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pressure, for different commercial powders, have been obtained. Data result-

ing from the experimental study of isostatic compaction was applied to tests

" conducted on die compacts, enabling the density and pressure distributions to
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in a range of compacting dies, designe& especially for this purpose.
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remarkable variation of hardness and density within the samples. The results

indicate the higher efficiency of the isostatic compaction method as compared
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to the die method.

A method for isostatic pressure measuring and recording, utilizing

»
the expansion of the pressure vessel, is described.

T FANE S - o Wow e

TSI R e e o

tv




ACKNOWLEDGEMENTS

. The author wishes to express his sincere appreciation of the help,
advice and encouragement of his supervisors Professor M.C. deMalherbe and
Professor M.A. Dokainish,

The author would like to thank Professor R. Venter, of Toronto
University, for his encouragement and suggesting the area of investigation.

The support of the Mechanical Engineering Department, McMaster
University, in providing facilities for the experimental work is acknov}ledged.

In particular, the author would like to thank Mr. S. Critchley of
McMaster University who assisted in the performance of tests described herein.
His assistance in the preparation of this thesis is also gratefylly acknowledged.
The author is also grateful to Mr. M. Mullins, 'for. his keen interest in this
work. The many stimulating discussions that have taken place have been
invaluable. s
The excellent and patient typing by Mrs. S. Thompson is greatly

appreciated.




TABLE OF CONTENTS

Chapter

ABSTRACT

ACKNOWLEDGEMENTS

LIST OF ILLUSTRATIONS ’
LIST OF TABLES

1 INTRODUCTION

2 LITERATURE SURVEY

.1 Generc;l

§ Pressure~Density Relationships

Density ond Pressure Distributions
in Die Compaction

NN

.

3 ISOSTATIC COMPACTION

3.1 Isostatic Press ‘

3.2  Pressure Measuring System
3.2,1 Introduction
3.2.2 Description
3.3.3 Use and Calibration

3.3  Description of Powder

3.4  Compaction Bags

3.5  Packing Procedure

3.6  Pressurizing Procedure

3.7  Machining of Specimens

3.8  Density Variation along Compact Length
3.2  Density Variation across Compact Diameter
3.10 Effect of Tooling

3.10.1  Introduction .
3.10.2  Tool Absolute Diameter
3.10.3  Tool Wall Thickness
3.10.4 Tool Material

3.11  Pressure-Density Relationships

Results of lsostatic Pressure-Density Relationship

3.12.1  Aluminum

vi

Page

iii

G~ Lo £, W et 13

GRS e

g g BN

e By

R

I B W TR 04

N

g

P2l

R &

Ly R N
N g
ey



Metallographic Examination

Results of Metallographic Examination
3.14.1 Aluminum

3.14.2 Iron

3.14.3 Copper

3.14.4 Lead

DENSIFICATION HARDENING IN [SOSTATIC COMPACTION

4.1
4.2

4.3

Irtroduction

Microhardness Measurements
4,2.1  Aluminum

4.2.2  lron

Results and Discussion

APPLICATION OF DENSIFICATION HARDENING

5.1

5.2

Closed Die Compaction

5.1.1  Introduction

Die Compaction Press

Closed. Die System

Pressure Measuring Arrangement
Calibration of the Load Cell
Preparation of Samples

The Role of Shear Deformation in the

AR
dd—;—d
N

Phenomena of Densification in Metal Powders
5.1.7  Microhardness Measurements
5.1.8 Results and Discussion - :
5.1.9.1  Pressure-Density Relationship
5.1.9.2 Pressure and Density Distributions on
Top and Bottom of Closed Die Compacts,
5.1.9.3 Density Contours across Die Compacts
Open Die Compaction '
5.2.1 Introduction
5.2.2 Open Die System

5.2,2.1 ' General Arrangement
5.2.2.2 Compaction Dies
5.2.2.3  Compaction Moulds
5.2,2.4  Guide Sleeve

vii

47
48

49
50
50
50
51
51

53

55
57
57

60

60
60
60
61
62
63 .

65

67
67

70
74
74
74
74
75
75
76



\

5.2.3  Preparation of Samples

5.2.4 Pressure Measurement

5.2.5 Die Set Failure

5.2.6 Microhardness Medasurement
5.2.7 Results of Open Die Compaction
5.2.7.1 Aluminum

5.2.7.2 Iron

6 DISCUSSION AND CONCLUSIONS

6.1 General Discussion
6.2 Conclusions

ILLUSTRATIONS N
TABLES

REFERENCES "

viii

76
76
77

78

79
79

83

84

84
90

148

160

S




Figure

10.
1.
12,

13
14.
15.
16.

]7.

LIST OF ILLUSTRATIONS

i

Schematic comparison of die and hydraulic pressing.
Schemcu\'?c piping system of an isostatic press.
Tronsducez mounting and cable carrier.

External view of the pressure measuring system.
Calibration of pressure measuring system.

Radial displacement of the pressure vessel,
Scanning e!ecfron‘ micrographs of aluminum powder,
Scanning elech‘on; micrographs of iron pow&e‘r.
Scanning electron frxfcrograph§ of copper powder.

Scanning. electron micrographs of lead powder.

Extemal view of aluminum mould.

Effect of using coolont in machining aluminum samples. -

Experimental pressure-density data expressed directTy for
isostatically compacted aluminum powder.

Ln (1/(1-D)) versus pressure for isostatically compacted
aluminum powder.

Experimental pressure-densnfy data expressed dlrecfly for

lsostahcally compacted iron powder.

Ln (1/(1-D)) versus pressure for isostatically compacted
iron powder,

Experimental pressure~-density data expressed directly for
isostatically compacted lead and copper powders.

\
\
\

4
l‘l

ix

Page

93
94
96
97
98

99

100
101
101
102

102

103

104

105

106

107

R —

- ——



18.

19.
20.
21,
22.
23.
24,
25.
26.
27,
28.
29.
30.
3.
32.
33.

34.

35.

36.

37‘

—_—

”

Ln (1/(1-D)) versus pressure for isostatically compacted
lead powder.

Scanning electron micrographs for aluminum compacts.
Polished and etched surface of aluminum compacts.
Scanning elecfror; micrographs for iron compacts.
Polished and etched surface of iron compacts.
Scanning electron micrographs of copper compacts.
Scanning electron micrographs of lead compacts.
Pressure-hardness data for aluminum compacts.
Pressure~hardness data for iron compacts.

Schematic closed die system.

External view of guide sleeves and pistons.

-Load cell calibration (high loads).

Load cell calibration (low loads).
Die compacted aluminum samples.

Die compacted iron samples.

Effect of inserting pre-compact within the powder volume.

Pressure-density data expressed directly for die compacted

aluminum and iron powders,

Ln (1/(1-D)) versus pressure for die compacted aluminum

$nd iron powders.
K

Hardness distribution on top and bottom of closed die
aluminum compacts.

Pressure distribution on top and bottom of closed die
aluminum compacts. *

108
109
IR R
112
114
115
116
118
J

119
120
122
123
124
125
125

126
127
128
129

130




38.

39.
40,
41,

42,

45,

46,
47.
48,
49,
50.
51,

52.

53.

54.
55.

56.

Density distribution on top and bottom of closed die

aluminum compacts.

Hardness contours across aluminum die compact.
Density contours across aluminum die compact.
Chain formation within the compact,

DéveIOpment of pressure pottern within the compact.

Hardness distribution on top and bottom of closed die

compacted iron.

Pressure distribution on top and bottom of closed die

compacted iron.

Density distribution on top and bottom of closed die

compacted iron.

Construction of open die s;stema.
External view of apen die system.
Upper die for open die system.
External view of mould for rubber ring.

Mesh for finite element analysis.

Open die aluminum compacts

Hardness distribution on top and bottom of open die

aluminum compacts .

Pressure distribution on top and bottom of open die

aluminum compacts.

Schematic “apen die compaction behaviour of material.

Elastic displacement of bottom die.

Open die iron compacts.

-

xi

~—~

£

131
132
132
133

133

134

135

136
137
139
140
140
141

141
142

143

144

145

145



57.

58.

Hardness distribution on top and bottom of open die
iron compacts. ' 146

Pressure distribution on top and bottom of open die
iron compacts. 147

xii



Table
No.

11.
]2.

13,
14,
15.

16,

LIST OF TABLES

Page
Radial displacement-of pressure vessel. 149
Chemical and screen analysis of atomized aluminum
powder . 150
Chemical and screen analysis of reduced iron powder 150
Chemical and screen analysis of atomized copper
powder, _ - 151
Chemical and screen analysis of atomized lead powder. 151
Dimensions of moulds and powder weights., - 152
Results of density variation along compact length. 153
Results of density variation across compact diameter. 153
Results: of effect of mould diameter } 154
Results of effect of mould thickness lgﬁ\
Load cell calibration (high loads). : 156
Load cell calibration (low loads). : o 157
Comparison of integrated and actual loads applied for "
closed die aluminum compacts. ' 158
Comparison‘ of integrated and actual loads applied for
closed die iron compacts. 158
Comparison of integrated and actual loads applied for
open die aluminum ¢ompacts. 159
Comparison of integrated and actual loads a{;:;lied for )
open die iron compacts. ‘ 159

xiii



1 INTRODUCTION

Powder metallurgy, one of the earliest technologies to appear in the
evolution of man, was used by the ancient Egyptians to fabricate implemenf§
from sponge iron [1]. Applications of the more recent past were mostly
confined to either highly specialized materials such as molybdenum and
tunggten, or altematively to powders used for the fabrication of low-cost
cold pressed and sintered ;;crfs. Products of the latter variety have found
increasing application allowing close control of tolerances, low scrap losses,
complex shape designs, and good reproducibility.

The advent of improved atomization technigues for complex alloys
has allowed the metallurgical advantages of powder processing over: conventional
casting and ingof-conversion techniques to be more fully exploited. These
advantages are mostly a direct result of the more rapid cooling rate chserved
in a small metal particle as compared to that in an ingot. The solidification
of a large piece of metal leads to a variety of structural flaws, both on a
macro and micro scale. |t is the uniformity and homogeneity of the micro-
structure that lends to the. powder product desirable mechanical properties with
a high degree‘ of reproducibility.

In spite ‘of.the long history and increasing application of these

processes the basic phenomena of powder compaction are still not well .under

stood. This thesis is concemed with some aspects of the cold compaction
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process in both isostatic and die pressing equipment with particular regard to
information which may be derived from hardness tests on the resulting compacts.
Prcssure~density-hardness data obtained from isostatically préssed samples, are
used to derive pressure and density distributions from hardness measurements on
open and closed die compacts. The results illustrate the feasibility of this
technique and facilitate a comparison of the two processes.

The experimental portion of this program was carried out on newly

commissioned equipment.




2.1

2 LITERATURE SURVEY

GENERAL

Powder metallurgy is the technology of converting metals in powder
form into useful shapes or components. Most commonly the materials are
compacted in mechanical or hydraulic die presses at room temperature, al-
though the use of the isostatic compacting process is becoming more wide-
spread. Other powder éonsolidation techniques such as hot isostatic pressing,
isostatic extrusion, roll compacting and high energy rate methods are also
used. The green compacts pressed by these methods are normally sintered
to produce parts of high strength c;nd density.

The above techniques possess a number of advantages allowing
production of complex shapes with tight tolerances o:;d good surface finish
in a wide range of materials with relatively low labour and scrap costs.
Some parts requiring porosity such as certain filters and self lubricating
bearings can only be produced by powder metallurgy.

Major powder metallurgy materials in commercial use today include
the following metals: iron, aluminum, bronze, steel, nickel-steel, copper
steel, nickel-silver, stainless steel, brass and tungsten. The characteristics
of metal powders are quite different from those of metals in more massive
forms.

Other materials which are currently being formed by isostatic
pressing include plastics, ceramic materials, carbon, refractory metals,

3



nuclear materials, in fact almost any material which can be produced in
powder form. The applications are as v:Jried as the materials, ranging from
nuclear fuel elements and ablative ceramic nose cones, to the widely known
glazed clay sewer pipes and television tubes.

For the majority of components manufactured by the powder metal-
turgy route the principal stages involved during manufacture are:

1. Powder preparation and mixing

2. Consolidation of the powder

3. Sintering of the compact

Powders may be broadly clo‘s:ified into either metallic or non-metaliic.
The behavioral patterns during compaction of powders may be quite different
due to differences, primarily ‘in: .
a.  Mechanical properties e.g. hardness, plastic behaviour and
rates of work hardening.
b. Chemical bonding between particles.
c. Surface effécfs, e.g. friction, adhesion, adsorbed layers.
Other but equally important factors, not wholly connected
with };hinsic powder properties, which influence consolidation are
parh(cle pccking‘,\ interparticle friction, transmission forces and bond-
ing between porficles..

d. _Geometric factors e.g. size, shape, surface area and distribution

of the powder particles.



e. The use of additives or lubricants with the powder.

f.  Mode of compaction e.g. whether pressing is applied uni-

directionally or, hydrostatically.

Isostatic pressing is a means of forming compacts from powdered
material by the application of a uniform pressure on all surfaces of an elasto-
meric form or mould. As a basic process it dates back t6 1913 when the
Westinghouse Lamp Co. was granted a U.S. Patent [2]. lts utilization, how-
ever, in routine production processes is extremely new since there have been
recent advances in metallurgical technology aond high-pressure techniques, which
have made it possible to design economical pressure vessels and pressure
generators for this process. In fact, we are just now wimessing the transition
from a laboratory to a production tool. :

The reasons for isostatic pressing are mon‘ifold._ In some cases isostatic
pressing is the only feasible way to make a compact of the materials. In
others it permits the manufacture of com;;lex shapes with little waste of
expensive raw material and/or minimum costly machining processes. Still other
reasons include improved dimensional control of c.ompacfs, more uniform density,
hi ther 'green strength’, and the eliminori:;n of expensive n:echcnical presses.

The basic isostatic pressing process can be carried out with extremely
simple equipment. A rubber or other flexible elastomeric mould is used. This

mould is geometrically similar to the desired shape, but enlarged by an amount

which is determined by the compressibility of the material. This explains the



complexity of shapes which can be isostatically pressed. Configurations are
limited only by the imagination of the designer and the ability to remove the
compact from the elastic mould.

A normal wet-bag mould consists of an elastic mould, mostly of rubber
with a rigid metal su‘[’oporf. The mould is filled with powdered material and
then sealed. It is placed, with the support, into a pressure vessel filled with
fluid, a mixture of water and rust inhibitor. After undergoing a cycle of
pressurization the mould is removed. The powder will have been compacted
in the sealed mould. In /mony applications it is necessary to remove substantial
quantities of air prior to starting compaction. This is accomplished by evacuat-
ing the mould, using conventional vacuum pump equipment. After compression
the compact is removed from the mould and will be substantially the same
shape as the mould, but reduced in size.

Equipment for carrying out this process, generally referred to as the
'wet-bag process', consists of a pressure vessel of a size sufficient to contain

. e
the assembled elastomeric tooling, o pumping system to develop the required
pressure and a conirol system. The controls are generally manually operated.

In a paper by Gripshovér 31, a comparison is presented befw;en
.cmvenfional and hydrostatic pressing of metal powders. The uniaxial die
pressing is shown as _exhil;ifing some limitations for the process enéineer;

(1) the geometry of the piece in question must be such that closed die pressing

is possible, (2) the length-to-diameter ratio of the compact is very limited,

v Nl wml w1



normally fo a maximum value of between 1.5 and 1, (3) the density of die
pressings is not uniform, and (4) die cost may be excessive for certain
geometries, short runs of parts, and hard or abrasive powders.

