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SYNOPSIS

A research programme was set up to investigate the effects of
a number of process variables on the structure and selected properties
of a hot forged alloy of Copper - 10% Nickel powder compacts and to
examine the processes occuring during the hot forging operation.
X-ray analysis was also performed on a range of compacts to study
any variations in homogeneity resulting from the use of different

powders and process variables,

The variables selected for the investigation were those of forging
temperature, initial powder particle size and initial powder particle
size ratio. A systematic tabular method was employed in the analysis
of the results to identify those variables and interactions of variables
which had the most significant effect on the properties of the final

forgings.

It was obscrved that the most significant factor involved in the
operation was that of forging temperature, however serious
consideration must also be given to the initial particle size. In some
cases the effect of the latter variable was seen to be reversed by
using different powders. The X-ray analysis proved that the
homogeneity of the forgings made from both types of powder was
almost identical. The differences in mechanical properties were
considered as being due to the variation in preforging homogeneity
between the compacts giving varying degrees of recrystallisation.

Explanations are offered for the observations made.

The metallographic examination served to confirm the observations

made from the results of mechanical testing and X-ray analyses.

¥
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CHAPTER 1. THE POWDER FORGING PROCESS

Section I: Introduction to the Process

Powder forging is a process by which preforms made by
conventional powder metallurgy techniques are hot forged in closed
impression dies. It is considered as being one of the metal working
techniques based on the use of powders which offers the greatest
potential for widespread commercial exploitation. Ina way it is a
hybrid of the forging and conventional powder metallurgy techniques in
that it combines the best aspects of both processes. The ability to
easily pour metal powders into a closed die and produce a shape which
can subsequently be heated and forged again in a closed die illustrates
the basic nature of the process and reveals that its major advantage
over conventional methods is one of material saving. The basic route

for the powder forging process is shown schematically in Fig. 1.

Preparation of the powder to be compacted is the first step; this
involves, if required, addition of internal lubricant such as graphite
and alloying elements to the base powder and carefully blend them
to give a homogenous mix. A carefully designed green preform is then
made from this powder by conventional powder metallurgy techniques.
The next stage involves the sintering or heating of the preform in
a controlled atmosphere and then either cooling, reheating and then
forging, or forging the preform direct from the furnace while it is
still hot. The sintering treatment depends on the length of time
required for diffusion of the alloying elements and whether or not there
is a need for lubricant burn off. During the hot forge the preform

assumes the geometry of the die, and the porosity is reduced to
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almost zero. The forged sample is then quenched in a suitable
media; any subsequent heat treatment necessary can be carried out

either before or after the quench.

Section 2: Relationship to Conventional Powder Metallurgy
and Hot Forging Methods

The conventional method of producing powder metallurgy parts
involves the preparation of a green compact by applying pressure to
powder poured into a die cavity that is suitably shaped. This compact
is then heated for a suitable time at a temperature that sinters the
particles together thus giving the part adequate strength to carry
loads in service. Included in the advantages of this process are the
high dimensional accuracy obtained with the complicated shapes formed,
elimination of most of the finish machining and the excellent surface

finish of the final product.

However, this process does have its drawbacks, such as the
cost of the metal powder, and although the preform produced is quite
strong its ductility and toughness are much lower than those of the
conventionally wrought materials. The reduction in mechanical
properties is due to the inherent residual porosity obtained by this
process. This residual porosity is extremely difficult to remove
but if the mechanical properties are to be improved this porosity must
be almost completely eliminated. Hot working is one sure way of
removing this porosity but the traditional hot compaction method is
inefficiently expensive and would not be applicable to producing large
quantities of engineering components. It is a slow and cumbersome
process which involves heating the powder by heating the die in which

it is enclosed. Not only does this consume time but a great deal of
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energy is wasted as well. The conventional method of producing high
strength materials is hot forging, but this again has its limitations
in that the final forgings are not always dimensionally accurate and

the material utilisation is poor.

Powder forging overcomes the difficulties and problems of
the previously mentioned processes giving forgings with high density,
dimensional accuracy and strengths that compare favourably with

the wrought material.

The production route for powder forging is compared with the

conventional method in Fig. 2.

Both methods have the same basic stages, the powder preform
being cquivalent to the billet in the forging stage. The main difference
is the number of actual forgings required. Conventionally, the hot
bar or billet undergoes a series of blows in a series of dies,
whereas in powder forging only a single blow is required in one set of
dies to obtain the finished product. Because of the number of forgings
needed by conventional methods a large amount of subsequent machining
is required, but in the powder forged product only a minimal amount

of machining is needed to remove the flash.

Section 3: The Technical and Economical Advantages of the
Process

The economic justifications of the powder forging process stem
from the less complicated and more efficient forming techniques which
alone help to balance out the greater initial cost of the raw materials.
Probably the greatest advantage of the process is the fact that it does
not result in as much waste material as in conventional forging (1).

This is because in powder metallurgy forging, the material flows into
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pores, whereas conventionally, forging dense material to a smaller
volume moves the material to the outside resulting in waste. It

is this saving on waste material that can reduce or even eliminate
the initial price difference between the powder and wrought bar

or billet. This is especially pronounced in the case of the more

expensive materials such as titanium and aerospace alloys. (2)

The simplified forging route means that a single forging stroke
can replace the three or more forging blows required in conventional
forging. Not only does this increase production rates but it also
gives rise to other advantages. These include less die and tool
wear due to the decrease in number of forging strokes, also, as the
compactability of a porous billet is greater than a solid one the
terﬁperature and pressure of compaction need not be so high - this

again reduces wear. Because of this reduction in forging pressure

and temperature, smaller presses can be used.

Diminishment inthe amount of shop noise is another result of the
reduction in number of forging strokes. Multisequence tools and
the intermediate heating apparatus used conventionally would not
be needed in powder forging giving yet another cut in tool costs.
However, the tools and dies used in powder forgings are more
complex and expensive and this must be considered while assessing
the overall economics of the process. Component detail and surface
finish of powder forgings such as in gear teeth and connecting rods, is
much better for a given load than in conventional forging and sometimes
completely eliminates the need for any finish machining. Again, as
a protective atmosphere is used during the heat treatment of porous
powder preforms, any surface decarburisation or oxidation is greatly
reduced so that no surface finishing is required. In this way

machining costs are substantially lowered.
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Forgings with accurate, consistent weights can be produced
because the amount of powder used to produce the preform can be
accurately monitored. (3) Compared with conventional forging this
involves a substantial saving e.g., for the manufacture of an
automative gear, less than 400 gms. would be used for the powder
forging whereas nearly 1200 gms. of steel would be required to make

the same blank conventionally.

One disadvantage of the process is the need to install protective
atmosphere apparatus necessary during the heat treatment of the
preforms to reduce oxidation which might give grain boundary aligned
inclusions on forging, thus reducing toughness. The conversion of the
shop floor to accommodate suitable apparatus would not only involve
a great expense, but also there might be a need for additional floor
space to 'house' this equipment. At present, however, the main
disadvantage of powder forging is still the higher price of metal powder.
Nevertheless, it is expected that as the demand for powder metallurgy
products increases, and the price of wrought steel billet rises, there
will eventually be a decrease in the initial price differential between the

two processes.

Section 4: Applications and Properties of Powder Forgings

The products of powder metallurgy forging are basically those
that have been produced by conventional methods. Included in these
are automative gears, drive shaft flanges, and connecting rods, (3) (4)
(5), other components now manufactured as powder metallurgy products
are side gear blanks, toothed belt pulleys, universal joint inner races

and many others. (6)

There are many reports on the properties of powder forged
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materials and many of these reports include comparison
between powder forged and wrought products. Generally the properties
of powder forgings have been shown to be at least as good as the wrought

product for many materials. (5) (7) (8) (9) (10)

Ductility, fatigue and impact performance of powder forged
steels have been found to compare favourably with the wrought material
as long as the non metallic inclusion level is controlled and full density

is obtained. (5) (11) (12) (13) (14) (15)

A recent report by the Aluminium Company of America (10) shows
that the properties and performance of some aluminium powder forged
parts compare excellently with their wrought counterparts and in some

cases were event better than those produced by conventional methods.

The fatigue life of gear teeth produced by powder forging (16) is
greater than those machined from conventional forgings, because of
the ability to forge close tolerance radii at roots of gear teeth and
around stress areas in functional parts. Another important factor in
the increased fatigue'life of powder forged components is the smooth

surface obtained from the low temperature forging.

Tauenblat and Goller (17) have shown that parts with excellent
electrical conductivity can be made by powder metallurgy techniques,
other electrical and mechanical properties of these parts are similar
to those of the wrought material. Included in these products are

armature bearing blocks and contacts for circuit breakers.

The grain structure of a powder preform is inherently smaller
than that of a casting and this difference prevails in the completed
forging (18) (19) (20). The plastic flow associated with conventional

forging gives a highly oriented grain structure resulting in reduced
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impact and ductile properties in direction transverse to rolling. Planes
of weakness also occur due to the presence of elongated sulphide and
silicate inclusions. Powder forged products however have a randomly
oriented grain structure giving isotropic properties. The relatively
small grain size of powder forgings is normally advantageous for
strength and ductility at low temperatures, whereas for materials such
as superalloys used at elevated temperatures this is a serious
disadvantage as a larger grain size minimises grain boundary sliding.

This leads to an improved high tempefature creep strength.

At present, however, many experts believe that the main market
for powder forgings will be in the higher price range alloys. (18) (21)
Several manufacturers of tool steels have developed powder metallurgy

methods for producing billets based on isostatic pressing and then hot

working by rolling or extruding. In conventional forging the segregation
tendancy increases as the alloy content increases hence resulting in

a decrease in ductility during hot forming. However, in powder forged
billets there is virtually a complete absence of segregation as each
particle is in fact acting as a miniature ingot. Highly alloyed materials
also incur the problem of a decrease in the temperature range available
for forging as the alloy content increases - this is because the resistance
to deformation at forging temperature increases with higher alloying

content.

