s H

THE EXTRUSICH OF ATOMISED FOWDERS
OF SOME ALUMINIUM ALLOYS

by

PETER JOHN MICHAEL CHARE, B.Sc(Zng), A.R.S.M.

A thesis submitted for the Doctor of Philosophy degree,

~

London University.

October, 1972 » John Percy Research Group
| Department of Metallurgy
Imperial College of Science
and Technology

London, S.W.7



ABSTRACT

An extensive research programme has been carried out to investigate
the mechanism involved and the effect of the extrusion process
variables on the structure, sub structure, and mechanical pfoperties
of the extruded product when processing atomised aluminium powders.
Powder variables, such as the size and type of aluminium powder
particles (commercial Al, Al-Mn, Al-Fe, Al-lg-Zn) used, have been
investigated, together with manufacturing variables, such as temperature
of extrusion billet, reduction ratio in extrusion, ram speed, and heat
treatment after extrusion. It is demonstrated that the strength and
ductility of the product may be controlled by the process variables.
Major variables are the size of the aluminium particles, the alloy
content, andvtemperature, and it has been. found that the strength

increases and the elongation decreases for decreasing size of

aluminium particles,

It is also demonstrated that the extrusion pressure is largely
independent of the final properties{ A mechanism is proposed, using
an upper bound analogue, to explain the extrusion mechanism, and the

relatively low pressures recorded that agrees with experimental

observations.

Cold compaction results obtained indicated that the powderé

compacted according to equations derived by previous workers.

Hirst and Ursell type limit diagrams have been constructed
theoretically, using a theoretical equation, to determine the

temperature rise, thus improving the accuracy of the diagram.

The microstructure of the extruded aluminium product has been
examined by optical and transmission electron microscopy and the
mechanical properties have been determined at room temperature and
‘elevated temperature by tensile testing. Yield strengths have been

related to sub grain size, particle size, and oxide fraction using

a Petch type equation.
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CHAPTER 1
Introduction

Te1 - Development of dispersion strengthened alloys

Followiné the discovery of sintered aluminium products of high
strength at elevated temperatures, subsequently known as S.A.P., a
whole new field was opened up of dispersion hardening. This has since
been applied to many other metals for high temperature applications.
The development of dispersion strengthened alloys with a more stable
phase at elevated temperatures has been primarily, although not
exclusively, én accomplishment of powder metallurqu’z. It seems
that in order.to obtain useful properties from dispersion strengthened

materials produced by powder metallurgy, consolidation by hot working,

usually extrusion, is essential.

Many materials have been investigated, including lead, tin, silver,
copper, nickel, stainless steels, and various refractory metals. The
stable oxides such as alumina, silica, magnesia, or thoria usually |
provide the dispersed phase. In aluminium the dispersed phase,
aluninia A1203, is completely insoluble in the matrix at all temperatures

even above the melting point of the latter.

S.A.P. has been produced commercially, the first production
"by A.I.A.G., Switzerland, and products ranging from 6% A1203 to
15% Al,03 were fabricatéd. Problems have been encountered during the
mechanical working of the high oxide content material due to its lack
of ductility. In an attempt to improve the ductility without losing
strength, vre alloyed powders have been hot pressed containing sﬁch

‘elements as iron, nickel, and chromium, which form finely divided

13



intermetallic compounds in the original atomized powder., However, as
might be expected, overageing occurs at elevated temperatures of the

pre-alloyed powders and improvement is lost.

1.2 Atomized.Powders

The advantage of atomizing a pre alloyed material into fine
particulate form is that a rapid quench is applied to the material
without the use of elaborate casting dies or moulds. Materials, such
as Al-Fe, have a very limited solid solubility in aluminium and
quenchihg rapidly from a melt produces extremely finely dispersed
precipitates énd a super saturated solid solution. The same alloy
conventionally cast will result in large primary precipitates in the
aluminium matrix, usually present at grain boundaries, producing a
very weak and brittle material. Therefore, production by atomization
enables a high strength material fo bé manufactured from an alloy
* that presents probiems during conventional casting. The cost of
pfoduciﬁg a material using this technique is also eompetitive compared

to casting, heat treatment, and fabrication of an alloy.

Matefials, such as Al-Fe, where the iron has a very limited
solid solubility in aluminium can be quenched from a melt in a
 supersaturated form., Conventionally cast Al-Fe alloy will result in .
large precipitates of Fe A13 in an aluminium matrix, usually at grain
boundaries, producihg a very weak and brittle materiai. Intergranular
, ffacture will resulé during tensile testing. Atomized powders will

produce extremely fine dispersed precipitates throughout the material

giving it strength in the form of precipitation hardening. Fabrication

of the atomized alloys, compared to an equivalent strengthened oxide
material, is easier because it has better ductility thus lending

itself to some form of plastic deformation.

14



1¢3 Present work

Previous detailed work on the extrusion parameters is lacking,
in the literature available, and the scope of the present work was to
carry out a detailed analysis of.the varioﬁs extrusion variables on
the final product. This analysis has been carried out on two atomized

aluminium powders and reported in a published papera;

Having completed the first stage of the research programme
attention was then turned to the fabrication, by extrusion, of some
aluminium alloys produced by atomization. Two of these alloys,

A1-4% Mn, and Al-3% Fe, present considerable practical difficulties

in casting and fabrication and the aim of the work was to show the
feasibility of working these materiais. Their strength at room and
elevated teﬁperatures and structure were studied as in the preliminary

work.,

15



Literature Survey

2.1 Introduction

In powder metallurgy, the extrusion process is often used to
produce components, as it easily combines the effects of hot compacting
and mechanical working into one éperation. After extrusion, the
waterial produced has acguired the properties that are useful for
practical purposes, i.e. controlled orientation and dispersion
hardening. The density of the end product after extrusion has been
found to be dependent upon the temperatﬁre of working and reduction
‘in area, and it has been stated that a theoretical density of 99% can
be obtained by extrusion at a homologous temperature of 0.67 and a
-_reduétion of area, 6:1. However, this statement was further qualified
by saying that the reduction of area required to achieve complete
deﬁsification was a function of the‘initial density and the plasticity
of the powder at the extrusion temperature.' Nevertheless a fairly low
reduction ratio will be reguired to give a high theoretical density
as the material will experience a very high percentage deformation
through a die even of a relatively low reduction ratio,.
2.1.17 Historical progress

The first reference to a.metal being extruded in powder form was
that by Von VWehbach in 1870 who produced osmium filaments by extruding
osmium oxide with a sugar syrup binder. The fine threads produced
were then fired to carbonize and volatilize the binder, reduce the
oxide, and sinter the metal. From this date until the 1940's many
ideas for the extrusion of various metallic powders were tried and

sone patented. A review of the early patents has been carried out by

16



17

Jones6. An example of an eariy patent taken cut on

<

™
e

It

£ Carl feinrich Fischer! in 1524,

[®]

a sintered metal powder is that

2

He patented a system for extruvding sintered rowder by Dressing the
materizl with & ram so that it passed through a die.
material, as it passed througn the die, was sinultaneously heated to

the sintering temperature to produce & solid part to a required

diameter,

Sufficient experience had been gained in the field of powder
8 .
extrusion by the year 1940 for the Carboloy Company®, Detroit, to
meke a sericus commercial use of extrusioan. Sintered carbide materisls
in the form of tubing, round or shaped bars, or spirals of various

lengths were procduced.

Just after the end of the second World War, S.A.P., sintered
alﬁminium products, was accidently‘discovered during experiments
involving the prevaration of A1~C extruded wirésg. The remarkable
room temperature properties of extruded aluminium powder were also

10 yho attributed the increase in strength over

noted by Von Zeerleder
conventionally extruded aluminium to small dispersed vacant lattice

] . PR _ 11-13%
sites or pores. After the discovery of S.A.P., R Irmann then
initiated research on the creep resistance'and high temperature
properties of extruded aluminium powder and this initial interest
sparked off a widespread activity in the field of dispersion hardened
material. An extensive review of the early work carried out the this

. : . Vs . . T I
field during the 1950's is given in a review by &. A. Block ' which
contains many useful references.

Following this interest in dispersion hardened alusminium, research

work has been carried out on a variety of metal powders to produce



high strength materials after extrusicn. Zxamples of the preliminary
nature in which the work was carried out can be seen in the reported

. 47,18 .. 9-22 b .
researcih on lead15’16, tin 7 , magnesiun © , . copper , aluminium

alloysao’23"25, nickel alloys, and stainless steelaé. In all these

papers the work has been of an exploratory nature with the end product

as the main conslderatlion thus usuvally neglecting the details of the

extrusion nrocess.

After the initial enthusiasm on the product S.A.P. had subsided,
interest was again revived in the possible development of S.i.P. for
nuclear applications. Thilis has been carried out by Zuratom since
1960 as part of the 'Orgel’ reactor-projéct and similar work has also
been reported from the Oaﬁ Ridge Katiconal Laboratory, U.S.A., the
Canadian Atomic Bn =rgy Commission, and the Danish Atomic Energy
Commission. The most accessible of the published fesearch work is
that of the Danish Atomic Energy Commission in papers submitted by
N.¢Hansen. In a‘report27 published in 1971 the work carried out and
published since 1959 is dealt with in detaii and includes detaills of
the extensive bibliography28 in the field. The research started with

the .objective to examine whether commercial S.A.P. was applicable as

a standard material in the case of an organic coolant reactor, operating

at a temperature LOC - 500°C. It has been found that it is accedtable

as pressure tubes and canning material.

The recent research programme carried out at the Riso research
establishment in Denmark has dealt with the process verilables in
extrusion in a little more detail than previously reported work, and
under more‘reproducible conditions. However, the most recent published
work in the field by Sheppard and Chare3 considers the variables in

greater detail and under satisfactorily reprocducible conditions.

18



2.2 Compaction
The process of compaction is a method usually used before metal
powders are consolidated by hot working, the most convenient technique

for product of dispersion strengthened materials.being hot extrusion.

Cold compéctiqn enables metal éowders to be compressed and shaped
into a useful form and the billets manufactured will have sufficient
strength to facilitate handling. This process hés a wide commercial
application in shaping metal powders and so has been extensively studied
both theoretically and experimentally. A short review of this field

is given in the following section.

Hot compaction, when pressure and heat are applied simultaneously,
is usually used for large or heavy parts as well as'in cases where
satisfactory results cannot be obtained by cold compaction and sintering.
This-process has not teen so well developed as the cold pressing figld
and satisfactory literature is lacking but a review of the relevant

literature is given.

2.2.17 Cold Compaction
Many experimental and empirical equations have been proposed and

these have been reviewed by Jones®? and KawakitaO in some detail.

The deformation mechanisms of the particles during compaction
have been studied in some detail’ 1122 and it is now well established
that there are the following stages, although often stages (ii) and

(iii) occur concurrently.

(i)  packing

(ii) elastic and plastic deformation



(iii) cold werking with or without deformatioﬁ

The first small application of load to a die filled with loose
powder will cause particles to rearrange themselves to provide better
-packing. The extent of the re-arrangement devends mainly upon the
characteristics of the particles in an open ended compression die.
Fine powders, having poor flow properties, are liable to form bridges
and the first slight pressure will cause their collapseBB. Further
pressure increase will csuse point to point contact and where the oxide
films have been broken cold welding takes place. Increasing the

pressure further will increase the contact areas and individual particle

deformation at contact pointqu.

The compaction phenomenon has been well documented but a rigorous
theoretical analysis has proved difficult. Empirical formulae have
often been proposed after a detailed observation of the relationship

" between pressure and volume.

One of the earliest equations proposed, relating density and

pressure was that by Athy35.

CioP = 1nng* ~ 1lnn* | (2.1)

ng* = dinitial porosity

n* porosity at applied pressure, P.

The equation was fitted to data on the density of sedimentary
rocks at various depths. The results, however, showed a considerable
scatter and it is doubtful if there was any justification in choosing

this particular equation to fit the experimental data.

In a relationship between the pressure and the relative volume

20



b T4
of the compact Bal'shin”® found that:

InP =-LV + Cqq (2.2)
P is the applied pressure .
V is the relative volume of the compact
L is a-constant described as the modulus of pressing

C is a constant

The argument for the relationship was based on an elastic analogy
with Hookes' Law which cannot possibly be valid. The equation was
found to be applicable over a limited range, but is relatively insensitive

to variations in pressure values at high ranges of pressures.

In more recent well documented work, Hecke137’58 proposed a density
pressure relationship in powder compaction similar to that of Athy.
Expefimental results confirmed the relationship derived theoretically.
The'compaction of powders was considered to be analogous to a first
order chemical reaction with the pores being\the reactant so that the
ratio of change in density with change in pressure was proportional to
pore fraction. The equation was derived in terms of relative density
that can easily be changed to a particular pore fraction and was of the
form:

1n (T‘}"ﬁ) = CipP + 1n (1/1_%) (2.3)
where Db is the relative apparent density of the powder. Deviations
from linearity of the plot of 1n (1/1—9) against pressure were attributed
to inter particle motion, i.e. packing or rearrangement of particles.
The most recent empirical equation has been proposed by Kawakit339

based upon observations of the volume change with pressure. The

following piston compression eguation was derived:

A
-



C* = Vo -V = 2ab?
Vo . 1 + bP
orP =1 +F
c* ab a (2.k4)

where C* = degree of volure reduction
Vo = initial epparent volume
V = powder volume uader applied pressure

a,b = constants

The linear relationship between P/C* and P allowed constants &
and b to be evaluated graphically, deviations from linearity at low
pressures were again atiributed to the rearrangement of packing of
particles. This equation was foundEO to have a wide application in
‘the field of compaction and Kawakita”© examined the validity of this
and various other equations with respect to. the porosity n®*. TFor zero
pressure the value of n should be n,, the initial porosity, and for
infinite pressure the value of n should be zero. In the equations
cohsidered only those of Athy and Kawakita were valid. From the above
it can also be seen that Heckels' equation Qould also be valid.
Therefore, it can be seen thaf the experimental equations, such as
Bal'shin although not really valid over the who}e range oi pressure 6o

have some practical value over a limited range.

2.2.2 Hot Compaction
The theoretical treatment of hot pressing is still relatively new
and the older research work was aimed at the attainment of high density
products. A review of the subject of hot pressing and theories
presented has been carried out by Ramqvistqo and to a lesser extent by
41

Thurmler and Thomma ' ' in their review of the sintering process.

The theories of hot pressing have been derived theoretically and

22



empirically of the form:

@ = -3 P3
at L 7
Q = porosity
t = time
P = applied pressure
7 = viscosity

This equation was derived theoretically by Murray, Rodgers, and
Williams42 from the Shuttleﬁorth and Haqunziqu theory of sintering
and verified by studies on refractory oxides. The sintering taeory
of Shuttleworth and MacKenzie, is based upon hydrostatic pressure on
spherical pores and this pressure decays with increasing distance from
the pore. The ﬁressure leads to viscous or plastic flow under the
action of surface tension. For free sintering, the action of surface
" tension alone is not sufficient to exceed the yield point, however;

.

the theory used in conjunction with an applied pressure produces

creditable results.

iy

A similar equation has been found by Kovalchenko and Samsonov
usihg a rheological method according to the continuum theory of the
elastic, plastic, and viscous behaviour of the solid bodies and

their dispersions in each other.

Equation (2.5) has been satisfactorily confirmed by work on

alumina by Mangsen, Lambertson and Besth, and Vasilos"6.

A correction to equation (2.5) was given by Kovalchenko and

(2.5)
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24

grein growth. The Kebarro-herring

&

Samsonov, thrat took into acccunt
mechanism was used, that comnects the viscosity coefficient with the
diffusion coefficient, Dv, and the grain size, d. The viscosity hes

the relationship:

> .

.= k*T a .
10 Dv Vo . (2.6)
k* = Boltzmenn's constant
d = average grain diameter
Dv = coefficient of self diifusion

Vo = atomic volunme

in which grain size, d, increases with time; of the form

& = a0 (1+Cozt) - (2.62)
The pressure can then be written in the form:
P = Po(1+Cz )"0 | (2.7)
wvhere k' = 15 Dv Vo .
2 d.k*TCq3 (2.72)

This equation is considered to be applicable where the pores are few

in number and the density is approaching the theoretical density.

Deviations from the equations formulated were attributed by

McClelland47 to three different stages

(i) densification by re-ordering of powder particles
(ii)  Densification by plastic flow according to equétion (2.5)
(iii) Diffusion controlled approach to limiting density by
Nabarro-~ierring mechanism

e

Empirical relationships have been obtaine which show a trend

towards a hyperbolic equation for the densification process with respect



Y
\Ji

to time and can be comnected to the previous theories. IHowever,

£

B

differences found, suggest complex mechanisms for hot pressing

oo

similar to those suggested by HMcClelland.

Garbver and Polyakov48 verformed experiments to study the
resistance to tearing of massive aluminium blocks pressed together
at 300 to 6C0°C and found that the initial increase in strength was

controlled by plastic deformation.

There is no doubt from the experimental work, that hot pressing
takes piace by plastic deformation in the first étages of densification.
Under fhe temperature and pressure employed in practice, and when the
'supporting.cross section' in the porous compacts is, consicdered, the
yield strength is easily exceeded in the material and plastic deformation
takes place. The later stages are, however, dominated by the
diffusion processes probably in accordance with'the Nabarro-Herring
mechanism. The first stage, controlled by plastic deformation, is

more rapid than the later slow one by diffusion processes.

25 Conventional Extrusion
2+.%«1 Introduction

Extrusion is the process by which a block of metal is reduced
in cross section by forcing it to flow through a die orifice under
high pressure. The practical advantages and details of the process
have been reviewed by several author549"52, but no really satisfactory
theory of extrusion has been presented. ZIstimation of the forces and
deformation existing during extrusion, is difficult due to the
axially symucetrical rather than plane strain conditions present,
However, as a very precise specification of the forces is unnecessary,

a simplified solution can be used, usually a plane strain limitation,



26

which is sufficient to enable the extrusion pressure to be predicted.

To determine the behaviour of the deforming metal during
extrusion, an exact theory would be required that includes both
macroscopic and microscopic metallurgical effects. Alexander?’
described some of the problems involved in deriving a theory of
extrusion that must be overcome to establish a complete theory. He
came to the conclusion that an exact theoretical treatment was virtually
impossible. This is not surprising as the extrusion process has.not
been studied as extensively as other mechanical working processes,
for example rolling and forging, and the.present state of knowledge is

based mainly upon practical observations.

2.3.2 Flow stress determination
There are several methods for calculating the flow stress from
the load recorded during extrusion using both empirical and theoretical

formulae.

For plane strain conditions, square dies, and direct extrusion,

empirical formulae generally take the formot:

P = A + BInR 4 Cpl | (2.8)
Im
where A is the redundant deformation
R is the reduction ratio
Cig 1 is the frictional term for billet length 1
B, C14 are constants |
Ym ~ is the mean yield stress of the material

To overcome the need for estimating the frictional term, formulae

have been derived for inverted extrusion, so that:
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P = A + BlnR o (2.9)

These'formulae only compensate for the variation of the yield
stress in the material during extrusion by the use of a mean yield
stress. To estimate the degree of work hardening Dodeja and Johnson”?
used.the fact that the extrusion pressure equals the work done per
unit volume, this is also given by the product of stress and strain.
Thus the stress operating is the same as that acting in plane strain
compression and the value A + BlnR is regarded as the effective strain.
Values of A and B were then determined from work on lead extruded at |
room temperature so that it could be assumed éhat the rate of recovery
equalled the rate of work hardening. The equationsvobtained were:

P = 0.8 + 1.51nR (2.10)
Ym :

(fof extrusion through square dies with a‘graphitevand tallow lubricant)
P, the pressure, was taken as the pressure at the coring point which

is equivalent to the pressure in inverted extrusion for identical
~conditions

P
Ym

i

(for extrusion through square dies without lubrication)

Wilcox and Whitton56 assumed that A and B were dependent upon the
frictional force on the die surface, resovled in the direction of the
 applied load, and therefore should be a function of the die angle,¢ .
They derived an empirical equation for inverted extrusion for die
angles from 300 to 90° and for extrusion ratios from 5:1 to 150:1.

P = (0;9 - 1.6 co-t¢) + (1.5 + 0.8 cot¢)1n R (2.12)
Tm

The yield stress values were obtained from uni-axial compression tests
using a mean strain rate for the reduction ratio considered, and

corresponding to the mean natural strain imparted to the extrusion,
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measured by ln'R. However, the yield stress vélues obtained by this
method will not be the same as that for extrusion, as the temperature
rise during uni-axial deformation will be different. The restraint
conditions imposed by the container and die for extrusion compared to
those of compression will give rise to a different deformation flow

[y

for the same strain and therefore different temperature rises.

The formulae derived for inverted extrusion, apply only to flow
of type A49 whereas flow of lubricated direct extrusion has been found
to be of type B*9. In the formula derived by Wilcox and Whitton, the
value of o can be regarded as the angle formed by the‘dead metal zone,

ice. the deformation zone cone angle.

Hirst and Ursell®’ using Johnsons58 equation for the extrusion

pressure

P = 047 + 1.21nR ‘ (2.13)

Ym

modified it to allow for the frictional effect of larger billets and .

obtained:
P = (047 + 1.2 1n R) exp 4Y! (2.78)
Ym ' Dc

Hirst and Ursell in fact considered extrusion of tubes so that instead
of Dc, Dc-d was considered where d was the diameter of the mandrel.s
The correction factor for container wall friction was derived by
considering a cylindrical element of the billet and the forces acting
at equilibrium upon it. Upon integration the frictional force was
determined as the initial ram pressure required on the billet. It was
assumed that the pressure acting in any plane, distance 1 from the die
face, was hydrostatic and the boundary condition at 1 = 0, i.e..at the

die face, was that P = 047 + 1.21nR - (2.15)
Y




29

Wilcox énd Whitton56 also considered the effect of friction on
extrusion pressure, but dismissed the effect as negligible, provided
the coefficient of friction on the die face was small (U<0.05).

If the value ofJwas greater than 0.05 the extrusion pressuré was

multiplied by a factor (1/1-4,“ ) so that:
De

S (RN (2.16)

where P is the maximum-inverted extrusion pressure

and Pj the maximum direct extrusion pressure

This analysis assumed hydrostatic conditions existed throughout the
billet. If the pressure dependence on friction is compared to the
analysisvby Hirst and Ursell, there is a smaller dependence on friction

at high values of Y than the Hirst and Ursell relationship would predict.

The value of Y, the coefficient of friction, was shown by Hirst
and. Ursell to be determined from two extrusions using two billets of
upéet lengths 14 and 1y with the same process variableé and conditions.
The two pressures corresponding to billét lengths 14 and 1, were then

used in the equation form below to give a value for .

P = 0.575 Dc logqo (P1l1) (2.17)
11 - 1o (P1p)

Similarly the value of P can be determined by -comparing, loads

at different points on one autographic diagram.

The values of the coefficient friction will, however; be
dependent upon the frictional conditions at the container billet
interface which vary with temperature and ram speed, thus influencing

the flow stress at the interface. Therefore care must be used in the
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determination of the value P to ensure fairly uniform frictional

conditions for comparison of different extrusions.

‘2;3.3 Theoretical background

The theoretical approaches for the estimation of the extrusion
process are

61

(i) The slip-line field solution

62,63

(i) The upper bound solution

The slip line field solution is the more rigorous of the two
solutions and if the slip line pattern is known, the stress and velocity
equation can be readily applied in determining the pressure and ‘
direction of flow. A slip line field solution satisfies both stress
and velocity equations and solutions aAd well established for steady
state extrusion through symmetrically placed single hole dies. It has
| been shown by Dodeja and Johnsonss, that extrusion pressures estimated
in plane strain correspond closely to those in axial symmetry, so a
theory does exist although it is empirical being based mainly on

experiments.

The second solution considered is b&sed upon the principle that
the material being extruded is assumed to consist of a number of rigid
parallelpiped blocks of uniform quasi static zones. Their zones, of
unit thickness normal to the plane of the paper, are bordered by
straight line velocity discontinuities and are built up around the
deformation zone; This is the upper bound solution. It is possible
to construct the solutions without comparison with slip line field
and providé a method toﬁards finding good approximate solutions. The

over estimation to the load required to perform an extrusion is only
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around 20% for the most basic fields and more sophisticated solutions

give loads equal to those given by corresponding slip line field64.

2.3.4 Extrusion process
The direct extrusion process can be divided into three principal

phases59’6o

(i) the coining phase
(ii)  the steady state

(iii) the unsteady state

The first phase, called the coining phase, is the upsetting
period when there is a rapid pressure build up so that the billet is
forced to exactly fill the container. There is only a small amount

of extrusion of relatively unstrained material during this period.

Tﬁe steady state phase usually commences at the point of
maximum load and continues until the. type of deformatioﬁ is changed.
As the ram moves over this range, extrusion proceeds steadily, and the
total load decreases as the frictional load due to the relati#e motion

of billet and container wall is decreasing.

The unsteady state phase occurs after a certain poinf when the
deformation zone changes due to the close proximity of the ram to the
die. Beyond a certain point, the extrusion load decreases fairly
rapidly; this point is called the coning point and is due to the back-
end extrusion defect. Continued extrusion beyond the coring poiﬁt
increaées-tﬂe size of the defect and as the original billet decreases

. in length to almost nothing, the load rapidly increases.
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~ The transition from steady fo post steady state has been found

fairly difficult to pin point. Johnson and Kudo®2:6% found that the

" transition point was dependent on reduction ratio and the frictional

 conditions between the billet and the tooling. Several combinations

of frictional conditions for the container, die, and ram were

investigated and it was found that the post steady stage commenced as
soon as the rough ram face touched the bottom of the steadily
deforming zone. However, with a smooth ram face the transition

occurred before contact with the deforming zone.

2+.3.5 Limit diagrams

The 1imit of an extrusion occurs when either the load required
to extrude a material at a certain temperature, reduction ratio, and
strain rate exceeds the capécity of the press or the temperature of

the extruded rod passing through the die exceeds the solidus

temperature of the material.

Hirst and Ursell?’ were the i‘ifst workers in the extrusion field
to consider the limits of extrusion 6n a partigular press and used
their equation (2.14) for hot lubricated extrusion. They produced
a useful limit diagram (fig. 2.1) to represent the extrusion variable
R, the reduction ratio, as a function of pre heat temperature of the
billet. The range of extrusion conditions was then bounded by two
lines; one, the conétant pressure line, and the other, the incipient
melting condition. - The inéipient melting condition was then

dependent upon the extrusion rate and degree of adiabatic conditions.

To the right hand side-of-theAdiagram is included the jsothemal

condition, for extremely slow extrusion, when the heat of deformation

.is dissipated without raising the billet temperature. This line can
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be drawn tﬁrough either the melting point of the material or the
solidus temperature of the alloy. For very high strain rates, the
condition is adiabatic, all the heat of deformation goes into the
billet and raises its temperature thus requiring a lower pre-heat
temperature for an increased reducfion ratio. TFor practical strain

rates the incipient melting line lies between the two exiremes mentioned.
The limit imposed by adiabatic extrusion was calculated using
the eguation

InR = (Tm-")p Cy - 0.39 (2.18)
' L.b3 ym (-2 1)
Dc

This gave thelmaximum.reduction ratio for a particulaf initial pre-heat
temperature.

The valﬁes of Ym, the mean yield stress, for the maximum load
determination were obtained from cam plastometer work where the
initial temperature was the same as for extrusion; The values of ¥m
to avoid hot shoriness were the mean yield stress values of the initial
and final temperatures ipvolved. However, both mefhods of determining
Ym are in error due to the variation of yield stress during extrusion
caused by temperature rise which will not be the same on the cam
plastometer at the same initial temperature and strain rate. Strain
rate is another factor not considered in great detail, the authors
took the yield stress values at an arbitrary strain rate value of
‘50 sec~1 and assumed an infinitely fast strain rate for their melting

line.

Although the diagram produced represented only a very simple

picture of limiting conditions, it was the first attempt to describe
3 oy
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the process in technological terms. The theoretically developed limit
curves were compared with experimental results from extrusion of an

aluminium alloy BSL64 using an unspecified ram speed.

Ashcroft and Lawson65 produced a similar diagram for an Al-Zn-Mg-Cu
alloy based on experimental determinations on one ram speed. There
again arises the limitation that the work applies to the particular

alloy investigated and the extrusion press used.

In order to provide results that could be universally applicable)
Meadows and Cutler66, in work on Al-ﬁg-Si alloy, derived an improved
method for the determination of the limit diagram using as a basis
equation (2.14). To determine the incipient melting line, the
temperature rise was.predicated using a ﬁodification of Singers67
equation to include the effect of ram speed. The equation then used

.to calculate the limit of incipient melting was of the form:

InR = F (Tm - TDLCx - 0.39 (2.19)
b3 Ym (17+ 2P1)
: Dc
where F = 1 + &,kal + & (2.19a)
T;Z:}inc S)aﬁo ?}i; Csé,s)

The rate of heat flow was time dependent and values of &, and X q
representing the heat loss to the container and die were graphically

determined.

The value of the mean yield stress was determined from cam
plastometer work using'an equation that included the effects of strain
rate, temperature, and reduction ratio but whether the value calculated

can be used for the extrusion process is doubtful.



In more recent work by Raybould68 limit diagrams were constructed
for super pure aluminium and an.Al—Zﬁ-Hg alloy. In this work the
temperature rise was considered using a model based upon the integral
profile technique. The mean yield stress was then determined using
the upper bound solution to find the flow stress at the initial
temperature, final temperature, and deformation temperature during
steady rate extrusion. The limiting reduction ratios were calculated
using an empirically adjustea form of the Hirst and Ursell equation.
The logarithmic value of the reduction ratio was plotted against both
the initial hillet temperature and deformation temperature and the
load limit line was constructed for different strain rates for both
temperatures considered. Strain rate effects had not previously
been coﬁsidered for the load limit side of the diagram. It was found
that the limit diagram of log R against deformation temperature showed
that decreased strain rate was beneficial to the load limit line. In
comﬁarison decreased strain rate was slightly detrimental to the load
iine when initial temperatures were considered; i.e. the meximum
value of reduction ratio was reduced with decreasing strain rate.

This latter effect was explained by the fact that once the load started
to reduce the ram speed extrusion became impossible. However, this

is not strictly true as the ram speed is é;ways reduced on the
application of the initial load ana increases again until steady étate
deformation occurs; steady ram speed is usually observed over this

region.

The censtructed limit diagrams were also used in conjunction
with final structure results, i.e. recovered, or recrystallised and
single or two phase pfoducts. He éonsidered the Al-Zn-Mg alloy which
has a high susceptibility to stress corrosion especially with the

presence of a second phase at the grain boundaries. Theonset of

36



37

reerystallisafion was thought to be as important as the start of hot
shortness. Recrystallisation was shown to occur below a certain z,
Zener Holloman_value,'dependent upon the type of cooling after
extrusion, and so for a particular strain rate a recrystallisation
temperature was determined. This type of diagram would be considered
useful if a second phase or recrystallised structure was to be avoided

knowing the particular strain rate and temperature.

The 1limit diagrams constructed in the past have been rather
limited in natﬁre as no account has been taken of strain rate during
extrusion and the yield stress values estimated from cam plastometer
results. The yield stress results cdo not give good agreement because
of the variable strain rate of the extrusion process. The exception
to these criticisms is the work by Raybould who calculated the yield
stress from upper Beund theory. Prediction of temperature rise
during extrusion is the main differeﬁce in the work carried out by
:,preQiéus investigators and its dependence on strain rate has been
found difficult to estimate accurately. Raybould used his own theory

and experimental results to predict the rise.

2.3.6 Structure

Previous work on the extrusion of aluminium and its alloys has
shown that the products are recrystallised, pertially recrystallised,
or non recrystallised. The non recrystallised structures have received
considerable attention as they were produced by hot working above the
normal recrystallisation temperature and yet had the appearance of a
cold worked structure. The structures have been found not to
 recrystallise on further annealing. In 194k, Hardy69, using optical
microseopy, discovereé that the inside of the fibrous grains were

again further sub divided into sub grains., Jonas et al7o, with the
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aid of an electron microscope, proved the existence of these sub

grains in much later work, and found that the sub grains with dislocation
wélls of low orientation increased in size and internal perfection

as the temperature of extrusion was increased. The sub grain

formation was suggested to be the result of concurrent action of fhe
externally applied shear stress and temperature on the dislocations,

which increase the mobility of dislocations and thus the recovery

rate.

The recrystallised and non recrystallised microstructures
represent the end products of two different softening processes, i.e.

dynamic recovery and recrystallisation.

The process of‘recoveryAduring hot wofking results in a polygonised
structure, composed of sub grains. During deformation dislocation
tangles formed by combination of forest and glide dislocations arrange
‘themselves into cells by the mobility of dislocations. This process
is similar to polygo.nisation during annealing where dislocations
rearrange fhemselves by glide, crosé glide, and climb under stress
fields of dislocation tangleé. The cells formed become sub grains
és dislocations move to walls and the walls change to less dense and
regular networks. The configuration is then a stable low energy

configuration and sub grains increase in size by coalescence.

This process of dynamic recovery is found in metals of high
stacking fault energy where the dislocations are not extended and if
partial dislocations are formed they are only about one atom wide.
At the temperatures and strain rates experienced in extrusion, the
ability of c¢limb and cross slip is activéted by stress as well as

temperature. Ixperimental verification of the importance of stacking
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fault energy on recovery has been determined by Swann71 and Tegart72.

It has also been shown by Li?2 and Hu'?L'r that recrystallised grains
can be nucleated by the growth of sub grains to form stable high angle

boundaries.

Recrystallisation has been sub divided by Stuwe75-info three
types depending upon relative.time of initiation. They are

(a) after deformation before metal cooled to room temperature

(b) during deformation by recovery process (in situ

recrystallisation)

(¢) recrystallisation during deformation.
Type (b).is that proposed by I_.-i73 and Hu74} Type (c) is often called
dynamic recrystallisation and the possibility of its occurrence during
‘hot deformation has been argued by Jonmas et al76’77. Doubt as to
. the‘likelihood of this process occurring still remains as highly
mobile boundaries are required to form recrystallised structures and
the presence of any small impurities will be éufficient to restrict

the motion.

2.3.7 Deformation mode

Various theories have been proposed‘based upon dynamic recovéry
particularly for the creep range of strgin rates. The models have the
common characteristic that the activation enthal py is the same as
that for self diffusion and differences arise in the terms comprising
the strgcture factor énd activation volume. The following equation

was derived by Jonas et al'76 from rate fheory:

S xplrV) exp(- *'
£ -1 oD ew(-Am) (5.0
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structure factor

O~
H
|

AH, - activation enthal py
jf - shear stress
xf ~ activation volume
'(v01ume swept out byidiSIOCation as it moves from one

metactable position to another)

The three models that the theorieé are based upon are

(a) Jogged screw dislocation |

(b) Climb

(c) Network
The jogged screw dislocation model, has been shown to be consisﬁent
for creep at low strain rates and its applicability to high strain
rate deformation in the hot working ragge-has only been qualitatively
shown by Jonas??. The jog is formed when a screw dislocation does
_ not lie in a slip plane and the application of a shear stress will
move the screw dislocation, while the jog maintains its position on
the dislocation by leaving a trail of vacancies behind. The value of
the stress will depend on the vacancy concentration and its affect on
the jog. Alloying is difficult to assess and its effect is overcome

by the use of a rather unsatisfactory back stress factor.

A theory of steady state creep has been presented by Barrett

and Nix O

based on the diffusion controlled motion of jogged screw
dislocations. Steady state creep is assumed to exist when the
chemical force on the jogs is balanced by the force on the dislocation

due to the applied stress and the expression found is:

- <' (b)Y si beA!
€ TR (g'c), th%{*"i‘) (2.21)
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where f; is mobile screw dislocation density, Dy the self diffusion
coefficiént, x' the number of atoms per unit cell, ap the lattice
parameter, )( is the average spacing between jJogs. Experimental
results showed that

705 = (190’3 _ (2.21a)
The equation (2.21) bears some resemblance to Garofalo's empirical |

equation for creep.

The main criticism to this model is common to models that have
‘the strain rate relatioﬁship of the form

; € =FPLbv = P bf (o, T) ‘ (2.21b)
where-fi is the mobile dislocation density, and V is the average
dislocation velocity. Specimen of increasing fﬁ at a given temperature,
then subjected to an equal stress, should show higher initial strain
rates for specimens with higher initial density. Experimentally,

~ the opposite dependence is observed141.

