o

Q +45 n n N
0') Iy o n "

o 60 T

=

*x  =6r
O
on M

+

RS
'-(.ﬁ .E 301 * 07"’_—._—-—-’
232 NV a
_'%, m 281 X
Y ’\';::&/
EJ/Q 26 )} 1 L 1 1 | S |

o o5 1o 5 20 25 30 35
xtrusi r .
Ext ision st €SSpatio
Drawing stress

FIG.4 Extrusion pressure plus augmenting siress
versus extrusion pressure/augmenting stress

ratio in product augmentation

'le
c x x
O
-+
L
& o
[
O o9
-+
C
Q 0B~ o
[S] die an
=] gle 15
1y,
S
% z s s s tlo ) "%

Extrusion stress
Drawing stress

Ratio

FIG.5 Coefficient of friction versus extrusion
pressure/augmenting stress ratio in product

augmentation



rd .u _ 130
A 7
|——‘v .' 4
' PO we a. Basic flow pattern
B\ ® Ic 1 .
b @ ‘\D II
1 / Rk
(o4 T k \ 1', l :
P Q 7
d, - l
md, <
 § v |
T .
[ 4 "I \\\ V=-| .
8 J\ N b. Superposition of
o N basic flow patterns
lb ;“ \‘. / . :;
0 d ;P. 7 e, Q Q; 2, 2
d‘ -4
dkd,,=md|md—~J l l
ff,:mo},:mzdl x

FIG.6 Superposition of basic velocity patterns in
axi—symmetric extrusion

u=0 |
r (03 - O
ef j é? S m
;g 1 Fk
yi O/ 3 -
— U=0 fi S b,
oD o) 55
(} Ol 1 '
i | b
33 _ u=o = -

b. Stress boundary conditions

‘ da
a. Velocity boundary (smooth die)

conditions

FIG.7 Boundary conditions for frictionless
axi—-symmetric extrusion '



131

%
_ A Y
% vl
r AT v
— poB
= ¢ 9%‘7 LA
= o - S ! z, o
. =.
==}

KINEATICALLY ADMISSIBLL VELCCITY FISLD WITH

PARABOLIC BOUNDARIBS

VRLOCITY TRIAIGLS

FPIG.8 Kinematically admissible velocity field with

parabolic boundaries in axi-symmetric extrusion



125
1.0—
SPHERICAL BouxvoARy\
il OPTIMUM CONICAL BOUNDARY,
75
OPTIMUM PARABOLIC
= BOUNDARY
Q‘O—:
25—
0 | | | | | |
0 40 o 80 120 T

132

DIE ANGLE 2%°

FIG.9 pRl/k versus die angle for various boundaries -



1
i

9
SRR
:
X \
g =
o ‘n"\'
P
rr\\\\\’:]:}
Vol
\ A
\H
\
1

FIG.10 Admissible velocity field with spherical boundaries for
upper bound solution (Section 4.3)

€eT



04

Jo

Coefficient of friction

01—

/]

/

I
/

/ /]
©
* &) ) [
. Q- _’ L4 “ I/

/

90 120
Optimum die angle 2 <9

OPT

150

FIG.11 Coefficient of friction versus optimum die angle{for

various extrusion ratios)in simple hydrostatic extrusion

18



135

Pp=as+ blnR
Simple hydrostatic
extrusion
(p, * 0;)
Billet augmented
extrusion

Component due 1o
increased friction

P =(a+b[nR)(o_:nl)A

: (o:n)—lnR
Component due to

IE” Component due bulge strain
b%| to increased R ‘0 Stress-strain
:’f // curve
= //_ — ’N—::r‘n Mean yield
- ‘ stress
(om) LnR
€ | € |
1
€ lnR  (nR (nR+€
lnR, €

FIG.1l2 Derivation of coefficient of friction in billet
augmented hydrostatic extrusion from total extrusion
pressure versus 1nR curve



136

- — — =1
Area °q>
p Pt - A — g __.0)
(o]
7/
T3 —— heq
: Area >
A q A
+ ———L&— - RN S A
A R ig
! /|
LA 95— L

FIG.13 Models used in the estimation of the coefficient
of friction in billet augmented hydrostatic

extrusion



SUPERPOSED STRESS-
STRAIN CURVE

EXPEREMENTAL ( PA+53)\
\ b
E
£
3
b e
s 6a = a+blnR Bl
z 3 {f
b3
< 2 %)
—~ 9 &
¢ <
4 <
‘o
&8
N/
\
€
% b
28 b3 -
g 4 &
< a
£ ]
|NRo
LN R

FIG.14 A construction for obtaining the limit of bulging in
billet augmented hydrostatic extrusion by extrapola-
tion using the experimental results



138

tanp
/// p=a+blnR
)7
A — — —
o | AT |
0 | '
' I
- I
- I
Al |
P i 1
I | €
| o
: I
iy ;
|
4”_._& '
/| , Nl
e € INRoINRs  INRG

INnR
True Strain

FIG.15 A construction for obtaining the approximate
limit of bulging using the equation p = a + blnR
and the stress strain curve



N
o

—
(%))

—
o

tress Spp T/IN?