The limitations discussed above indicate why other powder-metallurgy-

processes such as hydrostatic pressing are important. The limitation of geometry
in die pressing is rather obvious. The prime consideration must be ejection
from the die after pressing. The limitation on the length-to-diameter ratio
results from the inability to transmit fhe applied pressure through the powder
column because of frictional losses among the powder, punch, or die wall,
Fracturing and severe density gradients are often the results in these cases.
Density gradients are a problem because they lead to non-uniform dimensions
and properties throughout the final structure. This is especially true in large’
pressings where small differences in density may result in large dimensional
differences after sintering.
: The limitations of conventional die pressing can often be overcome by
applying hydrostatic pressing techniques. Ilustrations are provided in reference
[3] which graphically demonstrate the basic differences between die and hydro-
static~pressing methods as well as their relative effects on the resulting micro~

structures, dimensional tolerances and properties. Figure (1) presents a

schematic comparison of hydrostatic and die pressing. The significant differences

are that no die is required in hydrostatic pressing and pressure application is

\
omnidirectional. Because of these two basic differences, any geomeiry can

L3
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be prepared by hydrostatic pressing. Since die friction is eliminated, large
length-to~diameter ratios can be pressed without failure, and uniform density
can be achieved throughout the pressing. Hydrostatic pressing is particularly
well suited for large components and those having high surface area-to-volume
ratios such as hollow cylinders and cones. In such components, substantial,
input~-materials savings can be achieved when compared with many other
fabrication approaches.

Hydrostatic pressing is not without its limitations. In general, only
one surface can be pressed to finish size in complex pressings; some finish
machining will be required on the other surfaces. Further, the production
rates of components made by hydrostatic pressings are generally lower than
those for conventional pressing and that naturally implies increased cost.
Future applications of both processes will expand rapidly. The infrodugion
of automated equipment may make hydrostatic pressing more competitive for
smaller components. As pari; size increases, however, press capability for die
pressing will become a severe limitation and hydrostatic pressing will become
an important manufacturing process.

As a first step towards the overall study of com;::ccﬁon and irrespective
of the material type, considerations should be made of the initial packing and
formation of the powder particles which are not subjected to any application
of pressure,

The initial or loose stacking of a powder depends on its physical



characteristics and the features of the die geometry. This initial stacking

will greatly influence the degree of compressibility of the powder. A loosely
packed powder mass will in many cases consist of rcndom!y arranged particles
which are either irregular in shape or varied in size or possibly both [4].

The porosity of this loose mass, expressed as a space fraction not occupied by
particulate material, of the total volume of the powder mass may be well
defined geometrically and easily measurable, though the pore size distribution
even for mono sized and uniformly shaped particles may be less readily
measurable. Even more difficult to assess is the specific surface of the powder
particles which is @ measure of the ratio of intemal surfaceé to the bulk volume.

In practice powder consists of a finite size distribution and calculo-
tions have been made based on introducing smaller particles into the inter-
stices of a system of larger particles without increasing the overall volume of
the bed. A review was published by P.J. James [4], discussing the pertinent
factors concerned with the consolidation of powders.

Beddow [5] indicated that particle rearrangement is an important
factor during the early stages of compaction of a metal powder, particle
attrition, fracture, and deformation must also play an important role in the
process.

In one of the first important studies concerning’ metal powders
reported in the literature the experimenters observed the compaction behaviour

of spherical copper powder in a steel die. It was noted that the initial

U PR
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volume change, i.e. at the commencement\of pressing was relatively much
greater than the volume changes occurring towards the end of the pressing
operation. The curve of volume change versus compaction pressure was divided
into two sections corresponding to the sovcalled initial and second stages of
compaction. It was reasoned that the primary mode of particle movement dur-
ing the initial stage of compaction is one of rearrangement of individual par-
ticles into a more dense packiné order, while the second stage corresponds to
densification primarily resulting from particle deformation.

’ The green strens;fh of a cold-pressed powder compact is an important
property, since most industrial processes necessitate a certain amount of handling
before hot sintering. In 1973 Stromgren, Astrom, ond Easterling [6] published

a paper discussing the effect of interparticle contact area on the strength of
cold-pressed aluminum powder compacts. Their measurements of the tensile
strength of spherical cold-pres;ed aluminum powder, pressed to various densities
up to the theoretical maximum, indicated that compaction is a two-stage process.
At some high, intermediate préssure, interparticle sliding occurs in a way which

does not itself increase densification but facilitates further deformation. They

suggested that the pressure at which this sliding takes place is dependent on

the work-hardening rate of the powder as well as the powder size and morphology.

It was aiso concluded that the sirength of a green compact is dependent
upon the interparticle metallic contacts made during compaction. However,

the green sirength was well below that of wrought aluminum, probably
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1

due to the presence of broken-up oxides, which act as stress-concentrators at

the interparticle boundaries.

PRESSURE-DENSITY RELATIONSHIPS

One of the most important problems of the theory and practice of
pressing powders is the establishment of the relationship between the compacting
pressure and density of the compact. Usually, this relationship is expressed in
the form of a polytropic, exponential, or logarithmic equation.

| In all, some tens of pressing equations have been proposed by various
authors, although a fev: of them can be reduced to the same form of expression
[7].  The maijority of these equations were obtained as a result of mathematical
processing of experimental data and can therefore be expected to desctibe, more
or less accurately, the pressing of similar powders under the same conditions.

Most of these equations have been discussed fully in a.recent review [8].
This work covers low pressure isostatic compaction, die compaction and other
related areas.. The author concluded that the compaction process may be
considered as consisting of several different stages in which different compacting
mechanisms operate, though the limits of the stages need not be well defined,
and more than one mechanism may be»operative at any instant. Alsc;, they
suggest that the harder or stronger the powder particle, the lower the compression
for o given pressure, or the higher the ultimate porosity. They further con-

cluded that the effect of particle geometry on the actual value of the density

is generally as follows: Mixed sizes of particles give o higher apparent density

e
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as the smaller particles fill the voids between larger one\S,‘bnd uniform particles
tend to produce the same apparent density if their surface development is the
same. A higher apparent density generally produces a higher density for a

given pressure and powder type, but this has not béen confirmed for many powder
types and mixtures of sizes and ge?mefries.

It was suggested in [8] that among many and varied formulae that have
been proposed relating compaction pressuré™und density, only three main types
seem worthy of consideration. Iitially, the polytropic type due to Balshin [9],
which appears to give good agreement with experimental data for certain
materials in the first and second stages of compaction. It does not, however,
give good agreement at high pressures. The second relationship is the one in-
cluding the equations due to Shapiro and Kolthoff [10], Konopicky [11],

Torre [12], Heckel [13] and Kunin and Yurchenko [14] which may be written:

n i) = KP + A o

where:
D = relative density of compact
K,A = constants
P = compacting pressure

]

Hewitt et al [8] observed that while equation (1) appears to give good agree-

ment with experimental data in the second stage of compaction, it overestimates

the experimentally determined density at high pressures. They suggested that,

this phenomena was a result of the effects of work hardening..
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. In 1961, Heckel [15] developed a method of obtaining density-pressure

relationships from very low compaction pressur]e up to about 7700 bar. The
method was designed to eliminate the sP;ortcomings of earlier techniques of
density measurements. He used the fact that the linear movement of the punch
du‘ring a single die compaction could be used to calculate the change in volume
of the powder as a function of pressure. He tested _tﬂl)e c:';curc;cy of his method
by compacting Ycrious grades of iron, copper, nickel, tungsten and steel (SAE

<

4630) powders. It was concluded that the initial curved region of a plot of
1

) vs P is associated with the densification which takes place by a

ln(]

‘mechanism of individual particle movement in the absence of interparticle bond-

ing. It was also found that the transition from curved to linear behaviour in
the powders used, corresponded closely with the minimum pressure necessary to
form a coherent compact. Therefore‘it was concluded that the densification
represented by the linear region of a plot of In (_—1_-_}6_) vs P occurred by
plastic deformation of the compact after an appreciable amount of interparticle
bonding had taken place.

In a second paper, published in 1962, Heckel [16] modified equation
(1) and suggested that densification of powders could be analyzed as a three-

stage process in terms of the expression:

])=KP+ln(]])+B )

]"‘D “o

In (

where:

D, : relative density of loose powder af zero pressure

B : increases from O at P = 0 to a constant value at the end
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of the second stage of compaction. He defined the first stage of compaction
as the filling of'fhe die and ‘the density here is indicated by Dy. It can be
shown that Dy is primarily a function of the geometry of the powder particles,
decreasing with increasing particle size. The second stage is characterized by
individual particle movement and rearrangement at low ‘pressures before inter-
particle bonding bécomes gppreciable. The third stage is characterized by the
proportionality of the rate of change of density with pressure and the void
fraction of the compact. Also, he made a correlation between K and the

yield strength of the metals investigated, He approximated the relation by:

? Y
K=]

30 3)
where (0 is the yield strength of the material.
The expression relating pressure and density of the compact was further

developed by Heckel [161, when he mnoted that increases in Dy were almost

always accompanied by decreases in B. In general he found that:

‘ln(_]}m) + B = A ’ )

was approximafely constant for many powders. He normalized density-pressure
. data for different powders to a common set of axes by plotting relative density

D against reduced pressure P

30
In 1963 Shapiro [17] published a detailed study of the compressibility
of powders. He investigated different types of powders, ranging from plastic

to brittle, to determine their compressibility and the mechanism by which
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compaction was achieved. He kept the particle size fairly uniform both within
a sample and between different powders. He concluded that powder compaction
takes place via plastic deformation for plastic type powders, or via fragmenta-
tion for brittle powders, or via a combination of the two. Shapiro suggested
that, for plastic materials within a pressure range up to 6200 bar, the pressure~
porosity relationship could be expressed by equation (1), while for other

materials, two terms of the general equation,

(5)

are required.

In 1963 Kunin and Yurchenko [14] proposed a formula relating
compacting pressure and density of the compact. They compacted bismuth,
cadmium, copper, tin, zinc, iron, aluminum (dust), graphite, sulfur, and rock
salt as well as the K-18-2 compacting powder, at pressures ranging between 0
and 3300 bar. Powders were compacted in a universal testing machine and
density was determined by hydrostatic weighing. They examined the effect: of
pressure on the coefficient of compaction and it was possible to divide schemat-
ically the whole densification process into three regions of compacting. The
first region is characterized by the particles being. brought closer together and
densified without undergoing deformation. The secon& region was characterized
by flf;e particles undergoing brittle and plasfi‘c' deformation and flowiné post one
another. In the third stage, bulk compression of the resultont compact body

b

takes place.
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In 1964 a further paper published by Kunin and Yurchenko [17],
compared their pressing equation to those proposed by Balshin, Konopicky,

Torre, and polytropic equations of the type

PD"=C (6)

where: n,c are constants

They concluded that not a single one of the existing pressing equations encom-
passes completely the entire range of pressures anli densities, and they regarded
the selection of one or another formula as an empirical determination for each
powder and compacting condition.

In 1964 Greenspan [18] isostatically compacted beryllium, iron, copper

" £

and aluminum powders using pressures up to 11200 bar. He observed that the
order of easiest pressing for the materials investigated was aluminum, copper,
iron and beryllium and that the end point porosities (at 9400 bar) were of the
order of 1%, 4.2%,.7.4% and 8.6% respectively.” He expressed the porosity-
pressure data in terms of equation (1) suggested by Shapiro [10] and others i.e.
as a plot of In (—]-_LD—) vs pressures and observc;:d that the resulfs.were
represented closely by two straight line segments. Greenspan [18] suggested
that strain hardening effects might be important with respect to the change
point. He showed the influence of strain hardening by interjecting a stress
annealing operation on the pressing cycle; beryllium compacts initially pressed

to 8.0 ~ 9.5% porosity, stress annealed and pressed again at the same pressure
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were densified further to a porosity of 2.7 - 3.3%. He repeated the entire
cycle and produced further densification to about 1 - 1.6% porosity.

In 1967 Savin and Ukhina [19] proposed an analysis of the 'resulfs
of pressing various nickel ;Jowders with the use of the equations of Balshin [20],
Lipson [21] and Kunin and Yurchenko [17]. He found that compaction of
different nickel powders during pressing in the 290 - 4900 bar range could not
be described by any one of the investigated equations of pressing.

Meerson, lIslankina, Mel'nikov and Gol'dman [22} investigated the
hydrostatic compaction of stainless steel powder. They compared their
experimental results with compaction in both single and double acting dies.
They observed that to produce compacts of a given relative density, the pressure
used in hydrostatic compaction is about 1.5 to 2 times lower than that required
with a double action press and as much as 3 times lower than with a single
acting press.

In 1974 Tomlinson, Hewitt and Venter [23] published a paper describ~
ing compaction work performed at very high pressures (up to 40000 bar). They
presented pressure-density results and hardness measurements for a hard nickel-
base superalloy together with scanning electron micrographs of the compacted
particles. The compaction was performed in a single-acting piston-cylinder
arrangement and a continuous pressure-density curve was determined using the
method proposed by ‘Heckel [13]. Even at 40000 bar the powder reached only

?4% of its theoretical density, and was not sufficiently consolidated to permit
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any but the most delicate handling.

They observed that the compact expands when ejected from the die
because of elastic recovery. ' By compacting | iron and copper to 40000 bar and
by direct measurement of the diameters of these materials, they found that there
was a nearly linear variation of the diameters of these compacts with pressure up
to a point where the hardness of the compact was no longer increasing. They
explained this as, when the pressure is raised, the yield strength of the powder
increased as evidenced by the increase in hardness, and so the amount of
elastic recovery increases. Also, they observed that micro and macro examina-
tion of the compacts revealed little evidence g::f interparticle bonding, and what
little green strength was develo;:ed was primarily due to shearing at the edges
of the compact due to motion within the die.

Comparing the hardness of the powder after compaction with those
obtained by isostatic compaction, they suggested that at relatively low pressures
( 14000 bar), isostatic compaction may be 50 to 100% more efficient than die
compaction, but at much higher pressures (40000 bar) the two methods are very
similar, However scattered values were obtained in this investigation and it
seems that these éfficiency values depend upon the properties of powder and
the compacting condition.

They plotted the density data as ln(—‘]—_lﬁ—) versus pressure and they
found that this plotting qualitatively confirmed a recent theory that the transi-

tion from stage 1 to stage 2 compaction occurred when the compaction pressure
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exceeded the current flow stress of the powder, i.e. when plastic deformation
became homogeneous instead of local.

In 1973 Beddow [5] determined the pressure~density curves for three
copper powders using a small hydraulic compaction device. He concluded that
the value of the tap density can be used to indicate the end of the initial
stage of compaction of a metal powder. He suggested also, to re-examine the
concept that particles mainly tend to relocate in the powder mass during the
low pressure portion of the compaction process.

In 1973 Hewitt, Wallace and deMalherbe [24] modified Torre's model
of a hollow sphere subjected to extemal pressure to cover strain-hardening of
the material and they ac;:urdtely predicted the compaction behaviour in the
second stage of compaction. However, they concluded that the strain-harden- .
ing characteristics of the material do not cause the curvature observed in the
third stage of compaction. They found that the ln(—Tl—D—) vs pressure curve for
Atomet 28 iron powder exhibits the three characteristic regions observed by
other investigators for a variety of materials, They observed a rapid increase
in In (—]—:]-6—-) with pressure in thi first region (0 to~ 2800 bar), from 2800 to
10000 bar there was an almost linear variation, while above 10000 bar the
slope decreased rapidly.

