
CHAPTERS 8-11 APPENDICES 

THE DEVELOPMENT DP NEW ANALYTICAL 

TECHNIQUES APPLICABLE TO THE 

POWDER FORGING PROCESS

T. J. GRIFFITHS, B.Eng.(Tech.), C.Eng.,
M.I.Mech.E., M.I.Prod.E.

A thesis submitted in pursuance of the requirements 

of the Council for National Academic Awards, for 

the degree of Doctor of Philosophy.

Department of Mechanical 

&. Production Engineering, 

The Polytechnic of Wales.

June 1979



CHAPTER 3

Preform Design

8.1 South Wales Forgemasters Ltd.

A pilot study of preform design for powder forging was carried 

out in collaboration with The South Wales Forgemasters Ltd., Cardiff . 

It arose as a result of a desire by South Wales Forgemasters Ltd., to 

ascertain the feasibility of producing by powder-forging, a turbine 

hub which had already been successfully forged from*wrought material, 

see Fig. 6.1

At that point in time i.e. 1973* Forgemasters, together with a 

"number of similar small firms, see Section 2.3» were investigating 

the .possibility of producing some future components by powder forging, 

and wished to gain a first-hand insight into the problems involved, 

since they had estimated that the initial capital outlay would be of 

the order of £jm. Costs included an additional building to house the 

new equipment and powder, since environmental conditions within their 

present forging shop were highly unsuitable. (Reference to this risk 

of contamination from dust in the air has been made more recently by 

Bittence15.)

Since Forgemasters already possessed the means to carry out the 

actual forging operation e.g. see Fig. 2.12, an alternative possibility 

was that of purchasing preforms from an established manufacturer of 

cintered products, thereby reducing the amount of capital to be spent 

on specialised PM equipment. However, this approach was also beset 

with problems, since the porous preforms would quite naturally absorb 

 ny moisture with which they were likely to come into contact. This 

would mean that the preforms would have to bo stored and transported



in conditions of low atmospheric humidity, exercising similar care to 

that undertaken with porous bronze bearings prior to impregnating with 

oil. This risk of water absorption could, initially, result in the 

ferrous preforms rusting from the inside out, whilst further harmful 

effects might arise from the formation of superheated steam during 

rapid induction heating immediately prior to forging.

Although in the early days it seemed reasonable to expect that a 

firm such as The South Wales Forgeaiasters would readily encompass 

powder forging within the scope of its normal activities, one must not 

overlook the fact that there is a fundamental difference between powder

forging and the conventional forging of wrought material. Whereas the

118 latter is classified as a primary metal-working process, so that it

is an accepted fact that the final shape will be produced by subsequent 

machining and finishing operations, the success of powder forging 

depends upon it being classified as a secondary process i.e. requiring 

little or no further machining to produce the finally desired geometry. 

In order to elevate the status of a forging operation from a primary 

to that of a secondary process, requires a considerable degree of 

technical expertise and sophistication, as pointed out in Section 2.14. 

The ultimate outcome of the study therefore, was that Forgemasters 

decided against producing parts by powder forging, since without having 

received any definite orders or guarantees of future orders, they felt 

unable to justify the expense involved. 

8,2 Initial Considerations in the Design of Preforms

Much of the earlier work on preform design was, of necessity,

119 120 conducted on a trial and error basis 7 ' . However, from the outset,

the writer realised that such an approach was costly in terms of both 

time and money 3f and therefore a graphical technique involving the
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, d· t ·b t· d· 28, 68 d· d ' t use o~ mass 1S rl u 10n 1agrame was eV1se, ~or componen s 

which resembled solids of revolution, see Section 2.15. 

Although the results of the hot tensile tests, Section 7.4, 

indicate that the preform material possessed very poor ductility it 

was found that in practice, the sintered material could be successfully 

forged with more lateral flow than these results suggest. 

Even so, it was regarded as futile to atte~t to powder forge 

the turbine-hub, Fig. 2.2 from a featureless slug of material, 

so ,that the problem was .that of deciding on the best embryonic preform 

• shape to produce a successful forging. 

It was obviously necessary to ensure that the distribution of the 

mass of material in the preform closely followed that of the finished 

component. However, to make them identical, so that the process 

becomes that of ,hot ' compaction is undesirable, since numerous 

studies121 , 122, 123, 124 have shown that some lateral flow is necessary 

to ~chieve optimum mechanical properties. Furthermore, it is 

doubtful whether complete consolidation can be obtained by hot 

compaction alone, since, as already implied in Section 2.4, there is a 

need for a de;iatoric stress component41 to provide the necessary shear 

to change the shape of the void and produce complete densification. 

Hot compaction and the associated complete lateral restraint would 

result in a state of isostatic compaction for which, Eudier36 suggests, 

the maximum attainable density is only 7.5 I'.g/m3 (i.e. !? • = 0.96). 

From these considerations it follows that the best approach to 

the problem is- to start with the "hot compacted" Shape28, and refine 

and simplify this until the desired result is achieved. 

The graphical me~hod68 referred to 'earlier, was devised for just 

this purpose, although it is also considered that the technique could 
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be used to analyse successful preform shapes which have been obtained 

purely by "trial and error" methods. In this way it may be possible 

to gain a better understanding of why these shapes are successful, 

thereby building up a store of knowledge which can be used to help 

predict preform designs for future products, in the manner outlined in 

Section 8.5. 

8.3 The Forging Operation

The iron powder used for the manufacture of the powder forged 

turbine hub was Rospol MP32, which was admixed with 1$ graphite and 

1% zinc stearate, by weight. Details of the manufacture and design of 

the preform can be found in Sections 5»2, 6.2 and Ref. 28, whilst 

the three stages involved in the manufacture of the forging are shown 

illustrated in Fig. 6.1 » The powder, the forging tools shown in 

Fig. 8.1, and the use of the 7.5 MN (750 tonf) AJAX press shown in 

Fig. 2.12, was kindly supplied by The South Wales Forgemasters Ltd.

With the forging tools mounted in the press the stroke of the 

latter was set with the aid of small pieces of lead, to produce com 

ponents /V 0.5 nun oversize in thickness. This was as a precaution 

from any damage that may result from overweight preforms. Consequently, 

very few of the forgings completely filled the die, but on average were 

several millimetres too small in diameter. However, this procedure 

had the advantage of revealing peripheral cracks more readily than if 

the material had contacted the die walls.

The preforms were coated with Birkatekt to prevent scaling during 

preheating which was carried out for 20 minutes at 900°C in a small 

electric muffle furnace. Attempts were made to preheat the lower die 

by placing red-hot billets of solid metal on it.

The dies were lubricated with Rocol J166 copper-based lubricant,
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Fig. 8.1 F05GIKG TOOLS USED TO PRODUCE THE TURBINE HUB

SHOWN IN FIG. 6.Kc) (Ref. 28)



after which the preforms were forged and then quickly transferred to

cooling oil to prevent excessive scaling.

B.k Brief Review of Some of the Phenomena Peculiar to Powder Forging

Although the principal aim of powder forging is to achieve 

complete densification, it is acknowledged that this may not always be 

practicible and that some residual porosity may therefore be inevitable. 

Fig. 2.11 shows such porosity occurring in the periphery of the 

forged turbine hubs, whilst Section 3*3 discusses the possible harmful

effects arising from such porosity. In this particular instance it is

119 undoubtedly due to a combination of peripheral tensile stress and

106 chilling . The problem of chilling emphasizes the need for adequate

preheating of the dies especially the lower one, and shorter contact 

times between preform and die.

The second major problem encountered with powder forging is that 

of peripheral cracking. Reference has already been made to this 

problem in Section 2.*f, Section 7« 4 and Section 8.2, when referring 

to the poor ductility of the porous material, and examples of such 

cracking are illustrated in Figs,2.11. £7.5 .

Guest et al suggest that the formation of such peripheral 

cracks may be avoided if the spreading ratio i.e. diameter of forging 

to diameter of preform is kept less than A/ 1.35* This value is 

confirmed by the experimental work described in Section 10.2, 

where it is also shown that when the peripheral cracking occurs, the 

apparent Poisson's ratio for the material in the vicinity of the cracks 

is /V 0.5. This coincides with the findings of the tensile tests 

described in Section 7.6 where it was suspected that before the 

onset of fracture N^ap /V 0.5» These observations simply indicate 

that the material is deforming with constant volume i.e. without
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densification, and must not be mistaken as indicating true plastic 

deformation.

It is likely that the problem of chilling will also tend to 

aggravate peripheral cracking since it reduces the ductility of the 

preform material. It is possible that the use of larger diameter 

preforms resulting is less lateral displacement during forging may

help to lessen the effects of chilling, and would certainly make

106 peripheral cracking virtually non-existent. Bockstiegel and Olsen

comment on the fact that when they produced a certain component the 

material flowed radially inwards, so that no tensile stresses, and

consequently no peripheral cracking occurred. Fig. 8.2 shows that

68 the graphical technique described in Section 8.5 will clearly indicate

the regions in which such flow has taken place in forming the component. 

Fig. 8.3 shows another fault that can occur with powder forging.

In this case it takes the form of blisters on the outer surface of the

119 component and is probably due to air entrappment . Fig. 8.4 shows

the backward extrusion of flash due to the combination of an overweight 

preform and excessive clearance between the punch and die of the 

forging tools.

Fig. 8.5 shows an extremely interesting phenomena namely that of 

inverse barrelling, which is contrary to what one normally expects 

from a compressive loading e.g. see Figs. 9.1 and 9.5. Hirschhorn 

and Bargainhier suggest that inverse barrelling occurs because the 

surfaces of the preform in contact with the tooling will densify first 

and when friction is overcome, these regions will be the first to under 

go true plastic deformation. They will therefore flow radially outwards, 

whilst the material sandwiched between is etill in the process of 

densifying.
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Fig. 8.3 BLISTERS ON SURFACE OF COMPONENT DUE TO POSSIBLE AIR EBTRAPPMEN



Fig. 8.4 BACKWARD EXTRUSION OF FLASH AROUND CIRCUMFERENCE OF

COMPONENT. (THE FLASH APPEARS IKREGULAS DUE TO ACCIDENTAL DAMAGE)

Fig. 8.5 INVERSE BARRELLING OF OUTER PERIPHERAL SURFACE OF COMPONENT



8.5 Use of Mass Distribution Diagrams to Analyse Turbine Hub Preform

Design

Since the turbine hub and hence its corresponding preform were 

both solids of revolution it was possible to represent and compare their 

mass distributions in the form of diagrams, devised in the following 

manner.

For a solid of revolution, the mass of an elemental ring of 

material occurring at radius T" is given by 27YjO"D"l"0'f j where /O 

and "G are the density and thickness respectively. Note that P^ 

and T are all variables; /O depending upon the method of manufacture, 

and "0 and v upon the geometry of the component.

Total mass of preform or component = 2 7T \ /OUTC\T - - - ~~ (27J

From this it can be seen that.the mass may be represented by the 

area under the mass distribution diagram, in which values of ATT/OUT 

are plotted on the ordinate scale and v" on the abscissa. The mass of 

metal contained between any two radii can then be obtained from such a 

diagram by measuring the area between the radii in question with a 

planimeter. Furthermore, by superimposing the mass-distribution 

diagrams for both component and preform on top of one another, it is 

possible to locate the precise regions from which metal has been 

displaced, together with the actual quantities involved. Using this 

technique a preform shape may be gradually refined until it eventually 

produces the desired result.

Another advantage of this graphical method is that it overcomes 

the need to sub-divide the component into convenient portions whose 

volumes can either be determined by formulae, or whose centroids can be 

accurately located to allow the use of the theorem of Pappus or 

Guldinus, to determine the volumes. All that ia needed is an accurate
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drawing of the component from which the thickness may be scaled off at 

its principal points i.e. changes of section, etc., and these values 

can then be tabulated against the corresponding radii and density to 

enable the values ( vCyO ) to be calculated. However, it will of 

course be necessary, as it would in any event, to obtain density 

distribution diagrams for both the preform and the component. In the 

case of the turbine hub preform and forging, these were obtained 

experimentally by removing annular concentric rings of metal on a 

lathe, and by drilling and boring out the centres of the parts as 

shown in Fig. 8.6 and Fig. 8.7. In each case, the volume of metal 

removed was determined by measurement and calculation, and its weight 

determined by weighing before and after machining. The mean density 

_pf the portion removed was then determined, and taken to act at the 

mean radius.

The density distribution diagrams obtained in this way are shown 

in Fig. 8.8, together with the corresponding mass distribution diagrams, 

Figs. 8.9 3j£ b i whilst the metal displacement diagrams are shown on 

Fig. 8.2. 

8.6 Fatigue Testing of Partly Forged PH Material

Fatigue tests were carried out on partly forged preform material 

for the reasons outlined in Section 3«3» The powder mix used was as 

described in Section 8.3 and the compacts were prepared using the tool 

described in Section 5-3. followed by sintering as described in Section 

6.1.

All the compacts were prepared at the same compaction pressure to 

give an average relative density ( /O # ) of 0.88, and an average thick 

ness of 1^.3 nun.

The forging tools used were of similar construction to the compac 

tion tools described in Section 5«3 except that the die aperture and

79



Fig. 8.6 USE OF DRILLING MACHINE TO REMOVE KETAL FROM CENTRAL REGION OF

TURBINE HUB TO DETEHMIEE LATERAL DENSITY DISTRIBUTION THROUGHOUT COMPONENT

Fig. 8.7 USE OF THE LATHE TO REMOVE METAL FROM PERIPHERY OF TURBINE HUB TO*
JffiTF.IJHTNE T.ATKKAL DENSITY 1J1STRIRIITTOM THR 'r COMPONENT
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the corresponding punches were slightly larger measuring 77mm x 20mm overall.

The "Armstrong" Press shown in Fig. 5»1 was used for the actual 

forging operation, but without the use of the accumulators. The 

sintered PM compacts were heated to 1000°C in an electrically operated 

muffle furnace with no protection from the surrounding atmosphere. 

They were then transferred to the unheated forging tools and the 

forging operation was carried out without the use of any lubricant. 

The actual temperature of the sintered compact at the time of forging 

was between 700°C and 750°C. Table 8.1 shows the four different 

forging pressures used, together with the corresponding average 

porosities obtained.

The partly forged specimen were then machined on a copying lathe 

to provide No. 13 Hounsfield tensile specimen, and also fatigue 

specimen, see Fig. 8,10 ? suitable for use on an Avery Fatigue 

Testing Machine, Type 7305« This machine subjected the specimen to 

plane bending with a four point loading system, whilst a mean stress 

of zero was used for all the tests. Although no longitudinal polishing 

of the fatigue specimen was undertaken, the actual rate of metal 

removal in producing the specimen was in accordance with the 

recommendations of B.S. 3518, "Methods of Fatigue Testing". The 

results of the fatigue tests in the form of "S/N curves" are shown as 

Fige. 8.11 to 8.14 inclusive. The endurance limit for each set of 

results was taken as the stress corresponding to 10? reversals without 

failure. These values are shown in Table 8.1, together with the 

average U.T.S. values obtained from Hounsfield tests conducted on 3 

specimen from each batch.

Fig. 8.15 shows the graphical representation of the overall 

results. From this it can be seen that the endurance limit increases
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Fig. 8.10 FATIGUE SPECIMEN PARTLY MOUKTED IN AVERY FATIGUE

TESTING MACHINE. TYPE 7303
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TABLE 8.1

Forging 
Pressure 
MN/m2

359

503

574

646

Porosity (P)

0.208

0.157

0.138

0.125

Endurance 
Limit 

+ KN/m2

342

405

350

4oo

U.T.S. 
MN/m2

617

647.5

635

641

Batio of
Endurance
U.T.S.

0.554

0.625

0.551

0.624

as the porosity diminishes which corresponds to the findings of 

Bockstiegel and Blande . The endurance/U.T.S. ratio is 0.6 which 

just places it in the generally accepted range of 0.4 - 0.6 for ferrous 

based materials. However, this value is higher than that obtained by

Bockstiegel and Blande , whose values over the same porosity range

125 
are A/ 0.4, which agrees with the value anticipated by Lawley .

The main reason for these differences is probably due to the method of 

fatigue testing used in this instance. With hindsight it is considered 

that a truer representation of fatigue properties with less scatter of 

results would have been obtained if either rotating bending tests with 

cylindrical specimen or plane bending tests with rectangular specimen 

had been used. Both of these methods would have subjected a larger 

proportion of the outer surface of the specimen to the maximum applied 

stress. This in turn would have considerably increased the chances of 

crack initiation occurring at the weakest point on the specimen surface, 

thereby giving lower fatigue strengths than are likely to be obtained 

from plane bending tests conducted on cylindrical specimen. The 

reason for this is that the latter arrangement only subjects a small
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proportion of the specimen surface to the maximum applied stress, and 

the actual amount of porosity contained in this small region is purely 

a matter of chance. It is therefore considered that the results of such 

fatigue tests can only be regarded as being truly representative, when 

applied to high integrity materials.
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CHAPTER 9

Analysis of Consolidation During the Upsetting 

Stage of the Powder Forging Process

9«1 Introduction

Powder forging owes much of its success to the fact that from the

outset an enlightened approach was adopted to ensure that proper

. i ... . .. . . ,3^, ^3, 126. 12?. 128. 129 . .scientific studies were conducted * ' * ' * in order

to develop quantitative analytical techniques to describe and predict 

the behaviour of the material during the actual forging operation. 

This approach has paid handsome dividends in providing a basis for well 

reasoned scientific approaches to the design of dies and preforms,

thereby considerably reducing much of the costly trial and error
13 techniques that were necessary in the early stages of development .

The writer can claim to have made a small contribution to the sum 

total of knowledge that exists in this field, by the publication in 

1976 of a paper entitled, "Compatibility equations for the powder-
..Q

forging process" . These equations were derived by resorting to the

artifice of assuming an apparent plastic Poisson's ratio (^?ap), which

129 130 experimental evidence suggests is a function of the relative

density ( P *) of the preform i.e.