C
-

Critigal

| T | R I I

10 100
Slenderness ratio L/R

FIG.16a

Critical buckling stress versus slenderness ratio for annealed copper billets

6¢tT



/N
W
@

[y b
o (o)

CRITICAL STRESS Sc, T

o
2N

N

I N N ||

10 100
SLENDERNESS RATIO £/7

FIG.16b Critical buckling stress versus slenderness ratio for annealed

Mild Steel billets

ovtT



p,% ,c'p

TAG FORMING FULLY AUGMENTED EXTRUSION

AoR

/(

max(p+oy)

P+c,

4+

P+ ) BN

/o LT 5,

AsR
AoRo

max(p+aq+a?

omax( p+OR)

TAN b b
<
S g
<E Q
b b
b4
y]
&
Q.
' AR
n
n RN&X( P IR Omax (&:Q;)Rmaﬂpﬁé)n Rde(‘ prap) ln R oma.x(pqna;eo;) max (p+o+0p)

LR

FIG.17 A construction for obtaining the maximum extrusion ratio achievable
in product and billet augmented hydrostatic extrusion



B —— L
——tp
—e
——-—_-'-
Sa

( . |

Pa

INLET ZONE DEFORMING ZONE | OUTLET ZONE
. FiG18

A



Flyid film variation

assumed in Section 4.62

Fluid film variation
generated by the numerical
method in Section 4.64

\_/‘®

FIG.19 Deformation of the billet in the inlet zone in hydrostatic
hydrodynamic lubrication for a work-hardening material

extrusion with

A



144

MATERIAL: VTAL ¢
HARDEN TO 62 -64 RC

GRIND ALL OVER
REMOVE SHARP CORNERS
ALL DIMENSIONS IN INCHES

1-05
1
52
N
O T
/

DOUBLE REDUCTION DIE

F1G.2.0



Approximate scale in feet

2 Horizontal 6 ‘%
rams,200Ton each
“~\ -
- Pump Units
Control console | i P
Fraser drive ~~ Nos5.1,2,3
b r=1 1t = | Fraser drive
‘- -t &
’L“"L.. L——:-—: ...L"J
Recorder console —~bdmr——— ==
_ I
Yoke L

Electrical Control
panecl,Fraser drive

FIG.21 A plan drawing of the yoke,Fraser hydraulic drive and the controls

AN



P20 L.H.Ram @ R.H.Ram —_®P22
| { } :
| L)
v20 ¥ V22 TJJ
R23 % = _2R26

=4 Cﬁﬁ% ' =
V23 V24 V26 | V27

P Pressure gauge

| R Relief wvalve
V  Valve

Pump unitNol Pump unit No.2

FIG. 22 A flow diagram of the 'Fraser' hydraulic drive

9vT



HORIZONTAL SUPPORT FOR THE CONTAINER

PLUNGER MANGANIN COIL  LOAD CELL DIE SLEEVE RAM

%ﬁ%%{‘\y%§x§§§§®%w
N

7
/

a1 | \ \\\ -
- R R
L ) \ / TO THE RESERVOR
| | O\ N \ \\\\ AN ANANN\RNNN 77
' ’ \ \\ \ N ) SCREW PLUG | 224 0N ]
/ \\ \\ N

\ N OONAS N |

1 //4/_/_//2?/;7// PLNGER §Q§§§§Q§§EQ\ NN

ZAMANTRIN RN N A AL — T oo, = - b
AN RETARR R NRAAN NS 7 > L 2

P i S, NN Y

/ e // / e /7 Ve // N\ \\\ N\ N \ N > N

Yy, / / / / '/ / // /// e SRR | \\;\\\\ N ‘ \\\ \\\\ \

SN NN . ZN N

= \ \ \\ \inN j E
. \ \ \ \TO THE PUMP .
%% N .
f \\ O\ CONTAINER

RN

NSNS N D

NN

—

2

VERTICAL SUPPORT FOR CONTAINER

AUGMENTED HYDROSTATIC  EXTRUSION

FIG.23

]

S AP







PLUNGER MANGANIN COIL | DIE  BILLET SPRING | /

\/ \ AL /////////-/4/44_4>x1//
ls\_&\///// ///P/Q\\\\\\\\ rce --f,-___:._--___.__-___i:. Q\i

////////ﬂy
g 4\\\\\\\\\ }77///[

///////////

MANGANIN COIL

FLUID-TO-FLUD EXTRUSION

FI1G.25

6YT



150

AN N N N N VN N VY N VY Y N NI

Fig.26 Container
Scale 1/2 Full_Size

N
\ ‘ N
AN

. N

N6 off 172'BSE \

N §t12"pcd o 3 off 1/2 N

S e : BS.F tapped —~g—

\ his. at 9"p.c.d.

atr ven't\
NN N NN N\
- > P AT AR S e e e = 4
Y Liner - Screw Plug , ’
. a N

(/v L s L s SIS
7 7 7 7 7 7 /(\“TW —— —
% R S S A S S S "N\
% Seal retainer / T
e '

b L L L Ll L ol mle/t 4
\\\ N NN X \/ \ < \4\ <~ < /
S Seal Sleeve N
N INE
N N

- N
\J N N
N N
N N N N N NN N NN N N NN






152

Manganin
Coll

6V

Set Q
Cal.

L

= TO U-V Recorder ~0

FIG.28

Wheatstone bridge ecircuit for pressure measurement




153

To U-V recorder

» -
100
E N
Q O
4)¢, 77/%3/\)
A v P\ B
48%—0

Qi— T §'§_ N

—_——— e — ]

|
|
. S
% <
7z >
| QQ?QLQ 9
Z >
| Dummy "JQQWQ Active
| gauges gauges
L J

Within the pressure vessel

FIG.29

Wheatstone bridge circuit for augmenting load measurement




Load toni,.'

