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METAL FLOW
IN
FORWARD COLD EXTRUSION

RBSTRACT

In this work, experiments with @ small-scale extrusiaon
apparatus are described. Billets of commercially pure. lead,
which has the diameter of 50 mm were extruded at room
temperature into 25 mm diameter solid bars at an extrusion
rate of 2.5 mm/sec. Metal flow directions were determined
during a small stepwise deformation process from distorted,
noriginally square, grid-line network scribed on a meridian |
plane. Certainly, general,agreement is found in the variatinnj
of the plastic region with die aperture and with mode of
lubrication amployed. It was further found that the metal
located in the corner, formed by ecylinder wall and die face,
was in a state‘nf plastic deformation, This observation
shows that the surface guality of the finished extrusion is
dependent on the surface guality of the billet from which

the extrusion was pressed.



DOBRUDAN SOBUK EKSTRiIZYDONDA
METAL AKISI

gzeT

Bu galigmada, kiigilk bir ekstriizyon diizeneginde yapilan
deneyler anlatilmaktadir. Bu deneylerde; gapi 50 mm olan
ticari safliktaki kursundan yapilmig igi dolu takozlar,

2.5 mm/san'lik bir ekstriizyon hiziyla, gapi 25 mm olan gu-
buklara ektriizyon edilmektedir. Metal akis ydnleri meridyen
diizlemine yapilan izgaranin deformasyonu yoluyla tayin
edilmektedir. Plastik béilgenin, kalip gekli ve uygulanan

yag ile degisimi {izerine var olan olan genel diisiince dogru-
lanmigtir. Buna ek olarak, silindirin geperi ve kalaip yilizl
tarafinda olusan kisedeki metal yigdilmasinin plastik aefor-
masyon durumunda oldugu bulunmustur. Bu g@izlemler; ekstriizyon
edilen gubugun yiizey kalitesininy ekiriizyon edilecek takozun

ylizey kalitesine yakindan bagli oldufunu gdstermigtir.
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I. INTRODUCTION

Cold extrusion of metals, particularly non-ferrous
alloys has become a well-established and important
manufacturing process. The principal application of the
process was anmerly in the production of ordinance items,
such as mortar and artiliery shells and cartridge cases.
More recently, however, the process has gained considerable
attention from the automative industry for the production
of small parts, such as wrist pins, hydraulic valve
plungers and electrical switch housings. It has inherent
advantages td other processes such as rolling, and forging
in that complicated shapes with re-entrant angles can be
obtained readily with this process and that the dies are
relatively simple, easily manufactured, and replaced in
an extrusion press, if it is desired to alter the shape

cf the product.

Some of the advantages that are gained by cold

extrusion are (1):

1. Conversion of low-strength alloys to high-strength
finished products through work-hardening.
2. Saving of time and material because of fewer

operations and smaller machining losses.

3. Production of an uniﬁterrupted fiber flow, which

results in greater load carrying capacity.



L. BGood surface finish and maintenance of tolerances

within close limits.

The process consists of placing a roughly fitting
cylindrical billet in the cylinder of an extrusion press
andfhrcﬂm the metal through a steei or carbide aperture
having the desired shape of the prnduct; it is somewhat
analogues to forcing tooth paste out of the orifice of a

tooth-paste tube.

Two methods of applying the extrusion pressure are
commonly used and are illustrated schematically in Fig.1
and 2 (2,3).

‘a. Direct Extrusion Process The pressure is applied
by means of the hydraulically operated ram at one end of

the billet through & follower plate or piston (Fig. 1)

The forming pressure is transmitted through the
billet in forcing the metal through the die at the other
end of the billet.

b. Indirect or Inverted Extrusion Process The pressure
is applied though the die itself fixed to the'hydraulically
operated ram and extruded pruduct enters the hollow ram.
(Fig. 2)

~The direct extrusion process has the advantége that
the length of the product is limited only by the size of
the billet er the length of the runbut table (4). Its
disadvantage lies in the fact that the forming pressure,
in addition to causing plastic flow in the metal, must be
sufficiently high to overcome friction induced at the
wdll of the cylinder, since the billet moves relative tuv

the cylinder. In the inverted or indirect extrusion
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Process the cylinder-wall friction is reduced materially,
since little relative motion exists between billet and
cylinder wall, but the length of the extruded prnducﬁ is
limited by the length of the hollow ram.

The factors of the defurming'mechanism in extrusian
are extrusion pressure, rate, temperature,'reductinn, the
shape of die and lubricants. Generally, the relation between
metal flow and the shape of die and lubricants is considered

to be important (5)

The aim of this study is to search for the relation
between metal flow and die shépé by experiments. The
way of extrusion is forward extrusion nf'léad split billet
at room temperature. A study of flow patterns is of great
impnrtance in eXtrusiun since it is an aid in the proper

design of dies and in the determination of process variables.



ITI. LITERATURE SURVEY

Extrusion is one of the youngest of the metal forming
processes. Pearson and Parkins (6) have pointed out that
the principle of extrusion was apparently first applied
by J. Bramah of Sheffield who, in 1797, invented a machine

to extrude lead pipes.

