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ABSTRACT

The behaviour of austenitic stainless steel powder column during uniaxial cold compaction
was investigated in this work. Powders with different particle size were compacted to the
same green density in a hydraulic press, also providing different H/D ratios in order to
account for the influence of geometry. The analysis of the data continuously recorded by the
press allowed distinguishing the contribution of the reversible phenomena (elastic
deformation of powders and tools) and of the irreversible phenomena (rearrangement and
plastic deformation of the powders). An analytical model for densification was proposed,
considering both density and increase in density versus the applied pressure. The trend of
reversible and permanent deformations versus the applied pressure was evaluated, also
proposing an analytical model. The comparison between the densification curves and the
curves of permanent deformation allowed highlighting the physical meaning of the model
describing the increase in density for the different particle size.

Keywords: cold compaction, hydraulic press, powder behaviour in compaction.

1. INTRODUCTION

The properties and precision of final parts derive from powder behaviour during cold
compaction, as it affects green density and density homogeneity and distribution *, which are
determined by the deformations induced by the compaction force. The compaction force is
neither completely nor perfectly homogeneously conveyed to the powder column, due to the
presence of frictional forces, both with the die walls and interparticle ones, and the resistance
of the powder to elastic and plastic deformation depends on several variables. The powder
behaviour during cold compaction, in fact, is affected by the composition and type of powder
(prealloyed or blended), the size, morphology, and size distribution of particles, the
homogeneity of particle packing after filling, the lubricant, the compaction strategy, the
complexity of the geometry, and the continuously increasing density and extension of the
interparticle contact areas.

The mechanics of cold compaction has been extensively studied, and several models have
been proposed and compared with the experimental data. Most of the models derive from
numerical simulations based on continuous mechanics, as by Cocks 2, Rossi et al. 3, Smith et
al. 4.
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Coube et al. considered the influence of die filling and powder transfer °, also focusing on the
problem of cracking during compaction ©, as previously Long ’. Wall friction coefficient was
considered in the simulation proposed by Wickmann et al.8, while Ernst and Barnekow
experimentally observed that friction coefficient with die walls decreases on increasing the
applied pressure °. Al-Qureshi et al. proposed a model comprehending both a coefficient of
friction with the die walls and an interparticle friction coefficient °, also evaluating the effect
of the morphology of powder particles 1. The friction coefficient with punches was analysed
by Bocchini, which highlighted its influence on the homogeneity in densification 2. The
influence of powder morphology was studied by Poquillon et al. 13, while Olsson and Larsson
analysed the effect of particle size distribution 4. R.M. German et al. * proposed a model for
densification accounting for particle size up to nanoscale size range, which is based on the
plasticity theory for porous bodies 2°.

An alternative approach is focused on identifying the densification equation, defining a
relationship between green density and compaction pressure. Several relationships were
proposed in the literature by many authors. Most of them were reviewed in 1991 by Rong-de
17 who proposed a compaction equation based on a critical analysis of the models available at
that time, and in 2002 by Secondi 8, who proposed a new equation, adequately representing
the different models proposed by other authors with a proper identification of the considered
parameters. Recently Aryanpour proposed a densification model based on the “piston
equation” *°.

Nevertheless, the variety of the numerous parameters involved enhances the difficulty of
obtaining a reliable model representing the powder behaviour during compaction, and also
explains the differences in the models above.

This work is part of a large project aimed at experimentally obtaining an analytical model,
which describes the powder behaviour during cold compaction by means of the data recorded
by the press in terms of forces and displacements. In previous works the relationships
between force and deformation during sizing have been successfully investigated using the
same approach 2022,

In this work, according to the procedure previously proposed 2% 24, the recorded data have
been processed obtaining force versus displacement curves, and, in turn, permanent and
reversible displacements, as affected by particle size, have been calculated. The behaviour of
the powder is analysed with reference to the column of powder within the die, and to the
maximum axial stress on the powder column. Work is in progress considering the multiaxial
stress condition, and the gradients of both the axial and radial stresses along the compaction
direction, as by the approach of the plasticity theory for porous bodies.

This analysis allowed describing the density and the increase in density during compaction, as
affected by particle size. The contribution of the reversible and irreversible phenomena during
the compaction cycle has been distinguished, and a model has been proposed to describe the
relationships between deformations and applied stress in the different compaction conditions.