16
12
lLoading, |
/\Unloading
; /4
o/

0 20 40 60 80 100 120
Galvanometer deflection mm

FIG.30a

Calibration curve for the 0~30Ton load cell

140

154 .



TONF.

LOAD,

155

Z

Loading|

™~

P

Y

\Unloading

i

Wi

-]

0]
A
+

20.4 T/in.
2
41.1 T/in.
2
69.8 T/in,

d

Atmospheric pressure

1

25 50 75
GALANOMETER DEFLECTION, mm

100 125

150

FIG.20b Calibration curve for the O-7 Ton load cell



156

100

80

x 103 1b/jn?2
(2_3

/
(O]
5
a 40
Q
o
2 /
0
0 20 40 60 80
Galvanometer deflection, mm
FiG.31a

Calibration curve for manganin coil 1




157

g0

100}
/
/

8ot
Nz

5 eoF

9]

O
~1
X
g
o
)
0

w 40
o
Q

20]-

f | i §
0 20 4.0 60
GALVANOMETER DEFLECTION, MM
Fi16.31b

Calibretion curve for manganin coil 2




()

158

@

\

=
3rd A NGLE 3 COMPENSATING
PROJECTION . '
17 & B
T
' 'J—H
g 8
1 .
0\
2\ 14
5” A —_—
)\
\ éll
0-05"R \ 8
TS I
\ 0
~0-15"R 3 ACTIVE
GAUGES

Fig.32a LOAD CELL O-30TONS




159
1
15 &

1-24"o ‘ 3 ACTIVE
AXIAL GAUGES

1-125" ¢

N
AN

it
3 COMPENSATING
CIRCUMFERENTIAL

GAUGES —

NN NN

NN SN N

-
|
IR
\I
5

3rd ANGLE
PROJECTION

Fig.32b-LOAD CELL O-7 TONS







MANGANIN . STRAIN SPRING
COIL GAUGES

L L LA S ST

T — Jl % O\
G =N ; /H [N

AN AN
//// ////////// Pz

LOADING DEVICE LOAD CELL MANGANIN PLUNGER

COIL '
FIG.34

Arrangement of the tooling for calibration of the load cell under ﬁressure

.
Lo

9T



162

FRACTIONAL DECREASE IN HEIGHT, fH

T © —0
—
= & ~ —9
© ©
€ B S &
B— © o —
o o —— Pe)
s 8 g =]
00 l ! | | { ]
o 1-0 20 30
D/H

FIG.35%a Extrapolation to d/h = O to obtain the fractional
in height (to determine the stress—strain curve
for copper)



163

o]
0.4_..—-.
EE 03— © ©- ~——-__~___‘_______‘___‘-‘e
&2 (0]
L
T o =
7 02— ° I
u)
- - .
g No
0101—— © O — .
) . ©
W =
dok -
s
-F .06——-
U O
é O C b \e
w
04— .
— - ©
.
o —o— o
I -
02— o N ’
o | I l | I |
(o] o5 10 20 30

D/H

FIG.35b Extrapolation to 4/h = O to obtain the fractional
decrease in height (to obtain the stress—strain
curve for mild steel)



2

30

2.0

STRESS, T/IN
‘-S
O

{ 1 !

0-5 10 1.5
TRUE STRAIN, €
FIG362-STRESS STRAIN CURVE FOR COPPER (ANNEALED)

2:0

Vot



2

STRESS, T/IN

_,_50

\H
Q

]
o

A
(&)

. e e T v G e S S Se S

55 70
TRUE STRAIN,€

F1G.26b-STRESS STRAIN CURVE FOR MILD STEEL

15

2:0

Got1



166

D¢ = 4-0°
(@)

(b

()

(b) Fig37

Copper
R=2:5
_L"_I_..i.\hr e P kB Bt e e it
*hrtfﬁﬁ*wwfzi = 90°
() - Axial surface profile of billel,
(b)- " " ! n deformalion zome.

O I w 0 wo product



12

10

product displacement

/ augmenting
fluid pressure /

fromene

load

augmenting ram displacement

L | | | i L

N 30 60 90 120 150 180

Time, sec.
FIG.%28 A typical record of the quantities measured in billet augmented hydrostatic extrusion

L9T



168

Product Displacement

Ram Displacement\ /

Fluid Pressure

N

3 SURY

NI IS

PRI

] 1 L ,
o) 20 40 60 \80

TIlE, secs.

FIG.39 A record showing the fluid pressure,product
displacement and ram displacement in a 'stick—
slip' mode of simple hydrostatic extrusion



169

W
@)

Fluid pressure, T/in.2

R=25

(o]

10
O

10 .2
Augmenting stress, T/in,

20

™~

\
™.

a 20=40

Fluid pressure, T/in.2
)
@)

R=4

N

AN

e 20=60"
a 20=90"

Augmenting stress, Tlin?

10

20

FIG.A40 Augmenting stress versus fluid pressure for
copper billets with extrusion ratios of 2.5

and 4 for different die angles



Fluid pressure, T in.2

170

60
>0 \\
2
40
30
Legend as for Fig.40
R=25
20
O 10 20 30
Augmenting stress, TIin?

HIG.41 Augmenting stress versus fluid pressure for mild steel

40

billets with an extrusion ratio of 2.5(Ro)for different

die angles



40

40° Die Simple hydrostatic extrusion
modified for

bulging

Augmented
hydrostatic extr.