Hewitt, Wallace and deMalherbe [25] reviewed some opinions on the
role of plastic deformation in powder compaction. They presented results of

mechanical testing, metallographic examination, and x-ray-diffraction analyses
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of some atomized iron powder compacts, together with some metallographic
examination of compacted spherical high-temperature, high-strength alloy
powders.

They observed that extensive plastic deformation can take place during
the first stage of powder compaction. Also, they concluded that plastic defor-
mation always occurs during consolidation, though it does not always cause
consolidation. They suggested that consolidation is a result of both mechanical
interlocking and associated frictional welding due to surface shear deformoﬁgn
caused by asymmetrical loading. Thus, it was difficult to achieve consolidation
in sphericnl powders even after cc?:nsiderable plastic deformation. They con-
cluded that transition from stage 1 to stage 2 of compaction occurs when the
pressure exceeds the bulk yield stress of the material, i.e. when plastic flow
becomes homogeneous instead of local. Thus, any model of compaction assuming.
homogeneous plastic flow can become valid only at the beginning of stage 2.

In 1974 Bondarenko, Dzhamarov, and Baidenko [7] published a
discussion of the application of theoretical pressing equations to the hydrostatic
densification of hard-alloy mixtures. They utilized some of the pressing equations
proposed by various authors to describe the densification behaviour of VK15
hard-alloy mixtures without a plasticizer and with a 0.75 wt % addition of
synthetic rubber. Pressing was performed in a hydroii;gfic apparatus over the
presssure range 300-1200 bar. They concluded that the equation of Bal'shin

afford the most accurate descriptions of. the compaction of hard-alloy mixtures.
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It can be ‘seen that no single formula which has been proposed to
describe the pressure-density relationship for powders appears to give satisfactory
agreement wirh experiment for all pressures and all materials. It should also
be noted that there exists virtually no theoretical justification for any of these
formulae. There would thus appear to be considercble.scope for future work

in the analysis of the compaction process.

PRESSURE AND DENSITY DISTRIBUTION IN DIE COMPACTION

In 1947 Kamm, Steinberg, and Wulff [261 were the first to investigate
quantitatively the distribution of density in powder compoct as a function of
pressure, height, and diameter of the die etc. They used a deformable lead
grid within the powder in order to ascertain the density gradients in cold
pressed metal powders. They pressed the compact in cylindrical dies and the
ejected compact was radiographed. From the radiograph, density and deforma-
tion from point to point was readily measured. Strain ond stress trajectories
were also dete‘m.xined. Their experiments were carried out using carbonyl iron
powder (type L, General Aniline and Film Co.), and pressures of 2250, 5500,
6750 and 9000 bar were used.

They concluded that thé use of a deformable lead grid within powdered-
metal compacts gave very satisfactory results for the measurement of density
distribution. Also, they observed that the densest part of a compact pressed

from one side is at the outer circumference at the top (near the movable
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plunger), and the least dense part was at the bottom (near the immovable
plunger) at the outer circumference. Frequently the density on the axis of a
cylindrical compact was less at the top than at the bottom. Also, they con-
cluded that friction on the side walls of the die was a controlling factor in
the irregularity of the density distribution, hence, side-wall lubrication would

appear to be of greater importance than interparficle lubrication.

. In 1949 another paper was published by Kamm et al [27] further devel-

oping the lead grid method described in their previous 'poper. They found that
circular~hole grids could be more qccuroteloy made and, when deformed within
the powder, more readily measured and analyzed. They repeated most of the
former work and new results including the effect of lubrication, compact height,
pressure, and speed of pressing were obtained. i

They observed the importance of adequate lubrication in achieving
maximum average density and uniformity of density distribution in metal powder
compacts. For relatively hard powders such as nickel and iron the speed of
pressing, pressing from both sides and vacuum preSfing, appeared relatively
unimportant as compared to odequo‘te die wall Iub;ication in obtaining maximum

density and uniformity of density. For softer powders they observed that

simultaneous pressing from both ends did serve a useful purpose in achieving

a more uniform density distribution especially in the pressing of longer compacts.

Also, they concluded that the harder metals such as iron and nickel were less

sensitive fto pressing speed change than the softer ones such as tin.

[
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Their results on vacuum pressing indicated that not much could be
gained by this technique in the pressing of relatively hard powders such as
nickel. In the pressing of copper powders a higher density was achieved by
pressing in a vacuum but not enough to warrant the added complexity of the
method in industrial operation.

They concluded also that there was no lateral movement of powder
during compression in a cylindrical die and that the powders travelled straight
downward while being plastically deformed. A slight lateral movement was
found however in compacts pressed at very high pressure without lubricant.

The lead grid method has one serious shortcoming; namely, that it
does not permit the determination of deformation and density immediately
adjacent to the die wall.

In 1956 Kuczynski and Zaplatynskyi [28] published a technical note
describing a new method which makes it possible to determine the density
distribution in green powder compacts with the same accuracy as the lead-grid
method but which is far simpler and faster and requires only standard laboratory
equipment. Instead of using a lead grid, the hardness at selected points of the
sectioned compact was determined. The relationship between hardness and
density was found by measuring hardness and densities of thin compacts, assum-
ing that, in such compacts,the density for all practical purposes was constant
throughout. They tested the method on a Plast nickel powder, grade FIA-A20
and the results obtained confirmed the findings of Kamm, et al [26,27]

mentioned previously.

| A Ar P i 4 35
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in 1969 Zhdanovich [29] was able to establish a theoretical formula
of the distribution of pressure ond density in the single and double~ended
pressing of axially-symmetric compacts. He considered an axially-symmetric

problem and solved the equilibrium differential equation which applied with

many simplifying ossumptions. He plotted data which represented experimentally

determined values gf median density in cross sections of axially-symmetric
compacts from iron and copper powders and he claimed that the calculated
results were in excellent agreement with the experimental data.

In 1970 Radomysel'skii and Pechentkovskii [30] discussed the effect
of pressing tool design on density distribution in bushing-type sintered parts.
They designed a die set such that the displacements of its working elements
could be recorded as a function of pressing load. They carried out their
experiments on a reduced iron powder with an apparent density of 1.56 g/cm3.
They determined the compact density and its distribution over the height by
the technique of hydrostatic weighing of both the actual compacts and of ring
specimens machined from them. By analyzing the results they observed certain
fundamental differences in the densities of parts pressed by the different pro-
cesses, [t was suggested pressing by some specific processes to obtain the best
density distribution over the compact height. Also, ‘rhey suggested some pro-
cesses for automatic die sets. They concluded that, when both the core rod -
and die were floating, this gave the least satisfactory results, the compact

acquiring a density gradient of about 17%, between the layers located under
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the punches and the layer halfway along the height of the part. When the die
and core rod moved relative to each other, the density gradient was reduced
by more than half and the mean compact density substantially increased. Also,
they concluded that the relationship between the mean compact density and the
compaction pressure was dependant upon the pressing process employed.

In 1970 Fedorchenko, Kovynev and Polukhin [31] studied the pressures
exerted on the working parts of die sets by means of pin sensors. Pressing was
performed in a die set into the side wall of which were inserted a spiral line
of pins, provided with strain gauges, for measuring Ia.ferol pressures.  Similar
measuring pins with strain gauges were fitted into the upper and lower punches.
They presented diagrams of pressure distribution on working parts of die sets in
the pressing of compacts from copper, iron, ond Stalinite powders. For copper
compacts they found that the maximum pressure for the upper punch was located
in the region of the upper comer of the compact cross section; while on the
lower punch, the maximum values of pressure were found in the central zone.
The pressure diagram for the pressing of the copper powder was in agreement
with experimental data, obtained by a photo elosficjfechnique, on stresses
generated in the working parts of die sets [32] and also with the theoretical
findings of Zhdanovich [29].

They suggested that the non-uniformity of pressure distribution on the

~

working parts must be linked with the tharacteristics of compact formation from

a powder mass. The powder begins to resist deformation from the initial instant
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of load application. From experimental results they concluded that the compac-
tion pressure was transmitted through a powder mass which was being pressed,
but had not yet been compacted, and reached the lower punch. Finally, it
was concluded that there was an urgent need to study the processes taking
place within powders undergoing compaction.

In 1970 Meerson, Rasskazov and Chulkov [331 described a technique
for studying the pressing process with the aid of resistance strain gauges.
Pressing was performed on a GRM-1 testing machine in a die set provided with
resistance gauges bonded to the pqnch and the die cylinder for recording
relevant stresses. They def'errﬁfned coefficients of lateral pressure and the
external friction of powder against the die walls during pressing. They con~
cluded that, for ductile metals, the coefficient of lateral pressure (f) was not
constant. For low-ductility metals such as tungsten, and brittle materials, (f)
increased slightly at low pressures, but above ~ 2100 bar it becomes virtually
constant.

The coefficient of lateral pressure for a fine—groineci, oxidized powder
of‘ most metals is slightly less than that for a coarser, unoxidized powder.
They related this to the increased interparticle friction. Also, the use of
inactive lubricant, whether applied to the die set walls or, in the form of a
thin layer to particles with a well-developed, uneven surface, has no effect
on the value of (f). Finally they concluded that the coefficient of external

. . 4 . .
friction (}1) diminishes with a rise in pressure at low compaction pressures, but
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remains constant at high pressures (above 1400 - 2100 bar for low ductility and
brittle materials).

In 1970 Vinogradov [34] measured the lateral pressure in compaction.
He used Ni, Al, W, Fe, Cr, and Ti powders and their’ mixtures, with or with-
out graphite additions. From these experiments, he established that the co-
efficient of lateral pressure was independent of density at low degrees of
densification and proportional fc; density in the second stage of pressing, *while
in the third stage. it sharply increases.

In 1970 Fedorchenko, Kovynev, and Polukhin [32] empioyed the strain
measurement technique for studying the stressed state of the die set in the press-
ing of iron, copper, and Stalinite powders. Pressing was performed in a 2PG-
250 hydraulic press. The pressing load in all experiments was constant at
4200 bar.

From their experimental analysis, they concluded that, with a decrease
in the powder fill height in the die, the pressure on the lower punch increases,
but the character of the pressure distribution remains unchanged. Also, the
pressures on the lower punch depend on the resistance of the particles in the
mass being pressed to plastic deformation. The preésjng of metal powders ’wcs
visualized as a process consisting of two basic sfcxées.

[l

1. Deformation of a free-flowing mass, during which a pattem of

&

non-uniform density is established. and the behaviour of the

material is governed by pressure distribution laws characteristic

1
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of grapular media.

2.” Deformation of a compact hov‘ing a non-uniform density distribu-
tion over its cross section on;i exhibiting increasingly thg proper-
ties of a continuous, non-porous metal . |

In 1970 Katashinskii and Rukhailo [35] developed o new technique
for the investigation of shear strains in ‘free-flowing materials, permitting direct
recording of slip plane formation by x-ray radiography. They concluded that

P ¢
" metal powder deformation in an open volume gives rise to the formation of
three characteristic zones within the compact. These zones corres;;ond to
different modes of powder deformation namely ejection, shear strain and
densification.

In 1971 Fischmeister, A;ren, and Easterling [36] reported observations
on plane-strain upsetting, between unlubricated flat punches, of powder per-
forms of varying density. Macroscopic deformation behavipur was charocterifed
by the pressure/strain relationship and by the ratio of lateral to vertical flow.
Densification was studied as a function of strain and pressure. .Also, the
density distribution in typical forgings was charted by means of hardness
measurements. |

They found a signi?}conf difference in deformation behaviour between
porous and dense preforms. It was also obsewéd that densification was most
rapid in the initial stage of deformation, where, in consequence, lateral flow
is almost absent. The pressure/strain relationship for porous preforms does not

follow a normal strain-hardening law.
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In 1972 Woakatsuki, Ichinose and Aoki [37] published a paper providing
notes on compressible gasket and bridgman-anvil type high pressure apparatus.,
They analyzed the squeezing process of a disc-shaped gasket, between Bridgman-
anvils, on the basis of a very simple model for equilibrium of plastic flow in
the gasket. They concluded that the behaviour of the disc and pressure distribu-
tion depend essentially on the thickness of the disc. A normalized character-

istic thickness, , may be defined as a quantity inherent in the material

Za

of the disc, where he is a critical value at which the flow region occurs just
at the center and a is the radius of the anvil face. Pressure in the disc
becomes more and more concentrated ai the center as the initial thickness of
the disc, h;j, is increased in the range hj<< h.. But the concentration ceases
to grow when h; exceeds h..

In 1972 Meerson, lvensen, Sapronov, ond Vissarionov [381] discussed

- the different techniques which have been proposed for evaluating the lateral

C

pressure exerted by powder during compaction and suggested a method for the
experi.mental determination of the lcrerc;l pressure, They used a composite
cylindrical die whose v;'alls were assembled from separate rings. The lateral
pressure was measured by the deforma}ion of the individual rings forming the
body of the die which, in tum, was mejasured by wire resistance strain gauges
fixed to the outer wall of each ring.

They concluded that with increasing distance from the upper, pressing

punch (in single-ended pressing), the lateral pressure changes not n/anéfonicc”y,

e
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but accordibg to a more complex law, which, in the case of tungsten carbide-
cobalt mixtures, depends on the amount of the ductile metal (cobalt). The
presence of cobalt facilitates relative displacement of the carbide particles

and increases the friction of the powder on the die wall. The combined action
of these factors determines the charocter of the vertical and lateral pressure
distributions along the height of the mass being pressed.

In 1972 a paper has been published by Roman, Perel’'man, and

-
Doroshkevich [39]1 discussing the problems of stress and, consequently, density
distribution in powder pressing. They provided an illustration of the distribu-
tion of density in a cylindrical compact pressed from a copper-nickel powder
mixture. They observed that density was less at the surface of the pressing
punch than at some distance from it.

In 1973 Shulishova and Shcherbak [40] described a new method for
the quantitative and qualitative study of density distribution in compaction
processes by filling the pores of a part made by a powder metallurgy process
with a fluorescent substance and then placing the part under an ultraviolet
light source. The distribution of the intensity of the resultant luminescence
corresponds to the distribution of porosity in the part.

They applied this method to study the vertical density distribution on
the surface of a specimen produced by.fhe single~action compaction of a
reduced iron powder. A fine magnesium arsenate powder containing Liy O3

addition was rubbed into the surface of the specimen, and the resultant
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luminescence was photographed. The distribution of the degree of blackening
of the film was determined with a spectrometer. This degree of blackening
of the film was proportional to the porosity of specimens and inversely pro-
portional to their densities. Their results agreed with those obtained by other
investigators for the same case.

In 1973 Vlasyuk, Klimenko, Radomysel'skii, Spuskanyuk, and Chernyi
[41] investigated the process of isostatic pressing at different pressures in the
range of 5000 - 2SOOd bar for powder mixtures having compositions correspond-
ing to those of R18 and R25 high-speed steels, In their isostatic pressing
experiments use was made, in addition to uncompacted powder mixtures, of
preforms of approximately 40% residual porosity pressed in steel dies.

The results of these experimenfs'showed that, specimens isostatically
pressed from powder were denser than specimens prepared by the isostatic den-
sification of prepressed compacts. This was referred to the uneven densification
of the }powder pressed in steel dies. The resultant compacts had a denser outer
layer composed of work-hardened particles, which reduced the effectiveness of
a subsequent isostatic compression operation: Even /in this case, however, better
results were obtained than in the case of compression in steel dies.

