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Elastic properties of compacted metal powders
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This paper describes a study of the unloading characteristics of compacts made from the
uniaxial compression of metal powders in a cylindrical die. Spherical, irregular and dendritic
copper powders and spherical stainless-steel powder were investigated to determine

size, shape and material effects on the unloading response. This response was characterized
in terms of Young’s modulus and Poisson’s ratio. Measures of these quantities were made at
different relative densities by unloading from different peak axial stresses. With both
parameters, there was a strong dependence on particle shape. The load response of lightly
compressed material was found to be dominated by its particulate nature and interparticle
forces. Unloading material in this condition gave values of Young’s modulus that increased
slightly and Poisson’s ratio that decreased with increasing values of relative density. In
contrast, the load response of heavily compressed material was found to be similar to that
of a porous solid. Unloading material in this condition gave values of Young’s modulus
that increased more steeply and Poisson’s ratio that increased with increasing values for the
starting relative density. Transition between these two types of behaviour depended on the
particle shape, and also, to a lesser extent, the particle material. © 7998 Kluwer Academic

Publishers

1. Introduction

Isostatic or rigid die pressing is commonly used in the
manufacture of components from metal or ceramic
powders. The load-response of the powder is impor-
tant during both loading and unloading, affecting the
density achieved and die or mould release behaviour.
Loading of the powder mass occurs plastically involv-
ing a number of different mechanisms, which are
mainly irreversible. These include relative particle
movement, elastic distortion, plastic deformation and
perhaps particle fracture. These mechanisms do not
occur independently of one another, but are related
through particle interactions that rely on the distrib-
uted and individual particle properties. In contrast,
unloading of the powder mass is largely an elastic
process. At the particle level, release of elastic stress
would also be influenced by particle interactions de-
pendent on geometric and physical properties of indi-
vidual particles. The aim of the study reported here
was to investigate the influence of particle shape, size
and material effects on the elastic properties of unsin-
tered (green) compacts of ductile metals by rigid die
compaction. A companion paper [1] presents a study
of the plastic behaviour during loading.

During elastic unloading, a green compact would be
expected to behave as a porous body. The elastic
constants for porous materials have been found in
previous studies to be functions of the compact rela-
tive density, or, equivalently, the material porosity.
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Much of this previous work has been restricted to
sintered materials at relative densities exceeding 0.70.

Measurements of the elastic modulus of porous
materials made from sintered powder compacts have
been made using acoustic and vibrational methods
[2-7] and mechanical testing [7-10]. All results
showed a strong dependence of elastic modulus on the
relative density or porosity. Some [7, 10] also showed
a second-order effect attributed to pore geometry.

These data have led to a number of relationships
being proposed to relate the variation of elastic
modulus with relative density: including linear [7, 10,
11], exponential [3, 9, 12, 13], power law [14] or
polynomial [15, 16] forms. Several have considered
pore geometry effects [11, 12, 16].

Less has been published concerning Poisson’s ratio
for these materials. Poisson’s ratio for porous, sintered
materials has been determined from ultrasonic
measurements of elastic and shear modulus [4, 11, 15]
and mechanical testing [17]. These results were for
a relative density of 0.7 or higher and showed that
Poisson’s ratio increased monotonically with increas-
ing relative density following a linear [15] or power
law [17] dependency. Yu and co-workers [ 7] and [10]
have performed resonant frequency and mechanical
tests on sintered compacts and also used results for the
elastic and shear modulus to calculate Poisson’s ratio.
Their results suggested that Poisson’s ratio remains
unchanged with variations in relative density. Brown
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and Weber [9] using results from mechanical tests
found that Poisson’s ratio also remained constant at
all porosities they explored. However, a recent model
of porous materials [16], which considers the full
range of relative density, predicts that at low relative
density, Poisson’s ratio falls with increasing relative
density, but passes through a minimum before rising
again.