To explain the power stress aependence observed at low stresses,
models have beeﬁ proposed dependent upon the rate at which edge
dislocationé climb. In theories proposed by Wéertman78’79 the model
is highly idealised and therefore cannot be expected to fit closely
to experimental data over a wide rangé of conditions. The effect of
alloying can only be allowed for by a stress concentration factor,

another unsatisfactory factor.

The steady state c¢reep model proposed by Weertman78’79 assumes
that-the dislocation sources are distributed throughout the material
and by the action of aﬁ applied shear stress, their sources emit
loops. The loops expand until they are blocked from further

expansion by the stress fields of loops on parallel slip planes.
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Steady state creep is assumed to be controlled by the rate at which
the piled up dislocation segments are able to climb out of the slip

plane. The following relationship has been proposed:

K- = C15 0'4°5 Dv
I 3
b2 M2 P35 pxr (2.22)
where 015 is a constant, O is the applied stress, Dv is the self diffusion

coefficient, b is the Burgers veétor, }¥ is the dislocation source

density, ¥ is the shear modulus.

ijections to this model have been raised because the predicted
sub structure is not generally seen in metals that have undergorne creep

83

strain .
The steady state creep of solid éolution alloys has also been
treated by Weertman’9 and the original model was modified by replacing

the self diffusion coefficient by the chemical diffusivity D, given

by:

3 -

=]

A DB _
Cg Dy + Cp DB (2.22a)

where Dp is the diffusivity of component A and Cp its concentration.
At higher solute concentrations, the rate controlling process of
viscous dislocation glide rather than dislocation climb was proposed

and this led to the following relationship:

URAB ‘ . (2.23)
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where B is equal to b2/2 (1-y) and A is a constant dependent upon

the particular viscous drag mechanism.

Thus the creep models of Weertman suggest that the stress
dependence of steady state creep in single phase solid solution of
Al-lMg or Al-Cu should decrease from a value of L,5 for pure aluminium

to 3 for concentrated alloys.

The,network model vas propésed by McLean8o who argued that the
sub grains or grains were filled with a'regular three dimensional
dislocation network. Their presence forces moving dislocations to
form jﬁnctions and the portion of the dislocations not pinned bow
out under the applied stress and thus decrease the size of the network.
The growth of the network during recovery inv§1ves the climb of edge
dislocations and migration of Jjogs along the dislocation so that

recovery rate depends upon the diffusion coefficient.

The effe;t of alloying addition on the dislocation network has
been dealt with by McLean81. There.is anticipated a dislocation
network anchored by particleé of a dispersed phase so that a slip
plane can intersect both network and particles. Consequently, the
particles are not the only bvarriers to slip. Results of this theory

are partly exéérimental so are applicable to one set of conditions.

The theories mentioned have all been proposed for creep results
and their application to high strain rates must be difficult due to

the increased scale of activity of the dislocations and vacancies.

2.4 Z parameter

Zener and HollomanS2 showed that for creep,



o o< 2 where 72 = £(g)
3 = & o Mgy -  (2.24)
The value of AQ, the activation energy for plastic deformation, was
found to be the same as the energy for self diffusion. Garofalo?

found the equations for creep could be divided into two main

relationships..
£ = Ao o™ 7 at low stress values
and € = Az exp (BO) at high stress values

these could be replaced by

. ] n

€ = Ay (sinh=0) (2.25)
The constants Ap, A3, A), apply to a particular temperature and the
parameter % = B /n
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Sellars and Mc G. Tegart combined the above equations to obtain
an empirical relationship valid for- torsion.-

€ = F* (sinhxo)” exp -8/ _ (2.26)
F*, &, and n are independent of temperature and strain rate, AQ
the activation energy. The equation has been shown to be valid for

hot extrusion of aluminium?’.

2.5 Powder extrusions
The different methods for the extrusion of metals that have
been tried can be listed thus: |
(a) fi1l extrusion container with loose péwder and extrude
(b) cold compact, then extrude
(¢c) cold compact, sinter, then extrude
(d) cold compact, sinter, hot press, extrude
(e) . cola presslin a can, extrude the canned material

(f) .isostatic compaction, can, hot extrusion
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The meth@d for extruding low melting point metal powders has
nearly always included the cold pressing of the powder to give a compacf
that can easily be handled. For the higher meiting point temperature
~ metals, the canning method has been used to facilitate handling at

elevated temperatures.

The use of a can and its deformation characteristics compared
to that of the consolidated powder has been well discussed by Williams,
who concluded that for the best results the deformation characteristics
of the can and cqnsolidated naterial should be as close as possible.
The main disadvantage in using a canning method is the lack of
uniforéity after extrusion and the machining operation required to
‘remove the extruded can.  However, the main advantages of the canning
method override this. The can protects the consolidated material |
from oxidation at elevated temperatures and acts as a lubricant,
reducing the effect of friction, during the extrusion of fhé material.
An example of the advantage of camning on the effect of friction is
that reported by Chadwickgs. A. Von Zeerleder© had reported a
specific pressure of 1,080 ¥Nm—2 for.extruding an aluminium powder
compact at a ratio of 15:1 and temperature 500-600°C. In a British
Patent this pressure was reported to be reduced to 540 MNm=2 if the
cylindrical compacts were wrapped in aluminium strip, as the aluminium

strip acted as a lubricant during extrusion.

The extrusion of metal powders has concentrated mainly on pure
metéls although some preliminary work has been carried out on alloy
powders. Previous work2§’25 to combine the oxide dispersion
strengthening and precipitation hardeniﬁg, has proved fairly
inconclusive as the strength due to the precipitate phase is lost

when the products are exposed at elevated temperatures. There has



been no evidence found of an inter action between solute elements and
the dispersed particles. The effect of alloying additions on the
. corrosion resistance of S.A.P. has been considered. Elements such

36

as iron and nickel, or silicon, nickel, and titanium~-, have been
added but results, although promising, were only indicative as the

products were manufactured on a small scale.

2.6 Powder extrusion variables
The variables involved in the extrusion process for powders, in
previous work, have not been considered in any great detail, Cnly

Hansen8

7, in work concerning the extrusion of powder blended products,
covered the variables in any detail and some of thése only
superficially. The variable of ram speed was not considered at all.
He considered the vériables in two distinct groups, those concerning

the product, and those concerning the process. Using these two groups

_ the variables will be divided and considered in some detail separately.

The process variables can be separated thus:

(a) temperature of éxtrusionvbilletv

(b) reduction ratio in extrusion

(¢) ram speed, i.e. strain rate

(d) heat treatment of extruded products
The product variables considered are

(a) size of powder particles

(b) alloy powder type

The separation of the variables is not easy, as each variable
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must be considered in terms of the others, e.g. temperature of the billet

with reduction ratio and speed.



In earl& work by Cole20 the factor of ram speed was considered
with temperature and found to be closely related. Smooth extrusions
were found to be produced at any speed provided that the initial
billet temperature exceeded a particular temperature. For the
particular material considered, this was in contradiction to the
solid billet material where the defect of hot shortness would have

been experienced under the same conditions.

2.6.1 Initial billet temperature

In most of the work reported, a temperature is usually quoted
as the initial billet temperature which could easily be that of the
furnace pre-heat temperature. The temperature measurement technique
is not often mentioned and one must take the temperature quoted‘as
the pre-heat temperature. However, in most of the earlier work
reported, the temperature was important only in so much that it

facilitated hot working and enabled extrusion to be performed on a

particular press. This criterion led to a range of temperature values

being quoted in which the extrusion was carried out. The effect of
temperature of billet on final properties was not investigated in any

great detail.

In early work on magnesium pdwder, Brown19 reported obtaining
good extrusions at temperatures as low as 300°C, using a speed of
50.8 mn/sec, and as high as 4509C, using a speed of 508 mm/sec.

With increasing temperature and speed, it was found that the tensile
properties of the product improved; this is contrary to subsequent
work. The results cannot be satisfactorily explained as the powder
was cold pressed, sintéred, and hot bressed resulting in a dense
billet prior to extrusion. However, the tensile test results quoted

were based on one test only so some doubt can be cast upon the
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published results.

Also working with magnesium powders Cole?0 obtained smooth
extrusions of good mechanical properties at low extrusion séeeds
provided the initial billet temperature exceeded 470°C. The reduction
ratio used was 25:1, and the ram speed varied from 0.015 to 0.905
mm/sec. In relating his work to that of Brown19, Cole suggested that
good extrusions were feasible provided a certain speed was used. The
reason proposed was that there was sufficient heat generated at high
speeds to raise the temperature at the die beyond the minimum
satisfactory temperature. Experience in conventional extrusion of
magnesium is contrary to this; a cast billet experiences hot shortness
if the temperature exceeds about 420°C. However, no satisfactory
explanation has been given to explain this enigma and as if to
emphasise the difference between solid and powder, R. Biai589 found
:'nd difficulty in extruding magnesium granules at 500°C through a

20:1 die, 330 mm/sec.

Research on aluminiuﬁ povder iﬁ its various forms has been
extensive and extrusion usuaily carried out in the range of 500°C
after initial hot pressing. The temperature used for working has
been high to enable the material to be worked easily and thus the
load required for deformation within the capacity of the press.

There has been little work on the effect of billet temperature on the
extrusion process and the work reported is lacking in detail.

88

Schuartzwelder™~™ reported the results of extruding large
aluminium powder compacts using a commercial extrusion press to prove
the feasibility of performing powder extrusions on a large scale. The

billets were of two sizes: 276 mm in diameter, approx. 550 mm long,
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and 517 mm in diameter, approx. 550 mm long. Low compact temperatures
were again found to be detrimental to surface finish and overcome by
increasing the speed. Temperatures as low as 41000, with a ram |

speed of 28 mm/sec, were used but temperatures quoted in this paper
must be regarded with some caution. Billets for extrusion were
transferred from a nearby furnace and the'subSequept drop in temperature
considered to be less than BOOC. Conditions of the press and furnace
would be such that exact measurement of billetitemperature would be

impossible and the figures quoted regarded as rough approximations.

In more detailed controlled experimental work, Hansen87 showed
the effect of extrusion billet temperature on the microstructure and
tensile properties of the product in terms of sub grain size. It vas
shown that a decrease in the initial billet temperature of the
compacted aluminium powder reduced the sub grain size, and by reducing
. the sub grain size the tensile strength waé increased at the expense
of ductility. The presence of a sub structure had been revealed in

86

a previous paper -~ and its effect on tensile strength shown in the
form of a Petch type equation. High temperature tensile tests
performed at L4OOCC revealed littlg dependence of the product on the
initial billet temperature, indicating that the matrix sub structure
was ineffective at that temperature. Two temperatures were considered;
500°C and 300°C, and an external speed of extrusion of 8.35 mm/sec

was used. There are no details of the extrusion press so the validity
of the 500°C temperature is in some doubt as this could be the pre-
heat temperature. The micrographs shown in the paper reveal high
angle sub grain boundaries witﬂ little evidence of recrystallisation,
but this would not necessarily be a product of a lower temperéture

than 500°C. However, this does not detract from the results of sub

grain size dependence on temperature, and the tensile strength
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propertieé in terms of a Petch type sub grain size equation.

Unfortunately the reported work onrthis variaﬁle is very sketchy
and a thorough appraisal has not been carried out. However it has
been foﬁnd that, in connection with surface finish, tﬁe parametér of
temperature is closely allied to the speed of extrusion. In more
recent.work the matrix sub structure of the extruded product has been
found to be similar to that of worked commercially pure aluminium.

The subsequent measurements of the sub grain size have shown a

dependence on temperature and the size on the product strength at

room temperature.

2.6.2 Reduction ratio

The main criterion for selecting a particular ratio has been
to ensure sufficient working to produce a dense product and not exceed
. the capacity of the press. 'Severai investigators have examined the

‘effect of reduction ratio on the extruded products, but the results

were inconclusive.

The only analysis of loads obtained from differing reduction
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ratios has been that by Schwartzwelder~ ', who found a linear
relationship betweeh the maximum pressure and the natural logarithm
of extrusion ratio. In a preliminary report3 of the present work, a

similar relationship to that of Schwartzwelder was found between

pressure and reduction ratio.

The results of Schwartzwelder'588 work show that up to a reduction
of about 15:1 both strength and ductility are increased, but at higher
reductions the variations are scattered. It would seem that up to

15:1 the product has been insufficiently worked so that the density



of therproduct is not quite the theoretical and pores from the original
compact were still present in the product. Variations of the properties
above the 15:1 ratio are within experimental error, involved in
extrusion, eépecially on the me¢sive scale it was carried out with all
the accompanying inaccuracies. The results do indicate, however, that
at high reduction ratios the longitudinal tensile properties improve

due to the better degree of dispersion of the oxide within the matrix.

This last observation has been confirmed by Nilsson who
measured the transverse properties of an extruded 5.A.P., type alloy.
There was an increase in strength and uniform elongation with
increasing reduction in area. The results shown in graphical form
hide the errors and reveal quite a wide scatter. Some of the specimens
for the higher reductions were produced by transverse extrusion and
swaging to re align the structure. These furtﬁer deformation processes
must to some extent invaliaate the results as the position from which
results were compared was not specified and it is well known that the

k9

tensile properties of the product vary along the extruded length'”.

Eastwood and Rbbins17’18 discovered that the ténsile strength
and elongation of the products from extrudéd tin powder, decregsed
at room temperature and 150°C for reductions of 80:1 when compared to
those éf 20:1 and 40:1. The results of the tensile properties of the
20:1 and 40:1 ratios showed little variation. This decrease was not

explained.

Dispersion strengthened aluminium products manufactured by powder
blending, as reported By Hansen, showed that increasing the reduction
ratio had little effect, if any, on the tensile properties of the

product. It was noted that the sub grain size stayed the same but with
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increasing reduction ratio there was a slightly more uniform
distribution of the oxide phase. Although only two ratios were used,
15:1 and 75:1, the work by Hansen was generally found to be reliable

so the results can be viewed with a certain amount of confidence.

Tncluded in the reported Qork of Euratorm are the result591 of
the effect of reduction ratio on the product of S.A.P. 7 and 10 wt pct.
Al>03. It was found that only elongation was influenced; with
increasing reduction ratio the elongation at room;température and

LOOOC increased slightly.

Looking at the various répbrted papers, it can be seen that a
rather confusing picture emerges as to the effect of reduction ratio
on the product properties. It seems, however, that increasing the

extent of reduction improves the distribution of the oxide.

2;6.3 Extrusion speed

As discussed previously under section 2.6.1, the variables of
temperature and speed were found to be closely related when considering
the production of a émooth extrusion. C€0le20 has also shown that for
a high temperature, a greater increase in speed_is required for a
given increasé in pressure when coﬁpared to an extrusion of a
conventional solid billeﬁ. 'The explanation given for this phenomenon
was that a high proportion of the work was required to break up the
oxidelfilm and once broken the material was easily deformed. This
reason has not been questioned as little documented work on the subject
exists., H@wever, in the more recent work by Sheppard and ChareB, the
powder material was aléo found to exhibit small strain rate dependence,
smaller than that of the solid billet. This indicated that the powder

behaved in a different manner from the solid during deformation through
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and into the die. During the process of extrusion, as the material
approaches the die, there is extensive particle sliding and increase
of the areaof particulate contact by welding and rewelding of the
contact. There is not full intimate contact between the particles
until the material emerges through into the die so that the process
of deformation occurs over a smaller area than expected while in the

container. This wiil lead to a lower strain rate dependence.

The tensile properties of the product seem little affected by

the speed of extrusion.

2.6,k Heat treatment

The effect of heat treatment on the subsequent room temperature
properties of an extruded product is a softening process. Observation
of electron micrographs, as did Hansen87, show that the sub grain size
siightly increase by heat treatment at an elevated temperature thus

decreasing the tensile strength accordingly.

The oxide distribution in the éxtruded product can be more
uniformily distributed by coid work and recrystallisation or by double
extrusion. Recrystallisation reduces the tensile strength whereas
double extrusion was found to have little effect on the tensile
properties. Dromsky and Lene_l92 produced a coarse grained structure
of a product manufactured from atomised powder (2 - h-pﬂnin diameter)
by cold rolling at least 70 pct. and annealing 2 hours at 540°C., This
reduced the yield stress from 113.5 MNm™% to 92 MNm~2 and the grains
were elongated in the direction of rolling. Flake powders above a
certain pefcentage oxiae, were unsuccessfully cold worked and annealed.
Similar results had been previously reported on alloys containing

1¢75 and 3.0 pect. A1203 by weight93. It was also noted in this earlier
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work that these alloys preferentially recrystallise at the centres
of the cold worked rod and the new grains grow most readily in the

direction of cold working.

A detailed analysis of the recovery phenoriena of S.A.P. has been
149-151 :
carried out by HNobili and his co workers. They showed that there was no
fundemental difference between S.A.P. and pure aluminium except that
recovery could occur over a wide temperature range due to increase of

recrystallisation temperature. It was also found in the research

programme that there was no recrystallisation up to 360°C.

2.6.5 Powder particle size

This parameter can be easily measured by a variety of techniques,
the most popular and easiest being that of sieving. Usually the
compaéted billets used in powder extrusions afe of a known particle

26

size distribution, e.g. Shakespere and Oliver<® used compacts of
particle size distribution varying in the range from - 60 mesh to
- 300 mesh. However, some workers have separated the metal powder
particles into various sepérate sievé mesh fractions which cover

a range of sizes from minus one sieve to plus the next sieve size.

This allows a relatively good determination for a mean size value.

During extfusion the logd required to_;xtrude the billet can be
recorded with suitable instrumentation and the values obtained |
compared. Lenel et al%L noted that the load varied according to the
powder used; the conditions for extrusion, temperature 540°C, reduction
ratio 16:1, speed 31.8 - 42.3 mm/sec, being the same for all
exfrusions. The load fecorded for a 25.4 mm diameter billet of the
thinnest flake powder, (0.17 Y iﬁ thicknésé with 12 wt pct oxide),

was. 400 KN decreasing to 100 KN for a coarse atomised powder billet,



(178 P average diameter with 0.2 wt pct. oxide). These are figures
quoted from the experimental section of the paper and their accuracy

can be gquestioned but the trend is obvious.

In a preliminary investigation Roberts? observed a dependence
of tensile strength on powder particle size in extruded atomised

lead powder alloys.

More detailed work, on atomised tin powders, has been carried
out by Eastwood and Robinsq7’18 who separated the powder in the range
from 53 to 8 pnjinto sieve fractions. The extruded product consisted
“of an extremely fine grain sized microstructure wifh the oxide from
the particles visible as- banded étringers. .Room temperature tensile
strength was found to increase with decreasing powder particle size
and this increase was accompanied by a marked reduction in ductility.
.~Although no measurements were taken of grain size, it was noted that
tﬁe grain size of the extruded material decreased with decreasing
particle size, a factor that is of some importance'considering the
tensile properties., This last observation was confirmed by Hansen95s96,
who did measure the gub grain size of extruded atomised aluminium
powders of varying particle sizes. The sub grain size was observed
to decrease from 3.2{m for the coérse powder (average particle diameter
10 P ) to 1.6ym for the finest powder (average particle diameter 8y ).
The measurements of sub grain size were based on a large number of
measurements with a standard deviation eétimated at less than 10 pct.
In this work it was also noted that as the powder particle size
decreased the oxide agglomefates decreased as the surface area increased.
The tensile strength wés increased with decreasing aluminium particle
size but the tensile elongation at room temperature was practically

unaffected, whereas at 400°C a decrease was observed. However, it
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should be noted that in the preliminary report on this work86 only a
few tensile test results were reported, and in subsequent papers95s96

the elongation values were not quoted therefore comparison was difficult.

Previous work on.aluminium powder, cancentrated upon the flake
type powéer, showed that the tensile strength of the product was
related to the flake thickness99’97’98. This was shown by a linear
relationship between tensile strength and logarithmic vglue of flake
thickness99, measured from electron micrographs. The ductility of
the extruded specimen tested at room temperature and 400°C was found
to decrease rapidly with decrease flake thickness of powder. The
oxide content was noted to only affect the mechanical properties if
it was related to particle size. Si@ilarly, Wiseman et al19 found
that a relationship existed between the reciprocal square root of
aluminium flake and yield strength and that the weight of oxide was.
\.not'as important as flake thickness. Thus the tensile and yielq
s%rength depended on flake thickness and particle sizé which can be

related to oxide content in the extruded product.

Included in the work by Hansen87 is an equation based upon the
Petch equation tovrelate yield stress with particle size. It is of

the form and found valid at room temperature and Loo°¢.
a1 .
Q = 06 + 018 dp = (2027>

dp is the diameter of the aluminium powder particles
O is the yield stress

O,. is the yield stress of a coarse grained aluminium (99.5% purity)

(o1

This equation has been confirmed in the preliminary report of this
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research’ using a larger number of results.

2.6.6 Alloy powder type

To improve the properties of powder products, alloying has been
tried to combine dispersion strengthening and precipitation hardening.
Reasonably good results have been obtained with iron and nicke.'l.zl+ as
additions up ?o‘about 300°C, but at higher temperatures the strength
is less than conventional S.A.P. due to the loss of the precipitated
phase. There was found no interaction between the solute atoms and
dispersed phase, so increasing the temperature will coarsen the
precipitated structure and le en the yield strength. However, room
temperature tensile strength is greater than pure aluminium powder
due to the appreciable fine précipitafion hardening within the particles.

Decreasing the size of the atomised powder particles increases the

strength of the extruded product due to the decreasing dendrite size,

KAbecause of the greater cooling and solidification.

Production of aluminium powder metallurgy parts has been

considered by Dudas and Deanqoq on a commercial scale in which

precipitation hardened alloys were discussed. This is not a detailed

.paper and must be regarded as a technological feasibility study rather

than a piece of research. The paper concludes that powder metallurgy
aluminium alloys can be produced in useful components using the presses

available and the strength enhanced by sintering and heat treatment.

More detailed work on pre alloyed powders has been carried out
on aluminium-silicon192 and aluminium-tinqoB. The hypereutectic
aluminium silicon casting alloy was investigated, becuase of its use

in the motor industry, and atomised to refine the primary phase.

Results were few in number and little detail was given of the fabrication



58

technique but fhe results presented did show a refined structure and
useful tensile properties. The same criticisms apply to the work on

aluminium-tin in which a total of six experiments were performed.

Details of the effect of adding copper on the strength of
sintered alumiﬁium copper alloys have been studied in some detail
by two Japanese workersqoq. They found that using-a mixed powder
had advantage over a pre alloyed aluminium copper alloy. In the green
compact using mixed powders, the aluminium and copper powders have
metallic contact through the fractured oxide layer and upon sintering
allo& starts at this point. Above the eutectic temperature the alloy
becomes liquid and forms a large quantity of liquid phase in which
the oxide is scattered. This will result in an increase in the
strength of the compact. Further sintering will disperse the copper
atoms by diffusion into the aluminium matrix to form a solid solution
alloy. However, no details are given of the final strength of the
product so it is difficult to judge the advantages of one method over
the other, i.e. pre-alloying over mixed powder or vice versa. It

would be unwise to take too much notice of this work at present as the

results are far from convincing and few in number.

2.6.7 Extruded structure

In powder extrusions, the extrusion process works the ﬁaterial
through a die and the particles become coalesced into a solid form.
This was first shown in work on electrolytic copper by Stout105 and
Tynowski106. The partidles were found to coalesce, not just to
adhere to one another, so that the grain boundaries separating the

particles no longer existed as clear cut dividing lines.

Metallographic examination of extruded bars from metal powders



has revealed a fine structure with the oxide present as banded
stringers17’18’26. Due to this fine structure, electron microscopy
has had to be used to enable a more thorough investigation. An
extruded specimen of éluminium powder or S.A.P. type ailoy shows no
significant microstructural detail upon examination by conventional
optical techniques, but the lines of extrusion flow can be seen in a
deeply etched longitudinal section99. TFor a more detailed look,
electron microscopy is required and there is considerable amount of
literature concerning the extruded structure. The product S.AP,

has been subjected tp many theoretical and experimental analysis with
results that supported the dispersion hardening theory as seen in the

reviewvby Blochqh.

The production of S.4.P. dependé upon fhe oxide film present on
the flakés of aluminium or the addition of an oxide in the form‘of
powder blended with the aluminium p;wder107.. In the case of flake
powder, the oxide film is about 1004° thick and during grinding the
oxide content is increased by partial welding and exposure of new
surfaces to the atmosphere; During éxtrusion.the oxide particles
becone aligned in the extrusion direction and often the distribution
.of them is non uniform. The extruded condition of the oxide has been
reported as platelets108 and estimated to be 50-100A° thick. Having
identified the structure form it was then found that these platelets
were partially or completely spheroidized86’99 depending on the method
of preparation. In some detailed microscopy work using carbon replicas,
Dromsky and Lenelga, reported a non uniform dispersion of oxide
particles segregated near grain boundaries and suggested that these
particles were fragmenfs of the original oxide film on the powder
particles that acted to restrict grain boﬁndéry movement. It was also

put forward that the parallel oxide particle platelets retain the shape



of the oxide coating and that vacuum sintering caused the break up
of the oxide. This break up was confirmed by Goodrich and Ansell ©?
who found irregular oxide platelets strung out along grain boundaries.

The size and distribution of the oxide particles was found to depend

upon the initial powders and the degree of deformation.

In more recent work by Hansen86’87’110’111 using transmission
electron microscopy, showed that the aluminium particles deformed into
cylindrical shapes during extrusion with the oxide phase being
distributed as agglomerates of varying size along the aluminium
cylinders. Close examination of the extruded product, revealed smaller
sub grains with few dislocations in the interior formed during
extrusion similar to the deformation of pure aluminium at elevated
temperatures by extrusion?C. The sub grains were thought to be formed
by the effect of high temperature and large plastic strain during
extrusion. It was then shown86’87_fhat the mairix sub structure
| contributed largeley to the stfength at room temperature by comparing
as extruded ané recrystallised products from the same material. The
sub grain Boundariés formed By high femperature extrusion were as
effectiveﬂas slip barriers at room temperature as grain boundaries
formed by recrystallisation. The hard particles of oxide were found
to be distributed throughout the metal mat}ix and did not directly
govern the sub grain boundaries??. Dislocétion density between the
sub grain boundaries was low, but found to be higher around the

a'12, The strengthening

diSpersed phase particles where they were pinne
factor of the material was thought to be the energy of the structure
which depended on the interfacial relationship between the oxide and

matrix phase. In the case of aluminium and alumina, there was a

* favourable relatibnship between the oxide and mafrix to form a stable

alloy.
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The more recent extensivelybreported work by Hansen is the most
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reliable on the microstructure of aluminium powder products. The results

can be viewed with some confidence although often lacking in number.
Interest was concentrated on the dispersion strengthening properties

and relation of tensile test results to microstructural details, sub

grain size and oxide dispersion.

There has been a school of thought113"115 that has considered

_the distribution of alumina within the aluminium matrix as a continuous,

inter penetrating, and three dimensional cell network. The experiments
carried out to prove the existence of ahoneycomb structure of alumina -
have been based on the dissdlution of the aluminium matrix to leave a
thin skeleton of alumina. It is, in fact, difficult to conceive how

a honeycomb sfructure could exist after the process of extrusion and

the results presented are far from convincing. The action of the

. dissolving agent on the remaining alumina was not investigated so this

gives riée to the speculation that during the dissolution of aluminium
precipitatiqn could occur on the original oxide leaving a skeleton

behind. The existence of a continuous cell-like structure is difficult
to prove using transmission électron microscopy, as very thin specimens

are required. However, Hansen87 did find a cell pattern of oxide

- particles in a transverse section for very fine powder particles but

the uniformity in the longitudinal section was such that a regular

continuous network was unlikely.

The formation of a solid solution and precipitation from it, is
also a strengthening mechanism for a metal and the combination of
this with dispersion hardening has been tried by Towner24 and more

116-118

recently by Jones and Thursfield . Towner prepared a solid

solution alloy by extruding pre alloyed aluminium powders, A1-8%Fe.



The extruded pfoduct was found to have superior strength and structure
stability in the temperature range_200-QOO°C. ‘The Al-Fe powuders were
found to have an internal structure of a supersaturafed solid solution
containing a fine in%er dendritic network of intermediate phases.

During the hot deformation of the powder in extrusion, the oxide was

dispersed and the insoluble elements in the supersaturated solid solution

were precipitated. The precipitate was fine and uniformly distributed
and increasing the extrusion temperature 450-500°C resulted in a

slight coarsening of the precipitates.

Jones and Thursfield have been concerned with a splat cooled
A1-8%Fe alloy having a higher strength than powders produced by
atomisation. Results for a high strength room temperature material,
unable to be produced by conventional means, are promising but large

scale use seems limited.

12.2 Mechanical Properties

Products made from atomised aluminium powder in which the
dispersion strengtheﬁing constituent is the alumina present on the
surface of the original powder, show a distinct improvement in
mechanical préperties as compared with cast and wrought material. The
strength at room temperature is higher than for extruded pure aluminium
and at 400°C is more marked. With increasing oxide content of the
aluminium powder, the tensile strength increases at room and elevated

o4

temperatures until the oxide content reaches 10-13% °. Correspondingly

the elongation decreases with increasing oxide content.

The dependence of tensile strength on powder particle size for

17,18

atomised powder alloys has been observed by Eastwood .and Robins

Roberts15, and Hansen87. The room temperature strength was increased
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‘with decreasiﬁg powder particle size and with this increase there
was a marked reduction in ductility. For the tin powder work by
Eastwood and Robins, the fine fraction,--Sprn, had an elongation of
6% compared with 30% for the coarse fraction, -52 + 30 ym pagticle
siée. However, increasing the oxide content without changing the

particle size had little effect on the properties.

A similar dependence on powder particle size has been found by
Hansen87, who proposed a relationship based on the Petch relation.
Yield strength was equated to particle size both at room temperature
and 400°C values of the former.
L
= 2 N
o=q + Cqgdp (2.28)
Values of ¢ were obtained by extrapolation of lines on the plot of
yield stress against reciprocal square root of particle diaméter; these
were found to agree with the flow stress values of coarse grained pure

aluminium at room temperature and 400°C.

In an earlier Paper, Hansen86 showed the effect of matrix
substructure on the mechanical properties by comparing extruded and

recrystallised materials. Flow stress was found to be:
o 1 A .
O (extruded) = 0 (recrystallised) + Cog (de™2 -dr~2) (2.29)

where de and dr are the extruded and the recrystallised grain size.
This was found to be valid for pfoducts’containing up to 1wt# oxide

- but for larger oxide contents the cold work requiréd to effect
recrystallisation redistributes the oxide, forming a stronger structure

on recrystallisation, thus not corresponding to the equation.
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The powder alloys of aluminium investigated by Towner~" contained
up to 7.6% of iron which gave the extruded product yield strength
values comparable to an S;A.P. alloy up to about 300°C; above this
temperature they were slightly lower. The greatest difference of these
alloys with respect to S.A.P. alloys is the trend of elongation; which,

for the atomised alloys increases with rising temperature, whereas it

decreases for S.A.P.

2.8 Dispersion Hardened Theories

There is a general lack of agreeﬁent as to the precise nature of
the dislocation particle interaction during deformation of a dispersion
hardened metal, despite the widespread application of dispersion

hardening.

Empirical relationships have been suggested119 to relate the mean
free path between particles and the yield strength. However, to
' identify the particle/dislocation interaction, the quantitive theories

of Orowan120

and Ansell and Lenel1@? nave received considerable attention.
The yield strength in a precipitation hardened alloy is
determined by the stress required to bow out dislocations between

precipitates, and is given by the Orowan'relationship.

T - H (2.30)

%)

where T = flow stress; U.= yield strength of the matrix; T' = line
tension of the dislocation; b = Burgess vector of the dislocation;
A= mean planar spacing of particles on the slip plane. The relevant

value of T!' in the Orowan equation must be the line tension of a
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dislocation in the shape of a semi~-circular loop. This problem has
not yet been treated exactly. Kelly and Nicholson122 have suggested

a good approximation of the value of T';

2o _ . ' (2.31)

L 1
where @ = 1 (1 + 1) is an averaging term for screw and edge dislocations
2 1=V
and G = shear modulus.

Ansell and Lenel121 devised a model for yielding in dispersion
hardened materiai based on the accumulation of dislocations at the
dispersed particles. According to this model,yielding occurs when the
shear stress due to the pile up of dislocations is sufficient to deform
the particles plastically or to fracture them, thus reducing the
baék pressure on the disloéation sources. They proposed a relationship.

T = Ts+ CpA-3 o (2.32)

However considerable objections have been raised on theoretical
grounds by Kelly and Nicholson and there has been no conclusive

evidence that particles are sheared at the yield point.

In both the models prop§sed, the'particles are conéidered to be
spherical, non coherent with the matrix, and uniformly distributed,
no consideration being given to particle shape. To test the equations
(2'30’,2‘52)’ annealed single crystals or polycrystals of constant

grain size should be used.

Fisher, Hart, and Pry123 proposed a theory to account for the



variation with strain of the increment of flow Sfréss of dispersion
hardened crystals over that of the precipitate free matrix. This
increment was attributed to the accumulation 6f dislocation loops

left around the particles by a repeated Orowan mechanism. The
possibility of cross slip of the roving dislocations was néglected

and the increase in flow stress was expressed in terms of a back
stress imposed on glide dislocations by the loops around the particles.
The main defect of this theory is the back stress which is thought

to affect the Frank-Read sources in the slip-plane. These Frank-Read
sources are considered to determine the matrix flow stress. The back

stress exerted by the loops is given by
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T (2.33)

wﬁere‘Caa =’constant; f

volume fraction of second phase; N = number

" of dislocation loops; G = shear modulus; b = Burgers vector of

dislocations forming the loops; r = radius of second phase particles.

Experimental electron microscopy observétions of dispersion
hardened alloys sﬁow that, on deformation, the dislocation particle
interactions are quite complex and tangles of dislocations form as |
cells in the vicinity of the particles. Thus the dispersed phése
has a controlling influence on the dislocation sub structure resulting

i much larger dislocation densities for a given strain.

- Another flow stress theory has been proposed by Ashby124
"assuming that the increment in stress caused by the pafticles‘in a
metal is due to an increased number of dislocation loops impeding

the movement of glide dislocations. A relationship between the tensile
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flow stress and strain can be derived, e.g. assuming forest hardening

mechanism, and the following equation obtained.

o - Oy = C23G 2bfg , (2.34)
J da ' ’

where 023 is a constant; € is the tensile strain; f the volume fraction
of particle of diameter da, in the slip plane. Experimental evidence
to suppoft the model was provided from work on the Al-Cu, Cu'AlZOE’

and Cu-5i0, systems.

More recently in the work by Hansen128 the strengtheﬁing of
aluminium was considered to be by a three‘dimensional.network of
aluminium-oxide particles, Considering the transverse section the
oxide was seen as a mesh network and the proof stress proposed as a

function of the meSh size, tm.
L v
o =G + Cpq tn 2 (2.35)

This equation is similar to that proposed by Ansell. Results
were presented to agree with the equation, but there was little

theoretical background to back this model.

In a later paper on the same work, the results were found to

agree with Ashby'5129 equation. This equation was based on the Orowan

model and written:

= T+ Co5Gb 1 1n (Daf)
’t -T2 2x Dpf ) (2-36)

where Dpf is the planar surface spacing (free distance between particles)



G is the shear modulus, and CaéAis constant = 1 for edge dislocations
and‘1/1qy for screw dislocations. Correction for particle and matrix
strain hardening was considered in terms of dislocation density and

a fairly good correlation was found.

2.9 Creep Behaviour

Ansell and Weertman122 investigated the creep behaviour of a
dispersion strengthened aluminium material. The as-extruded alloy
showed an approximately steady state creep which, with constant
temperature, depended exponentially on the applied stress, following

a creep equation of the type
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Creep rate = K' = Cqg5 exp (Cqego) (2.37)

k* T
k* is Boltzmann's constant, T is the absolute temperature, o = stress.
- Thé temperature dependence of the creep rate was expressed in the
form ex§(~Q/ k'T) where a value of 150 Kcals/mole was found for the
activation energy Q. Creep equations were derived for dispersion
‘hardened, coarse grained alloys assuming that the rate contrélling

process for steady state creep was the climb of dislocations over

second phase particles. At intermediate stresses a fourth power stress

dependence was found and at high stress an exponential stress
dependence. vThe deviation of the creep rété equations assumed that
there was either a three dimensional dislocation network present, or
short dislocation segments extended from one plate to a neighbouring
plate to act as dislocation sources. The main effect of the fine
dispersion was to inactivate the dislocation sources rather than to

hinder movement of dislocation.
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1 .
Ansell and Lenel 26 examined the creep behaviour of a
E3
recrystallised S.A.P. type alloy, and under stresses >2} Bﬁi
( A= distance between dispersed particles, ;f¥ = shear modulus), the

- steady state creep rate K was given by an equation:

K' = Cypex(- 9 ot .
7 k*T p*3k*T : - (2.38)

Q = activation energy of self diffusion.
The rate controlling process for steady state creep was regarded as the
climb of dislocation loops rather than single dislocations. It was
concluded that in the particular S.A.P. type %lloy investigated, the
usual three dimensional dislocation network was not present and the
activation energy for creep was in good agreemént with that of self
diffusion in aluminium. Experimental creép behaviour of other

dispersion strengthened alloys have shown large deviations from the

" predictions of this model.