An important group is the Co and Ni based superalloys used for
gas turbine blading. With the increase in demands on creep strength
and oxidation of turbine blades, alloying compositions have become
much more difficult to forge - so much so that some of the most
refractory materials available at present cannot be forged at all and

must be cast.
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Powder metallurgy techniques have overcome these difficulties
and there are examples of previously unforgeable alloys that can now
be rolled from stock prepared by powder compaction. (18) There has
been a great deal of interest shown in the development of 'superplastic
forging', especially in the field of dispersion hardened alloys which
caﬁ only be produced by powder metallurgy. (23) (24) The formation of

turbine discs from IN - 100 is an example of this application.

Nevertheless it should be observed that superalloy components
produced from powders are made by a process based on the forging
of extruded stock and not on the hot compaction of powder directly to
the desired shape. "I‘he problem of interparticle bonding or
deoxidation of the particle surfaces is much greater in the case of direct
forging than in extrusion because of thé lower amount of shear occuring.
However, some alloys with acceptable properties have been formed

without the use of extrusion.
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CHAPTER 2: IMPORTANT VARIABLES OF THE PROCESS

Section 1l: The Effect of Preform Shape

One of the most challenging variables in the powder forging process
is that of preform shape, it largely determines whether the component
can be successfully forged or not. The design adapted is dependent
on a number of factors; the component complexity determines the
extent to which the preform must correspond to the completed forging.
Load requirements are influenced by the extent to which metal must be
redistributed, hence the press capacity must be considered. Other
considerations include the forgeability and green density of the preform,
powder characteristics and forging temperature and die wear are also
important and must be taken into account when the economics of the

process are examined (3).

Technically and economically, simply shaped preforms are the
most desirable but for the forging to be successful a more complicated
shape is often required. It is cleaf therefore that the two major types
of preform are plain slugs that bear no resemblance to the final forging
or a well shaped preform that closely resembles the final shape (4),
(25), (26). A plain shaped preform is easier and cheaper to produce
than a complicated one; for the final shape to be generated by flow
of the material a low density preform is advisable so that the material
flows under the lightest loads. It has been suggested that the use of
large deformation is advantageous in healing porosity and that the
fact that a great deal of flow can take place at relatively low forging
loads is another desirable attribute (27). This plastic flow is thought
to assist in the early elimination of porosity and seal up cracks that
are formed in the early stages of deformation in such a way that they
are virtually invisible (4). However, planes of weakness could result

if any oxide present on the particle surfaces was not completely reduced
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prior to the forging operation. It could also be argued that the
mechanical properties of forgings produced from low density preforms are
lower than those produced from preforms of higher density and that
excessive flow during the deformation could cause hot tearing. Since
the danger of cracking outweighs the advantage of easy flow at low
pressures, it may be best to use a preform with intricate detail and
close tolerances. When complex components are to be forged, the problem
of balancing the forces so that uniform density results at the end of the
stroke arises. In this case a high density preform would be more
suitable as the movement of material in sheltered areas need not be so
high. The actual forging step and necessary tooling would be simplified
substantially, better dimensional control could be achieved but it
would generally be more expensive to produce this type of preform. It is

therefore clear that a compromise must be achieved between the two

possibilities to obtain a forging which has the optimum desired properties.

Davies and Dixon (32) maintain that one of the main criteria of preform
design is to avoid the flow of metal between two different sections of the
component (such as barrel and stem) during the forging operation. If
this cannot be avoided then there is a possibility that cracks or folds may
occur at the change of section. This means that the mass of metal in
the barrel must be the same as that required in the final forging so
that it is the initial preform density that controls the height of the barrel;

in a similar way the width of the stem can also be controlled.

Halter (28) used a plasticine model to find the optimum preform
shape to forge a gear so that the best properties could be obtained.
He observed that with a slug type preform a high flow gradient occured
which could lead to the formation of shear cracks and the occurrence of
lapping; this would rﬁean excessive die wear. On the other hand, a

fully developed preform did not give enough flow resulting in a density
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distribution across the gear. From these results, Halter concluded that
because of ease of handling and best flow pattern, the intermediate shape

of a partially bevelled preform would yield the best forgings.

Similar work has been carried out by Kuhn and Downey (29) on
both the slug and embryo type preforms. In the former case they
propose that not only does the shearing action aid the normal pressure
in closing up pores, but it also increased the bond strength between
the opposite sides of the collapsed pores, thus giving an enhancement
in the soundness of the forging. Tests showed that impact resistance
increased as the amount of flow involved in reaching full density
increased. However, until the expanding 'surfaces reach the die walls
there is an increased likelihood of fracture by the development of
tensile hoop stresses. Once again a compromise between the basic
shapes is recommended for the production of a sound forging with

optimum properties.

Recent reports by Bockstiegel and Bjork (30) and Kuhn and Downey
(31) have shown that valuable indications of the features to be incorporated
or avoided in preform design can be obtained from simple and relatively
inexpensive model experiments similar to those previously mentioned

(28), (32), (29).

Section 2: The Influence of Preform Density and Weight Control

The influence of preform density is closely related to that of
preform shape and these factors must be given considerable attention
if powder forging is to succeed. Preform weight is also a critical
factor in that it must be controlled to within * 1% if the desired

dimensional control and density are to be achieved. Too little powder
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would result in forgings that are not fully dense, too much powder
would damage the apparatus. The preform density must be adequately
controlled to mihimise dimensionel and density variations of the hot .
preform. The former is particularly important with regard to rapid

insertion of the hot preform into the die.

Preform density or rather the porosity is the advantage this
process has over conventional forging in that the forgeability of the
material is vastly improved. It is the presence of porosity and
concomitant work hardening that are responsible for this improved
forgeability. Two processes are involved in the compaction of metal
powders (33); bulk movement of the individual particles at relatively
low pressures, and then plastic deformation of the individual particles.
To achieve high green densities, a significant degree of plastic
deformation is expected, and has been assumed by many to occur.
Increasing the compaction pressure increases plastic deformation and
also the resultant work hardening of the particles which means that
unless compaction is done at elevated temperatures, achievement of high

green densities becomes increasingly more difficult.

The problem of oxide penetration has been thoroughly investigated
by Cook (34); he observed that rapid oxidation occurred at 1140° C
(1413 K). For low density preforms oxidation had taken place on all
particle surface within 2 seconds at this temperature. High density
preforms were only oxidised to a depth of 0 070 inches for the same
time at the same temperature. He recommended coating the preforms
with graphite before forging as a solution to this oxidation problem.
Retention of the preheating or sintering atmosphere in the preform
porosity gives same protection from oxidation and if the preform is
forged quickly enough this atmosphere can protect both the interior and

surface of the preform.
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Work done by Dower and Miles (72) suggested that up to a limit
this internal oxidation is beneficial to the properties of the final forging.
They observed a decrease in tensile strength and yield point of extrusion
forged powder billets (Fig. 3) it was suggested that this was due to
a dispersion hardening effect caused by internal oxidation. Because of
the low porosity of the more dense forging, less oxide penetration
occurred giving a decrease in strength. Similar observations were
made at higher temperatures - increased strength was noticed due to

the greater oxidation tendencies at elevated temperatures.

However, most workers have concluded that preform density has
little, if any effect on the properties of hot forged compacts (25), (35),
(36), (37), (38). Cull (26) discusses the optimum density for powder
forging and points out that a few workers favour the high density
range, especially when forging powders which do not contain
combined carbon or those without a protective coating. Use of low density
preforms permits greater movement within the die cavity i.e.,
greater plasticity is exhibited than at higher densities. However, in
this case problems of hot shortness occur due to the tensile forces set
up during the forging deformation, shear stresses can also cause
cracking of low density preforms. A compromise must be found as
flow is often desirable because it facilitates the design of complicated
preforms and permit the use of less expensive compacting tools (38).

It must also be realised that porous preforms cannot give the same

degree of strength as a solid one. The former is more likely to crack when
subjected to tensile stresses. These stresses can be kept at a minimum

by matching the design of the hot forming tool with an adequately

designed preform.

Results obtained by Moyer (39) are in agreement with these
observations. He realised that flow is an important criteria in the

hot forging of powder compacts so he investigated the effect of forging
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different density preforms. Higher density preform densities were
found to achieve close to full density with lower strain, therefore
needing additional work to create the necessary flow. Flow is needed
to promote bonding at interfaces resulting from pore closure. In
the case of low density preforms most of the work given initially is
spent in collapsing porosity. Althougﬁ the amount of deformation given
to the forging is severe, little flow or shear occurs within the
deformed preform and again insufficient bonding occurs. It is clear then
from the above how an intermediate density preform gave the best

impact properties.

As with preform shape, the density of preforms is dependent on
the amount of flow required to produce the hot forged components.
The extent of flow and cracking tendencies must be carefully examined

before component manufacture is started.

Section 3: The Effect of Forging Pressure

One of the great advantages of powder forging over the conventional
method is the greater press utilization in that lower forging loads can

be used than those needed for solid billets.

Although the absence of flash is a strong contributor to the reduced
load requirements other factors also implement this reduction. Material
distribution is minimised as metal can be distributed in the preform to
where it is required, and the marked difference between forging
characteristics of a hot powder preform and wrought steel also induce
a reduction in load requirements. The load required depends on a
number of factors such as forging temperature, material used and the
shape and density of the preform. Halter and Rajan (76) pointed out that

the pressure needed to achieve a specific density could be significantly
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raised by using the correct die wall lubricant during the operation.
Fig. 4 shows a comparison of pressure/density relationship for a test

piece and a component.