RS gt

30

e
g | Simple hydrostatic

J extrusion

N
o

Z o 0-95 1-0 1:05 110
N Log, (R)
2 40 .
5 Simple hydrostatic extrusion
i 60° Die Augmented modified for bulging
E hydrostatic /O
c extrusion
gﬁ B/ e
5 L < | |
§ Simple hydrostatic
o ~ extrusion
2 5 . |
2 09 0-95 1-0 1-05 1-10
)
o Log.(R)
40 | T
== Augmented hydrostatic extM/O
- O
90° Die //
30 r”,’ﬁ//7 \
S Simple hydrostatic
extrusion
Simple hydrostatic extrusion
modified for bulging
20 , ,
0:9 0-95 1-0 1-05 110

Logc(R)

FIG.42 Total extrusion pressure(p,+0,) versus ln R for Copper billets with R =2.5

ILT



L o

o ..
90 die °
Ausmento i cydrostatic Simple hyfirostatic extrusion
modified for bulsing

exrbrusion

_,,ff””—”f’ﬂ’~*~“—ﬂ____~——__—_____——

simple hldrostatic

T/in.2

pressure + Augmenting

extrusiop
30
134 1.39 1.44 1.49 1.54
" 50
o 0
g 60 die
v)
Augmerlsed hydrcatatic ex fﬁfiff‘—__‘ﬁL_______r______f *T
Simwle hydrogtatic exbrucion
‘/”’/JL,,,ﬂf—fa’””’ﬂﬁﬂﬂg modified for Ezigizgﬁp__________
40 — ———
| — ]
: "”ﬂﬂ,,.#-~"”’”‘
%/ Simple hydrodtatic eixrtrusion
30 ‘ .
1.34 1.39 144 - 1.49 1.54
50
40°die

( Hydrostatic

Au umenfed hydroztatic extiyusion
/

/
40

P—

//
r ]
i_;::::%,———*~’*"'———”‘——J Simple hydrostlatic exttrusion

modified for YJulging
simple hydrosfatic extrusion

30
1.35 1.4 1.45 1.5 1.55

InR

A\l 3 ] b gy - B o 3 3 PN~ R
MLy, 4% Total extrusion pressure(p +o ) versus 1o 3 for Copper with RO=4

gLT



7 o
65 '/ /
”””JQ—faEL/,/////fEr,/" I///////////////T’/////r
6 ! .
|
I /
I .
55 !
' /
.l
50 N
0.9 0.95 1.0 1.05 110
70
60 die
S . - . , /
65 _—
N /
L
= 60 —
0
5. 55 =
n
o 50 | |
o
|
+ 45 = ~
0
5
2
L 40
Q 0.9 095 1.0 1.05 110
L 65
e o
- 40 die
O
c - -1
2 60
I
| .
l /
50 !
I /
45 i%/ —
40
0.9 0.95 1-0 1.05 110

INnR

EIG.u4 Total extrusion pressure <pA+OA) versus 1ln R for mild steel billets with Ro=2.5

€LT



174

60
N pild steel

c A
= 50
S 40
] R=4 N
Q.

30 f
’22 ~—o—1 2% —
5 20
X
L

10

OO 30 60 Q0 120

Die angle (degrees)

FIG.45 Simple hydrostatic extrusion pressure versus
die angle for copper (R = 2.5,4) and mild

steel (R =

2.5)



20
unstable —
| 4 4 Copper
Stress strain curve R,=2.5
\/ FIG.46
10
%
o)
0 01 0.2 0.3
20
unstable Copper
Stress strain curve T_-_‘_ __ R_=4

/
FIG.47

i

“c
My N -
1)}
(72}
O
| o
7
o 0 :
%; o) 0.1 0.2 03
£
S O | unstable "
< Stress strain curve
‘ ‘ Mild Steel
< R,=25
. FIG.48
0
0 - 01 - . 0.2 0.3

Bulge strain, €

Augmentine stress versus bulze strain for copper and mild steel billets

y 40° included die angle
o——————- 60° included die angle
g ————— 900 included die angle

GLT



Stress

Tlin 2

40 ~ - '
o
1]
Total extrusion pressure f{
vs log R for 90° die |
35 | 7
Total extrusion pressure
vs logR for 40°and
| 60°dies
30
/s
25 s
| Qg@ng(
N
-
20 /ﬁc,/ S ,
Y |
G Stress strain curve
o ///,//’////’ for annealed copper, o
15 - K\ i
e |
é / J o~de(homogenecous
//// - deformation’ curve)
10
¢ / |
o
|/ ///// Legend as for fig.40
5t ' .
SV
Rs2:5
0 — ‘ -
0 25 ‘5 ‘75 1-0 1-25 1-5 1-78

176

True strain

FIG.49

Diagram showing the derivation of the bulging limit for-

copper billets from experimental results



177

p— e G— " S— —— — — p— —— — — — — — ——

o L, - — e e —— — g ———

A MODE OF BUCKLING OF THE BILLET
Fig.50




178

3

-~ PLUNCER
m/ | CONTATNER
| BILIET

i
]
AREA =1 (&

!
=
t

ITRE RINVG
R

|
0 RIIIG SEALS

AREA=1/R1

b ( 1/

NN,

N\

AREA=1/31R2

/

SCHEMATIC DIAGRAYM SHOWING THE DOUBLE RUDUCTION DIW
IN HYDROSTATIC EXTRUSION

FIGe51 )




179

20—

18 —

2 .

EXTRUSION PRESSURE , T/IN.
>
|

i
>
I

12 |— eo—o¢ SIMPLE DIE
&—4 DOUBLE REDUCTION DIE

Fluid - Castor oil

10 1 | |
+0 125 150 175
{n R

FIG.52a Double reduction die results with aluminium billets;
extrusion pressure versus 1ln R1R2




20—

T/ NG
(9]
|

?