Reynolds et 21127 found agreement with the model by Ansell and
the activation energy the same as that for self diffusion of aluminium.
Recrystalliéed dispersion strengthened solid solutions were found to
ha?e stress and temperature sensitivities quite unlike those obsérved
in single phase solid solutions having the same composition and grain
size. The alioys_exhibited<5sentiélly a 4.0 power stress exponent in
agreement with the model of Ansell and Weertman.

2.10  Summary of present knowledge

There has been a considerable amount of literature concerning the
structure, mechanical properties, and creep properties of S.A.P. which
has led to the idea of finely dispersed aluminium oxide particles

within an aluminium matrix. With improving electron microscopy



techniques and understanding of dislocations, the S5.A.P. structure was
seen in terms of the dispersed phase particles pinning dislocations.,

Attempts to correlate particle spacing in terms of yield strength have
: only been partlally successful as the results only showed gqualitative

agreement.

The interaction of dislocations with the dispersed particles is
still not fully understood although it is acknowledged that the

particles hinder dislocation movement or nucleation.

In more recent work, using the electron microscope, the presence
of a matrix substructure as well as the dispersed phase structure, has
been shown by Hansen. The'roem temperatﬁre strength of the extruded
preduct is an additive combination of the sub grain structure and the
oxide strehgthening; at elevated temperatures, oxide strengthenirig

alone is of importance.

The interaction between dispersion strengthening and precipitation

hardening has not been investigated to the same extent as the particle
interaction problem ﬁith the matrix. The little reported‘work in this
field does show an improvement in strength of a product if the two
mechanisms are superimposed. Howeter, the effects were not additive
as annealing the material for a long period overaged the specimen.
'Room temperature properties were improved; an equivalent strengthened
S.A.P. type alloy did not have as much ductility and thus was not as

easily cold worked.

The effect of the extrusion process variables on the extruded
product has only been dealt with in a very superficial manner and the

results obtained often contradictory. The important variables have
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been found to be particle size,;temperature, and alloy type, and té
a lesser extent, reduction ratio, speed of extrusion, and heat
treatment of extruded products. Reduction in area during extrusion
is the process variable that has shown the most unpredictable results

on the mechanical properties of the extruded products.

Tt



CHAPTER 3
Theory

3.1 Introduction

At the moment ﬁo exact solution for the estimation of load
during extrusion is available and thus methods have been developed to
establish vaelues for the load. One of these methods is an over
estimate (an upper bound), the other an underestimate (lower bound).
Upper bound solutions are particularly useful as they enable an
-estimate of a particular load, to perform a particuiar operation. The

"~ solution give loads in excess of those predicted by using slip-line

61

fields™ '; but in many cases these are only little in excess. 5lip-line

field solutions are, generally, themselves upper bounds’]30 but their
success in many instances, when compared against experimental results,
indicate thaf they are near the truth. However, to obtain'these

" solutions, careful analysis of the slip-line field and lengthy

numerical procedures must be carried out.

Both slip-liﬁe.field and upper bound solutions are based on the
plane strain limitation. This is not the case in practise, for with
a round billet.axially symmetric rather than plane-strain conditions
occur, thus precluding the use of slip-line field thebry. A solution
to the problem is the development of a large number of solutions to
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plane-strain or sheet extrusion by Hill”'. The round container is
imagined to be répléced by a rectangular container of infinite wid th
and the extruded product being an infinitely wide sheet. On the basis

55

of many experiments Dodeja and Johnson™” have shown that the extrusion
pressures estimated in plane-strain correspond closely to those in

axial symmetry, for the same reduction in cross-sectional area. The

72
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condition of plane-strain is then approachedrin practice as two of the

stresses in the triaxial state of the axi-symmetric process tend to

counteract themselves.

3.2 The Upper Bound Theorem
3.2.1 Assumptions

The main theoretical assumptions made in deriving the solution

(1) the material is rigid perfectly plastic and non strain
hardening

(ii) frictional conditions and other boundary conditions remain
the same during plastic deformation

(iii)  plane-strain conditions exist

34242 'Upper Bound' Expression |

This is obtained from consideration of any velocity distribution
that satisfies both the velocity boundary conditions and the condition
for ihcompressibility of the material. In other words the main
éoncern is with strain increments and the conditions they have to fulfil

.in a fully plastic bodyqzq.,

The expression is derived by considering a body of volume V
and total surface area S. On this body let the surface stresses Ti
be specified over part of the surface, Sp, and let the displacement
increment, duj, be specified over the portion of the surface Su.
Any other different or assuﬁed field lét the displacement increment
be dénoted by dui* such that dui* = dui on Su, i.e. duy is prescribed
| over the part of the bbpndary Su. Both fields are required to fulfil
the incompressibility>equation, le.es &ui*/axi = 0 and &ui/axi = 0.

This condition enables a decision to be made on whether the assumed
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field is valid or not; if it is valid, it is possible to find the

displacement increments at each point in the field.

Considering the body, shown in fig. 3.1, a discontinuity line
is indicated with a surface SD‘. A kinematically admissible
displacement increment field may have discontinuities in the tangential
component along certaih surfaces Sp, but to avoid plastic volume
change the normal components must be the same on either sidebof such

a surface.

. denotes the assumed plastic strain increment for the

2*
deiJ

displacement field duj .

Applying the principle of virtual work to the kinematically
admissible displacement increment field and the actual stress field,

" oﬁj, provides the equation:-

fTidui% = fo‘ leg *ij d'.V +zfq
S v | D

* . . as . . . .
where dv denotes the tangential displacement discontinuity increment

v+ l dSps (3.7)

on the surface SD* and q is the shear stress component of(Tij in the
‘direction indicated in fig. 3.7. for a stress field, O ijs not

necessarily statieally admissible, derived using the idea of plastic
potential from the strain increment field dz*

i1

* \

v

dV is volume element

crij‘ denotes a stress field that satisfies the egquilibrium

equation HOEj* /'axi = 0
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du; = du®* PRESCRIBED -

FIG. 31  Definition of terms .
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Substituting equation (3.2) into (3.1) given:-

fTiduidS \vfdij* dg*;5 av + ZJk/dV* / d8%, (3.3)

S v sD

as k>q Now

s 84 ' 8T
and thus, .
jTldUi dSu \<‘ }13* d £ lJ* av +ka/dv* / dSD*
Su : v ' SD
- fTidui* S (3.5)
ST

The right hand side of equation (3.5) gives an upper bound for

.the increment of work of the unknown surface stresses acting on Su.

Considering plane strain conditions in place of

v
the expression ’/Zc dz*¥ av can be wi*itten, \;Jiae_re k is the shear yield
stress in plane gtrain of the material and dj* is the maximum shear
strain increment. In the situation where the mode of deformation is
comprised of rigid blocks of material separated by lines of
tangential displacement discontinuity dj* = 0. Further, in every .

instance examined, the term

fTi dui* dST = 0

ST
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so that equation (3.5) now becomes;

j T, duy 4§, < Z[ k/ave / dsp*

Su SD

3.2.3 Upper Bound in Plane Strain -

In fig. 3.3(a) a rigid parallelepiped of material of unit height,
ABCD, is considered which is also of unit thickness normal to the plane
of the paper, moving to the left with unit speed. Under conditions of
plane strain deformation is only in planes parallel to the paper. All
material to the right of XX is rigid, but, after crossing XX, the
parallelogram ABCD is instantaneously altered, formsa new rigid
.parallelogram, A'B'C'D', so that it moves in a new direction, at an

angle X to the original direction, with a new speed.

In fig;'j.f(bj the hodograph or ﬁelocity diagram appropriate to

the field of fig. 3.3(a) is shown. The ofiginal unit speed may be
_resolved into components Vb and Va, a velocity perpendicular to XX

and parallél to XX. Each particle té the left of XX has the components
Vp and Vb for the new velocity V5. The difference between™Vy, and Vg
represents a 'velocity discontinuity' tangential to XX and this
discontinuity manifests itself by éhanging the shape-of ABCD to
A'B'C'D', In reality this process is not instantaneous but the velocity

change does occur over a narrow band which in the limit becomes a line.

The work done in changing the shape ABCD to A'B'C'D' can be
expressed in terms of a rate of dissipation of internal energy. If
T is the shear stress_én oprosite sides of the block the work done is
equal to (T.BC).CC' or, in terms of the rate of disgipation of internal

energy, (T.BC).CC' /t where t is the time for DC to cross XX. As the
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FIG. 3.3 Mode of deformation and hodograph for

a plastic rigid material



block is moving with unit speed this can be rewritten as (T.BC).

ccr /DC.

Comparing triangle C'CD in fig. 3.3(c) and the hodograph it

can be seen that CC' = uj so that the rate of energy dissipation,
dw/dt, can be Wriggen as
aw = T .BC. cC' = T .B.C. CC'
dt t : DC
= T.BC. u = T AD. u

’

When U has its greatest possible value, k, the shear yield
stress in plane strain,

dw = ke AD. u
dt

and by having't'z k the material develops its maximum resistance to
deformation., If th¢ discontinuity line is curved, then in place of AD
_ is the term dS and thus

dw :jkuds (3.6
dt

the integration being performed along XX. If XX is a straight line
equation (3.6) can be written as

.(_i‘E = ko Ue ‘S
dat

where s is the length of XX and u the same at each point on it.

When considering the extrusion of powdered metal the value of
the shear yield stress is not constant but varies according to the
relative position of the billet during extrusion. This can be shown
by cdnsidering an i§ealized upper-bdund solution for plane strain
extruSion.. Fig. 3.b4 shgws an upper-bound solution of the type
obtained by Johnson63, where the material is assumed to comsist of

a number of rigid blocks of uniform quari-static zones, bordered by

79 .
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physical plane hodograph

p.1.D, = ki.2.AB + ki.13.AC + Kk .23 .8BC
2

FIG. 3.4 Simple upper bound solution for a 30:1 reduction
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velocity discontinuities. Thus, referring to fig. 3.4(a), material
approaching the velocity discontinuity AB at velocity uep, is forced
to travel parallel to the dead metal zone boundary throughout the
region ABC. On encountering the discontinuity BC, the material then
leaves the extrusion container at a velocity ueg.. It is possible to
refine the situation further by addition of more discontinuities but
for the sake of the argument the discontinuities will be restricted

to those shownm.

An upper bound solution giving the pressure required for
homogeneous deforma?ion and redundant work can be obtained by
considering the work done at each discontinuity. Thus:-

p.deu = k.(initial) ab AB + k(initial) ac AC
+ k(final) bec BC (3.7

where u is the ram speed.

It is therefore evident that a lower extrusion pressure will
be obtained than for a solid billet extruded under the same conditions
as the yield stress of the material varies considerably within the
quasi-static deformation zone. At the first discontinuity the yield
_stress k(initial) will be low because of the relatively small contact
areas between neighbouring particles. k(initial) will therefore be
connected with the powder properties rather than the final material
properties. On the other hand, at the discontinuity BC the compact
will have acquired the proverties of the final product and thus k
(final) will be closely related to the yield stress of the extruded
product. However, the meterial does not behave in a discontinuous
manner, but rather the opposite, the process actually occurring is
one of continuous breaking and welding of particle contacts. The

contact area increases so that the shear yield stress also increases



and approacheé the value of the final product. When the'material
reaches BC the deformation is by shear only as in the conventional
extrusion process and so k(final) > k (initial ). it can be seen that
the value of k increases until the material has reached the velocity
discontinuity BC and to estimate the pressure of extrusion mean

values of k have to be taken for each rigid triangle.

3.2.4 A minimum Upper Bound Solution for Plane Strain.

Johnson and Kudo64 developed a formula for plane strain
 extrusion with R, reduction ratio, equal to 2 using a rigid triangle
velocity field. By minimizing the formula, they were able to

theoretically determine the position of the triangles.

Fig. 3.5(a) represents the rigid trianglé field for the procedure
to obtain the minimum upper bound for extrusion pressure and fig. 3.5(b)

the hodograph.

In fig. 3.5(a) OB = x
OA = y/ sinw
OC = 4/ sin @
_ 2 2

AB ¥_2 ;s X _ 2xv-cos W
sin®w sin w
f 2 2

BC = .3—2 + X _ 2dX‘cos Q
sin~ # sin @

The relative slip between adjacent rigid triangles are obtained

from the hodograph in fig. 3.5(b)

rate of relative slip 13 = Xé
dx sin w
» x sin g
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FIG. 3.5 Rigd triangle field and hodograph



Eﬂaﬁ/gf , ¥ - 2dx cot #
dx sin2¢
+ 1 - 3°
% I; (cot w + cot @)

The rate of energy dissipation in the system per unit thickpess in

6l

the direction normal to the plane of flow is given by~ ';

B o= kD Lyl
where lij and_Alﬂij represent the length of a straight boundary
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and the rate of relative slip between triangles 'i' and 'j' respectively.

The mean pressure from a smooth container can be calculated from the
dissipation thus:-
Pr = E/2(y+d) V _ (3.8a)

and V is the ram speed

Therefore: ~

E = k (ABuyy + OBugp + BCugg + OCugg + Ohugy) (3.9
thus: -

E=k (AB23 + OB3:k + OCE5 + BC2E + OA13) (3.10)

This can be substituted into equation (3.8) so that the load

=K [ v (32 5t * - 2yg cot w) + %§ + 1~ 32 (cot w +

ax sin“w

o+ ZE (d2 + x2 - 23x cot & + zﬁ' 5 + gx2 5 ] (y + d)
2

dx sin“g , dx sin“w X sin“®

, - 213 cot w - 13 cot w
d d dx sincw d

-2y2 cot § - XE cot § + -2d21 ] (y + d)
a 2

x sin“@

This expression can be minimised by differentiation with respect to x

L 2
d (Load) _ [ y . 2% 2 242y ] (y +d)
ax - a T T4 o E%Z sinw = X2 sing 2 (3.11)

Therefore at the minimum load

. (1 + 2y) d sin“w sing.

Similarly values for w and @ can be obtained

d cot @)



For w

-2 214 cos w 213 '+ EE . ZE 5 _ C
dx sin? w d sin? w sin w sin“ w
therefore
cot w = 2y + d)x )
by2 (3.12)
For @
2 2 2
-2 2 cos @ 2 dy 2y ¥° _
x sin? @ | + sin2 * sin® = 0

therefore cot § = 3x

It can be seen that w and @ are dependent on x and so only an

estimate of the minimum value can be obtained.

A process of iteration was used ?o evaluate x, g and w, so that

for a 30:1 reduction ratio. (see appendix)

= 80'5
g = 11.62
and the load = (a‘constant) X 51.75

3.3. Strain Rate

A method of estimating the mean strain rate has been suggested
by Feltham132 who considered the total useful strain occurring in
a certain time passing through the deformation zone. The equation

-developed was:
€ - & i C(3.14)

The time being that equal to:

Volume of die cone :
Volume of metal extruded per unit time

This method can be extruded by imagining the deformation to



occur within a conical volume with an angle of 45°% to the container
and die face. Knowing this volume and the volume of metal ektruded
pef unit time, the time taken to fill this volume can be found. The

. volume of the die cone above the die
= A (3 - )
2L

where Dq and D, are the diameters of the billet and the extruded rod,
respecitvely. The volume of metal extruded per unit time is
-7S/4 D12U, so that the time required to fill the cone area above the

die will be (D42 - D23) / 6 D420

However, the total strain, as shown by Dodeja and Johnson, is
(a + blnR) not InR so that the work done per unit volume is ¥m

(2 + blnR) and the mean equivaelent strain rate is'given by the equation

€ = (a+blnR) 6D,

3

M-
®

(a + blnR) 6u :
Dq (3.15)

U is the measure of ram speed.

This equation is very similar to that of Feltham and values of
the constants 'a' and 'b' can be inserted, similar to those found by

Hirst and Ursell or Johnson.

It can be seen from the literature that the strain rate is the

most difficult extrusion parameter to determine.
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3.k Thermal Activation

The determination of the extrusion process as a thermally
activated one has been carried out by Wong and Jona,-s155 on commercial
purity aluminium. The equation used to relate the.mean strain rate
with the meah effective stress was that proposed by Sellars and
Tegart.

é = A [sinh (x0) :’ % exp (:—RATE) (3.16)

where A, e, n, and Al are constants

The calculation of activation energy from experimental data
was made using the following procedure. Iquation (3.14) can be

- written in a more general form thus:

é = constant X [f (O?:l o x exp ‘(-AH/RT)

In creep testing, a constant stress is often appliéd over a
range of temperatures so that a plot of log £ at constant stress as a

function of temperafcure can be obtained of the form

y -1 )o_ B 2.3 R (3.17)
where € and T are measured experimentally.
In hot torsion a constant strain rate is applied and the resulting
stress measured experimentally. The calculation of AH at constant
stress involves extensive extrapolation and interpolation of the

experimental stress strain rate temperature data.

An alternative means of calculating AH is to split the equation
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(3.15) into partial differentials so that

A3eeg )y x (2legfle) )

= 2.3% ' (3.18)

where each of the terms on the left hand side of the eguation is
obtained from experimental measurements. Wong and Jonads, using this
method and the hyperbolic sine stress function, found the activation

energy from the following equation:

' . élog (sinh (o 0)) T =1 €

(3.19)
Values of the expression ;?ngg_é are obtained by
| » log (sinh Cexol)
‘plotting strain rate as a function of the hyperbolic sine stress term
yielding a stréight line. This represents the stress dependence on
strain rate.for a particular temperature, i.e. a straight line is
obtained for different stress, strain rate values at one temperature.

The expression © log (sinh Cee-1) shows the dependence on temperature
d 7t

for one particular temperature. Hence, from experimental measurements

performed during extrusion, a value for AH, .the activation energy, can

be calculated.

3¢5 Limit diagrams
The maximum load before the press is stalled, can be obtained

using a modified form of Johnson's| equation

i.e. %m = (a + bloR) | (3.20)



The values of 'a' and 'b' are those found empirically using different
reduction ratios at the same temperature and strain rate. Knowing the
terms 'a', 'b', and R thé mean yield stress at a particular temperature
. and strain rate can be calculated from the extrusion pressure obtained
experimentally. With this value of yield stress, the maxiﬁum load

for a particular temperature can be calculated using the above
modified form of Johnson's equation. Similarly the maximum load

can be calculated for a billet of length 1 using Hirst and Ursell's

allowance for friction.

P 1 .
Y-r-n-' = (a + blnR) exp f%_ i B (3‘21)

~ The coefficient of friction P can be calculated using either
the method suggested by Hirst or .Ursell, or that using values from
the load displacement curve., Hirst and Ursell suggested extruding two

" billets of lengths l1 and 1, through the same reduction and measuring

2

the mean pressures, Pl, and-PlZ. Tt was shown that

Pl

D 1n P1 0.575D |
Vo=, - 1) P, T 1, -1, %810 P, (3.22)

This technique can be applied to two loads on the sfeédy state
portion of the diagram and the coefficient of friction calculated

using the equation above.

%3.5.1 Temperature
The loads required in the limit diagrams are those required from
a known initial billet temperature rather than a working or mean

temverature.
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The limit due to incipient melting can be calculated using the
equation shown also by Hirst and Ursell. Knowing the specific heat
of the metal and assuming adiabatic conditions it is possible té
find the maximum extrusion ratio possible. The value of ¥m is a
mean value bétween the initial and final temperature and the

temperature rise at infinite speed, that from initial temperature to

the melting point.

The temperature rise for strain rates experienced during the
extrusion process can be estimated using the expression derived by
68

Raybould

T = 23.95 O Cy [27.85 ¢ 2,562 4 0.862/3 4 2.61’51/3] T (3.23)

- - * . . - l L) 1 - ] E.
USln tllls v al ue Of tempeI a tU.I € I. 1se 4 ne paximum v ue o
|

reduction ratio can be calculated for the limit due to incipient

. melting.

3.6 Petch Equations
Investigations on mild steel by Petch13? showed an empirical

relationship between yiela strength and grain size of the form:

6 =0, + Ca2 (3.24)
The term O, represents the friction stress that opposes‘the motiom
of mobile dislocations in a grain and C is a parameter that measures
the strength of grain boundaries. This expression is for high angle
boundaries but has also been applied to low angle boundaries produced
by high temperature deformation. The following relationship has
been épplied.

o = o, '._+ ct ds~% ' (3.25)

. ' . ’ .
dg is the mean sub grain size and O, , and C' are empirical constants.

In place of yield strength the experimental (0.2%) proof stress is



applied so that the above equation becomes

ol

o (0.2%) = o5 (0.28) + C"a_ (3.26)

Again O, (0.2%) and C' are empirical constants.

It has been found86 that the sub grain diameters of an extruded
aluminium powder product are approximately proportional to the diameter,
dp, of the aluminium powder particles. Therefore equation (3.2k)

can be written thus:-

1
o = o—o + cH dp"2 (3.27)
Similarly for the proof stress values

" -
o (0.2%) = o (0.2%) + C'ap 2 (3.28)

The values of Ug" (0.2%) obtained by extrapolation will be
similar to those of the flow stress (0.2%) of coarse grained aluminium
obtained under the same conditions, - Room temperature and elevated
témperature results of proof stress can be plotted against the mean
particle diameter and for each temperature in the limit 0(0.2%) is

the value expected for a pure aluminium coarse grained specimen.

3.7  Dispersion Strengthening
The strength given by the Orowan relatibn in a precipitation
hardened alloy is determined by the stress required to low out
dislocations between the precipitates. This is given by the equation
Tn = 2:]%}1 + o (3.29)
where G is the ;hear modulus of the matrix, and b is the Burgers
Vector of a glide dislocation. 7:Lis the yield strength of the

matrix without precipitates.

" The factor J is determined from the 'line tension' of a

dislocation which is given by T' =.j Gb2. The relevant value of T!

9



in the Crowan model must be the line tension of a dislocation in a
semi-circular loop shape. A good approximation has been suggested by
Kelly and Nicholson,

Tt = Gp° A* 1n A
- Iy 2b (3.30)

Vhere A* is a constant equal to 1 for edge dislocations, and to
1/1_V for screw dislocations. A is the distance between obstacles

seen by moving dislocations.

The yield strength of dispersion strengthened products has been
written:

T ="7C, + A G 1 1n(DAD) ,
2 DaAf b (3.31)

where DAf is the planar surface spacing (free distance between

particles).

To calculate the interparticle distance in a plane for plate

‘shaped particles, the following procedure is used.

The planar centre to centre distance (DA) and surface to surface
distance (DAf) are calculated on the assumption that the particles

intersecting a plane (M) are arranged in a square lattice.

For a uniform distribution of plate-shaped particles with the
diameter D*, Ny is equal to the number of particles per unit volume

~multiplied by the mean value D of the plate diameter projected on the

= 180

normal to the intersecting plane. D is given by the equation .
D = A .p*
In
thus D, = [ D.t

f E3
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where f is the volume fraction of the oxide, and t is the thickness

of the oxide particles.

The plate particles appear in an intersecting plane as needles
of a length varying from zero to D*. The mean length of the needles »

is

Dpr is teken as DA minus the mean value of the needle length Dav
projected on the line connecting the two particles. The projected

diameter ié'E:D*.cos @, and the mean value of the projected diameter

I
\ is:=-
Da = D%/ >
ﬁhus:-
Dpr = [f(D*.t) - D*
' b 2

The planar surface spacing can then be calculated knowing the
size of the oxide partiéles and the volume fraction of the oxide

content. (See Appendix for calculation of results shown in fig. 5.43).

As a test of this theory the 0.2% proof stress can be plotted

égainst In (Dag) /DAf9 good correlation will be obtained if the points
b

lie on a straight line. -



CHAPTER &4
Experimental Procedure

4,9 Introduction

From the earlier discussion of the literature published it can be
seen that there is lack of extensive work on the extrusion variables
of powder extrusions. Reported work was usually based on the findings
of ten or fewer experiments so that the current experimental programme
was designed to rigorously cover the range of extrusion variables.
The variables investigated were:-

(a) Particle size before extrusion

(b) Initial densityvof compacted billet

(¢) Reduction ratio of extrusion

(d) Ram speed

(e) Initial billet temperature

(f) Heat treatment of product

The initial part of the programme was concerned with the
a2luminium powders manufactured from gommercialpurealuminium and the
remainder with the three aluminium alloy powders obtained. The
extrusions were performed undér reproducible conditions on a large

scale laboratory press simulating industrial conditions.

The tooling on the extrusion press was the same as that used

68

by Raybould~™~, and so no modifications were necessary to carry out
the research programme. Several dies, and a new‘stem, were designed to
replaée the original ones that had been damaged through.general wear.

The tool steel used for.these tools was a recommended molybdern .um

chromium vana dium steel, a Kayser Ellison steel, KEA 145,

-
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4,2 The powders

There are many characteristics of powders that can be considered
to enable control and comparison of the initial raw material but not
Clall may be critical for a given application. In the preseut work the
individual powder particles were characterised by size, shape, and
specific surface area; and the powder mass by size distributionm,
density, and chemical analysis. However, as will be noted later, some

of these characteristics are themselves inter-related.

4,2.1 Pouder shapes

The shapes of the individual powder particles within the powder
mass were investigated using a scanning electron microscope. Particles
were distributed on small aluminium stubs which were then placed into
the microscope and the surface then scanned. For the fine particles,
a small quantity 6f the powder to be examined was dispersed in alcohol
and the'subsequent slurry allowed to dry on the highly polished surface
of the stub. When dried the small particles adhered well t§ the surface
by small electrostaticforceé. Coarse, larger particles were affixed
to the stub by placing a piece of dougle sided sel}otaperon the stub
surface and pressing gently onto a layer of particles. This technique
allowed a.small quantity of dispersed and individual particles to be

separated out for viewing.

4.2.2 Powder size

The size, or size distribution parameter of a particular powder
is very difficult to deterhine, as there are so many and varied
techniqués. The simplest and easiest to use is that of sieving. In
the work carried out, tﬁe size distribution was determined-using this
technique but difficulty was encountered with the determination of the

end-point. This has been specified as (134):
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(a) sieve until the rate at which particles pass through the
sieve is reduced to a specified weight or percentage weight per minute.

(b) sieve for a specified time

Technique (a) was preferable but (b) was better for standardisation
and so for convenience technique (b) was applied, using a sieving tinme

of one hour for a 150 gram - 200 gram sample.

To investigate the process variable of powder particle size,
a series of mesh size fractions were separgted~from the main bulk of
the powder by the action of sieving. AThe sieving was carried out on
conventional 8" diameter B.S. standard wire mesh sieves. The different
sizes of sieves were stacked so that the coarsest was uppermost
decreasing in size to the finest at the bottom, with a receiver at the
 very bottom. A 1id was then placed onto the uppermost sieve and the
:whdle nest of sieves positioned on an 'Endrock' mechanical sieve. The
sieving was then carried out by a mechanical Vibrgtory and rotary
motion for one hour and the sepérate fractions stored. The particle

size distribution was then measured by weighing the mesh size fractions

separated.

Té determine the mean particie size of the coarser mesh fractions,

a mean value between two adjoining mesh sieve sizes was takén. For
example, the powder passing through a 60 mesh sieve but retained by

- a 100 mesh sieve, was regarded to consist of a mean size in between
these two mesh sizes. In reality a wide range of sizes in between the
two mesh sizes existed. Particles below the 45 microns working limit
of the conventional wiré sieves were neasured using a microscope and
their mean particle size determined by measuring and counting a large

number of particles, 50-1C0 measurements usually taken.
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4,2,3 Surface area

The surface area of the fine powders was determined by a B.E.T.
analysis 125, This process involves the adsorption of gases in a
.Uni—molecular or multi-molecular layer oﬁ the surface of a particle
at a temperature near the condensation point of the atmosphere.
Derivation of the isotherm equation for multi-molecular adsorption is
by a method that is a generalisation of Langmiur's treatment of the
uni-molecular layer. In the theoretical treatment it is assumed that

the same forces produce condensation, are responsible for multi-molecular

adsorption.

The aﬁalysis was carried out using Krypton as the gas to be
adéorbed, and the temperature of adsorption near the boiling point
of nitrogen, (-196°C). The results were then included as data in a

136

computer programme written by Beaven and Eadington , which calculated

the surface areas involved for the material used.

4,24 Chemical Analysis

The analysis of the powders for their natural oxide content
was obtained by a standard wet analysis and difference technique. This
involved establishing the aluminium content by reducing a suitable
volume of Fe2 (504)3 in sulphuric acid solution under.a CO, atmosphere
and determining the al by permanganometric titration of Fe. The'
samples were checked for impurities and the AlZO3 content ebtained by
difference. Samples for chemical analysis were taken from the powder

‘mass by a coning and quarfering technique.

Different mesh fractions of the aluminium powders and the alloys
were also analysed for oxide content to study the variation between

different particle sizes within the same powder.
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The analysis was carried out within the college by the

tanalytical services! department.

'.4.2.5 Compaction

The process of cold compaction was carried out in the die shown
in fig. 4.1, made from tempered, oil quenched E.N.2k steel. The
ram was designed so that it was the same length as the container to
facilitate the ejection of the compacted billet upon attainment of a
particular set of conditions. The ram was machined down to a push fit
tolerance to ensure that little_powder forced its way up between the
ram aﬁd container during application of load. Before the container
was filled with powder, the walls and tool pieces of the die were
lubricated using a teflon based dry film lubricant applied in the form
of a spray and allowed to dry. This ensured that thefe was little pick-
up of aluminium on the tooling surfaces and that the frictional

conditions were fairly mmiform during compaction.

Having filled the container with a known quantity of powder,
levelled the top of the powder mass, ghe powder was then compacted
using a 'Tangye’ éMN (200 Ton) press to a pressure of 205 M2 This
pressure was calculated from the indicated oil pressure shown, acting
on a 10" diameter ram, the ram actiné on the stage of the press. The
ram displacement at a particulaf pressure could be measured by the méans
aﬁd use of calipers. After the attainment of a particular pressﬁre
the compact was then ejected, the tooling cleaned and resprayed if
- necessary, and -the compacting process repéated for the next quantity
of powder. Any excess dry film lubricant on the surface of the coméacts
vwas removed using emery papér. The density of the billet was then

calculated by weighing and accurately measuring the height and diameter.
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4,3 . Extrusion press

The SHMN (500 Ton) fast action extrusion press was that used
in the work by Raybould68, so that most of the modifications had been
" carried out before the start of the research programme. The extrusion
press was of a vertical design and situated over a run out pit thus
enabling direct extrusion with the die fixed into position above the
pit by a backing ringf The general layout of the press is shown in
plate L4.1, with the controls for operation on the right hand side

below the load scale and oil pressure gauges.

The confainer, fixed onto two hydraulic rams via a cast housing,
plate 4.2, was able to take billets up to 75mm in diemeter and 158mm
in length. The heavy casting surrounding the container,was lifted by
the hydraulic rams to permit removal of‘the extrusion'diséérd and’
cleaning of the container in situ. BExtrusion was carried out with the
‘container resting on the surrounding ring that contained the die
_ holder so that the container bottom mated with the face of the die
holder, When the ram was brought down to carry out the extrusion process,
the load was applied to the billet through the stem and a pressure pad
resting on top of the billet. The ram speed was able to be controlled
up to speeds of 13.6mm/sec from O by contra flow direct pumping and
higher speeds by the accumulator drive. Thé main hydraulic supply was
from two pumps and the flow of o0il to the ram controlled either by an
adjustable rotor on one of the pumps which worked with of against the-
second, or by directing part of the flow to the drain tank. - The
accumulator action enabled speeds up to 250mm/sec ram speed to be
attainéd, and took place when the extrusion load exceéded 3.45MNm"2
(560 lbs/sqﬁ in) oil pressure in the ram. The extra ram speed was.

caused by the action of the oil, stored in nitrogen filled pressure

bottles at 20,84Nm=2 (3,000 1bs/sq. in) pressure, being released
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after the attainment of 3.4SMNm™2 pressure.

4.%.1 The heaters

The billets for extrusion could be heated up to 300°C in situ
by the existing heaters installed. The advantage of in situ heating
was that there were no appreciable temperature gradients between the
billet and container before extrusion. There were eight inconel
heating elements placed around the container and held in position
inside the container holder casting. These heaters, with a total rating
of 12 kilo-watts, had a maximum operational temperature of 650-700°C
and to prevent excess of this limit, thermocouples attached to

eurotherm controllers, were braised onto each element.

Temperatures in excess of 300°C were obtained by pre-heating
the billets for extrusion in an air circulating furmace, capable of
attaining temperatures up to 600°C, close to the extrusion preés. On
attainment of a particular temperature the billet was transferred from
the furnace into the container and then extruded after placing the
pressure pad onto the hot billet. The initial temperature of the billet
before extrusion commenced was determined by the presence of a
thermocouple at the rear of the billet., This thermocouple was situated
through a small hole in the centre of the pressure pad and its lead
threaded back through the stem. The values of the millivolt output
from the thermocouple were recorded using the 'data logga' and stored
on paper tape. Load cell readings were recorded and stored as well
so that the initial temperature at the start of extrusion could be
determined. The 'data logga' used was a Dynamco‘microscan data logging
system 59/16274 comprisihg a digitial voltmeter, low level scanner,
scanner drive unit, serializer, and a punch output unit for a Tally

punch. This particular piece of equipment did not require repeated



calibration as it measured e.m.f., rather than current, and was able to

record up to 10 channels/sec.

.~4.3.2 Container billet interface

The coﬁtainer had been bored out from 7Smm to 87mm in diameter
and an inner sleeve made that was placed in this enlarged hole. The
liner, with an internal diameter of 75mm, was designed so that it could
be removed with a load of 100 tons at room temperature. Backers were
also designed by Raybouldéfo hold the liner in position while the

remaining skull was removed.

The inner surface of the liner was maintained approximately the
samé by the use of scraper pads after each extrusion to remove the
excess pick up. These pads were designed so that they had a front band,
74.99mm in diameter and 10mm high, and were similar in appearance to
the pressure pads. Nevertheless, however efficient the pads were in
reﬁoving the aluminium pick up, at the start of each extrusion the
container liner internal surface was a very thin layer of aluminium.
After scraping, it was considered that the frictional conditions were

approximately the same for each extrusion.

L.3,3 ZLubrication

To discover the most satisfactory form of lubrication, a series
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of preliminary experiments were performed. The first extrusion performed,

using just graphite as a lubricant, resuited in the severe fir tree
défect seen in fig. 4.2 due to the excessive die pick up and fiction.
To overcome this, without the use of hot pressing, the powder was
compacted into a billet inside an aluminium can with the front and rear
end plugs made from machined commercial aluminium bar. This did solve

the problem of the fir tree defect. However, the preparation of the






cans was tedious and the rear plug was extruded through the rear of
the compact into the centre of the rod forming a central cone. This
necessitated the rejection of a large quantity of the extruded rod.
'To overcome this problem it was necessary to leave out the rear plug.
This left an open can with a front end comprising a circular pad of
aluminium. It was seen from macro-sections that this small piece of
material acted as the dead metal zone for the powder billet.and also
as a sheath for the extruded material passing into the die. Discarding
the open can, a compacted billet was extruded using only the circular
pad as the potential canning material, with satisfactory results. The
reason for this being that, as the powder was extruded through the
aluminium it picked up sufficient material to form a can around the
extruded section and thus pass through the die smoothly, the aluminium
acting as a lubricant. The sheath around the extruded rod was then

easily removed by machining if necessary.

This technique of lubrication, using a front circular slab of
aluminium was used throughout the series of experiments. The thickness

of the slab being 10mm in all cases.