Experiments with a laboratory extrusion apparatus
under conditions of plane strain were made in 1953 by
Purchase and Tupper (7). In the same year, Plastic flow .
in a lead extrusion was studied by Yang and Thomsen (8) In
1954, an experimental study of metal extrusions at
various strain rates was undertaken by Frisch and Thomsen
(3) 1955 to 1956, stresses and strains in cold-extruding
. 25=0 aluminium, experimental and theoretical pressures
and velocity fields for various lead extrusions, and the
effect of process variables on extrusion pressures of lead
were considered by Thomsen an Frisch (8-10). Important
Contributions to the extrusinn/prnduction of ﬁnn—Ferruus
metals and alloys have been made by Avitzur (11-14), and
his co-workers (15) carried out very original investigstions
into extrusion in order to establish the relationships
between the extrusion force, the characteristic parameters

of the process.

Laﬁer, an attempt was made tb examine the potantisal
theory in 1967 by Shabaik, Kobayashi, and Thomsen (2). It
was found that by the proper adjustment of the boundary
cunfigurétiun for cases where the flow changed direction
gradually, the agreement between theory an experiment was

excellent. In 1968, Theoretical and experimental flouw



fields of several extrusion ratios-of lead extruded in

plane strain were compared by Shabaik and Thomsen (16).

Later; Iwata, Osakada and Fujino (17) developed the
analysis of hydrostatic extrusion by the fiﬁite eieﬁenp '
method; an elasto-plastic analysis of hydrostatic extrusiaon
was made using the finite element method. Rfter a tenhnique
of semi-emprical analysis, based on strain distribution
measurements and known as the visioplasticity method, had
beed developed by Thomsen, Frisch and other co-workers
(3,9, and 10) which had made contributions to a better
understanding of some complicated problem, visioplasticity
analysis of 2024 aluminium alloy extrusicns was considered

by Medrano, Hinesley, Gills and Conrad (18).

In 1981, the influence of femperature and ram speed
in hot extrusion of aluminium alloys were considered by
Sheppard (19).



III. PHASES DURING EXTRUSIDN

Typical extrusion fnrceépunch displacemeht autngraphig
diagram for the slow forward and backward cold extrusion '
of a cylindrical slug (billet) of a well-lubricated non-
hardening material thrbUgh g8 single circular orifice,
square-faced die is shown in Figure 3. Examination of
this diagram suggésts that there are three principal phases
during the processes which can be distinguished as (a) the
coining phase, (b) the steady state phase and (c) the
post-steady or unsteady state phase (20) |

A. Coining Phase

At the commencement of an extrusion, the billet
initially deforms elastically in compression, yields in
the vicinity of the die and then in this region deforms
plastically to exactly fill the die and the container
which expand elastically. At the same time there is usually
a8 limited amount of extrusion of relatively unstrained
matérial. During this coining phase the extrusion force

is therefore expected to increase rapidly.

B. Steady State Phase

As the extrusion proceeds ana the punch continues
to move forward in a forward or direct extrusion the
extrusion Forcé decreases. This Dccﬁrs because the
frictional resistance af the container interface decreases
as the length of undeformed billet diminishes. However,
during backward or indirect extrusion, there is no‘relétiue

motion between the billet and the container and consequently
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PUNCH DISPLACEMENT

FIGURE 3- Idealised Autographic Extrusion Force-Punch

Displacement Diagram for (a) Forward or Direct
Extrusion, and (b) Backward or Indirect
Extrusion Illustrating the Phases of the

Processes (20)
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frictional resistance is absent. The extrusion force

therefore remains sensibly constant during this phase.

C. Post-Steady or Unsteady State Phase

A more rapid rate of decrease in the extrusion force
is evident at the end of the steady state phase. The whpole
of the billet now constitutes the zone of plastic
deformation and the Tield of strain changes as the punch
advances. When the lengfh of billet is reduced to about
half the diameter of the extruded product, & cavity or
so-called pipe is initiated on the axis at the rear end
of the billet and the final phase of unsteady state

deformation occurs.

The cavity gradually increases in diameter and
depth so that the extruded product during this phase is
transformed intoc a pipe of increasing internal diameter.
This extrusion defect of piping occurs at some point in
thé process when the velocity of the billet at the axis
of symmetry exceeds the velocity of the punch. The material
in the vicinity of the axis breaks contact with the punch
and the cavity begins to form. The extrusion force is no
longer uniformly distributed over the whole nf'the

pressure pad.
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IV. THE THEORY OF EXTRUSION

Practical extrusion shares two important features
with most pther deformation-processing operations: it is
extremely complex and its practice is far ahead of its
theory. The latter is clearly a fortunate cichmstance,

considering the state of the theory.

Most of the uperatinns that depend upon deformation
for shape changing and pruperty.cuntrul also share a number
of common problem areas. Their relative importance and
degree of interaction may change with the operation, but
they can usually be identified, if only in a broad way.
Five problem areas are indicated in just this way for the

example of extrusion in Figure 4. (21).

Area 1 representis the deformation zone, generally
regarded as the province of continium mechanics and applied
mathematics. There is concern here over the distribution of
stress, displacements, and strain, the overall pressure

requirements and problems of die design as well;

Area 2 covers the interface between the elastically
loaded tools, (tool, container, etc.) and the plastically
deforming billet. There is strong interaction with other
areas,especially 1. The concern is now with the
difficult guestions of heat transfef, friction, and
lubrication under the unique conditions of plastic working,

tool wear, and resulting surface;

'
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FIGURE L~ Lucatlons of Various Problem Areas’ Encountered

in Deformation Processing Operations (21
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Area 3 embraces the properties and characteristics
of materials under conditions of processing. This is
a critical, but rather neglected, metallurgical
problem area, generally centered around strain hardening,
recrystallizatinn, fracture, ete. Very often the specific
conditions of interest involve high temperatures and high
strain rates, but these in turn may be ﬁnly i1l defined.
- Here is where the perennial problem of workability

evaluation lies;

Area 4 is strongly metallurgical, based on structure
and properties and how these are influenced by the

deformation; and

Area 5 lopsely represents the whole processing system
and includes the primary deformation equipment plus
auxialiary gear for heating, handling, etc. It clearly

represents an area of much engineering sctivity.