= i (yO*) —————————————————————— (28) 

However, the forms of the empirical equations connecting v ap 

with /O * are merely the result of curve fitting exercises, and as 

cuch, are nothing more than a convenient means of linking together a 

limited range of experimental observations (see Section 3»^)» which 

for the most part only apply to contrived situations. Generally it is
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assumed that frictionless homogeneous compression occurs throughout, 

BO that there is no barrelling. However, the type of situation 

normally encountered in practice is as shown schematically in Fig. 9«1» 

where the friction at the die/preform interface restricts lateral 

spreading at the ends of the preform, causing the central portion to 

bulge outwards as shown. However, if the diameter/length ratio is 

sufficiently large, see Section 9.*f, then these frictional ends effects 

may tend to prevent barrelling from taking place. 

9.2 A Philosophical Approach to an Explanation of the Consolidation

Process

Although it is appreciated that the following^explanation of the 

consolidation process may not be strictly accurate, it does help to

explain a number of observed phenomena. With reference to the variable

110 morphology model shown in Fig. 9.2, it can be seen that 25% of the

porosity, marked (i), is favourably oriented to collapse during the 

early stages of upsetting. Whilst this collapse is taking place, the 

spherical pores, marked (ii), will presumably tend to become favourably 

oriented oblate ellipsoids, so that an additional 23?o of the original 

porosity will then close without too much difficulty. During the 

closure of this first 5O% of the porosity, it must be assumed that the 

morphology of the bulk of the remaining porosity, marked (iii), will 

tend to become spherical, and ultimately close up in a manner similar 

to that already described for the spherical pores. However it will be

virtually impossible to completely close all the remaining porosity

k2 since Kaufman draws attention to the creation of second generation

porosity during consolidation, which together with pores ^ 5 U m 

diameter is very difficult to close.

Some of the foregoing predictions have been borne out by the work
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2 3

FIG. 9.1 SCHEMATIC ILLUSTRATION OF THE CHARACTERISTIC MODES OF DEFORMATION 

AS SEEN. ON A LONGITUDINAL SECTION THROUGH A CYLIirPER UFSET BETWEEN 

FLAT DIES WITH MO LUBRICATION. REGION 1 IS UNDER NEAR-HYDROSTATIC 

PRESSURE; PEGION 2 UTTDEP.GOES HIGH SIIEAP; REGION 3 UNDERGOES SMALL

AXIAL COMPRESSION AM) CIRCUMFERENTIAL TEI.'SIOK

(Ref. 41)



COMPRESSIVE FORCE

COMPRESSIVE FORCE

FIG. 9.2 USE OF VARIABLE MORPHOLOGY MODEL TO HELP 

EXPLAIN A NUMRER OF PHENOMENA WHICH 

OCCTO DURING CONSOLIDATION



of Gaigher and Lawley in as much as they observed the rapid closure 

of favourably oriented pores, and comment on the difficulties 

experienced in trying to eliminate those pores not favourably oriented. 

Furthermore, they also found that rapid densification could be achieved 

from an initial density ( /O *) of ry 0.86 to a density of /v 0.9^» 

which represents a reduction in porosity of /v 50%.

It is obvious that during pore closure, the matrix material of 

the preform must undergo plastic deformation. This will result in 

come of the metal being used to fill in the pore volume, whilst the 

bulk of this metal will flow radially outwards to produce lateral 

spreading. The apparent plastic Poisson's ratio is the result of the 

combined effects of pore closure and plastic deformation occurring 

simultaneously. 

9.3 Theoretical Considerations Leading to the Concept of a Coefficient

of Consolidation

If PM material is regarded as consisting of two component parts 

viz. a volume of solid metal, and a volume representing the total 

porosity, then the solid metal portion will deform in accordance with 

the ideal plastic Poisson's ration ( \7 = 0.5). However, it is 

necessary to attempt to anticipate the manner in which the porosity is 

likely to diminish, by making recourse to known qualitative experimental 

observations. The changing geometry of a PM preform during an actual 

forging operation can then be ascertained by combining together the 

individual behaviour patterns of the two component parts.

However, since the equations deduced by this method are based on 

limited experimental evidence, it is imperative that the effects they 

predict, other than those already considered, are verified by a 

suitably planned experimental programme, see Section 3«5»
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With reference to the cylindrical preform shown in Fig. 9«3(i)

—— ——— —— —— ———— —————— ——— (30)

VC1 - $Di2 R — ——— — —
Although it is fully appreciated that the porosity is completely 

intermingled with the solid metal, nevertheless, equations (30) and 

(31) describe two cylinders which represent the proportions of solid 

metal and porosity, respectively,

The equivalent heights of these cylinders, corresponding to a 

given diameter D , are Tl /O * for the solid and T\ r f°r the 

porosity, so that for a given radial strain ^ Js » the corresponding

equivalent longitudinal strains will be ]J I T> 2 fd *2\ and 

0 f T>2 \ 2\ respectively. \T\1 /Q'
Since equation (30) represents a cylinder of solid metal, the 

volume of which remains constant throughout the upsetting shown in 

Fig. 9.3, then,

2 . «^^ ?A 

4l1/3*1 = 1} 2T\ 2 /O *JD //rt
or,

where the constant 0.5 = \/ i«e. Poisson's ratio for a perfectly

plastic solid metal, so, that,

>*i\

Alternatively, this can be expressed as the exponential law,
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-ns yO *2 (33)

which indicates that the equivalent height of the solid cylinder 

reduces exponentially with increase in radial strain, as shown by the 

curve (A), Fig. 9.4.

The volume of the porosity, as given by equation (31) diminishes 

as upsetting proceeds. Experimental observation * suggests that, 

although initially the porosity diminishes quite rapidly, the rate at

which it diminishes becomes progressively less as upsetting continues.
18 Furthermore, the compatibility equations derived by Griffiths et al ,

suggest that it is impossible to achieve 100% consolidation by 

upsetting alone. This implies that as y — > 0, ( Y\ P ) — > 0 but

although in practice, £ L is unlikely to exceed 

, due to peripheral cracking. 

In view of this, it would seem reasonable to suppose that the 

changing geometry of the cylinder representing the porosity could also 

be expressed by an exponential law of the form,

In general,, £^\p (i.e. £ ̂  0.5) since the volume will normally be 

decreasing. Equation (34) is shown as curve (B), Fig. 9-4. It has 

been deliberately drawn on the underside of the abscissa, so that the 

overall preform height, corresponding to a given value of ^u i may be 

conveniently obtained by simply erecting an ordinate from curve (B) to

curve (A), to pass through the value of P.k being considered
J . ft Dv 

It follows from equation (34) that " . " r ; =

-ck
op

or C . - c . * | ;'" s —————————————————— (35)
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The constant C, can therefore be defined as the ratio of lateral 

to longitudinal "strain", and in this respect it can be regarded as 

being analogous to a Poisson's ratio.

It ie proposed to refer to this constant "C", as the "coefficient 

of consolidation", the actual value of which will depend not only upon 

the mode of deformation, and prevailing frictional conditions, but 

also upon the morphology of the porosity present, and the orientation 

of its principal axes in relation to the direction of the applied 

compressive load, see Section 9«2. This value of "C" will therefore 

provide a quantitative measure of the way in which the porosity 

diminishes for a given set of conditions, hence making it possible to 

draw direct comparisons between various consolidation processes. 

Hitherto it has only been possible to establish empirical fits 

connecting \? ap and /Q *, yielding meaningless constants which have 

not made any worthwhile contribution to a better understanding of the 

consolidation process. 

9«^ Equations to Describe the Changing Geometry of PM Preforms

During Powder Forging

Compatibility equations, together with an equation for vap, can 

now be derived in terms ofN?, C and /O », and the effects predicted 

by these equations can be examined by means of a suitably planned 

experimental programme.

From equation (34),

————————— (36)
Substituting for £x from eqn. (32)

(37)
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ÂSince - £[ = -r— I then it can readily be shown that,

ny

(38)

whilst combining equations (32) and (36) gives,

(39)

Although in the strictest sense, equation (38) can only be applied 

to frictionless axisymmetric upsetting, equation (39) can be used to 

measure the lateral strain across any section throughout the length of 

the preform irrespective whether or not barrelling has occurred due to 

frictional constraint. Although equation (39) may appear to be the 

consequence of considering frictionless axisymmetric upsetting only, 

the same underlying reasoning can be applied to elemental discs of 

material wherever they occur within the test-piece i.e. whether at 

section X or section Y, Fig. 9.5. The only difference is that the 

corresponding value for "C" will be less at X, due to friction at the 

die/preform interface, than it will at section Y, where the effects of 

friction are considerably smaller.

Furthermore, it can be seen from equation (37) that the graph of

w j? (^§] should be i^r, withVO. 'v*1 \ y ->O?Vn2ry
a elope .equal to "C".

Although "C" has greater fundamental significance than\^ap, the 

latter may be readily derived from equations (38) and (39) since by 

definition,
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Z direction

SECTION X

P direction

FIG. 9.5 CYLINDRICAL PM PREFORM AFTER UNLUBRICATED
AXISYKKETRIC UPSETTING



h.nc., N? ap = ——*• V? • 0-5

<40)

which is in accordance with equation (28) . However, it is interesting

18 129 130 to note that unlike previous empirical relationships ' '

connecting v>^ap and /O *, equation (40) has universal application, 

with values for C ranging from 0 to 0.5, respectively, depending upon 

whether there is complete lateral restraint as in the case of repress 

ing, or whether there is deformation of porous material without 

densification i.e. deformation at constant volume. This latter effect 

appears immediately before the onset of fracture, whether during a 

tensile test, see Section 7.6» or due to peripheral cracking of an 

upset preform, see Section 10. 2 . When these extreme values of 0 

and 0.5 are substituted for C in equation (40), it can be seen that 

vap - 0 for repressing, and N^ ap = 0.5 for the deformation of a 

porous material without densification. This latter value remains 

constant irrespective of preform density, and must not be mistaken for 

the true plastic Poisson's ratio V = 0.5» which in the case of 

porous preforms, will only occur when /O * — ̂ 1, and C has some 

value intermediate between 0 and 0.5*

9.5 Unlubricated Cold Axisymmetric Compression of Cylindrical Preforms 

This programme of experimental work was undertaken for the purpose 

of gaining a first-hand appreciation of the deformation characteristics 

of cylindrical porous preforms of different densities and different 

test-piece geometries* It was also intended as a means of checking 

the validity of the reasoning applied in Section 9*3 leading to the 

concept of a "coefficient of consolidation". It was regarded as
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justifiable to relate the findings of these cold axieymmetric tests to

^2 hot working conditions since Kaufman states that the ultimate degree

of densification attainable is independent of forging temperature. 

The powder used was Hoganas AHC 100.29 iron powder which was 

admixed with 1% zinc stearate and 0.3% graphite. Preforms measuring 

^O mm diameter x 50 mm long were produced to nominal relative densities 

( fl ») of 0.7 and 0.8j with the aid of the floating die compaction 

tool shown in Fig. 5.8. These values of /Q „, were selected to 

encompass the practical range of preform densities suggested by Cull . 

The compacts were sintered in accordance with the*procedure described 

in Section 6.1 t after which test-pieces of both densities were 

machined, without the use of cutting fluid, to the dimensions shown in 

Table 9«1» and their end faces were lightly ground. One of the

TABLE 9*1

Dimensions of test-pieces for unlubricated, cold axisymmetric upsetting

Diameter V] mm

Length h-j mm

D-j/h-j ratio

25

50

0.5

to

to

1

to

20

2

to

13.33

3

to

10

k

purposes of using different D^/hi ratios was to enable the Cook and
130 132 133 Larke ' method to be used to correct for frictional end

effects. This simulation of frictionless conditions will provide 

results analogous to those corresponding to the frictionless 

homogeneous compression referred to in Section 9*1.

Each of the specimen was subjected to a series of compression
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tests using the axisymmetric compression tool shown in Fig. 9»6. No 

lubrication was used at any stage, since it was important for the 

frictional conditions to remain completely unaltered throughout the 

tests. After each load increment the new overall dimensions of the 

specimen were checked, and in the case of excessive barrelling, the 

new volumes were measured by means of an Archimedean technique.

The results of these tests are shown in Figs. 9«7 and 9.8. 

Unfortunately it was not practical to use D^/h-i ratios^ 0.5 due to 

the slender test-pieces becoming unstable during compression. The 

densities corresponding to decrements of 5% reduction in height up to 

a maximum of 3O%, were then obtained from Figs. 9.7(i) and Fig. 9.8(i) 

and (ii), and corrected where necessary, to correspond to initial 

starting densities ( & *) of either 0.698 or 0.83. These values are 

shown replotted as Figs. 9«9 and 9.10respectively, and the curves 

extrapolated to Di/hi = 0, which corresponds to an infinitely long 

test-specimen, and hence frictionless homogeneous deformation.

The density values obtained in this way, together with their 

respective reductions in height were substituted into equation (37) to 

enable Fig. 9»11 to be plotted. From this it can be seen that the 

graphs are linear thereby justifying the earlier assumptions leading 

to the concept of a coefficient of consolidation. The slopes of these 

graphs i.e. the actual values for "C", the coefficients of consolidation, 

are as follows:-

(i) C = 0.15*»- for density range /O * = 0.698 -*-0.?62, and 

(ii) C = 0.1^ for density range /£) « = °-83 ->• 0.91. 

Since both the test-pieces having an initial D-j/h-j ratio of k exhibited 

a negligible amount of barrelling, then their experimental results 

were substituted directly in equation (37) to enable Fig. 9*12 to be
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Fig. 9.6 AXESYMMETRIC COMPRESSION TOOL
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FIG. 9.7(1) VARIATION OF RELATIVE DENSITY WITH REDUCTION IN HEIGHT 
FOR UNLURRTGATED COLD UPSETTING OF CYLINDRICAL PREFORMS 
OF VARYING DA RATIOS AI!D INITIAL RELATIVE DENSITY 
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FIG. 9.8(1) VARIATION OF PELATIVE DENSITY WITH REDUCTION IN HEIGHT 

FOR UNLTJERICATED COLD UPSETTING OF CYLINDRICAL PREFORMS 

OF VAKYIKG DA KATIOS MID INITIAL RELATIVE DENSITY 

•» (NOMINAL) = 0.83
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FIG. 9*8(ii) VARIATION OF RELATIVE DENSITY WITTT REDUCTION IN HEIGHT 

FOR UNLUBRICATED COLD UPSETTING OF CYLINDRICAL PREFORMS 
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0.70

(a) 5% reduction
(b) 10% «
(c) 15% •

(d) 20% reduction
(e) 25%

FIG. 9.9 VARIATION OF RELATIVE DENSITY WITH DA RATIOS FOR 

DIFFERED SEDUCTIONS BASED Of! DATA OBTAINED FROM 

FIGS. 9.7(i) and (ii)



Dj/h, RATIO
(a) 5% reduction (d) 20% reduction

• (e)25%
• (f)30%

FIG. 9.10 VARIATION OF RELATIVE DENSITY WITH DA RATIOS FOR DIFFERENT 

REDUCTIONS EASED ON DATA OBTAINED FROM FIGS. 9.<"(i) and (ii)
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plotted, which now relates to unlubricated axisymmetric compression 

of a relatively thin disc. Although this condition would not result 

in a considerable density variation across the section, nevertheless, 

the deformation would not be completely homogeneous, so that when the 

circumferential material at the ends of the specimen becomes completely 

densified, inverse barrelling, see Fig. 8.6^ would probably occur. 

The apparent absence of barrelling in this case is due to the influence 

that the frictional end effects have on specimen of such large D/h 

ratios.

With reference to Fig. 9«12 it can again be seen that the graphs 

are linear, thereby providing further experimental verification of the 

existence of a coefficient of consolidation "C" the actual values of 

which in this case arej-

(i) C = 0.1 for density range /Q » = 0.689 -**• 0.841, and 

(ii) C = 0.121 for density range /O * = 0^22 ->- 0.911. 

9.6 Apparent Plastic Poisson^s Ratios, and the Significance of the

Coefficient of Consolidation

If the experimentally determined values for "C" quoted in 

Section 9»5t are substituted into equation (40), then the corresponding 

values for the apparent plastic Poisson's ratios, are as follows:- 

For frictionless conditions:-

- 0.692

for the density range /O, = 0.698 -> 0.?62

——————————— (42)

for the density range O * = 0.83 •*" 0<>91« 

For unlubricated conditions :-
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«P = 1 - o!s——————————————— (43)

for the density range /D «, = 0.689 -*• 0.8^1

————————————————————— (44)

for the density range /O * = 0.822 ->• 0.911.

The curves representing the above data are shown in Fig. 9.13.

129 For the conditions appertaining to equation (42) Kuhn and Downey

propose the relationship,

N?ap = 0.5 p * ————————————————————— (45)

which yields almost identical results to those obtained from equation

(42).
41 Although Kuhn states that it is the level of porosity which has

the greatest influence on the values forV^ ap, with initial density 

having a negligible effect, it would appear that all his published 

experimental work is confined to the approximate density range

/O, = 0.82 -^ 1. With reference to Fig. 9.13 it can be seen that 

for a lower density range, the material behaviour as given by equation 

(41) differs from that given by equation (42), the latter corresponding 

to a density range similar to that used by Kuhn. The experimental 

evidence indicates that during frictionless axisymmetric upsetting 

over the lower density range, there is a greater amount of lateral 

spreading of the material, accompanied by a smaller degree of 

densification. Furthermore, it can be seen that the amount of lateral 

spreading is less, and hence the densification is greater, for both 

cases of unlubricated compression as compared to frictionless 

axisymmetric upsetting.

This apparent dependence of \^ ap on the initial preform density
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and prevailing frictional conditions, can possibly be explained as 

follows. As the density of the preform decreases, so does the load 

bearing area decrease due to an increase in the size and number of 

the pores. The effect of this is not only to reduce the load at which 

the matrix material will begin to yield, but also to reduce the load 

at which the favourably oriented larger pores will now begin tc 

collapse. Although these two events will occur simultaneously, a 

slight preference will be given to either one or the other depending 

upon the prevailing conditions. A measure of the manner in which this 

sequence of events will manifest itself on a macro-scale, can be 

obtained by determining the value of "C" for the particular process. 