A preform in the low density condition and at the appropriate
temperature starts to deform under relatively low forging pressures and
it is in this early stage of hot compaction that most of the component
detail is achieved. In fact very little flow takes place in the final stages.
As the theoretical density is approached then the forging requirement
rises - indeed, there is need for a significantly rapid rise in load
exserted to remove the last 2 or 3% porosity as the pore size decreases
(26), (40). Temperature has a strong influence on the load requirements
(38), (41), (42) and will be discussed later; the density/pressure curves
level off at values that are increasingly below the theoretical density as

the temperature of forging decreases.

During their studies of the forging of Aluminium preforms
Buckovecky and Rearick (78) observed that the terminal pressure had
an effect on the properties of the forgings. Preforms forged at
20,000 p.s.i. had lower values for tensile strength and elongation
than those forged at 50,000 p.s.i. The lower pressure was enough to
cause lateral metal flow to the die walls and increase the densities to
at least 98.5% of the theoretical value. They suggested that interparticle
bonding as well as the density was affected by the forging pressure
and this pressure must be adequate to completely densify the preform.
The interparticle bonding must also be sufficiently strengthened to

achieve consistently reliable properties in the forging.

" Fischmeister etal (43) found that the pressure forging density curves
for hot forging differ from those obtained in normal cold compaction
through the existence of a yield pressure below which no flow of
material and hence no densification occurs. This pressure can be

represented by the following equation:
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Ry = 115 Cog-K.fp¥)

yield stress of the pore free material, K is a constant and

%Y

fe

Von Mises yield criterion for plane strain. The effect of preform

volume fraction of the pores. The factor 1.15 derives from the

density becomes more apparent as the forging pressure increases. Denser
preforms require a higher pressure to achieve a given strain than more
porous ones but the density produced at this strain becomes much

higher for denser preforms than the more porous ones, i.e., it needs

less pressure to produce a given density for higher initial preform

densities (100).

The stress to produce a given strain can be represented by the

relationship,

oz R
where n = work hardening exponent which decreases with increasing

preform dénsity, (as the flow stress of a porous body iﬁcreases with
densification). Preforms of high porosity densify faster than those
that have a lower fraction of collapsible pores remaining.

In doing so, they gradually ap};roach the flow stress of the originally
less porous preforms subjected to the samé strain, but never quite
reach it. In their studies of hot forging powdered steel preforms,
Donachie and Church (44) found an interesting way of incréasing

P/M forging die life. They considered the densification of alloy

4640 as being typical of those alloys presently being used in the P/M
forging process. It was noticed that only 75% of the forging load was
needed to forge the.carbon free alloy of 4600 to a density equivalent

to that of 4640. For carbon free modified 4600, only 40% of the
forging load needed to produce an equivalent density in 4640 was used.
Similar results had been found by Pietrocini (59) who reported that die
life was increased from 20,000 parts per die to 50,000 parts per die by
reducing the forging load from 70 t.s.i. to 30 t.s.i.: (57% reduction).
3

A density change from greater than 7.8 gm. cm~3 to 7.6 gm. cm”~

was observed with this reduction. However Donachie and Church (44)
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state that an alloy having the flow stress of modified 4600 would allow
an equivalent increase in die life without an accompanying density
diminishment or degradation in properties of the forged component.
However, certain cirteria must be met before the forgings can

achieve useful mechanical propertics.

Section 4: Forging Tempecrature

Important contributions are made to the final forging temperatures
by both the die and preheat temperatures. In some cases where the
preform is relatively small compared to the die, the effect of preheat
temperature can be ignored, but otherwise this factor must be taken

into account.

Much work has been done on the effect of forging temperature on the final
properties of the forged material and the reports are varied and some
times conflicting. However, it is generally agreed that the correct
choice of temperature is essential if the desired properties are to be
obtained and maximum die life achieved. Failure to recognise the
importance of forging temperature would result in poor mechanical
and physical properties and high tool costs. The useful range over which
powder compacts may be forged is governed at both ends of the
temperature scale by a number of factors. At the lower end of the

scale the material exhibits reduced flowability to such a level that

shear cracks might be induced, higher loads would be necessary and
detrimental surface porosity would occur (28). The higher pressures
needed could lead to die erosion which would affect the close tolerances
required over a long run in the forming of delicately shaped gear teeth (4).

On the other hand, high temperatures give rise to lubrication

problems and thermal fatigue causes reduction in die life when there is
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too great a temperature difference between the die and preform (26),
(28). Another difficulty is controlling the carbon content in the heating

furnace - this would mean a more expensive furnace.

Working with iron powder Aren etal (41) found that the pressure
needed to give constant strain decreased steadily with increase in
temperature with no particular variation in the vicinity of the
transformation temperature. Also noticeable was the decrease in
U.T.S. and Yield Stress with increase in temperature again with no
variation in the vicinity of the phase change region. The grain size
was found to be strongly dependent on forging temperature, lower temperatures
giving a finer grain size. It was noticed that the strength and grain size
were related in accordance with the general shape of the Hall Petch
equation or : Oy + K,. ;'/ﬁ so that changes

in strength with temperature can be accounted for by grain size effects.

Similar changes in mechanical properties with the temperature have
been observed by others (32), (35), (36), (45) and as expected an increase
was observed in both the reduction in area and in the elongation to

fracture with a rise in temperature.

Maclean (42) also examined the effect of forging temperature on the
mechanical properties of both sinter forgings and powder forgings. At

the lowest powder forging temperature not all the carbon was taken into

solution, this demonstrates the temperature dependence of powder
forgings, i.e. higher forging temperatures had to be employed before the

powder forged properties were comparable to the sinter forged samples.

Varying results have been reported by researchers examining the
hot compaction of iron powder (32), (41) (46). Whereas Aren et al (41)
failed to find any variations in mechanical properties in the phase change
region, Davies and Dixon (32) observed a rapid increase in U.T.S.
between 900° and 950° C which was followed by a progressive decrease

in strength as the temperature was raised further. A similar decrease in
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micro hardness was observed at the same temperature which was in

keeping with the U.T.S. results obtained for open die forging.

For closed die forging however it was noticed that the lowest temperature
gave the highest strength and lowest ductility (Fig. 5) - the changes
in mechanical properties in this case were attributed to microstructural

changes and not the o ~7 ¥ transformation as in the open die tests.

Bosse et al (46) also observed changes in the mechanical properties
in the phase transformation region and noted that deformation of the iron
preforms was easier at around 850° C in the e phase than at higher
temperatures in the & phase. Corresponding to this maximum density,
the hardness is also a maximum and the grain size is at a minimum for
the same temperature. It was proposed that these results were due to

plastic deformation occurring at this temperature.

Mixtures of iron powder and carbon have also been used to observe
the temperature of forging on the properties of the forged material.
Bockstiegel and Olsen (38) found that in the case of Ni - Mo  alloyed
steel compacts, the densification achieved at temperatures above 900° C
appeared to be greater for compacts containing combined carbon compared
with those containing uncombined carbon, i.e. graphite. They explained
that this was probably due to the fact that graphite obstructs densification
and as its specific weight is lower than the surrounding steel, the
overall density of the compact is reduced. Keeping this in mind, they
suggested that it would be advantageous in certain cases to forge (repress)
at around 8500 C and to avoid the  formation of uncombined carbon by
heating the compacts sufficiently fast to repressing temperature and
omitting the presintering stage. However, post operation heat treatments
could cause the formation of combined carbon resulting in the occurrence

of deleterious cavities.



. — sintered ISmins. at 1100°C.
6 00t N ---sintered | min. at 1100°%.
500r
Yield point.
& U.T.Sz.
N
Imm% 00l {32
300¢ ' 124
Elongation.
(%)
2004 I/°‘~\\§ EL. 116
/’ \‘\°~"‘- )
7
L4
7 4
s’ *
#x
o

2 > a 2 ’ (@)
600 700 800 900 1000 1100 1200
Forging temperature. °C.

Fia. S The effect of forging temperature on the
properties of forged preforms.

(Ref. 32)




PAGE 23

Observations made by Niessen (35) are consistent with the above
results, but in certain alloys he failed to improve on densities attained
at 850° C by increasing the temperature further. Zapf (47) noted the
effect of die temperature while hot recompacting an alloy of iron and
copper powder. The final density was greatly increased with rise in die
temperature, and as can be seen from Fig. 6 the influence of die
temperature was far greater than that of preheating the compact -

probably because of the size difference between compact and die.

The fact that forging temperature dictated the extent of die fill
and final density of the component is attributed to the temperature
dependence of flow stress in a report by Bargainnier and Hirschhorn (25).
However, contrary to other workers, Kaufmann (40) predicts that the
yield stress of pores is relatively insensitive to temperature at least
for variations of 1000° C or less. The consequence of this being that

the ultimate densification attainable should be the same for room

temperature forging as it is for high temperature forging. This
contradiction can be rationalised by consideration of the fact that as
temperature is increased, the yield strength of the material being
forged is reduced thus converting a large portion of the energy
intr;)duced by the forging sytem into plastic deformation, hence
increasing deformation. There is however a limit to the pore size that

can be removed and this is independent of temperature (40).
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CHAPTER 3: POWDER CHARACTERISTICS

Section 1: Introduction

One of the main problems in the manufacture of a preform is
selection of the powder and consideration of the characteristics of
that powder. Powders exist with completely different characteristics,
the most important of which are powder purity and particle shape
and size distribution. Other characteristics such as interparticle
friction and apparent and tap densities are dependent on the shape
and size of the powder. There is a correlation between these
characteristics and the compacting method i.e. there is a certain
characteristic which is especially suited for one compacting method

and not for another.