In a simplified theoretical approach, therefore,

the following variables can be considered as relevant (22)

(a) Type of extrusion

(b) Reduction '

(c) Die shape

(d) Frictional conditions at the die and chamber
wall. '

(e) Nature of the dead metal.

This leaves aside considerations of hardening,

strain-rate effects, temperature effects, etc.

A. Mathematical Formulation of 8 Problem of

Plastic Flow (21)

Mathematically, the problem of deformation of a

rigid/plastic, non-hardering material may be couched in
/
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the following terms. The complete state of stress at a
point cén be expressed in terms pof six independent
gquantities which constitute the stress tensor. Relative
to three mutually orthsgonal axes x,y,z, these may be
taken as Sxt Oyt %z Tyzr Taxo T*y’
(and conventionally) by the array:

urAcqllectively

o T T
XX Xy Xz

o.. = |= o T
13. Xy vy yz
Txz Tyz 922
- i

In order that the resultant force sacting on any element
shall be zero (in the absence of body forces), these
components must satisfy the following partial differential

equations:

acxx aTx 6TXZ
+ Y + =D,
ax ay 0z
atx 6o 81 7
y_ . vy y =0,
ox dy 8z
arxz ot 7 aozz
+ y + = 0,

ax oy 0z

These are the stress-equilibrium equations and will be
familiar to those who have a knmwledge of elasticity.
This expresses the stress components when the material
deforms- plastically. qu convenience it will be said that
plastic flow can occur when some (known) functional Y

relation between the stresses is zero, i.e:
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In-the non-deforming, or rigid regions, f (oij); o.
The displacement of any point during a small time interval,

at, is expressible in terms of three components, Gx’ Gy’ W,
in the x, vy, and z directions, respectively. If these are
related to the displacement of some convenient datum, e.Q0.
the ram in extrusion, in the same time interval, they can

be regarded as "velocities" u, v, and w. It must be
emphasized, however, that these velocities are not time
rates. A set of strain rates in terms of these velocities

can be formally defined, as in hydro-dynamics, by:

é _ ou é _ av é _ alTJ
= ; = ; =
O vy ay zz 3z
Y, = 1 % ow ov ) T, = 1 ( o u + ag|>
y 2 oy z 2 0z 9 x
ey = 1 (ﬁv + Uy,
2 ox y

The relations between the stress and strain rates correspondin
to Hooke's law of elasticity, are the Levy-Von Mises '

relations, namely:

xx _ Fyy _ €2z _ Tyz _ ¥ 2x - Txy N

O xx Uyy 922 21yz <.2sz ZTxy

The components O ? Oyy' ©,,» 8TB O =0, oyy-om,
ozz-om where 30m = oxx + ny +,°zz; » varies both with

position and ram movement and is not a constant for the
materiasl. The eguations given, together with the bnundafy
conditions of the particular problem, govern the solution

of a problem of plastic flow.
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In cylindrical symmetry; the conditions are
T,0=%0g = 0, v= 0, and 4 stress and 2 velocity components
are unknown in the cylindrical coordinate system (r,® z)

“with the z axis as the axis of symmetry,

[+ Xe) ot c_-0
T + TZ + T 0 = 0,
or 8z T
atrz aoz Trz
+ + = 0,
or 8z T
Er EG ez er
= ’
0 -0 0g=0 oz-om 51
TZ
1 2 2 2 2 2
. {(or oe) + (oe—dz) + (oz-cr)_} + BTrz =0p
where 0R= Eguivalent stress.
and &_ _ ou ’ ée“u’ : - o
or T 0z
j, =28, 88
0z ar

B. General Methods of Calculeation (21)

~Starting with data like that at the left in Fig. 5
they lead to values for preésure reﬁuiremants but not aleng
a route through the "THEORY BOX". Their essential features
can be illustrated with some discussion of a work balance
that applies to all kinds of extrusion, and in principle,
to any pther plastic wofking pperation as well. The terms,

represented in Fig. 6, are the following:
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FIGURE 5- Structure of an Ideal Extrusion Theory (21).

Wa = Wht Wi+ W;
Wo =Tl =PRapl=Poy

FIGURE 6- Shape Changing Work Balance in Extrusion (21)-
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W_= total work actually required to extrude a
billet of initial cross section, Aq, and length,

L, and volume V= A1.L; this is the sum of:

W = the pure deformation work for homogeneous
reduction of the volume from the initial to -
final cross sedtinn, indicated by the uniform
compression of an initially thin, vertical and

parallelsided element in the billet;

‘W,= the redundant or internal deformation work
expended in straining not regquired for the
pure shape change, indicated by shear added to

the uniformly-reduced element; and

W.= work done in overcoming frictional resistance

at container and die face.

Both ma and mh are directly evaluated as shown by
the few equations. wh per unit volume is simply the area
under a true stress-strain curve for the material and
conditions of extrusion, whatever.they are, up to strain
e= 1n (A1/A2) set by the reduction from A, to AZ’_DT
extrusion ratio A1:A2. To produce the last equation a
shape-changing or deformation efficiency,n , is introduced,
mhich is nothing but the fraction of all work done solely
for the necessary shape change. This step collects ‘into

one quantity the much less clearly resolved work losses,

wf and mi.