In 1975 Aren [42] discussed‘ the optimization of preform shape in the
powder forging of a linear gear profile. He studied the influence of tooth
height versus total height of the preforms on the location of remaining porosity

in the forgings, the risk of cracking and tendency for folding. Also, he
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studied the densification duu:ing different stages of forging iron powder, up to
94% relative density, by Brinell-hardness testing. Specimens were annealed
at 550° for 30 minutes before hardness testing in order to cancel out residual
effects of work hardening. He referred to the hardness increase with an in-
crease in compcc.ting pressure and resulting densification as the process of
densification hardening.

From these measurements, he concluded that densification progresses
quickly in the vertical direction, but gnly slowly in the lateral direction,
producing a strongly non-uniform densification pattern, which results in crack
formation in, zones exposed tc(tjnsile stresses. The cracks close again towards
the end of the forging stroke where die filling is completed. He suggested
some limits for the optimum ratio of tooth-to-base heights which provide the
most homogenous densification.

Further ideas on the concept of densification hardening are found in

Chapter 4.
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ISOSTATIC PRESS

The isostatic compaction unit used in this investigation was an Auto-
clave Engineers research type press; capable of providing working pressures up
to about 4000 bar. The press has a working chamber size of 100 mm [.D. x
550 mm length. The vessel body is of single cylinder construction and designed
to operate elastically at its rated pressure.

The press is powered by a 200 psi (1318 bar),two stage air compressor.
The reservoir was filled with a mixture of 64 parts of water and ci,ne part of
Hydrolubric #2 oil, which is the presurizing medium.” The schematic piping
system of the press is shown in Figure 2.- The isostatic fluid is pressurized by
an air driven piston pump, 1, which is controlled by the solenoid valve 2.
Fluid is drawn through a system of one way valves from the reservoir, 3,
through the pump to the pressure vessel, 4. For safety reasons air may be bled
from the system via the shut-off valve, 5. Maximum pressure control is
possible by limit switches in the pressure gauge, 6, which are connected to
the solenoid valve 2. A safety rupture disc, 7, rated at 5000 bar is also
included in the circuit, Pressure is released via valve 8 and excess fluid
retumed to the reservoir. The pressure vessel closure is of the pin -type, with

pneumatic removal and location of the main closure, 9.

33
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PRESSURE MEASURING AND RECORDING SYSTEM

3.2.1 Introduction
Since rates of increase and decrease of pressure in the pressure

vessel during a compaction process can affect the densification of compacts; it
was desirable to develop a mea'suring and recording device for their detection.

Since most pressure vessels designed to operate below about 7000 bar
respond elastically to load with negligible creep or hysteresis, measurement of
the expansion of the pressure vessel should provide a linear correlation with
pressure, Strain gauges applied to the cylinder to measure this expansion were
initially considered but were rejected in favour of the system described in
section 3.2.2, This system measures the mean radial displac;ment on any
section of a prismatic pressure vessel and has the following advantages:

. 1. longterm relial'ailiry under the condirionf experienced on the isostatic
pressure vessel in question, i.e. vibration and the intermittent presence
of a surface layer of liquid.

2. Mobility - the unit is simply and rapidly installed on any section ;)f
of the pressure vessel.

3. Sensitivity and output - the transducer has a large primory output of
600 mV at 4000 bar on the pressure vessel in question.

4.,  Accuracy - since the instrument measures a mean strain over a section
of the vessel, manufacturing imperfections in such parameters as
roundness and concentricity have reduced effect on the gauge in terms

-

of absolute calibration.
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3.2.2 Description

The extensometer utilizes a displacement transducer, Hewlett
Packard type 7DCDT which requires 6 volts D.C. exitation ond has a linear
output of 1.34 volts per mm over a range of 1.25 mm. The principle of
operation of the transducer is adequately documented elsewhere [43]. The
transducer is mounted in the fixture F, shown in Figure 3(a), to which is clamped
a length of steel cable. This cable encircles the section of the pressure

vessel under observation, where it is located by the five carriers C, Figuré

3(b). The system is tensioned by the adjusting turnbuckle T, which applies

an initial tension to the extension springs. An external view of the system
mounted on the central part of the pressure vessel is shown in Figure 4.

In operation, the radial displacement of the pressure vessel is frans-
ferred to the measuring system via the carriers. This displacement causes an
extension of the steel cable and spring system. Since the steel cable has a
high stiffness compared to the two springs, the majority of the extension is
accommodated in this area, where it is detected by the transducer. Friction
is minimized by the use of roller bearings on both the carriers and in the
sliding mechanism of the fixture F.

The cable was 1/16 inch aircraft cable with cn elasticity of 860

Kgf/mm [44]. The springs were one inch long with a spring constant of 1.0

Kgf /mm
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3.2.3 Use and Calibration

The instrument was initially calibrated against the bourdon gauge
of the isostatic press. The results are shown in Figure 5. They indicate that
both instruments are linear above about 500 bar, but does not show which is
responsible for the nonlinearity at low pressures. It is expected however that
this error may be attributed to backlash in the bourdon mechanism.

To investigate the calibration of the device, the strain over the central
portion of the pressure vessel was determined experimentally and compared with
a theoretical solution.

Since the solution due to Lame is a widely used basis for vessel
design [45], it was applied to this cose to predict a radial displacement for
the central section of the cylinder. The calculated value is 6.29 x ]O—7mm/
bar. The value obtained experimentally 0\‘/er the central portion of the cylinder
was approximately 6.583 x 1077 mm/bar. This difference is greater than that
which could be attributed to the expected experimental error.

Since the Lame solution cannot allow for the strengthening effect of
the non loaded end sections of the vessel, some discrepancy was inevitable.

It was expected, however, that the extra support from the ends of the vessel

would reduce the strains in the central portion to values below those predicted
by the l:ome solution. This difference in results may be due to deviation from
the plane strain condition inherent in the Lame solution as a result of the end

conditions.
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Displacement at ciifferent cross sections of the pressure vessel were
measured at various pressures and the corresponding displacements for o 1 Ksi
pressure increose are given in Table 1 and plotted in Figure 6.

Since the maximum displacement is observed on the central portion of
the pressure vessel, the measuring device was mounted there for measuring and

recording of the pressurizing cycles used in subsequent experiments.

3.3  DESCRIPTION OF POWDERS

Four types of powder were selected as being representative of a wide
range of particle geometries and mechanical properties. The powders were:

1. Alcoa grade 1202 atomized aluminum powder, supplied by the
Aluminum Company of Canada, Figure 7.

2. Atomet 28 Iron ”powder, a product of Amax Metal Powders Ltd.,
Figure 8.

3. C-3 Copper powder obtained from Canada Metal Company,
Figure 9, and

4. L-4 Lead powder also produced by Canada Metal Company,
Figure 10.

Chemical and screen analysis as supplied by the manufacturers of

these powders are given in Tables 2 to 5.

3.4 COMPACTION BAGS

It was originally intended to make the required compaction bags for
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holding the powder during compaction. Flexane 80, a room temperature curing
urethane‘produced by Devcon Canada, Limited Company, was poured into an
aluminum mould machined for this purpose. The aluminum mould was coated
with a thin layer of grease before pouring to ollow release of the rubber bag
after drying. An extemal view of the aluminum mould is given in Figure 11.

It was, however, difficult to obtain bags without imperfections in
this manner and as a result the compaction bags used in this investigation were
commercially produced urethane and lc;:ex bags manufactured by Trexler Rubber
Company of Ravenna, Ohio.

Fourteen bags were used in the exéerimenfs. Dimensions of these bags
and the weights of the various powders used in each are summarized in Table 6.
Urethane 50 has a hardness of 50 on the Shore A durometer scale, while
Urethane 70 has a hardness of 70.

The procedures described in the next three sections were carried out

for all compacts produced in the isostatic pressing experiments.

PACKING PROCEDURE

The use of vibration methods to obtain increased and more uniform
densities during the packing of loose powder materials has become common [461.
By subjecting powders\to such vibrational forces, each particle is set into
motion and seeks a mo)"e favourable location for packing. -This process in-

creases the tap or pre-pressed density of the bulk-powder and thus reduces the
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amount of particle deformation necessary for attainment of a high final density
after compaction.

For all following experiments a rubber compaction bag was filled with
a measured weight of powder and gently vibrated until no further reduction in
volume occurred (approximately 2 minutes). The bag was sealed with a
cylindrical rubber bung. Finally the bag and bung were clamped using a
rubber band to prevent any initial fluid leakage into the bag.

:

Since the lead powder was much softer than the other three powders,
it was necessary to use a perforated metal tube to support the bag in the
pressurizing medium while compaction was taking place\." All other procedures

were as above.

PRESSURIZING PROCEDURE

A filled compaction bag was placed on the carrier platten. The bag

and carrier were inserted into the pressure vessel. The compressor was switched

"on" and the compressor control valve was adjusted to provide compressed air

up to 100 psi (7 bar) slightly higher than the operating pressure of \the Haskel
pump. The cover of the press was replaced by means of the pneumatic control
valve and the closure pin was inserted. The shut-off valve was opened and the
pressure release valve closed. The pump switch was turned to the "on" position.
When the hydraulic fluid filled the sight glass, the shut-off valve was

closed and the pump switch was turned "off" simultaneously. The pump switch
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was maintained in the "off” position until the inlet air pressure reached 90 psi
6.2 bo:) at which time the pump switch was turned "on". This was done to
ensure a consistent pressing rate for the samples. The air regulator valve of

the press was adjusted to 90 psi to allow the Haskel pump to provide a hydraulic
pressure up to 4000 bar [47]. When the required pressure was reached, the
pump switch was switched off and full pressure was maintained f;)r 20 seconds.
Pressure was then released slowly by opening the pressure release valve.

When the pressure reached zero psi, the shut-off valve was opened
and the pressure release valve was closed to prevent draining of the hydraulic
fluid from the pressure vessel to the reservoir.

The closure pin and the cover were removed. The carrier ond bag
were removed and the compact extracted. The pressurizing ond depressurizing

rates were recorded by means of the pressure measuring and recording system

described in Section 3.2. Both rates were approximately 1200 bar/minute for

all samples.

MACHINING OF SAMPLES

.' In order to allow accurate size measurements for density determinations,
it was necessary to machine the samples‘ to accurate cylinders. It was difficult
to obtain o good surface finish with Al, Fe and Cu when machining somples on
a lathe without the use of appropriate coolants. Since the rough surface finish

of specimens can affect the accuracy of density determinations, PLASTAL TOOL
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coolant was used and a good surface finish was obtained. Figure 12 shows
four aluminum samples all compacted to 2060 bar, two machined without and
two with lubricant. The improved surface finish when using a lubricant is

¢

evident.

; Since specimens compacted from psers exhibit a high degree of
porosity, coolant flu'ids can permeate the specimen producing an error in the
density calculations. To overcome this difficulty, specimens were washed .
using alcohol and dried for two hours in air to enable the alcohol to evaporate,
then heated for a further half hour in a furnace at 200°F to evaporate the
remaining alcohol. By applying this technique to a preweighed sample,
(soaked in coolant but not machined), it was found that the change in weight
due to unremoved coolant after washing was less than 1/2%."

|

DENSITY VARIATION ALONG COMPACT LENGTH o

To examine the variation of density along the length of a compact, .
five specimens were machined from an aluminum sample compacted at 2070
[

bar in mould #1, All the specimens had dimensions of 20 mm Hiameter and
{ -
10 mm length T .02 mm. »
i
The results are presented in Table 7. The maximum difference in

density detected was .36% of the theoretical density (2.700 g/t‘gme’) This is

within the experimental error of the measurements. Thus while variation of

density along an isostatic compact has been detected [41], no Significant
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variation has been observed in this study.

DENSITY VARIATION ACROSS COMPACT DIAMETER

To detect any variation of density across the diameter of a compact,
four specimens were machined from an aluminum sample compacted at 690 bar
in mould #1. The specimens had diameters of 12.66, 19.1, 31.78 and 44.88
mrr;, while the nominal lengfl;l was kept constant at about 13 mm. The density
was calculated for each sample by weighing and measuring its dimensions.

The results are shown in Table 8. sl may be concluded that no

significant variation in density exists across the isostatically compacted samples.

EFFECT OF TOOLING

3.10.1 Introduction

it és often ob.served for isostatic compacts that, when the mould
is opened, compacts are found to be severely damaged. This type of damage
has been discussed by Bloor, Brett and Popper [48]. They attribute this type
of damage to stresse(s‘which arise from movement of the tool during the pressing
cycle. It is conceivable that these siresses could affect the final density of

the compact. Since these stresses can be offected by the tool geometry and
/

material properties, it was decided to study the effect of tool diameter, thick-

. '
ness and material.

A selection of bags from among those described in Table 6 were

| [ W e =
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chosen to study each effect independently. The particular bags used for each
study are given in the following sections. Aluminum powder was used for all
experiments in the study of tooling. Reasons for this choice are the following:
- aluminom has an intermediate hardness compared with the other
metals studied.
- aluminum may be compacted over a wide pressure range.
- the powder is relatively inexpensive.

- aluminum compacts are easy to machine.

3.10.2 Mould Diameter

Two moulds with different internal diameters but the ‘same wall
thickness of Latex, Urethane 50 and Urethane 70 were used. These moulds

are numbers 3 to 8 in Table 6. The: srr((olal wnd large mould of each pair were

\

filled with aluminum powder. These werra 7bmpocfed simultaneously in order

\ .
to eliminate any variation in compactirfgipréssure between them. Three pairs
i

%

of compacts were produced at fhe:folio/y/ing pressures: 1034, 2070 and 3100
bar. |

One specimen was machined from each compact. All i;he specimens
had o length of 20 mm, one from each p&ir having 20 mm diometer and the
second 43 mm diameter. These specimens were accurately weighed and
measured to determine their individual densities.

The results are shown in Table 9. It can be seen that diameter has

_ no significant effect on compact density over the range of pressure studied.

PPN

il



3.10.3  Mould Thickness

Two sets of moulds of urethane 50 and urethane 70 were used.

Each set had a range of three different thicknesses. The thicknesses used were

5 mm, 10 mm and 15 mm for both sets of moulds. Internal diameter and

length of all moulds were maintained constant. These moulds are numbers 9

to 15 in Table 6.

n

~ To eliminate any variation in the compacting pressure between each

set of bags all three bags were placed together in the press. The complete
) i

set of experiments for both urethane 50 and 70 was repeated at pressures of

1034, 2070 and 3100 bar, to detect any effect of thickness on the compact

at the different pressures. One specimen was machined from each compact.

Each specimen was weighed and measured and its density calculated. The
results are given in Table 10. It caon be seen that there is no significant
effect on density of the mould wall thickness.

3.10.4 Tool Mc}erial

Since three different mould materials were used to detect the
effect of tool diameter and thickness, the results obtained by the experiments
described in the two previous sections are suff‘icienf to investigate the effect
of mould material on the compact properties. The thre; materials used were
latex as a very flexible material and urethane 50 and 70 which have two

different hardnesses.

The results indicate no significant effect on densii’y}f tool material.
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PRESSURE DENSITY RELATIONSHIPS

A total of 9 aluminum compacts, produced at pressures between 500 bar
and 4000 bar, were used for pressure-density determinations.

Nine iron compacts were produced at pressures between 1000 bar and
4000 bar. No coherent iron compacts could be produced at pressures less than
1000 bar.

Three copper compacts were produced at pressures between 2000 and
4000 bar, and no coherent compacts were produced at pressures less than

2000 bar.