Few studies have been reported on the elastic prop-
erties of unsintered powder compacts. Hardin and
Blandford [18] have argued that loose granular ma-
terial exhibits endemic plasticity. Yet Hehenberger
et al. [19] interpreted the unloading curves of
uniaxially compacted powders in terms of elastic
modulus and Poission’s ratio finding that, as with
porous solids, the elastic modulus increased mono-
tonically with relative density. However, in contrast to
porous solids, Poisson’s ratio decreased with increas-
ing relative density. Brown and Weber [9] also found
that the elastic constants were the same for unsintered
(compacted) and sintered iron powders.

This paper describes a study of the unloading re-
sponse of ductile metal powders of different starting
morphology previously subjected to uniaxial rigid die
pressing to various relative densities. This approach
provided a means of identifying different mechanisms
acting during unloading and their effect on the com-
pact elastic properties. The different particle mor-
phologies studied also provided information on the
effect of different particle shapes and pore geometries
on these elastic properties.

2. Experimental procedure

2.1. Description of powders studied

Details of the metal powders used for this study are
shown in Table I. The spherical copper powders were
supplied by Alcan Powders and Pigments, NJ. The
irregular copper powder was supplied by United
States Bronze Powders, NJ. The dendritic copper was
supplied by Pometon S.p.A., Venice, Italy. The spheri-
cal stainless steel powder was supplied by Anval,
Torshalla, Sweden.

These powders were chosen to isolate the effects of
particle size, shape and material on mechanical behav-
iour. The powders supplied were sieved into the seven
narrowly sized powder sample identities shown in
Table I to isolate particle size effects. Six of the
powders consisted of particles of commercially pure
copper (> 99.5% Cu), four of these were spherical

TABLE I Details of powder systems

TABLE II Material properties

Material Elastic Poisson’s Yield Density
modulus ratio stress  (kgm™?3)
(GPa) (MPa)

Copper 110-120 0.35 60-80 8960

Stainless steel,  190-200 0.29 200 8000

(316L)

powders of various size fractions, a further two were
similar sizes but had particles of different morphology.
The seventh powder was 316L stainless steel with near
monosized, spherical particles. All of the powders were
provided by their respective manufacturer in annealed
condition and with no lubricants or additives.

Particle shape was quantified using computer-as-
sisted image analysis applied to samples of the pow-
ders [20]. The shape measure shown in Table I is the
“form factor” (4mA/P>— where A is the image area and
P the image perimeter).

Typical material properties for annealed commer-
cially pure copper [21] and 316L stainless steel [22],
are provided in Table II. Powders were stored under
controlled atmospheric conditions at all times to en-
sure surface oxidation was negligible. This was con-
firmed using scanning electron microscopy (SEM)
coupled with energy dispersive spectroscopy. SEM
photographs of the powders provide further details of
the particle morphologies (Fig. 1).

2.2. Testing methods

Single acting uniaxial tests were performed on loose
powder samples contained in a cylindrical die. The die
was instrumented so that radial stress and strain,
circumferential strain, and axial stress and strain
could be determined. All die and punch surfaces were
lubricated with graphite to ensure that the stress states
recorded were close to principal stress conditions.
Further details of the experimental method have been
given elsewhere [1, 23].

The loading cycle continued until a pre-selected
load was reached at which point unloading took place.
The sample was then reloaded and subsequently un-
loaded at higher densities. Elastic constants were
calculated from the unloading curves at the prevail-
ing density. The maximum applied axial stress was
600 MPa.

Powder Method of manufacture

Particle size Particle shape Vickers micro

(um) (form factor) hardness, H,
Spherical copper Gas atomization 45 75 0.913 55-67

106 125 0.906 75 -91

150 —-180 0.897 73 83

250 -300 0.897 70 =76
Irregular copper Water atomization 150 -180 0.774 52 - 68
Dendritic copper Electrolytic deposition 106 —125 0.609 59 -63
Spherical stainless steel (316L) Gas atomization 106 125 0.828 205 - 217
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Figure 1 Typical scanning electron micrographs of the powders studied: (a) spherical copper powder (150-180 pm), (b) irregular copper
powder (150-180 pm), (c) dendritic copper powder (106-125 um), (d) spherical stainless-steel powder (106125 um).

