
those related to the material hardening law. The range of variation for all the parameters was taken as �5%
around the set value except for parameter K0 and for the shear failure parameters which had null set values.
For these last parameters, larger variation ranges were required in order to obtain a significant perturbation
of the model results (Ross, 1988). All these simulations were concerned with a simple cylindrical slug
subjected to rigid die compaction with ideal frictionless die contact.
Table 1 summarizes the preliminary model parameter values obtained for the 316L stainless steel

powder, as well as their respective relative influence on the final density distribution in a compact, as de-
termined by the sensitivity analysis. It should be noted that the cap initial position was not determined
experimentally but was simply taken as a very small value, implying that the powder had no elastic behavior
when in the loose state.

3.6. Validation of the material parameter set

A series of FE simulations were carried out in order to validate the material parameters. These simu-
lations are aimed at reproducing the experimental tests, namely the isostatic and the triaxial compaction
tests, used to calibrate the model. The simulations were based on a single axisymmetric element mesh,

Table 1

Values and relative influence of the 316L parameters

Parameters Units Values Relative influence (%)

E ksi Function (Fig. 4) 19.32

G ksi Function (Fig. 4) 11.29

a ksi 0 0.83

b ksi�1 0 0.06

c ksi 0 0.68

h – 0.617 0.32

W – 0.916 54.47

D ksi�1 0.00197 12.21

R – Function (Eq. (18)) 0.64

K0 ksi 0.001 0.01

Fig. 9. Fitting of the cap surfaces and the shear failure surface.
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subjected to imposed pressures corresponding to experimental conditions. The results of the two series of
simulation are graphically shown, in terms of achieved relative density, in Figs. 10 and 11.
As shown in these figures, a good agreement between experimental and simulated results was achieved

for most cases. In fact, except for the 5050 triaxial compaction test, discrepancy never exceeded 1.5% (in

Fig. 10. Simulation results of the triaxial compression tests.

Fig. 11. Simulation results of the isostatic compression tests.
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terms of relative density). The higher discrepancy that appears only at the late stages of compression is due
to an approximation used in processing the triaxial tests data and hence does not result from an eventual
inaccuracy of the model. In fact, as mentioned earlier, it was assumed, for a preliminary data analysis, that
once the pre-compaction pressure is reached, all subsequent deformation is totally plastic. However, it
appears that accumulated elastic strain, which should not be accounted for in density calculation, is not as
small as we assumed, but can reach as much as 3%. This explains why the experimental density is as much
as higher than the predicted one.
Globally, the results obtained from the model are largely acceptable, knowing that the experimental tests

involved considerable noise (Ross, 1988). Accordingly, the obtained values for the material parameters are
considered to be valid and are retained for the rest of simulations.

4. Experimental validation technique

4.1. Overview

Different techniques for local density evaluation have been developed and proposed for the last twenty
years. Generally, these techniques were compared to bulk density measurements (e.g. wet/dry technique)
taken on part samples of supposedly constant density. Unfortunately, most if not all of these local density
evaluation techniques are still under development for reason of considerable measurement variability that is
caused in turn by inadequate control of sample preparation and testing.
Because local density can be correlated to part conductivity, hardness and several other more easily

measured properties, indirect techniques have grown in popularity. In a previous research (Guillot et al.,
1995), we reviewed the most commonly used methods. We also established the sensitivity of factors in-
volved during sample preparation and testing, attempted to improve the technique and assessed the ac-
curacy, for two promising local density evaluation techniques: (1) Vickers hardness and (2) analysis of
images obtained using an optical microscope. Even though excellent results were obtained with both
techniques, the first is chosen in practical applications due to its less demanding experimental protocol. The
basic elements of this protocol are presented in the remaining part of this section.

4.2. Sample preparation

Samples of 2 cm diameter by 0.7 cm height were compacted into a billet shape. Pressing ranging between
20 and 60 tsi (tons per square inch) provided billets of different density levels. The green compacts were
lightly sintered to remove the lubricant and to improve strength for sectioning and metallographic sample
preparation. However, it was important to avoid the alteration of their densities. Consequently, each billet
was sintered in 100% H2 atmosphere for 30 min at 450 �C temperature. Then, density was determined as the
weight divided by the volume as measured with a micrometer.
In addition, the billets were cut using a diamond wheel and both cut sections were mounted in a Lucite

mounting cup. Afterwards, samples were ground and polished on a versatile grinder-polisher with room for
six samples and rotating at 30 rpm, following the conditions of Table 2.