This value for C may then be substituted in equation (40) to provide 

a relationship connecting \^ ap and yQ * for the density range 

considered.

With reference to Fig. 9*13, it can be seen that there is a much 

greater difference in the sequence of these events in the case of the 

lower density preforms. However, it is interesting to note that for 

both levels of preform density, the average value for "C" is 

approximately the same i.e. for the lower density preforms, average

value for C = « + °' 1 = 0.12?, whilst for the higher density

* n 0.1^ + 0.121 _ „, preforms, average value for C = ———— ̂ ————— = 0.1^«

These intermediate values for C will apply to lubricated 

axieymmetric upsetting, when it would appear that \^ ap is no longer 

dependent upon initial preform density. 

9.7 An Appreciation of the Plastic Flow Stress Requirements for Cold

Axisymmetric Upsetting

The flow stresses or end stresses occurring during the tests 

described in Section 9.5, were calculated by dividing the applied load
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by the cross-sectional area of the end face of the deformed test-

piece.Figs. 9*14, 9.15 and 9.16 show these values plotted to a base

of relative density for a selection of different test-piece geometries.

The experimental curves obtained for the lower density preforms 

are very similar, the notable difference being that as the DA ratio 

increases so does the practical range of densification increase, due 

to a marked absence of the barrelling effect, see Section 9.5. However, 

for the higher density preforms, the curves tend to become progressively 

steeper as the DA ratio increases, indicating an increase in the flow 

stress required to bring about the same change in density. It is 

suggested that the flow stress requirements for preforms, with initial 

densities lying between those indicated in Figs. 9.14, 9.15 and 9.16, 

may be determined from these diagrams, by interpolation.

The values for flow stress corresponding to different height 

reductions and DA ratios were then plotted as shown in Fig. 9.17 and 

extrapolated back to zero DA ratio to provide the frictionless flow 

stress, or "true" stress ( OL ). Thus the "true" stress V5« natural 

strain curve shown as Fig. 9.18 was plotted. The empirical fit for 

such a curve for a ductile material possessing a cubic lattice is 

generally taken as being

where L^\ is the strength coefficient and "ft is the work hardening 

exponent. Fjquation (46) may be linearized as follows:-

(f Z- •

so that 17 becomes the slope of the graph of log Qi VS.log£ and 

log p-} is the intercept on the log (Y axis corresponding to
L»

= 0. 

Using the "method of least squares" described in Section 7.10s
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(a) 5% reduction (d) 20% reduction
(e) 25%
(f) 30%

. 9.17 VARIATION OF FLOW STRESS WITH REDUCTION IN HEIGHT FOR 

DIFFERENT DiAl RATIOS. BASED ON DATA OBTAINED FROM 
FIGS. 9.1** to 9.16
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it was found that the best empirical fit to the Cook and Larke 

extrapolated data shown in Fig. 9.1 was,

C^ « 928£ °'^3 MN/m2 —————————————————————— (48)

r— » 41 
with a coefficient of correlation W = 0.976. Kuhn states that for

pure iron, /?9 = 0.31| and any excess over this value for porous 

compacts is due to geometric work hardening resulting from a 

continuous increase in the load bearing area as densification proceeds. 

Furthermore, he gives the empirical relationship,

09 = 0.310 * 1 "1 ' 91 ———————————————————— (49)

where /Q ^ is the initial relative density of the preform. From 

equation (49) ^n = 0.443 when /Q ^ = 0.83. Substituting

0.83 in equation (49) gives the value forT^ = 0.443,
O

thus indicating that the experimental results are in complete agreement

with Kuhn' 6 findings.
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CHAPTER 10

Hot Forging of Cylindrical Preforms

10,1 Hot AxiBymmetric Upsetting of Cylindrical Preforms

The powders used for these tests were the "as supplied" Hoganas 

AHC 100.29 iron powder, and also the coarse fraction i.e. +150 - 180 Urn 

particle size. In both cases the powders were admixed with 1% zinc 

stearate and 0.5% graphite and preforms measuring 40 mm diameter x 

50 mm long were produced to four different nominal relative densities 

viz. /D , = 0.7, 0.75, 0.8 and 0.85, in the mariner described in 

Section 9«5.

One batch of preforms produced from the "as supplied" powder was 

then coated with Birkatekt and preheated to 900°C in an electric 

muffle furnace which was occasionally purged with nitrogen. They were 

then open die forged to 90%, 80%, 70%, 6C% and 50% of their original 

heights, the reductions being controlled by the use of crash rings. 

The forging was carried out using the 3MN "Armstrong" Press, see 

Section 5.1, which involved charging the accumulators before each 

forging operation, and then releasing the charge directly into the 

press to produce an average ram speed of A/ 50 mm/s.

The hot axisymmetric upsetting tool used for these tests is 

shown in Fig. 10.1, together with one of the crash rings. The tooling 

consisted very simply of a standard die-set on to which two solid 

cylindrical anvils were bolted. These were made from "as supplied" 

W. L. Marisson's, chromium, hot working steel designated WLM 4052, 

which contained 0.4% C, 5% Cr, 1.4% Mo and 1% V. The crash rings were 

nade from a ductile aluminium alloy. No lubrication was used for these 

teats, nor were the dies deliberately preheated.
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Fig. 10.2 PARTLY FORGED TEST PIECES



After forging, the test-pieces shown in Fig. 10.2 were allowed 

to cool to room temperature. Their minimum and maximum diameters 

corresponding to Section X and Y, Fig. 9.5 were then measured 

together with their final lengths and densities, the latter being 

determined by an Archimedean technique. Although an attempt was made 

to measure the forging loads, using the load cell arrangement and U.V. 

recorder described in Appendix E, the results were somewhat erratic, 

and therefore disappointing. However, such results can be found well 

documented in other sources ' '. The reason for the erratic traces 

obtained from the U.V. recorder was due to the fact that the forces 

involved consist of a steady state hydraulic force, plus an inertia 

force, due to the initial acceleration of the unrestrained ram, 

together with the added complication of stress wave propagation in an 

elastic solid. The latter occurs at the speed of sound for the 

substance viz. \J^//^c which for steel is /V 16000 km/h.

Nevertheless, it was observed that the initial impact force 

increased as the amount of free ram movement, prior to the punch 

making contact with the preform, increased, whereas during the actual 

free upsetting operation the load tended to gradually diminish until 

contact was made with the crash rings.

Similar forging tests, conducted with the use of the lubricant 

Delta-forge 528, were then repeated for another two batches of preforms, 

One batch was manufactured from the "as supplied" powder, and the other 

from the "coarse fraction". Delta-forge 528, which was essentially a 

suspension of graphite in water, was used in the first instance to 

coat the preforms. This was achieved by preheating the preforms to 

1?5°C followed by immersing them in the lubricant. The second way in 

which the Delta-forge 528 was used, was by spraying it directly on to
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the forging tools immediately prior to forging. The forging test 

procedure and subsequent measurement of the partly forged preforms 

was then carried out as for the initial unlubricated series of tests. 

10,2 Interpretation of Results of Hot Axisymmetric Upset Tests

Fig. 10.3 shows the experimental results obtained from the 

unlubricated series of tests conducted on the preforms manufactured 

from the "as supplied" powder. Fig. 10.4 shows the results obtained 

from the tests carried out with lubrication, on the preforms 

manufactured from the "coarse fraction" powder sample. Since these 

are almost identical to the results obtained from the tests conducted 

on the "as supplied" powder preforms with lubrication, then the latter 

have been omitted. In all such tests the densification is non-uniform, 

and complies with the pattern illustrated schematically in Fig. 9-1 

As a matter of interest, this may be compared with the preform density 

distribution shown in Fig. 5»18 for an initial overall relative 

density of A/ 0.85.

The slopes of the curves shown in Figs. 10.3 and 10.4 provide a 

quantitative assessment of the instantaneous "densification rate" for 

the preforms during the upsetting stage of the powder forging process, 

The initial slopes of these curves were obtained by determining the 

density corresponding to ^ z = 0.1, and then subtracting the 

initial density and dividing the difference by 0.1 to give the 

experimentally determined value for — J/ * • This value corresponds
d £ 5

to the initial preform density, which as indicated by Fig. 5.18 is 

Tirtually uniformly distributed. These values were then compared with

those calculated from equation (50), which was derived by Griffiths et

18al for homogenous compression, viz.

P «2)
/

(50)
/
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Fig. 10.5 shows that the experimental results agree favourably with 

the curve drawn to represent equation (50).

It was found that the critical diameter ratio at which peripheral 

cracking occurred in some of the preforms subjected to 50% height

reductions was *\J 1.35, which agreed well with previously published

103 work . In addition, Figs. 10.6 and 10.7 were drawn* which show the

relationship between radial strain and longitudinal strain at Sections 

X and Y, Fig. 9«5, for preforms of maximum and minimum initial 

densities. For this purpose, the overall longitudinal strain was 

regarded as being representative of the longitudinal strain occurring 

at both Sections X and Y, Fig. 9.5. It can be seen that at Section X, 

i.e. the die/preform interface, the slopes of the graphs, and hence 

the values of \^ ap, are continuously increasing and tending towards 

the ideal plastic Poisson's ratio of 0.5, as the peripheral material 

approaches full densification in this region, see Fig. 9.1. However, 

at Section Y, which corresponds to the mid-height of the preform, the 

slopes are constant, and their relatively high values, i.e. approaching 

0.5 indicate that in this region, the material is deforming with very 

little change in overall volume. From this it follows that very little 

densification takes place in this outer peripheral region, as indicated 

in Fig. 9.1, and it is likely that the circumferential stresses in 

this region may worsen the situation, and actually bring about a 

reduction in the relative density of the material.

A more rigorous and complete analysis of the hot, free upsetting 

process is difficult, because of the non-uniform density distribution 

which exists throughout the partly forged preform. However, some 

analytical work dealing with this problem has been carried out by 

and Koval'chenko1^.
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10.3 Hot Closed-Die Forging of Cylindrical Preforms

The preforms used for these tests were made from the "as supplied" 

and "coarse fraction" powders, using the same powder blends and 

manufacturing techniques as described in Section 10.1. They were 

produced to the same initial densities as used for the previous 

forging tests. Although the diameters of all these preforms were kept 

constant at 40 mm, their lengths varied between approximately 30 mm and 

37 mm in order to ensure that the mass of each preform was maintained 

at a constant 250 g.

The closed-die hot forging tool used for these tests can be seen 

in Fig. 10.8. It consisted of a standard die-set fitted with new 

pillars measuring approximately 130 mm longer than the original pillars. 

The tool was designed to withstand forces of up to 2 MN. The backing 

plates for both the die and punch were made from "as supplied" WLM *K)52, 

whilst mild steel was used for the shrouds for both the punch and die 

insert. The material used to make these latter components was heat 

treated WLM *K)52, with the method of heat treatment being as follows. 

Firstly the parts were hardened by preheating to 800/850°C, holding at 

this temperature for 2 hours followed by increasing the temperature to 

990/1020°C, holding for 1 hour and quenching in oil without agitation. 

The punch and die insert were then tempered by heating to 550°C, 

holding at this temperature for 2 hours and then cooling in air. This 

latter procedure was repeated a second time with the result that the 

final hardness values were 50 Re. The heat treated parts were then 

ground to their finished dimensions, which included a 3° draft angle 

on the die recess and punch, to facilitate ease of removal of the 

component after forging.

The die insert was shrunk into its shroud with the use of liquid

9^ nitrogen .
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Fig. 10.8 CLOSED DIE HOT FOPGING TOOL



The forging operation was again carried out using the "Armstrong" 

3 UN press in the manner described in Section 10.1, The preforms were 

coated with Delta-forge 528 in the manner described earlier, and 

preheated to 900°C prior to forging. The forging tool was also sprayed 

with Delta-forge 528, to reduce friction. Although the tools were not 

preheated at the beginning to the tests, they soon acquired a consider 

able amount of heat from forgings during the dwell period prior to 

removal of the finished forging. The finished forgings measured

/v 19 mm long with an average diameter of s*s 46 mm. The residual 

porosity ranged between 0.7% and 1.5% whilst the maximum forging loads 

involved were /'V 1.5 MN. In this case it was possible to successfully

measure these loads with the load cell and TJ.V. recorder. The
2 corresponding forging pressures were therefore A^ 9^0 MN/m , which

lies within the range of values quoted in Section 2.13, viz. 800 to 

1200 MN/m^. Finally, there were no discernible differences between the 

forgings produced from the "as supplied" as compared to the "coarse 

fraction" powders.
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CHAPTER 11

Summary of Conclusions and Future -V'ork

11.1 Control of the Process

The success of powder forging as a means of producing high 

integrity precision forgings depends very much upon the amount of control 

that one can exercise over the various operations involved. This is very 

true of the actual forging operation where rapid, uniform heating of the 

preform and precise temperature control of both the preform and the tool 

is imperative to the success of the operation. Quite obviously the 

economic viability of the process depends upon the virtual elimination of 

any post-forging finishing operations, so that the forging tools have to 

be designed very carefully to ensure that the forging is produced with 

sufficient accuracy to obviate the need for subsequent machining. 

Although some dilatometer tests were conducted in order to provide basic 

information, the final tool design is very much a matter of experience 

and trial and error with known, controllable conditions.

Another important factor is that of controlling the mass of the 

preform. Since powder forging is essentially a closed die, flashless 

operation, an overweight preform could cause damage to the tooling. 

Equally so, an underweight preform will lead to regions of residual 

porosity, which may result in premature failure.

11.2 Advantages of Using "Coarse Fraction" Powders

A point of considerable interest which has emerged from this 

project has been that of the enhanced mechanical properties obtained 

with mixes of "coarse fraction" powders as compared to "as supplied" 

powders, sintered under identical conditions. The reason for this would
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seem to be that when sintered in accordance with standard industrial 

practice, it is easier for the graphite to go into solid solution in 

the "coarse fraction" powder, hence resulting in better homogenization 

and less free cementite. It appears that the only advantage of the 

"as supplied" powder is that of marginally better compatibility, which 

is only of importance in the manufacture of conventional PM structural 

parts. It therefore seems likely that powders of coarser particle size 

could be used to advantage in powder forging, and have the added 

attraction of being cheaper than conventional powder blends. 

11.5 Optimum Forging Temperature

The results of the "forgeability" tests viz:, hot tensile and hot 

torsion tests suggest optimum temperatures at which the preform material 

is in its most amenable state for forging. However, they also indicate 

that, for iron/graphite powder mixes, this temperature depends upon the 

quantity of carbon contained in the preform material so that the higher 

the carbon content, the lower the forging temperature. 

11.4 Appraisal of Preform Material

An indication of the behaviour of the preform matrix material when 

subjected to .uniaxial stress, was obtained by measuring the corresponding 

longitudinal and lateral strains. From this one was able to conclude 

that the matrix material behaves in a very ductile manner.

This important conclusion enabled a mathematical model to be 

devised to represent porous PM materials subjected to tensile tests to 

destruction* The model takes into account the strength and toughness of 

the matrix material as well as the distribution and morphology of the 

cavities which make up the porosity. Such a model helps to clear up 

much of the confusion that has persisted for so long in trying to explain
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the variations in tensile strengths of poroue materials based entirely, 

but erroneously, on considerations of the amount of porosity only. 

Vith the aid of this model it is possible to gain a measure of the 

strength of the pore free matrix material as given by £f , and also to 

quantify the effects of the porosity as given by \ .

11.5 Preform Design

The pilot study of preform design undertaken in collaboration with 

South Wales Forgemasters Ltd., Cardiff, served to indicate the need for 

careful distribution of the material in the design of the preform. 

This problem was largely overcome by the mathematical technique described 

in Appendix D, based on mass distribution diagrams. It is considered 

that such a technique could overcome much of the costly trial and error 

methods that have been practised in the past, and could also prove use 

ful to analyse existing successful preform designs. The study also 

served to reveal some of the problems associated with powder forging 

viz. peripheral cracking, air entrapprnent, backward extrusion of flash 

and inverse barrelling. Additionally it emphasised the need to preheat 

the lower die and reduce contact times in order to minimize the effects 

of chilling. Furthermore, there may be some advantages in encouraging 

radial inward flow of material during forging, to help reduce peripheral 

cracking.

11.6 Designing Powder Forged Components

In the event of some residual porosity being an inevitability, 

then every care should be taken to ensure that it is strategically 

arranged to occur in low stressed regions. The main danger with such 

partially closed porosity is that it may exhibit mechanical properties 

that are inferior to the original preform material. The reason for
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this is that whereas the porosity of the preform material tends to be 

fairly well rounded as a result of sintering, partial deformation of 

this porosity may worsen its morphology thereby increasing the \( t 

values, and bringing about inferior mechanical properties. Although 

some fatigue tests were conducted in an attempt to investigate this 

problem, unfortunately, it was later realised that the method of 

fatigue testing selected was not entirely suitable.

When designing a component for production by powder forging the 

important criterion is whether the powder forged material is adequate 

for the task rather than whether the material is as good as conventially 

forged wrought material. In many cases it may be that the quality of 

the latter is far in excess of the minimum requirement necessary to 

ensure the satisfactory functioning of the component, see Appendix A. 

11.7 Analysis of Consolidation

The mathematical model devised to represent the tensile strength 

of the preform material was used to provide a philisophical, if not 

rigorously scientific approach to an explanation of the consolidation 

process. Furthermore, the introduction of the concept of a "coefficient 

of consolidation" with universal application proved useful, since it 

provided a quantitative measure of the manner in which porous materials 

consolidate, for a given set of conditions. It can also be used to 

derive compatibility equations to describe the changing geometry of PM 

preforms during the upsetting stage of the powder forging operation. 

In addition, these equations have wider general application than 

previously derived compatibility equations, Appendix B, which simply 

apply to special cases based on idealised conditions.

It was found that the apparent plastic Poisson's ratio (\? ap)

107



is dependent upon initial preform density. This is to be expected 

since, as for tensile strength, \? ap will be influenced not only by 

the amount of porosity present, but also by its distribution, 

morphology and orientation.