L4 Extrusion parameters
L,4,1 Billet temperature
The temperature of the extrusion billet when inside the container

was measured by means of a thermocouple fitted through the pressure pad
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to touch the rear of the billet. This ensured a millivolt reading output

until the thermocouple broke during extrusion and so gave an indication
of the‘temperature involved during the deformation process. The
thermocouple was wired via compensating cable lead to the 'data logga'
vhere the readings were recorded by means of a punch on paper tape.

This tape was then read out on a punch machine and the temperature, in
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millivolt e.m.f. form, were listed out.

4,4.,2 Reduction ratio

The reduction ratios used in the experiments were 5, 10, 20 30,
Lo, and 50:1. Their different ratios were obtained by the use of
interchangeable dies that were easily replaced from the die holder.
The die can be seen in plate 4.2, held in place by the holder and
retaining ring. To change the die, the retaining ring was removed, the
die holder lifted off vertically leaving the die piece and backing ring,
and the die removed. A new die, of the particular diameter rod required,
was then placed onto the backing ring and the holder and retaining ring

replaced,.

4,4,3 Ram speed

| The ram speed was closely controlled by the adjustment of the
pumps to give a wide range of speeds. The speed was measured by a
reétilinear potentiometer (model LP/21/85/s, as supplied by Penny
and Giles) with a 600m.m. (24'") stroke and was fixed between the cross
head and the base of the press. The voltage, which varied with ram
position, 10 volts over the 600 m.m., was fed into the X-Y recorder
and plotted against time thus enabling an average ram speed to be

calculated.

L b,k Load

The extrusion load was measured by a Mayés load cell placed
vertically above the ram stem. The output was indicated on the dial
gauge and recorded on the Hewlett-Packard 136A X-Y recorder and on the
‘data logga'. The X-Y recorder was set to run at a certain pen speed
thus enabling a load/displacement curve to be drawn. Calibration of

the load cell was performed using a standard cell supplied by Dennison
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placed between ram and the container against the indicated scale and

the millivolt output to the 'data logga'.

>4.4.5 Extrusion procedure

The container was allowed to attain a uniform temperature, usually
by allowing it to heat overnight, before the compacted billet was
inserted into the container. The billet was then alloﬁed to reach
equilibrium temperature, in situ if temperatures of 300°C or less were
required, or by heating for twenty to thirty minutes in the air
circulating furnace. When both the billet and container were at the
desired temperature, the 'data logga' was switched on, the X-Y recorder
started, and the process of extrusion initiated. The extrusion process
was then stopped when the load began to increase rapidly in the post
steady state, the stem raised, and the container lifted. After sawing,
to leave the unextruded part of the billet in the container, the extruded
rod'was then punched out of the die orifice into the pit below. The
remainder of the billet was removed from the container and the container
liner cleaned, using the scraper pads. The container was brought down,
the die face and container wélls sparingly lubricated with graphite,
and a small alumipium pad placed in front of the compacted billet before
it was placed inside the container. A new pressure pad with a new
thermocouple threaded through its centre then added to the top of the

billet.

L,s5 Properties of the product

The sectioning of an extruded rod using the 30:1 die was as
shown in fig. 4.3. The rejection of the first section was suitably
adjusted for varying reduction ratios and included the initial part
of the aluminium pad extruded and the firs£ part of the compacted

billet extruded. Variation of properties in the rod from the regions
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taken and the back end was very small.s

Thin sections for electron microscopy specinens were rrepared
by sectioning the rod length cut, using a water coolec slitting wheel.
Both transverse and longitudinal scctions te the extruczion cirection
were prepered using this technique. A length of rod anproximately
3cm. long, was placed onto a special block and held in position using
a low melting-point temeperature wax. 4 thin parallel edged specimen
was then cut from the rod, 0.5 - C.1 mm. thick, using the silicon
slitting wheel. The vhole speciren is subjected to & cooling liquid
during this operation to ensuire as little temperature rise of the
specimen as possible. These parallel edged specimens sectioned were

then ready for grinding and polishing during preparation of electron

microscopy specimens.

4.5.1 Density

| The final density of the extruded materials was checked by the
measurement and weighing of small accurately‘machined svecimens. These
were prepared from the sections cut from the extruded rod and were
machined to aﬁproximately Smme diameter and 10mm. in lengthe. The
dimensions were measured using a micrometer, the volume calculated then

checked by immersion in paraffin.

4,5,2 Hardness Tests -

licro and macro hardaess tests were carried out using 30 grams
on a G.K.N. micro hardness tester, and 2 kilogram on a Vickers macro
hardness testing machine respectively. The specimens were prepared by
first pgrinding on waxed silicon carbide paper down to 600 grade then
polished with 6p, Ep, and 1Y diamond paste, and finally electro

polished. The hardness value taken was the mean value of about twelve
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indents across the transverse section of the extruded rod.

L,5.%3 Tensile tests
The tensile test specimens were machined from the appropriate
sections to a standard Hounsfield No.14 size. Four specimens were made

for room temperature tests and two for the high temperature tests.

The room temperature tensile tests were carried out on an
Instron machine using a cross head speed of 0.01 cm/min. and the initial
stress strain curve was recorded on a fast chart speed to ensure an

accurate value of the (0.2%) proof stress.

The high temperature teﬁsile tests were performed using a split
furnace and wefe also carried out using a cross head speed of 0.01 cm/min.
The split furnace surrounded the tensile épecimen and - Nimonic rods
‘atfached to the Instromand easily attained temperatures up to 400°C.

A thermocouple placed close to the tensile specimen controlled the
heating and when the temperature attained the falue required ten
minutes were allowed for eqﬁilibrium éonditions before the spécimen was

pulled. Variation between the two specimens pulled was not appreciable.

L,5.,4 Transmission electron microscopy

The transmission electron microscopy was carried out on the
College's A.E.I. EM6 microscope. Specimens were prepared by grinding
on silicon carbide paper to 0.025mm. This ensured that relatively

large areas of a particular specimen cduld be examined and photographed.

Samples cut from the extruded rods of aluminium powders (4,3,C)
were electropolished using an electrolyte of 20/5 perchloric acid and

805 ethyl alcohol cooled to -BOOC and at a potential of 20 volts. A
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low temperature was found to be essential to reduce the amount of

pitting.

Electropolishing of the alloys (J, K, and L) proved to be quite
difficult and the problem was not satisfgctorily solved for the powder K,
the aluminium magnesium zinc alloy. Several electrolytes including
the above, were tried but only one was a success for the alloys (J, L)
and only partially successful for alloy K. One of the electrolytes,

Logl acetic acid, 30% ortho-phosphoric acid, 20% nitric acid, 105 water,
at 20 volts and 0°C was successful for the Al-ln but not for the other
alloys. The other electrolyte used that was the most promising, was

a 107% perchloric acid, 10(6 glycerol, 70/ ethyl alcohol, 10% water
solution at -10°C and at 15 to 20 volts. Specimens polished with this

latter solution, produced good foils with some large thin areas.

- To ensure that the window technique was not deforming the
specimens several fully annealed specimens were examined. Another test
specimen wés prepared from a- cold worked material to see if many
dislocation tangles were unpinned in the polishing as few were seen in
the foils examined, prepared from the extruded material. This test proved

that polishing did not excessively unpin tangles as was first supposed.

The subgrain size measurenments taken were all from transverse
specimens photographed as these produced most reproducible results.
There was no appreciable difference in size across the transverse section

so only one specimen per extrusion was examined.

L,5.5 Partially extruded billets
The flow pattern of the compacted billet during extrusion was

observed by polishing and etching a sectioned partially extruded billet.



However, due to the fine nature of the grain size within the billet

the flotr was not distinctly visible as previously found by Raybould68.

| To overcome this, a billet was prepared that contained copper foil discs
within the compact placed approximately 10mm apart. The extruéion wvas
then performed and stopped just after the maximum load was attained.

The remaining compact was then removed from the container, cooled,

sectioned, then polished., The position of the copper grids seen, formed

during the extrusion process indicated the type of flow pattern.
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CHAPTZR 5
Results

The fully correlated experimental results are taﬁulated in the
appendices and include the mechanical properties determined of the
extruded products from tensile tests at room temperature and Loooc,
All the straight line graphs were drawn after calculating the gradient

using the linear regression technique (see Appendix II)

For convenience the following notation was used,
aluninium powders - A, B, C and D,
aluminium-manganese - J, aluminium-iron -L, and

aluminium-nmagnesium-zinc - K.

5.1 Powder properties
5;1.1 Powder sieve analysis

The size distriﬁution of the aluminium powders was determined by
sieving and the results are presented in tabular form, tables 5.1 to
5.6. The figures shown represent the mean values of 7 or 8 sieving

operations.

5¢1.2 Powder chemical analysis
The natural oxide content of the powders was determined using

the method previously described and the results are included in the

size distribution tables. These give an indication of the oxide content

for a particular size fraction.

Alloy compositions found by analysis are shown in table 5.7
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including some commercial aluminium powders., Ior the alloys, J, K and L,
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TABLE 5.1
Wt %
Material Size m Wt % A1283
A - 45 100 1.9
22 (mean
size)
TABLE 5.2
B 4+ 105 9.7 0.55
- 105 + 75 23.4 0.65
- 75+ 63 12.6 1.1
- 63+ 53 21.5 1.3
- 53+ L5 11 1.8
- L5 21.8 1.9
TABLE 5.3
C + 500 6.38 2.5
- 500 + 250 : 15.4 0.6
- 250 + 150 17.33 O.h
- 150 + 105 27.24 0.5
- 105 + 75 13.66 0.5
- 75 + 63 6.48 0.7
- 63+ 53 2.26 1
- 53+ 45 |- 3.22 1.3
- 45 7.48 1.9




TABLE 5.4
Material Size m Wt %
J + 250 7.15
--250 + 150 35.8
- 150 + 105 11,07
- 105 + 75 10.12
- 75 4+ 63 14.6
- 63+ 45 9.15
- b5 12.3
TABLE 5.5
K + 250 9-92
- 250 + 150 1941
- 150 + 105 18.3
- 105 + 75 16
- 75+ 63 10.15
- 63+ 45 14.05
- b5 1.5
TABLE 5.6
L + 250 1.82
- 250 + 150 4,13
- 150 + 105 7.85
- 105 + 75 k1.2
- 75 + 63 15.2
- 63+ Is 13.8
- 45 15035
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Chemical Analysis

TABLE 5.7

. Al50 Si Mg Fe Cu Mu
2
Material we 2 | wt % Wt % Wt % |wte | w3
Aluminium A 1.9 |[100 ppm 2 ppm | 5ppm | 5 ppm | 5 ppm
Aluminium B 1.1 |500 ppm S ppm |10 ppm {15 ppm |20 ppm
Aluminium C 0.26 }500 ppm 5 ppm |15 ppm {20 ppm |20 ppm
Al-Mn J (9.50) | 0.09 50-100 ppm | 0.49 0.01 {3.59 %
Al-¥Mg-Z2 K’
Al-Fe (10.94) | 0.3 100 ppm | 2.38 0.13 |300-500
ppm
Alcoa 601 AB 0.52 | 0.27 0.83 0.16 - -
P/M M P3 0.28 | 0.03 0.02 0.12 - -
Alcan 120 0.94 | 0.03 0.005 0.b42 - -
Aluminium (C) 0.45 | 0.1 0.1 0.1 - -
TABLE 5.8
Powder BET Value m%/g Wt % Al,03
AMunminium A 0.333 1.9
Aluminium B 0.168 1.1
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Chemical Analysis

TABLE 5.7(a)

y . A03 Si Mg Zn Fe Mn Cu
Material | “ySo” |y | owes | wem | W | Wi | Wi
A2-Zn-Mg 0.85 Trace | 6.69 1.26 0.24 Trace | Trace
0.7k " 6.98 | 0.95 | 0.26 " L
0.94 n 6.85 1.67 0.25 " "
0.41 3 6.1l 1.50 0.24 " "
1.31 " 5.58 | 2.19 | 0.24 " "
b 0.12 6.5 1 06 0524 - b
Al-Fe 0.10 0.18 Trace | Trace 2.38 0.55 0.19
0.26 | 0.19 " " 2.56 | 0.55 | 0.19
1.13 0.17 " n 251 0.59 0.12
Al-Mn 0.75 0.21 Trace | Trace | 0.49 3.57 0.01
0.68 0.19 " " 0.45 3.49 0.01
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the major and minor constituents were determined before the oxide

content was found, and the initial results are shown in table 5.7.

Later results are shown in table 5.7(a).

5¢1+3 Powder cormpaction

Experiments were conducted to determine the variation of density
with applied pressure in the production of powder compacts. These
were performed by the method described in the experimental chapter
and the height of the compact in the die at-a particular applied
pressure taken as a function of density at that pressure.

The results are presented in the form of a graph, figure 5.1,
of 1nP against displacement, where P is the applied pressure., This is

similar to the work carried out by Bal'shin36.

A similar graph is also plotted of P/C* against P after the

work by Kawakita39 in deriving a piston compression equation.

C* = Vo -V = abP (see nomenclature

Vo 1 + 6P for definition of

symbols)

P/C* = 1 + P

ab a (5.1)
P = applied pressure
C* = degree of volume reduction
Vo = initial apparent volume
V = volume of powder at pressure, P

a,b = constants, characteristic of powder

C* o< d1/1,



The results plotted in figure 5.1 are replotted using Kawakita's
piston compression equation and are shown in figure 5.2. This figure
represents the compaction of a coarse mesh fraction of aluminium
powder, C., and figure 5.3 shows the compaction behaviour of the dust
mesh fraction from the same aluminium powder, with a value of 1/a, the

gradient, equal to 2.

Figures 5.4 and 5.5 represent the compaction of a sample from
the aluminium manganese and aluminium iron alloys respectively. The
value of 1/, the slope of the graph, is égain approximately equal

to 2. .

5.2 Load ram displacement diagrams

In the experimental section, it was noted that the load was
recorded on an X-Y recorder so that an autographic type diagram could
be produced. These load ram displacements are of the form shown in
figures 5.6, 5.7. Figure 5.6 is the autographic diagram obtained
during the extrusion of a powder billet, powder B, at an initial
temperature of %00°C and using a reduction ratio of 30:1. Figure
5.7 is a diagram obtained during the extrusion of a commercially pure
s01id aluminium billet under the same conditions as that of the

powder,

5.3 Variation in Mechanical Properties through the Quasi-static
Deformation Zone

To investigate the mechanical properties of a compacted billet
in different regions, specimens were taken from selected areas and
tested at room temperature. The regions used are shown in fig. 5.8
and the results of tensile tests performed are shown underneath. The

numbered areas were sawn from the partially extruded billet and
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3 187 239 3.6
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machined down fo the smallest Hounsfield svecimen size, number 12.

S.h Extrusion parameters
5.4.1 Compaction
The load ram displacement diagrams can be divided into two

distinct regions:

(i)  the compaction region

(ii)  the extrusion region

The loads recorded at the end of the compaction region prior to
extrusion, are measured from the diagrams and converted into a pressure
term. Fig. 5.9 is a plot of 1nP against temperature for the aluminium

powder, B, where P is the compaction pressure measured from the diagrams.

The pressure to attain near theoretical density before extrusion
commences can be related thus:

InP = 6.56 - M'T (5.2)

- where P is the maximum pressure measured

T is the temperature in %K

n' is dimensioned constant = 2.25 x 10~3 71

The extrusion pressure at the end of steady state extrusion can
be related to the redundant deformation and reduction ratio in the

normal way, thus:
= = 0.8 + 1.2 1mR (5.3)

where ¥m is the mean yield stress
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S.4.,2 Extrusion load
The maximum recorded load during extrusion for each experiment
is changed into a pressure, NNm—Z, and the results are shown in the

appendix tables under extrusion pressure.

The loads for the determination of the mean yield stress for the
activation energy plots are taken from the autographic diagrams at

the end of steady state extrusion prior to the coring point.

5.4;3 Initial billet temperature

The initial billet temperature was measured by means of a
thermocouple péssed through the back-up pressure pad pressed onto the
surface of the rear end of the billet. These temveratures measured
thus, yielded the temperatures at the start of extrusion. Figs. 5.10
to 5.13 show the effect of initial billet temperature on the maximum

‘ recorded extrusion pressure for the different materials investigated.

S<4.4  Reduction ratio
In order to determine the relationship between reduction ratio
and extrusion pressure, extrusions were performed at different ratios

under the same conditions to satisfy the well known equation

S
Ym

= A + BlnRk (5.4)
The results are shown in fig. 5.14 and the pressure values are
those indicated at the end of steady state extrusion. This eliminates

the frictional effect arising from billet length.

S5.4.5 Limit diagrams
Limit diagrams of the type produced by Hirst and Ursell were

constructed using experimental results, and the equations shown in
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the theory section. The fiction coefficient at a particular temnerature
was determined using the method previously described, i.e.:

D 1n P(14) :
1, - 1) F(1p) (5.5)

p:
Two billets of lengths 1,4 and 1, were extrucded through the sane
die showing mean pressures P(14) and P(1,) respectively. Alternatively
two points were taken on the steady state portion of the load curve
and the two loads obtained related to billet length hence the friction

determination.

The 1limit due to melting caused under adiabatic conditions is

calculated using the equation of the form:

InR = L4pyl/Lcy(T - To)P - 0.29
4.43){'{3:@@"1/2] 21} (5.6)

This gives the maxirmum extrusion ratio possible for a given temperature
rise T - To at infinite speed, without incipient melting occurring.
The limit for a given temperature rise at a finite strain rate,

: ) . - . .
€ = I/lsec™ , is calculated using the above equation.

The theoretical temperature rise for a particular strain rate
is estimated using the method described in the theory by Raybould68.
Again it must be iterated that this value is a mean overall value and

not representative of local temperature rises.

The limit diagrams for the extrusion press used, and the materials

considqred, are shown'in figures 5.15 to 5.18.
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5.5 Activation Energy
The activation energy was obtained by using the relationship
proposed by Gar.ofzstlog3 for creep and applied to hot working by

Sellars and lic. G. Tegart8l+.

Fx ~sinh o) B exp -AH/R‘T ) ‘7.('5'.7)

m.
]

The value of « must be determined and this is accomplished by
using the stress strain relationship shown to hold for creep.
:‘.'. = A2 o_n for low stress levels

£

A exp (Bo) for high stress levels
These equations approximate to the sinh relationship at low and high

stress values.

At high stress values & = A4(sinh°k o) - Ag exp (ne¢or)
on
and nd = F | L = B
. n
At low stress values E "
so n = 1ln€&/lno

and for wo-=1.2 B = 1n€ /s

if n=n', %= B/n’

Constant values of n' and X are obtained for the aluminium powders

x

and are shown in teble 5.9.

The activation energy is calculated using the techniques

suggested by Jonas, i.e.

(Log sinh (o) | x log £ = 2,303 AH
1/7 ']( [log sinh (<_>(o—)]T R'T (5.8)°
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The values of log sinh &O) versus 1/p for a particular strain rate
were plotted using the values of X obtained from the experiments and
also the value used by Jonas., The slopes obtained are denoted s*.
Stress exponents for strain rate are obtained by plotting log €
agéinst log sinhx O, Activation energy values for a particular

temperature could be calculated using equation (5.8).

In order to compare the values of n and s*, Jonas suggested
using a constant value of X, this being 0.0435 mZMN’1. The activation
energies are then recalculated using the same procedure as before.

The graphs of logé versus log sinh®C are shown in figures 5.19 -~

5.25, and the plots of log sinh& O versus 1/p in figures 5.26 -

5.27.

Having obtained the values for AH, the activation.energy, it

_ was then possible to plot Z, the Zener Holloman parameter,where

Z = € exp (AH/ET), against ln sinhe« o figures 5. The resulting
straight line relationship for the two aluminium powders and the Al-lMn
alloy shows that the same basic recovery mechanism occurs for the
alloys. For the Al-Mpg-Zn powder the line is steeper showing a

different recovery mechanism.

The plots of sinh«o against 1/¢ for the two reduction ratios
30:1 and 5:1 give good agreement showine that the value of E', the

mean strain rate, is consistent.

Table 5.10 includes the results of tensile tests performed at
different strain rates. The results are plotted out in fig. 5.24 and

the activation energy results shown in table 5.9.



TABLE 5.9

MATERTAL n n " B s A AH k.cals.
A 21.5 20.5 0047 .097 .376 20.81 35.6 3
6.25 0435 1032 6.42 27,6 £3
L 1k .0k02 1.63 - 30.77%3
Tensile tests’ 4,17 .0l 35 1.83 4.8 13
B 22.3 21.5 OOk .092 o394 19.9 3l 6554
' 6.2 0435 1.33 - 8.24 26.5 3
L1k - .0381 1.55 8.75 30,2613
Tensile tests_ L2 O0k35 1.687 8.52 35.65
B (5:1) 20.7 21.9 0045 <094 « 394 20.21 36.9 3
6.3 0435 1.35 5.1 37.4 £3
k14 .038 1.55 - 30,3 13
J 29.2 274 L0043 .117 .295 23 .4 36.9 +2.5
6.09 0435 139 L, 14 37.7 2.5
4,14 L0485 1.56 28.5 %3
Tensile tests 3,85 L0435 1.97 5.85 33.3 13
K 12.15 12.06 .0ok2 048 645 17.8 33,4 13
2.6k L0435 - 2.51 9.35 30.1 13
L4 .0209 - 1.196 - 22.6 13
1 0435 - 3.85 - 28.1 13
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TABLE 5.10

Tensile Tests
y . Testing Stregs* Strain rate
Haterial Temp °C Hlim™ sec”
A 300 58.5 .007
300 67.8 .02
200 69 063
300 70 07
300 71 o7
B 300 L5 .007
300 56.1 .02
200 57 «063
200 58.5 .07
350 40,1 .007
J Loo 69 <007
Loo 103 !
300 104 007
K 300 62.1 .007
200 127 .007
TABLE 511
Material Reduction Ratio Sub Grain Diameter
pm
A 10 0.735
20 0.746
. 30 0.75
Lo 0.727
B 10 1.05
20 1.03
30 1.05
Lo 167
50 1.05

* (0.2%) Proof Stress




5.6 Properties of the extruded product
S5¢6¢1 Initial particle size

The initial particle size has been found previously to be one
of the important varioble during the production of a solid product.
In the literature survey, it was noted that the particle size governed
not only tensile properties of the extruded product but also the
grain size. Results from the present work on the transmission
electron microscope, revealed a dependence of the sub grain size on
the initial particle size. TFig. 5.28 is a plot of mean sub grain
diameter as a function of particle diameter resulting in a linear

dependence.

The tensile properties were obtained at room temperature and
46000 from tensile tests carried out. Proof stress (0.2%) values were
used, as being representative of the tensile properties, and are
élotted against the reciprocal square root of the mean particle size.
This Petch typg equation was previously used and discussed3 to

represent the effectiveness of the particle size and is of the form:

(XY

g = o, + GCpgdp™? (5.9
where dp = mean particle diameter
Oo = proof stress of coarse grained aluminium

Tensile values from room temperature and high temperature tests
are plotted to form two lines. The dependence on particle size being

greater for room temperature properties than elevated temperatures.

This type of Petch plot is also drawn for the alloy powders J, K,
and L. The dependence on particle size being very less than for pure

aluminium powder, shown in fig. 5.30 and 5.31.
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The results are as follows:
Aluminium B

1
o = 45,14 + 379 Dp 2 (at room temperature)

o = 12.77 + 152.4 Dp'% (at 400°C)

Al-Mn

o = 147.6 + 152.5 Dp=2 (at R.T.)

O = 52.63 + 65.9 Dp-% (at 400°C)
A1-Mg-Zn

o = 199.4 + 173.8 Dp"% (at R.T.)
Al-Fe

o = 156.6 + 2L6,9 Dp"% (at R.T.)

64.6 24  Dp~2 (at 400°C)

lo!
]
+

Figures 5.32 and 5.33 are Petch plots relating yield strength,
0.2% proof stress, as a function of sub grain diameter. F¥or the

aluminium powder:

o = 22.19 + 78.46 DF
Al-Mn

o= 3.5 + 121 Ds-%
Al-}g-Zn

o= 37 + 280 Ds-%
Al-Fe

o= 3 + 133 D

5.6.2 Reduction ratio
The effect of reduction ratio on the final product has been
found to be very small, i.e. within experimental error. The sub grain

size of the product is found to be fairly consistent around a specific
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value for a certain powder and the tensile properties are the same.

These results are shown in table 5.711

Results of tensile tests of specimens extruded at R = 5:1
show a tendency to fracture unexpectedly at a low stress, indicating
a minimum reduction ratio below which extrusion billets were

insufficiently worked.

S5.6.3 Initial billet temperature

Initial billet temperature is found to be an important parameter
for room temperature strength, fig. 5.34, 5.35, vhereas at elevated
temperatures the initial temperature of extrusion has little effect on
the tensile préperties. The ductility at elevated temperatures is

observed to increase with increasing extrusion temperature.

Fig. 5.29, shows the sub grain diameter as a function of

temperature for the aluminium powders A and B.

S.6.4 Ram speed

Increasing the ram speed has little effect on the tensile
properties. The extrusion pressure is slightly increased with
increasing speed but the differencé between the slowest and fastest
rates is small. The two extremes being 1 mm/sec and 250 mm/sec

respectively.

5.6.5 Heat treatment

Heat treating the ;xtruded product yields a slightly softened
recovepgd material. The degree of heat treating and temperature can
be seen in table 5.12. The results show a general decrease in tensile

strength with an accompanying increase or improvement in ductility.

N
N



150

© —A .
A R.T 0 —B
~8 a2 — o
~ 3
~ ~A
\‘ \8 \A\
N
.ZE \EI\ \\o\ A\K&
S 100+ e a\ \§ A\A\
<2 ~
?\1 ‘o N~ o) Q A
é, G\‘ ~~ ©0 \
o ~Zam 078~ _
Wi \ o~ —_
@ 400°C P H—
W
o 50
2 A 4 3 A__AA-AA—A
o
_— 0 —0 —_——— — — O — O— ——— —
o | e —O -
O | 1 1
100 200 300 400 500
‘ INITIAL BILLET TEMPERATURE °C
VARIATION OF PROOF STRESS (0-2°/s) WITH TEMPERATURE —Al. POWDER |

Fig. 5.34



250
™~ , o— A—Fe
\A _ | A—— Al—Mg-Zn
A A g—— Al—Mn
~ |
= b A
Z 200 - A ~
2 \
N © A
2 O
. AN
® \ 0@
L
S 150} B\\
o g 0~
a 3 "~
B\Q. \8\
\ S~
g\ O —
B
100 : | ! 1 1
250 300 350 400 . 450

Fig. 5.35

INITIAL BILLET TEMPERATURE °C

VARIATION OF PROOF STRESS (0-2°/,) WITH TEMPERATURE

GoL



log 10 sinhxo

0-2

Fig 5.36

01}
0k
-0k
_0.2.
_0.3..
-O.[’.

—05 ] 1 1 1 1 ! ! ) ] 1
03 04 05 06 07 08 09 10 I 1-2 -3
| SUBGRAIN SIZE  DZ

PLOT OF logl0 sinhoxo AGAINST Dg'  (Al. POWDER B)

1-4

99t



17

©
16 |
°
EXTRUSION
0] 0] /
o]0 o A

logloz
O

13

12 ' ! I

/

167

0-5 1-0 15
log]0 sinh <o

RELATIONSHIP BETWEEN THE TEMPERATURE

 COMPENSATED STRAIN RATE & THE FLOW STRESS

- Fin. 5.37




log]oz

16

15

14

13

12

168

© ®~8

| © 1 . ’ 1

1-0 1-5 2-0
log1O sinh « o~

RELATIONSHIP BETWEEN THE TEMPERATURE

COMPENSATED STRAIN RATE & THE FLOW STRESS
FOR J (Al—Mn)

Fig 5.38



logloz

16y

13

OO0

1 | . .

1-50 175 2:00
log]0 sinh o

RELATIONSHIP BETWEEN THE TEMPERATURE

COMPENSATED STRAIN RATE & THE FLOW STRESS
FOR K (Al—Mg—Zn)

Fig. 5.39

2:25



TABLE 5.12
Product Heat Treatment Proof Tensile Elongation
after BExtrusion Stress Stress %
(0.2
FMNm~-2 Ml =2
C 69.8 104 .4 35.4
3000°C 2 hrs at 450°C 53.6 80.7 L7.8
30:1 2 hrs at 500°C 49,8 79.5 k9,1
2 hrs at 550°C k9,5 80.5 45,03
2 hrs at 600°C Lg,8 82.3 Lko.3
A 125.3 160.7 2k 4
3000C 15 mins at 450°C 120.6 158.5 22,2
30: 1 30 mins at 4500C 116.5 156.4 2k ,7
L5 mins at 450°C 1184 154 22.2
60 mins at 450°C 113.5 147 23.6
90 mins at 450°C 112.1 141,7 21.6
180 mins at 450°C 11141 1414 20,8
B 93.3 129.6 28.5
3000C 15 mins at 450°C 93.3 1%1.1 29.9
30:1 30 mins at 450°C 89.4 124,7 27.7
45 mins at 450°C 86.1 1217 29
60 mins at 450°C 8k .1 122.3 27.4
90 mins at 450°C 774 116.3 28.9
180 mins at 450°C 75.2 116.9 27.3
B 142.7 154 20.6
1500C 15 mins at 450°C 126.9 148.2 20.3
30:1 30 mins at 450°C 106 133 21
L5 mins at 450°C 98.5 129.9 22,7
60 mins at L4500C 96.1 131.7 21
90 mins at 450°C 91.5 122 22.9
180 mins at 450°C 90 120.4 20.3
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5.7 Particle microstructure

The aluminium particles in their 'as received' condition are
found t§ be comprised of a fairly fine uniform grain size. In the
large particles there is a tendency towards a columnar type structure
near the surface of the particles. The photomicrographs shown in
plate 5.7 are of the very coarse mesh fraction of aluminium powder B,

with the smaller particles a very much finer structure is observed.

In some of the large particles of alloy, J, there is evidence

of large primary precipitates, plate 5.3.

5.8 Flow pattern

The flow pattern of the billet during extrusion, is observed by
etching a macro section of a partially extruded billet. Two billets
are shown, plates 5.5, 5.6. One of the aluminium magnesium zinc alloy,

and. the other of aluminium powder C.

The alumiﬁium billet was prepa;ed with copper foil discs spaced

throughout the billet. During extrusion these were deformed with

the aluminium powder and helped to show the overall flow of powder
during extrusion. The pattern seen, in plates 5.5 and 5.6, is that
of type B as shown in the book by Pearsonqg. Further experiments
indicated that the pattern does not change with increasing or
decreasing reduction ratio and decreasiﬁg length of the billet does
not affect the flow pattern. The flow patterns seen are not véry

distinct due to the fine nature of the grain size within the individual

pa{ticles.

5.9 Micro-structure of the product

The microstructre of the extruded products was extensively
























investigated using transmission electron microscope. Hicrographs
taken were studied to determine the effect of the extrusion parameters
on grain size and dislocation arrangements. It is found that the
material is usually composed of a network of sub grains and the loose
dislocations tangled or associated with second or oxide phase
precipitates. The sub grains were measured to determine the mean
diameter at a particular set of extrusion conditions including the

initial particle size.

The electron micrographs, plates 6.1 - 6.11, are included with

the discussion, to enable easier reference during reading.

510 Mechanical Properties

‘The tables 5.13, and 5.13(a), show the mechanical properties
of commercial alloys produced, and previous experimental products of
aluminium powders. Values of the alloys extruded in the present work

are included for comparison.

Fig. 5.40 is a plot of Vickers.hardness nunber against initial
billet temperature showing a plateau at high initial temperatures.
Fige. 5.41, shows the variation of hardness across a transverse section.

The value quoted is the mean of these twelve experimental points.

Fig. 5.4% is a graph to test Orowan's dispersion hardening

theory as shown in equation (3.31).
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Table 5.13

Strength values of Commercial Alloys

Material Comp™ Test Temp Prf Stress Tensile Stress Elong. % Ref.
_ N m~* MN m~%
SAP 930 6% Al503 R.T. 117.4 225 22 14
Loo°C 68 68 11
SAP 895 11% A1,03 R.T. 225.5 363 8 14
400°c 108.1 117 3
AL (99.992) A1 R.T. 55.6 65 181
99.8 R.T. 69.5 50
99.5 R.T. 7742 s
99.0 R.T. 38.6 84,9 . 45
Al-Mn Mn 1.25% R.T. 54 108 4o
371°¢C 1% 2041 70
Al-Mg Mg 2.25% R.T. 77 185.3 20
Mn 0.25% 371°¢C 20.1 3h 130
Al-Mg-Si Mg 0.5% R.T. 77 154 30
Si 0.5% 371°C 14 17 105
Al-Cu-Mg-Si Cu 1.5 R.T. 123.6 232 15
Mg 1.0 278 4z = 15
Si 1.0 Looec 24,7 31 100
Al-Zn-Cu-Mg Cu 1.0 R.T. 556 602 * 11
Mg 205
Zn 5.7
Mn O.4 Loo®cC 31 s 65




Table 5.13(a)

Material Comp™ Test Temp Prf Stress Tensile Stress Elong. % Ref.
Al-Cu-Mg Cu L.b4 R.T. 123.6 231.7 15 181
-Si-Mn Mg 1.0 278 432 .4 * 15
Mn 0.75
(duralumin) 5i O.b 400°C k7 30.9 100
Al-Mg-Mn Mg 4.5 R.T. 125 275 14
HE 15 Cu 4.0 R.T. 250 390 * 8
Si
Mg
Al-Fe Fe 8.0 R.T. 500 530 5 181
LooC°c¢ - 110 -
Al-Fe Fe 7.6 R.T. - 320 - ok
' Loo°c - 80 -
* Solution treated and aged.

1)



Table 5.%4

Strength values of products made from atomised aluminium powder

. Oxide Test 0.2% Prf. Tensile .

Material Content % Temp ©C Stress MNm—2 Strength Elongation Ref.

i 255 0.5-1 R.T.  83.4-123.6 139170 25-31 11
316°C 52.5 She1-61.8 17-28

M 293 1-3 2.7 120.5 1884 25 1

D 13 0.2 R.T. 51.7 108.1 36-40 94,99

MD 105 1.4 R.T, - - 16843 33 9l,99
Loo°¢ - 59.5 26

R7H 1.75 k.7, - 187 %2 94,99
Loo°¢ - 64,9 28-34

itomised - R.%. 137 205 7.8 114
Loo°c 58.7 va

Atomised - R.T, 98.8 1%2.8 2343 14

¢ Wi - R.T. 139 199,2 20 14

iD 13 0.2 R.T. 52 107.3 23 86,87

MD 201 0.6 R.T. 87 140.2 26 86,87

D 105 1.0 R.T. 145 165 15.5 86,87
Loooc 45 53 9.7

R 40O 1.2 R.T. 120 157 2045
Loo°cC Lo sk 1041

931



Table 5.14(a)

Strength values of'products made from atomised aluminium powders

Test

Prf Stress

Tensile

Material Oxide Temp ©C MNg=2 Stress Elongation
A 1.9 R.T. 125.3 160.7 24 4
4oo°c s 4 58.5 18.6
B 1.1 R.T. 97 125.4 29.9
Loo°C 2048 36.2 21.2
c 0.36 R.T. 85 122 25.6
Loo°c 22.5 28.6 28
D 0.45 R,T. 74 102.2 24.3
~ LOO°C 24 28 24
J(Al-Mn) 0.72 R.T. 140 208.3 26.9
LOOOC 54 63.8 L5
K(A1-Mg-Zn) 0.74 R.T. 217 413 9.9
Loooc 20 25.7 13.6
L(Al-Fe) 0.51 R.T. 188 276 16.6
Loooc 68.1 92.3 24

Lsi



Table 5.15 Density of the Extruded Products
Material Density Range g/cm’
Al - A 2,69 - 2.72
Al - B 2,69 - 2.7
Al - C i 2.68 - 2,71
Al - D 2,69 - 2.7
Al-Mn J 2.7 = 2.73
Al-Fe L 2.69 - 2,73
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CHAPTER 6
Discussion

6.1 The Powders
6.1.1 Powder shapes

The atomised aluminium and aluminium alloy particles had been
manufactured to produce a variety of rounded shapes. Powders of types
C, J, K and L are found to have a tendency to 'tail', an inherent
defect of powders produced by the atomization technique using a
horizontal air blast on the hot molten stream. In contrast particles
of A and B, which had been produced by a vertical hot air blast,

generally exhibited good rounded shapes of varying sizes.