The development of :explicit expression for n, usually
in terms of die profile, friction coefficient, and billet
geometry, has, in effebt, constituted much of the past .
work on calculation methods. Rlso needed for use of the

last equation is the material's strain-hardening behaviour
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under extrusion conditions. A usual, and often reasonable,
assumption is illustrated in Figure 7; the infegral
quantity, Jode, can be approximated by the product of a
deformation strength, or mean flow stress, and the overall
strain. Then the equation can be rewritten as shown with

a quantity b= o/n, which is frequently termed the
extrusion constant.

G ' ; fg—u:GLh—%‘-z— =6Ln(11-1)
A« g ° p=Gln(A /A7)
9/ ¢
//{jji:;:; ' = bLln(Ay/Ay)
LniL : ‘
A2

NO )

. keeATIVE

mor/oN

I \ i
>

score b {;

L

b “"rue exTRUSION consrAnNT”

- A
1 10 N >

FIGURE 7- Develupment of the Usual Logarithmic Extrusion

Pressure Formula (21).

C. The Theoretical Extrusiun.Pressure

Several methods for calculating the extrusion pressure
have been developed since the start of systematicvextrusibn
research. They differ from each other in the assumptians

made, the method and complexity of analysis, the theoretical
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basis and the degree of approximation of the solution (1).
The study in Ref. (21) considers that the relation between
the shape of the die and the extrusion pressure to be most
important. The shape of the die means, half angle of the

die. The minimum extrusion pressure is given as (21).

4 dz
pD= y{_liil (__%_)E_ 11w 2 Y ( “.2 - cot= )
C ds V3 sin&
whene # -
2
v dg _
P = vin ( ) + —— ¥
o d? v3 ' T
13 whene =
2

where Pn= Minimum theoretical extrusion pressure
Y = Yield strength

d,= Initial bar diameter

d

= Final bar diameter

P
]

Half angle of die
pdD=BDefficient of friction between die aqd billet
C =Hyp cots

Eguations above consider only the friction between the die
and the billet and not the friction between the container
and the billet. Then considering the frictional effect

between them, a following equation is obtained in Ref. (21):

_ LuL/d, -~
P= PDe 1 = PD(1fh uch dq)

where P= Maximum theoretical extrusion pressure

L= Length af bar before extrusion

%D=CDeFficient of friction betmeenvcuntainér and billet

The minimum and maximum theoretical pressure are
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calculated using the equations above. By putting1ﬁh= D.15,'

= 0.05 taken from Ref. (5) Y= 5.5 MPa., L=70 mm, d,= 50 mm

Heh 1

and d2= 25 mm into the eguations. Then, PD and P are

obtained. These values are shown in Table 1.

TABLE 1. The Theoretical Extrusion Pressure

Halt Angle " Maximum MPa Minimum MPa
30 ' 16 14
75 18 15

S0 : 20 18
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V. FLOW BEHAVIOUR DURING EXTRUSIDN

ARccording to Pearson (23), flow behaviour can be
categorized roughly into three types: type (a), which is
obtained when extruding a homogeneous plastic material
with little friction between the material and press
tools; type (b) which is Dbtaihed when extruding
homogeneous plastic materisl with a& considerable amount
of friction between the material and the press tools,
type (c) which is obtained when extruding a'nunhnmngeneuus
material with, in general, a considerable amount of
friction. These three types of flow are schématically
illustrated in Fig. 8, from Unksov (24).

1

r

(a) (b) (c) |
FIGURE 8- Shematic Representation of Three Different

Types of Flow Behaviour During Extrusion. (24).

(1) If the coefficient of friction is small, which is
the case when the walls of the former are carefully
machined and good quality lubrication is uéed, and there
is no, undue unevenness in the process of flow, caused by
a large difference in temperatures of the tool (in | )

particular the wall of the former) and the metal which

is being formed, then the centre of deformation is near
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to the. die and comprises in height not more than half the
diameter of the former (Figure 8-a3). Flow patterns gaf this
type occur during the lubricated extrusion of soft alloys
such as lead, tin, «~ brasses and tin bronges, and in the
extrusion of copper billets covered with oxide, which acts

as a lubricant (1)

(2) For average values of the friction coefficient
and when there is a certain difference in the temperatures
of the former walls and the metal which is being formed,
the centre of defnrmatinn extends over the whole height
of the billet and the internal layers of the metal flow
more intensely than the external layers (Figure 8-hb).

Flow type (b) is seen in single phase (homogeneous) ,
copper alloys that do not form a lubricating oxide skin

and in most aluminium alloys (1.