Eight lead compacts were produced at pressures between 350 and
4000 bar.

In view of the results of the previous section which showed no
significant effect on density of tool diameter, it was decided to limit the-
density~pressure relationship experiments to compacts produced with a mould
having an interngl diameter of 30 mm (mould 1 in Table 6).

Nine aluminum samples were produced over a range of pressures of
between 500 and 4000 bar. Two :\:pecimens were machined, as discussed in
Section 3.7, from each sample. One 30 mm in length and one 10 mm both
with a diometer of 20 mm. All the specimens used in density~pressure relation~

ship were machined from the central region of the samples. The machined

\cylinders were accurately weighed and their dimensions determined using

vernier micrometers. The densities of the cylinders were then calculated.
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The difference in density between pairs of cylinders from the same compact
was in all cases less than 1% of the theoretical density. Since this difference
was experimentally insignificant, it was decided to limit subsequent tests to
the shorter cylinders. Nine iron samples were produced. One specimen was
machined from each sample. These specimer;s were then weighed and measured
to determine their densities.

Similar procedures were followed for copper and lead with the excep~
tion that no coolant was necessary to obtain a good surface finish for the lead

specimens.

RESULTS OF ISOSTATIC PRESSURE-DENSITY

3.12.1  Aluminum
The experimental pressure~density data for isostatically compacted

aluminum powder are shown directly in Figure 13. The densities are expressed
as relative densities related to an assumed theoretical density of 2.700 g/cm3.

The first region observed from 0 to about 700 bar shows a rapid in-
crease of density with pressure, while the rate of increase of density decreases
above. this pressure.

Expressing the experimental data in terms of' the Shapiro equation (1)
gives the relationship shown in Figure 14. [t can be seen that the results
exhibit the three characteristic regions observed by other investigators for a

variety of materials. The first region from 0 to about 700 bar shows a rapid

I A——— o e g e 0
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increase of In (-—TI—D—) with pressure; from 700 bar to about 2000 bar there is
an almost linear variation while above 2000 bar the slope decreases rapidly.
Very similar resylts were obtained by Hewitt [49] for the same type of
aluminum powder.

It is widely felt that these three regions correspond to different
mechanisms of compaction. Kunin and Yurchenko [14] define the first region
as the pressure at which the particles are brought closer together without under-
going significant deformation. Hewitt [8], however, concluded that extensive
plastic deformation can occur during the first region. The second region is
characterized by the particles undergoing brittle and plastic deformation and
the fhird by bulk compression. A similar classification has been made by
Heckel [13]. Donachie and Burr [58] suggest that the first region is one of
the transitional restacking, the second corresponds to local plastic flow and the
third to isostatic compression, both elastic and plastic. Greenspan [18] sug-
gested that the change in slope between the second and third stages is referred
to the strain hardening ‘/"‘characterisﬁcs of the material. . |

/

It can be seen that there is still considerable confusion with respect

" to the definition and classification of these stages of compaction and to the

role and extent of plastic deformation in powder compaction.

3.12.2 Iron

The pressure-density results are expressed directly in Figure 15.

The densities are expressed as relative densities of an assumed theoretical
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density of 7.874 g/cm3. It can be seen that the rate of increase of density,
with the increase of the compacting pressure, is very small. This may be
explained on the basis that iron powder is a relatively hard material, and
high pressure is required to cause the plastic flow associated with densification.

The experimental data expressed in terms of the Shapiro equation are
presented in Figure 16. The relation shows a linear behaviour, of the
In (_T!-T)—) versus pressure plot over the pressure range stud'iﬂed (up to about
4000 bar) except in the area below 1000 bar. Similar resulfi-’s were observed
by Heckel [16], for iron, nickel, copper and tungsten powder. The transi-
tion from the second to the third stage of compaction was not observed as a
result of the relatively low pressures employed.
3.12.3  Copper

It was difficult to obfain'coherenf copper compacts by isostatic

compaction at pressures lower than 2000 bar and since the range of study was
limited by the capability of the press to 4000 ban, the.results obtained do not
provide observation of the three mentioned stages of compaction. Figure 15
shows the density of the compacts versus the compacting pressure. The densities
are expressed as relative densities related to an assumed theoretical density of
8.900 g/cmd. ‘

3.12.4 Lead

Figure 17 illustrates the pressure-density data for atomized lead

powder. The density values are expressed as relative densities related to an
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assumed theoretical density of 11.34 g/cm3.

The results expressed as In (-I—‘D-) versus compacting pressure are
shown in Figure 18.

The transition from the first to the second stage of
compaction is not obvious, while the transition from the second to the third

stage can be noticed at pressure of abaut 700 bar.

3.13 METALOGRAPHIC EXAMINATION

Two techniques of metalographic examination have been applied to
compacts produced in the isostatic press:

scanning electron microscopy and
optical microscope examination of etched and polished sections.

Electron microscopy as a method of investigation makes it possible to
evaluate the shape and size of powder particles [50].

To obtain some

/
observations concemning the consolidation phenomenon of the different types of
powder investigated,

fracture surfaces of different specimens compacted at

different pressures were examined in a scanning electron microscope. The

fracture surface of each specimen examined was cleaned ultrasonically before
examination.

The same procedures were applied for aluminum, iron, copper,
and lead compacts.

Sections from aluminum and iron compacts were polished and etched
for optical microscope examination.

The following polishing procedure was
used:

A

Initial grinding was carried out on 220 grit wet silicon carbide papers



3.14

50

followed by successively finer grinding on 320, 400, and 600 grit wet silicon
catbide papers, the specimens being cleaned with water between operations.
Final polishing was carried out on diamond wheels using 6/1 and 1[4 diomond
paste successively, again cleaned with water between pastes.

The aluminum samples were etched by swabbing with Keller's reagent.

The iron samples were etched by swabbing with a 2% nital solution.

RESULTS OF METALLOGRAPHIC EXAMINATIONS

3.14.1  Aluminum

Figure 19 shows a sequence ‘of scan.ning electron micrographs of
the fracture surface of the as-compacted powder pressed at different pressures.
The surface is composed of ind}vidual powder particles. It is vaious thg the
powder particles have been deformed to produce mating surfac;es, however, the
original shape of the powder particles is still evident.

Polished and etched sections of aluminum compacts pressed at different
pressures are shown in Figure 20. It can be seen that the size of the pores
between the particles shrinks with increasing compacting pressure. The micro-
graphs also show some of the small particles being forced into cavities formed

by larger particles.

3.14.2  lon

A sequence of scanning electron micrographs of the fracture

surface of the as-compacted iron powder, are shown in Figure 21. |t is clear
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that the degree of plastic distortion in the surface regions of the particles is
very small at low pressures, while it is more evident, at higher pressure, at
points of contact between particle Figure 21(d). The smaller degree of dis-
tortion with iron can be referred to the relatively high hardness of the iron
powder compared with aluminum.

Figure 22 shows the pore structure of iron compacts pressed at different
pressures. Pores in between powder particles and intraparticle porosity are very
clear. The degree to which the particles come closer and the pore size re-
duces as the compacting pressure increases can be easily observed.

3.14.3  Copper

nﬁigure 23 illustrates the scanni'ng electron micrographs of the
fracture surface of the as-compacted copper powder at different pressures.
Again it can be seen that as the compacting pressure increases, the omount
of plastic distortion in the surface regions of the particles become more
evident.

3.14.4 Bo_d‘

A.sequence of micrographs of the fracture surface of lead
compacts pressed at different pressures, are shown in Figure 24. The amount
of plastic distortion in the particles is very clear even at relatively low
compacting pressure, see Figure 24{(a) 700 bar. This is a result of the very
low elastic limit of lead which is of the order 1 bar [51].

It is noticeoble that crystals with an octahedral shape can be seen
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distributed among the irregular particles Figure 24(d). This is possibly due to

impurities in the loose powder.

An x-ray analysis of these crystals did not

result in a definite clossification.
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4 DENSIFICATION HARDENING
IN ISOSTATIC COMPACTION

INTRODUCTION

One of the primary interest in powder metallurgy research is a study
of the density distribution in green powder compacts. A number of experi-
mental techniques have been used in these studies. They include sectioning
and density determination by direct mass and volume measurements of each
section, the observation of the distortion of heterogeneities in compacts when
they are pressed, and the determination of pore volume by various microscopic
techniques. One method, described by Kuczynski and prlafynskyi [281],
involves the measurement of hardness at selected points in a sectioned com~
pact. If a relationship exists and is known between hardness and compacting
pressure, the density and pressure distribution in the compact may be obtained.
Kuczynski ond Zaplatynskyi obtained such a relationship by measuring the
hardness and density of thin die pressed compacts. They made the bssumpfion
that for practical purposes, the hardness and density of such compacts would
be uniform as a result of the small wall friction effect in thin compacts.

It was felt that the observed uniformity of density and hardness in
isostatically compacted samples, (see Sections 3.8, 3.9 and 4.2.1), would
allow better correlation between hardness-density and pressure than could be
obtained by the method used by Kuczynski and Zaplatynskyi. The purpose

of the following experiments was to initially explore this possibility.

53
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Hardness measurements were attempted on the four powders described
in Section 3.3. Owing to the relatively narrow range of pressures over which
copper could be compacted in the available isostatic equipment, it would have
been difficult to obtain hardness-density and pressure relations for the copper.
Although lead compﬂocfed over a wide range of pressures and would have been
an interesting material to study, severe difficulty was experienced in polishing
the lead specimens to the fine surface finish required for the microhardness
tests. In addition to these factors consideration of the key role played by
iron in powder metallurgy today and the rapidly growing importance of
aluminum fed to the conclusion that the following experiments be carried out

only for aluminum and iron.

MICROHARDNESS MEASUREMENTS

The term hardness of a material may be defined in several different
ways. |t prin;:ipally relates to the resistance to deformation in such -processes
as indentation, abrasion, scratching and machining [52]. The last three have
a limited application practice.

The microhardness measurements in this work were performed on a TUKON
tester (model MO) providing Vickers hardness numbers often referred to as
diamond pyramid hardness numbers. This test was devised about 1920 and

employs a square-based diomond pyromid as the indenting tool. The angle

between opposite faces of the pyramid is 136°.

v
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There are two features of fhi‘skfesf which are essenfioliy different
ond advantageous over the available alternative test, the Brinell method.
Firstly, there fé geometric similarity between impressions under different
indenter loads, and hardness number is virtually independent of load. In
addition, the upper limit of hardness number is controlled by the diamond,
thus allowing examination of a wider range of materials than is possible
using the Brinell test which uses a steel ball indenter. The Vickers test
is very useful for survey?ng a specimen which has a variation in hardness

through the cross-section as a result of the small size of the indentation.

For both iron and aluminum hardness measurements, a, load of 1.0

55

Kg was used, and the diamond pyramid hardness numbers were calculated from

the formula

a
D.P.H. = —2 225'“ 2 AN
\
where
D.P.H. = diomond pyramid hardness number
¢ d = length of average diagonal in mm
a = 136° apex angle :
L = load in Kg

It is interesting to note that the average diagonal of indentation for

the range of samples studied was about 10 to 15 times the average diameter

of the particles. ' &

4.2.1  Aluminum .

At /

For similar reasons to those discussed in Section 3.11, it



was decided to use the large diameter compacts for hardness measurements.

The specimen“: used for nﬁcrohardness measurements were the some
specimens used for the pressure-density relationship. Machining of these
samples is described in Section 3.8. The following polishing procedure was
used.

Initial grinding was carried out on 220 grit wet silicon carbide papers
followed by successively finer grinding on 320, 400 and 600 grit wet silicon
carbide papers, the specimens being cleaned with water between grits. Final
polishing was carried out on diamond wheels using 6// and 1//diamond paste
successively, again cleaned with water between pastes.

Five indentations were produced on the polished surface of each
specimen and the lengths of the two diagonals were measured enabling the
average diagonal length to be colcu}ated for each indentation. The mean
value of the five values was used in ﬂ;e calculation of diamond pyramid
hardness number for the specimen using equation (7)

It was observed, as stated in Section 4.1, that the hardness distribu-
tion was uniform within experimental accuracy along and across the isostatic
compacts. The scatter’ in individual hardness values across the face of a
compact was less than 10%, no obvious pattem: being observed., The difference
in average hardness values on the two faces of a sample was less than 1%

indicating uniformity of hardness across and along the compacts.
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4.2.2  lron

Again the large diameter compacts were used for the hard-

ness measurements. Specimens with dimensions of 10 r;am length with 20 mm
diameter were Faachined of green compacts as described in Section 3.7.
A similar polishing procedure to that described in the previous

section was used to produce the hardness measurements for the sample, again

using the mean values produced from five indentations.

RESULTS AND DISCUSSION

The experimenfol-pressure*hordness data for aluminum and iron com—‘
pacts are shown in Figures 25 .and 26 respectively. It can be seen that in
genera‘lz as compacting pressure increases the hardness of the resulting compact
increases. The aluminum results fall on a straight line up to a pressure of
about 1400 bar at which time hardness begins to level off. The pressure at /
which this occurs is close to the pressure which marks the end of the second
stage of compaction as described in Section 3.12. Over the range of
pressure studied, the iron results can be considered to lie on a straight line
to within experimental accuracy. The point at which hardness bigins to level
off was not reached for the iron powder so that a corresponding l&Veling off
of hardness values could n‘of be observed.

A possible explanation for the linearity of the hardness-pressure

relationship for pressures in the second stage of compaction is the following:
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during compaction of a metal powder, a non-linear load displacement
characteristic results from the combined effects of the altered microstructure
geometry and the strain hardening of the material as a result of plastic flow.
Upon release of the pressure, however, unloading will occur elastically and
therefore linearly, If pressure were reapplied, linear behaviour would persist
until the pressure reached that originally applied, at which point yielding of
the strain hardened particles would again occur.

Thus the pressure to which a compact was pressed corresponds to a
yield stress for that compact. Since a linear relationship can be observed
between yield stress and hardness for many metals, such a relation between
compacting pressure and hardness could also be expected. This relationship
would break down, however, during the third stage of compaction when little ;
additional densification and strain hardening occurs owing to the very small
pore size and the correspondingly small region in which significant plastic flow
occurs as the pressure is increased.

Regression analyses have been carried out on the hardness-pressure
data. A least square fit to a straight line has .been performed for the iron
data since these are all in the second stage of compaction. A straight line
could have been fitted to the aluminum dota below 1400 bar but in order to
provide a smooth curve for the entire pressure range a least squares poly-

nomial fit to the data was performed.



A TG T

S

59

The equations so determined are:

For aluminum: P = ~853.8 + 231.5 H -11.57 H? + .2428 H3 @®)

For iron: P = 158.1 + 54.41 H ©)
Hisin D.P.H. , P in bar

These curves are shown on the corresponding plots.
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5 APPLICATION OF DENSIFICATION HARDENING

CLOSED DIE COMPACTION

5.1.1 Introduction
The objective of these experiments is to investigate quali-

tatively and quantitatively the distribution of density in a powder compact,
as a function of pressure, and to investigate the distribution of the pressure
exerted by the compact on both top and bottom working parts of the die set.
Hardness was measured at selected points on the top and bottom of the com-
pcct.. The hardness readings were translated into pressures and densities using
the calibration curves obtained from Sections 4.3 and 3.12 respectively..

To allow a comparison between conventional and hydrostatic com~
paction, the relationship between die compact density and the applied pressure

was investigated for both aluminum and iron powders, in a range of pressure

{
!
\

up to about 16500 bar.