2. EXPERIMENTAL PROCEDURE

A commercial water atomised austenitic stainless powder - AISI 316L - was sieved in three
particle size ranges: <45 pm, 45+90 pm, 90+125 um. The tap density of the three powders
was calculated from the filling height of the die cavity during the compaction experiments.
Results are shown in Figure 1, where the tap density of the standard powder is also reported.
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Figure 1. Tap density of the three powders studied and of the standard powder

Tap density significantly increases on decreasing the particle size.

The powders were compacted using a 200 tons hydraulic press, equipped with 9 hydraulic and
1 electric closed-loop controlled axes.

Cylindrical specimens were produced in a rigid die, 35.01 mm diameter, at 6.5 g/cm?® green
density, and two different H/D ratios (0.5, 1). The same amount of powder was also
compacted at different levels of force, smaller than the maximum one, to collect data and
obtain green parts corresponding to the different steps of the compaction process.

A “double action” pressing cycle was obtained moving down the die at half the speed of the
upper punch. Different parameters were continuously recorded during compaction, the
following have been considered in this study: F, compaction force, the force applied to the
crosshead (related to the force applied to the powder column by the upper punch); X, the
position of the lower surface of the upper punch with respect to the upper surface of the lower
punch (as derived from the distance measured by two encoders fixed to the crosshead and to
the base plate of the press, respectively); Z, the position of the upper surface of the die, again
with respect to the upper surface of the lower punch (as derived from the distance measured
by two encoders fixed to the die and to the base plate of the press, respectively). Figure 2
shows an example of the curves of both X and Z versus time, together with the curve of the
compaction force (F), at the highest force applied (45+90 um, H/D 1). The steps of
compaction, unloading and ejection are clearly identified.
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Figure 2. X, Z, and F versus time at the highest force - 45+90 um, H/D 1



To investigate the powder behaviour during compaction, the force/displacement compaction
curves have been derived from the data recorded by the press. The starting point of the curve
(zero displacement) corresponds to the X position measured when the punch contacts the
powder and the die starts moving down (start of double action pressing). An example is
shown in figure 3, where the reversible and permanent displacements are distinguished. Both
the force and the displacement are reported as absolute values, being the force compressive
and the recorded position continuously decreasing during compaction.
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Figure 3. Example of force vs. displacement compaction curve - 45+90 um, H/D 1

The displacement is measured by two encoders, respectively on the crosshead and on the base
plate, so it is also affected by the elastic deformation of the tools (punches, bearings and the
plate supporting the die). Reversible displacements (related to elastic deformations of the
tools and the powder column) and permanent displacements (related to rearrangement and
plastic deformation of the powder column) contribute to the total displacement, as by equation

(1)

Altot = AIreV + AI perm = AI (1)

+ Al + Al

eltools el powder rearfpowder +Al plastpowder

3. RESULTS AND DISCUSSION

3.1 Densification curve

The densification curve correlates the density to the compaction pressure. Here the actual
density (density of the powder column within the die) was calculated from the mass and the
actual height of powder column during compaction. Such a height was obtained by the X
position, to which the contribution due to the elastic contraction of the tools at each pressure
was added. The difference between actual density and green density (as measured on the
green parts after ejection) is 1% maximum, in all the considered conditions. Figure 4 shows
the density versus the applied pressure, for each particle size, and H/D ratio.
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Figure 4. actual density vs. applied pressure for each particle size and H/D ratio

The exponential fit provides the model for densification accounting for the progressive
increase in the resistance offered by the powder column, according to equation (2)

p= ap® @)

Parameter a is a measure of the compressibility of the powder column, while b is a measure of
the attitude of the material to increase its density on increasing pressure.
Figure 5 shows parameters a and b, as affected by both particle size and H/D ratio.
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Figure 5. parameters a and b, as affected by both particle size and H/D ratio



No influence of H/D ratio is observed on both a and b parameters. This is likely due to the
range of H/D ratios investigated, which does not allow highlighting a significant influence of
frictional forces. Further work is in progress to investigate higher H/D ratios.