11.8 Flow Stress, Density Distributions and Other Considerations

Owing to the problems involved in attempting to provide a rigorous 

analysis of the plastic flow stress requirements, a method of inter 

polation is suggested, which could prove useful in a real situation. 

Although density distributions are successfully determined by 

means of hardness tests, Section 5.6 and sectioning and weighing, 

Section 8.5, another method of assessment is used on the hot forged 

specimen. This entails the measurement of the apparent plastic Poisson's 

ratio as given by the slope of the graph of lateral strain vs. 

longitudinal strain. The results of such tests confirm what is 

generally known about the non-uniform density distribution which occurs 

during axisyrmnetric upsetting of porous preforms. Furthermore, the 

"densification rates" obtained from the hot upset tests agreed favourably 

with the theoretically predicted values, whilst the forging pressures 

observed were within the expected range as reported in other sources. 

There was no discernible difference in the forging performance of 

preforms made from "coarse fraction" powder as compared to those produced 

from "as supplied" powder.

11.9 Suggested FutureWork

As with all undertakings of this nature this thesis marks the 

beginning rather than the end of an on-going programme of work. Since 

powder forging is essentially a post-sintering operation it has been 

necessary to briefly investigate many of the operations normally
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associated with conventional PK processing, in order to be able to make 

a worthwhile appraisal of the preform material. As a result of this, 

much has been learned which is directly applicable to structural PH 

material as well as powder forging. Suggested areas of work considered 

suitable for further investigation are therefore as follows. 

(i) Mechanical testing of partially deformed preform material to 

determine the harmful effects that the distorted pore morphology may 

have on the mechanical properties of the material. In particular to 

carry out a systematic study of this effect on the fatigue response of 

partly forged materials in an attempt to simulate the conditions likely 

to exist in isolated pockets of porosity contained in powder forged 

components.

(ii) Compare the mechanical properties of powder- forged components 

made from commercially available powder blends with those produced from 

coarse particle powders, since there may be definite economic advantages 

in using the latter type of powder.

(iii) Carry out further consolidation tests involving the use of teflon 

sheets to minimize friction, and obtain representative values for C 

(coefficient of consolidation) for different modes of deformation. 

(iv) Investigate the effect of powder particle size on the diffusion 

rate of graphite in elemental iron powder/graphite mixes with a view to 

establishing the degree of homogenization that can be obtained when 

sintering in accordance with standard industrial practice. 

(v) Carry out a series of tests on PM material of different relative 

densities, to measure, the longitudinal and lateral strain components 

arising due to uniaxial stress. The purpose of these tests will be to 

gain a better understanding of the behaviour of the matrix material
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during tensile testing.

(vi) Re-appraisal of the results of the transverse rupture test to 

establish the connection between the "modulus of rupture" and the 

tensile strength. Since the matrix material has been shown to behave 

in a ductile manner it is considered that this problem can be approached 

by assuming that the tensile portion of the beam becor.es completely 

plastic before the onset of fracture. Furthermore, there may even be 

a slight shift in the neutral axis towards the compressive side of the 

beam.
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flM Impressions
eport of a Three Month Study Tour
j. GRIFFITHS-

APPENDIX A Ref. No. 6

stract
is is a report of the impressions gained after undertaking a three month study 1975. Its purpose was to gain a first-hand insight into the state of the art of 
ir of powder metallurgy in Europe, with the aid of a Goldsmiths' Travelling technology and education in the field of powder metallurgy as far as was possible 
llowship. The period of the tour was from approximately mid-April to mid-July within the limited time available.

tdriicke iiber die Europaische Pulvermetallurgie - Ein Bericht iiber eine dreimonatige Studienreise

>ser Bericht gibt die Eindrucke wieder, die wahrend einer dreimonatigen Goldsmith Travelling Fellowship. Der Zweck der Reise wares, einen direkten Ein- 
jdienreise (Mitte April bis Mitte Juli 1975) zu pulvermetallurgischen Einrich- blick in den heutigen Stand der Technik und Schulung aufdem Gebiet der Pulver- 
igen in Europa gewonnen wurden. Die Finanzierung erfolgte iiber eine metallurgie zu gewinnen.

pressions donnees par la metallurgie des poudres en Europe - Rapport d'un voyage deludes de trois mois.
rapport decritles impressions obtenuesau cours d'un voyage d'etudesde trois du voyage etait d'obtenir une impression directe de I'etat actuel de la technique 
>is(mi-avril a mi-juillet 1975) consacr6 aux installations pour la metallurgie des et de I'enseignement de la metallurgie des poudres. 
udresen Europe et finance par une "Goldsmith Travelling Fellowship... Le but

om the outset, the objective was to encompass as wide a range of 
tivity in PM as possible, and to this end approaches for visits were made 
manufacturers of compaction tools, furnaces, presses and powders, 
well as users of powders and research establishments. On this basis, 

ore than seventy establishments were recorded in preparing the 
lited Kingdom lists alone, and since this was by no means exhaustive, 
B total figure for the UK must be well over one hundred. Owing to 
jk of time, overseas attention was focussed on West Germany and 
ilgium only, and in this respect it is acknowledged that the survey 
ffersfrom some serious omissions. However, it is felt that the comple- 
ifi of more than forty visits within the three month period provides some 
titlement to crave the reader's indulgence.
e initial approach was to send requests to considerably more establish- 
snts than could possibly be visited in the time available. These tactics 
id handsome dividends, since only about 50% of the establishments 
ntacted were actually favourable to a visit. Of the remainder, some 
ters were seemingly ignored, inasmuch as no replies were forthcom-

e itinerary for the three month tour was as follows:

ing, whilst in other instances mutually convient dates were not avail 
able. Others were misunderstood, or else firms were too modest about 
their activities, and felt that to visit them would serve no useful purpose. 
A number of firms wrote courteous replies expressing regret that they 
were unable to accept visitors on the grounds that either they considered 
their processes as being confidential or that is was not company policy.

In this latter connection it was interesting to note that although industrial 
visits could be arranged for delegates attending the 4th European 
Symposium for Powder Metallurgy at Grenoble, in May 1975, it was on the 
strict understanding that they would be amenable to a reciprocal visit to 
their own establishments at some future date.

In formulating the list of establishments for visits, the main sources of 
reference were "Lists of Delegates", from annual meetings of the Powder 
Metallurgy Joint Group held over the past few years, lists of members 
kindly made readily available by the B.S.M.A. and the 1974 H.M.S.O. publi 
cation "Scientific Research in British Universities and Colleges".

Establishment Address Activity Contact/Position

ipril

Ipril

April

April

April

April

April

April

April

April

Precision Tool & Die Co. 
Ltd.
EFCO Furnaces Ltd.

University of Birmingham

Round Oak Steel Powders 
Ltd.
Sheepbridge Engineering 
Ltd.
Sintered Products Ltd.

Wickman Wimet Ltd.

National Engineering 
Laboratory
Martin Bros. 
(Tool makers) Ltd.
Ford Motor Co. Ltd.

Littleham Road, Exmouth, 
Devon, EX8 2RW

Fitzherbert Road, 
Portsmouth
P. O. Box 363, Edgbaston, 
Birmingham, B15 2TT
P.O. Box 17, Brierley Hill, 
Staffs. DY5 1UF
Chesterfield, Derbyshire, 
S41 9QD
Hamilton Road, Button in 
Ashfield, Notts.
P. O. Box 63, Torrington 
Avenue, Coventry, CV4 9AD
East Kilbride

718 Tudor Estate, Abbey 
Road, London NW10 7UU

Dagenham Estate,

Manufacturers of 
P/M tooling

Manufacturers of 
sintering furnaces
Research

Manufacturers of iron and 
steel powders
Group Laboratory

Manufacturers of 
sintered P/M parts
Tungsten Carbide 
Manufacturers
Research

Manufacturers of 
P/M tooling
Users of P/M parts

Mr. W. H. Clarke 
Managing Director

Mr. K. M. Too key 
Sales Manager
Dr. R. Davies, Senior 
Lecturer, Mechanical Eng.

Mr. C. R. Coombs 
Technical Manager
Dr. G. J. Cox, Group Chief, 
Metallurgist
Dr. L. Harrison, Director 
and General Manager
Mr. E. Lardner 
Director of Research
Dr. D. R. Dower

Mr. A. M. Martin 
Managing Director

Mr. K. E. Pleissner
Dagenham, Essex. RM9 6SA

April

lay

lay

lay

Fulmer Research Institute 
Ltd.
University of Surrey 

Borax Consolidated Ltd.

National Physical 
Laboratory

Stoke Poges, Slough, 
Bucks. SL2 4QD
Guildford, Surrey, 
GU2 5XH
Borax Research Centre, 
Cox Lane, Chessington, 
Surrey, KT9 1SJ
Teddinton, Middx. 
TW11 OLW

Contract Research 
Consulting and Testing

Research 

Surface treatments

Research

Manager, Manufacturing 
Development
Dr. F. G. Wilson

Prof. M. B. Waldron 
Dept Met. & Matl. Tech.

Mr. J. G. Pollard

Dr. B. Roebuck 
Senior Scientific Officer

*tmmt of Mechanical and Production Engineering, The Polytechnic of Wales. Mid Glamorgan, Great Britain.
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ay

ay

ay

ay

day

day

May

Way

Establishment

Brunei University

Tin Research Institute

Apex Construction Limited

Climax Molybdenum Co. 
Ltd.

Royal Worcester Industrial 
Ceramics Ltd.

GKN Group Tech. Centre

Manesty Machines Ltd.

Liverpool Polytechnic 
Dept of Mech., Marine &

Address Activity

Kingston Lane, Uxbridge, Research 
Middx. UB8 3PH

Fraser Road, Perivale, Research 
Greenford, Middx. UB6 7AQ

Apex House, London Road, Manufacturers of 
Northfleet, Kent, DA11 9 NX P/M equipment
Villiers House, 
41/47 Strand, London, 
WC2N 5JS

Gilfach Road, Tonyrefail, Manufacturers of 
Mid Glamorgan, CF39 8YW ceramic components

GKN Mails & Proc Division, Research, development 
Birmingham New Rd, and manufacture 
Wolverhampton, WV4 6BW

Speke, Liverpool, L24 9LQ Manufacturers of 
compacting presses

Dept of Mech., Marine & Research 
Prod. Engineering, Byron

Contact/Position

Dr. B. L. Davies 
Dept of Metallurgy

Dr. S. K. Chatterjee

Mr. W. H. Reay

Mr. W. Fairhurst 
Director and 
Development Manager

Mr. G. Owens 
Works Chemist

Mr. G. T. Brown 
Head of Powder 
Metallurgy Group

Mr. H. S. Thacker 
Manager Experimental Dept.

Dr. J. Schofield 
Senior Lecturer

Vlay 

May

May 
jne

jne

jne 

me

me

lune 

lune

lune

lune to 
lune

iune

une 

une 

une 

une

iy

Prod. Engineering

J & J Makin (Metals) Ltd.

British Oxygen Co. Ltd.

Royal Ordnance Factory 

Robert Bosch GmbH

Street, Liverpool, L3 3AF
Wallhead Mills, Kingsway, Metal powder 
Rochdale, Lanes. OL16 SAT manufacturers

15/17 Northgate, Baildon, 
Shipley, West Yorkshire, 
BD17 6JZ

Caerphilly Road, Cardiff.

7 Stuttgart 1, Postfach 50, 
West Germany

Max-Planck-lnstitut fur 7 Stuttgart 80, Busnauer 
Metallforschung, Institut furStrafle 175, West Germany 
Werkstoffwissenschaften

Research and development

Institute fur Werkstoff- 
kunde 11 der Universitat 
Karlsruhe
Dorst-Keramikmaschinen- 
Bau

Loughborough University 
of Technology, Powder 
Metallurgy Research Group

Stanton and Stavely

Loughborough University 
of Technology

Production Engineering 
Research Association

Katolieke Universiteit 
Leuven

75 Karlsruhe 1, Postfach 
3640, West Germany

D-8113 Kochel am See, 
Mittenwalder StraGe 61, 
POB 109 BRD, 
West Germany

Loughborough, Leicester 
shire, LE11 3TU

Works visit arranged by 
Loughborough University

Loughborough, Leicester 
shire, LE11 3TU

Melton Mowbray, 
Leicestershire, LE13 OPB

Users of beryllium powder

Users of metal and ceramic 
powders
Research in P/M ceramics, 
beryllium, glass

Research

Press manufacturers

Research

Mr. P. B. Wilson

Mr. C. Moore 
Chief Metallurgist

Mr. Cranidge 

Dr. F. Esper

Dr. N. Claussen 
Dr. H. E. Exner

Dr. S. Nazare 
Prof. F. Thummler

Mr. O. Dorst and 
Mr. W. Schlegel

Dr. D. S. Coleman

Attending ooe day 
Symposium on "Isostatic 
Pressing of Powders"

Research

Research

National Forge Europe

Centrum Voor Research 
in de Metallurgie

Metallurgie 
Hoboken - Overpelt

Laboratories du 
C.E.N./S.C.K.

Belgonucleaire

Johnson Matthey Metals 
Ltd.

Fakulteit Toegepaste 
Wetenschappen, De Croy- 
laan 2, B-3030 Heverlee, 
Belgium
Industriepark-Noord 7, Forging Press 
2700 Sint-Niklaas, Belgium Manufacturers

Abbaye du Val - Benoit, Research 
B-4000 Liege, Belgium

A. Greinerstraat 14, Manufacturers and users 
B-2710 Hoboken, Belgium of tantalum powders

Boeretang 200, B-2400 Mol, Manufacture of nuclear 
Belgium cladding materials by P/M

Europalaan 20, Pelletization of UO 2 
B-2480 Dessel, Belgium

Exhibition Grounds, Manufacturers of electrical 
Wembley, Middx., HA9 OHW contact materials and

dense alloys

Dr. R. Haynes 
Organiser

Mr. G. R. King
Head of Metal Forming
Section

Prof. J. Roos

Mr. H. Van Leemput 
Director, International 
Marketing

Mr. J. M. Drapier and 
Mr. D. Coutsouradis

Mr. G. Ronneau 
Chief de Fabrication

Mr. L. Coheur

Mr. A. Smolders and 
Mr. A. J. Flipot

Mr D. G. Billington 
General Manager of 
Engineering



ite

July

July to 
July 

elusive

Establishment Address

Henry Wiggin & Co. Ltd. Holmer Road, Hereford, 
HR4 9SL

Postgraduate School of Bradford, West Yorkshire, 
Studies in Powder Techno- BD7 1DP 
logy, University of Bradford

Activity Contact/Position

Atomisation and consoli- Dr. 
dation of nickel base alloys

Powder technology Dr. 
research and provision of 
post-experience courses

B. L. Gabbitas

T. Alien

irtfrom the obvious benefits derived from the technical information 
ned during visits, the most important benefit was the opportunity for 
thand discussion with people from almost every aspect of powder 
hnology. Despite the fact that this report is mainly one of impres- 
ns, every attempt has been made to present these as objectively as 
isible.
itly it must be stated that it is virtually impossible to gain a complete 
ght of PM activity due to complications arising from a multiplicity of 
imercial interests, which understandably make people guarded 
iut the amount of information that they are prepared to divulge. In the 
e of Universities, Polytechnics and research establishments not 
jived in contract research, this wariness was not in evidence and 
vere quite prepared for detailed discussions of their activities. There 
e also some instances of firms quite openly stating that they welcom- 
3 visit as a means of advertising. It was felt this attitude was justified, 
» during the middle and latter part of the tour it was possible to 
vide firsthand information regarding what services were available 
n other sources previously visited. In fact, one of the most noticeable 
lures as the tour progressed was that of a greater interchange of 
irmation, whereas during the earlier stages this had been predomi- 
itly one way.
[discussions were usually regarding the state of the PM industry, its 
spects and potential as a route to the manufacture of engineering 
ts, and ways and means of promoting its best interests. In addition, 
te a number of newly developed processes and ideas were encoun- 
sd which the various establishments concerned were anxious to talk 
iut and promote, whilst there was often brief mention of other 
hniques and processes, which were quickly passed over, as they 
•e obviously considered to have some future commercial potential, 
m these latter discussions and the earlier reluctance of some firms 
receive visitors, it soon become apparent that no single person is 
r likely to know the full sum total of knowledge that exists in the 
field. Even by keeping abreast of all published work, he is still likely 

>e many years behind the true frontiers of knowledge in many aspects 
he subject.
A/ever, it is fully realised that the PM industry is still small and 
itively new, and despite claims that it has approximately a 15% 
wth rate, the existing market is probably still too small to enable
industry fully to utilise its total capacity. The result is that the 

npetition for orders is extremely keen. Nevertheless it is encourag-
to see that the industry is gradually beginning to diversify its 

ivities, so that it is becoming progressively less dependant upon
automotive industry. This would appear to be essential for its future 