3. Results
A typical unloading-reloading response is shown in
Fig. 2. Plastic deformation is apparent as the non-
linear behaviour at very low loads. However, both the
unloading (right) curve and reloading (left) curve have
parallel linear portions consistent with elastic defor-
mation over this range. For the present purposes then,
apparent elastic constants were calculated from that
linear portion of the unloading response between 25
and 75% of the axial stress from which the powder
was unloaded. A least squares linear regression analy-
sis was used in this analysis.

The elastic parameters were calculated using linear
elastic theory. In cylindrical co-ordinates, the triaxial
stress state equations can be written as

E

T —ay Ve vt el (1)

G, =

E
,=——————[(1 —vV)g, + Vg, + ¢ 2
0= vy (g [ Ve Ve e @)
in which E and v are the Young’s modulus and Pois-
son’s ratio of the powder compact; o, and o, are the
radial and axial stresses; and gy, €, and €, are the
circumferential, radial and axial stresses.

Equations 1 and 2 may be combined to give
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As elastic properties are not time dependent and since
all data were logged as time series, Poisson’s ratio was
conveniently determined from linearly regressed time
derivatives of the quantities shown in Equation 3.
Equation 2 was then solved for Young’s modulus.

Axial and radial stresses and axial strain were based
on direct measurement. Radial strain at the pow-
der—die wall interface was determined assuming elastic
behaviour of the die

A 921
om— g (w St 1) @

where, E; and p are the Young’s modulus and Pois-
son’s ratio of the die material, and ¢ is the ratio of the
external to internal diameter of the die.

The circumferential strain at the powder—die wall
interface was found by relating the measured circum-
ferential strain at the outer wall of the die to that at the
inner wall using linear elastic thick-walled pressure
vessel theory thus

€oinside _ % [(I)Z + 1+ u((])z — 1)] (5)

Egoutside
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Figure 2 Typical unloading-reloading cycle showing elastic linear
portions from which elastic constants were calculated.

The use of Equations 4 and 5 implicitly assumes that
the radial stress exerted on the die wall by the powder
is constant along the height of the compact. The
validity of this assumption was based on the success of
graphite release agent applied to all internal die and
cap surfaces in reducing shear stresses to negligible
values [1].

All spherical copper powder samples, regardless of
particle size fraction, exhibited indistinguishable be-
haviour during the experiments. Unless otherwise
noted, typical results obtained with the 150-180 um
size fraction of the spherical copper powder are
presented.

4. Discussion
4.1. Modulus of elasticity
4.1.1. Effects of material
The results for all size fractions of the spherical copper
and stainless-steel powders are shown in Fig. 3. The
values for Young’s modulus have been normalized in
terms of the full density values given in Table II.
Allowing for the large scatter in the results for the
spherical copper powders at high density, there was
reasonable agreement between the two materials when
normalized in this way. This indicates that the effect of
material properties alone on the modulus of elasticity
of unsintered powders can be accommodated by nor-
malizing Young’s modulus against the solid phase
value.

4.1.2. Effects of particle morphology

As discussed in Section 1, a number of models have
been put forward to represent the variation of
Young’s modulus with apparent density. To assist in
the evaluation of these models, the experimental
results have been plotted in a number of forms in
Figs 4, 5 and 6. It can be seen from all figures that
particle morphology plays an important role in the
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Figure 3 Relative Young’s modulus for spherical copper (0) and
stainless-steel ((J) powders showing similar dependence on relative
density (all size fractions shown).

value and variation of Young’s modulus with relative
density.