5.1.2 Die Compaction Press

/ The press utilized in this study of die compaction is a 500
ton capacity Vecor system built by Autodraulic Ltd. of Leeds, England. The
unit comprises three main sections, two of which are of interest in this
application.

1. The main press frame consists of a single action hydraulic

ram with an 18 inch diometer piston. When pressurized the ram raises the

60
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movable central platten of the press towards the upper section of the press
frame. Parallelism is maintained by four sliding bearings between the platten
and the pillars of the press frame. On removal of the hydraulic pressure the
weight of the mechanism is sufficient to return the platten to its neutral
position. .

2. The hydraulic unit whose main component is a two stage
pump driven by a 7.5 H.P. motor. The pump system has a maximum
pressure capacity of 5000 psi (345 bar). The pressure is controlled by an
open loop system consisting of a pressure coﬂrol valve which is activated
by a small electric mofor via a variable ratio gear box, thereby introducing
controllable rates of pressure application.

The third part of the press not needed in this work provides the

facilities of controlled cycling and resistance heating of the system.

5.1.3 Closed Die System

The closed die compaction examinations were carried out
using the arrangement shown in Figure 27. The system consists of the follow-
ing items:

Compaction chamber consists of a carbide cylinder machined from
fungs*en carbide grade 44A which has a hardness of opproximafel;' 21 Rockwell
;4\, and good resistance to wear. This type of carbide has an ultimate
compressive strength of 51700 bar and a modulus of elasticity of 6.4 million

bar [53]. These specifications make this type of carbide suitable for
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compacting dies in addition to some other applications. The carbide die was
provided with a steel binding ring.

The piston and the closure (parts 4 and 7 in Figure 27) were made
from tungsten carbide grade 44A. The diametral clearance between th:p\?ston
and the compaction chomber was on the order of £ .02 mm. This close
clearance was held in order to achieve reasonable alignment of the system.

The composite disc was machined of carbide 44A and provided with
a supporting steel ring. The guide sleeves were machined out of aluminum.

Figure 28 shows the guide sleeves and pistons used.

5.1.4 Pressure Measuring Arrangement

*

The load was measured usi;wg a load cell model RA manu~
factured by Hottinger Baldwin Measurements Inc., Darmstadt, W. Germany,
with a nominal maximum force specification of 200000 Kgf. It has a linearity
deviation of no more than ty .01% and a sensitivity of 2 mV/V at full load.
The measuring element of the load cell takes the form of a ring which
receives the‘ load axially. The transducer is designed so that side loads of
up to about 20% of the oxial lood, which may occur as a result of inaccurolte
mounting, hove-only a small influence on accuracy.

The load was transmitted to ;he load cell through the bottom die.

The load cell was connected with a DC powder supply, Hewlett Packard

Model 6204 B capable of providing up to 40 volts DC.
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To ensure constant pressing rate for all samples, the load history
was recorded by connecting the output of the load cell to a strip chart re-
corder, Hewlett Packard Model 7100 B. A loading rate of about 8400 bar

per min was used throughout.

5.1.5 Calibration of the Load Cell

The load cell was calibrated up to 90000 Kgf using McMaster-

Mand hydraulic press with a maximum capacity of 200 tons, and up to 4500 Kgf
using an Instron Universal Testing Instrument, floor~model (TT-C) with a full

The recommended supply voltage for the load cell

scale load of 4540 Kdf.

was between 4 and 12 Volts. Calibration was carried out using 6 and 12 Volis.

The load calibrations up to 90000 Kgf and up to 4500 Kgf are ijllustrated in

Table 11 and Table 12 respectively.  Also, the calibration curves for both 6

and 12 Volt settings are illustrated in' Figure 29 for high loads and Figure 30

for the lower range of loads.

The load cell sensitivity evaluated from the calibration curves was

1.47 mV/V at full scale for both 6 and 12 calibration settings, while the

technical data obtained with the load cell defined this sensitivity as 2.0 mVAV.,
The manufacturers were contacted and it was discovered that the technical
data supplied with the load cell related to older models of the equipment

and new specifications were subsequently provided which agreed with the

experimental results.
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5.1.6 Preparation of Samples

To facilitate controlled initial packing of the metal powder in
the working volume of the die set, the loading process was carried out with
the die set removed from the press. Parts one to nine (see Figure 27) were
supported on a hydrauvlic lift outside the press and a pre-weighed amount of
powder was poured info the compaction chamber; 17g in the case of Aluminum
and 37g in the case of Iron. The upper guide sleeve was next located
enabling the piston to be carefully inserted. The copper packing and carbide
backing block were then placed in position. The complete assembly was
subsequently replaced in the press, centrally positioned on the load cell.

To produce the compacts the pressure was raised to the desired
value and held for a dwell time of 10 seconds before unioading. In many
cases it was difficult to remove the compacted specimen from the die, because
of the residual elastic stresses in the compact; in these cases the press was
used to remove the samples from the equipment.

A total of 15 aluminum samples were produced over a pressure -range
of 270 to 16000 bar. 11 iron compacts were pressed in the range of 700 to
16000 bar. The samples were weighed and their dimensions obtained for
density calculations. A selection of aluminum samples is presented in Figure

31; several iron samples are illustrated in Figure 32.
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5.1.7 The Role of Shear Deformation in the Phenomenon of
Densification of Metal Powders

To examine the consolidation phenomenon of aluminum powder
a thin disc was produced by die compaction at a pressure of 5520 bar. The
techniques used are described fully in the previous section. The disc was
replaced in the die between two masses of loose powder equal in weight to
the disc, and the complete specimen was compacted to a pressure of 12400
bar. The sample resulting from the test was in three pieces corresponding to
the original disc and the second two powder masses“which had been compacted
into solid bodies, as shown in Figure 33.

It may be concluded from the above that since there is no bonding
between the loose powder and the disc, in an aréa of direct compressive
stress, that such a strgss state is insufficient cause for bonding between
particles, which requires the sliding and corresponding frictional welding
effect. This con be seen in the bonding which occurred within the powder
mass, and on several occosions\betwe‘en the aluminum samples and the die
wall in the area where s;fiding friction can be expected to occur.

The above %deas are in general agreement with the conclusions of
Hewitt [7] which state that consolidation is o result of o mechanical inter-
locking and associated frictional welding created by surface shear deformation.
Thus it is difficult to achieve consolidation ‘between the precompacted aluminum
disc and a loose powder of the same material. This fact is an important

consideration for future investigation or design involving compacts with solid

| —~ .
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inserts of both similar and dissimilar materials.

5.1.8 Microhardness Measurements

Three aluminum somples compacted at pressures of 1670 bar,
2090 bar and 3520 bar were examined. The faces of the samples on which
microhardness tests were to be performed were polished as described in
Section 3.13. Tests were performed on both the top and bottom of each
sample using the Tukon hardness tester described in Section 4.2 and a load
of 1.0 Kg. Sixteen indentations were made on each face of each somple.
The distance between adjacent. indentations was 1.5 mm.

To examine the hardness disfrib;J;ion within the samples, the sample
compacted at 2090 bar was machined into half cylinders.

One of the semicircular specimens was mounted using a thermo~
plastic compound (acrylic lucite) so that microhardness tests could be made on
the sample cross-section, It was then ground using a sequence of wet silicon
carbide papers (described in Section 3.13), and finally polished using diamond
wheels.

Microhardness tests were carried out using the Tukon tester described
previously, again with a load of 1 Kg. Five rows of measurements, each of
sixteen indentations, were carried out on the sample. The distance between
successive indentations in each r<;w was about 1.5 mm, while the rd(\ were
~ 2mm apart,

For iron samples microhardness measurements were carried out on
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both the top and bottom of three iron samples compacted at pressures of 4140
bar, 6830 bar and 13660 bar. Similar polishing procedures to those described
in Section 4.2 were carried out and microhardness measurements were per-
formed. Again sixeen indentations were made on each side of the sample.

Using a load of 1.0 Kg, D.P.H. numbers were obtained as described in

Section 4.2. *
5.1.9 Results and Discussion
5.1.9.1 Pressure-Density Relationship

Pressure-density data for die compacted aluminum
and iron powders are shown in Figure 34. It can be seen that, for both
materials, an increase of pressure leads to increased density of compacts. A
slight increase of pressure at the beginning of compaction gave a substantial

increase of density. When high pressure is attained, a further increase of

wpressure results only in a slight increase of density.

Expressing the results for both powders in terms of equation (1)
due to Shapiro and Kolthoff gives the relationship shown in Figure 35. It
can be seen that the pressure-density relationships for both powders exhibit

the three characteristic regions observed by other investigators for a variety

of materials. For aluminum powder the first region from 0 to about 1700 bar

)

shows a rapid increase of ln(-]-:ﬁ-) with pressure. From 1700 to about

7600 bar there is on almost linear variation while dbove 7600 bar the slope

decreases.
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The corresponding regions for iron are O to 3100 bar, 3100 to
10000 bar and above 10000 bar.

These three regions correspond to different mechanisms of compaction
as discussed in Section 3,12 which referred to isostatic compaction. The
pressures and densities corresponding to each region in die compaction may
not be the same but it is felt that similor mechanisms are involved in both

types of compaction.

5.1.9.2 Pressure and Density Distributions on Top and Bottom

of Closed Die Compacts

Vd

The hardness measurements on the top and bottom
of the aluminum compacts pressed at average pressures of 1670 bar, 2090 bar
and 3220 bar are shown in Figure 36. Using the’curve derived in Section
4.2.1 for the hardness-pressure relation for aluminum, pressures are calculated
from these hardnesses and these are shown in Figure 37.

Integration of the pressure on top and bottom of the compact
should give the total load applied to these faces. A numerical integration
of the pressures has been carried out using the trapezoidal rule. The results
are shown in Table 13 where they are compared with the actual loads. It
can be seen that the ratio of calculated load on the top of the sample to the
actual load on the sample decreases as the compacting pressure increases.

This may be referred to decrease in the amount of lateral movement of the

top particie loyer%}ﬁﬂ'&,_g\ﬁ"mcreose in the compacting pressure. This reduction

-
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in movement will reduce the si;eoring forces on the top surface and consequently
lower its hardness.

The calculated pressure values have been converted to derisities
following the curve giv_enain Figure 13. The resulting density distributions
are  shown in Figure 38. s

From the plots it can be seen that hardness and consequently pressure
and density near the edge of the compacts is higher than at the middle of the
compacts for the top surface (close to the mowvable piston), while it is less at
the edge than at the middle for the bottom surface of compact (close to the
immovable plunger). . Comparing the results obtained from compacts pressed at
different pressures it can be seen that, as the compacting pressure increases
the nonuniformity of the distributions of hardness and consequently pressure ond
density, become more evident.

The difference between the load on the top and bottom pistons of
the die compaction apparatus 'provides a measure of the friction between the
cylindrical wall of the compaction chc;mber and the compact. The ratio of
colcula*ed load on the bottom of the sample to that on the top is given in
Table 13. A possible réason for the relative inconsistency of the results is
the effect of residue from previous runs which clings to the die walls and

would alter their friction characteristics.
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5.1.9.3 Density Contours Across Die Compacts

Hardness contours in cross-section of cylindrical
aluminum compact are shown in Figure 39, These have been converted to
pressures according to the results of Section 4.3 and these pressures converted
to densities following Section 3.12. The resulting density contours are shown
in Figure 40,

It can be seen that along the axis of symmetry of the specimen the
density ig less at the top than at the bottom. Also it con be seen that the
dense parts of the compact are at the outer circumference at the top surface
(near the movable piston), and in the vicinity of the central part of the
bo;fom surface, The lowest density region is at the bottom at the outer
circumference. Similar results were obtained by Kamm, Steinberg and Wulff
[27]1, and Roman, Perelman, and Doroshkevich [39].

The character c;f stress distribution within the die wall was analyzed
by Fedorc'henko, Kovynev, and Polukhin [32]. It was concluded that coms
paction pressure transmission between the upper and the lower punch is

* .
effected through particle chains which form "skeletons” within the mass being
pressed. |t is probal?le that interparticle friction plays an important, perhaps
dominant, role in the formation and stabilization of such a chain.

The same investigators in earlier work [54] observed that in a

container densely packed with model particles made of on optically active

mass, compaction pressure is transmitted from the upper to the lower punch
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over particle chains located between the upper corners of the compact cross-
section and the central part of the lower punch, The orientation of these
chains as suggested by Fedorchenko, Kovynev, and Polukhin are shown
schematically in Figure 41.

Taking into account all the factors mentioned above, it can be
visualized that the formation of particle chains and skeletons results in a non-
uniform compact density. The formation of a denser zone in the upper corners
of the compact cross-section is due to the action of external friction forces,
which impede the free downward displacement of the powder particles. In the
lower part of the compact, powder densification results from the downward
displacement of particles along any chains which may have forme;:i. When all
p<‘:rricle displacements within the powder mass along these chains are essentially

completed, deformation of the compact as a whole begins. However, the

4
-

pattern estublished during the deformation of loose powder persists in the
pressed compact, resulting in a nonuniform density distribution over the
/ i

compact crosé-section.

Train £55] proposed a simple explanation for the formation of the
/

dense axial core in the compact adjacent to the stationary plunger, on the

basis of high intensity. force wedges developing adjacent to the punch which
increase with applied pressure. Referénée to Figure 42 illustrates vertical
and horizontal force components set up in the top corers of the compact.

The longitudinal component is resisted by the punch in one dire¢tion Z

i
)
!

i
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and the lower particulate matter in an opposite direction Y. The radial

g

components X and W are those resisted by the die wall and the intema! core

of porﬁculate\maﬂ'er respectively. Thus the internal components W and Y
develop a resultant reaction V along a diagonal as indicared, whose focal
point is at H.

The posifio; of the focal point H may be considered as a function
of the height to diameter ratio of the compact which can affect the values
of the longitudinal and radial force components Y and W and the resultant
reaction V; also factors affecting the inferpa.rficle friction may have some

N -
effect,

The influence of wall friction points out the importance of the

coefficient of wall friction and the great importance of wall finish. A
ground and carefully polished die interior wall can be expected to give much
more uniform compacts than a die wall that has been finish-ground only.
Using adequate lubrication is expected to result in achieving more uniformity
of density dis}ribc;fion in metal powder compacts.

An attempt was made to perform the same analysis for iron as that
given above for aluminum but some difficulties were experienced. It was
found to be very difficult to polish the iron samples compacted at fow pressures .
As a result, hardness  tests were carried out on three samples compacted at
the rélatively high average pressures of 4140, 6830, and 13660 bar. Since

these pressures are well outside the range of the results from isostatic com-
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paction it was felt that less consistency would exist in the results than for
.

those of aluminum. Hardness values for the top and bottom faces of the
samples are shown in Figure 43. These hardness values have been converted
to pressures, Figure 44, assuming thot the linear hardness-pressure relation
observed in Section 4.2.2 holds up to the pressures experienced in the die
compaction. This is the simplest assumption which could be made and the
results show it fo have been reasonable.

Integrated pressures and actual loads for the three iron samples are

shown in Table 14. The ratio. of integrated load to actual load averages

1.260 with a maximum deviation of 7%; this value may e considered as a

B

correction factor for the results. The fact that the results for isostatic com-
paction can be extrapolated so far with reasonable accuracy is an important
advantage of this teci.wnique.