EXTRUSION PRESSURE
>
—

180

¥75

12 }— ©——6- EXTRUSION WITH SIMPLE DIE
; .
A— 4 EXTRUSION WITH DOUBLE
REDUCTION DIE
Fluid — Castor oil
16 | l ]
1-0 125 150
{nR

FIG.52b Double reduction die results with aluminium billets;

extrusion pressure versus ln R1R2

e, o vt e o



181

45
prd
=
U_,‘5O-—~
I
)
V5]
)
L
o
o
=z 35
O
7p)
-
o
'._
Pt
w
30 +——o simple die
«--= double reduction
‘ die
Fluid-Castor oil
25 | l | :
10 1.25 15 175

nR

FIG.53a Double reduction die results with copper billets;

extrusion pressure versus 1ln R1R2



182

45_.
AN .
4
=
UJ‘4O —
o
)
n
0y}
|
4
0
ZBSP
)
)
-
a
|_
e
Ll
ok e——o Simple die
#--4 double reduction
die
Fluid-Telus 27 oil
L | '
25 '
I T 15 1.75

InR

FIG.53b Double reduction die results with copper billets;
extrusion pressure versus 1ln R1R2



2

EXTRUSION PRESSURE, T/IN

183

75—

3
I

3
]

o ‘ I |

o - 10 2:0 -30
In R

FIG.54 Simple hydrostatic extrusion pressure versus In R curves

for various die angles(copper billets)calculated by the
hydrodynamic theory for a work—hardening material

e

eymn

- h A ARy s s

4" et e 2 e A

o

B T

[P ——



184
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R=3

Fig55 Theoretical pressure distribution
along the die by the theory of hydrodynamic
lubrication (Work-hardening material analysis).
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FIG.56 Variation of (o,+ PA> versus o, calculated by the
work-hardening theory of hydrodynamic lubrication
for copper billets with an extrusion ratio of 2.5
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FIG.58 The fluid pressure,film thickness and shear stress
variation along the die for copper billet calculated

by the numerical method
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TABLE 1 Dimensionless redundant work pRl/k and

semi—die angle .

189

Semi-die Dimenzionless Redundant Work,Pp,/ 'k
ingle o<’ < ® + Optimunm
(Sino< - Goted) %Tan /2 | Parabolic
: Boundary
0 0 0 0
10 (117 117 117
20 .237 .236 .235
30 .362 .358 .356
45 571 553 .546
60 .819 .70 .755
65 .915 .849 .831
70 1.020 933 .910
5 1.135 1.023 «993
80 1.221 1.112 1.081

¥ Spherical Boundary with apex of the die cone as centre

+ Optimum

Conical Zoundary



ratio 1/r for copper

SCR L/

(T/in?)

3.5 150
5 15.4
5 13.5
8 10.5

10 8.65

12 7.45

14 5.23

15 5.26

CR 1/r
5 163
10 115
13 101
18 18.5
23 10.4
28 6.35
33 4.67
36 4.05

190

TABLE 2 Critical buckling stress SCB.and slenderness

TABLE 3 Critical buckling stress S,, and slenderness
ratio 1/r for mild steel



TABLE (4)

COOK AND LARKE TEST FOR COPPER (ANNEALED)

LOAD, P HEIGHT OF SPECIMEN, H INCHES FRACTIONAL DECREASE IN HETGHT fH STRESS, © STRAIN, ¢
in tons [h =1.502 h_=0.750 h_=0.377 h_=0.253|d /h =} d /h =1 d /n =2 d/n =3 d/n=0%| - %‘%’;ﬂuﬁ/inz = In(z1)
1.5 1.490 0.744 0.374 0.251 0.008 0.008 0.008 0.008 0.008 3.40 0.008
2.5 1.471 0.735 0.370 L. 249 0.021 0.020 0.019 0.016 0.021 5.54 0.021
3.5 1.445 0.722 0.364 0.245 0.038 0.037 0.035 0.032 0.0390 7.61 0.040
4.0 1.430 0.715 0.362 0.243 0.0480 0.047 0.040 0.040 0.050 8.60 0.052
5.0 1.396 0.702 0.354 0.238 0.071 0.064 0.061 0.05% 0.073 10. 50 0.077
6.0 1.364 0.684 0.345 0.232 0.092 0.088 0.085 0.083 0.093 12.35 0.107
7.0 1.335 0.665 0.335 0.226 0.111 0.113 0.111 0.107 0.114 14.05 0.121
8.0 1.287 0.645 0.327 0.221 0.143 0.140 0.133 0.127 0.145 15.5 0.157
10.0 1.190 0.598 0.308 0.209 0.208 0.203 0.183 0.174 0.215 17.8 0.243
12.0 1.7109 0.556 0.293 0.198 0.262 0.259 0.223 0.217 0.275 19.70 0.322
14.0 0.996 0.514 0.271 0.188 0.337 0.315 0.281 0.257 0.350 20.60 0.432
16.0 0.928 0.477 0.253 0.175 0.383 0.364 0.329 0.308 0.395 21.90 0.496
19.0 0.802 0.425 0.227 0.162 0.467 0.434 0.398 0.360 0.485 22,20 0.665
22.0 0.718 0.382 0. 206 0.145 0.522 0.491 0.454 0.411 0.538 23.0 0.773
25.0 0.650 0.344 0.189 0.137 0.568 0.541 0.499 0.458 0.587 23.4 0.885
30.0 0.586 0.304 0.168 0.125 0.611 0.595 0.555 0.506 0.633 24.1 1.005
35.0 0.508 0.268 0.153 0.114 0.663 0.643 0.595 0.550 0.685 24.9 1.155
40.0 0.445 0.247 0.13%9 0.102 0.697 0.670 0.633 0.596 0.715 25.8 1. 257
50.0 0.369 0.202 0.112 0.089 0.756 0.731 0.695 0.648 0. 765 26.6 1.45
do = original diameter = 0.751 ins., ho = original height of specimen.