Fine particles are better for powder rolling than coarse ones
and elongated particles are preferred to equiaxed ones for extrusion
or swaging. For slip casting, spherical particles are used in

preference to irregular or elongated ones.

Powder purity and nature and form of impurities are important.

In conventionally produced powder metallurgy parts where the
mechanical properties are much lower than the equivalent wrought
material the effect of residual porosity overrides that of impurity
inclusions; whereas in powder forging the effects of impurity;

and tramp inclusions are much more important.

Powder particle size distribution also plays an important role,
in that choice of the correct distribution is essential if optimum
compaction is to be achieved - e.g. slip casting and vibratory

compaction require two completely different size distributions.
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Section 2: Powder Purity

The degree of powder purity and the precise nature and form
of impurities present in powder metallurgy preform are very
important in that they strongly affect the properties of the final
forgings. Most important is the reduction of ductility and impact
strength due to the presence of impurity inclusions. These impurities
tend to be introduced during the manufacture of the powder; this is
usually the case f(;r reduction techniques, as in the reduction of iron
ore or mill scale. However, metals produced by other methods such
as atomisation of the molten metal or by electrolytic deposition have
a much higher degree of purity with hardly any inclusions (Fig. 7)
Powder forging alloy powders are often formed by the atomisation
technique but the use of hydrogen during the manufacturing process

poses difficulties when powders with combined carbon are prepared.

This is due to the extensive decarburisation that can occur.

Carbon is sometimes added in the form of flake and when this
'process is used the preform is sintered inthe conventional manner
i.e., no non oxidising or non decarburising atmospheres for a certain
length of time so that the carbon can diffuse into the iron lattice.
Any residual flake graphite that might exist can act as a stress raiser
and cause fatigue failure early in the life of the component especially

if it exists near the surface.

However, the impurity which causes most problems is that of
unreduced oxide normally introduced by manufacturing processes.
The effect of this oxide is clearly seen in Fig. 7 ; this shows the
dependence of impact strength on density for two types of iron powders
manufactured by different processes. Work done by Peissker (52)
shows that unreduced oxide has a similar detrimental effect on the
properties of alloy powders produced from elemental mixes or

prealloyed.
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Numerous researchers have examined the properties of
compacts made from iron produced by different manufacturing

processes (13), (47), (48), (49).

Early work by Koehring (50) revealed that iron powder made
by reducing sponge iron was inferior to that produced by other methods.
Krishnamoorthy (48) obtained similar results when he examined the
properties of compacts produced from six different methods, namely
reduced, atomised (NP and HP), hydromet, electrolytic and carbonyl.
Only the highest purity powders were found to give densities close to
the theoretical value for iron. It was these powders that had
properties comparable to those of wrought iron. Electrolytic and
atomised (HP) powder gave the best fatigue strengths, their ductilities,
along with those of carbonyl and a hydromet powder were found to be

equivalent to wrought iron.

However it was in the impact properties that differences arose
between the different powders. The highest room temperature and
lowest tra_nsition temperature was observed with the atomised HP
and carbonyl powders, the other high purity powders had much lower

values (Fig. 8).

It was therefore concluded that of the powders examined, that
produced by the carbonyl process gave compacts with the best
mechanical properties. However, in view of the high cost of carbonyl
iron powder, the high purity atomi sed powder, whose properties were
only slightly lower than the former, would probably be preferred

commercially.

By promoting high purity and removing interstitials and
inclusions such as oxide one ensures that the individual particle can

plastically deform to a greater extent than with lower grade powders
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thus promoting bonding of the particles and enhancing alloying during
the sintering stage. From this the benefits of using a reducing
atmosphere during the sintering is obvious and has been clearly

demonstrated by Maclean etal (42).

Section 3: Particle Shape and Size Distribution

The size, shape and.specific surface area of powder particles
are all interrelated in such a way that deereasing particle size or
departure from spherical gives an increase ih specific surface area.
Fine particles with irregular shape (i.e. high specific area) are the
most desirable for sintering as the excess energy due to the high

surface area acts as a driving force for bonding.

Particle shape has a strong effect on the powder packing and
therefore on the apparent density. Spherical powders give the best
apparent densities because of their good flow properties, these
however have poor compacting properties because of the low number
of contact points obtained. The enhancement of bridging by irregularities

is an important factor which decreases the apparent density of

irregularly shaped powders.

Koczak and Lawley (52) observed that irregular powder showed
higher compressibility and suggested that it was due to its greater
ease of mechanical rearrangement during compaction. They also
show one interesting result when comparing the compressibility
of irregular and spherical particles (Fig. 9) , green density
increases with decreasing particle size for the irregular powder,
whereas for the spherical powder the green density is increased by

increasing the particle size.
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The shape of the powder particies is usually dependent on the
manufacturing process whereas the particle size and size distribution

can be altered by the conditions of the process.

Early work by Libsch etal (53) indicated that the density and tensile
strength of iron powder increases with increasing size and similar
results were found by increasing the size distribution of the powders.
This is due to the voids between the large particles being filled by those
of smaller diameter. However, as suggested by Sch wartzkopf (54) the
average pore size must be taken into consideration. A greater porosity
consisting of a large number of small pores is better than a lower
porosity with fewer but larger pores. Hausner and King (55) also found
that increasing the particle size gave an increase in density and further
experimental work showed that grain growth is delayed by porosity up to
a certain configuration. The rate of grain growth was seen to increase
with decreasing initial particle sizes. This was due to the fact that
grain growth is enhanced by spherodisation of pores which occurs
faster with the small pores obtained by compacting fine powder than
with the larger pores produced from larger powder particles. Therefore
the rapid grain growth occurs at lower temperatures thus facilitating
lower temperatures and shorter sintering times than those required

for the coarser powder.

Koerner (56) studied the effects of varying particle size and
obtained varying apparent density results with different powders. This
he attributed to bridging effects obtained from powdered nickel which
had an increasing surface area with decreasing size, the opposite occurs
with sponge iron as the inner porosity effect is more pronounced in the
larger sizes. The flow rate decreased with size in all cases.

According to Zapf (47) there is a slight increase in elongation to
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fracture as the particle size increases, whereas Byrne and Ferris (57)
only found minimal variations in properties on altering the powder size.
What variation did occur was to increase ductility and mechanical
properties on decreaéing particle size, using specific surface as their

variable.

Others have also found fine powders to be beneficial (59), (58)
Bargainnier and Hirschhorn (25) found, as did others, that size was
not a crucial factor and only small changes in mechanical properties

occurred when the powder particle size was altered.

A recent investigation carried out by Rusnak (60) revealed that
the total energy to achieve a given green density is greater for coarse
powder over the density range shown (Fig.10). At densities of
'93% theoretical density and above the curves approach each other
indicating that relatively lower energy is required for coarse powder
compaction as the density increased. The higher total energy
requirement of the coarse powder for compaction is accounted for
by its poor packing efficiency and not because of lower compactability.
The lower energy requirements of coarse powders are more evident in

the final stages of compaction.

Fine powders have a higher specific surface area which results
in greater frictional forces than coarse powder. Because of this,fine
powders have reduced compactability in the low density areas where
particle rearrangement and localised plastic flow is important. In

the later stages, densification proceeds by bulk compression and

closure of isolated pores; as stated previously coarse powder will
give fewer but larger pores than the fine powder because of its

poorer packing efficiency.
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The conclusi.ons drawn from this work was that the transition
from the second to the third stages of compaction in the high velocity
mode is a function of the packing efficiency of the loose powder.
Changes in the apparent and/or tap density of the powder alter the density
at which this transition occurs. Decreasing particle size increases
the specific energy requirements for high velocity compaction in the
second and third stages because of the greater frictional forces in the
finer powder and the development of finer pores which are more
difficult to eliminate than the coarse pores. However the total
energy required to attain a given green density is greater for coarse
powder (up to 95% theoretical density) because of the initially poorer

packing efficiency.

Section 4: Friction Conditions and Mixing Properties of
Powders

During compaction of powders by any of the standard methods,
movement of the powder occurs giving rise to friction between the
particles and also between the particles and the wall of the compacting
device. The friction conditions are different for nearly all the
different compacting methods; these have been reviewed by Hausner

(20), the effect of vibration and also lubrication are also considered.

The density of an uncompacted mass of powder is a characteristic
of that particular powder; it reflects the type of material, particle
size and size distribution and shape of the powder. The friction
conditions between the particles also has an important effect on the
density of a mass of powder. Research work has been conducted into
the variables affecting the loose powder density by H. H. Hausner
(61), the effect of these variables on both the apparent and tap density of

the powder mass were examined.
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Apparent density was highest for spherical powder but only a
slight increase was observed on tapping; on the other hand apparent
density was lowest for flake powder but it was this type that showed the
greatest increase on tapping. This shows that there was greatest
friction between the flake powder and that it was overcome by tapping;

this type of powder therefore gives a high dt /da ratio.

He found difficulty in assessing the effect of particle size due
to the different levels of porosity in the powders he used. However,
Rusnak discovered that both the apparent and tap densities decreased
as the particle size increased, illustrating the better packing

efficiency of fine powders.

-

Other factors such as oxide films, lubricants and media around
the powder particles are also discussed by Hausner. However, another
examination into the effect of particle size distribution on the friction
conditions in a powder mass (62) disclosed that there is no correlation

between these two factors.

Friction plays an important part in the mixing of powders.
Mixing must be efficient, i.e. it must produce a homogenous mixture
in the least possible time, not only for economical reasons but also

because work hardening of the particles can occur and other

characteristics can be altered with unduly long mixes. Three types of
mechanisms normally occur during mixing, namely: 'convective mixing'
where groups of adjacent particles are transferred from one location to
another, 'diffusive mixing' by distributing the particles over a freshly
developed surface, and 'shear mixing' where slip planes are set up within

the mass of powder.