An estimate of T‘Fle wall friction for the iron compacts has been
made following the method of Section 5.1.9.2 for -aluminum. Table 14

~

illustrates the results. The wall friction would appear to be 'generolly smaller
for the iron powder than for aluminum. )
The calculated pressure values have been converted to densities

following the curve given in Figure 15. The resulting density distributions

are shown in Figure 45. 4
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5.2 OPEN DIE COMPACTION

5.2.1 Introduction !

To study the laws governing the pressing behaviour of powders
and to discover any unusual pressing characteristics of powders, it is necessary
to determine tHe effect of individual parameters on the compaction prpcess and
their mutval relationships. In particular, measurements must be made of the,
load applied to the punch and the pressure distribution exerted by the material
being compacted. It is reasonable to assume that the distribution of compact
hardness at the interface between the powder and the working parts of the die
set will be similar in character to the distribution of pressure and density.

The objective of these experimenl-\fs is to study the pressure distribution

of a thin disc compacted between two parallel surfaces of the dies in the

single-ended open volume pressing of aluminum and iron powders.

5.2,2 Open Die Equipmen‘f

5.2.2.1 Gene‘rol Arrangement
The system builc for open die compaction was de-
signed for easy use anci to ensure repeatabll,ifybqf the compaction condition.
The construction and an external view- of the system are presented in Figures
46 and 47 respectively.
A detailed description of the ¢ ry(ponenfs is included in' the follow-

ing subsections. "

el ———O]



an ——i

N ——— T . . 3 =

-smaller cross-section.

75

5.2.2.2 Compaction Dies

The upper die or piston is illustrated in Figure 48,
and was ground from Canadion General Electric grade 44A Tungsten carbide.
The die was supported by a shrink fitted ring of high strength machinery steel,
Atlas Ultimo-4. The ring provides an initial radial compressive stress to in-
crease its oxial load carrying ability. A mild steel sa.fery ring is subsequently
force fitted onto this assembly to contain c'xny fragments in the event of a
failure of the relatively brittle component parts. To complete the manufacture
of the die the two x\(grking forces were ground porallei,

The lowerldie 01nd spacer were machined from Ultimo 4 steel, and

as above hardened to 50 Rc. The use of a spacer disc allowed minimization

of the thickness of the lower die itself, and increased hardenability of the

-

5.2.2.3 Compaction Moulds

Since rubber is a very flexible material and can
deform easily under small loads, it was decided to use moulded rubber to hold
the loose powder in position before compaction. Initially, flexane 60, mixed
with a curing agent was poured into an aluminum mould, Figure 49, and a ’
rubber tube was obféined., The dimensions of the rubber fube were 45 mm
internal diameter, 6.2 mm wall thickness and 90 mm height. The tube was
sliced"into small rings, each of 17.5 mm height. These rings were torn during

the first application of load. It was concluded that this type of rubber could
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not sustain the high strains associated with the application of load in this case.
Flexane 80 was tested instead of flexane 60 and the same procedures

were applied as described above. No problems were experienced with this

" material.

5.2,2.4 Guide Sleeve

The guide sleeve shown in Figure 46 was machined
from aluminum. Its purpose was ;ov locate the spacer and the bottom die, on
top of the load cell and to guide the ‘top die while sliding during load applica-
tion. The guide sleeve was placed on top of the load cell and clamped using

three screws separated by an angle of 120°,

5.2.3 Preparation of Samples

The‘rubber ring, part 3 Figure 46, was placed on top of the
bottom die. Due to space limitation both parts were moved out of the press
and the compaction space was filled with about 17 g of aluminum powder for
* aluminbm compacts or 30 g of iron powder in case of iron compacts. The die
" with the powder was placed on top of the spacer on the press. The top. die

was placed on top of the powder using the guide sleeve. Samples of each

powder were produced at pressures between 2000 bar and 9600 bar.

5.2.4 Pressure Measurement

The load was measured using the load cell described in 5.1.4.

The load cell was placed on top of the lower platten of the press and. fixed



in position using an aluminum fixture. The aluminum fixture was clomped by

one end into the lower platten by means of three screws, at 120°, while the

other end of the fixture was clamped into the load cell by means of three

similar screws.
The load was transmitted to the load cell through the steel disc

and the same recording device described in Section 5.1.4 was used. The out-

put voltage of the load cell was translated into load units using the calibration

’
curves shown in Figures 29 and 30. The loading rote recorded was about

8300 bar per min for all samples.

5.2.5 Die Set Failure

The die set was broken on the tenth opplication of load, The

die set consisted of two circular discs machined from Ultimo 4 steel (Atlas

PN

Steel Coﬁwpqny), hardened to 50 Rc. The top disc w?éy@‘red by three

M

radial cracks and a similar pattern of cracks was observed in the top face of
bl

the spacer.

The most obvious cause of failure was a ropid increase of the load
applied by the press due to a temporary mechanicolAprob!em. The fracture

load recorded by the load cell was 185500 Kgf.

A finite element solution has been obtained to examine the stresses

Y

in the die due to the application of the fracture load, The mesh used is

shown in Figure 50. The opplied load wos derived from the pressure contours

obtained in Section 5.2.7.
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The element exhibiting the largest Von Mises equivalent stress is
shown shaded. The value of this equivalent stress is 14000 bar which may be
compared with the manufacture's yield stress specification of approximately
14700 bar [55]. As the value of the yield stress is quite sensitive to small
changes in the heot treatment of the material, the possibility of fracture under
this load can be appreciated.

A second die set was machined from the same material and experi-

ments were continued with the applied load never exceeding 135000 Kgf. No

further difficulties were encountered.

5.2.6 Microhardness Measurements

Sixteen indentations were made on both the top and bottom
/ .
surfaces of each comp\acred disc. The indentations were separated by a
distance -of 2.5 mm. The discs obtained had very weak edges which prevented
any polishing of the surfaces, and made hardness test impractical close to the -
immediate edge of the compact. However the as pressed surfaces were of

sufficient quality to permit microhardness measurements to be achieved with

reasonable accuracy., These tests were carried out using a Tukon testing

- machine with a load on the indenter of 1.0 Kg., (see Section 4.2).
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5.2.7 Results of Open Die Compaction

5.2.7.1 Aluminum
Samples obtained from the open die system of
compaction pressed at different loads are illustrated in Figure 51. It can be
seen that o small quantity of material has been extruded towards the edge of
the compact.

Cracks are evident which start at the periphery and extend towards
the centre of compacts pressed under higher loads (Numbers 2,3 &4 in
Figure 51). Green compacts have relatively low tensile strength and these
cracks apparently resulted from tensile stresses generated in the circumferential
direction-during the compaction process.

Hardness measurements for three compacts of aluminum, produced at
averaged pressures of 807, 2650 and 4050 bar are shown in Figure 52, It is
evident that as the effective compacting pressure is increased the average
hardness on both top and bottom surfaces increases. The hardness pattern is
similar for the different samples. However, it is noticeable that with increased
compacting pressure the hardness ot the edges of the compact increases, while
showing a tendancy to decrease at the middle.

It is reasonable to assume that the distribution of compact hardness
at the interface between the powder and the working parts of the die set will
be similar in character to the distribution of compacting pressure in this area.

Pressures interpreted from the hardness-readings following the results of Section
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4.3 are illustrated in Figure 53.

Integration of these pressures over the face of the compacts gives
loads shown in Table 15. -The ratio of integrated to actual load for the top
and bottom of each sample is also given. These ratios are much less con-
sistent in value than the corresponding ratios for closed die compaction
presented in Section 5.1.9.2.

A possible explanation for this difference is the following. In
isostatic compaction, the macroscopic stress state is one of isostatic com-
pression. In closed die compaction there are external shear stresses as a
result c;f the non deformable walls but the predominant component of the stress
state is ogain one of isostatic compression. Thus the better correlation be-
tween closed die and isostatic xompaction hardness-pressure results which are
shown in Section 5.1.9 may be expected. The situation, however,is different
for open die compaction. Near the center of the compact it would be
expected that again near isostatic compression would exist. At larger radii,
however, the macroscopic stress state departs considerably from this ideal.
Neor the oufer edge, the material is near-unioxial compression.

A simple theorylhos been presented by Wakatsuki, Ichinose and
Qoki [37] to attempt to describe the stress distribution in the gasket of a
Bridgmon Anvil ultra-high pressure device. The loading of this gasket is
very similar to the loading of the compact in the present experiments so that

it would be expected that the two cases would be analogous. Wakatsuki et al
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postulate that the circular gasket may be divided into two zones as shown in
Figure 54 where r, is the radius of the boundary of the zones. For r<r, 'rhe
material is being compressed elastically i.e. no flow is taking place. For
r>r, the material is flowing outwards. ’T’:(l\ctiOn with the anvils in this area
supports the material closer to the center. The pressure distribution in the
gosket con then be considered to be as shown in Figure 54. It can be shown
that as the load increases the radius r, decreases.

Assuming this model to hold for the open die compaction of powder,
it would be expected that the ratio of integrated load to ('ccrual load for the
region r<r, would be near 1 as a result of the similarity of the conditions
here to those found in isostatic compocfi‘on. In the region r>r,, the material
experiences considerable exteral shearing and-corresponding additional strain
hardening as o result of its flow. It would thus be expected to reach a given
hardness at a lower pressure than would be required in osostatic compaction.
The ratio of integrated to actual load for this region would thus be greater
than 1. As the load is increased r; decreases. Thus the effect on inegrated
load of the flow region will be greater and the ratio of loads for the entire
compact would increase. This is the behaviour observed in these experiments.
Thus it is to be expected that the pressure obtained will not be an accurate
representation of the actual pressures especially at high loads. The general
trends of the pressure curves, however, can probably provide useful information.

It can be seen that the maximum value of pressure occurs in the

.-~ S

[ i DIV TRE S S

5



82

central region of the compact pressed at 807 bar. The other two samples
compacted at higher pressures, showed a lower pressure values at the middle
region than at some non-zero distance from the center, Figure 53. Near the
edges of the samples, pressures tended to zero.

It is noticable that the pressure distribution on the bottom of the
compacts exhibits approximately the same pattern as the distribution on the top
side.

The low pressure region at the middle of the compacts might be
referred to deformation in the working parts of the dies. Since the top
composite-die was made for tungsten ccrbide*, no significant deformation was
expected. The bottom die was made of ultimo-4 steel with a relatively lower
Young's modulus and yield stress and such deformation might have occurred,
An elastic finite element solution has been obtained to examine the displace-
ments in the die due to the application of the loods. The mesh used is shown
in Figure 50. The displacements obtained are shown in Figure 55. The middle
of the die surfoce moved downwards about 1.3 times the movements of the
edges. This may result in lower pressure and consequently density at the

middle thon at a distonce from it.

* See Section 5.2.2.2 ‘



5.2,7.2 fron

Figure 56 shows four iron compacts pressed at
averaged pressures of 4100, 5450, 7000, and 8450 bar (from left to right).
It was noticed that the iron compacts had edges with almost no green strength
and no cracks or extrusion of the .compacts was observed. This may be
explained on the basis of the difference in mechanical properties beMe;n the
two metals. However, cracks might be expected for iron compacts pressed
at higher pressures,

The hardness measurements for three iron samples pressed at averaged
pressures of 7450, 8900 and 10300 bar are shown in Figure 57. The results
\c\>bfoined are similar in pattern to those obtained for aluminum compacts.

The converted hardness readings into pressures ore shown in Figure
58. The complex pattern of the pressure distribution at the middle regions of
the compacts could be explained as discussed for a[uminum.

The ratios of integrated to actual loads for the iron compacts are
given in Table 16. The values appear very consistent as opposed to fhos.e
for aluminum but it must be noticed that the range of loads used for the iron
was much more Iimifed‘ than that used for clum.inum. This was due to the
relatively norrow range of loads below the workable limit of the load cell in
whic.h usable iron compacts could be obtained. If higher pressure samples

could have been produced it would be expected that similar behaviour to

that observed for aluminum would occur.

f e mten ¢ e e e o A e
’

by rerer " *




6.1

6 DISCUSSFON AND CONCLUSIONS

GENERAL DISCUSSION

While slight variations in density along the length of isostatic

compacts have been reported in the literature [41], the results of this

investigation are in agreement with the more usual conclusion that within

the bounds set by experimental error the compacts are uniform in density.
A second series of experiments indicated that the density wos also uniform
across the diameter of the cylindrical compacts.

The pr;esent experimental work also included a study of ;:ylindricc!
moulds made in a series of diameters from three different elastomers. It was
found that neither the geémefry nor the material had any measurable gffecr |
on the density of the final compacts.

These conclusions would be expected if one considers the. uniformi.ry
of ﬂ;e powder to be compacted and the stress state to which it isr subjected,
in the case of moulds whose rigidity may be neglected in comparison with
that of the final compact. ’

In compdrison of the compaction pressure versus density data between
the four powders studied it is evident that increased effectiveness of com-
paction in terms of a relative: theoretical density produced under the same
pressure. is ir; the same sequence as the hardness of the materials, namely
lead, aluminum, copper and iron. In general terms it may be concluded that
hcrdgr materials, with higher y?eld sfress;as, produce compacts with larger

[
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valuves of ultimate porosity.
From the characteristic compressibility curves of iron and aluminum
powders, Figure 34, it is evident that isostatically pressed specimens are more

dense than those prepured by die compaction at the same pressure. The results

¢,
AN

indicate that to produce compacts of equivalent density, the die compaction

operation requires an increase in pressure of about 40% over that required in

isostatic compaction. Differing ratios have been obtained by other investigators

with difference of up to 200% of the isostatic pressure being reported [30].

lt.is to be expected that t‘h.is ratio would be highly dependent ‘upon pressures
involved, the gorl’icular powder, and the form of the single acting die, sin_;:e
the main contributing factor is friction in the die compaction pré:cess. The

friction between the die walls and the powder ‘nfss restricts the reorientation
and rearrangement of ‘particles during the iniﬁall.rftoges of compaction leading
to an increase in the porosity of the final compact. At higher final pressures

this phenomenon has a reduced importdn;:e and it is reported that dt pressures

greater than 20 kilobars, the two compaction processes become similar in

‘

effect [8].

| Mefallogrolphic exam;naﬁon has shown that the powders stu.died “
undergo plastic deformation from very early stage in the compaction process.
While this is in agreement with some recent work [571, it is in contradiction
with authors who classify the first stage ofkcompaction as the pressure region

in which only rearrangement of particles tokes place.
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A comparison of results for the range of powders studied shows in
general that the extent of falasfic distortion of the particle surfaces increase
with applied pressure..ﬁ This is particularly \evident with lead ppwders and
may be related to the low elastic limit of the material.

The experimental results obtained were compared with the Shapiro
equation which was consistent with the results over ;1 limited range of
pressures for the iron and oluminum compacts. No linear dependence could
be ol;served between pressure and In (..]_].B_) for the copper or léad powders.
The Shapiro equation over-estimates the density at high pressures. Some

attribute this effect to work hardening of the powder particles. Hewitt [24],

however, has shown that the conventional limits of work hardening would be

N,

N

insufficient to produce the discrepancies observed.

Comp-oring the plots of In ¢ ] !

) against pressure for atomized

aluminum powder (Figure 14, Figure 34), it can be seen that compdcrs pro-
duced by isostatic or die compaction exhibit the .three characteristic regions
observed by many investiga;ors;. However the transitions between stages in

die compaction occurred at higher pressures compared with those for isostatic

pressing. Data obtained for the consolidation of iron by isostatic compaction

does not allow observation of the third stage of compaction due to the
relatively low isostatic pressure available. However these three regions were
observed for iron in the case of die compaction.