* extrapolated from the plots of do/ho-vs. fH.
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TABLE (5)

COOK AND LARKE TEST FOR MILD STEEL (ANNEALED)

LOAD, P HEIGHT OF SPECIMEN, H INCHES FRACTIONAL DECREASE IN HEIGHT fH STRESS, © STRAIN, ¢
‘103 1bf ho=1.500 ho=0.750 ho=0.375 ho=0.248 do/ho=% do/ho=1 do/ho=2 do/ho=3 do/ho=0* =-%(%225%§§6T/in2 = ln(?%fﬁ)
14.00 1.4995 0.7495 0.375 0.248 - - - - - - -
16.00 1.499 0.749 0.3745 0.248 0.0007 - - - - - -
18.00 1,4985 0.748 0.374 0.2475 | 0.001 - - - - 18.35 0.001
20.02 1.474 0.737 0.370 0.246 0.0174 0.0173 0.0133 0.008 0.0174 20.25 0.0174
22,02 1.458 0.7285 0.365 0.242 0.028 0.028 0.027 0.024 0.028 21.8 0.028
24.00 1.446 0.7225 0.362 0.240 0.036 0.036 0.035 0.032 0.036 23.1 0.037
27.45 1.422 0.7095 0.3555 0.236 0.053 0.053 0.052 0.048 0.053 26.6 0.052
30.00 1.400 0.699 0.351 0.2345 | 0.067 0.067 0.064 0.054 0.067 28,6 0.0686
35.00 1.3485 0.6725 0.3385 0.2295 | 0.101 0.101 0.097 0.074 0.101 32.0 0.116
40.00 1.2815 0.6415 0.3275 0.2170 0.145 0.144 0.127 0.124 0.145 34.9 0.157
50.00 1.157 0.578 0.297 0.1975 | 0.229 0.229 0.208 0.202 0.229 39.3 0.260
60.00 1.0385 0.517 0.269 0.1805 0.308 0.308 0.283 0.270 0.308 42.4 0.369
70.00 0.932 0.467 0.2425 0.1675 | 0.379 0.377 0.353 0.322 0.380 44,25 0.479
90.00 0.7575 0.3895 0.210 0.144 0.495 0.482 0.440 0.416 0.500 45,9 0.693
110.00 0.643 0.3345 0.179 0.1265 | 0.571 0.555 0.523 0.486 0.585 46.5 0.879

do = original diameter = 0.746 ins.; ho =

* extrapolated from the plots of do/ho vs. fH.

original height of specimen.

ebT



Tabls Ba. Billet ~ugmented hydrostatic €xtrusicon results

Material: Commzreially pure copper anncaled at 810°C for

1 ar.

2a = 40° = die angle

Product dia. = ©.313"

Ro’ original extrusion ratio = 2.54
Hydrostatic f£lunid pressure 24 22.1 17.7 16.0
£, (1/in2)

A
e
Augmenting lond, F% (Tent) - 1.57 3.73 4.15*
i
Ipia. of residual billet, D | 0.499| 0.510| 0.536 | C.538
g(ins)
éAugmanting.strcss, o, - 7.65 1¢.4 18.3*
! H
' (1/i02)
!
[}
iEffcctive extrusion ratio, 2.54 2.65 2.93 2.%5
R
In R .932 75 1.¢75 1.081
Bulgc ) -
) € = 1n — o 0.044| ©0.143| 0.143
. R
strain ) [}
Total extrusion pressure, 24 29.751 34.1 34.3*

(6. + p), (T/in?)
ECA
A

* Unstzeble,still incrcasing.
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Table Bb. Dillet augmented hydrostatic oxtrusion resulis

fAntericl: Cemmercially pure copper annzalasce a2t 610°C for 1 hr.

20 = 68° =

Product ciz. =

R ; original cxtrusicn ratice
c

194

(6, +p) (T/in?)

Hydrostatic fluid pressura 23.4 23.1 21.4 21.1 18.7
. 5 i
T :
APA (T/in®) i
|
Mugmenting load, F (Tonf)i - 0.7 0.95 1.25 3.5%
Dia. of resicual billet, D]  .498 .501 .502 .505 | .539
(ins)
Bugnenting stress, o, . 3.55 4.8 6.3 15.5*
L (T/in?)
Effective extrusion ratio, Z.53 2.56 2.57 2.60 2.95
1n R ©.228 0.240 0.944 0.356 1.082
Bulge ) R
) e = 1ln — 0 0.012 2,016 0.028 | 0.154
Strain) o]
Total axtrusion pressure, 23.4 26.65 26,2 27.4 34,2%

* Unstable, still increasing.
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Takle Bc., Billet augmented hydrostotic extrusion rasults

Material: Commerciclly pur: copper anncaled a2t 610°C for 1 hr.