The exponential relation of Spriggs [3] forms the
basis for a class of models that have been developed.
Two considered here are the original empirical rela-
tion due to Spriggs, which can be written in terms of
porosity, P, as

E
In—=—aP (6)
E,
(where E, is the Young’s modulus of a fully dense
compact) and a higher order analytically based form
due to Wang [12]

In £ = — [aP + bP?] (7)
E,
Representative curves relating these models to the
experimental data are also shown in Fig. 4a—c. These
curves were constrained to pass through the point
E/Ey =1,D =1 (relative density) and are therefore
not necessarily the best possible fit to the data. How-
ever, they have been chosen so as to reveal the func-
tional agreement between the models and the
experimental results.

With all powders, both models could be adjusted to
give reasonable agreement at high relative densities, but
at the lower relative densities, neither model could
follow the more rapid fall with decreasing relative den-
sity (D). This was most pronounced with the spherical
powder. In terms of utility in quantitative estimation,
there was little advantage in using the Wang model
over the simpler Spriggs model with these materials.

The Hashin—Hasselman model is based on an anal-
ysis of a porous body with isolated pores, and can be
written in the form [24]

E, 1-D
f=1+c< 5 > (8)

The experimental results have been replotted in this
form in Fig. 5a—c. The Hashin—-Hasselman model is
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linear on these axes. Representative lines are shown
drawn through the point Ey/E = 1, D = 1, the slopes
of which are equal to the parameter c.

The data are most closely linear at high relative
densities, the extent of linearity depending on particle
morphology. Allowing for some scatter, the experi-
mental results for the spherical powder show the most
extensive linear region. It can be seen from the linear
plots of data in Fig. 6a that the Hashin—Hasselman
model can be used as a reasonable model for this
powder morphology, for relative densities above
about 0.75. At lower relative densities, the Hash-
in—Hasselman model overestimates Young’s modulus.
This model is seen to be less successful in represent-
ing the functional dependency of Young’s modulus
on relative density for the other two powder
morphologies, underestimating Young’s modulus at
high densities and overestimating it at low relative
densities.

From the preceding discussion, it is apparent that
none of the existing models accurately describe the
experimental data for all powders over the range of
densities explored. Close inspection of the data in
Fig. 6 shows that the data for spherical powder exhibit
closely linear behaviour over the range of relative
densities up to 0.95. However the data reveal a trend
towards bi-linearity, as particle shape departs from
sphericity. The bi-linear nature is most clearly seen in
the data for the dendritic powder (Fig. 6c¢).

Linear segments were fitted to the results using the
equation

E
E_ = le - k2 (9)

0

A least-squares algorithm was employed. Parameters
for the lines of best fit are shown in Table III. Of
particular note are the values of relative density at
which a discontinuity in slope is evident in the cases of
irregular and dendritic powders. In the parallel study
of the loading behaviour of these powders [1], these
points of discontinuity corresponded to recognizable
transitions in the mechanism of load response. At
relative densities below the discontinuity, the load
response was dominated by interparticle forces and/or
limited plastic deformations at points of contact,
called phase 1 behaviour. The extent of the interpar-
ticle forces would have been controlled by friction and
interlocking, the degree of plastic deformation was
dependent on the particle material. For a given par-
ticle material, phase 1 would be most influenced by
surface geometry of the powder particles. At higher
relative densities, compaction behaviour was domin-
ated by bulk plastic deformation of the particles,
called phase 2 behaviour. This change in mechanism
during compact loading also seems to be reflected in
the elastic properties. Even without bulk movement
between particles in “clastic” unloading, the relaxation
of stress states in touching particle asperities by com-
pressional unloading and bending would lead to ap-
parently less stiff behaviour than that exhibited by the
more compacted powder in which unloading would be
dominated by the relaxation of stress by compres-
sional unloading of the bulk porous material.
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Figure 6 Young’s modulus on linear axes showing agreement with
Hashin—-Hasselman and linear or bi-linear models: (a) spherical
copper powder, (b) irregular copper powder, (c) dendritic copper
powder.