Shapes and sizes of particles produced by atomization have been
found to depend upon the nature of the impinging gas or water jet on
the molten stream and the geometrical configurétion of the apparatus1’2.
To produce spherical particles long cooling times, to allow the surface
tension fomes to minimize the surface, are necessary. However, to
avoid particle coalescence and 'matting' the quenching of the molten
particles must be fairly rapid so that they are sufficiently cool and

solid on landing.

Powders C, J, K and 'L are not as spherical in nature as A or B,
but, they are the kind that are preferred for commercial applications,
as spherical particles do not possess the desired characteristics.
Spherical powders provide the lowest degree of mechanical strength
because of poor initiai point contact between adjacent particles and
a-low surface to volume ratio. Deviations from sphericity are desirable

as this gives better point contacts, larger surface areas, and
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sedimentation areas.

In the present work little observable difference was noted between
the two types of powders due to the relatively soft nature of the

particles and their ease of deformation.

6.1.2 Powder size

The size, or size distribution parameter of a particular powder
is very easy to determine as there are so many and varied techniques,
but the difficulty arises in setting a standard for comparison. In
the present work the technique of sieving was used as it was the
simplest and easiest method for the large quantity of material involved.
As mentioned in the experimental chapter the end point was taken after

sieving a particular quantity for a specified time.

The results of the size distribution obtained, tables 5.1 - 5.6,
can still be subject to criticism on the basis of the sampling technique.
However, it is considered that a representative sample is obtained from
the powder mass after standard coning and quartering the whole drum,
using the last quarter separated as the sieving sample. ZErrors arising
from segregation of large particles are overcome as the whole of the
material is used in the-sampling process. O0dd distributions were
obtained from the alloy powders as they had been preliminarily sieved
by the manufacturers into a size range, and on further sieving the

fines were brought out giving a larger tail than expected.

6.1.3 Surface area
The surface area of the fine powders was determined using a B.E.T.
analysis and the results are shown in table 5.8. The larger size

particles were not able to be analysed due to the size of the sample
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needed which would have been in excess of the capacity of the eguipment.
Nevertheless the results obtained for the powders A.and B, give a direct
indication of the surface areas involved for the powders and it is

- seen that the smaller the particle size the greater the surface area.
Theoretical calculations can be performed to confirm the experimental
results and any departure from the spherical shape will increase the
specific area; the sphere is the minimum energy shape hence the

smallest area.

The oxide content of a particle can be related to the surface
area knowing the thickness of the oxide layer and its density. The
smaller the particles, the greater the surface or sedimentation area,
the higher is the weight fraction of the oxide. This is confirmed in
the results of the natural oxide content analysis and will be discussed

in more detail in the following section.

6;1.4 Chemical composition

All the powders were analysed for both major and minor
constituents using the technique previously described. It is unfortunate
that the analysis of aluminium had to be carried out using a difference
and dissolution technique as this led to two main sources of errors.
First, the accuracy of the method Aepended upon the operator, and
seéondly all the impurities had to be accounted for. Analysis of the
alloys, particularly, presented problems as each element was determined
separately before the oxide content was determined. After analysis
of all the constituénts the remaining undissolved remnant was weighed
as the oxide content.

The powders B and C were analysed for the natural oxide content
for varying particle sizes, and it islnoted that the extremely largeA

particles have an oxide content very much greater than the less coarse
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particles, or‘the extremely fine particles. In order to understand
the variation of the oxide content with particle size, the size of
these particles must be considered in relation to oxidation and

cooling. The weight fraction of the oxide can be related to oxide
layer thickness and surface area, and the thickness of the natural

oxide to the rate of ceoling.

From the experimental results it is seen that the oxide content
increases slightly with decreasing particle as the sedimentation
surface area increases. The high weight of oxide on the large particle
fractiohs is due to the slower rate of quenching during atomization
compared to the finer particles. These larger particles are held at
an elevated temperature for longer periods than the former and so
enhance the diffusion of oxygen through the outside layer to form
a slightly thicker coating. Thus, with decreasing particle size, the
thinner the natural oxide film becomes, but, the weight fraction .
increases due.to the increase in surface area available. Therefore,
it can be seen!that the weight fraction of the natural oxide layer is
determined by two competing factors, the rate of cooling and the

sedimentation surface area.

The high values of oxide content for the alloy powdefs must be
regarded with a degree of scepticism due to the analytical technique.
Later results, however, in table 5,7(a), do‘show a much more
reasonable value with the weight percentage of oxide around one weight
per cent. This is due to the increased competence and experience of
the analyst with the alloy powder. The powder particle size again
reveals that the highest levels of oxide are found in the dust samples

and the large coarse particles.



Details of the alloy compositions are shown in tables 5.7 - 7(a)
in the results section. These show that the aluminium magnesium zinc

alloy is much as expected in composition but the dust fraction contains

~ a higher quantity of zinc, over 2wt. pct., and a lower magnesium

concentration. However, the significance of this one result is not
too important as it is within the sampling error and the variation of

percentages of the zinc content of the other particle sizes.

The aluminium manganese alloy is shown to have 3.59 weight
per cent of Mn and also a fairly high Fe concentration, about 0.35 pct.,
with silicon at about 0.18 pct. Therefore, the material is fairly
impure and quite a complex alloy will result with Mn, Fe, and Si the

main constituents in the aluminium.

Analysis of the aluminium iron alloy shows that the alloy contains
2.38 Qeight per cent of Fe and not the 5 or 6 pct. quoted by the
manufacturers. This is due to the inability of maintaining the
temperature of the melt, during atomization, at a high enough temperature
to retain the iron in solid solution; Any significant drop in
temperature will result in the iron coming out of solution and
segregating in solid form within the crucible thus depleting the melt

of its iron concentration.

Again the material is shown to be fairly impure with the result

that a complex alloy will arise.

6.1.5 Structure
The aluminium particles in their 'as received' condition are
found to comprise of a fairly uniform fine grain size. In the larger

particles there is a tendency towards a columnar type structure near
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the surface of the particles. This structure, similar in nature to a
chill éést ingot structure, would be expected in 1afge particles cooled
relatively slowly in a blast of air. The aluminium alloy powders
reveal the presence of a very fine structure, dendritic in nature,

due to the high rate of solidification found in the atomization
process. In some of the larger particles of alloy J, the aluminium -
manganese alloy, there is evidence of large primary precipitates,
plate 5.3. The size of these precipitates in relation to the fine
unresolved background indicates that either the particles are cooled
éery slowly or that the primary phase is precipitated out before the
formation of the particles in the air stream. Precipitation before
atomization is possible, i.e. having the melt at too low a temperature
but not sufficiently low to cause blocking of the crucible orifice, as
the temperature of fhe molten aluminium alloy has to be above 710°C
for 4-.weight per cent of manganese. It is possible that small
precipitates of MnAi6, formed as the liquid temperature falls below
ébout 700°C, will act as nucleii for primary precipitates in the large
particles. As these large particleslcool relatively slowly the

MnAlg has sufficient time to coarsen and form relatively large primary
precipitates within the atomized particles, Electron microscopy reveals
no evidence of large precipitates due to the large lMnAlg particles

being broken and fractured during the extrusion process.

The two alloys, J and L, Al - 4% Mn and Al - 2.5% Fe, are both
alloys that cannot be produced by casting in a useful form, due to
the formation of large primary precipitates in a cast structure, at
the grain boundaries, thus rendering the material fit only as a master
alloy. . The process of atomization breaks the molten alloy up into
small regions that can be cooled quickly, thus yielding a material

with a fine precipitated structure. The cooled material is then a



supersaturated mata-stable alloy containing the normally coarsely
precipitated second phase either in solid solution or in fine

precipitate: form.

6.1.6

The area for study is from a cold pressed compact that has been
broken to reveal the nature of packing of the individual particles
in the compact. Scanning electron microscope pictures, plate 5.2,
reveal that there is little obvious extensive blastic deformation or
even localised plastic deformation of individual particles. Previous
workers,y"34 using iron powders, have observed localised deformation
during compaction at the contact points between particles. In the
present situation this is difficult to prove, added the fact that
insufficient pressure was used during compaction to cause extensive
particle deformation., It is ﬁoticed, however, that the particles have
‘ re-érranged themselves during pressing so that the small particles are
positioned in the gap between large particles, or those left by
'bridging' in the initial packing arrangement. The larger particles
are then in more intimate contact so there is a distinct possibility
of plastic deformation at these areas. Thus, any deformation within

the compact is localised and restricted to the larger particles.

The distinctive surface markings on the particles are those of
a cellular type solidificationw6 structure, formed during cooling by
segregation of solute impurities in a region of narrow super cooling.
This is found in commercially pure aluminium and the segregation of

solute forms the basis of cell walls which are regions of high

concentration.
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6.1.7 Compact structure

The optical micrograph, plate 5.4(a), helps to give an indication
of the voids present in the cold compacted state. However, the larger
voids seen are due to the small particles, not sufficiently well
bonded to their neares? neighbours, being dragged out of the compact
during mechanical polishing. The range of particle:'sizes can be seen,
the smaller particles lying between the larger ones. In the same
micrograph it is also noted that the larger particles are compacted té

form a dense area but still retain their individuality.

In comparison, micrograph, plate 5.4(b), sths a compact of
powder A sintered. The density of this material is the same as the
compact but‘due to the sintering process the particles are held
together more firmly. The large particle in the centre can be seen
to have grown by coalescence with adjoining particles; visible evidence.
of'the sintering process. There are no visibly large pore areas
indicating a wide dispersion of fine pores, previously observed by -

Modi - Onitisch177.

6.2 Alloy Powders
6.2.1 Commercial alloys

In commercial practice the casting of a high weight percentage
Mn or Fe content alloy is restricted to the. production of master
alloys for increasing a particular element content of an aluminium

" " * .

alloy. Looking at the phase diagrams1 2,1%3 it can be seen that for
both binary alloys, Al-Fe and Al-ln, there is limited solid solubility

of the secondary element in aluminium.

~ Casting a high weight percentage alloy of these systems presents

problems, in segregation of the melt, and coarse precipitates present

* See Las 60
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at grain boundaries in the cast structure.

The aluminium manganese alloys used commercially are the
A1-1.25% Mn and Al1-4% Mn. The Al-1.25% Mn alloy is a general purpose
non heat-treatable one, obtainable in many shapes and forms but now
generally restficted to wire and beer barrel production. The Al-45 Mn
alloy, similar to the French A¥4 alloy, is produced only in small
quantities and used primarily for gas burners and as an ancdising
material. This alloy is particularly suitable for use in gas burners
as it retains its rigidity up to 65000 and also its polish at these

high temperatures.

The Al-1.25% Mn alloy has 0.6% Fe added as a grain refiner; the
iron favours precipitation of manganese out of solid solution. A
similar addition must be made to the Al-4% IMn alloy but as this alloy
is only produced in small quantities, problems of coarse precipitation
should not be too severe.

The aluminium iron alloy is not used in its binary form due
to the problems previously mentioned for limited solid solubility alloys.
Al-Si-Fe, a die casting alloy, is the most widely used aluminium alloy
containing iron as an addition. The presence of iron in this alloy

decreases the tendency of the alloy to weld and gall in a die.

6.2.2 Aluminium - Manganese

143

Studying the equilibrium phase diagram of the aluminium
system it can be seen that equilibrium cooling yields the phases
MnAl) and lnAlg. Aluminium forms a eutectic with the constituent

MnAlg, containing 2% ln and freezing at 659°C. There is appreciable

solid solubility at the aluminium end reaching 1.82% lin at the eutectic



temperature, but falling to 0.95% at 600°C and 0.35% at 50000. From
2.0% to 4.1% ¥n, MnAlg is the primary phase and at higher percentages

its phase is taken by MnAlq which reacts peritectically to form MnAlg.

In a rapidly cooled system, not equilibrium cast, the region of
solid solubility is extended. The aluminium manganese system is
often subject to undercooling and rapid solidification, and it has
been found that the eutectic is displaced to 3 or 4%152. The presence
of iron153 speeds up the precipitation of MnAlg, usually taken into

solid solution in MnAlg, and forms a ternary eutectic with aluminium

containing 1.8% Fe and 0.75% Mn freezing at 654°C,

Silicon is the other main impurity in the Al-iMn alloy and this
also forms a ternary constituent, designated o (MnSi), which is

crystallised in a script form.

6.2.3 Aluminium Iron

The equilibrium diagram shows that a eutectic is formed between
the constituents designated FeAlB an& aluminium at 1.7% Fe and 655°C, The
solid solubility is very small, at
655°C the aluminium rich solid solution contains 0.052% Fe and with
decresing temperature the solid solubility falls to 0.025% Fe at 600°C
and 0,006% at 50000154. These values can only be achieved by prolonged

annealing and quenching, so that aluminium, even-of super purity

quality, will normally contain particles of iron bearing constituents.

Solidification of the Al-Fe system has been studied fairly
extensively with special interest in splat cooling to produce high
iron concentration alloys of high strength. As the rate of solidification
are increased changes in constitution and morphology have been

observed117. Schiel and Masuda155 found the eutectic composition
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shifted by rapid freezing from 1.7 Fe to 6% Fe with an associated
change from anomalous to normal (lamellar or rod like) morphology.
The solid solubility zone was discovered to be extended by splat

cooling from the equilibrium maximum of 0.05% to several per cent116.

Cooling of the liquid Al-Fe system gives rise to segregation
effects as the partition coefficient for iron between sclid and
ligquid aluminium is low and diffusion is required to maintain

156

equilibrium « This gives rise to dendvitic solidification with

the iron segregated to the dendrite interstices.

6.2,k Powder advantages
The problems of producing an alloy such as Al-4% Mn or Al-5% Fe
are those arising féom the high superheat required for casting to
obtain a satisfactory melt and the subsequent cooling problems.
. These being:
(i) a large"mushy' region exists before solidification
(ii) segregafion due to limited solid solubility
(iii) hot tearing in the mould
(iv) porosity
Alloys of the Al-Fe and Al-Mn materials can easily be produced
by_atomization of the melt., This yields a material in solid form
of super saturated Solid solution and finely precipitated eutectic
phase., Atomizing into fine particulate form ensures that' the alloy
produced is rapidly quenched without the use of elaborate casting
techniques. This method will enable alloys, not normally produced
due to coarse precipitation and attendant disadvantages of a large
‘mushy' region during»castiﬁg, to be manufactured., The fine nature
of the internal structure of the particles ensures a high strength
material which have the added advantage of ductility over the S.A.P.

type alloy.



6.3 Compaction
6.3.1 Cold compaction

Compacts of powder A, the finest powder size, had a lower
density than compacts of powder B pressed to the same pressure due
to the increased friction during pressing of fine powders. The
phenomenon of 'bridging' is also prevalent in very fine powder which
has to be overcome before a handable green compact can be made. These
two factors contribute to localised heating during compaction giving
the compact considerable warmth, which can be felt when the compact

is ejected from the die.

On ejection from the die, it was sometimes observed that the
bottom rim of the compact was easily broken off. This is due to
irregular density distribution. This has been studied in some detail
by previous workers22121 but is of little concern in this present work
as the compact is pressed to a higher density in the extrusion container

before extrusion commencese.

The cold compacted specimens s£udied on the microscope show
that the cold compaction only.passes through two stages, as the pressure
is insufficient to cause excessive cold working or fragmentation.
The two stages concerned are; packing, and elastic and plastic.
deformation. Particles in this preliminary pressing easily rearrange
themselves and the fine powders the 'bridges' are eliminated.

However, the extent of elastic and plastic deformation is not certain.

The results of the cold pressing pressure in terms of compact
height are presented in graphical form, figures 5.1 - 5.4, Only a
few results are presented, these being representative of the powders,

as the other results are very similar numerically.
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Figure 5.1, a plot of 1n P against height of compact is drawn
to show that the results obtained from pressing aluminium powder agree
with Bal'shins36 empirical formula. For the powders investigated, and
the small range of pressures used, values of the pressure imposed on
a compact affected the relative volume according to the equation of

Bal'shin.

Compaction results are also fitted to an eguation derived by

Kawakita-C, shown in figures 5.2 - 5.5.

a
The constant 'a' is found to be equal to the value of C*, at infinitely

large pressure P, C?x; = (Vo-Veo ) = a, where Voo = net volume of the
; Vo

powder. In the piston compression case, i.e. this situation, the
constant 'a' is equal to the initial porosity. Correlation of the
constants ‘'a' and 'b! to the other physical properties has been tried

by Kawakita39, but any clear relationship is doubtful.

It is found that the coarse mesh fraction shows a smaller
initial porosity than the other smaller particle sizes. This is due
to the heavier indi;idual particles settling and packing better than
the small particles%whichvhave a tendency to form 'bridges'. The
more closely packediparticles will then have a smaller porosity, which
is shown in figure 5.2, than the dust particles, figure 5.3. The
increase of the iniéial porosity with decreasing particle has also
been reported by otﬁer worker530’37”39, the reason being, as explained

i
above, the ability of the coarse mesh particles to counteract

'bridging' and settle more closely by the action of their own weight.
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The figures 5.4 and 5.5.for two of the alloy powders show
negative deviation from the initial stage of the piston compression
equation due to the difficulty in deforming the alloy particles. The
first application of pressure is not sufficient to ﬁlastically
deform the particles, but is sufficient to elastically deform individual
particles and cause packing and resettling before the compacts are
deformed. Resulté for the aluminium powders do not show this large
deviation as they are relatively soft and easily deformed. A
negative deviation will be found at low pressures but the equipment
was not sensitive enough to show this. As soon as the pécking has
taken place and the bulk of the powders in the compact is being

deformed the results will follow the linear portion on the graph.

The results wére obtained from relatively insensitive instruments
but do show that thé powders used conformed to the empirical equations
defived by previous:workers. More detailed analysis of the compaction
behaviour could not?be carried out without more detailed and

redesigned instrumentation for pressure measurements.

6.3.2 Hot compacti&n

It can be seen from the load/ram displacement diagrams that
the first ten millimetres of ram travel represented the compaction
of the powder billet to nearly theoretical density. At this point
particles were deformed to cause the closest possible contact without
losing their separate identities, i.e. separate particles still
distinguishable, as seen in plate 5.6 of the partially extfuded billet.
Considering the stages of cold compaction it can be deduced that at
elevated temperatures the second stage, that of plastic deformation,
is soon reached and the particles fill the pores left by cold compaction.

During hot compaction there is welding together of the particles at
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their contact points, mechanical iqterlocking, penetration of oxide
film, particles conforming to contours of other particles, and
squeezing of small particles into voids. All these processes take
place in the first increase of the applied load prior to extrusion
and given the compact relatively good strength but poor ductility.
The strength of the compact is then imparted from the welded contact

areas, which are relatively small and soon work harden and fracture.

The theories of hot pressing have been derived theoretically

and empirically of the form.

(6.2)

13
FSN
N8

This equation is difficult to verify from the extrusion results as

the point of a parﬁicular density cannot easily be determined. If the
"viscosity is regardéd to depend upon self diffusion, as in the Nabarro
Herring equatién, a:value for the average grain radius is needed, but
the main difficulty%arises from the need to estimate the viscosity.
Under the condition% applied, the Nabarro Herring mechanism would not
be operative as it is a very slow diffusion process usually found in

the later stages of%densification after plastic flow.

The operative%densificafion stage during the compaction of the
billet, prior to ex#rusion, is that of plastic flow. The particles
are forced into the pores or void areas to give a compact or nearly
theoretical density; The time taken to achieve this process is a

few seconds so that: a Nabarro - Herring type mechanism can be ruled out.

Fig. 5.9, in the results section, shows the variation of compaction

pressure with temperature, in the form of 1ln P against temperature



204

in %K. This is an empirical relationship and cannot be easily

justified on theoretical grounds.

Verification of the hot pressing equation 6.2 is difficult from
the experimental results as the time of hot pressing cannot be

accurately assessed from the load/ram displacement diagrams.

6.4 Flow pattern

Plates 5.5 and 5.6, etched macro sections of partially extruded
billets, show the variation of the regions associated with the
extrusion of a powder billet., The optical micrographs taken illustrate
that the powder particles retain their individual identity up to and
into the deformation region. The micrograph taken of a small section
of this zone reveals%that particles are extensively deforméd in this

region by the mass action of adjoining particles and the resultant

movement towards the’die orifice. Particles lose their identity as

i

they pass from the deformation region into the die orifice and into
the solid product.
6.5, Mode of deforpation

Combination og the results of tensile tests of specimens taken
frqm different regiohs in the partially extruded billet, and the
photomicrographs of ‘the same specimens, help to build up a picture of

the mode of deformation.

Tensile testsiwere performed on very small Hounsfield specimens
machined from sections cut out of the billet. Unfortunately the

size was still relatively large in comparison to the region of

deformation, but this size was the smallest machined size feasible.

‘Results from larger sized specimens did not show the trend of
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increasing tensile strength as well, as they covered a much larger

ared.

The photographs in plate 5.6 show that the rear end of the
powder billet is composed of closely packed particles with little
deformation. The tensile specimen from this region shows that the
yield strength and tensile strength are very close; i.e. the material
work hardens only a relativel& small amount before fracture. In this
region the material that is deformed is that which forms the contact
area between the particles. During deformation this is soon work
hardened and fractured due to its relatively small area in comparison

to the rest of the compact.

The next specimen taken, labelled 3 in fig. 5.8, shows a little
more ductility and tensile strength than the previous specimen, but
not a very large increase, as the contact areas have not been greatly

increased. Howeveri a slight increase is expected as there is a small

degree of inter par

icle movement with a resulting contact area

increase caused by The general relative dovnward motion of the particles.,
The next spec%men, number 2, taken near and in the deformation

zone shows a much g&eater increase.in tensile strength as there has

been more movement gear this region. Optical micrographs reveal that

in this area the particles begin to lose their identity and

subsequently increaée the inter-particle intimate contact. This is

reflected in an increaserin strength and ductility approaching the

final properties of the product. In the deformation region there is

a considerable amount of particle motion and thus a degree of welding

and rewelding that builds up a large contact area. This continues

into the next region, number 1, where the strength and ductility is



improved to almost that of the product.

Considering the upper bound analogue, the strength of specimen 1
should be the same as that of the product, specimen O. The values
differ, because the specimen 1 could not be taken solely from the
region 1 as the size of the tensile specimen was not sméll enough.
However, the results do give a direct indication that the strength
and ductility increase as the die orifice is approached., The material
gradually acquires the properties of the final material by a process
of continuous breaking and rewelding of particle contacts becoming
more difficult as the material approaches the die. In the region 1
deformation of the material will be by shear as in the conventional

extrusion process.

Understanding of the deformation mechanisms during extrusion
. with the aid of the upper bound analogue will help to explain the

lower, than expected, extrusion pressures.

In the theory section the load for steady state extrusion using
the minimized upper bound solution based on Johnson and Kudo's

6l

equation®’ is as follows, see fig. 6.1,

Load = K (AB23 * o3k © BC2E * ochis t oa13)
However, it has been shown experimentally that the shear yield stress
is not constant but is dependent upon relative position in the billet.

Therefore the equation will become:

- 4+ + + -— +
Load = K, ABZ3 K, BC2k K,DB3% K, 0A13 K-0CkS

Values of K, - K. are all different, K5 K1 - K4

5

Looking at the roomytemperature results of the tensile tests carried

out it can be seen that only X

5 will approach that of the shear
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yield stress of the product. K1 to K4 will be much smaller about

the same value as the specimen at the rear of the billet.

Considering the proof stress values; assume that they are
representative of high temperature properties, then the values of

K4 to K4 can be expressed as a fraction of K5 so that:

n —
Load = s K5 (aE23 * B2k o3k * oaT3 toochs )
The sum provides that the average value of K5 is O.8K5. If the

tensile stress values are considered the average value of K5 will

be O.6K5.

A value of mean shear yield stress found for the Al-Mg-Zn
-alloy is 3t.s.i at BOOOC. If this is considered as being 0.8 and 0.6
of the final product value, using the upper bound solution for a
30:1 reduction, the load expected will be 385 Tons and 518 Tons
resbectively. The load calculated from the equation.

Load = ‘51.75 X (constant)

It is thus evident that the loads obtained during extrusion
are lower than expected by quite a considerable amount as the final
product properties are not developed until the material passes the
last velocity discontinuity. For the aluminium powders, the load
obtained will not be very much greater than that of an extruded solid
aluminium billet. This can be seen in figs. 5.7-8. The figures
quoted are only an approximation but give an indication of the loads
expected if they were calculated using the upper bound solution and

one constant value of K, that of the final product.

To show the difference between theoretical and practical

extrusion pressures, the pressures obtained are compared to the yield
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strength of the final product. This is shown in fig. 6.2 where the
extrusion pressures obtained experimentally are plotted against room
temperatufe yield strength. For the aluminium powder B, compared to
commercially pure solid aluminium, it can be seen that a much stronger
product is produced, with the same pressure requirements, than the
solid billet. Similarly, for the alloy powders over a non-heat

treated product of a solid alloy billet.

Using the values of the mean yield stress for the materials
found by the upper bound solution, theoretical pressures required can
be calculated. These values are shown in fig. 6.3 for the powder
billets, a2luminium and aluminium alloy powders, in relation to their

room temperature properties of the extruded products.

A comparison of the two sets of results is shown in figure 6.4
and it can be seen that much lower pressures are required to extrude
powder billets with a high strength extruded product than solid

billets with an equivalent strength:product.

6.6 Extrusion
The extrusion operation was carried out as described in the
experimental section and the problemsof lubrication overcome by the

method described in the same section.

In the extrusion of powders the problem of 'pick-up' on the
die surfaces is generally prevalent and will cause unnecessary die
wear and unsatisfactory surface finish of the product. This can be

overcone with the aid -of lubrication or a new die design.

The use of an alumirjium disc at the front of the powder billet .

/



in effect changes the die design, as the aluminium forms the dead
metal zone forcing the powder to flow through a cone shaped die into
the exit. The use of a conial die for the extrusion of powders has

78

been proposed by Gregofy1 to eliminate the sharp edges on a square

shouldered die, that encourage die 'pick-up' and 'galling'..

A conical shaped die, however, would not eliminate die 'pick-up'
without the use of a lubricant as the powder particles have a tendency
to weld to the die material at any slight cavity or asperity. The

presence of a lead-in radius into the die orifice would help the flow

of material and effectively produce a flow pattern of material obtained

in the experiments.

Thus a die designed to the shape of the flow of the powder into

the die orifice would enable satisfactory extrusions to be produced.

6.6.1 Load/ram displacement diagrams

These diagrams, sometimes referred to as autographic curves,
have been previously discussed with reference to that of a solid
billet extruded under the same conditionsB. -The initial increase in
load is that which corresponds to the densification of the powder to
about 100 per cent theoretical denéity. As previously explained, this
represenﬁs the region where all the particles are in intimate contact
but are still distinguishable as separate particles. Initial contact
areas in the cold compacted billet have been enlarged by additional
plastic deformation and after the attainment of this condition the
diagram follows that of solid billet extrgded. The deformation of the
powder billet has been previously discussed and helps to explain the

lower than expecﬁed loads obtained.
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Diagrams obtained from the alloy powders also show the same

trend previously discussed, particularly lower loads than expected.

The series of experiments performed to determine the effect of
initial billet compact density on the extrusion process found no
effect, within.experimental error. This was experienced as the
compacted billets were pressed to near theoretical density before

they were extruded, as explained at the beginning of this section.

6.6.2 Pre-sintering

The effect of pre-sintering a compacted aluminium billet had
little observable effect on the extrusion process or product. It was
noticed, however, that sintered aluminium billets were easier to
machine due to the increased interparticulate contacts. Upon
examination of an extruded section of a sintered billet it was found
. that there were large areas of oxide formed during the prolonged
sintering. These oxide areas were often large and diffuse around the
periphery indicating a chemical reaction by diffusion. As well as
the oxidations of the fractured surfaces exposed during compaction
the aluminium reacts with the water vapour present in the natural

oxide layer as Modl - Onitgh showed, to form additional oxide thus:

2A1  + 3H20 - = ,»A1203 + 3H2
6.6.3 Reduction ratio
The extrusion pressure at the post steady state prior to cor‘ng
is plotted as a function of R, the reduction ratio; figure 5.14 is
a plot of extrusion pressure against ln R. The straight line obtained

corresponds to the well known equation:
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P .
i = A+ Bln R (6.3)

The values of A and B are found to be 0.81 and 1.2 resﬁectively.

The value of ¥m was obtained for a particular set of conditions by
using the upper bound solution for plane strain. Knowing this value
of the mean yield stress the constants A and B could be calculated
from the slope and intercept shown in figure Sel4. This formula is
similar to that developed by Johnson55’58 for rough container walled

sheet extrusion.

The valué A, represents the redundant work during deformation
and its high value is indicative of high friction conditions existing
between particles. It is necessary to overcome this friction between
the particles as well as the shear deformation within the particles

for the material to flow from the side to the centre.

The experimental formula derived, is limited in its application
as it applies only to flow type 'B'%g, and the set of frictional
conditions encountered during the experiments. However, it is

relatively simple to use, as it is derived from extrusion data, and

can give an idea of the ratio required for a given set of conditions.

6.,6.4 Billet temperature

The temperature of the billet during extrusion was measured by
a thermocouple placed at the rear of the billet. The temperauture
rise recorded is notvconsistent or completely accurate but gives an
indication of the order of magnitude of the rise. The temperature
rise, shoﬁn in fig. 5.42, is typical of the temperature rises
experienced at the rear of the billet. This presents the overall

temperature and not the localised temperatures at the particle contacts
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where pressure welding takes place. There are no figures given in the
literature on pressure welding that help to give an accurate assessment
of the local.temperatures experienced. At regions of high frictional
conditions there may be sufficient heat generated to cause a small

molten pool to be formed in an alloy with a low melting point eutectic,

In the aluminium alloy powder K, Al-Mg-Zn, the temperature
rise indicated in fig. 5.42, for an extrusion at 2300°C and 30:1, is
sufficient for the material to obtain the temperaturé of its ternary
eutectic point. At this point, 4470C, liquid eutectic will be
present and if near the surface will react with the moisture in the
oxide coating of particles to evolve hydrogen. This phenomenon will
give rise to the formation of pockets of gas, often seen as bubbles
on the surface of e#trusions of this powder. Even at very low ram
speeds they were observed at the rear of the extruded rod. These
: bubbles are seen as fissures as in the optical micrograph shown in

plate 5.7(b).

6.6.,5 Limit diagrams

Limit diagrams of the type presented by Hirst and Ursell are
drawn and showvn in figures 5.15 - 5.18. The coefficient of friction
for several temperatures was determined using the technique described
by Hirst and Urse1157. Two billets of lengths 1, and 12 were
extruded through the same die and the mean pressures measured so that

the coefficient of frictionp is given by:

b= Q575 logigRl
I,-1, P1,

For other temperatures, not investigated by this method, the coefficient
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of friction was determined from the load ram diagram by taking the
load at two different points, hence two different lengths, thus

enabling determination.

The limit diagrams of the various powders used are shown and
it can be seen.that the Al-Mg-Zn powder has a very limited range. The
incipient melting line was drawn using a theoretical temperature rise,
calculated using the technique described in the theory section.
However, as previously mentioned this will be a mean overall temperature
and local temperatures at the points of contact may be in excess.of
a low melting point eutectic. In the case of alloy K, with the
low melting point ternary eutectic, local hot shortness will occurc
causing formation of bubbles on the final product. The limit diagram
for this particular alloy, fig. 5.17, is very limited in its use
particularly as the actual temperature rises at the particle interfaces
_were not measured. The other alloys investigated do not suffer the

same fate and thus the limit diagrams drawn will be useful.

A lover threshold line is drawn on the load line to indicate
the limit of the lowest possible reduction ratio. In the earlier
reported work3 it was discovered that below a reduction ratio of
5:1 the material did not experience sufficient plastic deformation
to produce a soundstrong extruded product. This line will remain
fairly steady even with increase in temperature as compacted powders

will still require sufficient deformation to bond adjacent particles.

This threshold reduction ratio is then another limit to add
to the 1limit diagram to ensure that a high enough reduction in
area is applied to the powder billet to produce a fully strengthened

extruded product.



The alloys, A, B, J, and L, theoretically, have quite a broad
range of temperature and reductions, but, it must be remembered with
the pre-alloyed powders that the higher the extrusion temperature the
lower the strength of the extruded rod. The decrease in strength
associated with recrystallisation and precipitation from the initially
supersaturated~solid solution. A limiting cap can be drawn on these

68

diagrams, similar to Raybould~~, to indicate the limit in temperature,
at a particular strain rate, below which products can be extruded

having sufficient strength or sub grain size.

The limit diagrams drawn are for one particular strain rate
and the values of R, the reduction ratio, are plotted against the
initial billet temperature. The use of the limit diagrams is
dependent on the definition of a stalled press at the maximum load

capacity of the press. When a press is stalled, the ram is stopped
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and is therefore effectively at zero strain rate and no further extrusion

takes place. It is known that once the ram speed is rapidly reduced
extrusion becomes impossible, so with decreasing strain rate the
maximum load will be slightly reduced. Therefore the limit reduction
ratio will be that calculated from the maximum load at the slowest
strain rate. At the slowest strain rate the temperature rise is small,
therefore the deformation temperature will be lower, and the value of
R will be slightly lower for an equivalent load at a faster strain
rate. Thus, to allow for experimental error a limit diagram should

be constructed for the slowest strain rate.

Unfortunately the limit diagrams cannot be compared with any

other work of powder extrusions but the load line has the same basic

68

form as preﬁious work by Ashcroft and Lawson65 and by Raybould . The

peak values of R found were similar to those of Raybould68. At high



strain rates, i.e. high reduction ratios, the temperature will be
near that of the solidus so the yield stress will be reduced and the
value of R increased fairly rapidly giving a peaked appearance to
thé load line and the solidus, incipient melting, line. Hence quite

extensive reductions can be performed at a relatively low temperature.

6.6.6 Strain rate

The rate of strain at any particular point in a billet during
extrusion is different from another even at the same ram speed,
therefore a mean strain rate is estimated to cover the material
passing from the container and through the die. The equivalent mean

strain rate, € , has been found to be approximately

M-
I

(0.81 + 1.21InR) 6 u/D (6.4)

However, it is extremely difficult to be certain of the most
satisfactory method for the determination of the strain rates of
other deformation processes. It is thought that the above equation
is representative of the strain rate equations and it is considered
that the results will be consistent if only one equated is used
throughout. It has been noted previously68 that the magnitude of
the strain rate is important so long as there is a consistent

determination.

It can also be seen from the literature that the strain rate
is the most difficult extrusion parameter to determine and no

satisfactory uniform method for determination exists.

6.7 Activation energy

The activation energy for hot deformation of the alloys was
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determined for the powders A, B, J and K; all except K were close

to the value of self diffusion of aluminium, K was slightly lower.

The activation energy for the extrusion of commercial purity
aluminium has been determined by Jonas 122 and found to be 37.3K cals.
The value of n; the stress exponent, when related to strain rate in
the work by Jonas was found to have a value equal to 4 compared to
n = b4 for commercial purity aluminium dﬁring creep. Tfor the
dispersion strengthened products produced from extruded powder the
value n = 4,14 has been determined by creep tests127, The few tenmsile
test results carried out at an elevated temperature show values of
n = 4.17 for powder A and n = k.4 for the coarser powder B which are
are in very good agreement with previous results. The slightly higher
stress exponent value for powder B compared with A is due to the
coarser dispersion of oxide in the aluminium matrix ih the former.
~ Powder A, the extremely fine mesh size powder, produces a fine and
fairly uniform dispersion of oxide phase after extrusion. This
situation in the extruded product approaches that of the material used
by the previous workers, also seen in the experimentally determined
value of n. The experimental stress dependence found in the tensile
tests agrees with the valueAin the model proposed by Ansell and
Weertman122. They proposed a model to describe steady state creep
behaviour of a coarse grained dispersion strengthened metal based on
the climb ;f dislocations above the second phase particles. The creep
rate was proposed to a function of stress and inter particle spacing

where:

/ 2R o LD L = inter particle spacing

(see Appendix 1

for nomenclature)
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The model also assumes that a three dimensional dislocation network
has been found in all the alloys, plate 6.11, and the dispersed
particles hinder dislocation motion rather than activate dislocation
" sources. It was considered that in aluminium oxide productslclimb
was by the interchange between aluminium atoms and vacancies. There
was no experimental evidence to confirm this but it is thought that
climb would not be the only mechanism operative during deformation.
The presence of networks in the dispersed structure has been found,
plate 6.11, and growth of these during recovery involve climb of
edge dislocations and migration of jogs along the dislocation so
that the recovery rate is dependent on the coefficient of diffusion.
Therefore the network provides the dislocation sources and the rate
controlling mechanism for deformation is the climb of edge dislocations

or the motion of jogged screw dislocations.