(3) wWith high values of the friction cueffitiént
the presence of strong drag in the layers of metal adjoining
the walls of the former, and also a considerable difference
in the temperatures of the metal and the tool, three zones
appear in the metal which is being formed characterizing
the intensity of the flow. The first zone (Figure 8-c)
is the internal zone of the metal placed directly opposite
to the die, and has the highest intensity of flow. During
movement of the press plate, the metasl of the second zone
flows from the periphery to the centre and sets up
constriction and a drop shaped arrangement in the first
stage of the process there is minimum deformation,'since
the temperature of the metal in this zone will be at a
minimum. This :type Df.flpw is found in the (= +B)-brases,
‘where the copling of the peripheral regions of the billet
leads to an increase in the flow stress, because the
flow stress of thera Phase is much higher than that of
. the phase during hot werking. As in the (= +B)-brasses,

flow type (c) will occur when there is a hard billet
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shell and, at the same time, the friction at the container
wall is’high..It can also occur without any phase change
that leads to a higher flow stress if there is a large
temperature difference between the billet and the container.
This can take place in the extrusion of tin as well as of
alumipnum and its alloys. The extrusion defect known as pipe
is caused by type (c) flow. It is an annular seperation in
the cross section at the rear of the extrusion. The non=s .
uniform material flow in the container, together with the
production and dissipation of heat, results in an uneven
distribution of the strain rate, temperature and, therefore,

the flow stress (1).



25

VI. DESIGN APPROACH TO FORWARD
COLD EXTRUSION ‘

A. Calculation of the Work of Deformation and the

Extrusion Load

In practice, problems are usually spolved by elementary
analysis because it is easy to understand and simple to use.
The solution obtained by Eleméntary analysis has also proved
to be most useful, because of its simplicity. Therefore

this method is given priority.

1. Elementary Analysis

The starting point of this approach is the influence
of the material, extrusion ratio, temperature and friction
between the billet and the container on the magnitude of

the work of deformation.

A. considerable ampunt of calculation would be reguired
to obtain the total work of deformation from the nonuniform
distribution of strain. and deformation energy in the deformation
zone. Therefore, the billet is assumed to deform homogeneously -
with plane sections remaining plane. Tresca's yield criterion
is used for the three-dimensional state of stress that
developsin each element of volume under the appliedram load.
Frictionles deformation of an element of volume by & change
in length of dL reguires the ideal deformation load Fid'

The ideal work of deformation is:

dmh= FQL

For uniaxial lnading:.
HANES)

- Savi vERSiTESt KUTLE
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which can be extended to:

F:—.Yb

L
giving:
dL
dwh_U.Y T
Therefore:
P
wh= V.YS “dL/L
L1 |
L Lo
2 . 2" . L
Lf SL = 'lnLI' = .In L2 = g
1 L1 1

The volume remains constant. Therefore:

AZ L2= Ad L1
In tz et In 21.
1 2
Hence:
mh= V.Y.e
Iy
Fid=_L—h. = A,I.Y.e

Where Fid is the ideal extrusion load. For the billets used

in pur studies:

Fidz A,loYo
A1 = The initial cross section=1963.5 mm
= Yield strength= 5.5 MPa

. 1963.5 .
Strain = inf‘ﬂ@ﬁ—— 1.4

1963.5 x 5.5x1.4= 15,000 Newtons.

*E

Fig=

However , additional work wiis reguired, over and above the



homogeneous work of deformation, to overcome the shearing
deformation-redundant work-in the deformation zone (and
friction at the die), as well as the work uf needed to
overcome the friction between the billet and the container,
or to shear the material clpse to the billet surface if
sticking friction occurs:

W = W _+ wﬂ+ 1]
i

a h f

wi is difficult to determine theoretically, and so it is
conbined with mh, and the efficiency of the deformation is

defined as:

which can be measured and which enables the redundant work

to be allowed for empirically.

The following expréssiun is then‘obtained:

lﬂh+ lﬂi= n o

The term V/n is known as the deformation resistance
It differs from the yield strength Y, which is a material
constant, inasmuch as it includes the internal shearing
losses that depend on the geometry of deformation and the
die friction. The additional work that has to be expended
to overcome the friction between the billet surface and

the container is:

2
Nf=ﬂ . d1'L1'ucb'Y

The expression for the total work then becomes:

2
ma= V.e. Yu+ﬂf d1.L1.uEb.Y
and the total load is given by:
- fl EL
Fa— A1.e. Yu+ E dq. L1. ch Y
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The efficiency factor o, according -to the Ref. (30), is
generally between 0.3 and 0.8. The coefficient of friction
at the container wall can vary considerably, depending on
the alloy and the lubricant. At temperature.. close to room
temperature and withgood lubrication, .can vary from 0,05

to 0.75. In nonlubricated extrusion, it varies from 0.35
to 0.45 (5). '

For the billets'used in our: studies:

Fa= A1.s. Yw+ ﬂ.,d,'.L1 “cb'Y
Where A1 = The initial ﬁ;2§s5sectiun= 1963.5nm2
e = Strain = 3n Tﬂﬁﬁ;__ = 1f5
Y = Yield strength=5.5 MPa.
n = Efficiency factor=0.7, taken from Ref. (30)
Yu = Deformation resistance= 3:? = 7.9 MPa.
d1 = The initial bar diameter=50 mm.
L1 = Length of bar before extrusion=70 mm.

hCB=BDefficient of friction between container and
billet= 0.05, taken from Ref. (5)

Fa = 1963.5x1.4x7.9+ x50x70x0.05x5.5= 25,000 Newtons.

B. Design of Containers with Round Bores

Containers are most expensive of all extrusion tooling
because of the large volume of steel needed. The efficiency
of the extrusion process depends to a very high degree on

the durability of the container.