II being, since in the present circumstances any recession in the 
omotive industry would have serious repercussions in the PM 
ustry. However, it would probably not be completely disastrous since 
st sintering manufacturers seem to be subsidiaries of much bigger 
npanies and small, independent firms are a rarity, 
i evident that PM flourishes best when it is the only route available 
satisfy a particular application rather than when it is offered as an 
(rnative to producing parts which can be produced by more tradi- 
ial methods from massive metal. Nevertheless, a very substantial 
lion of the PM industry successfully manages to compete and 
vive in this latter "substitutional" capacity. It is considered that far 
ater inroads could be made into this market if it were only possible to 
ircome prejudices and reluctance to depart from traditional manu- 
turing methods in those instances where the PM route offers definite 
'antages. Such advantages would obviously be the ability to produce 
atisfactory component either at a competitive price, or ideally, with 
ost saving. In the case of PM this usually means large quantities of 
nponents of complex shape with finished dimensions required to 
Mn close tolerances. When compared with alternative manufacturing 
'hods, cost savings result from better material utilisation, with the 
"al elimination of scrap, and substantially reduced machining time, 
iome instances, the need for subsequent machining may be comple- 
' eliminated, thereby possibly offering the potential customer the 
led attraction of a capital investment saving on machine tools, 
'possible that the prejudices and reluctance stem from a fear either 
n of ignorance or based on a bad past experience with PM parts

in all areas of powder 
technology

obtained from an overzealous supplier some years previously. Whereas 
it may be presumed that ignorance can be overcome by a suitably plann 
ed educational programme, it can only be hoped that the passage of 
time will erase the bad memories. Coupled to this is the fact that there is 
now better control over PM material and processing, together with the 
availability of more reliable information and less exaggerated claims, all 
of which will undoubtedly help to impart new confidence in PM parts. 
With regard to the educational aspect, Universities and Polytechnics 
could be encouraged to include more hours of PM tuition into their 
existing cources. A nationwide survey' undertaken in 1971 showed that 
only —1% of the syllabi studied by metallurgy/materials science under 
graduates at that time was devoted to PM. However, it must be realised 
that irrespective of how intensive a teaching programme is implemented 
at the undergraduate stage, it may be at least a decade before its full 
affects will befell by the PM industry. Quite obviously it could easily take 
that long before a student will eventually be in a position of suitable 
authority to influence design decisions. Meanwhile it is interesting to 
note that one week PM induction courses are being offered annually 
at Loughborough University, and post-experience short courses in 
powder technology at Bradford University. Whereas it is understood that 
between 15 and 20 students usually attend the course at Loughborough, 
very few people with any interest in PM seem to take advantage of the 
courses offered at Bradford. Furthermore, PM Symposia and Conferen 
ces seem to do little to alleviate the educational problem, since they 
are invariably attended solely by people from within the industry, so 
that the tendency is always that of preaching to the converted. The same 
is largely true for PM articles and papers, since these are usually fairly 
esoteric and are therefore only accepted for publication in PM journals. 
It may be that the best interests of the PM industry would be served if 
suitably qualified authors would produce PM articles of a general 
nature. These could then appear in those journals read by engineering 
designers and mechanical and production engineers, in an attempt to 
familiarise these people with the advantages offered by PM. 
This latter approach is obviously aimed at the existing generation of 
engineers in order to encourage them to think PM at the design stage. 
All too often the familiar pattern is for a PM part to be substituted for 
an existing solid metal part as an afterthought, because its advantages 
for a particular application are not realised until some later stage. This 
quite often introduces unnecessary complications which would not 
have arisen if the part had been designed for PM from the outset. 
Unfortunately, in many cases traditional materials and manufacturing 
techniques are selected out of habit rather than by due consideration 
being given to precise material requirements. This may unwittingly 
impose too high a material standard in accordance with the satisfactory 
functioning of the component, which later results in extreme reluctance 
to specify a more suitable PM material. Furthermore, this lack of 
confidence in PM parts often leads to demands for more stringent test 
ing than would normally be required for comparable parts manufac 
tured from massive metal.
When deciding the best choice of material and manufacturing route for 
a new product, or when evaluating alternative materials of manufactur 
ing routes for an existing product, recourse can be made to such aids 
as the Fulmer Materials Optimiser 2 . This information system is available 
with an updating service, and the widespread use of such aids may 
encourage more designers to adopt PM routes where these are shown 
to be the most advantageous.
Meanwhile, the procedure seems to be to make a direct approach to 
prospective customers either with a selection of PM parts in the hope 
that some are similar to those already in use, or alternatively, to examine 
the product beforehand, and pinpoint those parts which it is considered 
could be produced by the PM route. Here again the substitutional 
approach is adopted in the fond hope that the next time the customer 
will plan with PM in mind. This raises the problem of the production 
of prototypes for initial testing and assessment, and it is understood that 
some firms overcome this by machining the final shape from suitable 
blocks of PM material. Despite the compromise that this approach 
represents, it is nevertheless a useful technique, and enables minor 
modifications to be made before finally ordering costly tooling. It may 
also serve as a good indicator as to how complex the tooling need be,



ICf th! K'f f!f faCt° r in decidin9 whether or not a
xJuced by PM depends very much upon the skill and ingenuity of thejl designer.
ere can be no doubt that the PM industry is quite firmly established 
d forms an indispensable part of everyday living. It only requires a few 
jments' reflection to realise that whether at home, in the office, on
3 factory floor or driving along in a motor car, use is being made of
4 parts. In addition to the admirable way in which PM manages to cope 
th these more mundane tasks, it may also be regarded as a technology 
the future, being capable of performing functions and producing 
jterials for which as yet there may not be the necessary applications, 
tuations personally encountered where PM is found on the threshold 
technology and science, include proposals to produce superalloy 

rbine discs by the PM route, production of alloys for nuclear power 
iplications and prosthetic devices for use in orthopaedic surgery, 
nally, in a future where growing emphasis will be placed on conserva- 
in of resources, it would seem reasonable to expect that PM will find 
creasingly greater favour, due to its maximum material utilisation 
id the resulting energy saving from not having to cycle scrap material.
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Compatibility equations for the 
powder-forging process
T. J. Griffiths, R. Davies, and M. B. Bassett

The three principal modes of deformation encountered 
during powder forging are (i) axisymmetric compres 
sion, (ii) plane-strain compression, and (iii) re-pressing. 
To establish compatibility or continuity equations to 
describe the geometry of deformation of porous 
preforms during each of these processes, the authors 
resort to the artifice of assuming an apparent plastic 
Poisson's ratio Oa), which experimental observation 
suggests is a function of the relative density (p J of 
the preform. However, since the rate of densification is 
dependent upon the degree of lateral restraint imposed 
by the mode of deformation, the empirical relation 
ships connecting VA and pt will vary accordingly. 
Compatibility equations are therefore derived for each 
mode of deformation, and their predictions compared 
against a selection of previously published 
experimental data.

Serial No. 437. Manuscript received 9 July 1976. T. J. Griffiths, 
BEng(Tech), CEng, MIMechE, MIProdE, and M. B. Bassett, BSc, 
MScTech, PhD, CEng, MIMechE, MIProdE, are in the 
Polytechnic of Wales, Pontypridd, Mid-Glamorgan; R. Davies, 
MSc, PhD, CEng, MIMechE, MIM, is at the University of 
Birmingham.

Powder forging is currently arousing interest in many parts 
of the world as an economic method of producing high- 
strength, high-ductility steel parts from metal powders. 1

The process involves the forging of a well-defined preform 
to produce a component with negligible porosity, and 
mechanical properties which compare favourably with those 
of conventional forgings. Careful distribution of the metal in 
the preform is necessary to minimize unsupported lateral 
flow and the accompanying risk of cracking during the 
forging operation. The preform may be produced by either 
mechanical or isostatic compaction, followed by sintering, 
generally in an endothermic atmosphere. After sintering, the 
preforms may be either cooled, stored and then reheated 
immediately before forging, or else transferred directly from 
the sintering furnace to the forging press.

One of the many advantage of the process is that the well- 
defined preform shape obviates the need for multi-impression 
dies,2 and enables the component to be produced in a single 
blow.

The important difference between powder forging and the 
conventional forging of wrought material is that of 
consolidation of the PM preform. Powder forging would 
therefore seem to be a hot-compaction process with some 
bulk metal plastic flow.3

The three principal modes of deformation that can occur 
during powder forging are: (i) axisymmetric compression, i.e.

no lateral constraint; (ii) plane-strain compression, i.e. 
restraint in one lateral direction; and (iii) re-pressing, i.e. total 
constraint.

For the initial part of this study it has been assumed that 
frictionless, homogeneous compression occurs throughout, 
so that there is no barrelling, and where applicable, all points 
on the periphery of the preform make contact with the die 
walls simultaneously. Although this may not be strictly true 
in practice, the amount of unsupported lateral flow is 
generally so small that this assumption will not introduce 
appreciable errors. As a further consequence of homo 
geneous compression it seems reasonable to assume an 
average density for the preforms as given by p., which is the 
ratio of actual density to solid density, so that the porosity is 
given by (1- pj.

The approximate density changes which take place with a 
typical commercial iron powder during the various stages in 
the production of a powder forging are summarized in 
Table I.

Table 1

Condition

(i) Loose powder as supplied 
(ii) Preform after compaction 
(iii) Preform after upsetting 
(iv) Component

P*

0-32 
0-72-0-83 
0-95
1

Remarks

Manufacturer's data 
Cull4

INITIAL CONSIDERATIONS
Eudier5 suggests that a fairly dense porous material, i.e. 
p, = 0-9, may be represented as a solid containing spherical 
pores arranged in a simple cubic pattern. Speculation on 
what is likely to happen to these pores when subjected to the 
three principal modes of deformation could possibly explain 
the fundamental difference in the deformation characteristics 
brought about by each of these operations.

(i) With axisymmetric compression, i.e. triaxial strain, the 
predominant reduction in pore diameter takes place in the 
direction of compression and is accompanied by spreading 
of the pore laterally in all directions, thereby producing a 
very low rate of densification.

(ii) In the case of plane-strain compression, i.e. biaxial 
strain, the predominant reduction of pore diameter will again 
take place in the direction of compression, but the lateral 
spread can now take place in one direction only. This partial 
restriction in lateral spread brings about an enhanced rate of 
densification as compared with the axisymmetric case.

(iii) With re-pressing, i.e. uniaxial strain, the diameters of 
the pores decrease in the direction of compression while their 
lateral diameters remain constant, resulting in relatively 
rapid rates of densification. This agrees with Antes's6 
experimental conclusions on p. 172 of his paper.
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Nomenclature
v = Poisson's ratio for a perfectly plastic solid metal
i>a = apparent plastic Poisson's ratio
"aa = apparent plastic Poisson's ratio for axisymmetric 

compression
vap = apparent plastic Poisson's ratio for plane strain 

compression
ps = density of solid metal
p = density of preform material
p. = relative density of preform material. Subscripts 1, 2, 

and 3 are used to denote initial, intermediate/final, and 
final conditions, respectively

m = preform mass
h = preform height
d = preform diameter—axisymmetric compression
/ = preform length—plane-strain compression
Ks = volume of solid material
ez = principal natural strain in axial direction
er = principal natural strain in radial direction (axi 

symmetric compression)
ex = principal natural strain in lateral direction (plane- 

strain compression)
By definition:

dez = dh/h, der = dd/d, dex = dl/l.

In a real situation involving up to ~30% porosity, it is 
obviously difficult to generalize regarding the mode of 
deformation of the pores, owing to their complexity of shape 
and orientation. Eudier7 suggests that the fairly flat pores 
would tend to collapse the most readily, and states that he 
has obtained micrographs which seem to confirm this 
hypothesis. This would certainly account for the higher 
consolidation rates experienced with the more porous 
preforms. It is also possible that as these flat voids collapse 
at their centres, smaller voids may be set up at their 
peripheries which, depending upon their shape, may then 
spread until they collapse to form even smaller pores. It can 
only be assumed that this process is repeated until, at some 
higher density, all the remaining voids are approximately 
spherical in shape; whereupon deformation takes place in the 
manner described earlier, assisted by the shearing effect 
which accompanies the lateral spread as the strain increases.

AXISYMMETRIC FRICTIONLESS OPEN-DIE 
COMPRESSION AND RE-PRESSING
Both the above operations occur during the closed-die
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d

1 Deformation of cylindrical preform during closed-die 
forging: (a) porous preform at beginning of upsetting 
stage; (b) fully consolidated forging at end of re-pressing 
stage.

r direction
2 Frictionless upsetting of cylindrical preform: (a) preform 

of initial density p ; (b) preform after frictionless upsetting 
to new density (p + 6p)-

forging of PM preforms, thereby subdividing the process 
into two distinct stages. For added simplicity it is proposed 
to focus attention on cylindrical preforms only.

Figure l(a) shows the initial closed-die upsetting stage 
which involves consolidation and unsupported lateral flow of 
the material to fill the die cavity. Since this stage is assumed 
to be frictionless, it will be analogous in all respects to an 
open-die process. Figure 1(6) shows the re-pressing stage, 
which occurs after the lateral flow of the first stage is 
checked by the material making contact with the die walls. 
Compatibility or continuity equations to describe the 
geometry of deformation of the preforms during these two 
stages may now be determined from the following considera 
tions.

Since the PM material may be regarded as a two-phase 
material consisting of the matrix metal and pores, it follows 
that the axial true strain will comprise two components, one 
attributable to consolidation, and the other to the lateral 
spread of the solid material. This may be demonstrated for 
the axisymmetrically loaded cylindrical preform shown in 
Fig. 2, as follows. For mass constancy,

m = ) 2 (/! - 6/2) (p + dp)

In the limit, after expanding and ignoring second-order in 
finitesimals, this becomes

-dez = -^* + 2der . ................ (1)
The well-known fact that Poisson's ratio (v) = 0-5 for a 
perfectly plastic solid material can now be readily shown, 
since volume constancy prevails when p, = 1 and dp. = 0, 
i.e. there is no consolidation and eqn. (1) becomes

(2)
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For re-pressing, the process is that of consolidation only 
when

(3)

It would appear from experimental observations 1 ' 8 that it is 
the extent of this porosity which dictates the relative rates at 
which consolidation and plastic flow take place. Such 
observations suggest that a high degree of porosity favours 
rapid consolidation, which gradually diminishes in favour of 
increasing amounts of lateral spread as p« -+ 1. This 
necessitates having to resort to the artifice of assuming an 
apparent plastic Poisson's ratio (i>aa) to describe the mode 
of deformation. By transposition, eqn. (1) becomes

-(4)

Clearly, if it can be established that yaa = f[pt ), then the 
above expression can be integrated to provide the com 
patibility equation for the closed-die upsetting stage. Many 
experimenters confirm that for axisymmetric conditions such 
a function exists, and that the value for Poisson's ratio cor 
responding to a particular density is independent of the 
means by which that density was achieved.

Marx and Davies9 suggest that paa is linearly dependent 
on the density, being of the general form

"aa = kp.-C .................. .(5)

where k and C are constants. Unfortunately, these constants 
cannot be deduced analytically, and the empirical 
relationship obtained from their experimental observations of 
an Fe-base powder over the density range p. = 0-84 -> 1 is

IV = 0-93p, - 0-43 • (6)

These results were obtained from a series of Cooke and 
Larke-type tests, in which frictionless conditions were 
simulated.

Further experimental data are provided by Kuhn and 
Downey, 10 who propose that the relationship over what 
appears to be a similar density range is

(7)

Although essentially intended to refer to an aluminium 
powder, it is nevertheless stated that in their experience it 
could apply equally well to ferrous powders. Friction was 
eliminated in this case by the use of Teflon sheets inserted 
between the dies and the preforms.

Figure 3 shows that the results of eqns. (6) and (7) 
compare very favourably over the stated density range; 
however, it has been necessary to extrapolate to p, = 0-72 
(see Table I) to cater for the increased density range 
encountered in a real situation. Coupled to this is the fact 
that frictionless conditions will not exist in practice, despite 
the use of die lubrication. Further tests conducted by Marx 
and Davies, with lubrication, suggest the relationship

fM = P.-0-5 .................. .(8)

When plotted on Fig. 3, it shows that the effect of friction is 
to reduce the instantaneous values for caa corresponding to 
any given density. This has arisen from the reduced lateral 
spread and the accompanying increase in the rate of con 
solidation.

The compatibility equations needed to describe the 
geometry of deformation of PM preforms, during the initial 
closed-die axisymmetrical upsetting stage of the powder- 
forging process, can now be obtained as follows:
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—— Marx and Davies 
frictionless (eqn,(6))

— — Kuhn and Downey 
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07 08 0-9
RELATIVE DENSITY P.

1-0

Curves of apparent plastic Poisson's ratio vs. relative 
density for axisymmetric compression.

1 . Frictionless conditions
(a) Combining eqns. (4) and (6) and integrating gives

-e, = 0-54 in (9)

Similarly from eqns. (1) and (6)
'1-P.,i 1-0-23 (10)

(b) Alternatively, combining eqns. (4) and (7) and 
integrating gives

In:
P.,

0-5 In
''-< 
1-P*2, (11)

where In (p, /p, ) is the strain component attributable to 
consolidation2, arid 0-5 In (1-p^/1 -p^) is the strain
component attributable to plastic deformation.
Also

e r =0-25 In (12)

2. With lubrication
Combining eqns. (4) and (8) and integrating gives

and

.= 0-25 ,n[^(il^ )]........... (.4)
[P, 2 11-P. 2 /J

PLANE-STRAIN COMPRESSION
It can readily be demonstrated for the plane-strain con 
figuration shown in Fig. 4 that

-dez = —— +dex 
z P.

(15)
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Z direction

A 05 -

4 Plane-strain compression: (a) preform before deforma 
tion; (6) partly forged preform.

whilst the apparent plastic Poisson's ratio is now denned as 
dex

+ experimental results from Table n

0-6 O-7 08 O-9
RELATIVE DENSITY P.

10

5 Curve-fitting of experimental results of apparent plastic 
Poisson's ratio vs. relative density for ferrous preforms 
subjected to unlubricated plane-strain compression.

By substitution and transposition eqn. (15) becomes

A, - dP.

p.(l-2i;a p) (16)

If recourse is made to experimental data previously 
published by Fischmeister et a/.,8 then an empirical relation 
ship can be established between vap and p, which can be 
used to derive the compatibility equation for unlubricated 
plane-strain compression. Table II is an extract from the 
experimental data obtained from tests conducted on ferrous 
powder preforms.

Figure 5 shows that a good correlation between these 
results is provided by the empirical equation

"ap = 0-5p,3 ................... .(17)

Statistical comparison between the experimental data and 
those calculated from eqn. (17) shows very good agreement 
at the 0 -0 1 level of significance on the j2 test. 

Combining eqns. (16) and (17) and integrating gives

-e, = ln ^i

and hence

H-i.,

-P..