The values of n, in the present work, for the extrusion process
have been determined to be about 6 for the powders A, B, and J.
This, therefore, shows that the powder material during the extrusion
process is not as strongly dependent on the strain rate as the solid
final product. This can be explained by the model proposed for the
mode of deformation of the powder billet during extrusion. The
material does not fully develop its final properties until it has
passed through the die and can be regarded as a series of local
particle contacts rather than a fully_cohérent junction. The particle
contact areas increase as the die orifice is approached by a process
of pressure welding. Associated with these plastically deformed
regions are the porous oxide films of the original éarticles broken
during contact. The particles in intimate contact are welded together
where the oxide films are ruptured and further deformation leads to

formation and multiplication of dislocations and high local temperatures



due to the high friction conditions are prevalent. The presence of
vacancies at or near the amorphous oxide film pressed together, where
the particles have not been metallically joined, act as dislocation
sinks. These porous regions enable the highly mobile dislocations

at the welded junctions to be quickly and easily absorbed. Absorption
of the rapidly-multiplying dislocations during deformation cause a
lower strain rate dependence on stress of the powder compact material

than the solid final producte.

The value of n for the Al-lMg-Zn 2lloy is found to be equal to
2.64 during extrusion and 1.8 in the extruded product form revealing
or greatér dependence of stress on strain rate than the other materials
investigated. However, the powder billet form still shows less stress-
strain rate dependence than the solid product due to the mechanism

previously described.

The low values of n found for both solid and powder form is
due to a difference in the structure compared to the other materials
used., Material K, upon metallographic examination shows few
precipitates of a second phase suggesting that most of the magnesium
and zinc are present in the form of solid solution. The other alloy
powder investigated for activationrenergy values, the Al-ikn alloy,
shows extensive precipitation after extrusion so that only a relatively
small amount of Mn remains in solid solution. The Al-lg-Zn alloy
powders during extrusion are raised in temperature causing the fine
precipitates to be re-dissolved into solid solution forming solute
clusters in the form of embrionic G.P. zones, found in the Al-lig-Zn

system. These small and numerous clusters act as barriers to

dislocation sources and also as a friction effect on moving dislocations

by attractive and repulsive barriers. They are known as Cottrell-Lomer
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barriers. Dislocations nucleated by the plastic deformation process
are either locked or retarded by the action of solute atoms increasing
the stress necessary to move them hence increasing the stress
dependence on strain rate. In the case of the solid product the.
material work hardens to such an extent that brittle fracture results

with little or no necking in the tensile specimen tested.

It has been proposed by ‘deertman‘78 that a high solute
concentrations than found in commercial pure alloys the rate controlling
process for dislocation motion is that of viscous dislocation glide
rather than dislocation climb. It was proposed that the steady creep

rate could be determined by:-

K = ol b2 B = Ybe
PAB 2% (1-v)

where K, the constant, is dependent upon the viscous drag mechanism.
The creep models of Weertman suggest that the stress dependence of
steady state creep in single phase solid solution of Al-lg decreases
from a value of 4.5 for pure aluminium to 3 for an Al-Mg alloy due
to the change in the rate controlling process for dislocation motion
from climb, in pure aluminiﬁm, to viscous dislocation glide, in

solid solution alloys.

It is seen that the stress exponent of powder K is small, as
also is that for the Al-MHg solid solution without the dispersed
oxide phase. The change in the exponent for the solid material, in
comparison to the other alloys A, B, or J, is explained by a change
in the rate controlling mechanism for steady state creep similar to
that from dislocation climb to that of viscous drag of solute stress

upon dislocations moving in their slip planes in the theory proposed
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by Weertman78. Values of n, for the products of powder K and extrusion
are lower than that estimated by theory due primarily to the finely
dispersed solute clusters as G.P. zones as well as solute atoms in

~ the solid solution acting upon the dislocations.

This change in the rate controlling mechanism is shown by
comparing figs. 5.37, 5.38 to fige. 5.39. The temperature compensated
strain rate dependence on stress is found to be different for the
Al-Mg-Zn alloy from the other alloys clearly indicating a different
rate controlling mechanism. The dependence of stress on strain rate

for this alloy is very much greater.

The values of AH, the activation energy, are calculated using
the same procedure as that‘of Jonas'??, The activation energy of
A, B, and J for the extrusion processis close to that of the
agtivation energy for the lattice self diffusion of aluminium. In
contrast the activation energy for the alloy K is much lower indicating
a change in the rate controlling mechanism. This result agreed with
‘ previous observatioﬁs on the a;tivation energy for self diffusion in
Al-Mg127’136. In previous work on solid Al-Mg creep tests the values
varied from 27 to 38K cals/mole depending on the solute concentration.
A similar observa%ion was reported127 for the activation energy of
creep of a dispension strengthened Al;Mg alloy. In more recent work

by Raybould68

the activation energy for extrpsion of an Al-Zn-Mg alloy
was found to be 37.7K cals in the single phase deformation region and
27.2K cals in the two phase deformation region. This clearly indicates
a change in the rate controlling mechanism similar to‘that reporﬁed

by Dorn et a1137, They considered the hot and cold working regions

of super pure aluminium and results show the rate controlling mechanism

changes with temperature.



The Al-}g-Zn alloy, due to its fine solute structure, has a
lower activation energy and a rate controlling mechanism for
dislocations of viscous glide in the slip plane. These are different
from the other powders investigated which have an activation energy
value close to that of self diffusion of a2luminium in aluminium and

therefore a different rate controlling dislocation mechanism.

The activation energy results of the aluminium - aluminium
oxide materials and the aluminium manganese alloy correspond closely
to thoseobtgined from creep experiments. This, therefore, suggests
that the kinetics of dislocation movement in creep is the same as that
during extrusion. The value, AH = 36K cals/mole, indicates that in
the dispersion strengthened materials investigated the rate controlling
process is connected to the aluminium rather than the oxide. If the
oxide wa;s directly involved in the process a value of AH = 150K cals/
mqle‘would be expected, as first thought by Ansell and Weertman125
but lafter changed to 37K cals/mole. However, it is thought that the
oxide particles play a more indirect .role by acting as obstacles to
dislocation motion or dislocation nucleation. The area of mis-match
between the okide particle and matrix acting as a sink or source for
vacancies. The rate controlling process will gtill be that of

interchange of vacancies and aluminium atoms giving a value of

activafion energy close to that of self diffusion of aluminium.

The value of AH for the Al-Mn alloy indicates that in this alloy
the rate controlling process is the same as in the aluminium -

aluminium materials.



6.8 IExtruded structure
6.3.1 Optical microscopy

The optical micrographs taken show the fibrous cold worked structure
with the ofiginal particles elongated in the direction of extrusion
and forming psrallel chains. These chains have a distance of separation
dependent upon the extent of reduction during extrusion, i.e. the
reduction ratio of extrusion. The transverse section of the material
exhibits the formation of irregular loops rather than a continuous

network as seen in the optical micrograph plate 5.7(d).

In the work on the Al-Fg-Zn, KL alloy, the dark platelet regions
wvhich are prevalent in the extruded bars of this particular material,
are fissures, plate 5.7(b). These fissures are large porous regions
formed during the extrusion process. Considering the phase diagram138
of this'material it can be seen that the solidus surface for the phase
T - aluminiun solid solution - and Mg, Aly starts at 447°C,  This
temperature is about 150°C above the normal initial billet starting
temperature and is reached during extrusion by inter particle fiction,
even at the slowest strain rétes. Fig. 5.42 is a plot of temperature
recorded at the rear of the billet against displacement. Although this
is not an accurate recording of temperature rise during extrusion it
does give an indication of the magnitude involved. Previous work on
temperature measurement by Raybould68 indicates that this temverature
rneasured is lower than the die or dead metal zone temperature so, in
fact, the temperature of the material will exceed the eutectic point
during steady state extrusion. This will give rise to small quantities
of liguid at, or in the particle surfaces. As mentioned previously,
the porous oxide film contains a degree of water vapour which the liquid

eutectic will readily react with to form hydrogen gas similar to that

shown by Kodl-Onitch177. Bubbles are formed, similar to thosc seen in



the heat trecated specinmens, and large concentrations are observed as
fissures or blisters in the extruded rod. There is also a large number
of small pores throughout the materizal, which caused considerable

problems when electro-polishing specimens for the electron microscope.

6.8.2 Electronnﬁicroscopy

Specimens examined using the electron microscope are seen through
an oxide film formed almost immediately after preparation. This is
sometimes visible as a fine network pattern which is thought to be a
surface manifestation of an underlying three dimensional network. A
model has been proposed based on the segregation of impurity atoms

,
"similar to that of a cellular solidification170 but could have been

based on the dislocation network where the dislocations that intersected

the surface acted as activation sites for oxidation.

Electron microscopy of a longitudinal section of an aluminium
powder extrusion indicates that the aluminium oxide from the surface
of the aluminium particles is often not well dispersed, and there is
no evidence of visible porosity. The oxide phase, usually present as
discrete particles, is often distributed in large stringer clusters,
as in Plate 6.2(a), outlining the original particles. The needle-type
shape formed after extrusion, plate 6.2b, shows that the particles
are deformed into elongated shapes in the extrusion direction. If one
assumes the aluninium particles to be originally spherical in shape,
the process of deformation through a small circular orifice will give
the particle a needle type shape. The original surface oxide film is
still present in a recognisable form around the reclatively undeformed
tip of the original particle. The porous oxide film present on the
remainder of the particle has been fractured and redistributed during

working primarily by the process of making and breaking of contact
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areas between intimate particles. This process, described in the
deformation mode, is the method by which the oxide particles are
distributed into the aluminium matrix. As the contact area becomes
larger between adjacent particles the oxide layer is broken up and
distributed inside the welded area and the individual oxide particles
dispersed. The shape and size of the oxide particles can be seen

_in plate 6.4(d) where discs are present of nearly constant size, 100A

thick, and 1000-1500A in diameter.

The dispersion of the oxide was found to be governed by the
particle size of the powder, and the spacing determined by the volume
fraction and extent of reduction. The smaller the initiazl particle
size the better the overall distribution due to the smaller deformation

of the finer particles during‘mechanical working.

The general appearance of the structure is one of an extremely
fine grain size, fibrous in nature, with cylindrical grains or sub
grains in the extrusions direction, particularly noticeable in fig. 6.1(c).
These sub grains are formed during deformation of the billet by ravid
rearrangement of dislocations and subsequently elongated as they pass
through the extrusion die. They are further sub-divided during
recovery of the material., The dislocation density within the subgrains
is small as the process of air cooling has effectively aﬁnealed fhe
material, by removing most dislocation tangles and f{orming relatively

high angled well defined subgrains.

The final subgrain size is found to be independent of the state
of the starting material containing an initial sub structure. It has
been previously reported that the sub grain size produced at steady

state deformation during extrusion was the same as that produced in the
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initially annealed material . This observation has been confirmed
by the working on the varying initial density; the denser the cold
compacted billet the more cold worked it becomes thus giving a more
_intricate dislocation network. Upon extrusion the variation in mean

sub grain size is within exXperimental error.

In the transverse section of an extruded aluminium powder the
aluminium oxide particles are seen in the form of a cellular pattern
as reported by Hansen96, see fig. 6.3(b). Howevér, with the variation
of particle size in powder B, a regular network of oxide particles is

not feasible and as a result is not observed, only traces are seen.

It is of interest té note that a smaller subérain size is observed
in the product manufactured from the dust powder, plate 6.1(d), when
compared to a coarse mesh fraction product, plate 6.1(b). lMeasurements
of the subgrain size found in the transverse section were measured
and the results are fresented in graphical form, fig. 5.28, which is
a plot of mean subgrain size against mean particle size. The mechanical
properties of the extruded products sﬁow that the smaller the initiai
particle size the stronger the final product at room temperature and
LooPc., It is, however, difficult to assess the relative strength of
the subgrain structure on the final'strength as no recrystallised
structures were investigated. An idea of the contribution to strength
can be assessed from fig. 5.29, a plot of subgrain size against initial
billet temperature for powder B, containing initially a range of
barticle sizes. The mechanical properties show an increase in tensile
strength at room temperature, but not at 400°C, for decreasing sub grain
size., Tpe fine dust powder size products show better strength at
LOO®C than the coarser fraction products indicating that most of the

room temperature strength of the former product arises from the finer



oxide dispersion. Smaller subgrain sizes with decreasing particle size
have previously been observed in work on fine particles of internally

145-6 147-8 .

oxidised copper and silver
Comparison of the extruded subgrain size of a commercially pure
aluminium solid billet and powder billet can be seen in plates
6.3(a, and b). ﬁoth billets were extruded using the same ram speed,
reduction ratio, and initial billet temperature. In the micrograph,
6.3(a), the solid billet, there is evidence of remaining dislocations
present from original sub grain boundaries that have been annealed out
during air cooling. The adjacent grains or enlarged subgrain are mostly

high angle indicating a stable structure due to the recovery process.

In comparison, micrograph 6.3(b), of the powder billet, shows a
smaller subgrain size but again there is eviaence of subgrain
coalerence. There are very few dislocations observed in the subgrain
interiors and fgw are seen tangled with oxide particles at the
boundaries. As mentioned previously, the action of air cooling and
dynamic recovery has helped'to anneal out the tangled dislocations into

a stable sub structure.

A similar sized subgrain structure as the solid billet can be
found in a powder billet extruded at Loo°c. ‘Assuming the substructure
strength of the powder product is the same as the solid material it
can be seen that the tensile strength is improved by over'SO% by the

2

oxide dispersion, from 8ONN m"2 to 130MN m™“, with a consequently

decreasing ductility.

The subgrain size of the extruded product is observed to be

dependent upon temperature as seen in the micrographs 6.3 b,c,d, and

N

o



6.4 a,b. The mean size increases with increase in temperature and the
higher the temperature the narrower and more well defined the sub
boundaries. Micrograph 6.4a, of a specimen taken from a transverse
section of a rod produced from a billet with an initial billet
temperature of 425°C., This specimen is a recrystallised structure

with well defined boundaries, high angled, and the grain interiors

have very few dislocations. Billets extruded below this temperature

show a subgrain structure with distinctive evidence of subgrain growth,
plate é.hb. There are three adjacent grains that have coalesced by
rotation of the subgrains, as proposed by Li’~ and Hu’*. This particular
specimen, produced from a coarse mesh fraction, has been taken from the
first ten centimetres that is usually rejected, thus has experienced
only slight deformation. The subgrain size is slighfly coarser than that

of a section further along the rod as few dislocations were created

during extrusion.

The longitudinal sections extruded at BOOOC also reveal a degree
of recrystallisation by subgrain growth, evidence of this can be seen

in plate 6.1a, in the grain labelled A.

Subgrain growth mechanism for recrystallisation has been proposed

by Li73 and Hu7l+

where the coalescence of adjoining subgrains forms

a recrystallized grain. The initial deformed structure contains some
relatively high angled sub boundaries and a few subgrains with large
orientation deviations with respect to the matrix. Subgrains with the
high angle sub boundaries begin to coalesce during the recovery process
by eliminating their common boundaries, which have only a slight
misorientation, so that the misorientation across them is reduced to

zero. This process is possible by the slight rotation of adjoining

subgrains until their lattices match. As a result the angular misfit
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of the other boundaries around the rotated subgrains becomes greaters.
The mechanism continues until there is sufficient geometrical adjustment
of original boundaries to produce a recrystallised grain at a very
“early stage of development. In the micrograph in question, plate 6.1(a),
it can be seen that subgrain rotation has joined two adjacent subgrains
so that the oxide debris is left within the grain and a few pinned
dislocations associated with the oxide particles. The original subgrain
boundaries are still faintly recognisable and parts of the interface

of the recrystallised grain, A, are now high angled boundaries,

evidence seen in the sharp contrast of adjoining subgrains. The
dislocations present in the grain are aligned in such a way as to
indicate that a subgrain boundary existed there before adjacent subgrains
were rotated. The mechanism of Li and Hu is thought to be more abundant
in aluminium - aluminium oxide alloys due to the rate of co-operation
of'dislocatioﬁ climb and grain boundary migration.

v

Recrystallisation by subgrain growth and rotation has also been

observed by Nobili149'151

and his co workers in their work on recovery
and recrystallisation of aluminium powder products. It was found that
in these materials the predominate mechanism for recrystallisation

was that of subgrain growth and rotation.

Plate 6.1b again shows evidence of the start of recrystallisation
by subgrain coalescence. Several regions of this specimen show that
the original oxide film has an influence on the final structure to
such an extent that it forms a distinct.barrier between adjoining sub-

grains.

To improve the strength of the powder products, fine aluminia was

blended into powder B, but it is found that the added oxide is present
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in large clusters, pléte 6.4c. The final strength is about the same
as when no additions are made, it is thought that to obtain a fine
uniform dispersion of oxide, a fine initial aluminium powder particle
- size is required. This would ensure that during blending the aluminia

addition does not agglomerate.

The effect of reduction ratio on the microstructure of aluminium
products is found to have little effect on the subgrain size, see
table 5.117. However with increasing reduction ratio it is seen that
the oxide particles are better distributed, plates 6.1a, 6.2a, due to
the greater degree of particle deformation drawing out the original
oxide skin into more uniform stringers. This is a general observation

noted by previous workers who have studied the effect of reduction ratio.

Temperature of extrusion can be seen to affect the microstructure
by varying the size of the subgrains formed in the final product. The
loﬁest initial temperature used was 150°C which yielded a product
with the highest tensile strength at room temperature compared to the
products extruded at higher temperatures. The tensile strength, in
the form of 0.2% proof stress, is found to be a function of the subgrain
size in a relationship similar to the Petch equation, which relates
grain size to yield Ftress, and is %hown in fig. 5.32. However, results
of tensile tests performed at 400°C show that the subgrain boundaries
are relatively ineffective at this temperature and the strengths of
materials produced at different extrusion temperatures are the same,

within experimental error.

The diffraction pattern, plate 6.2c, shows the (iii) orientation

associated with the fibrous texture produced by dynamic recovery.

Continuous recrystallisation by subgrain growth results in the working
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texture being preserved, while the motion of the high angle boundaries

produces a cube texture.

Aluminium - Manganese

The reported literature concerning the phase transformations of
this alloy presents a rather confusing picture of the precipitation
products. It has been reported that a meta stable phase, denoted G157,
. is formed during the annealing of a super saturated Al-Mn solid
solution. The formula proposed %or the G phase was MnAl12, and the
diffraction pattern fitted to a primitive cubic cell with a = 13.28A°.
This structure is the same as the ternary G phase in the Al-Cr-¥n
system. In more recent work158-9 on quenched alloys of aluminium
manganese the Mn was found to be distributed in small clusters causing
considerable lattice distbrtién and formation of a meta stable phase.
This phase was again denoted G and was formed during the annealing of
a éupersaturated Al-Mn solid solution. The G phase was found as
irregularly shaped particles and prisms with a b.c.c. structure,

7.484°,

a

The G phase has also been found153 to be a b.c.c, structure with
a = 12.654° by indexing a.S.A.D.P. This lattice fits the b.c.c.
structure of & - A112Mn38i of the ternary Al-}n-Si system. This work
also found that the G particle had a matrix particle interface parallel

to {110} type precipitate crystal lattice planes,

From this rather confusing picture it emerges that the meta
stable phase G formed from the supersaturated solid solution is
definitely of the form of a cubic structure with a lattice parameter

between the value a = 4.04A° of the aluminium lattice and a = 6.4934°

of the equilibrium orthorhombic MnAlg structure. The HnAl6,
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orthorhombic structure, has 28 atoms/unit cell with the following

latture dimensions,
a = 6,498, b =7.552, c =8.87a°

The electron microscope pictures of the Al-4% lin alloy, plate 6.8
a - d, show the presence of large primary precipitates at subgrain or
grain boundaries formed before the eutectic. The large precipitates;
especially seen in plate 6.8a, are the nucleii for the subgrains
formed during the extrusion process and the small precipitates seen
are those from the eutectic phase and precipitation from solid solution.
During extrusion the supersaturated solid solution is relieved of the
excess manganese by a precipitation mechanism similar to thét of an
age hardening system. The manganese of the supersaturated solid
solution is present in small clusters that cause considerable lattice
distortions and the process of plastic deformation will cause the
formation of a more étable phase by the action of thermal energy and
lattice strains. The small precipitates from the solid solution can
be seen, in Plate 6.8(c) and (d),.in éonjunction with the large primary
and equilibrium precipitates. The longitudinal micrographs, plate 6.9(a)
and (b), show that any large precipitates are broken up and then
stretched out into the extrusion direction. AExtremely large precipitates,
seen in the optical microscopy of the individual powders, are not

detected, so have been broken during extrusion.

Oxide particles as seen in the products of powder A and B are
not detected as the precipitated phase of the Mn from the solid solution
is also very fine. There is no evidence of any interaction between the
precipitated phase and the oxide dispersign. The yield strength values

found experimentally show an increase, both at room temperature and
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Loo°c, over the aluminium powders due to the fine dispersion of kn
precipitates as well as the oxide dispersion. High temperature values
are greater than the aluminium powders as the Mn precipitates had

. insufficient time to coalesce. The room temperature properties depend
upon the temperature of extrusion, the higher the temperature the
lower the yield strength due to the extent of coalescence of the lin

precipitates.

Plate 6.9(c) provides evidence of dislocation interaction with
the primary precipitates, these dislocations being formed during the

deformation process are caught in their motion by these obstacles.

Structure of the large primary precipitates of MnAl6 vere

identified as such by the S.A.D.P. as shown in plate 6.9(d).

Aluminium - magnesium-zinc

The aluminium magnesium zinc alloy is part of the well documented
aluminium zinc magnesium alloy system. Looking at the phase diagram138
the equilibrium precipitates expected.would be M32A13 and the T phase.
The impurities iron and silicon, will be precipitated in the form of

Mgzsi for the silicon, FeAl3 and a ternary of Al, Fe, and lig for the

iron, and also o (FeSi).

The I-’;ngl3 phase, more correctly Mg5A18, is cubic with a = 28.2A°
and with 1166 atoms in a unit cell. The ternary T phase, usually
designated KgBZnBAlZ, has a wide range of composition and its structure
79

is cubic with 162 atoms in a unit cell1 . The lattice parameter

varies from a = 4.3 to 14,714° as the zinc content increases.

The aluminium - magnesium - zinc alloys have been extensively



developed due to their high mechanical properties and the ability of the
medium - strength alloys to age harden. Problems with theselalloys
have arisen because of their susceptibility to stress - corrosion and
the bulk of previous research has been directed to the elimination

or a complete understancing of the problem.

Plates 6.10(a), (b) show the large rounded precipitates in the
large recrystallised grains. There are a few dislocations pinned to
these few precipitates which are not redissolved duriﬁg the extrusion
process. The fine precipitates seen in the powder particle micrographs,
plate 5.7(b), are dissolved into solid solution by the overall and
local rise in temperature. The llg and Zn is then in solid solution
and not precipitated out. These will be present in the aluminium
lattice in a cluster formation similar to embryonic G.P. zones and
Cottrell - Lomer barriers. These are not resolved in the photographs
as_they are extremely fine and not resolvable at this particular
magnification. The clusters from the main barriers to dislocation
notion and hence the highest yield strength experienced of the alloys
with the product fracturing before noticeable necking occurred. The
yield strength measured at 400°C is very low due to the low melting
point ternary eutectic, at 447°C, and thus at this testing tempefature

the material is near its useful limit.

Holes are seen around the grains in the electron microscopy
specimens and are present due to initial porosity by the mechanism
previously described, or to dissolution of precipitates at grain

boundaries.

Aluminium Iron

The aluminium iron system produces supersaturated solid solution
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and even with extreme cooling will only retain 0.17wt/ Fe in solution.
Precipitation of FeAl3 from solid solution has been observed to occur
as semi - coherent flat meedles in the <1003~ direction and.{100}
habit16o"162. The needles had their length parallel to the cube

direction of the matrix in the form:

(010) needle // (100) K-Al
[100] neearte // [010) «-A1
(010) needle // (100) o™-Al

E‘lOO] needle // [OO’H o{-Al

The monoclinic system has a one two fold rotation, or rotation inverse
axis and the FeAl3 phase has a monoclinic type structure with about
100 atoms in a unit cell, a complex structure of the form,
a = 15.49, b =8.08, c = 12.48, = 107°43" I 1
The.lattice parameter b is very nearly twice that of the aluminium

lattice distance, a = b = ¢ = H.OQAO, hence the coherent nature of the

precipitates.

In previous work on the Al-Fe system, by earlier research workers,
a new Al-Fe constituent, FeAlg, was identified and its parameter
compared to that of MnA16164. FeA16 was thought to have an orthorhombic

structure with about 28 atoms per unit cell similar to MnAlg; i.e.

a b c
MnAlg 6.498 7.552 8.87
FeA16 6.492 7437 8.78

This was considered to be more favourably precipitated as it

had a smaller unit cell than FeAlB, therefore more easily nucleated.
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In more recent work165 the phase FeAl6 was thought to be precipitated
in favour to FeAl3 when the rate of precipitation was accelerated by

cold working.

However, in contrast, a €' structure has been proposed166 as a
meta stable phase before the precipitation of the equilibrium
precipitate. This phase was found to have a tetragonal structure
similar to that of the @' structure in the Al-Cu system with
a=b=8.08A°, and formed during the transformation of the supersaturated
s0lid solution to stable equilibrium. The transformation of the
supersaturated solid solution, ay to stable equilibrium (a70 —> a + 6)
was proposed by the formation of three meta stable phases, probably

analogous to the G.P. zones in aluminium - copper, with the ©' phase

the most stable.

The microstructure of the Al-Fe alloy, on extrusion, is that
of broken dendrite regions and precipitation from the solid solution
of the supersaturated alloy. The oxide phase is not easily detectable
in the microstructure ofrthis alloy due to the large number of
precipitates present and the difficulty in separating each phase
and precipitate. It is also observed that the dispersion of the

primary FeAl3 in the Al-Fe alloy is aligned in the direction of matrix.

The coarse dendrites of FeAl3 formed during the cellular
177

solidification are broken up during extrusion and are seen as
large dark precipitates of primary FeAl3 in plate 6.5 a,b and broken

to a lesser extent in plate 6.7(c).

Due to the segregation during cooling the Al-Fe system is

extremely inhomogeneous and plate 6.7(b) illustrates two distinctly
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different regions, one of aluminium adjacent to one full of precipitates.
Plate 6.5(a) has a large oxide band in the matrix, not broken as
effectively as the aluminium particle oxide film due to the extremely
fine and brittle precipitation layer adjacent to the oxide film.

Plate 6;5(0) illustrates the fine grain size observed in certain areas.
These gfains are well defined, with high angled boundaries and the
primary precipitates of FeAl3 distributed along the periphery to give
the structure a recrystallised appearance. This particular specimen
was taken from a billet extruded at BOOOC but is more prevalent in
higher temperature extrusions. The higher temperature worked billets
produce a structure with the Fe, initially in supersaturated solid
solution, precipitated out in the form of coherent or non coherent
precipitate. The higher the working temperature the lower the product
strength due to coarser precipitation and development of an overaged

structure.

Plate 6.5(d) shows the presence of two different precipitétes,
one in phase, the other out of phase, known as precipitation contrast167.
This is a form of orientation contrast that arises when a foil is
oriented so that é certain set of lattice planes in the precipitate
is diffracting strongly whereas the matrix is diffracting weakly, or

vice versa. The precipitates seen are either partially coherent or

non coherent to form the contrast.

This phenomenon was most noticeable in electron microscopy specimens
of this aluminium-Iron alloy that had been preheated prior to
extrusion to obtain a satisfactory initial billet temperature. As
previously noted, the specimens of this alloy were extremely imhomogeneous
and this precipitation occurred in regions of high iron content adjacent to

iron depleted regions. The micrograph presented was taken from a billet
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extruded at 37500 which involved pre-heating at 450°C for 30 mins.

ih the air circulating furnace. This preheating will have caused the
supersaturated solid solution to brecipitate out the excess iron in
solid solution giving rise to a meta stable precipitate. The well
defined rectangular precipitates observed were those of the meta

stable condition coherent with the matrix ef the o variety

S.A.D.P. were taken for the large and small precipitates but
only the lérge precipitates yielded sufficient number of spots to be
definitely analysed. These spots confirmed the presence of the
equilibrium phase FeAlB as the large precipitate. S.A.D.P. shown in

Plates 6.6(d), 6.9(d).

An interesting fe&turelcan be noted in plate 6.7(a) where the
presence of lMoire fringes is observed. The phenomenon of Hoire
ffingesq67, a well known effect in optics, are produced when two
crystals with different lattice parameters or orientation produce a
contrast effect. Moire patterns in the microstructure show the
presence of coherent or semi-coherent precipitation in the solid
solution. This confirms the present idea of an age hardening system
with the precipitation of coherent precipitatés rather than the formation
of the orthorhombic precipitate FeA16. The equilibrium precipitate

.FeA13, although of the monoclinic crystal structure, has been found

to be coherent with the matrix as one of the sides has a length, 8.08A°,
twice that of the aluminium spacing, L,oka®, It is, therefore,

feasible that a coherent meta stable precipitate similar to the Al-Cu
system is formed prior to FeAlB from the solid solution. Two sides of
the precipitate will be coherent with the aluminium laftice having a
lattice spacing of 8.08Ao._ This meta stable phase will then be more

energetically favourably formed than the orthorhombic structure due
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to its coherent nature. The precipitates formed are also of unifornm
thickness, not platelets or discs, as there is a strong fringe contrast

over the whole section.

Plates 6.6(a),(b) are of the same area and show the alignment
of the particles into the direction of extrusion. The larger particles
are present on the grain boundaries and the needle shaped precipitates,
of FeAlB, are seen to lie in preferred orientations due to the semi
coherent nature of the phase with the matrix in the cube direction.
They are precipitated after extrusion as they are positioned across
the direction of extrusion and are formed during the air cooiing. A
combination of mechanical working causing lattice distortion and
annealing, in the form of air cooling, is sufficient td relieve the

supersaturated solid solution.

In certain areas of the specimens examined on the microscope
there is a considerable amount of precipitation with dislocation
interaction and looping around the particles. The dislocations become
locked either during deformation or after, during air cooling, depending

on the presence of the precipitates.

6.8.3 Dislocation networks
The possibility of a three dimensional network as proposed by

80,81

McLean was investigated. ‘hen polishing a specimen to the thickness
required for the electron microscope unpinning of the dislocations in
the three dimensional network is likely and those dislocations freed

escape to the surface of the specimen.

Dislocation networks are sometimes seen in the aluminium -

aluminium oxide system, plate 6.11(a), (b), but more often observed
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in the alloy systems plate 6.11(c), (d). There is therefore a strong
possibility that these could have extended across the subgrain during
deformation and the microstructures in plate 6.11 are the remnants of

the unpinned dislocation network.

McLean81 also proposed the possibility of a dislocation network
associated with particles where these would retard the dislocation
network growth as they retard grain growth and introduce a friction
stress during hot working. The process of plastic deformation serves
to refine the 3-D network and recovery consists of growth of the meshes
of the dislocation networks. The impeding effect of the particles
on the network explains the recovery of the dislocation network in the
presence of second phase particles. This also helps to explain the
presence of distinct bouﬁdariés when one would expect broad diffuse
sub grain boundaries. The dislocation netwérk is observed in among
the precipitates revealed by Moire fringes in plate 6.7(a) showing

the distinct possibility of pinning by the second phase particles.

It would, therefore, seem that the possibility of a three
dimensional network cannot be dismissed and its presence serves as a

useful basis for the dislocation sources within the material.

6.8.4 Recovery and Recrystallisation

When a metal is plastically deformed the work of deformation
is stored in the lattice distortions and this stored energy can be
released by isothermal annealing, providing the driving force for the
two competing processes, reco%ery and recrystéllisation. The recove;y
process constitutes all those annealing phenomena which occur before

the appearance of a new strain free recrystallised grain. Recrystallisation

is the nucleation and growth of new strain free grains and the gradual
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consuription of the cold worked matrix by the movement of large angle

grain boundaries.

Hot worked structures are unstable and tend to recrystallise

if held at temperature after deformation.

Observation of the sub structure of the aluminium alloys,
similar to sub grain structures of pure aluminium, contributed fairly
unambiguous evidence for dynamic recovery. A detailed analysis of

. P 149-151
recovery phenomena has been carried out by Nobili et al who
showed that there was no fundamental difference between S.A.P. and
pure aluminium except that recovery could occur over a wide range of

temperatures due to the increase in the recrystallisation temperaﬁure.

In the present work, it is found that there is evidence of

recrystallisation in a generally recovered structure by the process

of éub grain cocalescence in rods extruded at an initial temperature of
300°C fig. 6.1(a). The sub grain structure also contained some
relatively high angle sub boundaries and a few subgrain with large
orientation deviations with respect to the matrix. Annealing by

formation growth of subgrains is the main recovery mechanism of the

extrusions manufactured from powders, and the movement of dislocations’

through climb by a self diffusion process.

Recrystallisation has been sub divided into two types168
(i)  continuous recrystallisation (in situ recrystallisation)

»(ii) discontinuous recrystallisation

Discontinuous recrystallisation is that of high angle boundary mobility

acting as a reaction front by sweeping out the dislocations ahead of
their direction of motion. Dynamic recrystallisation, referred to by

Jonas76, can be included in this sub division as it requires extensive

255
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migration of grain boundaries to form a recrystallised grain; if the

grain boundaries are restricted, as in the case of powder extrusion,

dynamic recovery takes place.

Continuous recrystallisation'is by subgrain growth which leads
to the preservation of the rolling texture. The formation of high
angle boundaries, that form the basis for recrystallised grains, is
by the process of subgrain growth and coalescence as put forward by

Li73 and Hu'?l1L

and discussed already. For the aluminium powders,
A and B, this mechanism is the prevalent one for recrystallisation

and grain growth and seen in the micrographs, plate 6.1(a), 6.4(b).

The competition between recovery and recrystallisation has been
found to increase with concentration of dispersed phasesqu9—151.
The activation energy for grain boundary migration in the presence of
a dispersed phase is greater than that for lattice self diffusion
thus increasing the activation energy for the process. If the formation
of recrystallisation nucleii is associated with localised recovery
process the retardation of recrystallisation in aluminium - aluminiuﬁ
oxide is attributed to the inhibition of boundary migration. The
oxide phase present has been found']l1L9 to accelerate or retard primary
recrystallisation but secondary recrystallisation is completely inhibited
by the presence of oxide phase. In the present work it is seen that

recrystallisation is retarded by the presence of the oxide phase and

nucleii are formed by a localised recovery process.

The effect of dispersed second phase particles on recrystallisation
is less clear where the inter particle spacing is the controlling
factor. There is acceleration at wide spacings and retardation at

169

close spacings?49'151. It has been found on work with the Al-Fe system



that decreasing the grain size of two phase alloys caused acceleration
of recrystallisation but the magnitude decreased as the FeAl3 content
increased. Plate 6.5(c) shows the presence of a recrystallised grain
. where the large primary Fe;\l3 particle has acted as a site for the
formation of a nucleii, and increasing the number of these precipitates
will increase £he nunber of nucleii. The large precipitates present
prior to deformation will accelerate recrystallisation by acting as a
sink for line and point defects. Plate 6.7(a) shows a region of the
Al-Fe alloy that is saturated with Al-Fe particles and as a result

no recrystallisation or sub grain growth is visible. This suggests,
also, that the extent of recrystallisation is dependent on the
presence of particles before working as particles present subsequent

to working will lessen the recrystallisation rate,

The effect of solute atoms on recrystallisation is most
apﬁarent at very small concentrations and dependent on the nature of
the atomsq7o. It is generally agreed that increasing the solute
content of any solid solution alloy rasses the recrystallisation
temperature and decreases the rate of recrystallisation by reducing
the mobility of high angle boundaries surrounding an expanding grain.
For the Al-Fe alloy it has been found '/ 11172 that as the iron content
increases the recrystallisation of solid solution alloys is retarded

whereas that of the two phase alloys is accelerated. This implies

the need for increased driving fone to initiate recrystallisation and
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decreasing the overall rate of recrystallisation as the solute increases.