Calculations are indispensable to obtain the correnct
dimension of the container components and to choose the
most suitable steels. Axial deformation forces act on thg'
stem and die during extrusion. On the other hand, radial
forces act on the container as tangential and radial

‘stresses o, and or‘

0
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which can have very high values. The only axial stresses in
the container come from the friction between the billet

and the .inner surface of the container. The theory of thick-
wall cylindrical vessels under internal pressure is . .used

to calculate the individual stresses in the container. The
Equétinns for the radial and tangential stresses at any
arbitrary point in the hollow body can be determined as a
function of the pressure and the dimensions from the
egquilibrium of forces and the relationships between stress
and strain. For 8 hollow body subjected to an internal

pressure:

: ;
c.=P_. { 1- }
roorlge 42 g2
1
. n? dg
G =P e 4y —23
& Ty —di g2

= Radial stress

o
T
o = Tangential stress -

e . .
p .= Internal radial pressure
ri
di= Inside. diameter of the container bore
da= OQutside diameter of the container

The stress variation across the container wall is,
therefore, hyperbolic and the peak stress-the maximum stTess-
slways occur at the inner wall of the hollow body regardless
-of whether the pressure iS'appliEd%internally or externally.
The initial assumption is that the container is only stressed
in two dimensions and, accordingly, the effect of the stresses
must be combined into a resultant stress Ope The resultant
streés implies that flow occurs only in a cuntinuops med}hm
stressed in several dimensions when on exceeds the flow

stress determined from uniaxial tensile tests (1).
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The maximum strain criterion was previously
used to calculate the eguivalent stress Op in container
calculations. However, experiments have indicated that the
strain hypothesis considerably underestimetes the danger
of fractﬁre (1). The strain energy hypothesis gives better
agreement with the initiation of plastic deformation under
multiaxial stresses for materials, including the hot working
steels, generally used for container construction. According
to this criterion, under & two-dimensionl stress system-e.g.,

the principal stresses o and Og-flow occurs when

=vo -0 =
0p=V0g +0_ -0g .0_ Y
A safety factor is usually introduced into the
calculations :

oR.5< Y

where the safety factor 5 should normally be between 1.15
and 1.3 (1) '

1. Design of Monobloc Containers

In this case the liner and mantle are the same
components. Therefore. the high stress peaks on the inner.
wall during extrusion restrict the load carrying bapacity
compared to a compound container. The extrusion pressure
induces tensile tangential stresses internally and.externallyf
and the inner wall is alspo subjected to compressive stresses.
The maximum stresses resulting from the extrusion pressure |

occur at the bore and the minimum at the outer surface. At

the internal wall:

e a2
o (d,) =0 = P_, —_— {1- };; P .
T 1 Tmax . ri d?—d? d2 ‘ rl
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' 'di dg u24
-g . )= = —_—— - - -
G(dl) %o max I:‘ri 2 2 tos 2z }_Pri' 2
. d_-d, d, u=1
i i
Where.u=diameter ratin=da/di
At the external wall.: ‘
df dg
(o] (d ):0 . = P, e——— {1— } =0
T A& rmin. Ti dz_dg d2
a
-9? dg 2
o] d_)— - . - 1 = .
6( E)"Oe in Prl d2_ dZ {1+ d2 } Prl ug,]
i a

The working pressure Pri at the inner liner wall of
the container was taken to be less then the full specific
pressure Pq because there is no Hydrnstatic stress
distributi;n in the container. Metallic materials do not
behave as a fluid even when they are very plastic. As well
as being dependent on the deformation resistance of the
individual alloys, the radial pressure is also & function
of the friction between the billet and the container liner.
The radial pressure Pri decreases with increasing friction.
Ususally, Pri is taken to be 0.6 to 0.8 Ps, with the maximum
radial pressure being used for the design of the containers
for alloys extruded mith.little friction between the billet

and the container and vice versa.

For the container used in this study a 48 CrMoV 67
type of steel was choosen, alloy number 1.2323, heat treated
to 1300 MPa, with a hardness of 50i:RLC.

op= —2°%- = 1040 MPa.
1.25 :
e o 3xA07xh
The specific pressure is = ——5——— = 153 MPa.

ﬂx52x102
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and Pri= D.BPS= 123 MPa.

At the internal wall:
ar(di)=—123 MPa.

2

og(d; )= 123 & 1
i
: u -1
At the external wall:
or(da) =0 ’

oe(da) = 123 5

u -1

TherefoZe the equivalent stress at the internal

container wall is:

2 -2 2
1040~ = qe +0_=0g.0
u2+1 2 : o, u2+1
1081600= 15129 (——)"+ 15129+ 15125 (——E———)
u -1 ‘ u -1
u2+1
By putting t= ——E—:', the above eguation becomes,
ué-
t24t- 72= 0

which has the spolution t=8, from which the outside diameter

da=57'5 mm is found.

C. S5tems for Rod Extrusion

The design of extrusion stems.varies according to
the size, shape and operating stresses. Freguently, the
rigidity of the stem is the factor that determines the
specific pressure that can be applied during extrusion.
The value of 1100 MPa. generally should not be exceeded
but much higher pressures are found in production. Pressures
up to 1350 MPa are now used for zinc alloys, difficult

alumipium alloys, and for nickel alloys and steels (1).
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»D. Dies for Forward Cold Extrusion

The element of cold forward extrusion die are shown
in Figure 8. The bar is forced into the conical portion of
the die. In this conical area, the bar goes from its initial
elastic state to a plastic state during which the metal can
flow. This area is labelled "plasticized zone". After the
plasticized zone, the metal enﬁers the die orifice in which
the bar assumes its final shape. The actual deformation of
the bar takes place in the plasticized zone. In the die
prifice, the metal returns to an elastic state. The final
cross section of the bar is determined by the shape of the
die prifice. Dies can be made either from tool steel or
tungsten carbide. Steel dies must have a minimum hardness
of 55i* R.C. Carbide dies are usually made as inserts inside

a casing (25).