APPLICATIONS OF COMPATIBILITY EQUATIONS 
TO EXPERIMENTAL OBSERVATIONS
From either eqn. (4) or (16) it is now possible to provide a 
quantitative assessment of densification rates, since

dp,
(20)

(ignoring the negative sign). Hence, for frictionless 
axisymmetric compression, using eqn. (6),

^ = l-86p,(l-pj .............. (21)

or, using eqn. (7),

dP. _ . „ ,, (22)

and for lubricated axisymmetric compression, using eqn. (8), 

^=2p.(l-pj. ............... {23 )

For unlubricated plane-strain compression, using eqn. (17), 

.............. (24)^P.u-P.3).

Table II

Preform porosity 37-4% 32-7% 25-7% 19-8% 0%

Initial apparent plastic 
Poisson's ratio

0-13 0-16 0-2 0-25 0-5

Powder Metallurgy 1976 No. 4
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6 Comparison of 'densification rates'.

For re-pressing, transposition of eqn. (3) gives 
dP. _ „ (25)

For the purpose of comparison, the densification rates 
arising from the different processes are shown plotted in 
Fig. 6. The fact that the densification rates for axi- 
symmetrical and plane-strain compression tend to converge 
at the higher densities (theoretically when p» = 1) is verified 
experimentally by Antes. 6 He observed that at a preform 
density of 7-2 Mg/m 3 the densification rates were approxi 
mately the same.

Figure 7 shows how the overall powder-forging process 
(illustrated in Fig. 1) may be represented by erecting an 
ordinate from one densification curve to the other, cor 
responding to the instantaneous density at which the preform 
material contacts the die walls. If, for example, the end of the 
upsetting stage occurs at a value of pt = 0-9, for a preform 
of initial density p, = 0-8, then the complete 'rate of 
densification' curve is traced out by a, b, c, d in Fig. 7. 
However, because of barrelling in a practical situation, it is 
likely that the 'real' curve is S-shaped, as shown dotted. It is 
also possible that during this transition period from the 
axisymmetric to the re-pressing stage, the material in contact 
with the die wall will tend to behave as if it were subjected to 
plane-strain conditions.

Before proceeding further it must be pointed out that the 
compatibility equations imply that as p, -> 1, ez -> °°, 
thereby suggesting that it is impractical to achieve 100% 
consolidation by upsetting alone. Furthermore, Davies and 
Dixon1 show that for frictionless, axisymmetric com 
pression, the situation is further aggravated by the fact that, 
as the preform spreads, the tensile stresses induced in its 
periphery have the effect of making it even less dense in this 
region. Their experimental curve of density vs. percentage 
reduction of height is shown in Fig. 8, where it is compared

1-0 

0-9 

08 

07 

06 
0-5 

04 
0-3 

0-2 
0-1

o
0-7 08 09 1-0

7 'Densification-rate' curves for complete powder forging 
operation.

with the theoretical curve for frictionless conditions, since 
from eqn. (9)

Percentage reduction of height =

P.,d-P..
. . . (26)

It can be seen from Fig. 8 that the two curves are in good 
agreement up to a density of ~7-5 Mg/m3, i.e. p, = 0-96, at 
which point the phenomenon described by Davies and Dixon 
becomes significant.

Both stages of the closed-die powder-forging process can 
now be examined in detail, since for lubricated axi 
symmetric compression, as represented by eqn. (13),

Percentage reduction of height =

10-5
x 100. . . .(27)

0 50 100 
REDUCTION OF HEIGHT//,,

8 Comparison of theoretical and experimental curves 
showing forging density vs. reduction of height for axi 
symmetric compression.
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0 0-2 0-4 0-6 0-8 1-0 1-2 1-4

REDUCTION OF HEIGHT,%

9 Typical curves of relative density vs. percentage reduction 
of height, for powder-forging process.

while for the re-pressing stage, as represented by eqn. (3), 
Percentage reduction of height =

-x 100 (28)

The process as described by eqns. (26) and (28) is shown 
in Fig. 9, where it can be seen that the densification curves 
representing the two stages have opposite curvatures, with 
the point of inflection marking the beginning of the re 
pressing stage, i.e. when it is assumed that the metal has 
made contact with the die walls.

Guest et al. 11 have published comparable experimental 
curves, one of which is shown in Fig. 10, compared against 
its theoretical counterpart plotted from eqns. (27) and (28). 
The two curves are in good agreement over most of their 
lengths, the main discrepancies arising from the fact that 
some barrelling was inevitable in the experimental situation, 
despite the use of lubrication. Although Guest et al, state 
that the initial part of their experimental graph was linear, it 
should in fact have been curved to correspond with these 
theoretical predictions. However, the amount of curvature is 
very slight over such a small density range, i.e. pt ~ 0-86- 
0-94.

Figure 11 shows the theoretical relationship between axial 
true strain, ez , and lateral true strain, ex , for unlubricated

0-2

0-4 r-

0-6 h

preform 
porosity, %

-- —— 0 

,———198 

25-7
0-8 r-

-32-7

11 Theoretical relationship between material flow in 
direction of upsetting and lateral flow for plane-strain 
compression.

plane-strain conditions. The curves were drawn using the 
initial preform porosities shown in Table II, and eqns. (18) 
and (19). They compare favourably with their equivalent 
experimental curves which appear as Fig. 4 in Fischmeister 
et al*

Again, because of the very slight curvature present, the ex 
perimenters have stated that the lower parts of their graphs 
are linear, for which the values for fap are quoted as 0-43 
and 0-45. These figures can be roughly checked by taking 
the average slopes of the curves over a suitable density 
range, in accordance with strains which approximate to 
those used in the experiments, i.e.

Aex
(29)

On this basis, irrespective of which preform is selected, the 
average slopes are 0-428 and 0-452 for the relative density 
ranges 0-9-0-98 and 0-95-0-98, respectively.

78

7'6

r,7-2[-

6-6'

theoretical density

forging diameter . __ 
preform diameter "

--o-- experimental results

O 1O 20 30 40 50 
REDUCTION OF HEIGHT,%

W- point where, due to barrelling, experimental disc first makes contact with
die wall,

I = point of inflection on theoretical curve, indicating beginning of re-pressing 
stage.

10 Comparison of theoretical and experimental curves (see 
text).

CONCLUSIONS
Frictionless axisymmetric and unlubricated plane-strain 
compressions produce the least and greatest rates of 
densification, respectively, during the upsetting stage of the 
powder-forging process. The actual conditions encountered 
in practice will h'e somewhere between these two extremes.

For instance, in plotting the theoretical curve shown in 
Fig. 10, eqn. (27) was used, which was derived from 
lubricated axisymmetric compression. However, no 
correction was made for barrelling, which was excessive in 
this case owing to the abnormally high diameter ratio of 
1 • 35 as compared to the critical diameter ratio of ~ 1 -40," at 
which peripheral cracking occurs.

It is for this and other reasons,3 e.g. inefficient densifica 
tion, etc., that the actual amounts of lateral spread used in 
practice are generally small, so that the compatibility 
equations could be applied to real situations with greater 
accuracy than Fig. 10 suggests. Even when a small amount 
of barrelling is present, the predictions of the equations will

Powder Metallurgy 1976 No. 4
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not be seriously affected, since, as the preform density 
increases, so does the rate of densiflcation become pro 
gressively less dependent upon the mode of deformation.

In addition to predicting the changing geometry of PM 
preforms during powder forging, the compatibility equations 
can also be used for the purpose of summarizing and com 
paring experimental observations.
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PILOT STUDY OF PREFORM DESIGN FOR 
SINTER FORGING*

T. J. Griffiths,! W. Jones, | M. Lundregan4 and M. B. Bassettf

An important difference between sinter forging and conventional forg 
ing is that of consolidation of the PM preform. It therefore follows that 
sinter forging would seem to be a hot-compaction process with some 
bulk metal plastic flow. The permitted amount of plastic flow is consider 
ably less for a PM preform than for a preform produced from wrought 
material of equivalent composition, since PM preforms exhibit poor 
ductility and are therefore more prone to cracking. The purpose of this 
study is to produce some guidelines to assist in designing preforms for 
sinter forging and to attempt to minimize the 'trial and error' approach. 
This has been undertaken by the production and study of a component 
suitable for PM forging, which at present is produced by conventional 
forging.

The lateral flow of metal was observed and investigations undertaken 
as to how density variations across the preform might assist the con 
solidation process. An iron powder containing 1% graphite and 1% 
zinc stearate was used in the production of components.

CONSIDERABLY more care must be taken with the design of blanks or 
preforms for sinter forging than with those used for the conventional 
flashless closed-die hot forging of wrought materials. One of the main 
reasons is that the PM preform displays a much smaller degree of 
plasticity at elevated temperatures than a solid metal of comparable 
composition. This means that the amount of lateral flow that can be 
tolerated during the initial stages of sinter forging is critical if peripheral 
cracking of the upset blank is to be prevented. Despite the fact that 
the process is termed 'closed-die forging', during the early stages it is 
essentially one of open-die forging. This results in the upsetting of the 
blank until lateral flow of the preform is checked by the material making 
intimate contact with the die walls. 1

Another of the main differences between sinter forging and the forging 
of wrought metal is that of consolidation of the PM preforms, so that the 
process is really one of hot compaction with some plastic flow.

The purpose of this study was to investigate the phenomena peculiar 
to the sinter forging process, in order to produce some guidelines to

* Manuscript received 11 May 1973. Contribution to a Symposium on 'PM 
Alloys and Properties', held in Eastbourne on 19-21 November 1973 

f Glamorgan Polytechnic, Treforest, Pontypridd. 
J South Wales Forgemasters Ltd., Cardiff.
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assist in the design of PM preforms, since most published work in this 
field seems to report the production of preforms by pure' trial and error'. 
For this purpose it was decided to adopt the approach outlined by 
Bockstiegel and Olsen,3 by examining the feasibility of producing, by 
sinter forging, a component that had already been successfully forged 
from En8 wrought material. The cross-section of this component is 
shown in Fig. 1(6).

In addition to an actual component some test-specimens were pro 
duced for a series of laboratory tests to provide additional information 
for comparison.

Equipment

The preforms and test-specimens were compacted on a 3 MN (300 tonf) 
hydraulic press. A 7-5 MN (750 tonf) Ajax mechanical press, operating 
at 80 rev/min was used for the forging operations.

The preforms were sintered in a Carbolite electrically heated muffle 
furnace, fitted with control equipment to govern both the rate of heating 
and final temperature. Provision was made to introduce nitrogen 
periodically into the furnace in an attempt to combat excessive de- 
carburization. The test-specimens were sintered in an endothermic 
atmosphere in a continuous belt-type sintering furnace under produc 
tion conditions, in accordance with standard industrial practice. The 
specimens were tested on a motorized Hounsfield tensometer, fitted with 
an automatic recorder. An electrically heated tube furnace was used 
in conjunction with the tensometer. Further tests were carried out on 
a Griffin and George dilatometer, in which the specimen was contained 
in an electrically heated silica tube, surmounted by a dial test indicator 
to measure thermal expansion, and fitted with a thermocouple to record 
temperature.

Powder

Rospol MP32 iron powder was used throughout the tests, the (advised) 
sintering conditions being 20 min at 1120°C in an endothermic atmo 
sphere, dew-point — 1°C. It was premixed with 1% zinc stearate, to 
provide lubrication during compaction, and 1% graphite, to simulate 
the wrought material En8, from which the component had already been 
successfully forged. The seemingly high quantity of graphite was con 
sidered necessary, since the improvised sintering technique employed in 
the manufacture of the preforms made it uncertain how much associated 
carbon would remain in the final microstructure.

It was assumed that the solid density of the powder would be that 
of solid iron, viz. 7-8 Mg/m3. The apparent density of the loose powder 
was stated as 2-5 Mg/m3, though after mixing it was found to be
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3-3 Mg/m3 . Values for p* have been quoted throughout the tests, 
where p* is simply the ratio of actual density to solid density, so that the 
porosity is given by (! — />*).

Initial Considerations in Design of Preforms
With flashless forging of solid metals, the main consideration is that 

the mass of the blank should equal the mass of the component. In 
most cases a simple prism of metal is used, this being cut from bar stock. 
Generally, large amounts of plastic flow occur without the material 
cracking; complex sections are excluded here. Although in the case of 
PM forging the mass consideration is still valid, a second criterion occurs, 
which is a limitation on the amount of plastic flow that may be per 
mitted to minimize tensile stresses and associated cracking. One 
solution is to produce a preform which is similar in shape to the final 
product so that the forging process consists of hot compaction only. 
Complex compacting dies are required to produce such preforms and 
subsequent material properties are probably not as good as when some 
plastic flow is permitted to occur.

In practice, a compromise must be sought. The compaction dies 
must be simplified, while permitting only a limited amount of plastic 
flow to enhance material properties. It is worth while to compare the 
two extremes in some detail to demonstrate the futility of endeavouring 
to evolve a PM preform shape from a typical blank used in conventional 
forging.

Since the component, blank and preform, are all solids of revolution, 
it is a relatively simple matter to construct mass-distribution diagrams. 
Such diagrams are extremely useful at all stages in providing a com 
parison of the mass distributions of preforms with the finished compo 
nent.

For a solid of revolution, the mass of an elemental ring of material 
occurring at radius r is given by ZirptrSr, where p and t are the density 
and thickness, respectively. Note that p, t, and r are all variables; P 
depending upon the method of manufacture and t and r upon the geom 
etry of the solid. r ,

Total mass of solid = 2-n- f* ptrdr
From this it can be seen that the ™ss rJy be represented by the 

area under the mass-distribution diagram, in v^A values of ̂  are 
plotted on the ordmate scale and r on the abnc:^r/.>. The mass f t 1
contained between any two radii can th»n 1"- -> -"^/i f i_ ,. , . J , , " •• - 1- ; ica irom such a diagram by measuring the area between the rada :•; —-»stio 'th 
planimeter. Furthermore, by superimposing ti,s mass ciista-ibwMon 
diagrams for both component and preform on one another, it is posaibl
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FIG. 1. (a) Preform shape. Boss dia. 32 mm for location; dimension A depends 
upon preform density. (6) Section through component.

to locate the precise regions from which metal has been displaced, 
together with the actual quantities involved. Using this technique, a 
preform shape may be gradually refined until it eventually produces the 
desired result.

Forging from Wrought Materials
The required blank would probably be prepared from a 51 mm 

(2 in) gothic* section that after heating is upset to ~ 60 mm dia. 
to remove scale and facilitate reasonable location within the die. 
Such a blank would be 19 mm high so that its mass should be the 414 g 
necessary to produce the component. The mass-distribution diagram 
for such a cylinder is a triangle as shown by a full line in Fig. 2, where it 
can be seen superimposed on the mass-distribution diagram for the 
component, shown 'chain-dotted'; in each case the density is assumed 
to be 7-8 Mg/m3 . By measuring the difference in area of the two 
diagrams up to any radius, it is possible to determine the mass flow of 
metal across that radius; it is shown in Fig. 3 (full line) and is compared 
with the mass flow of a typical PM preform ('chain-dotted' line).

The large amounts of metal displacement necessary for conventional
* A gothic section resembles a lobcd square with rounded corners, and is widely 

used throughout the forging industry. When upset, its cross-section approximates 
to a circle.
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o 10 4020 30
RADIUS, mm

FIG. 2. Comparison of mass distribution of solid cylindrical blank with that of 
finished component. Metal displaced from region (a) makes up the deficiency at 
(b), the surplus spreading into (c), which is then displaced to make up the deficiency

in region (d).

SOLID BLANK

50
RADIUS, mm

Fio. 3. Comparison of metal displacement resulting from conventional forging 
of solid matenal with that of the same component, sinter forged.

forgiBg are immediately apparent, E ::5 ii.ugi- these are readily achieved 
with wrought materials, it is ex>e*v-- i '-' -v-.vti- i , i, ±1, • . j . • i n -,i . \ i • —--J - •---'Oj whether a sintered material could withstand such rigorous trsat-^s-nt

Design of PM Preforms

The shape of a PM preform that will produce the component by tot 
compaction only can now be obtained, provided that a suitable den 'tv
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for the preform has been decided. In this connection Cull3 suggests 
that the optimum density range is 5-6-6-5 Mg/m3 (p*~ 0-72-0-83).

However, because of the practical difficulties in producing the multi 
level preform that would be required in this case, it would be more 
expedient to work near to the top end of this range to guarantee reason 
able compaction in the least dense regions. As a first approximation 
it was decided to use a value of p* = 0-83 and to assume that the density 
distribution would be uniform across the section. Fig. 4 shows the

32mm dia

10 20 30 
RADIUS, mm

50

FIG. 4. Theoretical preform section to produce component by hot compaction 
only. Modification shown as broken line.

resultant preform shape. This was obtained by dividing the component 
thickness by p* to give the new thickness, which was then measured 
from a common datum to give one flat face, since in this instance the 
height/dia. ratio of the component was relatively small. The central 
portion must obviously be modified slightly to form a third concentric 
cylinder, or boss, of suitable diameter to provide die location. It is 
interesting to note that Marx et aL4 evolved a similarly shaped preform, 
by a process of trial and error, for a similarly shaped component.

The foregoing theoretical preform design procedure is based on purely 
geometrical considerations; its aim is to minimize lateral flow of material 
to prevent cracking. The object of subsequent compaction is to densify 
the material completely and thereby improve its mechanical properties. 
However, the success of a sinter forging ultimately depends upon how 
satisfactorily it performs in practice,5 and optimum mechanical proper 
ties can best be obtained if there is some metal flow. Since available 
equipment dictated that the preform would need to be produced by
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single-ended compaction, this obviously meant that greater porosity 
will exist in the central regions, owing to the differences in the com 
paction ratios possible. With these points in mind, it was decided to modify the 'hot-compacted' shape so that the outer and intermediate 
cylinders would merge into one and the preform shape would consist of 
a flange, with a relatively less dense, centrally situated boss (Fig. l(o)). 
The tooling was designed to ensure that the resulting blank would be of 
generous proportions so that a variety of diameters (C) and thickness 
(B) could be obtained by subsequent machining.