20 = 90° = dié angle
Product dia. = 0.313"
]
Hydrostatic fluid pressure 28.2 26.1 25.5 24.7 23.4
p, (T/in?)
A
Augmenting load, FA (Tonf) -~ 1.15 2.10 2.6 3.4%

Dia. of residual billet, D .498 .503 .514 .525 .536

(ins)
Augmanting stress, 9 - 5.75 10.25 12.1 15.2*
(T/in?)
Effective extrusion ratio, 2.53 2.58 2.69 .2.81 2.93
R
InR .928 . 549 .S90 1.033 1.074
Rulgce ) R

) € = 1n o— o 0.02 Cc.064 | .l04 .144
strain) “o
Total extrusion pressurc 28.2 31.8 35.8 36.8 38.6%*

o /in2
(T/in®) (G, +P,)

* Unstable, still increasing.



TABLE Ja Billet augmented hydrostatic extrusion results

Material: Commercially pure copper annealed at 610° for 1 hr.

20 = 40° = die angle

R
o}

Product dia. = 0.313"

original extrusion ratio = 3.97

196

Hydrostatic fluid pressure

Pa (T/in2) 36.3 34,5 33,2 31 28.5
Augmenting load, F, (Tonf) - 1.58 2.55 3.73 5.38
Dia. of residual billet, D
(ins) 624 627 .636 651 .671
Augmenting stress, I

(T/in2) - 5.0 8.0 11.2 15.2
Effective extrusion ratio,
R 3.97 4.01 4.14 4,33 4.60
In R 1.38 1.39 1.42 1.465 1.525
Bulge R

e }e‘:ln—
Strain RO - 0.0096 0.040 0.085 |} 0.145
Total extrusion pressure

2

(UA + pA), (T/in ") 36,3 39.5 41,2 42,2 43.7
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TazLE Th Billet augmented hydrostatic extrusion results

Material: Commercially pure copper annealed at 610° for 1 hr.

2o

i

60° = die angle

R
o

1Y

original extrusion ratio = 3,57

Product dia., = 0,313"

Hydrostatic fluid pressure

p, (1/in%) 35.2 33.2 2.0 |30 28

Augmanting lcad, FA (Tonf) - 2,45 3.03 4,55 5.85*

Dia. of residual billet, D

(ins) .624 .633 . 640 .658 .684

Augmenting stress, Ty

2
(T/in") - 7.8 9.4 13.4 16

Effective extrusion ratio,

R 3.97 4,09 4,19 4,42 4,77
1n R 1.38 1.409 1.431 | 1.49 1.56
Bulge R

Strainl€ = 10 R, - .029 .051 | .109 .182

Total extrusion pressure

2
(UA + pA), (T/in") 35,1 41.0 41.4 43,4 44

* Unstable still increasing




TARLETC Billet augmented hydrostatic extrusicn results

Material: Commercially pure copper annealed at 610° for 1 hr.

20

R
o)

90° = die angle

Product dia. = 0.313"

original extrusion ratio = 3.97

198

Hydrostatic fluid pressure

2
Pa (T/in ) 38.4 37.0 36.0 34.2 3z.3
Augmenting lcad, FA (Tonf) - 1.065 2.29 4.53 5.74
Dia. of residual billet, D
(ins) .624 .624 .636 656 . 650
Augmenting stress, G
(T/inz) - 3.5 7.2 13.4 i5.8
Effective extrusion ratio,
R 3.97 3.37 4,13 4,39 4.73
In R 1.38 1.38 1.42 1.48 1.554
Bulge , ln~§ .
Strain’® = RO - 0 0.040 0.105 174
Tctal extrusion pressure
(UA + pA), (T/inz) 38.4 40.5 43,2 47.6 48.7




TAZLE 83 Billet augmented hydrecstatic extrusicn results

Material: Mild Steel anncaled at 900°C for 1 hr.

200

i

R
0

40° = die angle

Prcduct dia. = 0.313"

original extrusion ratio = 2,53

199

Hydrostatic fluid pressure

2
Pa (T/in ) 43,4 41.4 39.6 32,2 28.6
Augmenting load, Fy (Tonf) - 2.34 2.81 4,52 7.06
Dia, of residual billet, D
(ins) .498 .498 .498 .506 +530
Augmenting stress, Y
(T/in°) - 12,0 | 1.4 | 22,5 | 32
Effective extrusion ratio,
R 2.53 2.53 2.53 2.61 2,87
In R .928 .928 .928 .960 1.055
Bulge R
Strain}b— In Ro - 0 0 .032 . 127
Total extrusion pressure

. 2

(GA + pA), (T/in ") 43.4 53.4 54 54,7 6046




TAZLE 8b Billet augmented hydrostatic extrusicn results

Material: Mild Steel annealed at 900°C for 1 hr.

@]

20. = 60 = die angle

R = criginal extrusion ratio = 2,52

O

Product dia. = 0,313"

200

Hydrostatic fluid pressure

p, (i/in%) 43.5 0.6 38.4 | 35.0 32.0
Augmenting load, FA (Tonf) - 1.95 2.43 4,26 7.6*
Dia. of residual billet, D
(ins) - . 497 497 . 503 .533
Augmenting stress, I

2
(I/in ) - 10.0 12.5 21.5 34.1
Effective extrusion ratio,
R 2.52 2.52 2.52 2.28 2.90
In R .925 .925 .925 .949 1.09
Eulge R
Straln]e In RO - 0 0 .024 . 140
Total extrusion pressure

2

(oA + pA), (T/in ") 43,5 50.6 50.9 56.5 66.1

* Bulged and buckled still increasing




TARLE BC Billet augmented hydrostatic extrusicn results

Material; Mild Steel annealed at 9OOO.for 1 hr.