Segregation can occur in mixes as a result of differences in
properties of the components - of these properties only the particle
size can be satisfactorily controlled. It has been found that only a

certain size ratio between the components is acceptable for complete
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mixing without segregation. Excellent reviews of the topic have been

given by Williams (63), and Lloyd and Yeung (64).

Section 5: Some Aspects of Alloy Powders and their Preparation

There are basically three methods by which alloy powders can
be produced; from elemental mixes of the individual components,
partially prealloyed powders or completely prealloyed powders in which
each particle is the true alloy. All three methods have their
advantage and drawbacks. The advantages of using mixed powders
include better compressibility and higher green strength which is
important particularly in the production of bearings with low sintered
density. However, several workers (13), (65) have observed poor
mechanical properties when testing sinterforgings made from
elemental mixes. _This was because of incomplete alloying giving rise
to both rhetallurgical and chemical heterogeneity. The only way to
eliminate this heterogeneity is to use very long, uneconomical
diffusion times and even this is sometimes not sufficient (4).
Nevertheless there are some cases where reasonable properties have
been obtained from mixtures of iron and nickel (47) as long as a suitable
post forging heat treatment was given to the forgings. For the powders
used by Zapf (47) this constitutes a 1-3 hour sinter at a temperature
of between 1050 - 11500 C; however diminishment of mechanical properties

could result from this due to the subsequent grain growth.

Some alloy powders require the addition of free graphite (26);
these partially prealloyed powders incur the same problems as those
of elemental powder mixes in that again, long diffusion times are

essential. This is especially true in the case of addition of flake
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graphite to alloy steel for if any residual flakes exist near the surface of
the forging th_eri it could lead to premature fatigue failure of the
component. A recent report by Koczak (66) reveals that he successfully
combined carbonyl nickel with a masteralloy to give a compact with

good green strength, homogeneity, grain growth and excellent
precipitation characteristics. Thig means that lower forming loads and
temperatures will be needed thus facilitating processing and achievement
of full density. He therefore concluded that an alternative route does
exist by using partially prealloyed powders, i.e. a combination of

masteralloy and elemental nickel.

Prealloyed powders also have their disadvantages, one of these
is the reduced compressibility due to the increased strength and
resistance to deformation of the individual particles. This handicap
can now be overcome by making green compacts of relatively low
density and achieving densification by hot forging rather than using
the cold die cornpaétion used conventionally. The lower sintering
temperatures and shorter sintering times provide the economic

benefits of using prealloyed powder.

Use of alloy powders rather than powder mixtures often causes
an enhancement in mechanical properties especially in ductility.
Experiments conducted by Volgina etal (67) established that the
transverse rupture strength of sintered 1 to 6% Cr ferrous materials
made from 40 Kh and Kh6 prealloyed powders is much higher than that
of materials of the same composition produced from mixed chromium
and iron powders - of the same porosity. Elongation results were also
higher for prealloyed powders than those prepared from elemental
powder mixturesi. These results were attributed to the greater

homogeneity and finer grain size observed in the prealloyed powders.
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Knopp (6 9) obtained similar results when he compared the properties

of prealloyed steels and those prepared from primary blends (Fig.11).
Prealloyed materials gave higher values for tensile and yield strength
‘but the elongations were lower than for elemental mixes. Thesé results
were echoed when similar tests were performed on prealloyed 70/ 30

brass, stainless steel and straight aluminium.

For the manufacture of prealloyed powders the method of
atomisation is preferred over those of chemical or direct reduction
methods. The difficulty with the method of water atomisation is that
oxidation occurs while the particle is being quenched. After atomisation
it is usual practice to anneal the p;:>wder in hydrogen not only to soften
the particles but also to reduce the oxide layer formed on the surface
of each particle. However, the oxides of manganese and chromium
are difficult to reduce whereas oxides of other elements in alloy
steel reduce quite readily. This unreduced oxide could lead to bonding
difficulties during forging, But as long as the percentage of unreduced
6xide is kept at a minimum no great decrease in properties should
occur. As mentioned previously difficulties also arise with alloys
containing combined carbon during the hydrogen reduction as rapid

decarburisation takes place (26).

To overcome these problems there now exist a series of
atomisation processes (70), (69) by which powders can be formed that
are perfectly clean, spherical and fairly coarse. This production
method is advantageous for special alloys such as superalloys, titanium
alloys, tool steels etc., (nevertheless not all the problems have been
conquered especially for forging of non ferrous powders as has been

demonstrated by Farrell (19) and Branstedt (71)).

Overaging has been observed in some instances with the tendency

to counteract the beneficial hardening during forging.
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CHAPTER 4: METHODS OF COMPACTION

Section 1: Manufacture of Preform

The traditional method of manufacturing green compacts
from loose powder is by pressure compaction in a rigid die.
Compaction is used to control densification, shape and dimensional
tolerances when producing conventional powder metallurgy parts.
The choice of presses is dependent on the compact to be produced;
some require careful shape design and involve the use of different
pressed levels and sometimes complex, multipatterned presses
are needed. Other limitations of the rigid die compaction method
include a restriction on the height to diameter ratio and shape of the
compact due to uniaxial pressure application and ejection problems.
Admixed lubricants can lead to property degradation of the final
forging and increased costs due to the need for lubricant removal;

die wall lubrication (76) however can eliminate this problem.

Isostatic compaction seems to be one method of overcoming
many of these problems. The advantages of this method are that
large and often complex shapes can be produced without the need
for admixed lubricants; cheaper and more flexible equipment than that
needed for die compaction of different shapes can be used, especially
for large parts. A high degree of uniformity and green density can be
achieved throughout the compact. Sellors (86) observed that
de-airing prior to isostatic pressing was unnecessary and that
vibration of the mould is advantageous as it moves the particles into

irregular cavities thus enhancing more uniform die fill.

Basically, the process involved sealing the desired powder in

a membrane or bag and subjecting the whole to a hydrostatic form of
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pressure. A liquid is usually used as the pressure transmitting
medium, although other media such as plastics and gasses have
been used. In cold isostatic pressing pressure can be applied

by direct compression or from a pumped system. The former is
more amenable for high pressure attainment and involves less
complicated tooling and die design, however removal of tooling and
comrpact extraction can be lengthy resulting in slow production rates.
Because of this pumped systems are generally favoured. Two types

of bag tooling are recognised, namely wet and dry bag tooling (87).

The former involves immersing the flexible mould which contains
the powder into the pressing fluid in a pressure vessel, After compression
the compact can be removed from the flexible mould; although not
essential, de-airing is sometimes employed to prevent cracking
in the more brittle type of powders. The attractions of this method are
the low tools and equipment costs and the ability to press a variety of
shapes in the same vessel simultaneously. However, the main draw-
back is the long t‘ime involved in the stripping and ejection of the

compact.

In the dry bag technique, the bag is permanently sealed in the
pressure vessel and the fluid is never contaminated with powder. " The
same bag can be used repeatedly and as long as a simple shape is

maintained, high production rates can be achieved.

It can therefore be seen that poor dimensional control and low
production rates are the main disadvantages of the isostatic pressing
technique. The former problem can be overcome in the forging stage
and the latter by advances in equipment design. A review of the use
of hot isostatic pressing has been given by Dr. F. A. Thompson (88).

In the superalloy field, powder metallurgy and hot isostatic pressing
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offer a number of advantages over conventional techniques. Hot
isostatic pressing is preferable to cold isostatic pressing when
prealloyed powders are used because of their réduced compressibility.
Not only are the benefits metallurgical, but also economical,
especially in the manufacture of turbine discs. The manufacture of

gas turbine blades by this method is also rapidly becoming a reality.

Another method of powder consolidation is that of slip casting
in which a slurry of powder and chemicals is poured into a permeable
mould through which most of the liquid will pass without the
application of pressure. Low density compacts which are usually
treated to remove moisture and residual chemicals result from this
method. Its main attraction is the ability to produce complicated
shapes from powders with poor compressibility such as spherical

prealloyed powders.

A new method for making preforms which are to be hot.forged
into fully dense high strength parts is the Loose-Pack process (89).
The process uses low cost, unannealed powder and eliminates the
pressing and associated stages empldyed in conventional methods.
This is considered the main advantage of the technique. Essentially,
the process involves pouring a mixture of powder and binder into a
consumable mould and vibrating to maximum density - sintering and
hot forging then follow to complete the process. Tests have shown
(89) that low alloy steel forgings made from the Loose-Pack process
were comparable to those made by conventional methods; the

properties also compared favourably with those of wrought steel.

Ultimately it is the powder characteristics and desired shape
and properties of the compact that determine the compaction method

employed.
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Section 2: Forging Methods

There are at least three methods by which a material can be
hot forged, these are by; hydraulic pressing, mechanical pressing
or by using a high energy rate press such as the Petro-Forge.
Hirschhorn and Bargainnier (9) suggest that 'it may be best to have
a rapid initial application of force to the preform followed by a
relativély slow, high pressure squeezing action'. In this way the
material can be moulded to its final shape due to the initial weakness
of the preform. Cull (26) states that the most generally preferred
compaction method is by mechanical pressing; hydraulic compaction
being too slow and the high energy rate method delivers the
maximum load at the point of impact and not when most of the required

work has been done when the greatest load is needed.

Significant results have been obtained, however, with a Dynapak
machine which delivers extremely high levels of energy to the powder
mass within a few milliseconds (90). High green densities have been
obtained even with powders most difficult to compact by conventional
techniques, probably due to optimisation of particle plasticity. The
advantage of this process is that cheaper and coarser grades of
powder can be used and the cost of H. E. R.F. equipment is lower than

that of conventional presses.