4.2. Poisson’s ratio

With increasing relative density, all materials showed
Poisson’s ratio first decreasing to a minimum value
and then increasing (Figs 7 and 8). Only Hehenberger



TABLE III Results from curve fits to Young’s modulus—density
relationships

Powder Density range  Details
k, k,
Spherical copper 0.58 — 0.95 1.38 0.767
Irregular copper 0.45 —0.78 0.675 0.275
0.78 — 0.96 2.958 2.042
Dendritic copper 0.46 — 0.85 0.742 0.325
0.85 —1.00 5.267 4.175

0.40
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Relative density

Figure 7 Poisson’s ratio for spherical copper (0) and spherical
stainless-steel ((J) powders compared with the predictions of [16]
for spherical pores in copper. Results for 106125 pm size fractions
are shown.

et al. [19] have previously reported a regime of behav-
iour in which Poisson’s ratio fell with increasing rela-
tive density. That work was based on experiments
involving cemented carbide powders. The present re-
sults, which show a fall followed by a rise with increas-
ing relative density, provide experimental
confirmation of the functional form predicted by the
theory of [16]. The existence of such a transition from
falling to rising behaviour with increasing relative
density indicates a change in the rheological behav-
iour of the material. The point of transition is different
for each of the powders: in the spherical copper pow-
ders, the transition occurs at a relative density of 0.65,
the spherical stainless steel (Fig. 7) has its transition at
a relative density about 0.70. In Fig. 8, the results
comparing the copper powders of different morpholo-
gies show a transition in the behaviour of Poisson’s
ratio for the dendritic powder at a relative density of
approximately 0.85. With the irregular copper, allow-
ing for scatter in the data, Poisson’s ratio decreases
slightly for 0.45 < D < 0.6 before ultimately rising. At
the higher densities, Poisson’s ratio increases with
relative density for all of the powders. These transition
point relative densities for the non-spherical powders
correspond to those observed in the loading response
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Figure 8 Poisson’s ratio for copper powders of different morpho-
logy showing agreement with the polynomial forms of Kuhn and
Downey [17]: (@) spherical, () irregular, (A) dendritic.

and the Young’s modulus results discussed earlier,
which mark transition from phase 1 (interparticle
force and localized plastic deformation dominated)
to phase 2 (bulk plastic deformation dominated)
behaviour.

The results for the spherical copper and stainless-
steel powders are shown in Fig. 7. These results show
that the relative density at which the minima occur is
material dependent — about 0.65 for the case of the
copper powder and 0.70 for the stainless-steel powder.
At higher relative densities, the Poisson ratio values
for copper are larger than stainless steel, which re-
flects, in part, the relative magnitudes of the zero
porosity values for these two materials (vo = 0.35 cop-
per, 0.29 stainless steel). However, at lower relative
density, the reverse behaviour occurs. This material
dependency of the transition point between phase
1 and phase 2 behaviour is consistent with the descrip-
tions for these phases given previously and is related
to the different degrees of plastic deformation asso-
ciated with each of the materials during loading [1].
The transition to phase 2 behaviour would be ex-
pected when stress levels in the bulk material ap-
proached the yield strength of the particle parent
materials. This was the case here — corresponding to
D = 0.65 for the copper and D = 0.70 for the stainless
steel.

The theoretical variation of Poisson’s ratio for por-
ous materials with relative density has been shown
by [16] to take simple mathematical form when the
pores are of spherical shape. In the case of isotropic
materials

E

=05—— 10
v 6K (10)

in which Young’s modulus, E, is given by
E = Eo(1 — P32t (11
where P =(1 — D).
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TABLE 1V Results from curve fits to Poisson’s ratio—density
relationships

Density range  Details
k n
Spherical copper 0.58 — 0.65 0.064 —2.367
0.70 — 0.95 0.336 1.56
Spherical stainless 0.58 — 0.70 0.114 — 1.446
steel 0.72 — 0.88 0.260 0.88
Irregular copper 0.45 —0.60 0.168 0.214
0.77 — 095 0.325 1.74
Dendritic copper 0.48 — 0.80 0.133 0.699
0.85 — 1.00 0.273 3.07

The bulk modulus K, takes two forms. For low
porosity (high relative density):

2(1 — 2vo)(3 — S5P)(1 — P)

K= Koss—sht—2vg + 3P +vg) 7

in which subscript zero refers to the zero porosity
state. For high porosity (low apparent density):
2(1 —2vo)(1 — P)

K= Ko=377 5 (13)

Arnold et al. [16] also provided a smoothing function
between these solutions, but that will not be con-
sidered here.

