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a b s t r a c t

This paper aims at finding a relationship among the iron powder design parameters, the material prop-
erties, and the final properties. The iron powder design parameters were the composition of graphite, par-
ticle size, and the composition of lubricant. The material properties in Shima–Oyane constitutive model
are a, b, c, a, b, and n. The final properties of green bodies are green density, density deviation, effective
stress, hydrostatic pressure, effective strain, and volumetric strain. The correlations between the powder
design parameters and the material properties were obtained by compaction experiments with regres-
sion method. The correlations between the material properties and the final properties were obtained
by the compaction simulation with regression method. The regression model which shows the correla-
tions between the powder design parameters and the final properties with the fixed process conditions
and geometry were developed. This regression model gives the generic information of the powder design.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The numerical simulation of powder compaction was widely
used in the powder metallurgy field. The whole schematic diagram
of the compaction simulation is shown in Fig. 1. The process con-
ditions, geometries, and material properties of powder determine
the final properties of green bodies. The powder design parameters
determine the material properties of powder. Therefore, the pow-
der design parameters such as the composition of graphite, particle
size, and the composition of lubricant affect the final properties of
green bodies in iron–carbon powder compaction [1].

The simulation was usually used to optimize process conditions
and geometries with the fixed material properties [2,3]. The simu-
lation can be used to determine the powder design parameters
with the fixed process conditions and geometries, once the corre-
lation between the powder design parameters and the material
properties is found. The commercial software, PMSOLVER was used
in this study and the simulation tool was verified in the previous
study [4].

The powder design parameters, material properties, and the
final properties are summarized in Table 1 with their notations
in this paper. The tap density and green density represent the
relative value compared to the full density. The density deviation

represents the difference between maximum relative density and
minimum relative density.

The Shima–Oyane yield model was employed for compaction
simulation. The general form of Shima–Oyane constitutive model
was expressed in Eq. (1) [4,5].

U ¼ ðrEffect=rf Þ2 þ að1� qÞbðrHydro=rf Þ2 � qc ð1Þ

U is the yield surface of the porous materials. a, b, and c are the
material properties. rHydro and rEffect are the hydrostatic pressure
and the effective stress, respectively. q is the relative density. rf is
the flow stress of the matrix materials and it can be expressed as
a rigid and strain hardening model in Eq. (2) [6].

rf ¼ aþ ben
Effect ð2Þ

eEffect is the effective strain of the matrix material. a, b, and n are the
material properties which can be also determined from the com-
pressibility curve.

Drucker–Prager failure model was employed to predict cracking
formulation [7]. The equation of the failure surface was expressed
as Eq. (3).

Fs ¼ rEffect � rHydro tan b� d ð3Þ

b is the cohesion angle and d is the cohesive strength. These are the
functions of relative density. tan b and d were set as constant values
of tan b = 3.41 and d = 0.01 MPa in the previous study [4]. The crack
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can be occurred above Drucker–Prager failure surface and the den-
sification can be occurred above Shima–Oyane yield surface as
shown in Fig. 2.

2. Experimental procedure

2.1. Materials

A1000 iron powder fabricated by the water atomization was
used in this study. The pycnometer density was 7.88 g/cm3 and
tap density was 0.47. The morphology of this powder is shown in
Fig. 3. The particles have the irregular shape and the particle sizes
are various. The particle size distribution was measured by the
laser scattering particle size distribution analyzer (LA-95V2). D10, Fig. 4. Particle size distribution of A1000 iron powder.

Fig. 2. Shima–Oyane yield model and Drucker–Prager failure model.
Fig. 3. Morphology of A1000 iron powder.

Fig. 1. Schematic diagram of compaction simulation.

Table 1
The notations of powder design parameters, material properties, and the final properties.

Powder design parameters Notation Material properties Notation Final properties Notation

Composition of graphite (wt.%) G Tap density qTap Green density qGreen

Particle size (lm) P c c Density deviation Dq
Composition of lubricant (wt.%) L a (MPa) a Effective stress (MPa) rEffect

b (MPa) b Hydrostatic pressure (MPa) rHydro

n n Effective strain eEffect

Volumetric strain eVol
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