Davies and Dixon (32) reported that from their experiences
with use of the Petro-Forge high speed machines, preforms could be
forged within a very short time interval after removal from the
controlled atmosphere furnace, thus reducing oxidation and chilling
effects. This introduces the possibility of reducing the physical size

of the equipment and of cutting the capital costs of the operation.
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Samples compressed by H.E.R.F. and sintered to densities
identical to those produced by conventional techniques show higher
mechanical properties. This is probably because the high rates of
loading lead to local plastic deformation on the contact surfaces, thus
uncovering new surfaces resulting in a greater number of metallic
contacts and hence better bonding (91). With explosive compaction
the plastic deformation of the particles increases, leakage of metal
occurs into the pores and there is evidence of some texturing. This
increase in velocity causes the deformed particles to alter the flow
of metal into pores in the form of a jet of material. The result of
this is that any oxide present on the particle surfaces is severely
disturbed and fragmented giving improved particle bonding. A
technique has been developed that combines the advantages of hot
pressing and direct explosive compaction methods of consolidating
powdered materials (92). By hot explosive compaction above the
recrystallisation temperature of the material, high density compacts
with high mechanical properties can be obtained without the need for
high temperature sintering. Another advantage is the possibility

of compacting poorly preserved powders.

Guest et al (27) report that at high speeds more pressure was
required to achieve a given density for low density preforms than
higher density ones. The effect of speed was only noticeable at
intermediate temperatures. It was generally observed that the more
complex the part, the slower the compaction rate because of the
difficulty in f.illing the die cavity and the complexity of the pressing
motions. Others have reported (38) however, that the speed of
compaction was significant only at the lower temperatures where a

higher compacting rate resulted in less porosity.
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CHAPTER 5: HEA TING OPERA TIONS

Section 1: Heating to Sintering Temperature

Here arises a problem that involves combining the old and new
forging processes. Conventional metallurgy forging plants do not
have, as a rule, controlled atmosphere furnaces, and neither do
powder metallurgy plants have forging presses. It is therefore quite
unusual to find both furnaces and presses side by side on the shop
floor. This means that a great deal of trouble and expense is likely
to be incurred during the conversion to powder forging. Not only
this, but additional space would also probably be needed to house the

new apparatus.

A simple and attractive solution to the problem would seem to be
the use of induction heating. Several investigators have demonstrated
the advantages of this alternative method of heating (73), (74), (75).
Hirschhorn et al (73) observed that induction sintering for adequate
periods develops tensile strengths equivalent to or greater than
conventionally sintered materials at the same density levels. Induction
heated specimens are also characterised by a finer grain size than that
observed conventionally. The ductilities were found to be lower but
the hardness greater than those of conventionally produced materials;
this is explained by microstructural differences due to the shorter
times at temperature and faster cooling rates. For many potentially
useful alloys, temperatures of commercial furnaces are not high
enough to produce adequate alloying in reasonable times. Therefore,
by using induction sintering, many more alloys can be brought into

powder forging.

Use of this rapid induction heating would appear to be a much more
appealing alternative than to use the cumbersome, space consuming

sintering furnaces used conventionally. This smaller heating unit would



PAGE 41
also save on atmospheric control costs. Knopp (75) made a comparison
of furnace heating versus induction heating for both elemental and
prealloyed pov./ders. He found that the hardnesses were similar and
that the carbon had diffused in the times used. This is of great
importance as was discussed by Cull (26), because free graphite
present in the final forgings could result in a serious degradation in the
fatigue properties of the forging. The ultimate tensile strengths
and yield strengths were similar for both the furnace and induction
heateg compacts. However, the ductility and impact values were
lower for the induction heated preforms; probably due to the fact that
metallic additives did not completely diffuse due to the short times used.
A non uniformity was also observed in the grain structure of the

induction heated preforms.

Vernia (74) has also examined the prospects of short cycle sintering
by induction heating. His results revealed that a remarkable degree of
strength and carbon solutioning could be obtained throughout a
reasonable range of temperature in a very short time. Temperature
limitations usually attached to conventional sintering are eliminated
as only the sample and a very small amount of fixturing is heated to high
temperature. It is therefore obvious that the advantages of induction
heating go beyond those of reduction in capital equipment and ease
of adaptation to automation. These include a potential for faster
cooling (thus enhancing properties), reduction of furnace volume
and improved cleanliness due to faster cooling. There are also reports
that successful induction hardening can be carried out without a
protective atmosphere if the compacts are firstly dipped into colloidal
graphite. Maclean et al (42) commented that the rate of oxide
reduction increases rapidly with temperature, thus the use of induction
sintering at high temperatures for short times would appear to be

beneficial especially if the minimum preform density tolerable is used.
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Probelms do arise with induction sintering, however. Parts that
depart from spherical pose heating problems and the high rate of
cooling often induces cracking, especially in unsintered preforms. This
might be due to evaporation of the lubricant, if so, a die wall lubricant
can be used as suggested by Halter and Rajan (76). Since the outside
gets heated more than the inside, time must be allowed for t'emperature
equalisation after removal from the furnace, this might cause oxide

absorption to the outer layers.

Presently, however, many workshops prefer to use conventional
methods for heating using a controlled atmosphere. In this case, if
transfer from the furnace to the die is sufficiently rapid, gas entrapped

in the outer pores protects the compact from any undue oxidation.

Section 2: Lubricant and Binder Burn Off

¥

Most conventional powder métallurgy establishments have a
sintering apparatus which incorporates a ""burn off" stage to accommodate
for thelremoval of admixed lubricants introduced during the cold
compaction stage, especialiy when the preform is made By compression
in a rigid die or by slip casting. The operation and principles of the
burn off stage have been reviewed excellently by Marshall (7). It is
essential that these admixed lubricants and other chemicals are removed
as they are deleterious to the properties of the final forgings. Although
these lubricants aid the compaction and ejections of the preform, they
have many disadvantages. The amount of lubricant removed decreases
as the compacting pressure increases due to the closure of interconnected
porosity. Any chemicals or lubricants that remain on the particles
reduce the number of particle contacts giving poorer interparticle

bonding. This in turn leads to lower sintered strength and also -

promotes a large amount of interconnected porosity on completion of
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the sintering. Because of this high amount of interconnected porosity,
severe internal oxidation may occur if the hot compact is exposed to
air prior to the forging operation (34). On forging this oxide and
residual chemicals would remain on the grain boundaries causing a
serious degradation in the mechanical properties of the forged product.
The larger the compact, the longer is the time required to remove

the lubricant which means that larger furnaces must be used and more
heat and energy expended. Admixed lubricants are especially
undesirable in the case of induction heating operations as the high rate
of heating causes the lubricants to boil and often produces cracking

especially in unsintered compacts (23).

Halter and Rajan (76) recommended the use of die wall lubrication
as an alternative. Not only is there a saving in the volume of
lubricant used, but there are also other desirable advantages. The
most important of these is the almost complete elimination of the
"burn off''stage; as all of the lubricant is situated at the surface it
can be removed easily and quickly. This means that more space is
available due to reduction in furnace capacity and more important, there
is a great saving on energy expenditure. Higher production rates
would also result from the elimination of this previously slow and

uneconomical stage.

Isostatic pressing is another solution to the problem because it can
be performed without the need for lubrication as has been previously

mentioned.

Section 3: Sintering and Homogenisation Treatment

The main purpose of the sintering operating is to transform the
green compact, which consists of individual particles, to a mass in

which the particles have lost their identity, and recrystallisation and
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grain growth have taken place across the former grain boundaries.

When compacts are made from alloys of elemental blends then sintering
can also act as a homogenisation process. Inan excellent review of

the topic, Thummler and Thomma (77) proposed a definition for
sintering: 'By sintering is understood the heat treatment of a system

of individual particles or of a porous body, with or without the application
of external pressure, in which some or all of the properties of the
system are changed with the reduction of the free enthalpy in the
direction of the porosity free system. In this connection, at least

enough solid phases remain to ensure shape stability.'

During sintering, metal particles of different orientations come
into contact .with each other producing areas of lattice instability,
these areas act as recrystallisation nucleii. In the case of solidified
metals, boundaries are produced at the temperature of solidification
which means they are stable at or below the solidifcation temperature.
In compacts produced from powders at room temperature, increased
atomic mobility at increased temperature will enable the atoms to
assume a more stable arrangement at the contact areas than the ones
produced by accident during compacting. This means that recrystallisation
effects are induced in the same way as with instabilities from work
hardening (55). The number of recrystallisation nucleii is therefore
dependent upon the amount of cold work introduced during compaction
which in turn depends on the pressure, plasticity size and shape of
the particles and the pressure distribution within the compact. Grain
growth is hindered by the presence of oxide films and voids; but as
sintering continues the process of necking reduces the amount of
connected porosity giving stronger particle bonds and producing a more

coherent skeleton (41).
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Thummler and Thomma (77) observed three distinct stages in the
sintering process which merge continuously into one another. In the
first stage the par“ticles remain as individuals since grain growth
beyond the original particle is not possible. The tensile stresses from
the surface tension maintain the grain boundaries between the particles
that are adjacent in the plane of contact but the formation of an
occasional new grain is possible. The second stage witnesses the
greatest amount of shrinkage with the formation of a coherent network
of pores and a continuation of grain growth. Further spherodisation
of pores occurs in the final stage and densification proceeds so slowly
that it is often difficult to decide whether the process is complete

and the residual porosity is permanent (40), (77).