The results of this model evaluated using the con-
stants for copper are shown alongside the results for
106-125 pm size fraction of the spherical copper pow-
der in Fig. 7. In general terms, the two branches of the
function give qualitative agreement with experimental
results. Close quantitative agreement would not be
expected since the theory is valid for spherical pore
shapes and not the cusped voids between spherical
particles valid for the data in Fig. 7. However, the
correct prediction of a minimum suggests that this
theoretical formulation offers promising scope for fu-
ture study.

The measured variation of Poisson’s ratio with rela-
tive density was compared with the power law rela-
tionship suggested by Kuhn and Downey [17] for
porous solids

v = k(D)" (14)

The results of least-squares error curve fits to the data
both above and below the transition point are also
shown in Fig. 8 with corresponding model parameters
(k,n) shown in Table IV. Both parameters show
a strong dependence on powder particle shape.

5. Conclusions

The elastic properties of unsintered compacts of duc-
tile metal powders exhibit strong dependencies on
powder material, powder particle morphology and
relative density, but not on particle size, at least over
the range 50-300 um in narrow size fractions of
spherical powders.
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The variations of both Young’s modulus and Pois-
son’s ratio with relative density showed discontinuities
in gradient marking changes in the mechanics of ma-
terial behaviour. The different load response charac-
teristics were labelled phase 1 and phase 2 behaviour;
phase 1 referring to changes occurring at relative dens-
ities below these discontinuities, and phase 2 above.
Phase 1 was believed to be dominated by localized
interparticle forces and localized plastic deformation,
whereas phase 2 was believed to be dominated by bulk
deformation of the particles. Phase 1 was most sensi-
tive to particle shape effects. This two-phase elastic
behaviour closely matches two-phase plastic behav-
iour observed in a parallel study of these same pow-
ders undergoing plastic deformation during
compaction loading.

When copper and stainless-steel powders of the
same size and spherical shape were compared, vari-
ations of relative Young’s modulus with relative den-
sity were very similar. However, the variations in
Poisson’s ratio with relative density were quite distinct
due to the transition between phase 1 and phase 2
behaviour occurring at different relative densities.
This was attributed to the different relative strengths
of the two materials.

The functional variation of Young’s modulus with
relative density was compared with empirical models
of linear and exponential forms, as well as the theoret-
ically based Hashin—-Hasselman model. None of the
fixed parameter models gave good agreement with
experiment at low apparent densities. The forms of
Spriggs and Wang provided good agreement to ap-
parent densities down to as low as 0.5, depending on
particle shape. The Hashin—-Hasselman model
best fitted the experimental data for the spherical
powder. It underestimated Young’s modulus at
high relative densities in the irregular and dendritic
powders, providing evidence of pore shape effects on
the validity of this model. Bi-linear relations gave
the best agreement with experiment, the discontinui-
ties in linear segments depended on particle shape
and marked the transition from phase 1 to phase
2 behaviour.

With increasing relative densities, all materials
showed first a decrease in Poisson’s ratio followed by
an increase, thus confirming the functional form pre-
dicted from theoretical analysis by Arnold and co-
workers [16]. However, the Arnold model gave poor
quantitative agreement suggesting that non-spherical
pore geometry effects were significant in the experi-
ments. For all powder morphologies, the experimental
data for the variation of Poisson’s ratio with relative
density could be approximated by different power law
relations, with different parameters for phase 1 and
phase 2 behaviour.
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