Increasing particle size, parameter a slightly decreases and b slightly increases
correspondingly, meaning a lower compressibility, but a slightly higher attitude of the
material to increase its density on increasing pressure. Nevertheless, these differences are
mainly observed at the lower pressure, as it results from figure 6, where all the densification
curves are plotted on the same graph, grouped by H/D ratio.
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Figure 6. Actual density vs. applied pressure for each particle size grouped by H/D ratio

At the end of compaction all the curves tend to overlap, so that the main differences are
attributable to the first compaction steps, where an important role is played by rearrangement,
which is strongly influenced by the tap density. To highlight these differences, densification
curves are expressed in terms of increase in density, considering the difference between actual
density and tap density in equation (3)

P~ Prap =& P” (3)

Figure 7 compares the curves of the increase in density versus the applied pressure for the
different particle sizes, grouped by H/D ratio.
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Figure 7. Increase in density vs. applied pressure for each particle size grouped by H/D ratio

The increase in density shown in figure 7 is the highest for the largest particle size, due to its
lowest tap density. Figure 8 shows parameters a’ and b, as affected by both particle size and
H/D ratio.
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Figure 8. Parameters a and b, as affected by both particle size and H/D ratio

3.2 The force/displacement compaction curve
Figure 9 shows the force vs. displacement curves at the maximum force for each particle size,

and H/D ratio.
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Figure 9. Force vs. displacement curves at the maximum force for each particle size and H/D

ratio

Both the force and the total displacement increase with the particle size, whilst no significant
effect of the H/D ratio is observed. The effect of particle size on the total displacement is due
to the different tap density: the lower the tap density, the higher the displacement to obtain the
same green height. Higher displacements also imply larger sliding of the powder particles
against the die wall, which implies a higher dissipation of force due to friction. Interparticle
friction, instead, can be related to the effect of particle size on the force. Interparticle friction



Is expected to decrease on increasing particle size, thus determining an increase in the radial-
to-axial force ratio, larger frictional forces against the die wall and, in turn, larger axial force
gradients.

A detailed analysis of the forces acting on the powders during compaction as a function of the
particle size is in progress.

3.3 Reversible and permanent displacements
Reversible displacement is attributable to the elastic displacement of the tools and the powder
column, as by equation (4)

Alpgy =Aly,  +Al

eltools el powder (4)

Figure 10 shows the reversible displacement versus compaction force for each particle size
and H/D ratio
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Figure 10. Reversible displacement vs. compaction force for each particle size and H/D ratio

The points relevant to the elastic displacement of the powder column (represented by
triangles) are derived subtracting the contribution of the elastic displacement of the tools,
which has been obtained experimentally using specimens, the stiffness of which is known.

In all the cases, slightly larger reversible displacements are observed at the highest H/D ratio,
as a consequence of the larger permanent displacements, due to the plastic deformation, and
the consequent strain-hardening (see figure 7), which will be discussed later on.

The influence of particle size will be now evaluated. In a solid material stiffness is supposed
to be constant, so the elastic displacement increases with the applied force. In the specimens
with the finest particle size, on the contrary, the elastic displacement tends to continuously



decrease on increasing the compaction force. This trend is related to the increase in the
stiffness of the powder column due to the progressive densification and increased packing of
powder particles on increasing the compaction force. In the specimens with higher particle
size, however, the elastic displacement tends to slightly increase at the lower forces, up to
approximately 150 kN, then decreases and tends to a stable value, according to the trend
showed by the specimens with the finest particle size. This trend is especially evident at the
highest H/D ratio, and might be related to the lower tap density, which determines more
pronounced displacements due to the rearrangement in the first compaction step.
Rearrangement increases density without an appreciable effect on stiffness, since
densification is simply due to an increase in packing of the particles, without a significant
growth of the interparticle contact areas. Above 150 kN, instead, the trend is determined by
the progressive densification and corresponding increase in stiffness.

Permanent displacement is attributable to the powder rearrangement and to the plastic
deformation of the powders as by equation (5)

Al perm — Alrearrpowder +Al plastpowder (5)

Figure 11 shows the permanent displacement versus compaction force for each particle size
and H/D ratio
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Figure 11. Permanent displacement vs. compaction force for each particle size and H/D ratio

Permanent displacement increases with particle size, due to the different tap density, which
differently determines densification through rearrangement and plastic deformation. As
expected, permanent displacement also increases with H/D ratio.