4.3. Vickers hardness measurements and correlation with density

This Vickers hardness measurement technique was used to obtain apparent hardness also called macro-
hardness, i.e. the average hardness of a porous material. Its procedure is well documented in ASTM E92-82
standard (ASTM, 1987). This standard offers various loading from 1–120 kgf applied to an indenter of
pyramidal geometry with face angle of 136�. In this work, a 5 kgf load (HV 5) was used as recommended in

H. Chtourou et al. / International Journal of Solids and Structures 39 (2002) 1059–1075 1071



MPIF standard 43 (MPIF, 1991). Measurements were performed on five billets of different densities. Each
billet had two faces on which n ¼ 15 hardness measurements were realized in a 3
 5 pattern. The results
are reported in Table 3.
As shown in Fig. 12, the relationship between the green density and the logarithm of Vickers hardness

can be correlated with a linear model. Using a linear regression technique, the density of green compacts
(GC) becomes:

Density ð%Þ ¼ qHV;GC ¼ 32:72 log ðHVÞ þ 23:56 ð18Þ

Error limits introduced by this model, by sample preparation factors and by the hardness measurements
can be established to �ð0:05þ 7:8=nÞ1=2 with a confidence level of 68%. Curiously, most of the error is
caused by the Vickers measurement, and thus, can significantly be reduced by taking and averaging ‘‘n’’
measurements in a small area.
Thus, to obtain the local density distribution in any compact made of the studied powder, this part

should first be prepared following the presented experimental protocol. Then, Vickers hardness measure-

Table 3

Correlation between density and Vickers hardness

Experiment Billet green den-

sity (%)

Vickers hardness HV (kg/mm2)

Average Standard deviation

Face A Face B Face A Face B

1 77.9 44.3 46.2 2.58 2.22

2 80.3 54.6 54.3 4.38 2.26

3 82.0 61.8 62.6 2.69 2.18

4 84.2 71.1 71.7 4.23 1.92

5 86.3 81.5 81.5 2.64 2.64

Fig. 12. Linear relationship between density and Vickers hardness.

Table 2

Polishing conditions

Grinding Polishing

Rough Medium Fine

Material 180 grit 320 grit 600 grit 5 l alumine
Passing weight 1 lb 1 lb 1 lb 1 lb

Time Until surface flat and

without defect

1.5 min 1.5 min 2.0 min

1072 H. Chtourou et al. / International Journal of Solids and Structures 39 (2002) 1059–1075



ment could be taken and translated into density measurements using the established calibration curve.
Finally, it was proved that this technique could be applied with a similar accuracy to other powder ma-
terials (Guillot and Chtourou, 1996).

5. Application

A simple cylindrical part made of 316L stainless steel powder was pressed on an a 50 ton mechanical
press. The tooling needed to press this part consisted of a die, a lower punch and an upper punch. An
axisymmetric model of this application was used to determine the final density distribution in the compact.
Besides, an integrated simulation module, designed so as to render the modeling approach practical and

industrially usable, was developed. This module permits an easy definition of the tooling and the powder
geometry, as well as the compaction sequence and all other boundary conditions. It also handles FE so-
lution and results post processing. 3 The density distribution obtained after the three step compaction
sequence compares well to the experimental density map (Fig. 13). This map was obtained by the way of a
specially developed method based on the correlation of local density and Vickers macro-hardness.

6. Conclusion

This paper addressed the material characterization and validation of a particular cap model originally
developed to deal with geological materials and properly adapted so as to handle ductile metal powders. An
experimental characterization procedure has been developed and applied for the case of 316L stainless steel
powder. The obtained material parameter set was validated by way of the simulation of the characterization
tests and served as a basis for the model parameters sensitivity analysis. This study proved that the im-
perfections of the procedure do not affect the most influent parameters.
In addition, an experimental technique for the evaluation of the local density distribution was developed

in order to validate the simulation results. This technique, based on a correlation with Vickers macro-
hardness measurements, permits an accuracy of 1% in terms of relative density. An integrated simulation
module, developed in a related research was also used to run a simulation of the compaction of an in-
dustrial PM part. The comparison of the obtained density distribution with an experimentally measured
map served as a validation for the modeling approach.

3 Through the software Abaqus and Abaqus-Post respectively.

Fig. 13. (A) Experimental vs (B) simulation results.
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Presently, our main research orientations are the improvement of the model characterization procedure
to include a better description of the powder elastic behavior. Furthermore, 3D simulation module, capable
of modeling general non-axisymmetric applications, is under development.
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