Preform Manufacture
The blanks were produced on the hydraulic press at pressures of 

210 N/mm2 (13-58 tonf/in2), 280 N/mm2 (18-11 tonf/in2), 350 N/mm2 
(22-63 tonf/in2), and 420 N/mm2 (27-16 tonf/in2). The approximate 
weight of the blanks produced was 900 g, though the actual quantities of powder were introduced into the die on a constant-volume basis. 
The average densities of the blanks are shown in Fig. 5. Difficulty was

TOO •
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Solid, Metal .Density =7-8Mg/m?

Apparent Density , ,. . . 3 "of Loose Powder =3'3M9/rn

0 100 200 300 /,00
COMPACTION PRESSURE, N/mm1 

FIG. 5. Mean preform density vs. compaction pressure.
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experienced with the production of blanks at 210 N/mm2 , owing to the 
boss separating from the flange as a result of poor compaction in this 
region.

The blanks were sintered in a muffle furnace that was occasionally 
purged with nitrogen. They were heated to 1130°C, soaked for 30 min, 
and then removed from the furnace and buried in sand to cool. The 
blanks did not appear to be excessively scaled (Fig. 6(a)), though a

(a) (b) (c)
Fia. 6. Three stages in the manufacture of the forging: (a) Sintered blank; 

(6) machined preform; (c) final forging.

decarburized zone to a depth of ~ 3-5 mm was found. However, it was 
considered that the decarburization was of little consequence at this 
stage since machining was to follow. The blanks were machined to the 
required dimensions, employing their average densities as a basis for 
the production of preforms of equal mass. Despite the fact that four 
different compaction pressures were used, the results obtained (by the 
average density method) led to a mean value of 410 g, which was only 
1% below the required value of 414 g, with a variation of + 2% about 
this mean (acceptable as a first approximation).

The diameter of the flange was varied so that the onset of peripheral 
cracking could be observed to gain an appreciation of the amount of 
lateral flow that can be tolerated during the forging operation.

Forging Operation

The forging dies were mounted in a 7-5 MN (750 tonf) Ajax press and, 
as a precaution against any damage that might result from overweight 
preforms, the press was set to produce components ~ 0-5 mm oversize 
in thickness. Consequently, very few of the forgings completely filled 
the die, but on average were several millimetres too small in diameter. 
However, this procedure had the advantage of revealing peripheral 
cracks more readily than if the material had contacted the die walls.

The preforms were coated with Birkatekt to prevent scaling during 
preheating, which was carried out for 20 min at 900°C in a small electric
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furnace. Attempts were made to preheat the lower die by placing red- 
hot billets of solid metal on it.

The dies were lubricated with Rocol J166 copper-based lubricant, 
after which the blanks were forged and then quickly transferred to 
cooling oil to prevent excessive scaling. Fig. 6 shows the three stages 
in the manufacture of the forging.

Associated Tests 
Hot Tensile Tests

During the early stages of the forging process the unsupported peri 
pheral surface of the preform is subjected to circumferential tensile 
stresses that, if allowed to become excessive, result in peripheral 
cracking. It was not envisaged that any direct correlation between 
these tests and the actual forging operation would be possible, because 
of the difference in strain rates involved, the tests being conducted at a 
strain rate of only 0-046 a~ l , compared with 10-100 s~ 1 for forging. The 
specimens were machined to size after compaction and sintering. A 
range of compaction pressures was investigated but the sintering condi-
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FIG. 8. Curves showing variation of percent, elongation with test temperature.

tions, i.e. endothermic atmosphere (20 min at 1120°C, dew-point — 1°C) 
were kept constant. To facilitate comparison with bulk material a 
batch of mild steel specimens was also tested.

Dilatometer Tests

Dilatometer tests were conducted to gain an understanding of the 
thermal expansion properties of the sintered PM material. The tests 
were carried out on sintered PM specimens compacted at various pres 
sures and on some steel specimens. There was no discernible variation 
in the results over the range p* = 0-77-0-84, as compared with those 
obtained from 0-6% carbon steel.

Observations

From a visual inspection of the forgings, it became evident that those 
produced from the denser preforms gave consistently better results, with 
freedom from cracking and other surface defects. As expected, peri 
pheral cracking was particularly evident in those preforms having 
flanges of the smallest diameter. An example of this is shown in Fig. 9, 
where some circular cracking can also be seen in the region of the central
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FIG. 9. Typical peripheral and circular cracks.
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boss. This latter defect was far more common in forgings produced 
from low-density preforms, and was undoubtedly due to poor initial 
compaction in this region, indicating the need to produce these preforms 
by double-ended compaction. A small amount of blistering on the 
surface of some of the forgings was also noticeable, possibly due to air 
entrapment.4

To determine the variations in lateral density, selected forgings and 
corresponding preforms were weighed and measured, after which known 
volumes of material were removed in successive stages. By repeated 
reweighings, the densities of the removed portions were calculated to 
give the density distribution curves shown in Fig. 10. These were then 
used to draw the true mass-distribution diagrams (Fig. 11), which 
take into account local density variations. The accuracies of these 
diagrams were checked by comparing their areas, as measured with a 
planimeter, against the known weights of the preforms and forgings. 
These were found to agree within a few grammes.

By superimposing the preform and component mass-distribution 
diagrams, as shown in Fig. 11, it was possible to establish the regions 
from which metal had been displaced. Furthermore, by means of a 
planimeter, the quantity of metal displaced was determined to enable 
Fig. 12 to be drawn, which indicates the quantities and direction of metal 
flow across any radius. The convention used is such that outward 
radial flow is regarded as positive, while inward radial flow is negative, 
the diagram representing the state that exists in the final analysis.

To gain an overall picture of the sinter forging process it is necessary 
to study the density-distribution diagram (Fig. 10) in conjunction with 
the lateral displacement diagram (Fig. 12), since consolidation is pro 
duced by the effect of compaction and lateral flow occurring simul 
taneously. Finally, the overall values of p* for the forgings were of the 
order of 0-94-0-95, while macroexamination revealed a considerable 
amount of peripheral porosity (Fig. 13).

Discussion
The results of the dilatometer tests suggest that the voids have no 

influence on the thermal expansion properties of sintered PM materials. 
This means that the 1 in 60 contraction allowance normally used in the 
design of conventional hot-forging tools for wrought metals can also be 
applied to those designed for sinter forging. Furthermore, assuming 
adequate die preheating plus the contraction in the dimensions of the 
preform as it undergoes the a -> y phase change, it should be just pos 
sible to make preform diameters equal to component diameters for hot 
compaction at temperatures up to 1000°C. In practice, however it
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might be more expedient to make a small allowance, with a correspond 
ing thickening of the flanges.

The fall-off in the peripheral density of the forging (Fig. 10) is borne 
out by Fig. 13, which provides evidence of marked peripheral porosity. 
This is undoubtedly due to a combination of tensile stresses4 and 
chilling.2 Since chilling will also reduce the ductility of the material, it 
must be regarded as another factor contributing to peripheral cracking.

Fig. 10 shows that the lowest density occurs at the centre of the 
component and is dependent upon the initial density of the preform in 
this region, while Fig. 12 shows that, irrespective of preform density, 
approximately the same quantity of metal is displaced laterally from 
this region (up to 10 mm radius). A possible explanation is that, since 
the forging operation commences in this region, much of the final shape 
is developed during initial densification1 ' 2 of the metal, when forging 
loads are relatively low.6 As the process continues, the loads increase 
to the point where there is a preference to displace metal rather than 
densify it further. In this case, the displacement is made possible by 
the metal deficiency existing between the preform and the component 
in the region, of the intermediate flange, see Fig. 11. Obviously, to 
encourage the material to remain in this central region, the material 
in the preform flange must be redistributed to make up the deficiency 
in the region immediately adjacent to the boss, thus producing 
a preform consisting of three concentric cylinders, as arrived at initially 
from purely geometrical considerations. The maximum density ob 
tained in the forgings appears to be independent of initial preform 
density, from Figs 10 and 12, occurs at radii across which the mass flow 
is apparently zero. This implies that the metal at these points has been 
subjected to a predominantly hot-compaction process.

With reference to Fig. 7, the rise in strength which the mild steel 
exhibits over the critical range is in keeping with the findings of Keane 
et al."1 However, the graphs obtained from the tests conducted on the 
PM specimen appear to be fairly linear over the range considered and do 
not exhibit any peak values. This is possibly due to premature failure 
of the PM specimen, resulting from the pores acting as stress-concen 
trators. Fig. 8 shows that the percent, elongations for the sintered PM 
specimens tend to reach a peak value at the same temperature, and in 
this respect are analogous to wrought material, the main differences 
being that the percent, elongations obtained for the mild steel specimen 
were often >100%. It can also be seen that the percent, elongation 
improves as the density increases. Despite the apparent low ductility 
of the sintered material it can still be successfully forged with more 
lateral flow than these results suggest. This is no doubt due to the 
greater amount of support afforded the material as a result of the com-
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plex system of stresses that occur during the forging operation. Another 
factor assisting in the success of the forging operation is the strain rate 
to which the material is subjected. The UTS obtained from tensile 
tests carried out at room temperatures on specimens machined from 
forged components tended to be somewhat low, e.g. only 355 N/mm2 
(23 tonf/in2), as compared with 390 N/mm2 (25 tonf/in2 ) quoted by the 
powder manufacturer for sintered compacts containing 1% graphite. 
The cause is no doubt lack of a suitably controlled atmosphere during 
sintering, resulting in possible oxidization along the grain boundaries.4

Conclusions

It seems that in this instance a more uniformly dense component 
would have resulted if the preform shape had more closely followed the 
shape originally evolved by calculation, rather than the simplified shape 
derived from this. The advantages gained would have been:

(1) A denser central region, caused by prevention of lateral displace 
ment of metal from this region.

(2) Reduced peripheral porosity, since use of larger diameters results 
in less lateral displacement, and hence less chilling.

The problem of chilling also emphasizes the need for adequate pre 
heating of the dies, especially the lower one. and shorter contact times 
between preform and die. The increased outer diameter will, of course, 
make peripheral cracking virtually non-existent.

Additionally, if more rapid working is adopted to reduce contact times, 
the increased strain rates may improve the ductility of the material so 
that it can more adequately cope with the small amounts of metal 
displacement that take place.
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After reviewing ihe normal methods for finding (he volumes of solids of revolution, the msttior 
introduces (he graphic;:! nsctisod nsui applies it fo dctcnninin" not oniy the volume of a forging, but 
also the lateral !iow of material from Mwik to forged shape.

A SOLID of revolution is generated when an area, which 
does not cut an axis, rotates about that axis. Common 
examples are cylinders, cones and spheres, the rotating areas 
being rectangles, triangles and semicircles, respectively.

The importance of these shapes is that they appear in 
some form or other in a variety of engineering components, 
and this frequently results in having to determine their 
volumes and/or masses by the most suitable means. The 
methods used include calculation from formulae, or the use 
of the Pappus or Guldinus Theorem. Additionally there is 
-1 graphical method, which has useful engineering applica- 
oons, especially when applied to forging operations as will 
be demonstrated later.

Fig. 1

Rasic Considerations

. ,. shaded rectangular strip, shown in Fig. I. is rotated 
jii'.ui the XX a.\is, the volume swept out is that of an 
elemental rini:. and is given by 2~rt dr.

If Ihe relationship between r ,^:id t is known, i.e. t f(r), 
then ihe lotal volume of the solid of revolution is

uheiv l< is ihe maximum radius.
The intci'.ralion pi oxides a formula \vhieh can be u-.cd 

suhsa|ueiitiy to c::lcul.ik volume. When ihe relationship 
between r and t is diilkiill 10 cst,;hlr.h. KVI-UIM.- PHIS! be 
made lo an alternative m;-llu>d of caiailatmi;, volume.

Review and Comparison of Methods

USE will now be made of the cylinder, cone and sphere to 
review and compare three methods by which volumes of 
solids of revolution may be determined. Quite obviously, 
Method 1, calculation by formula, would normally be used 
when dealing with such simple solids.

Method 1—CALCULATION BY FORMULA
(a) Qlinder

K

Fig. 2

Since t, the thickness of the cylinder, is constant.

total volume
f R

- 2-t r dr 
J o

2 R

f-1-tat L-J =^R't

(b) Cone

Fig. 3

l(y similar triangles:
t h iii'i r)

--- . — - .'.i -----
(R - - r) I* |<
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Substituting for t in equation (i), total volume
2r.\\ |'R

= -—— r(R — r) dr 
R Jo

2-rh r Rr- r 3 ~| R 

R L 2 3 J o
7tR sh

R

(c) Sphere

Fig. 4

r = R cos 0 and t = 2R sin 0
Substituting for t in equation (i) total volume

f R
= 4-R 2 si 

J o
sin 8 cos 9 dr

where dr = - R sin 6 d0
When r = O, 6 = .i/2, whereas when r = R, 0 = O.
Therefore, total volume

= 4n:R 3 C *H 
si

J o
sin'O cos 0 d6

where cos 0 d6 = d(sin 0), so that total volume
re/2

sin=6 d(sin 0) 
o

Tt/2

sin 3 0 ~\ • 4r:R3
= 477R 3

= 47uR3 
J

NOTE that the usual text book proof of this formula is 
obtained by considering elemental discs rather than rings.

McthocfjZ—THEOREM OF PAPPUS OR 
GULD1NUS

If an area, which does not cut an axis, rotates about that 
axis, the volume swept out is equal to the product of the 
area and the distance moved by its ccntroid.

The proof is as follows: from Fig. 1 area of elemental 
strip is t dr = dA, so that 
total volume -•• 2n £ rdA'
where iirdA is the first moment of area about axis XX, 
i.e. ilrd A - r x A
where r -.- distance from XX axis to centroid ol area 
and A - total area. 
Consequently, total volume

--- A x 2r.r
-~ area x distance travelled by its centroid. 

To use (his method, the positions of the centroids of the 
areas must be known which, in the case of complicated

shapes, may either involve Icngllu calculations or 
to suitable graphical or experimental techniques.

(•or the three solids under' consideration, the procedure 
would be as follows.

(a) Cylinder
Area of rectangle shown in Fig. 2 ---• Rt. 
Position of eenlroid from XX axis ---- r - R/2 
Total volume - Rt x 2- x R/2 -••= -R-'t

(b) Cone
Area of triangle shown in Fig. 3 -- Rh/2
Position of ccntroid from XX axis = /• — R/3

Rh R -R 2h 
Total volume •= —— x 2rc x —— -- ———— 

2 33
(c) Sphere
Area of semi-circle shown in Fig! 4 -— -R2/2
Position of ccntroid from XX axis — r

Total volume == - —— x"2jr x
3*

Method 3—GRAPHICAL METHOD
This method can be applied directly to any solid of 

revolution, irrespective of section and, d'espite the need for 
accurate drawing, the calculations are straight forward. The 
method is intended for use with a planimeter to measure the 
area obtained; however. Simpson's Rule will be used in the 
first instance to demonstrate the validity of the method.

The total volume of a solid of revolution
|' 

77
J

which may be represented by the area under • 
obtained by plotting values of 2r. rl on the ordin.. 
against values of radius r along the abscissa.

Since 2r: is constant, it is only necessary to calculate UK. 
product rt and plot this to a base of radius r, as shown below.

(a) Cylinder
Since the thickness t is a constant, the diagram will take 

the form of a triangle, as shown in Fig. 5. 
Area under curve

= (2-Rt x R)/2 --- TtR-t -- volume of cylinder.

; A
r 0
t h
rt 0

0-IR 0-2R
0-9h 0-«h
(HWRh 0'1C>RI|

0-3R 0-4R
0-7h 0-hh
0-2IRI) 0-24Rh

0-5K
0-Sh
0-25 Uh

0-6R

04h
0 24Rh

0-7R
0-3h
0-21 Kh

0-SR
()-2h
iHMUi

O- I;R
0-lh
00'; Kh

R
0
0
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TABU'. !!
r
t
rt

0
2R
0

0-1R

2R
0-2R-

0-2R

1 -96R
0-39R"

0-3K

1-94R
0-5XK '•'

0-4 It
1-92R
0-77R-

0-5R

1-73R
0-87RS

<X,R
1 -60R
0-96R 2

0-7R

I -43 It
R'

0-SR

1 -20 It
0-96R-

0-9K

0-S7R
0-7KR 2

It
0
0

g. 6 Fig. 7

(b) Com'
In this case, t ••-= h(R — r)'R, though in the genera! case 

the aclu.il thickness will be measured directly ofl'an accurate 
drawing of the section being considered. 
The resulting curve is shown in Fig. 6. Whilst in the general 
case the area under the curve should be measured with a 
pianimcter, for our present purposes it will be evaluated 
using Simpson's Rule, which states that the area of the 
figure is equal to one third the width of strip selected 
multiplied by the first and last ordinntes. plus four times 
the sum of the even ordinates. plus twice the sum of the 
rciruining odd ordinates. The area under this curve is 
therefore

0-IR Rh
————— x

[4(0-09 -i 0-21 -!- 0-25 -t- 0-21 + 0-09)
-t- 2(0 U -- 0-24 - 0-24 H 0-16)]
=--- tO .' !. 3) [(4 x 0-85) + (2 x 0-8)]
=•-- r.i: h/J -= volume of cone.

Sphere
In this case t - 2\ (R 2 - r), although again in the general 

case or in practice these values would be scaled from an 
accurate drawing. . . . 
The rcsullins curve is shown in Fig. 7. Applying-Simpson's 
Rule with t-lie figures above, the-volume el" a sphere comes 
out to 3-9"0-R :';3. whirl) shows an error of about 0-6"„ 
due to the rounding oil" of values in the table above.

Application of the Graphical Method to a Simple 
Forging Operation
FIG. 8 shows a section through a component which was 
hot forged in a closed die from a solid cylindrical blank. 
The graphical method can be applied to such a forging 
operation in the following manner.

The lirst requirement is to ascertain the weight of material 
needed, and then make appropriate allowances for Hash. etc. 
As the component is a solid of revolution, any of the three 
methods discussed could be used for this purpose, since 
weight is merely volume multiplied by density. Both Methods 
I and 2, however, require sub-dividing the component into 
portions which either conveniently lend themselves to 
solution by formulae, or whose centroids can be accurately 
located.