Many diffusion mechanisms are operational during the sintering
procedure (77) and in general, the diffusion rate of an individual
metal into a given lattice is higher, the closer the temperature is to
the melting point. Indicating that in a mixture of elemental powders
the component with the lowest melting point will diffuse fastest. It
has been observed by many (78), (79), (80) that during the sintering
of mixed powders, the particle size is a critical factor. Homogenisation
rate is fastest when the particles of the minor constituent are smallest,
because the number of large pores is less providing less obstacles,
thus enhancing diffusion. Gas films also act as barriers to diffusion
but these can be removed by employing a suitable atmosphere.
The extent of homogenisation can be measured by the electrical
resistance of the material (79), the maximum occurring just before
complete homogenisation. In some cases, homogenisation is not
completed and sintering is interrupted to impart the desired properties
on the compact. An alloy of 90 - 10 Cu-Ni powder was found to be
completely homogenised after sintering for approximately 30 hours at
1000° C (1273K) (79). This observation was made for particles of
-300 +325 mesh, increasing the particle size increased the time needed

for complete homogenisation.
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Aren et al (41) studied the effect of presintering in an open die
forging assembly and came to the same conclusion as others (35),
(47) that there was no beneficial effect of sintering. The effect was,
in fact, to the contrary, that forging pressure had to be raised and
the risk of oxidation increased as presintering proceeded. The
resistance to deformation increases with presintering and the effect
becomes quite appreciable with long presiniering times. Nissen (35)
observed, as did Zapf (47) that green preforms required a substantially
lower amount of pressure to achieve a given density than did sintered
preforms. Cundill et al (13) noticed that increasing sintering time
and temperature led to an increase in strength but a decrease in
ductility of blended alloys. No change was observed in the impact
resistance. However, Badia et al (37) found that both the tensile and
impact strength were improved with increasing sintering treatment.
Other researchers investigating the effects of sintering have also

observed similar results (52), (81), (42).

Therefore, a well bonded, ductile structure in the sintered preform
is needed to ensure good forgeability and uniform properties in the
forged product. For this, controlled sintering conditions must be
followed and a suitable atmosphere employed. The function of the
sintering atmosphere is generally twofold; undesired reactions such
as oxidation and carburisation must be avoided, and desired reactions
such as the reduction of oxides must be performed (55). The most
frequently employed atmosphere is one that can reduce unwanted oxides
from the surfaces of the powder particles. If left unreduced these
oxides would seriously affect the properties of the final forging. Not
only does this controlled atmésphere perform the necessary reactions
during sintering, but it also helps to protect the compact during

transfer from the furnace to the forging press (34).
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The economics of the sintering operation is a limiting factor

affecting profitability in powder metallurgy. Delubrication, presintering
and sintering are three important steps in the production of powder
metallurgy parts and if the cost of these could be reduced then
the economics of the process would be improved. Hallemeier (82)
has suggested a solution to the problem; he proposed that use should be
made of a vacuum induction furnace able to perform the three operations
and provide rapid cooling under optimum metallurgical conditions.
In this way yield and quality would be improved and cost factors

reduced.

It is generally agreed that prealloyed powders cut sintering time
considerably, but these powders can prove costly. On the other hand
elemental mixes need long diffusion 1;imes and oxidation problems are
incurred with cheap alloying elements such as Manganese. Fischmeister
and Larsson (83) describe a way of overcoming these problems. The
alloying addition needed for hardenability must be made in the form
" of a low melting point master alloy so as to shorten diffusion times.
The conditions are that the alloy must wet the base material in question
(Fe inthis casé) reducing the diffusion distance to one particle radius,
it must also pene,_’;rate quickly along the Fe grain boundaries, again to
reduce diffusion distances. Low melting point alloys of copper and

manganese satisfy these conditions.

The optimum situation would of course be to avoid cooling and
reheating to forging temperature by combining the sintering and
preheating and forging the compact once it has cooled sufficiently from

the sintering temperature (9} (82).

Section 4: Post Forging Heating Operations

Various reports have shown that post forging heat treatments can be
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both beneficial and deleterious to the final properties of a forged powder
compact. Work done by Zapf(47) revealed that a post forging treatment
of between 1 - 3 hours imparted the optimum mechanical properties on
the steel in question. Also apparent was that unsintered compacts

were much more compressible than those sintered before forging.
Nissen (35) also has a similar recommendation after observing that
sintered preforms required 35% to 70% greater load for compaction
than green ones, thus increasing die and tool wear.. A post forging
homogenisation process has been successfully tried on Hastealloy

B sheet (84) yielding acceptable properties, the major disadvantage
being the additional heat treatment required to achieve the necessary
amount of homogenisation by interdiffusion. Prealloyed powders
respond to post forging heating operations much more readily than
blénds of elemental powders; it has been found that prealloyed

ferrous powders can be heat treated just like wrought steels (85),

(9). Inconel 713C alloy can also be heat treated to give an improvement in
properties as long as the recommended procedures are followed (21).
The tensile, fatigue and impact properties of other prealloyed powders

have also been seen to improve with suitable heat treatments (13).

It is therefore in the blended powders that problems arise during
post forging heat treatments (13), (26), it was proposed that this was
due to the lack of hardenability that eliminated the possibility of the
beneficial heat treatments. Cull (26) suggested that as the powder
forging process is one of pure hot compaction to unit solid density in
which little or no lateral movement occurs, then post forging heat
treatments are unnecessary. Even if they are employed, the slightly
higher austenitising rate in powder forged steels will not produce a
substantial amount of grain growth. Because of the finer grain size of
powder forgings, the carburising of powder forged steels does not

respond in the same way as with wrought material. Inferior case
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hardening occurred when the alloyed steels contained slight heterogeneities
but the results were quite satisfactory when the alloying elements were

uniformly distributed (26).

In some cases, subsequent heat treatments such as normalising,
austenitising or case hardening can be deleterious due to the formation
of combined carbon. This leads to the formation of cavities that

detrimentally effect the properties of the final forging.
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CHAPTER 6: DENSIFICATION AND LATERAL FLOW

One of the main characteristics of importance in the forging of
materials is the extent of lateral spread. During pure compression,
without the effect of friction, this characteristic is expressed as the ratio
of transverse strain to axial strain and is termed the Poisson's ratio of
the material, Vp (41) (93).

z
Vp =} gz‘ﬁ

In elastically deforming materials, this ratio is constant during the
deformation and is a property of the material. For a solid, conventional
material experiencing no volume change during plastic deformation, this
ratio is equal to 0.5. However, during the plastic deformation of powder
compacts, density changes do occur and less lateral spread occurs than
with solid materials.” This is due to the fact that some of the work of
compression is used to reduce the pores in the material and flow occurs
in the direction of the punch initially. Therefore during the plastic
deformation of porous materials the Poisson's ratio is less than 0.5 and
has been found to be a function of the current density of the material, not

the initial density (94). This relationship can be written in the form:

‘\r='o.5@:>l-‘12

where % ) = fraction of theoretical density.

Although Fischmeister et al (95) claim that the strong initial strain
dependence of V¥ p is not taken into account, tests on various materials
showed that this relationship is obeyed in all cases except for iron powder

sintered below the &4 =¥ transformation.
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Similar tests done on sintered Aluminium powder forged at 3710 C
gave the results shown in Fig. 12. Here, the Poisson's ratio for a given
B dgnsity is slightly lower than that for room temperature deformation.
This is probably due to the lower values for the work hardening exponents
of hot worked materials. Lower 'n' values give lower Poisson's ratio,
or more densification per increment of strain. As the density of the powder
approaches the theoretical value, lateral flow is enhanced and the Poisson's

ratio approaches that of a fully dense material (Fig.13).

Therefore it can be seen that powder compacts differ from
conventional forging stock in that they are compressible. Flow is produced
by shear, uniaxial stresses and a hydrostatic component of the stress
system (95). Thus, adaptation of the Von Mises equation and borrowing
a modified Mohr-Coulomb criterion from soil mechanics, Kuhn and Downey

proposed that the yield criterion:
£ = [372-0-2079]z

where J2 is a function of J2', the second invariant of the stress deviator

satisfied the requirements of yielding of a sintered powder material.

As has been mentioned previously, the relationship between strain
and overall density was found to be unaffected by temperature even though
the pressure to reach a given strain is increased (41). The effect of
temperature on flow stress seems to be rather ambiguous as some found
no variation with temperature (95), (41), whereas others (32) observed a

sudden drop in flow stress as the o-» ¥ transformation was exceeded.

Kuhn et al (96) studied the macroscopic behaviour of sintered
powdered metals, and from their observations they established a plasticity

theory for these materials, They also made a model study of the impurity
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base system in order to determine the mechanisms of densification and
fracture. These observations and postulations enabled accurate predictions
to be made of forging stresses under simple, combined stress states

which include plane strain, repressing and hydrostatic pressure processes

(97).

A comprehensive study of the densification process has shown that
there are three basic steps involved (98). During the initial stages little
deformation occurs and most flow occurs in the same direction as that of
the punch with very little lateral movement (43). The inhomogenous
nature of plastic deformation can be seen from the large variation in
dislocation density and dislocation substructure with location. In this
stage there is a decrease in the number of large pores and some spreading
of material into interparticle pores occurs. Any internal pores present
inhibit grain growth and keep the grain size of the sintered preforms

below that of the individual particles.

The second stage of deformation involves rapid densification primarily
due to the flattening of small, cylindrical pores whose major axes are
normal to the axis of compression. It is in this stage that most of the
decrease incell size withheight strain occurs. Not only have elongated
grains been observed but also some equiaxed grains, the presence

which were attributed to polygonisation and dynamic recovery.