Thus it can be seen that the alloy systems will have a structure
dependent on the state of the solute present. In regions where
prinary precipitates exist a region of recrystallised grains can be

‘expected compared to solid solution regions where recrystallisation
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would be retarded.

The presence of recrystallised grains associated with large
particles present before the extrusion can be seen in plates 6.8 for
the Al-Mn alloy and 6.5 for the Al-Fe alloy. Solid solution regions
are present in'plate 6.7(a) and 6.9(a) for the Al-Fe and Al-Mn alloys

respectively.

The Al-Fe alloy, in particular, tends to be rather inhomogeneéus
due to the difficulty of getting the TFe into the liguid aluminium
before casting. Regions of high Fe concentration arise which are
those that are not recrystallised and low Fe concentration areas are
those that do show recrystallisation. Therefore'the presence of
recrystallised grains in the Al-Fe is dependent on the initial

distribution of Fe.

6.8.5 Dispersion Hardening

The previous models of dispersion hardening offer no completely
satisfactory explanation of high strength at elevated temperatures.
The dislocation particle inter-action model is not really tenable

at high temperatures where cross slip and climb occur readily.

It has been proposed by Clegg and Lund173, in work on dispersion
strengthened nickel alloys, that the dislocation sub structure is not
removed at elevated temperatures. The stability of the sub structure
arises from the pinning effect of particles in this work. Hultgren174
suggested that the arrangement of dislocations in the sub structure
is only important in that it reduces the dislocation density and the

strensgth of the dislocation walls is determined by the segregation

of impurities and misorientation within the sub structure.
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The stability of the dislocation sub structure has also been
observed in work on creep of aluminium - aluminium oxide materia1175
and the main deformation mechanism that of grain boundary sliding.
Grain boundary sliding in creep of metals at high temperatures being
controlled by lattice self diffusion hence the activation energy for

thermal activation is that of aluminium.

In the dispersion hardened aluminium product the aluminia
particles act as obstacles to sliding of the grain boundaries and
deformation is localised in the vicinity of the particles. This model
of grain boundary sliding also requires that the interface between
particle and matrix acts as a sink for dislocations and the dispersed

place shows no solubility in the matrix.

In.the present work there is no evidence to suggest that
deformation is localised but there is evidence of a dislocation sub
structure especially in the alloy powder products, plate 6.11. The
dislocation networks seen, however, are not associated with oxide
particles directly so it is thought that the.oxide particles inhibit

the motion of dislocations through the matrix.

The results of previous research, by other workers in the

dispersion hardened field, have been fitted to theories of Orowanqzo,

125 and their own empirical formulae relating

Fisher, Hart, and Pry
mean free path between particles and yield strength. However, there
is still lack of agrecment as to the precise nature of the dislocation/

particle interaction that occurs on straining, from experimental

results.

h few experimental results of the present work have been fitted
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20 using the line tension, T', equation

to the theory of OrowanAl
proposed by Kelly and Kicholson'22, These are shown in figure 5.43
and show quite good agreement, alas this is in qualitive agreement

~ rather the quantitativé. This is due to the difficulty of finding an

even distribution of particles within the matrix.

Problems also arise when relating the yield strength to the
oxide particle distribution as the yield strength is obtained by
testing a fairly large specimen and the oxide distribution measured
from a very small selected electron microscopy specimen area. Due to
the relatively large scale of operation in producing the specimens,

qualitative agreement to the theory of dispersion hardening is good.

The micrographs shown in plate 6.11 and 6.10(c), (d) reveal the
presence of dislocation networks and free dislocations looped around
preéipitate and oxide particles thus endorsing the theory of a
dislocation sub structure in a dispersion'hardened materialf The
process of deformation will then be a refining process of the dislocation
network, i.e. the mesh size of the network decreases with increasing
d¢eformation, as proposed by HcLean81. The materials investigated
had been allowed to air cool and so, to a certain extent, the structure
was that of a recovered structure with many of the dislocation tangles
annealed out. However, the micrographs do reveal some dislocations
interacting with particles thus indicating that these do influence the
structure within the matrix. The full extent of dislocation/particle
interaction could not be established without the use of precise

techniques outside the scope of the present work. .

6.8.6 Heat treatmerc

A small number of experiments were performed to determine the

-
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effect of heat treatment on the extruded products. The results of
tensile tests are shown in tables 5.12. The subgrain size is slightly -
increased and correspondingly the tensile strength is slightly reduced.
"~ The effect of heat treatment at an elevated temperature is a general
softening stress relieving operation. In some of the high temperatures,
treatments of specimens extruded at low temperatures or specimens

from the dust powder blistering was observed on the products after

heat treatment. This had previously been observed by Ansell who vacuun
pre-sintered the powder to overcome this problem, which was thought to
have occurred from the combined water in the oxide reacting with the
aluminium. It is considered that the combined water in the oxide
reacted with metallic aluminium to form hydrogen which eventually

caused blisterihg.

| 6.9 Mechanical Properties
| The results of the mechanical properties of the extruded products

of tensile performed at room temperature and 40000, are presented

in more detail in the appendices. Properties of commercial alloys

and results of previous workers are shown in tables 5.13 and 5.1h4

respectively.

Aluminium and its alloys have a wide range of uses and applications
because of their low density, high strength, durability, and ease of
fabrication, i.e. hot extrusion. Starting with commercial aluminium,
with a yield strength of 50 MNm"z, this can be strengthened considerably,
by suitable alloy addition, by the action of precipitation hardening.

The most common heat treatable alloy used, is that known as 'duralumin’
which can attain a yield strength in excess of 400 Nﬁm_2 after heat
treatment. Unfortunately raising the service temperature over-ages

the material with attendant softening, thus losing the gained increase

—
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of strength at elevated temperatures.

It can be seen that the alloys J, K, and L, prepared from
pre-alloyed atomized powders, compare favourably with the commercial
alloys. The elevated temperature properties are an improvenent but
unsufficient soaking at the testing temperature was carried out to

enable a true companion to be made.

lowever, it can be seen that the precipitation hardened alloys
prepared by atomization, give increased strength over the aluminium
powders products and commercial alloys without the use of an
additional heat treatment stage. This is an added advantage to the
powder alloys, for, by eliminating the heat treatment stage, the

cost of producing a high strength alloy is decreased.

Comparison of the high strength alloy powder products to commercial
S.A.P. shows that the atomized powders have the advantage of greater
ductility over the S.A.DP. ailoys. This ductility enables the alloy
materials to be more easily plastically deformed and manufactured
into suitable shapes. Unfortunately the strength at elevated
temperatures is not retained due to the coalescence of the precipitates
whereas oxide particles remain the same, giving S.A.P. superior

elevated temperature strength.

The most important parameter in the extrusion of aluminium
powders A, B, and C is that of particle size. It has been previously
noted87 that the oxide boundaries were similar to that of a network
structure resembling a grain boundary structure of a polycrystalline
netal; the Petch relation gives the yield stress as a function of

grain size
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’ . _
o 0‘+kdg1/2

o = O, + C26dg—1/2 (6.3)
whefe O is the yield stress, Op is a type of 'friction stress' due
to the lattice, and drg the grain size. This equation is applied to
the particles where the grain size in the Petch equation, is replaced
by the particle size. The plot of proof stress (0.25%) against the
immerse of the square root of varticle diameter yields a linear
relationship similar to that of a Petch-type equation. On extrapolation
the values obtained are greater than those for coarse grained
aluminium due to the variation of subgrain size with particle size
as seen in fig. 5.30. The coarser the powder the coarser the subgrain
size, so eventually the coarse grained aluminium billet extruded will
have a subgrain structure similar to that seen in plate 6.3(a). The
values, on extrapolation; of.fig. 5.30 yield the values obtained for

commercial pure aluminium tested on the machine under the same conditions.

Similar plots are also drawn for powders J, K, and L, fig. 5.31
but little difference is observed in the proof stress values with
decreasing nature of the precipitates within the particles. Results
of tests performed at 400°C show very little variation with particle

size indicating a stable structure at that temperature, fig. 5.31.

Petch-type plots are also shown for the powders B, J, X, and
L using proof stress values and subgrain sizes measured, figs. 5.32
and 5.5%. A linear relationship is shown to exist between proof
stress and the inverse sguare root of the subgrain size similar to
that of the Hall-Petch relationship for low angle boundaries at
room tenmperature used by Raybou1d68.

O = Oy + 027135’1/2 (6.4)
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where D_ is the mean subgrain diameter

S
It is also shown that
log, (sinh o ) = Cog D;,l in fig. 5.36

where the stress, o, is that measured as the mean during extrusion.

The effect of temperature of extrusion billet is shown in
fige 5¢3 - 5.35 where the proof stress (0.2¢) obtained from tensile
tests are plotted against initial billet temperature. These plots
indicate that a decrease in the billet temperature, increase the
strength. This strength increase is accompanied by a similar decrease
in ductility and decrease in subgrain size. The results obtained from
tests at 400°C show that'the structures of differing extruéion
temperatures are the same at this temperature, i.e. the subgrain
bogndaries ineffective at this temperature. The alloys Al-Fe and
Al—ﬁn decrease in strength quite rapidly as the temperature of extrusion
is increased due to the coarsening of the second phase particles.
Al-Mg-Zn is the strongest alloy due to its nature of producing uniform
solute clusters. During extrusion a phase transformation temperature
is either attained or exceeded causing the solute atoms to be
re-dissolved if in precipitate form and not precipitated‘out when
cooleds The tensile test stress strain curves showed small serrations
similar to the Portevin - Le Chatelier effect and also sharp peaks
where the material broke at the fissures in the specimens. In the
Al-lg-Zn materials the specimens fractured at the maximum point on the
curve showing little or no necking and brittle fracture. This is due
- to the solute atoms hindering mobile dislocations either by locking
or forming atmospheres around them, the material is'then very easily

work hardened and very dependent on strain rate.
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6.9.1 Reduction ratio

The effect of reduction ratio during extrusion on the mechanical
properties ;f the extruded rod is extremely small. The proof stress
values show a small decrease with increasing redﬁction ratio as also
did the elongation value. A slightly more uniform distributicn of
.the oxide phase in high reduction ratios was also observed. Table
5.11 shows the approximately constant subgrain size for different

reduction ratios of specimens extruded at the same temperature.

6.9.2 Ram speed

"The results of tensile properties of the extruded product show
that the ram speed has little effect on the final properties. This is
in contrast to commercial aluminium where the effect of strain is to
alter the size of the subgraiﬂs formed during the extrusion processe.
The reason for the iack of strain rate dependence of the extrusion
*procéss on the final properties, is that the presence of oxide particles
within the matrix hinder dislocation motion and cause formation of
subgrain. Also the ram speed does not greatly increase the extrusion
load, in contrast to solid billet extrusion, due to the mechanism
previously described of the material acquiring its final properties as
it passes through the die. Combination of this and the former mechanism
ensure fhat subgrains of nearly constant are produced at different ram

speeds.

One interesting feature of the tensile properties is that the
percentage elongation is slightly reduced on specimens extruded at a
very high strain rate, probably due to an excess of dislocation

tangles.
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CHAPTER 7

Conclusions

An investigation has been made into the effects of extrusion

on the structure and strength of the aluminium powder alloy products.

The results obtained have shown that:-

1.

2e

The extrusion pressure required to extrude a powder
biilet, with a product strength the same as a conventional
alloy, is much less.

The stress dependence on strain rate for the powders
during extrusion is less than for solid materials.,

Cold compaction fesults agree with previously derived
empirical equations.,

Achievement of 100% theoretical density during extrusion

. is governed by the relationship.

InP = 6.62 - 2,25 x 10T (T is °K)
There is a transition ratio below which coherent material
is not obtained, this being about 5:1.
An empirical pressure reduction ratio equation exists
of;the form

Ym

Puring extrusion there are high local indeterminate
temperature rises at particle iqterfaces giving rise to
consequent dynamic recovery.

The deformation during extrusion of metal powders occurs
in a zone that may be divided into two merging regions,

one representing the 'powder properties' and the other
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'final, product, properties'. The existence of this
'powder properties' region is shown to account for the
low pressures observed during extrusion.
The activation energy values calculated using the sink
relationship, show that the rate controlling processes
for dislocation motion during hot deformation are the
same as for commercial aluminiﬁm alloys. The Al-Zn-Mg
alloy has a rate controlling mechanism similar to tha£ of
a solid solution conventional alloy.
Alloys Al-Fn, Al-Fe, not easily cast, can be produced by
atomisation and extruded into a useable forn.
ﬁaterialé produced have a proof stress, as a function of
sub grain size similar to a Petch equation.
Materials extruded have a proof stress, at room temperature,
at least twice that of a conventionally produced material
and at 400°C, seven times or greater depending upon alloy.
A relationship exists between original particle size and
product proof stress, given by

g = O, *+ C Dp—1/2
The oxide content distribution improves with increasing
reduction ratio.
Precipitation hardening mechanism is in qualitative
agreement with Orowan's theory.
Extrusion of atomised aluminium alloy powder is a feasible
industrial process for alloys that present difficulties
when conventionally produced and subsequently worked.
Atomisation of alloys with poor casting properties compares

economically favourably with normal casting.
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APPENDIX T

’

Nomenclature

Load constant, redundant deformation

Frequency purity factors

constant, viscous ‘drag mechanism (Weertman's Eqdation)
constant same as o<' (Weertman's Equation)

constant (Kawakita's Equation)

lattice parameter

apparent activation volume

constant, = 1 for edge dislocations, = 1/1-y for screw
dislocations

Load constant, useful work term
Cons£ant (Weertman's BLquation)
same as X

Bu;gers vector

constants

Volume rcduction (Kawakita's Equation)
Specific Heat

density

chemical diffusivity

planar gurface spacing

diameter of container

particle diameter

sub grain diameter

diffusion coefficient

grain diameter

particle diamecter in slip plane

extruded grain size
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recrystallised grain size
activation enthalpy

activation energy

tensile strain

strain rate

constant

constant

volume fraction of second phase
shear modulus

Vickers Hardness number

shear yield stress

creep rate

Boltzmann's constant

length of extrusion billet
inter particle spacing (Weertman)
modulus of pressing (Bal'shin)
mean planar spacing

average spacing'bgtween jogs
dislocation source density
shear modulus

coefficient of friction
stress/strain rate exponents
porosity

Number of dislocation loops
pressure

porosity

activat;on energy for self diffusion
Reduction ratio

Gas constant

radius of second phase particles
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D

“ < g K«

e

Ym

N

| N\

density

dislocation density

temperature dependence on flow stress
yield stress

mean yield stress

yield stress (friction stress)

proof stress

Tempgrature

solidus limit

Line Tension

time

mesh size of oxide particles

shear sfress

averaging term for screw and edge dislocations
atomic volume

activation volume

number of dislocation loobs
penetration distance of deformation
number of atoms per unit cell

mean yield stress

Zener Holloman parameter, temperature compensated strain
rate

Strucutre factor
viscosity
die angle

deformation cone angle

276



271

APFERDIX II

Linear Regression and Correlation Coei‘ficient182.

A standard vrogramme was used that calculates the equation of
the straight line of best fit of a net of data points. The best fit
is determined by minimising the sum of the squares of the deviation-

of the data roints from the line.

The programme calculates m and b for the equation

N = mx +_b

The programme also calculates a correlation coefficient r, an
indication of goodness of fit
- 1 £ r £ 1 vhere the sign corresponds to slope m

if r = o, this no correlation, and if r = ¥ 1 there is

perfect correlation or a perfect fit.

The defining equations are

i

= (-0 @ -1

m
' i=1

b = Y - mX .
where Y = Zn X and >_( = Z XL
t='n ~ 1:;
P ST (% =X YY)
[y




APPENDIX IIT

Proof of the relationship

(sinh@o)? = 1 exp nao
2

whenxo> 1.2

By definition

(29 o =*9)

sinh(*0) = -
2
Considering >0 e -0 and letting KO tend to infinity gives e

as e~ % tends to zero. (For ©0= 1.2, e 1.2 = 0.3 and e 1.2 _ 3.3,

s0 that the difference in the two relationships is less than 10%)

-

Therefore, at large values of

[ &
eO’\O‘_e - 0': eo(o‘

Therefore

sinh(* 0) = xC

Nl

Considering the n? term

[sinh(d G)]n = [% %0 ]n
= % “% e
Thus
[-sinh(MO')]n = 1 "0
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APPENDIX IV

-1

Material Temp Dg Dg D2
Al-}g-Zn 300 2 5 707
300 2.5 L 632
Al-Fe 300 .75 1.33 1,15
300 o7 1.43 1195
300 .82 1,22 1,10k
300 673 1.49 1.22
300 .9 1.11 1.05
300 9 1.1 1,05
360 1.21 .826 <91
360" .925 1.081 1.0k
380 1.43 .7 .836
Loo 1.52 .66 811
Loo 1.56 6l «801
400 1.62 62 .786
Al-¥n 300 .75 1433 115
305 <975 1.026 1.013
'330 .35 1.18 1.085
345 975 1.03 1.01
345 1.21 .83 91
345 «89 1.12 1,06
3h5 75 1.33 1.15
345 .885 1.13 1,06
345 .93 1.075 1.04
345 1.01 .99 1
345 .8 1.25 1412
350 1,09 92 .96
350 1.38 73 85
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Material Temp D D Ds'5
350 .97 1.03 1.02
360 1,23 813 .9
370 1.35 o7k .86
375 1.1k .88 O
380 1.18 .85 92
400 1.2 83 <91
Aluminium A 300 o7 1.43 1.195
200 «735 1.36 1.166
250 o7 1.43 1.195
400 1.5 667 816
300 1.1 .91 <953
300 1 1 1
300 1.2 832 2912
300 1.05 «952 <976
300 1.1 «91 «953
150 .75 1.33 1.15
200 B 1.25 1.12
350 1.23 .813 .9
Loo 1.5 667 .816
500 6 167 408
(420) 200 1.73 58 76
(310) 300 1.35 <741 «861
(200) 300 1.3 .78 .88
(120) 300 1.13 .89 <95
(75) 300 .95 1.05 1.03
(25) 300 «75 1.33 1.15
(25) 300 .7 143 1.195
1.19 L84 .92
150 ok 1.35 1.16

280




Material Temp Dy p_~1 Ds-%
250° .93 1.08 1.04
300 101 903 .95
350 1.53 +655 «81
400 2.33 A3 655
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AFPENDIX V
Material 1 jpog X107 logio & o logs, SinhXo

A 1,745 0 87.1 1o341
.63 93 1.456

.8 96.2 1e51

L 97 153
2 99.3 1,578
B 258 7843 1.134
279 793 1.178
682 81.4 1.197
.752 82 1.236
1.003 85.6 1.248
1.85 91.4 1.416

2.145 91.8 142
.22 7546 1,063

.08 777 113
Lk 78.6 1,154
5 81.5 1,203

1 87 14267

1,92 90.1 143k

J 1.61 641 103.7 1466
«749 105 1.68
.978 105 1.683
1.045 105.3 1.683
2.05 114 1.853

2.11 116 1.9

Al-Yg-Zn 1.67 5 106.5 Te7h
.63 106.5 174

.67 108 177
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Naterial 1/’1‘0}("’0-3 log,y € o logqy sinhxO
NS 108 1677
.63 109.5 1.79
8 11047 1.8
.87 116 - 1.852
, <97 1164 1.852
.98 117.5 1.88
1.03 11841 1439
B 2.36 752 139.9 2.3k
2.1 119 1.95
1905 100 159
1.745 82 1.2k
1.61 77.2 1.16
1.436 691 357
62.6 .72
- Al-Mn 1438 1.05 88.2 1.389
1.486 100 1.58
1.61 110 1.77
1.75 118.7 1.94
M -Y¥g-Zn 1.486 6k 88.8 1.39
1.53 99.7 1.58
1.63 109.2 1.76
1.67 114 1,854
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APPENDIX VI

Material |Prf Stress 1)'5L laterial |Prf Stress b2
57.5 1.16 Al-Fn 176 1.01
' 57.5 1.12 174 «91
57.5 1.09 173 1,06
69 1.05 142 1.15
8o 1.08 132 1.06
91 1.05 139 1.01
91 .98 141 +90
Cal 1.025 170 1,04
112.5 1 134 .96

130 .93 178 1
141 .93 1275 ok
141 .91 162 .86
175 1,02
‘Al-Fe 184 1.15 164 1.09
180 1.2 175 «91
188 1.1 168 1.15
202 1,22 s 1412

188 1.05

188 1.05 B 42,7 1.16
1344 «801 115.3 1,04
136 +786 97 «95
166 +909 88.6 .81
149 .Sl 76.2 .66
155 .81 100 .98
1{é.5 1.01
Al-¥eg-2Zn 214 632 oL 1,01
2355 « 707 91 .92
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Material rrf Stress liaterial Prf Stress D”?
22k .67 141 1.15
232 .7 89.3 o8l
A 137 1.2 A 103 «91
127 1.15 89.6 815
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APPENDIX VII
P /o P jo P /o P/cs >
9051 240.5 116.8 .200.6 8s2
107475 298.6 164.9 235.2 164
125.7 309.1 20042 292.3 2k.6
143,65 32046 233.6 359 32.8
161.7 343.7 260 Lo6 1
174.1 346,.3 280,k Lsh,7 ko.2
188.6 384.8 30647 5079 5744
205.6 Los.8 350.5 556.9 65.6
221.3 Lol L 35945 613.9 738
23547 503.5 YR 65549 82.0
25k 707.8 90.2
271.5 80641 106.6
288.5 897.5 123
32043 5771 549.8 164
DUST Al-Fn Al-Te coarse
Cold Compaction .
Coarse - slope = 6.18 Ve = 148.6
Dust slope = 1.98 Tab = 764
Al-lin slope = 2.05 Tab = 249.4
Al-Fe slope = 2.16 Vb = 136.9
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AFPPENDIX VIII

Particle dimensions 2504°, 500A°

b = 2.8 x 107/ mm
Dpr (0.24) (R.T.). (0.20) (4oo°c)

9.63 x 10~*em 80.1 Mm=2 27 Mm=2
8.61 x 10" *em 91.2 MNm=2 29.7 Him™2
7.86 x 10 *em o 1Nm=2 27.5 M2
.28 x 10™%em 95.8 MNm™2 27.5 Mim™2
6.09 x 10~*cm 100,612 33,5 MNm™2
5,34 x 10" Fom 106.9 MNm™2 35.2 MNm™2
441 x 10 %om | 129.5 MNm~2 - 45,4 1one
Pressure - Temperature

Pressure iIn P 7K
260 Mim™2 5.561 423
268 1m™° 5.511 423
2L 1m™2 5.48 473
250 Mm™2 5.52 473
220 Mim™2 5,394 523
200 Mim™2 5.3 573
210 MNm=? 5.347 573
185 MNm—2 | 5.22 573
185 M= | 5,22 623
175 Mm™2 | 5.165 653
170 Mim™2 . 5.1%6 693
165 i 5.106 923
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Powder |Particle |Extrusion Raﬁ Speed |Initial Billet|Extrusion | Hv Mechanical Properties
Size Ratio mm sec~" [Temperature OC|Pressure
MNm~2 Room Temperature LoooeC
0.2% Proof |Tensile |[Elongation|0.2% Proof | Tensile |Elongation
Stress Stress % Stregs Stress %
MNm =2 MNm—2 M2 Mm~2

A Lo 7.62 300 721.8 49,6 120.5 156.8 23.1 Ls,7 57.3 1%.3
30 8.38 250 887.9 51.0 136.7 164 .6 20.7 48.9 59.5 9.1
20 7.77 200 978.7 53.7 139.4 178.3 20.8 R 56 .4 8.3
10 7.77 200 553.6 50.2 120.4 157 2 22.7
20 7.77 300 697.5 50.9 120.6 158.5 22.2 45,4 58.7 16.6
20 777 300 695.3 50.7 128.3 160.2 21.8 S5he3 67.2 10
20 7.6 360 531 k3.9 7641 133 29
20 11.1 250 789.9 531 1%4.2 168.9 19.9 4L8.6 58.9 14.8
10 10.36 250 679.5 5547 134,2 169.3 17.4
50 3.25 300 762 532 122.7 164.9 224 L5k 57.4 10.5
50 3.25 250 910 544 142.7 174.9 21 47.5 58.3 9.7
Lo 2.03 300 87k 5h.b 136.3 174 .1 22.4 47.1 56.9 10.1
30 13.4 300 759 50 120.9 165 25 .4 47.6 5h.4 14
30 8.76 360 683.9 47.5 106 4 161 30 45,7 53.8 21
20 9 - 380 616.3 45 105.6 160.4 31.2 454 52.3 22.4
30 9 420 5%0.2 | 45 95.5 154.3 31.1 45.7 52.2 23.2
20 9.15 450 490.5 L4,7 89.6 154,2 31.4. LL,3 52.7 4.1
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20
30

777
7.77
777
5.26
8.27
33.5

370
410
Loo
400
Loo
355
350
350
320
300
300

: 200

300
200
2ko
280
300
310
320
340
285
380
300

692.7_

S541.3
532.4
558.9
53k .6
500

522.9
b79.5
655.3
664 .1
655.3
63641

. 631

622.2
964
921
813
728
635
588
578.5
541.6
Lhz
713

48

7.6
46.5
b7.5
39.9
41,7
4241
41.2
4.8
50.7
40.7
39.0
39.0
40.5
52.8
52.2
48,7
16 b
46.2
46.5
146.0
45.5
39.8
48,7

97.5
103.8
105

83
89
795
85
140
98.5

138.8
134 .6
131.2
122.7
124 .6
124 4
11343
136.4
98.6
115

77.8

160.1

158.3,_

158.9
143
150
139
130
152.3
173
133.8

169.8
168.4
164.7
167.8
163.2
160.2
143.3
158.2
126.5
175.8

22
31
32
31.6
28.3
29.2
17.6
26.5
22
28

20.9
20.6
20.2
22.2
22.9
24,8
2h.7
234
34.5
30.2

43

40,3
45.6
Lo 4
k0.3

584
Lok
h1,9
571

39.7

46,2
45.6
53.5
P
51.2

6.5
50.7
57.1

106.2
51.2

23

22.8
22.7
23.2
22.1

22.4
3241
27.6
35.2
22.2

682




30 5.36 150 971.9 48 .4 137.3 168.7 16.9 29 384 17.1
30 6.7 150 9%31.1 | 48.5 142 .7 154 20.6 29.5 374 12.8
20 © 5.16 203 827.7 ks,7 1311 166.7 22.7
30 7.62 200 801.6 46.8 128.6 44,8 17.8 29.4 384 15.5
30 5.26 250 659.2 45.6 113.3 158.2 26.3 30.5 37.5 19.2
20 7.9 250 659.8 45.6 117.3 139.9 23.4 29.8 k2,7 20
20 5.26 277 611.5 L4o.9 103.1 139.7 28.1 30.2 35.9 23.2
20 3.91 295 580 L2 95.1 131.1 27.8
30 6.48 297 596.2 40.6 L g7 135.4 29.9 30.8 36.2 21.2
30 777 300 " 564.6 b1.7 93.3 129.6 28.4 29.8 39.9 20.7
30 5.36 350 528.5 37.7 88.6 131.9 35.3 31.7 37.8 26
30 L2k 370 443 37.8 88.6 126.5 3h.5
30 7.77 380 44,3 37.4 90 130 30 25.9 31.1 21
20 7.81 380 Lkho.2 375 87.5 134,7 20.6 25.7 30.2 22
20 7.77 4oo 4328 37.5 78.1 135.1 | 34.8 25.3 30.6 25.6
20 7.77 koo k23,6 37.7 75.3 132.1 34,2 25.2 30.9 27.5
30 7.81 450 419 37.2 69 132 3542 25.5 29.6 3k
20 1.24 285 Shk3 .4 Lo.1 95.6 135.3 29.8 28.1 35.4 17.5
30 2.54 305 552.8 41.3 98.5 135 27.9 25.6 29.1 22
20 3.91 295 580 k2 95.1 131.1 27.8
30 5.26 277 611.5 40.9 1031 139.7 28.1 30.2 35.9 23.2
30 6.48 297 596.2 Lo.6 97 135.4 29.9 30.8 3642 21.2
30 777 200 564 .6 ba,7 93.3 129.6 28.4 29.8 39,9 20.7
20 13.57 289 614 .1 41.5 103.3 132.3 25.9 30.5 35.6 19.7
N
\O




30 13.57 306 563.7 | 41.6 98.6 132 4 28.3 32,9 39.4 22.3
20 13.57 279 681.4 | 41,6 98.6 1348 27.3 20.2 35.6 23.6
20 2.48 290 669.6 41,5 103.2 134.8 25.3 230.2 374 19.8
40 2.49 297 © 543.8 k0.9 87.5 129 28.7 .
4o 5ol 285 567 4041 87.3 1334 28.6 26.8 3L 19.3
Lo 7.87 300 648.8 L2.6 103.8 136.4 28.8 . |  27.2 31 20.2
Lo 11 293 749.1 Lo,? 104.4 142.2 274 26.2 3k 18.3
5 6.8 200 Lo7 ..k 38.8 105.9 11541 i
10 2.77 304 527 42,3 | 102.3 28,5 | 21.9 29.8 36 18,4
20 5.16 271 565.7 40,7 89.5 143,9 30.8 3141 33.3 21.4
20 7.93 305 584 .6 41.8 101.7 126.7 2l 28.6 35.3 17,4
30 6.48 297 596.2 40,6 97 135.4 29.9 30.8 3642 21.2
20 777 302 564.6 1,7 93.3 129.6 28.4 29.8 39.9 20,7
Lo 5.4 285 627 Lo,.8 87.3 133.4 28.6 28.8 3L 19.3
Lo ?2.87 300 648.8 42.6 103.8 136.4 28.8 29.2 31 20.2
50 5.45 300 688 Lo,7 100.4 138.5 27.5
50 5.45 300 662 12 b 98.6 139.2 | 0.2 30.6 35.6 18.8
430 30 5.36 300 L1z 29.5 5649 88.2 39.7 16.5 23.2 37.8
310 20 5.28 300 460.6 %2.6 68.8 104 .4 35.4 22.2 28.8 364
200 30 54l 300 504,2 3641 8041 119.4 30.4 27.0 33,6 31.6
120 30 5.22 301 497.8 38.5 86.3 124 .4 29.3 29.7 37.8 32.2
120 20 8.72 288 594 38.5 95.5 13647 28.1
90 30 6.15 280 561.3 Lko,2 98 136.9 27.9
90 30 5.36 301 519.8 39.3 90 136 28.8 27.5 30.8 22.6




69 30 554 290 578.8 ko.9 95.8 137.6 28.8 27.3 29.7 23.7

69 30 5.83 310 522.2 41,1 95 134.2 27.1 26.2 31.6 19.6

58 30 5.26 280 56345 1.6 95.8 144,1 29.0 354 39.3 22.6

58 30 5.26 280 - 681.4 1.4 100.6 147 26.7 3141 3641 171 -

Lg 20 5.26 270 605 43,2 104,8 15245 26.5

49 30 5.26 300 648.2 | L34 10649 157.7 26.1 33.8 37.8 18.8

25 %0 8.76 287 1 698.9 | 4h4.6 129.5 1684 26.1

25 30 5436 300 664 L3 129.1 169 26.5 42,1 45.2 13.9

22 20 777 300 697.5 L6.5 125.3 166 24 b

22 20 7,48 300 728 46 b 122.7 167.8 22.2 45,4 574 14,3
30 8.7 350 503 31.0 5347 10243 3541
20 7«54 400 L28 33%.2 59.9 117 3.6, k.3 27.6 31.4
30 7.65 4oo 353 3349 61.9 122 3743 22.3 26.6 27.6
30 8.92 360 L430,2 3k .1 76.6 121 37.8 24,9 30.4 30.1
20 8.67 350 Le7.7 34.9 76.3 12241 3he3 24,3 29.6 20
30 10.62 - 450 386.1 33.4 62.2 188.7 377 21.5 26.5 32.4
20 7.9 340 LL7.9 3.6 77.8 122.4 3h.3 21.7 28.7 28.8
Lo 777 300 675.1 37.6 96 118.4 26.9 27.3 3549 26.1
30 7.8 300 60k,5 38.7 ok.5 123.7 30.5 27.4 36 324
20 7.77 300 556 38.2 95.3 122.4 3341 29.8 Lo.7 20.4
Lo 7.89 250 827 .4 118.5 132.3 23.5
Lo 10.4 300 600 38.1 92.8 121 3149 274 37.9 33.6
50 2.25 300 611 39.5 102.5 13149 284 319 2,2 25.6

5 0.6 300 375 38.8 69.1 121 29.9
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5 L,23 300 390.5 3941 89.4 122.5 18.2
5 9.83 300 395 | 39 '
5 2l oy 300 417 38.8 8L4.5 118.3 27.5
5 6.63 300 397.1 3345 ‘
5 6.63 300 639.8 38.7
30 11.75 290 496 .4 35 79.3 123.4 3oL '22.5 28.6 28
30 11.87 260 628.8 3841 100 131.5 32.6
30 12.1 250 622.2 379 98.4 130.8 29.k4
30 - 1.7 220 699.4 39.4 109.6 13445 28.8
20 10.67 300 511 3l a1 78.8 122.2 3.2 22.3 28.5 2k o1
SwtPAs 30 18.2 300 589 30471 70.6 89.3 13 23.2 26.3 2,2
10wtAs 30 13,7 300 57l 32.8 681 79.6 8.58 16.2 20,07 15.6
Swtdbhs 30 18.8 300 62l 27.28 60.9 8643 20.6 13 16.6 30
10wtioAs 20 19.0 300 547 284
Sutf4Si0, %0 1242 300 755 29.2 58,4 1054 30.9 22.9 25.6 141-300°C
Commercial 30 5.86 300 504.8 28.7 61.7 8.3 L6 4 6.4 9.9 112
Commercial 30 10.36 300 523.3 28.6 50.9 78.9 511 5.79 10.1 116
SwtiéAl03 20 10.67 300 616.2 33.2 78.3 108.2 29.7
10wt76AL 03 30 5.16 300 727 32.5 75.6 9.6 15.7 11.9 19.4 2ok
Commercial % 7.39 300 551.1 | 2643 534 78.3 | 49 6.38 9.57 | 100
Commercial 30 648 300 51145 26.6 46,01 80.1 52.2 5.97 .| 10.7 105
1 .6cm 30 6.63 200 101.7
7 +35cnm 20 6.63 200 787.6
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200
200
200
120
120
120
120
20
90
69
59
27
27

BB EBY

30
30

10
10
20
20
30
30
ko
4o
50

w388 YBY

6.1
6.1
8.22

8.24

8.21
7.3
7.05
8.24
7.08
6.12
6.1
8.2k
5.45
5.43
0.1
10.5
14,1
6.1
11.8
5.18
9.14
10,4

345
336
36

338

336

S5

343
3h3
355
343
345
345
325

300
" 300

270
300
300
300
320
335

320
410

848
906.8
820.7
83043
865
341
881.8
915.6
861
928.8
970.8
860.5
880.3
7203
882.5
ou8.7
911
110.0
997.2
862.7
1021.5
1028 .1
816.3

6649

712

66.3
68.9
66,4
67.2
63.5
71.8
681
70

7240
70.7
75.8
76.2
745
81

7241
7362
741
66.8
74,8
714
67.4

176
1772
142.3
1733
140
143,2
132
173.6
141
1733
174,77
179
179
227
227
25043
187.7
14641

168

163.2
164
162

233.6
23242
21045
227.8
20843
211.3
193
224.8
202
224,38
23542
228,7
2324
289
285
33542
254 .9
21144
242,8
182.8
230
228
216