With the graphical method the problem can be approached 
directly. The thicknesses are scaled off an accurate drawing 
of the component at its principal points, i.e. changes of 
section, etc., and these values are tabulated against the 
corresponding radii, as shown below.

Values of radius x thickness x density are then calculated 
(bottom row of table) and plotted to a base of-radius to gi\e 
a mass distribution diagram, as shown by the chain-doited 
line in Fig. 9. The area under this line represents ihe-mass. 

. of the component, and when measured by a planimeter this 
was found to be 4 1 4g.

For present purposes it will be assumed that flashless 
forging is employed so that no allowance has to be added 
to this weight, hence the mass of the blank will also be 4l4g.

The dimensions of this blank can now be determined as 
follows. Volume of metal required is mass/density 
=- (414 x 10 : ')/7-S - (53 x 10') mnv'.

Assuming the diameter of the blank to be 60 mm after 
heating and upselling to remove scale prior to forginu, then 
(-/4) x dO- x (thickness of blank) 53 x 10' from which 
the blank thickness is 19 mm.

Using this information it is now possible to draw the mass 
distribution diagram I'oi the bl ink, which takes ihe form of 
a triangle, shown superimposed on the mass distribution 
diagram of the To 1 i',in;\, I ig. 9.

In plotting this diagram the maximum value of 11- 
30mm x l l )mm v 7-SMg in' x. 10 '• 4--!4<> kg m -A \ a 
radius of 30mm.

ENC.INtKHINC. DCSIGNEN/G—1!>73 29



APPENDIX D Eef. No. 68

TABLE C
Radius r (mm) 10 17-5
Thickness t (mm) 6 10 19-1 16 10
Density p (Mg/nr1 ) 7-8 7-8 7-8 7-8

20 32-5 47-5
8-64 4-S3
7-8 7-8 7-8

rt p (kg m) 0 0-39 1-49 1 -872 I -365 [•348 2-19 •224

4-83
7-8

•79

With reference to Fig. 9, it can be seen that metal is dis placed from region (a) to make up the deficiency at (b), the surplus spreading into (c), which is then displaced to make up the deficiency in region (A). In fact, the differences in the areas of the two diagrams up to any radius represents the mass of metal which has been displaced across that radius in forming the component.
These differences were measured with a planimcter to provide the following table of values, which were then used to construct Fig. 10, in which sufficient accuracy prevails if ihc principal points are merely joined by straight lines.

Radius r (mm) 
Metal displace 
ment (g)

16

10

25

99

30

167

32-5 

142

40

77

47-5 

0

Hence, this graphical technique, in addition to determining the weight of the forging, also provides a heller under standing of the lateral flow which takes place during the forging operation. Without this method, such information could only be obtained as a result of tedious calculation.

Conclusion
IT IS suggested thai the technique described above may prove useful in the design of preforms for closed die forging, since-it can be used to quantify experience previously gained with successful preform shapes obtained by trial and error methods.

The method has already been used to provide information regarding the lateral flow of metal during sinter forging of P M preforms*, where the problem is aggravated by the non-uniform density distribution arising from the powder compaction process used to produce the preforms.
Finally. 1 would like to thank the South Wales Forge- masters Ltd.. Cardiff, for permission 10 ina!\e ivfrfcnce to the forging shown in Fig. 8.

*"Pihl Stiui\ of Prc-Fonu Design for Sinter I-'or^a'..'". T. J. Griffiths ct al. Paper to be presented at the Annu.. Conference of the Powder Metallurgy Joint Group ai Eastbourne, November 1973.

io
RADIUS (mm)

Fig. 9 — The tr:any!c represents 
the volume of the blank and the 
chain-dotted line that of the forging.

ISO-

20 50 
RADIUS (mm)

Fin. 10 — Shows the lutcnil (low of 
iii:ilori:il t Kim (he bliiiik In (lie 
forced sh:ijic.
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APPENDIX E

Details and_Calibration of Load Cell

92 Details of the load cell appear in Fig. 1E, where it can be

eeen that the working region consists of a hollow cylinder with eight 

equi-spaced bi-axial strain gauges attached around the circumference. 

These are connected together to form a temperature compensated Wheatstone 

bridge, so arranged that one pair of opposing arms measures longitudinal 

strains, whilst an opposing pair measures circumferential strains. In 

this way, a compressive load causes an increase in the resistance of the 

circumferential strain guages, and a decrease in the resistance of the 

longitudinal strain gauges. The resulting out of balance in the circuit 

causes a current to flow through the central galvanometer, which in turn 

produces a deflection on the Ultra-Violet (U.V.) recorder. The measuring 

equipment was energised with a 12 V d.c. supply, and either one of two 

currents could be selected viz. b.b mA or 10 mA, to provide a high and 

low load range respectively.

The deflection of the U.V. recorder was related to the ram force 

by the following calibration tests, which involved the use of an 

inductive differential pressure transducer, a transducer/converter 

Type 905 and a digital voltmeter (DVM). Before this equipment could be 

used on the press, it was necessary to calibrate the DVM with the aid 

of a dead weight tester, to provide the results shown plotted in Fig. 2E. 

The equipment was then connected into the ram inlet pipe of the press 

as shown in Fig. 3E, and the load on the press was increased in increments 

of /\/ 10 tonf. This load was monitored with the aid of a Bourdon 

type gauge, which was already fitted to the press and had been previously
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FIG.4E ERROR IN BOURDONJAUGE READINGS
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FIG. 5E LOAD CELL CALIBRATION CHART



calibrated in tonf, making use of the fact that the working area of the 

ram was l4-8.Mf in2 .

The DVM reading and the UV recorder deflections were noted for 

each load increment for both the low and high load ranges. The results

of these tests are shown plotted as Figs. 4E and 5E, the latter being

92 virtually identical to that obtained by Holloway .



APPENDIX F

Design Details of Compaction Tool Die to 

Produce Cylindrical Preforms

The stresses occurring in the die-insert and the shroud, were

93calculated using the standard compound cylinder theory , based on thick- 

walled cylinders. The dimensions of the die components are shown in 

Fig. IF. Since the tool was designed to withstand a maximum compaction 

force of 600 kN then the corresponding maximum compaction pressure

"T _ ________maximum load___________
M-* "" cross sectional area of compact

It was assumed that this pressure was transmitted to the walls of the 

die as a radially acting hydrostatic pressure, and furthermore that it 

acted over the total length of the die whereas in practice it would 

only act over the length of the compact i.e. 50 mm or /V kCP/o of the 

total die length.

Hence the known conditions were: 

Young's modulus for both materials = 20? GN/m2 

For the die inset, at ^ =20 mm, O^ = -^77 MN/m2 

For the shroud, at •{" = 125 mm, C£f = ° 

At the mating interface, 'y- = 48 mm nominally, and the radial 

stresses in the die insert and shroud were equal i.e. 0+'v = &+$ 

The radial displacement /U^ • of the insert inwards plus the radial 

displacement, >UO . of tn« outer cylinder outwards due to the shrink 

fit must equal the interference value. In deciding this interference 

value it was important to ensure that the stresses would not exceed the



400

CIRCUMFERENTIAL STRESS 
RADIAL STRESS

FIG.1F STRESS DISTRIBUTION IN DIE AND SHROUD



elastic limit of the metals concerned. It was therefore necessary to

perform several calculations before arriving at an interference value

of 0.1 mm,

hence, - L(' + L\ Q - 0.1 mm

Using the above conditions and the constants A, B and C, N for the

insert and shroud respectively, the following four equations were

obtained:

-^ - A - <^ __________________ (1F)

0 = C Nw 0.0156

B N ——————————————————————— (3F) 
0.0023 " 0.0023

. AU >Ug 0.0001and - ' -j7g + ^ Jfn =0.048 0.048 0.

Substituting for the strain in terms of stresses in

and since

• r j. (A * ^ - 4^1 2S ————____.———~ fSF^• • ** * n /^ooz ~ » n nn?^' ~ -^ '•'--' X -'A /

From equation (2F), C = TEg substituting into equations (3F) and

(5F)

B (6 , 
V ;

0.0023 " 0.0156 0.0023

25 ———————— (7F)

From equation (6F5

w f 0.0023 - 0.0156) = A _
" *m o^c/L »»• A AAOZ'

B
0.0156x 0.0023 y ~ 0.0023



* A) ---———_________———___-- (8F)

Subet. for D from equation (8f} into equation (7F)

= 431.25

585.65B - 1.347A - A - 434. 78B = 431.25

150.87B - 2.347A = 431.25

hence A = 64.28B - 183.75 —————————————————————— (9F)

Subst. for A from equation (9F) into equation (1F)

-477 = 64.28B - 183.75 - 2500B

2435. 72B = 293.25

.*. B = 0.1204 UN

From equation (9F)

A. = -176 MN

From equation (8F)

N - °-°°27 (or + 176)
N = 0.616 MN 

From equation (2F)

Hence the stresses likely to occur in the die insert and the shroud 

can now be calculated as follows: 

The Die Insert 

Radial stresses: 

at -|- = 20 nun

-

and at = 48 nun



Circumferential stresses:

at -f = 20 mm, C = -1?6 + =t = 125 MN/m2

and at -> = 48 mm, - = -1 76 + = -123.65 MN/m2

The Shroud 

Radial stress: 

at "f- = 48 mm

Circumferential stresses: 

at -f- = 48 mm

and at -f- = 125 mm

- ^Q 52 - k.w.v - O
yj'jC- r\ f\Ac£ — «

and at •(** = 125 «nm

= ^y.P^ "^ /% /-><• c/i = i 7

The resulting distribution of radial and hoop stresses occurring in the 

die insert and shroud, are shown in Fig. 1F.



APPEirDIX G

Admix Mark II Gas Mixing Unit

This unit was designed and supplied by BOG Ltd. It can be seen 

in Fig. 1G, mounted on a trolley together with its own nitrogen and 

methane cylinders, although a natural gas supply can be substituted for 

the latter. The trolley was designed and constructed at the Polytechnic 

in order to make the Unit portable. The circuit diagram, Fig. 2G, 

shows the arrangement of the component parts of the Unit, whilst the 

following explanatory notes are based on those supplied by BOG Ltd.

The Unit was designed to supply the sintering furnace with 

nitrogen containing up to 3% natural gas (or methane), at flow rates of 

up to 3»^ nr/h. Once the gas mixture enters the furnace the methane 

becomes the reducing medium since it cracks into its constituent 

components at 1050°C, as follows,

CE^ + T° -^- C + 2H2

From this it can be seen that one volume of methane produces two 

volumes of hydrogen so that when a 96% N2/^% H£ mixture is required 

during sintering, the methane addition need only be 2%.

It was recommended that during the "burn off" of the zinc stearate, 

the flow rate should be fv 0.7 m^/h, to ensure the complete removal 

of the volatiles from the furnace chamber. This flow could then be 

reduced to A/ 0.3 nr/h during the actual sintering cycle. Furthermore, 

to ensure complete removal of the air from the furnace prior to sintering 

the volume of nitrogen to be used to purge the furnace should be 6 

times the volume of the furnace chamber.

The Admix II system was designed to be self-correcting and fail



Fig. 1G ADMIX II GAS MIXING SYSTEM KOUIJTED ON 

TROLLEY TOGETHER WITH ITS OVJN NITROGEN 

AND METHANE SUPPLY



MIXED 
>GAS 2"wg

PRESSURE TEST NIPPLE

DRESSURE LINE TO 
SAFETY SHUT-OFF VALVE

^NITROGEN 
20-40 psig

NATURAL 
Wwg

FIG. 2G "ADMIX IT CIRCUIT DIAGRAM
(See following sheet for schedule of equipment)



ADMIX II SYSTEM

Schedule of Equipment

1. Nitrogen isolating valve. •£•" Worcester ball valve.

2. Nitrogen first stage regulator, 20 psig to 25 in wg. Bryan
Donkin 1" Linkon regulator, with 15" to 27" spring and •£" orifice.

3. Nitrogen flowmeter. Gapmeter. GUH Series. 10 AHS for 20 to 200 
ecfh.

4. Nitrogen second stage regulator, 25" to 6" wg. Bryan Donkin fig. 
226 regulator, £", with spring No. 399 for 5" to 10" wg.

5. Nitrogen metering orifice. 17/6M' orifice in suitable plate and 
holder. 120 scfh nitrogen passing through this orifice will be 
reduced in pressure from 6" wg to b" wg.

6. Mixing tee. Standard 1" BSP tee.

7. Furnace pressure regulator. Bryan Donkin •£" Fig. 226 regulator, 
fitted spring No. 397 for 1-J" to 3" wg.

8. Natural gas isolating valve. %n Saunders valve.

9. Natural gas non return valve. -J" Amal "Otan" non return valve.

10. Safety shut off valve (to shut off natural gas supply if nitrogen 
pressure falls). Bryan Donkin fig. 999R pressure operated valve 
connected by •£" OD copper and "Enots" adaptors to nitrogen line 
just upstream of second stage regulator. Regulator fitted with 
15 to 30" wg spring.

11. Natural gas flowmeter. Gapmeter GTJH Series, size 6CD. 0.6 to 
6.0 ecfh.

12. Natural gas pressure regulator. Bryan Donkin 1" Linkon regulator 
fitted with spring No. 200/LP/11. set to 6" wg, •£" orifice.

13. Natural gas metering orifice, i" "Ballofix" adjustable metering 
orifice. An adjustable orifice is specified to allow the natural 
gas proportion in the mixture to be adjusted as and when necessary,

14-. Nitrogen bypass bleed. Amal metering jet in holder. This bleed 
ensures that a predominance of nitrogen will always be present in 
the gae even at the very lowest flow rates.

P Pressure test nipples.



eafe, BO that the mixture would remain at a set value for the complete 

range of flows used, whilst a safety shut-off valve will automatically 

etop the natural gas or methane flow, if the nitrogen pressure failed.



APPENDIX H

Horizontal Tube Sintering Furnace

The partly complete horizontal tube sintering furnace referred 

to in Section 6.3 can be seen in Fig. 1H. Although the furnace 

was constructed at the Polytechnic, the basic design was the work of 

Dr. J. H. Buddery of Severn Science Ltd., Bristol.

The furnace consists essentially of an Inconel 600 Schedule 10 

work tube measuring approximately 2 m long and having a nominal bore 

size of 75 mm diameter. This tube carries water cooled aluminium- 

alloy end caps fitted with sealing rings to prevent the air from 

entering the system during operation. The caps were fitted with 

easily removeable end plates which carried the gas fittings necessary 

to introduce and exhaust the controlled atmosphere.

With reference to Fig. 1R, it can be seen that the furnace is 

sub-divided into two electrically heated zones represented by two 

independent furnaces. The first of these, which appears as the large 

cylindrical shape in the foreground of the photograph, is a Kanthal 

wire wound 'furnace. This single phase 2.3 kW furnace was intended to 

operate at /V ?00°C in order to preheat and remove the lubricant 

from the green compacts before transferring them into the sintering 

zone, which appears as the large rectangular shape in the background 

of the photograph. Since the sintering zone was designed to operate 

at temperatures of 1130 - 1150°C it was necessary to use ^ Crusilite 

(silicon carbide) rods for this purpose. These rods, each with a 

nominal electrical resistance of ^v 2.1 JTL were connected in 

series, and arranged around the Inconel tube in a square configuration.



Fig. 1H HORIZONTAL TUBE SINTERIITG FURNACE



The electrical supply to the Crusilite rods was J-phaee, whilst control 

was effected by means of a suitable Eurotherm proportional band 

temperature controller, governed by a thermocouple positioned near the 

centre of the sintering zone. The bulk of the rectangular box shape 

which represents the sintering zone is made up of heat insulating 

brickwork, enclosed in a galvanised sheet and welded angle iron frame. 

Since it was necessary to keep the ends of the heating elements cool, 

then these were allowed to protrude from the ends of the furnace. 

However, for electrical safety reasons, it was necessary to enclose 

these live ends of the heating elements with a suitable perforated 

metal cover.

The complete furnace assembly was mounted on an all welded angle 

iron frame as shown in Fig. 1H, which was fitted with shelves to carry 

the control equipment, just visible underneath the sintering zone, and 

any other ancillary equipment.



APPENDIX I

Experimental Results Obtained from Direct Tensile Tests

These tests were performed on sintered specimen either produced 

from "as supplied" Hoganas AHC 100.29 iron powder, or from one of its 

fractions. In all cases the powders were admixed with 0.3% graphite 

and ^% zinc stearate. 

(i) Sub-sieve powder fraction

Breaking Stress 
(MN/m2)

105.38

107.06

135.82

151.89

186.62

Porosity 
P

0.248

0.22

0.171

0.171

0.149



(ii) Powder particle size (+90 -125 U m)

Breaking Stress 
(MW/m2 )

101.45

101.45

66.24

66.24

98.58

87.87

137.37

137.74

130.59

130.59

175.67

175.67

156.66

156.66

187.18

187.18

196.69

196.69

211.09

211.09

168.46

168.46

1
Porosity 

P

0.279

0.279

0.279

0.279

0.248

0.248

0.219

0.219

0.219

0.219

0.184

0.184

0.184

0.184

0.15

0.15

0.15

0.15

0.133

0.133

0.133

0.133



(iii) Powder particles size (+130 - 180 U m)

Breaking Stress 
(MN/m2 )

135.^2

135.42

126.89

126.89

187.88

187.88

162.43

162.43

191.02

191.02

191.61

191.61

208.42

210.68

Porosity
P

0.21

0.21

0.21

0.21

0.18

0.18

0.18

0.18

0.15

0.15

0.15

0.15

0.135

0.135



(iv) "As supplied" powder

Breaking Stress 
(MN/ra2 )

79.26

79.26

84.38

84.38

104.18

104.18
121

121

136.59

136.59

137.62

137.62

148.62

148.62

162.43

162.^3

178.45

178.45

178.28

178.28

Porosity 
P

0.24

0.24

0.24

0.24

0.21

0.21

0.21

0.21

0.18

0.18

0.18

0.18

0.152

0.152

0.152

0.152

0.124

0.124

0.124

0.124