Not much density increase is observed towards the end of the process
and for stresses in the order of 70,000 p.s.i. to 100,000 p.s.i. preform
density reaches a saturation level at about 96% of the theoretical value.
Further densification is extremely difficult because of the presence of
cylindrical pores oriented approximately parallel to the direction of loading,

which do not flatten on compression (98).
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Macroscopic observation eliminated the microscopic variations in
Poisson's ratio due to local density variations, and it was seen that the
Poisson's ratio increased linearily with reduction in porosity. Absence
of interconnected porosity improves the rate of densification and the

ultimate level achieved.
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CHAPTER 7: SUMMARY OF THE LITERATURE SURVEY

It can be seen from the survey of current literature that due to its
many appealing advantages, powder forging is a highly desirable
operation, its greatest set back being the initial high cost of the raw
materials. This is the strongest argument against the introduction and
utilization of hot powder forging processes in many present day
industries. The one case where it is economically advantageous is in
the forging of expensive materials such as titanium and aerospace alloys.
Here, the initial expense of the raw powder is balanced by the vastly
improved material utilization when combared with conventional forging
methods. ’fhe other main advantages of using hot powder forging include
reduced machining costs, decreased die and tool wear and less noise

on the shop floor.

Design of the preform is an important consideration in powder
forging as it greatly influences the success of the operation. It is
technically and economically better to have a simple preform shape, but
' it is often more successful to have a more complicated one. This is
because a simple preform would need to be of low density so that
sufficient flow could take place to give the desired shape. Care must
be taken though as too much flow could result in planes of weakness in
the finished forging. When complex components are produced, the
problem of balancing forces to give uniform density arises. It is
therefore clear that a compromise must be made between these two

options.

Closely related to that of preform shape is the influence of
preform density and weight control. These must be adequately
controlled to minimise dimensional and density variation in the hot

powder forging. The density, or degree of porosity of the compact is
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important in that it is responsible for the improved forgeability of

the compact. However, as long as density fluctuations are not too
great, preform density' does not have a significarit effect on the
properties of hot forged components. As mentioned previously, density
considerations are necessary when the extent of flow occurring during

the operation is to be controlled.

Another advantage of hot powder forging over the conventional
methods is that low forging loads can Be used to give the desired
shapes. It has been observed that denser preforms require greater
pressures to achieve a given strain, but the density at this strain is

greater than that for a similar strain given to a low density preform.

The temperature of forging dictates the extent of die fill due to the
temperature dependence of the flow stress. This is one of the most
critical factors and therefore it is essential that the correct forging
temperature is chosen if the desired properties are to be attained.
When low temperatures are used, high pressure must be used due to the
reduced flowability of the material. Consequently a poor surface
finish is obtained. Too high a temperature however introduces
lubrication problems and the die life is reduced through thermal fatigue.
It is therefore quite clear that an optimum temperature range must

be found.

A further consideration that must be taken into account during the
hot forging of powder preforms is that of powder characteristics,
namely; powder shape, particle size and particle size distribution.
The characteristics of particle shape and size are interrelated,
different combinations give different final properties.” The best
combination for optimum sintering is to use a small and irregularly

shaped powder. Spherical powders are noted for having poor
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compactability but good sintering properties. A greater density can
be obtained by using large particles, this is because of tﬁe fewer
number of pores obtained than by using fine powders. However, if

the maximum density is required then a large particle size distribution

must be used.

The powder purity and nature and form of any impurities present
greatly affect the final properties of the forgings, usually by reducing
| the ductility and impact strength of the component. Unreduced oxide
is the impurity that causes most problems in that it reduces the
extent of interparticle bonding which results in p'roperties which are
inferior to those of the compacts made from the pure powder. This
suggests that a reducing or protective atmosphere should be used during

the sintering stage.

Friction between particles also affects the extent of densification
obtainable by a mass of loose powder. This again is reflected from
the powder particle characteristics of size, shape and purity.
Efficient mixing cannot be obtained unless the friction conditions and
particle characteristics are favourable, therefore they cannot be

ignored.

Many currently produced components involve the use of alloys.
These alloys can be produced from powder forgings by three basic
methods, all three of which have their advantages and disadvantages.
Elemental powders give compacts of higher green densities and are
highly compressible. However, for complete homogeneity they need
long, uneconomical diffusion times. This also applies when partially
prealloyed powders are used. By using prealloyed powders the need

for a homogenisation treatment can virtually be eliminated, the reason
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being that each powder particle is in fact a miniature ingot of the
alloy in question. Because of the better homogenisation of this

type of powder, enhanced mechanical properties can be obtained. The
main disadvantage of this type of powder is the increased resistance
to deformation of_ the individual particles which gives a reduction in
compressibility and consequently a need for greater compaction

pressures.

Basically the compaction method is governed by the powder

characteristics and the size and shape of the final forging.

Preforms can be produced by various methods, the conventional
method being in a rigid die. Choice of presses is dependent on the
compact to be produced, they range from beingplain to complex,
multi-patterned ones. Isostatic pressing overcomes many of the
problems of the previously considered method. It gives a high degree
of uniformity, eliminates the need for admixed lubricants and involves
the use of cheaper, and more flexible equipfnent. " The main drawbacks
of this method are the poor dimensional control achieved and the low .
production rates. Low density preforms can be made by slip casting.
This method is normally employed when complicated shapes are to

be produced from powders of low compressibility.

These preforms can then be forged by either of three main methods,
namely; hydraulic pressing, mechanical pressing or by the use of a
high energy rate press. Of the three it is generally agreed that the
mechanical method is most favourable. The reason being that
hydraulic compaction is not fast enough and that high energy rate compaction
delivers the maximum load at the wrong moment. However, it must
be noted that highly acceptable results have been obtained from all

three compaction methods.
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Heating processes during the forging operation can be varied
from forging to forging. Some prefer induction heating due to the
shorter times and less space consuming equipment. However, the
times may be too short to allow compléte diffusion, giving poorer
mechanical properties. Also, control of the atmosphere is more
difficult, which is why many operators prefer the conventional methods.
In some cases, a separate heating stage must be incorporated to
cater for the removal of lubricants and binders as they are detrimental
to the final properties due to the poorer bonding obtained. Binders
were -maihly used with sinterforgings however, and die wall

lubrication overcomes the problems incurred with admixed lubricants.

The main heating operation is the sintering stage when the
individual particles are transformed to a mass of particles without
identity due to recrystallisation and grain growth across the grain
boundaries. Homogenisation is usually completed during this stage.
Unless the sintered preform is well bonded and has a ductile structure,
then uniform properties will not be obtained in the forged material.
Post forging heat treatments have been found to be beneficial and
deleterious to the properties of the final forging and it has been noted
that prealloyed powders respond far better to post forging heat

treatments than blends of elemental powders.

The success of the hot powder forging operation can be seen
therefore to hinge on three main factors. These being the design,
density and weight control of the preform, the temperature and pressure
of forging and the powder characteristics. Other variables such as
the method of compaction and heat treatment given are controlled by
the factors mentioned and also the properties desired of the final
forging. Once the optimum corﬁbination for these variables has been
found and the initial cost problem overcome, then the process can be

regarded as a superior substitute for conventional forging methods.
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CHAPTER 8: EXPERIMENTAL WORK

Section 1: Aims of the Research

At the outset of this investigation, very little work had been
published regarding the effect of certain variables on the structure and

properties of hot forged powder alloys.

It has already been shown that there are numerous variables involved
in the hot forging process; forging temperature, initial particle size, and

initial particle size ratio being amongst the more important ones.

The aims of the present research therefore was to investigate the
effects of these variables on the properties of hot forged alloy powder

preforms and to study the processes occurring during the forging operation.

A comparison would also be made between the properties of the alloys
made from a mixture of elemental powders and those mode from prealloyed
powders and to determine whether similar results would be obtained by

altering the variables examined.

It was anticipated that this study would yield an understanding of the
significance of the variables in question to the final structure and

properties of the forgings.

Section 2: Preliminary Experiments

The selection of powders to be employed in the research was based
upon availability, cost, forging temperature range, oxidation characteristics

and the compactability of the materials chosen.

Considering the above factors the only two materials applicable were

copper and iron, both of which however have their respective drawbacks.
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Both were readily available in high purity form, (copper being the
most expensive) and common everyday alloys can be made from both.
Copper is more susceptible to oxidation than iron butit can be forged over
a much lower temperature range. Also, due to its lower strength, copper
is much easier to compact than iron. Another advantage of the use of

copper over iron as a base material is that there is no phase change

between the forging temperature and room temperature.

Nickel-was chosen as the alloying element because it also was
readily available, had similar properties to copper and more important,
formed a single phase alloy with copper. As Nickel has a somewhat
higher melting point than copper, the ten percent Nickel alloy was chosen
for the investigation in order to keep the forging temperature within a

practical range.

The oxidation problem was overcome by employing a reducing

atmosphere during the sintering and preheating stages.

A survey of the available liter:ature indicated that irregular shaped
powders compressed far easier than spherical ones, their flow properties
also being far superior. The high purity irregular shaped copper and |
nickel powders were obtained from Berk Chemicals Limited and the

Monde Nickel Company respectively.

The next problem was the selection of powder particle size and
powder particle ratios. This was limited because the maximum particle
size of nickel available was 90 microns and the smallest sieve size
available was 38 microns. Subsequently, the copper and nickel powder
obtained were sieved to the five possible size fractions within the range
38 - 90 microns and tests were performed to establish the most convenient
usable ratios. These tests revealed that the maximum passible ratio for

optimum mixing was 2 : 1. If ratios greater than this were used then the
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large particles merely acted as a sieve for the smaller ones which then

segregated to the bottom of the mixture.

Therefore, considering the sizes of nickel available, ratios of 1.5 : 1
and 0.75 : 1 were chosen as the two extremes. Keeping these figures
in mind, the powder particle size extremes selected to give these ratios
were 38 - 45 microns : 45 - 53 microns for the small particle size, and
63 - 75 microns : 75 - 90 microns for the large particle size. These
ratios were inverted to give the 'high' value for both large and small

powder particle size.

Similarly, the prealloyed powder was also separated into high and
low values of particle size. However, it was not possible to study the
effect of ratio for the prealloyed powder as it would have been completely

impractical to form separate melts and ingots for each size ratio.
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