3.4 Reversible and permanent deformations

Aiming at obtaining from experimental data a model describing the behaviour of powder
column during compaction, elastic and permanent deformations have been derived from the
corresponding displacements, as by equations (6) and (7), where lo is the height of the powder
column at zero displacement (X position measured when the punch contacts the powder and
the die starts moving down - start of double action pressing)

e _ AIGIpowder (6)
elpowder — I
0
_ AII"fa”powder AIp|"=15'[powder (7)
Eperm = I + I
0 0

The analysis is made referring to engineering strain and stress. The continuous densification
determines an increase in the effective cross section, which might suggest to refer to true
strain calculated as In(l/lo). Nevertheless, the continuous volume decrease of the powder
column does not allow to calculate true stress as o(e + 1), since this equation is derived
assuming that the volume of the deformed body is kept constant. As mentioned in the
introduction, the axial stress oa is the applied pressure and corresponds to the maximum stress
applied to the powder column, obtained from the compaction force divided by the nominal
contact area.

Figure 12 shows the elastic deformation of the powder column versus the stress applied, for
each particle size and H/D ratio
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Figure 12. Elastic deformation vs. applied stress for each particle size and H/D ratio



The elastic deformation of the powder column during compaction confirms the trend
displayed by the elastic displacement in figure 10. The ratio between the applied stress and
the elastic deformation expresses the resistance to elastic deformation, and is given by E
(elastic modulus) in uniaxial stress condition. During compaction, stress condition cannot be
regarded as uniaxial, resulting from the compaction pressure and the radial constrain exerted
by the die, and it varies during the whole process. Nevertheless, the ratio between the applied
stress and the elastic deformation again expresses the resistance to elastic deformation, and it

can be defined by an elastic constant Ke, as in equation 8

O, = Kel gel

(8)

Figure 13 shows the elastic constant Ke versus the applied stress for each particle size and

H/D ratio.
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Figure 13. Elastic constant Kei vs. applied stress for each particle size and H/D ratio

Kel shows a trend, which is well related to the phenomena explained in paragraph 3.3. For the
lowest particle size, in fact, due to the continuous densification Kei continuously increases,
with an approximately exponential trend. For the higher particle sizes Ke is kept constant in
the first compaction step, due to the contribution of rearrangement, and the resistance to
elastic deformation tends to increase above the value, previously identified as the end of
rearrangement (about 150 kN, corresponding to about 160 MPa). No significant influence of
H/D ratio is observed in any case.



The permanent deformation, as defined in equation (5), versus the applied stress is shown in
Figure 14 for each particle size and H/D ratio.
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Figure 14. Permanent deformation vs. applied stress for each particle size and H/D ratio

The relationship between permanent deformation and applied stress is given by equation (9)
that fits quite well the experimental data in the whole stress range investigated

_ v n'
Eperm =K'o

©)

Equation (9) does not formally represent the flow curve of the powder column, since it
correlates the permanent deformation of the column, resulting from both rearrangement and
plastic deformation, to the maximum applied stress. Nevertheless, equation (9) adequately

describes the behaviour of the powder column, which determines densification. The parameter
K is directly related to the plasticity, and the parameter n” is inversely related to the
resistance offered by the powder column to the increase in permanent deformation on
increasing the axial stress. Both K’ and »’ depend on particle size, while the influence of H/D
ratio is negligible, as shown in figure 15.
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K increases on increasing particle size, thanks to the higher permanent deformation due to
rearrangement occurring in the specimens with the lower tap density: the lower the initial
packing, the higher the effect of the increase in pressure on the rearrangement. Moreover, the
lower internal frictional forces related to the lower extent of contact areas between larger
particles may result in lower dissipation of force, and consequently again in a higher effect of
the increase in pressure on the rearrangement. The larger contact areas developing between
large particles imply a decrease in the effective pressure on the powder particles, and may
also explain the decrease in parameter »’ on increasing particle size, meaning a lower attitude
to increase plastic deformation on increasing pressure.

Figure 15, showing the influence of particle size on K’ and »’, highlights the same trend
observed for a’ and 5’, the coefficients in the model describing the increase in density versus
the applied pressure (see Figure 8), which is opposite to the trend observed for a and b, the
coefficients in the model describing the density (see Figure 5). Densification is due to
permanent deformation, so to model describing densification must be coherent with the model
describing permanent deformation. The result above shows the need of considering tap
density in describing densification: the model for the increase in density (equation (3)) has
physical meaning, while the model for density (equation(2)) is purely a mathematical fitting.