2a = 90° = die angle

R
o}

Product dia., = 0.313%"

original extrusion ratioc = 2.52

201

Hydrostatic fluid pressure

Py (T/in2) 51.8 42 40 37.5 35.0
Augmenting load, F, (Tonf) - 4.05 4,62 5.35 7.68*
Dia. of residual billet, D
(ins) 497 .502 .505 .512 .536
Augmenting stress, I
(T/in2) - 20.5 23.1 26.0 34,0
Effective extrusion ratio,
R 2,52 2.375 2.61% 2.675 2.93
In R .925 .945 .957 . 985 1,078
Bulge }e = ln~5
Strain’® ~ R - .02 .032 .06 .15
Total extrusion pressure

2
(cA + pA), (T/in ") 51.8 62.5 63.1 63.5 69.0

* Still increasing
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TABLE 10 Simple hydrostatic

extrusion pressure for
mild steel with R = 4.

TABLE 9 Simple hydrostatic
extrusion pressure for
copper with R = 5,75

Extrusion o] Extrusion Cf
. 2] 2
pressure, T/in? 2Q, pressure, T/in?
45.2 40 62,2 40
44.4 60 69.5 60
46.3 90 72.4 90

TABLE 11 Coefficient of friction in simple and billet

augmented hydrostatic extrusion of copper with R = 2.5
20 = 40° 2a = 60° 20 = 90°
GA u UA u GA u

.2 . . 2

(t/in") (T/J.n2) (T/1:12)

0 0.0390 0 0.0330 o 0.0390
7.65 0.0922 3.55 0.10356 5.75 0.129
16.4 0.0910 4.8 0.C940 10.25 0.195
18.3 0.0%210 5.3 0.1C46 12.1 0.164

15.5 C.113 15.Z2 0.159
uo = 0.0390 corrisponding to 2a = 30°

opt



203

200 = 40 20 = 60 2a. = 90
%A “a °a
. 2 . 2 . 2
(T/in") L (T/in ") " (T/in") "
C .067 ¢] 067 0 067
5.0 .098 7.8 . 142 3.5 . 126
8.0 . 100 9.4 . 129 7.2 . 143
11,2 .092 13.4 . 124 13.4 . 195
15,2 .091 16.0 . 108 15.8 . 160
TABLE 12
(Copper, R = 4)
200 = 40 200 = 60 2a = 90
A Ta “a
2 2 2
{(T/in ") 0 (T/in ") o (T/in") o
C .078 0 .078 0 .078
12 . 191 10 - . 190 20.5 « 240
14,4 . 198 12.5 .192 23.1 . 220
22,53 . 162 21.5 . 219 26,0 - . 170
32 . 135 34,2 . 151 34 . 135
TABLE 13

(Mild Steel, R =2,5)
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TABLE 14 Bulging limits for annealed copper billets

. Bulging limit, T/inZ
20
RO= 2.5 RO= 4.
Extrapolation| Thompson's|{Extrapolation|Thompson'd
method method method method
40 15.4 16.0 15.2 16.0
60 15.4 16.2 15.4 16.5
90 15.6 16,0 15.1 16.2

TABLE 15 Bulging limits for amnealed mild steel billets

Bulging limit, T/in?
oq, © Rb: 2.5
Extrapolation | Thompson's
method method
40 33.0 34.3
60 33.5 34.6
90 33.2 33.9
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TARLE 15
Material: Aluminium
Diameter Overall Extrusion Pressure, T/in
of Extrusion in R
Billet Ratio, R Simple Die Double
P Reduction Die
.562 3,22 1.17 11,5 -
.625 3.99 1.385 14,2 15
. 688 4,83 1.575 16.4 16,65
« 715 5.2 1.65 17.1 17
- Leakage
. 750 5.74 1. 75 18.0 at 14 T/in
Fluid: (a) Castor Oil’
.562 3,22 1.17 11,6 -
625 3.98 1,385 13.9 15.65
. 688 4,83 1.575 16.4 16.75
. 715 5.19 1.65 1715 17.0
Leakage
. 750 5.74 1.75 18,25 at 10 T/in2

(b) Shell Tellus 27 0il
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rasLE]]
Material: Copper
Diameter overall Extrusion Pressure, T/in
of Extrusion In R Double
Billet Fatio, R Simple Die Reduction Die
«562 3,22 1.17 28.0 -
.625 3.99 1.385 33.8 37.7
.687 4,83 1.575 40.9 38.4
. 715 5,20 1.65 42,2 39.6
. 749 5,74 1.75 44 42.9
Fluid: (a) Castor 0il
.62 3.22 1.17 28.5 -
.624 3.98 1.38 34.0 37.0
.687 4,83 1.575 40.5 40.8
. 713 5.19 1.65 42.0 41,7
« 730 5.74 1.75 43,5 42.8

(b) Shell Tellus 27 0il
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TABLE 18 Results of the double reduction die experi-—
ments with cast aluminium alloy

(a) Fluid: Tellus 27 oil

Dieameter | Overall . . .2
of Extrusion| 1In R Extrusion pressure,T/inS
Billet Ratio, R Simple Die | Double
Reduction Die
0.624 3.97 1.384 51.5 52.0
0.687 4,82 1.573 53.8 55.0

(b) Fluid: Castor oil

Diameter

Overall o . .2
" or Txtrusion | In R Extrusion pressure,T/inf
Pillet Ratio, R Simple Die | Double
Redvuction Die
0.624 3.97 1.384 51.0 51.6
0.684 4,82 1.573 53.5 54.8
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