The primary criterion in die material selection is
the number of parts to be made. Carbide dies are most costly
and difficult to make than steel, but last much longer. As
mahy as 250.000 parts can be extruded from a properly

designed carbide die (25).

The geometric variables in forward cold extrusion
is shown in Fig. 10. These are: the initial bar diameter
(d1), the finél bar diameter (dz), the included die engle.
(B) and the die land length (2).
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FIGURE 10- The Geometric Varisbles 'in Forward Cold
Extrusion are Shown. They are: the Initial
Bar Diameter (dq), the Final Bar Diameter (dz),
the Included Die Angle (@) and the Land
Length (2) (27). |
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- VII. EXPERIMENTAL TECHNIQUE AND RESULTS

A. Extrusion Eguipment and Billet Preparation

The billets used in these studies were 50 millimeters
in diameter by 70 millimeters long. The billets were " .
extruded with reduction of 75 per cent of the cruss—sectinnal;
area. The size of the extruded bars and the extrusion ratio |

corresponding to this- reduction are as follows:

Reduction in area, Area of cross-section, Diameter Extrusion

percent mmz- . mm Ratio
Initial billet 1963.5 50 ..
75 490 . 25 4.00:1

To study the effects of die design, conical-shaped dies .
having included angles of 60, 150 and 180 deg. were used
for the same reduction. Also, to study the effects of
lubricants, LMZ22 MDSz-pulverspray, Pure Vaseline and

Lanoline were used.

The extrusion test were performed on a 50 ton
hydraulic press. The press, similar to those in use for
cold-extruding aluminium, is equipped with & die cushion
that has a 80 ton stripping capacity. The tools consists
of a punch, container, interchangeable dies and holder.

A photo of the complete tool assembly is shown in Fig.117.

Rs the‘experimental arréngements are shown in
Fig. 12, they can be divided into two parts, that is,

- an extrusion apparatus and some lubricants.
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FIGURE 11~ Extrusion Apparatus

FIGURE 12- Experimental Arrangements.
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1. Extrusion :Apparatus

This apparatus is able to extrude directly a billet

which has the diameter of 50 mm.

a. Dies

ARs shown in Fig. 13 the diameter of billet changes
from 50 millimeters to 25 millimeters through the die,

therefore the reduction is 75 per cent.

b. Container

This container can extrude a billet whose diameter

is 50 millimeters.

The technical drawings of the extru51nn apparatus

are given in the Appendix.

Extrusion billets were prépared from lead alloy
including Sn:1.4 per cent, Sb: D0.3 per cent. The engineering
stress, and the true stress in compressioh for this lead
are both plotted against strain in Fig. 14 (7). Billet
stock was assured in the form of casting. The bar was

casted, as shown in Figure 15.

The approximation was made from Ref. (28) for the
mechanical properties of the commercial lead, which was

used in our experiments.

Ultimate strength,cececececceeeee.s 17.5 MPa.

Yield Strength,.ccc.e. ceesseeassaseses 5.5 MPa.
Elongation, per cent in 50 mm...... 4.0"
Hardness, BhAn (5x10° N) weeeneenn. . 4.9

Mpodulus of elasticiiy ececeeececeoces 2.1x105 MPa.

Split billets for the sfudies on metal flow were
prepared only from commercial lead. The meridian plane of
 the sectioned was provided with a machined sgquare grid
network spaced 5.0 millimeters apart and a line depth of

0.2 millimeters, as shown in Fig. 16.

A}
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FIGURE 13- Dies for Cold Extrusion of Solid Round Bars.
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FIGURE 15- Casting Mold and Billet.

FIGURE 16- Sectioned Billet Which is Machined Squére Grid
Network Spaced 5.0 millimeters Apart and a Line

Depth of 0.2 millimeters.
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‘-B. Heat Treatment and Lubricastion

Each half of the split billets were placed in
furnace set for 250°C. A 15 minutes soak period starts when

thermocouple reaches 205°C (Approximately 1—-% hour cycle).

C. Description of Extrusion Tests and Results.

The split billets could be extrudedveasily with a 75
per cent reduction, but the extruded bar could not be
ejected from the die. Therefore, as shown in Figure 17,

the split billets were cut into two parts.

FIGURE 17- Cut Split Billet.

Photographs of the split billets extruded with a
reduction of 75 pet cent through 60,150 and flat (180) dies,
after removal of the lubricant are shown in fig. 18.19 and
20. When the flow patterns shown in the Figures are compared
with the schematic representation of three different types
of flow behaviour during extrusion given in Fig. 8,it is
recognized that the results, we have obtained from our
experiments match the flow in type (a). The main features
are as follows. In all cases the billet has undergone no
deformation until fairly close to the die opening. Thus,
‘the plastic deformation is restricted to a fairly localized

reginn in the neighbourhood of the dies. Secondly, the
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material is severely dragged back along the chamber malls;
and a "dead" metal region forms under the shoulders of the

dies.