It has been shown by trying to compact loose powder with an

86 ™
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inserted solid pre-compacted disc of the same materiol, that consolidaﬁo'n
is a result of mechanical interlocking and associated frictional welding.
Similar conclusions were reached by Hewitt et al [25]. The extérnally
applied shear forces due to die wall friction which do not occur in isostatic
compaction may thus explain the ability to obtain coherent compacts at
lower pressures by die compaction than by isostatic compaction. This is
true in spite of the higher density obtained at a given pressure by isostatic
compaction. o

The aluminum pressure—hordnéss data Figure 25 shows a linearity up
to about 1400 bar at which time hardness l?egins to level off. It is .interesi-
ing to note that the pressure at which fhis:’ occurs is close to the prassure
which marks the end of the second stage of compaction. It is also noticable
that over the range of pressure studied, the iron results can be fitted by a
straight line to within experimental accuracy and no Ievelipg off of hardness
values are observed. Similar results .were obtained between pressure and
density for the same material (Section 3.12.2).

It can be seen that the pressure~hardnest data follow a similar
pattern to the‘ pressure-density resn;l-ts. A study of the former should provide
additional insight into powder compaction phenomena which curréntly are
being studied only on ,the basis of the latter. The area of interpretation
o% pre.sswe-ho.rdness data would appear to provide much scope for future

research.
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The method exaniined in the present work to determine quclitofi?eiy
and qdanfifofi;/ely, the pressure and density distributions in green powder
compacts would appear to wc.rrant furthér consideration. Hardness measure-
ments may be carried aut with far greater ease than density or pressure
measurements and wo;:ld appear to provide similar accuracy to the lead grid
method [27] in the anlysis of these quantities.

Hordness—pressu;e-densit)f data obfaiped from is‘osforicolly compacted
specimens appears to be well suited for the anlaysis of closed die compaction
but less applicable to open die compaction as a re§u|f_ of fhe'. significquf
differen@)he stress state of samples prodiced by this pr;ac_ess when c;m—
par;ad with_isostatic or closed die samples. It may however, be true that the

~

hardness of a compact s of greater technological importance thon its density,

possibly providing better correlation wjth other properties of the compact such
. ) - | . -

-~ -

a; 9réen~sfrength. This is an area for future ressgrch.

The pressure "and deqsity distributions determined for some die
pressed sompie§ by this method follow sin’{ilar pattemns to tho/se determined by -
other inlvesﬁgai;ors employing various techniques, and can probably be explained

on the basis of th;)formai‘ion of chains and skeletons as discussed in Reference

54.

P
)

The formation of an increased density zone in the upper corners df
the compact cross-section is due ‘to the action of external friction forces which

retard the downward displacement of the powder particles in this region. In

-
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the lower part of the compact, powder densification results from the downward
displacement of particles along ahy chains which may have formed. When all
particle displacements along these chains are essenﬂol.ly completed, deformation
of the compact as a whole begins. The explanabion propased by Train [55]

to account for the formation of a d;ense axial core in the compact adj'ocenf ‘
to the stationary plunger seems quite reasonable and goes slightly beyond
5.1.92.3 in detail.

Since the pattern estabﬁshed during the formation of loose powder
persists in the pressed compact, resulting in @ nonuniform density distribution
over the compa;:t cross-section; it could be possible to obtain die com;;ccts(
with uniform density by isostatically precompacting the loose powder to obtain -
a coherent compact, before final die compacﬁ‘on.‘ This wc;uld allow .a com-

bination of the advantages of the uniform density obtained by isostatic com-

paction and the close dimensional control available with die compaction.

»”
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6.2 CONCLUSIONS

-

A device for isostatic pressure measurement and recording has
been designed, built and calibrated. The method utilizes the expansion of the
pressure vessel under load. The ealstic expansion of the pressure vessel has
been determined.

.
~ Open and closed die compaction systems utilizing a single action
hydraulic press were developed.

The in (—T_]—E-) versus pressure curves for atomized alumfmim powder
and reduced iron powder were found to ex.hibif the three characteristic regions
observed’by other investigators for a variety of materials. The atomized lead
powder does not exhibit fhe;e charocferi.sfic regions.

The results indicate the higher efficiency of the isostatic compaction
method as compared to the die method.

It has been ngwn that c-!ﬂf\ough plastic déforma_tion occurs during
consblidqfion of powder compacts, it does nof~ cause it: consolidation is a
result of mechanical interl‘ocking and interparticle shearing.

The phenomenon b‘of densification hardening was in;'esi'igafed.
P{essure-hqrdness relationships ht}w_e been obtained experimentally for atomized
oluminum and reduced iron powders, compacted by the isostatic method. ~ The
results exhibit | inearirél over a pressure range corresponding to _the second stage

\ -

. These results were applied to tests conducted on open and closed

of compaction.

Ll AaChREN



91

die compacts, enabling pressure and density disfr/ibutions to be satisfactorily
determined by hardness measurements.

It has been shown that density and hardness are essentially uniform
within compacts produced by the isostatic method, while the die compacts

showed remarkable variation of hardness and density within the samples.
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KEY TO FIGURE 2

Haskel Pump

Skinner Valve

Fluid Reservoir
Pressure Vessel
Shut-off Valve
Pressure Gauge
Safety Head Assembly

Pressure Release Valve

#

Air Cylinder
Filter
4~Way Control Valve

Window
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FIGURE 5 CALIBRATION OF PRESSURE MEASURING SYSTEM
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190X 950X _
FIGURE 7 SCANNING ELECTRON MICROGRAPHS OF ALUMINUM POWDER

FIGURE 8 SCANNING ELECTRON MICROGRAPHS OF IRON POWDER
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FIGURE 11  EXTERNAL VIEW OF ALUMINUM MOULD

FIGURE 12 . EFFECT OF USING COOLANT IN MACHINING

ALUMINUM SAMPLES
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SCANNING ELECTRON MICROGRAPHS FOR ALUMINUM
COMPACTS ’
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FIGURE 19 (Cont.) SCANNING ELECTRON MICROGRAPHS FOR
~ ALUMINUM COMPACTS
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FIGURE 24 (Cont.) SCANNING ELECTRON MICROGRAPHS OF
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FIGURE 26 PRESSURE- HARDNESS DATA FOR IRON COMPACTS
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SCHEMATIC CLOSED DIE SYSTEM
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KEY TO FIGURE 27

Composite disc.

Guide sleeves,

Copper shims. f

Tungsten carbide piston.

Tungsten carbide die set with shrink fit steel support ring,
Compaction chamber.

Tungsten carbide closure.

Support plate for removal of die assembly.

Load cell.

Mavable platten of Vecor press.

Fixed platten of Vecor press.
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FIGURE 28  EXTERNAL VIEW OF GUIDE SLEEVES AND PISTONS
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FIGURE 31 DIE COMPACTED ALUMINUM SAMPLES

FIGURE 32  DIE COMPACTED IRON SAMPLES
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FIGURE 33

EFFECT OF INSERTING PRE-COMPACT WITHIN THE
POWDER VOLUME
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Hardness D.P.H.
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FIGURE 36 HARDNESS DISTRIBUTION ON TOP AND BOTTOM OF
CLOSED DIE ALUMINUM COMPACTS
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FIGURE 37 PRESSURE DISTRIBUTION ON TOP AND BOTTOM OF
CLOSED DIE ALUMINUM COMPACTS
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FIGURE 4] CHAIN FORMATION WITHIN THE COMPACT
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FIGURE 42 DEVELQPMENT OF PRESSURE PATTERN WITHIN THE COMPACT
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FIGURE 43 HARDNESS DISTRIBUTION ON TOP AND BOTTOM OF
CLOSED DIE COMPACTED IRON
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FIGURE 44 PRESSURE DISTRIBUTION ON TOP AND BOTTOM OF
CLOSED DIE COMPACTED IRON
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KEY TO FIGURE 46

Upper platten of press
Upper die

Compaction space
Rubber ring

Bottom die
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Guide sleeve

Load cell
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Lower platten of press
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FIGURE 47

EXTERNAL VIEW -OF OPEN DIE SYSTEM
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FIGURE 48 UPPER DIE FOR OPEN DIE SYSTEM

FIGURE 49

EXTERNAL VIEW OF MOULD FOR RUBBER RING
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FIGURE 50  MESH FOR FINITE ELEMENT ANALYSIS

FIGURE 51 OPEN DIE ALUMINUM COMPACTS
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FIGURE 52 HARDINESS DISTRIBUTION ON TOP AND BOTTOM OF
OPEN DIE ALUMINUM COMPACTS
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FIGURE 55  ELASTIC DISPLACEMENT OF BOTTOM DIE

FIGURE 56 OPEN DIE IRON COMPACTS
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Distance From o/p Per Ksi Pressure Vessel

Bottom of Vessel (mV) Displacement (cm)
(cm) x 1077
1.5 0.0 0.0
5.0 1.051 .83
2.0 1.546 1.97
12.0 2.900- 3.69
17.8 5.700 7.26
20.0 6.617 8.42
22.5 7.433 9.46
27.5 8.25 10.50
36.0 8.25 10.50
44.5 8.433 10.75
49.0 8.45 10.76
56.7 8.3125 10.58
60.5 8.4375 10.74
63.7 7.07 9.00
66.0 5.85 7.45
67.2 5.700 7.26
71.0 4,971 3.91
72.5 2.167 2.76
92.0 .24 31
94.0 0.0 0.0

TABLE 1 RADIAL DISPLACEMENT OF PRESSURE VESSEL
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Screen Analysis (U.S.5td.), %

Chemical Analysis, %

Typical
Mesh Range
Al 99.4
+ 50 Trace Al203 .3
- 50 + 100 10-20 Fe .15
-100 + 200 20-30 Si .07
-200 + 325 15-25 Other Metallics Each .0
- 325 30-40
Particle Size Density g/cm3
Average Particle Diameter Apparent 1.2
APD 23 ~ 28 Microns Tapped 1.5

Ref. 59

TABLE 2 CHEMICAL AND SCREEN ANALYSIS OF ATOMIZED

ALUMINUM POWDER

Chemical Analysis, %

Screen Analysis, %
Typical

Mesh Range
- 80 + 100 % max.
-100 + 150 9-14
~150 + 19-23
-200 + 6~9
-250 - 20-28
-325 28-42

N

Total Iron 97.5
Carbon 0.0015-
Sulfur 0.005
Phosphorus ~0.012
Manganese 0.45 -
Acid Insoluable 0.20 -

" Apparent Density 2.39 g/cc

98.5
0.0022

0.65
0.45

Ref. 60

TABLE 3 CHEMICAL AND SCREEN ANALYSIS OF REDUCED

IRON POWDER
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Sieve Analysis, Tyler, % Chemical Analysis, %

Cu 99.87 t 140 mesh Trace

Zn .020 + 200 19.1

Sn . 007 t 325 21.0

Pb L0561 - 325 59.9

Fe 011

Mg 196

Ni .0028 Appaient Density 2.98 g/cm3
P .026 Tapped 3.66 g/cm3

Ref. 61

TABLE 4 CHEMICAL AND SCREEN ANALYSIS OF ATOMIZED
COPPER POWDER

Sieve Analysis, Tyler, % Chemical Analysis, %

Cu .0015 t 200 mesh 3.2

In . 0028 + 325 11.1
Sn 00! - 325 85.7
Apparent Density 4.95 g/cm3
Tapped 7.04 g/cm3
Ref. 61

TABLE 5 CHEMICAL AND SCREEN ANALYSIS OF ATOMIZED
LEAD POWDER
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Specimen Weight Diameter Length Density %
No. gm mm mm g/cc Density
1 8.00 19.96 9.97 2.564 94,98
2 8.00 19.97 9.98 2.559 94.79
3 8.01 19.99 9.99 2.555 94.62
4 8.0 20.0 9.97 2.557 94.72
5 7.98 19.96 9.98 2.555 94.65
TABLE 7 DENSITY VARIATION ALONG COMPACT LENGTH
Specimen Weight Diameter Length Density %
No. gm mm mm g/cc Density
1 3.63 12.66 12 73 2.265 83.90
2 8.37 19.10 12.89 2.265 83.89
3 22.85 31.78 12.68 2.272 84.14
4 45.19 44,48 12.89 2.257 83.59
TABLE 8 DENSITY VARIATION ACROSS COMPACT DIAMETER
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Load Kgf Load Cell o/p “mV
Loading (compressive) unloading (release)
| 18140 .80 .80 "
£ 36290 1.59 1.59% \
o> 54430 2.40 2.38
£ 10 72580 3.19 3.19
3 90720 3.98 3.98
[V}
18 .
5 18140 1.6 1.6
A 27220 2.4 2.4
'8 5 36290 3.2 3.2
> 43360 4.0 4.01
o~ 54430 4.8 4.8 "'
72580 6.4 6.4
90720 7.94 7.94
TJABLE 11 LOAD CELL CALIBRATION (HIGH LOADS)



Loading (compressive) Unloading (release)
Load Cell o/p Load Cell o/p
Load Kgf mV Load Kgf mV
453.6 .0200 3719 1760
884.5 .0380 3189 .1520
1429 . 0640 2812 .1360
£ | 1878 . 0854 2168 . 1064
2 | 2368 . 1080 1315 . 0648
2|0 2781 . 1280 666.8 .0344
P 3280 .1504 394.6 .0200
2 4282 .1988 ]
c - - ]
5 476.3 . 0440 4069 .3840
2 884.5 .0820 3642 .3450
Sl w 1470 .1360 3284 .3140
3 2109 L1976 2830 .2800
> 2767 .2600 2309 .2270
A 3184 .3000 1901 . 1860
3674 .3460 1352 .1330
4173 3930 625.5 .0804
385.6 .0380
TABLE 12 LOAD CELL CALIBRATION (LOW LOADS)
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- APPLIED FOR CLOSED DIE IRON COMPACTS

Actual Integrated Load Kgf Integrated /Actual Load
Loed | [ é_o__ﬂ_o_rr_: o o »
Kgf Top Bottom Top Top Bottom
8499 11410 9803 .859 1.342 1.153
16683 16889 15695 .929 1.012 .941

18000 16743 11875 721 .927 .658

TABLE 13 COMPARISON OF INTEGRATED AND ACTUAL LOADS

APPLIED FOR CLOSED DIE ALUMINUM COMPACTS

Actual Integrated Load  Kgf Integrated/Actual Load
Load T T Bottom - T T
Kgf Top Bottom Top Top Bgttom

21213 29017 25850 .891 1.368 1.219

34753 45292 43313 956 1.303 1.246

69506 77167 64456 .835 1.11 0.927

TABLE 14 COMPARISON OF INTEGRATED AND ACTUAL LOADS



Actual Integrated Lood Kgf Integrated /Actual Load
Load - Co oo
Kgf Top Bottom Top Bottom
12818 12378 13396 966 1.045
41974 67216 78191 1.601 1.863
64090 11672 133488 1.825 2.083
TABLE 15 COMPARISON OF INTEGRATED AND ACTUAL LOADS
APPLIED FOR OPEN DIE ALUMINUM COMPACTS
Actual Integrated Load Kgf Integrated/ Actual Load
Load - R s e R
Kgf Top Bottom Top Bottom
p———e e e - —— - e e e e e e
118251 76666 86447 .6483 7310
140818 99010 98418 .6989 .7031
163837 106059 107476 .6473 .6560
TABLE 16 COMPARISON OF INTEGRATED AND ACTUAL LOADS

.

OF OPEN DIE IRON COMPACTS
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