The analysis of elastic deformation showed a different trend in the first compaction step,
mainly due to the contribution of rearrangement, particularly evident in the specimens with
the larger particle size. The contribution of rearrangement can be also highlighted in the
curves displaying the permanent deformation, as shown in figure 16, where the different
equations describing the deformation/stress relationship due to rearrangement and plastic
deformation are distinguished.
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Figure 16. Distinguished contribution to permanent deformation vs. applied stress for particle
size and H/D ratio

As expected, the higher slope of the curves in the part relevant to rearrangement is highlighted
distinguishing the two contributions. As already observed, the curves tend to be less steep on
increasing the stress (see figure 16), according to the higher resistance to plastic deformation,
which is expected at higher stresses. The slope of the curves decreases on increasing particle
size, both in the rearrangement and in the plastic deformation. No influence of H/D ratio is
observed. Figure 17 compares K’ and »’ obtained for the curves representative of
rearrangement and plastic deformation, along with the values obtained for the total curve;
H/D 0.5 is reported, being the trend exactly the same for H/D 1.
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Figure 17. Influence of particle size on parameters K" and »’ for the split curves - H/D 0.5



Parameters K’ and »n’ describing the curve of permanent deformation versus the applied stress
appear quite different if the contribution of rearrangement and plastic deformation are
distinguished, or the whole curve is considered. To estimate the actual significance of these
differences, figure 18 shows the permanent deformation vs. stress curves calculated
considering a unique relationship between permanent deformation and applied stress in the
whole range of applied stress (triangles), obtained considering the specific relationship
determined in the rearrangement field (rhombus), and obtained considering the specific
relationship determined in the plastic deformation field (squares).
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Figure 18. Permanent deformation vs. applied stress curves obtained considering different
relationships for the different particle size and H/D ratio

The largest differences are observed in the curves showing the behaviour of the lowest
particle size, lowest H/D ratio, and largest particle size, highest H/D ratio, mainly in the part
relevant to plastic deformation. In the other cases curves are substantially overlapped.
Nevertheless, it has been observed that the difference is mainly due to the number of digits
considered for K" and »” in the curves fitting the experimental data. In fact, when three digits
are kept, all the curves are overlapped, and the maximum difference observed among them is
2%, thus meaning that a unique relationship can be used to properly describe permanent
deformation versus the applied stress.

4. CONCLUSIONS
The behaviour of AISI 316L powder column during uniaxial compaction was investigated in
this work, considering different particle sizes (<45 pm, 45+90 pm, 90+125 pum). Cylindrical



specimens were produced in a rigid die, 35.01 mm diameter, at 6.5 g/cm? green density, and

two different H/D ratios (0.5, 1). The data recorded by the press (force - displacement) have

been used to experimentally derive an analytical model describing the behaviour of the
powder during compaction, with reference to the column of powder within the die, and to the
maximum axial stress on the powder column.

Main conclusions are following summarised.

¢ Densification curves for the different conditions have been derived and a model for
densification is proposed, accounting for the influence of particle size.

o Both the force and the total displacement increase with the particle size, whilst no
significant effect of the H/D ratio is observed. These results have to be related to the
different tap density and to the dissipation of force due to friction.

e The trend of elastic and permanent displacement versus the compaction force highlights
the different phenomena occurring during compaction, as affected by particle size.

¢ A reliable relationship describing the resistance to elastic deformation versus the stress
applied, as affected by particle size, has been derived.

e A model describing the relationship between the permanent deformation and the stress
applied for the different particle size and H/D ratios has been proposed, also distinguishing
the contribution of rearrangement and plastic deformation.

An important result of this work deals with densification models: comparing the equations for
densification and for permanent deformation, which have been obtained by independent data,
it has been observed that only the model describing the increase in density is coherent with
that of permanent deformation, thus meaning that it is the only one having a physical
meaning.

These preliminary results show the influence of particle size and H/D ratio on the
macroscopic behaviour of powder column during compaction, as derived from the data
recorded by the press. Future work will also analyse the distribution of axial and radial
stresses in the powder column, aiming at describing the behaviour of the powder.
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