The billets were extruded at a speed of 2.50 mm/sec.
(measured as punch speed). The low speed used in these
studies was selected to avoid damage to the tools. Good
surface finishes were obtained on thé split billets,
indicating that the LMZ22 MDSZ-Pulverspray, Pure Vaseline
and Lanoline were effective in preventing seizing. Any
surface imperfections found on the split billets were caused

by chattering during ejection.
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Lubricant:
Lanoline=2.0 kg
Cylinder oil=1.1 kg
Animal fat=0.2 kg
Glycerol=0.03 kg

Carbon tetrachloride=10 Lt

FIGURE 18- Commercial Lead Alloy S5plit Bar Extruded with~
a 75 Per Cent Reduction through 60-Deg Die.
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a 75 Per Cent Reduction through 150-Deg Die.

FIGURE 19- Commercial Lead Alloy Split Bar Extruded with
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Lubricant:
§ LM22 MDS2
| . Pulverspray
: \“
H
| !
| S
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"FIGURE 20- Commerciel Lead Alloy Split Bar Extruded with
a 75 Per Cent Reduction through 180 (Flat)-Deg Die
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VIII. METAL FLOW DURING EXTRUSION

Sections of the split billets extruded with 75 per cent
reduction through .the 60, 150 and 180-deg. dies showing the
distortion of the inscribed grids, are presented in° Fig. 21,
22 and 23. An examination of Figures shows, during the
initial stage of extrusion, the core of the billet advances
into the die with pracﬁical;y no deformation taking place,
whereas the peripheral fihers undergo severe axial cDmpréssinn.
Rs the billet Begins to extrude, the flouw bécnmes markedly
nonuniform because of the action of shear stresses on the
outer fibres. Along the axis of the bar (centeral grid zo-
nes), deformation occurs principally as simple elongation
(and compression) with a slight amount of shear. The outer
grid zones undergo an egual amount of elongation, but are
also subjected to additional shear deformations, which
increase in magnitude toward the bar surface. Because of
the friction at the surface of the die, the radial flouw
of the peripheral zones is retarded and the amount of
shearing in this repgion is increased. Thus, the total
deformation of the outer fibers is greater than ét the axis.
As shown in Figure 24, This fact is clearly apparent from
the lengths of the third transverse grid-line units at the

bottom in the outer and central grid zones are compared.

The grid spacings in the bars extruded with a 75
per cent reduction were the same for the 60, 150 and 180-
deg die angles. For the same reduction, the influence of
the die angle on deformation pattern in the extrusion

tests is shown in Fig. 25,
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Lubricant:
Lanoline= 2.0 kg
Cylinder oil=1.1 kg
Animal fat= 0.8“ kg
Giycerol = D.03 kg
Carbon
tetrachluride=1ﬂ»lt

FIGURE 21~ Deformation Pattern, during Direct Extrusion of

Square Grid Network on Meridian Plane of Lead

Billet.
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Lubricant:

Lanoline= 2.0 kg
Cylinder oil = 1.1 kg
Animal fat= 0.2 kg
Glycerol= 0.03 kg
Carbon
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FIGURE 22- Deformation Pattern, during Direct Ektrusiun of
- Sguare Grid Network on Meridian Plane of Lead
Billet.
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FIGURE 23- Deformation Pattern, during Direct Extrusion of

Sguare Grid Network on Meridian Plane of Lead

Billet.
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. Lead Alloy Extruded at Room Temperature and Ram
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Lubricant:

Lanoline= 2.0 kg
Cylinder oil =1.1 kg
Animal fat= 0.2 kg
Glycerol=0.03 kg
Carbon

tetrachloride= 10 Lt

VFIGURE 26- Deformed Grid Network of Commercial Lead Alloy

after Extrusion.
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An examination of the figure shows for the same
transverse grid line (see fifth and sixth transverse grid |
lines from the top of both photographs), the concavity |
being in the extrusion direction started ealier for the
larger die angle. For the same reduction, the shear - |
displacement of the transverse grid lines increased as the
die angle increased. The increase in displacement takes
place almost completely within the outermost grid zones.
Thus, it was apparent that, fnr a given reduction, the
principal effect of the die angle on the deformation

process is in the outer fibers of the metal. 

In addition, the following observation was made from
measurements of the grid spacings in the extruded hars;
except for the initiasl flow portion, as shown in Fig. 26
the grid zones were uniformly bompressed and elongated
nvef the crossesection of the bar . An examination of the
same Figure shows the longitudinal and transverse lines of
the network remain approximately equidistant after extrusinni

(except for the end effects in the extruded material).

| J
In Fig; 26, for the half angle of 300, the grid %
distortion reveals no “dead corner". The criterion of the §
existence of the dead corner seems still a mystery. It ‘
must have close relations with parameters such as extrusion %
ratio, die agle, surface frictiun, extrusion speed, and
die entry radius. Any further work along this line will be

a contribution of foremost importance to the field of

extrusion.
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IX. CONCLUSIONS

1. Metal flow during extrusion of commercially pure“
lead at various die angles (60 , 150, 180 ) is found to
be of type (a) as expected for soft alloys.

2. LM22 MUSZ—Pulverspray, Lanoline and Pure Vaseline
were effective in preventing seizing between the workpiece

and the die land length in producing good surface finish.-

3. The main deformation takes place in the outer
layers of the extruded section
4L, The degree of deformation increases with increasi

die anpgle.

5. The surface guality of the extruded shape depends
on the guality of the surface of the billet from which it
is pressed. A defect originally located in the surface of

the billet will appear on the surface of the extrusion.



APPENDIX

TECHNICAL DRAWINGS OF THE EXTRUSION APPARATUS
INCLUDING CONTAINER, DIES, HOLDERS AND PUNCH
FOR COLD EXTRUSION OF 50LID ROUND BARS ‘
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