23

25.4
27.8
30.4
26.9
25.5
20

27

24

27.2
2k ,7
22.6
22.6
19.2
19.6
10.3
21.6
23.6
224
23.6
23.8
2643
27.2

61.4
56.8
63

60.3

5747

52.2
5645
54

5645
63.8
66.5
66

66.8
614

6h.h

72.2
5047

70.6
67.5
72.2
70

68.2
63.8
67.3
63.8
67.3
7.3
73.8
73.8

7hobt
73.2
713
82.7
67.8

204
31
31.2
31.4
31
31
29.6
45
29.6
28.1
19.3
22.1

30.4
29.1
28

24,5
26.8

vée




50 14,9 430 77242 65.7 153.2 205.8 | 28 61.4 73.2 Lo
30 5.8 35 852.6 | 6h.1 149 232 2L .6
%0 7.01 Zh5 830.3 62.1 13543 198 4 308 4z.6 577 33%.3
20 4,93 345 826.6 72.6 144.8 227.6 28 61.4 70.7 2247
30 13.7 350 8ok .6 674 135 209.6 28.8 58.3 70.8 2349
30 15845 350 823.7 63.7 13347 200.6 27 il 2 60.2 28.1
30 12.8 350 839 68.2 136.6 193.4 28.2 63.8 70.2 22.8
30 12.8 350 900 66.8 141.5 208.3 24,2 553 67.5 3041
20 8.5 375 816.3 6145 124 .4 192.5 31.8 3246 Li,5 26
30 11.9 375 76247 56.8 148 182.8 2346 33.1 L7.9 25
30 S48 375 796.5 61 125.9 185 28,8 Lob 5342 28
20 12.8 375 807.5 61.5 1275 187.2 27.4 Lz,1 5742 L1,6
30 6.09 375 796.5 59.5 126 1841 3044 3648 Lo,2 3648
30 11.9 Loo 741.3 60 115 192.8 31.4 L6 .1 564 26.2
30 12.8 Loo 7104 614 113.5 190 30.8 61.3 7347 334

200 30 L.o 300 955 733 207 332 14,7 )

200 20 4,87 300 100.8 89 212 344 . 18.7 21.6

200 30 L,27 300 883 83.8 219 304 1643 24,6 2845

200 30 9.75 300 106.7 89 214 310 12.3 18.7 22.6 21

200 30 95.1 300 108.1 EXTRUDE DISINTGGRATED

120 30 10.7 300 977 773 210 308 15.8 27.6 3546 10.9

120 30 5.48 300 102.2 85 220 329 10

120 30 4.87 300 992 87.4 216 334 10 1.7 14.6 20.9

¢6e




90 30 4,85 300 995 8542 212 345 12.9 1541 12.8
90 30 4,87 300 945,8 86.2 212 ' 360 15.6' 28.5 3249 6
90 30 5.48 300 959.7 9k 217 Lo6 14,8 11.9 144 3141
69 30 10.7 300 10349 7749 197 201 943 63.3 82.5 13
59 20 4,88 300 984 9k.6 224 387 - 13.8 19,2 16
27 70 10.7 700 102.1 | 87 225 388 11,1 '
27 30 4,87 300 992.8.] 96.8 223 418 11.8
5 2,82 300 690.6 95 25149 L4o7.3 12.4
10 0.88 300 7281 97 248.,8 41044 16.8
10 9.1k 700 %36 | 96 234.8 398.6 19.6
20 0.61 300 90Lk.6 | 109 252 L3y 10.2 38.7 Sh o1 4o
20 4,85 300 894.3 98.2 247.8 402,2 12.4
30 2.7 300 o84 9k,.7 223 Lok 14,1 19.7 23.9 12
30 «305 300 obl 105 303 435 22.2 2542 3245 9.2
30 5.5 200 990.6 | 94.9 214 b1z - 19.9 25.7 13.6
30 0.67 300 oLL,3 95.8 273 Lzl 21.2 10.8 17.5 17.4
30 0.49 325 973 108 304 439 22.8 11.6 19.3 70
Lo 5.48 330 9774 96.6 216 410 13.1 25.8 29.8 -
4o 9,14 %70 okLk,3 | 109 199 328 13.7 2243 3243 19
Lo 6.4 320 959.7 95 217 Loz 4.3 231 27.6 12
50 8.5 375 921.1 95
30 3.66 335 93h 98.8 228 L2 13.4 271 27.1 -
30 7.01 335 90k .6 95.6 205 408 14,8 23 31.3 21.4

962




30 6.1 335 9k0 9.3 214 k15 b 22.3 30.2 -
30 579 335 86k - 95.2 199 382.5 1 22.7 27.6 13.5
30 6.1 335 925 96.% 209 399 13.5 22.1 28.4 11.8
30 5.48 345 911.2 95 21k 419 13.8 19.5 2k.6 12.4
30 5.48 350 875.9 97 211 413 4.3 22.6 28.2 12.6
30 9.15 350 891.3 | 95 213 418 13.7 14,3 17.5 ('R
30 7.92 360 90k .6 98.2 213 Log 15.3 16.9 20.9 10.6
30 11.7 380 787.6 95.6 186 354,5 15.6 20 23.k4 15.2
L 120 30 9.75 300 1041 8.4 183 263 19.2 66.5 91.9 20
90 30 6.9 300 1056 78.6 184 250 19.3 67.8 92.3 2%
69 30 6.9 300 1068 86.8 180 276 19.3 66.9 9 14,3
53 30 9.2 300 931 82.7 - 188 281 19.3 67.9 91.7 16.4
27 30 8.55 300 1092 84.0 206 288 14 69.2 92.3 15
30 9.15 300 1019 8141 188 276 16.6 68.1 92.3 24
20 9.76 300 973 81.5 187.5 27045 177 69.2 84.5 17
30 9.45 300 998 81.5 188 276 17.1 67.9 91 20
20 6.9 L0oo 635 66.9 134 .4 223 26.5 61.4 72.2 27
30 5.5 Loo 655 66.7 136 229 2341 61.5 73.7 26
30 8.3 L2s 59k 66.6 126.6 200 23.6 49,2 59.6 31.8
30 1.1 360 777 70.7 146, 222.3 23,2 61.4 737 22.3
Lo 5.48 345 772 77.8 159.3 262.7 21.4 69.8 87 21.6
50 10.4 380 816 74,2 155.4 bk, 7 2.4 58.3 85.6 28
B 0.68 30 5.48 297 566.8 Lo b 95.5 13941 26.9 29.6 36.6 224
0.77 30 6.45 300 582.3 Lo kv . 96.8 135.9 27.6 29.8 3k 21.6

Lég




0.82
0.87

0.93
0.94

[ ARSI IS

6.45
6.48
6.09
6.09

299
297
201
299

597.8

596.2

591.6
5691

40,8

40.6
Lo, 4
40,6

96.7
97
964
97

13645
13544
134.5
13547

29.7
2949
3045
273

20.8

29.9

36.2

3547

21.2

21.3
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APPENDIX X 299

PROGRAM UPPERB CINPUT sOUTRUT» TAPES=INPUT s TAPE6=0UTPUT)
PLANE STRAIN UPPER BOUND SOLUTION FOR EXTRUSION
PROGRAM CALCULATES VALUES OF XsOMEGA AND PHI BY ITERATIONsAND AL SO
CALCULATES THE LOAD REQUIRED

B = HALF EXTRUSION WIDTH

D = HALF INITIAL WIDTH

OM = ANGLE OMEGA

PHI = ANGLE PHI
X = DEPTH OF PENETRATICN
L

EeR = EXTRUSION RATIO

B8=060
EOM: 0.0
EPHI =060
C1=0.0
C2=060
C3=0e
C4=040
A1 =060
A2=0.0
A:O.o
D=0.0 -
OM =040 ) .
PHI=0,0 Ke
ALLOAD =00
X=0e60
N =0
J =0
ER =00
DiF2 =060
DIF1 =060
R20M =060
R1PHI =040
R2PHI =040
R10OM =060
1 READ (S+100) BsDeOMePHI o J
100 FORMAT (4(F10e4) 11}
IF(JeEQe9) GO TO 10
WRITE(6+99) BeDsOMPHI
99 FORMAT(1H1 +5X+2HB=1F10e4+5Xe2HD=9F10e495X»3HOM=9F 1064 95X e 4HPHI = oF
6044/7) '
A = D-B
CONVERT OMEGA AND PHI TO RADIANS
RIOM = OM/5729578
R1PHI = PHI/S57.29578
CALCULATE X -
8 Al = A#%¥2/(1e04+((A/B)IX(SIN(RIOM) ) *¥2))
Bl = B*A/(1e0+((A/BIX(SIN(RIPHI))#%2))
WRITE OUT Al AND 81 ~
WRITE(6+105) Al1eB1L
105 FORMAT(S5Xe3HA1=9¢F10e4+5Xe3HB1=2F10e4)
X = SQRT(A14B1)
N=N+1
CALCULATE AND WRITE OUT NEW ANGLES
EOM =(460%A%¥A)/((D+A)%X)
EPHI (4.,0%¥B)/(3,0%X)
R20M ATAN(EOM)
R2PHI = ATAN(EPH])
WRITE(6+101) R2OMsRZPHIWEOMIEPH ]

il



300 °

101 FORMAT(5X+6HOMEGA=9F 1064 45X 4HPHI=1F 104 495X 4HEOM=9F 100 445X+ SHEPHI
=4F10e4) :

DIFl= SORT((57429578% (R10M=R20M) ) %%2)
DIF2= SORT((57.29578%(R1PHI~R2PHI) ) *%2)

C WRITE OUT DIF1sDIF2 AND X FOR CHECK ON ITERATION
WRITE(69102) DIF]+DIF24X

102 FORMAT(SXeSHDIF1=sF 1064 15X eS5HDIF2=3F106495X92HX=9F10e4)

IF(DIFl el TeOeS5eANDsDIF2eLTo0el) GO TO 9
IF(NeEQe20) GOTO 9
Ri{OM = R20M

R1PHI = R2PHI - .
GO 70 8 )
C CALCULATE LOAD/K USING VALUES OF XsOMEGAsAND PHI
9 C1 = (2e0%AXX2)/(X¥(SIN(R20M) ) ¥%2)
C2 = (260%¥A¥B)/(X*(SIN(R2PHI) ) ¥%2)
C3 = (3.0%A)/TAN(R20M)
Ca = (3e0%¥A)/TAN(RZPHI)

WRITE(6+106)C1+¢C2:C34C4
106 FoRMAT(SXoBHCl—'Flu.abe»Sch—sFlO 495X e3HC3=9F 10e4¢5Xe3HC4=¢F 1044
6//77)
ALOAD = (260%#X)+((2s0%A%XX)/B)+C1+C2-C3-C4
C CONVERT ANGLES TO DEGREES
OM = R20MX57429578
PHI = R2PHI¥57.29578
C WRITE OUT RESULTS FOR EACH EXTRUSION RATIO
ER = D/B
WRITE (6+103)AsBsD +ER1XsOMsPHI + ALOAD
103 FORMAT(1H0025X'87H************************************************
PHHHREFHREH R XX R RF IR R HXHRRXRRRERFAXAXEX/ 26X [HX 185X e {H¥ /26X [H¥ 14X
292HA=3F104435X912HB=3F 1064 15X 92HD=9F 104 95X+ 16HEXTRUSION RATIO=9F 10
Be g 94X 1HX/26X9 1 H* s 85X 1H¥/26Xs 1H¥ 485X s [H¥/26X e 1H¥ 14X e 2HX=9F 10e 495X
493HOM=4F10e4 44X s 4HPHI= 9F 10¢4 ¢ 1 3Xe 7HALOAD=K sF 1C e 49 3X s 1H¥ /726Xy 1H* 180
SX o JH¥/ 26X G7HX¥HH XX HREXFF XXX RXF XA X AT XA HRFRFHXEXRRF R AKX XREATH R R HFXH
OHHHFHRKEKEFHHRXXEFXFRAXNRRFRRRRFXEX)
GO TO 1
C IF IT WORKS YOU SHOULD ARRIVE HERE IF NOT GIVE UP
10 STOP ‘
END

-
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THE EXTRUSION OF ATOMIZED ALUMINIUM
POWDERS*

T. Sheppardt and P. J. M. Charef

More than a hundred experiments have been performed to investigate
the extrusion mechanism involved and the effect of process variables on
the structure, substructure, and mechanical properties of the extrude
when processing atomized aluminium powder of varying mesh size. It is
demonstrated that extrusion pressure is largely independent of the final
properties and that the ductility of the extrude may be controlled by the
process variables. A mechanism that agrees with experimental observa-
tions is suggested to explain the extrusion mechanics. Transmission and
scanning electron microscopy results also support the theses presented.

TuE production of metal parts from aluminium powders has been
hindered in the past to a considerable extent by the high cost of SAP
powders. The advances made in atomization of metal powders has
overcome this main obstacle, though it is clear that because the
Al;O3 content of these powders is somewhat lower than that of the
original SAP the tensile properties of the final product are corres-
pondingly less.

A convenient process which ensures that powder compacts form a
homogeneous solid product is extrusion, which can combine high- or
low-temperature working with large reductions in area. Thus, sintering
can, in general, be eliminated from the production sequence. The
resultant material consists of an aluminium matrix, dispersion-streng-
thened by very fine AlpOg particles. Most of the work published so far
has been concerned with the extrusion of SAP-type powders and
usually the influence of process variables has been ignored.

In recent work by Hansen,!»2 atomized powder was blended with a
fine oxide powder to yield a dispersion-strengthened material possessing
high tensile properties. The process variables were, however, only super-
ficially investigated and the experiments appear to have been limited in
number. The majority were conducted at 500°C (773 K) using an ex-
trusion ratio of 15:1, but no details were reported of the extrusion
process and the control achievable during the process. It should be
noted that container surface conditions and temperature as well as die

* Manuscript received 29 December 1971.
t Metallurgy Department, Imperial College of Science and Technology, London.

POWDER METALLURGY, 1972. Vol. i5, No. 29.



18 Sheppard and Chare: The Extrusion

lubrication can have important effects on both the surface quality and
the mechanical properties of the extrude. In addition, the preparation
technique has usually involved hot pressing before extrusion, which of
course has important connotations when considering the economics of
production.

This paper reports the results of well over a hundred experiments,
conducted under completely reproducible conditions.

Experimental
Material
Two different batches of atomized aluminium powder were used, one
& —300 mesh powder and the other having a mesh size as shown in
Table 1.

TaBLE 1
| !
Size, um Wt-% | Wt.-%
-A V3
+105 9-7 0-55
—105+475 234 0-65
— 75463 126 1-1
— 63453 21-5 13
— 53445 11 1-8
—45 21-8 19

The surface area of each powder was determined by a BET? analysis
and the natural oxide content was obtained by a standard wet analysis
and difference technique. This involved establishing the Al content by
reducing a suitable volume of Fea(SOy4)s in sulphuric acid solution under
a COg atmosphere and determining the Al by permanganometric titra-
tion of Fe. The samples were checked for Cu, Mg, Mn, and Si impurities
and the AlaO3 content obtained by difference. The results are shown
in Table II for powders A-B.

TasLe 11
Powder BET Wt.- %
Valve, Al 0,

m*/g

Aluminium A, 0-333 19
—53 um
Aluminium B 0-168 11

To investigate the effect of particle size, powder B was sieved into
various mesh fractions (the same as those listed in Table I) and these
used as the raw powder for the extrusion process. The mesh fractions
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shown in Table I were then converted to a mean mesh size. This careful
characterization of powders ensured that the starting material was
completely uniform and reproducible—a factor overlooked by many
previous workers.

Preparation for Extrusion
The only preparation required was to compact the powder mass to
859%, theoretical density before extrusion.

Extrusion

Extrusion was performed on a 5 MN (500 tonf) extrusion press having
a nominal 76 mm (3 in) container. The innermost sleeve of the com-
pound container was removable so that a close check could be kept on
surface condition and the sleeve replaced if necessary. The dies used
were square edged and reduction ratios of 5, 10, 20, 30, 40, and 50 were
investigated. Billets for extrusion up to 300°C (573 K) initial tempera-
ture could be heated in situ by 12 kW heaters situated on the peri-
phery of the container. Temperatures in excess of this were achieved
by air-heating the billets in a furnace situated adjacent to the press and
transferring them to the heated container. The extrusion speed,
which governs the prevailing strain rate, was controlled at low speeds
by contraflow direct pumping and at high speeds by accumulator
drive.

Thus, the initial temperature could be controlled closely and the
important variables (reduction ratio, initial billet temperature, and
strain rate) studied comprehensively.

The hydraulic press is equipped with a strain-gauge load-cell and May
indicator, also Penny and Giles speed and displacement transducers,
which are connected to both digital and XY recorders. Load dis-
placement and speed records were therefore obtained for each
experiment.

Lubrication

Initial experiments indicated that die pick-up was leading to a very
pronounced fir-tree surface defect. This is illustrated in Fig. 1, which
also shows the remedial effect achieved by inserting a small aluminium
pad on the die face before extrusion.

Preparation of Specimens for Mechanical Testing and Microscopy

There occurs a progressive change in the structure and mechanical
properties along the extruded length; therefore, to ensure a degree of
uniformity during testings, the specimens were taken from the same
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size (No. 14). The tests were performed on an Instron tensile-testing
machine equipped with a Haddow split furnace for the high-tempera-
ture tests.

Macrohardness tests were made on a standard Vickers machine using
a 2 kg load. Specimens for hardness testing were prepared by electro-
lytic polishing and etching and measurements were made on transverse
sections at ~1 mm intervals.

Results and Discussion

The results of the experiments conducted are shown in Tables
ITI-VIH.

Load/Displacement Diagrams

A typical output trace from the X-Y recorder is shown in Fig. 2.
The diagram can be divided clearly into two regions, the compaction
zone and the normal extrusion zone.

3.0 . . 1 ' . .
25 | ]
20 L P Ak P |

P L T
’
i
w5 ! Powder billet )
]
L S Solid billet
1

o~

e o [/ |

=

Z / Reduction ratio 321

I ‘

] / Rom speed 7477 mm/s

305t ' ° -

4 Temperature 300 °C
’
7,
i i i 1 1 1
0 1 ) 3 3 5 3 7

Ram displacement, cm

F1a. 2. Load/ram displacement diagram.

In the compaction zone, there is a non-linear increase in load until the
billet attains 100%, density. This was checked by stopping the ex-
trusion at this point and measuring the density. The loads recorded at



TasLe 111
Powder | Extrusion Ram Initial Extrusion | Hardness, Mechanical Properties
Ratio Speed, Billet Pressure, HV
mm/s | Temp.,°C | MN/m? Room Temp. 400°C
0-2% Tensile Elon- 0-2% Tensile Elon-
Proof Stress, gation, Proof Stress, | gation, %
Stress, MN/m? % Stress, N/m?
MN/m?* N/m?
B 5 68 300 407-4 38-8 105-9 115-1 4 — — —
10 777 304 527 42-3 102-3 128-5 21-9 29-8 36 184
20 516 271 565-7 40-7 89-5 143-9 30-8 31-1 333 214
20 7-93 305 584-6 41-8 101-7 126-7 24 28-6 353 174
30 6-48 297 596-2 40-6 97 135-4 29-9 30-8 36-2 21-2
30 7-77 302 564-6 41-7 93-3 129-6 28-4 29-8 399 207
40 544 285 627 40-8 87-3 133-4 28-6 28-8 34 19-3
40 7-87 300 648-8 42-6 103-8 1364 288 292 341 20-2
50 545 300 688 40-7 100-4 1385 27-5 —_ —_ —
50 545 300 662 424
B 10 5-26 285 541-6 455 136-4 158-2 23-4
10 777 287 553-6 45-8 130-4 156-8 22-9
20 777 300 695-3 46-3 127-3 157-5 22-8 44-3 57-2 10
30 7.77 297 697-5 46-5 125-3 160-7 24-4 454 58-5 18-6
40 7-62 297 721-8 465 119-8 153-6 22-1 457 55-4 13-4

6

UOSNLTI oY T -240Y)) pup pinddoyg



TasLE IV

Powder | Extrusion Ram Initial | Extrusion | Hardness, Mechanical Properties
Ratio Speed, RBillet Pressure, HY
mm/s | Temp.,°C | MN/m? Room Temp. 400°C
0-2% Tensile Elonga- 0-2% Tensile Elonga-
Proof Stress, tion, % Proof Stress, tion, %
Stress, MN/m?* Stress, MN/m?*
MN/m? MN/m?*

B 30 5-36 150 971-9 484 137-3 168-7 16-9 29 384 17-1
30 6-71 150 9211 485 142.7 154 20-6 29-5 374 12-8
30 5-16 203 827-7 457 131-1 166-7 227 — —_ _—
30 7-62 200 801-6 46-8 128-6 144-8 17-8 29-4 384 15-5
30 5-26 250 659-2 45-6 113-3 158-2 26-3 30-5 375 19-2
30 79 250 659-8 45-6 117-3 1399 23-4 29-8 42-7 20
30 5-26 277 611-5 40-9 103-1 139-7 281 30-2 359 23-2
30 391 295 580 42 95-1 1311 27-8 — — —
30 6-48 297 596-2 40-6 97 135-4 299 30-8 36-2 21-2
30 777 300 564-6 41-7 93-3 129-6 284 29-8 399 20-7
30 5-36 350 528-5 37-7 88-6 131-9 35-3 317 37-8 26
30 4-24 370 443 37-8 88-6 126-5 34-5 —_ —_ —_—
30 777 382 441 375 — — — — — —
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TaBLe V
Powder | Extrusion |Ram Speed,| Initial Extrusion | Hardness, Mechanical Properties
Ratio mm/s Billet Pressure, HYV
Temp., °C | MN/m? Room Temp, 400°C
029 Tensile Elonga- 0-2% Tensile Elonga-
Proof Stress, tion, % Proof Stress, tion, %
Stress, MN/m? Stress, MN/m?
MN/m?® MN/m?
A 30 3-91 200 964 52-8 1388 169-8 20-9
30 777 200 978-7 53-7 139-4 178-3 20-8 48-1 61 86
30 592 240 921 522 134-6 1684 20-6
30 838 250 887-9 51 136-8 164-6 20-6 479 59-5 7-4
30 5-92 280 813 487 131-2 164-7 20-2
30 777 297 697-5 46-5 127-3 1575 22-8 454 585 18-6
30 7-48 300 728 46-4 1227 167-8 22.2
30 5-92 310 635 46-2 124-6 163-2 22:9
30 7-62 320 588 46-5 124-4 160-2 24-8
30 3-91 340 5785 46 113-3 143-3 24-7

¥o
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TasLE VI

Powder | Extrusion |Ram Speed,! Initial Extrusion | Hardness, Mechanical Properties
Ratio mm/s Billet DPressure, HV
Temp., °C [m* Room Temp. 400°C
0-2% Tensile Elonga- 02% Tensile Elonga-
Proof Stress, tion, % Proof Stress. tion, %
Stress, MN/m? Stress, MN/m?
MN/m?* MN/m?*

B 30 1-24 285 543-4 40-1 956 135-3 29-8 28-1 35-4 17-5
30 2-54 305 552-8 41-3 98-5 135 27-9 25-6 29-1 22
30 3-91 295 580 42 95-1 1311 27-8
30 526 277 611-5 40-9 103-1 139-7 28-1 30-2 35-9 23-2
30 6-48 297 596-2 40-6 97 1354 29-9 30-8 36-2 21-2
30 vk 300 564-6 41-7 93-3 120-6 28-4 29-8 39-9 20-7
30 13-57 289 614-1 41-5 103-3 132-3 25-9 30-5 356 19-7
30 13-57 306 563-7 41-6 98-6 1324 28-3 329 39-4 22:3
30 13-57 279 681-4 41-6 98-6 134-8 27-3 30-2 356 23-6
30 248 290 669-6 41-5 103-2 124-8 253 30-2 374 19-8
40 2-49 297 543-8 40-9 875 129 28-7 — — —
40 544 285 567 40.1 87-3 1334 286 26-8 34 19:3
40 7-87 300 648-8 42.6 103-8 136-4 28-8 27-2 34-1 20-2
40 11 293 749-1 40-7 104-4 142-2 27-4 26-2 34 18-3
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TasLE VII
Mean Extrusion |Ram Speed,| Initial Extrusion | Hardness, Mechanical Properties
Particle Ratio mm/s Billet Pressure, HV
Size, pm Temp., °C MN/m? Room Temp. 400°C
0-2% Tensile Elonga- 0-2% Tensile Elonga-
Proof Stress, tion, % Proof Stress, tion, %
Stress, MN/m* Stress, MN/m?
MN/m? MN/m?
430 30 5-36 300 443 29-5 56-9 88-2 39-7 16-5 23-2 378
310 30 5-28 300 460-6 32-6 68-8 1044 35-4 22-2 28-8 36-4
200 30 544 300 504-2 36-1 80-1 119-4 30-4 270 33-6 31-6
120 30 5-22 301 497-8 38-5 86:3 124-4 29-3 29-7 37-8 32-2
120 30 872 288 594 385 95-5 136-7 28-1 — — —_
90 30 6:15 280 561-3 40-2 98 136-9 27-9 — — —
90 30 5-36 301 519-8 39-3 90 136 28-8 27-5 30-8 22-6
69 30 5-54 290 578-8 40-9 95-8 137-6 28-8 27-3 297 23-7
69 30 583 310 522-2 41-1 95 134-2 27-1 26-2 316 19-6
58 30 5-26 280 563-5 41-6 95-8 144-1 29:0 354 39-3 226
58 30 5-26 280 681-4 414 100-6 147 26-7 31-1 36-1 17-1
49 30 5-26 270 605 43-2 104-8 152-5 26-5 — — —
49 30 - 5-26 300 648-2 434 106-9 1577 26-1 33-8 37-8 18-8
25 30 8:76 287 698-9 44-6 129-5 168-4 26-1 — — —
25 30 5-36 300 664 44-3 129-1 169 26-5 42:1 45-2 13-9
22 30 777 300 697-5 46-5 125-3 166 24-4 — — —
22 30 748 300 728 46-4 122.7 167-8 22-2 — — .
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TasLE VIII
Initial Extrusion |Ram Speed,| Initial Extrusion | Hardness, Mechanical Propertics
Relative Ratio mm/s Billet Pressure, Hv
Density Temp., °C | MN/m* Room Temp, 400°C
0-29%, Tensile Elonga- 0:2% Tensile Elonga-
Proof Stress, tion, % Proof Stress, tion, %
Stress, MN/m* Stress, MN/m?*
MN/m? MN/m?
0-68 30 5-48 297 566-8 40-4 95-5 139-1 26-9 29-6 366 224
0-77 30 6-45 300 582-3 40-4 96-8 135-9 27-6 29-8 34 21-6
0-82 30 6-45 299 597-8 40-8 96-7 136-5 29-7
0-87 30 6-48 297 596-2 40-6 97 153-4 29-9 30-8 36-2 21-2
0-93 30 6-09 301 591-6 40-4 96-4 134-5 30-5
0-94 30 6-09 299 569-1 40-6 97 135-7 27-3 29-9 35-7 213
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100%, theoretical density are shown in Fig. 3, from which it is seen that
the pressure appears to be a linear function of log time. Thus, we
may write

p=315—2501og T

Although the pressure required for maximum density would appear to
be an important parameter in all hot-pressing operations, this is, to the
authors’ knowledge, the first time a pressure/temperature relationship
has been expressed in this form.

350 v

300 |

250 L

200 §

150 |

Pressure, MNjm 2

100 |

25 3
Log Tomperature,°C

F1a. 3. Compaction pressure as a function of temperature.

Extrusion Load

The maximum load during extrusion is somewhat higher than that
recorded when extruding a comparable commercially pure solid billet.
It is, however, only some 109, higher, whereas the yield stress of the
product may be three times that of the commercial material at an equi-
valent temperature.

It is thus evident that conventional theories predicting extrusion
pressure do not hold for the powder process. The total extrusion pres-
sure will still consist of three components, viz:

(a) The homogeneous work of deformation representing the least
work required to produce deformation.

(b) The redundant work.

(¢) The work against friction.
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It is clear, however, that both the redundant work and the homo-
geneous term will no longer be properties of the product but will be
dependent on both the final properties and the powder properties.
This may best be illustrated by referring to an idealized upper-bound
solution for plane-strain extrusion. Although the same mathematical
analysis does not apply in axisymmetric extrusion, the fundamental
principles are not altered. Fig. 4 shows an upper-bound solution of the

(b 4]

{a) d
a

7

hodograph

c

physical plone

Fia. 4. Simple upper-bound solution for a 30:1 reduction ratio. (a) Physical
plane; (b) hodograph.

type obtained by Johnson? and supported experimentally by Sheppard
and Raybould.® The principle of an upper-bound solution is that the
extruding material is assumed to consist of a number of rigid blocks of
uniform quasi-static zones, bordered by velocity discontinuities. Thus,
referring to Fig. 4(a), material approaching the velocity discontinuity
AB at velocity ugq is forced to move parallel to the dead zone boundary
throughout the region ABC. On encountering the discontinuity BC,
the material then leaves the extrusion chamber at velocity ug,. It is
possible that the diagram could be refined by the addition of further
discontinuities. From this diagram a hodograph (Fig. 4(b)) can be con-
structed, which must be kinematically admissible. An upper-bound
solution giving the pressure required for homogeneous deformation and
redundant work can be obtained by considering the work done at each
discontinuity. Thus

pd = kinitial @b A B+ kgpa1 be BC

Tt is evident that the reason for the lower extrusion pressure is that the
yield stress of the material varies considerably in the quasi-static de-
formation zone. At the first discontinuity the yield stress iitia will be
low because the modus operandi will be a shearing of the newly formed
welds in the powder compact. Kinitia1 Will therefore be more closely
connected with powder properties than with the final material pro-
perties. On the other hand, at the discontinuity BC the compact should
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have acquired the properties of the final material and one can expect
that kap, will be related closely to the yield stress of the extrude.
Nevertheless, the material does not behave in this discontinuous manner
and the process actually occurring is one of continuous breaking and
rewelding of the particle contacts. This gradually redistributes the
oxide and with each successive breaking increment the process becomes
more difficult until the material reaches BC, where the deformation is
by shear only as in the conventional extrusion process.

Fig. 5 shows for powder B extruded at 300°C (573 K) that the ex-

1000 T T T

900

800

700 L

600 .

500 *

400

Extrusion pressure, MN/m 2
1

0 L L "
1 2 3 4

Loge Reduction ratio

Fre. 5. Extrusion pressure as a function of reduction ratio.

trusion pressure is in fact still a function of In R as in the conventional
extrusion process. From this we may write

p =1604+7061n R

It was also found that the extrusion pressure did not vary with the
extrusion punch speed (i.e. strain rate). It is accepted that during
conventional mechanical working there exists a relationship which
shows that the yield stress of the material (and hence the extrusion
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pressure) increases as the strain rate increases. This indicates that the
final “solid” properties must develop at the exit end of the quasi-static
zone, for if they did not then the material would exhibit strain-rate-
dependence. Table IX shows clearly that for powder B the minimal
variation in extrusion pressure is within accepted experimental scatter.

TaBLE IX
Powder Ram Speed, Extrusion Pressure,
mm/s /m?
B 1-24 543
2-54 553
5-26 612
6-48 596
777 565
13-6 588
248 602

Figs. 6 and 7 show that the extrusion pressure varies with the ex-
trusion ratio and the extrusion temperature in much the same way as a
conventional billet would behave. The main exception is that there is
less increase of pressure with increase in extrusion ratio than one would
expect. This is in agreement with the model proposed above. Fig. 8
shows that the extrusion pressure is much higher for small particles than
for large ones, suggesting that far more redundant work is required.
The larger surface area will result inevitably in the formation of a greater
number of welds and consequently more work will be required to shear
them during the ‘ powder-properties’ phase of extrusion.

1000 T T v T
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Extrusion pressure, MN/m2.
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5 10 20 30 40 50

Reductian ratia

Fic. 6. Variation of extrusion pressure
with reduction ratio.
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Fia. 7. Variation of extrusion pressure with
temperature.

Extrusion pressure, MNjm?
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F1e. 8. Variation of extrusion pressure with
mean particle dia.

Mechanical Properties of the Extrude

Fig. 9 shows the variation in yield strength at room temperature and
400°C (673 K) with mean particle dia. The results are in agreement
with previous work2.6-8 and show a considerable increase in proof stress
and decrease in elongation (¥ig. 10) when the particle dia. is decreased
and, hence, the oxide content increased. These results were obtained
for rods extruded at 300°C (573 K) and 30:1 reduction ratio.

The reduction ratio had little effect on the hardness, elongation, or
proof stress (Table III). However, material extruded at a reduction
ratio of 5:1 was found to be extremely brittle and a ratio of 10:1 was
required for the powder to attain its maximum properties. Thus, it is
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Fic. 9. Variation of proof stress (0-29,)
with mean particle dia.
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Fra. 10. Variation of elongation with
mean particle dia.

clear that there is a transition reduction ratio below which it is im-
possible to develop full material properties. This ratio must be a
function of the deformation zone, which is smaller and has fewer
velocity discontinuities for lower reduction ratios. There will be a
tendency, therefore, to prolong the ‘powder-properties’ region and
shorten, or annihilate, the ‘final-properties’ extrusion zone.

Table VI indicates that the ram speed has little effect on the pro-
perties of the extrude. This may be an important observation and will
be discussed later.

The initial billet temperature plays an important role in the develop-
ment of final properties. The room-temperature proof stress falls
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considerably with increase in the extrusion temperature as shown in

Fig. 11, which indicates

W
=}

=3
o

S50

Proof stress(0+2%), MN/m 2

also that proof stress at 400°C (673 K) is un-

s Powder A
e Powder B

Fic. 11.

i 1 /]
0 100 200 300 400
Temperaiure,*C

Variation of proof stress (0-2%,)
with temperature.

affected by this parameter. This trend has been noted previously? and
the explanation given was that the subgrain-strengthening was in-

effective at 400°C. The
can, however, be consid
peratures (Fig. 12).

elongation at room temperature and at 400°C
erably improved by extrusion at higher tem-
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30 [ eo Powder B B
ie RT
a0 400°C
20 | . ~
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g
§ 0 L i
& b
0 1 1 L
0 100 200 300 400
Temperature, °C
Fic. 12. Variation of elongation with

Fig. 13 shows a plot of

temperature.

proof stress vs, the square root of the particle

dia. at room temperature and at 400°C. From these results it can be
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Frc. 13. Proof stress (0-2%) at room temperature and 400°C as a
function of particle dia.

seen that there exists a linear relationship and one can write a Petch:
type equation
a = (a0')+ky dp~t at 400°C

and o = (g0")+ ke dp~*t at room temperature
k=14 ko = 445
o = 11 oo” = 48

where g is the proof stress (0-29).
The values for gg were obtained by extrapolation.

Transmission Electron Microscopy

Figs. 14 and 15 show the results of scanning electron microscopy on
the original grains and Figs. 16 and 17 show a typical microstructure
obtained when extruding at 300°C. The discontinuous nature of the
original oxide film resulting from the large thermal stresses on cooling
is evident and it can also be seen that the individual particles have had
insufficient time to acquire their minimum-energy spherical shape.
During extrusion the original oxide envelope can be observed to have
broken up and formed a skeleton around each elongated needle-like
grain (i.e. A in Fig. 17). The apparent presence of oxide in the middle
of grain A is most probably caused by debris from an adjacent grain due
to the orientation selected during the thinning operation. Dynamic















40 Sheppard and Chare: The Extrusion

of dislocations occurs because of the differing nature of deformation in
the two processes.

During powder extrusion, particles in intimate contact must first
exhibit welding at the interface; the interface must then extend before
theoretical density is reached. The welding must be accompanied
by very high local temperatures; this effectively ensures that a powder
compact cannot be cold worked in the accepted sense.

Conclusions

(1) The achievement of 100%, density during the extrusion process is
governed by the relationship

p=314—247T (T in °C)

(2) The deformation during extrusion of metal powders occurs in a
quasi-static zone that may be divided into two merging regions——
‘powder properties’ and ‘final properties’.

(3) The law giving extrusion pressure required for aluminium
powders may be written

p=160+70-61n R

(4) The extrusion pressure required is much less than that for con-
ventional properties and is also independent of strain rate.

(5) There is a transition extrusion ratio below which coherent
material may not be obtained.

(6) Materials with a proof stress up to 3 times that of a conventionally
produced material at room temperature may be produced by the ex-
trusion process, simply and economically. At 400°C (673 K) this
property becomes seven times as great. Elongation may be improved
by extrusion at elevated (400-500°C, 673-773 K) temperatures.

(7) There is a relationship between original particle size and final
proof stress given by:

o = 48+44-5dp~1 at room temperature
o= 11+14dp=t at 400°C

(8) During extrusion, welding and rewelding represent a continuous
process giving rise to high local temperatures and consequent dynamic
recovery.

(9) The oxide skeleton surrounding the final grain structure varies
with initial particle dia.; the smaller the particles the thinner is the
consequent film,

The fact that the extrusion pressure is largely independent of final
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properties has important connotations, especially for those allovs that
are stiff and difficult to extrude. Coupled with the observation that
extrusion pressure is independent of strain rate, this may well mean
that extrudes of such alloys can compete with normal commercially pro-
duced solids. Thus, this represents a fertile area for research, which is at
present being vigorously pursued at Imperial College.
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