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Abstract: Warm compaction process of pure iron powder was investigated. Due to the existence of elastic, plastic and thermal strains, 
a coupled mechanical and thermal model was applied. The elasto-plastic constitutive equations for powder material were developed 
based on ellipsoidal yield criterion and continuum theory. The constitutive equations were integrated into the constitutive integral 
arithmetic and solved employing incremental iterative solution strategy. The yield strength of iron powder was obtained according to 
the tensile experiments. When the compaction temperature was raised to 130 ℃, the yield strength of iron powder metal drops to 
85% of room temperature value. Modified coulomb friction law is applied and the simulation results show that friction was an 
important factor resulting in the inhomogeneous relative density and reverse-density distribution phenomena in the regions near the 
die wall and the symmetrical axis. 
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1 Introduction 
 

Powder metallurgy is an advanced manufactural 
technology widely used for volume-producing 
mechanical parts with high performance and high 
precision[1−3]. Warm compaction is a low cost and 
effective technique to produce green compact with 
density higher than 7.5 g/cm3. Warm compaction also 
offers an approach to near-net-shape manufacturing. 

As the main procedure in the powder metallurgy 
process, compaction forms the shape of the products. 
Therefore, it has a great effect on the precision and 
mechanical performance of them. The mechanical 
behavior of warm powder compaction involves 
complicated nonlinear phenomena, i.e., special nonlinear 
mechanical characteristics of powder material, large 
displacement and large strain, continuously changing 
contact condition between the metal powder and die, 
frictional force changing with relative density as well as 
the thermal effect due to plastic deformation or 
friction[4]. 

The study of powder metal compaction by 
numerical computation method can provide density and 
stress distribution during the processing. Compared with 

the empirical approach, numerical simulation offers a 
computational approach to reduce the time and cost for 
achieving proper tooling design and optimizing 
compaction parameters. Numerical simulation of warm 
powder compaction is based on continuum mechanical 
theory which treats the metal powders as a porous 
continuum. 

In the past three decades, different kinds of 
Elliptical Cap yield models based on von MISES yield 
criterion have been deduced and investigated by 
researchers such as GREEN[5], KUHN and 
DOWNEY[6], SHIMA and OYANE[7] and 
DORAIVELU[8]. FLECK et al[9] proposed a 
micromechanical particle model based on FLECK model 
which was appropriate in the high porosity stage. 
GURSON model was usually used during the low 
porosity stage[10]. In the transition stage, 
REDANZ[11−14] developed a linear combination of 
Fleck and Gurson model. All these models mainly 
focused on cold powder compaction, while few studies 
had been focused on warm powder compaction.  

The aim of this paper is to achieve a good numerical 
simulation of warm compaction. The elasto-plastic 
constitutive equations fit for powder material are 
developed obeying ellipsoidal yield criterion. The  
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constitutive equations are integrated into the constitutive 
integral arithmetic. A large displacement finite element 
method considering updated Lagrangian strategy is 
adopted to solve the coupled mechanical and thermal 
nonlinear problem. 
 
2 Experimental 
 

The comparison was performed using standard 
sintered samples (ISO 2740 — 1973). Initially, the 
thickness(C) was 6.0 mm and the length(Lc) was 32 mm. 
After elongation, C was 5.7 mm and Lc was 37 mm. The 
initial relative density of the tensile sample was 
approximately 89.7 %. 

The tensile samples were prepared from highly 
compressible water atomized iron powder with particle 
size of 100−150 µm. The mass of the specimen was kept 
constant at about 27 g. At least three other specimens 
were pressed afterwards under the same condition. 
Results show good reproducibility. The compacts were 
sintered at 1 120 ℃ for 2 h. 

One edge of the sample was clamped which 
prevented rigid body motion of the sample. Another 
clamp (upper clamp) moved at a speed of 2 mm/min. The 
upper clamp was stopped when the sample was finally 
snapped. This occurred when the total displacement of 
the upper punch was 5 mm. During the deformation, the 
curve of the load versus the displacement was recorded 
by a microcomputer. The length of the sample increased, 
and the width reduced accordingly. The final overall 
dimensions were measured. 

Fig.1 shows the stress—strain comparative curve of 
tensile experiment between cold and warm compaction. 
The tensile experiment shows that for iron based powder 
metals, the yield strength of porous metal in cold 
compaction was 135.4 MPa .When the temperature of 
warm compaction increases to 130 ℃, the yield strength 
of porous metal drops to 111.8 MPa, which is 85% was 
 

 
Fig.1 Stress—strain comparative curve of tensile experiment 
between cold and warm compaction 

that at room temperature. For metal powders the curves 
of stress versus strain show a clear upward convexity and 
trend to flatten under a certain pressure. 
 
3 FEM simulation 
 
3.1 Yield criterion 

For ellipsoidal yield criterion with isotropy, yield 
unction (F) can be written as f

 
CJBJAF +′+′= 12                            (1) 

 
In the yield criterion deduced by KUHN and 

OWNEY[6], A=2+R2, B=(1−R2)/3, C= . D
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where  2J ′  and J1 are the second invariant of deviatoric 
stress component and the first invariant of stress tensor 
respectively. YR is the yield stress of the porous metals 
with relative density R. Y0 is the yield stress of 
non-porous metals. Rc is an experimental parameter 
corresponding to the critical relative density at which the 
yield stress of porous metal becomes zero. 

Differentiating Eqn.(1) yields: 
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σs is the function of temperature. If the temperature 
change is considered, then strain increment can be 
written as 
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THp dddd klklklkl εεεε ++= e                      (6) 

The known relation between stain and stress is 
 

   

 
Applying elastic stress—strain relation to elastic 
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According to Eqn.(6), the elastic stress— strain 
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Substituting Eqn.(3) and rearranging yields: 

 

ijijkl
ijkl

ij

klijkl
ij

klijkl
ij

FFFDF

T
T
CDFF ∂∂∂ eeTHeD

σεσσ

ε
σ

εε
σ

λ

∂
∂

∂

∂
−

∂
∂

∂
∂

∂
+

∂
+−

∂
=

p
e

kl dd)dd(
d   

(10) 
 

Then Eqn.(8) revealing the incremental relation 
between stress and strain can be written as 
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where   is defined as 
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where thermal strain increment is defined as 
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3.2 Boundary conditions 

With the densification of porous metals, the contact 
icles and the tooling changes 

radius of 20 mm. The mesh 

n Fig.1, the yield strength of powder 
 compaction is 15% lower than that of 

om

condition between the part
with the relative density. The numerical simulation in 
this study supposed it follows the modified Coulomb 
principle, and is smoothed by arc-tangent function. 
 
3.3 Numerical simulation 

The finite element simulation analyzed a cylinder 
with a length of 90 mm, a 
has 2 360 elements and 2 835 nodes. The whole compac- 
tion process is finished within 50 increments when the 
total displacement of upper punch is 33.78mm. The 
element type is an eight-node isoparametric, arbitrary 
hexahedral element. The user subroutine program adopts 
the yield strength from tensile experiment. The 
constitutive equations are integrated into the constitutive 
integral arithmetic and solved employing incremental 
iterative solution strategy. Simulation was carried out 
with MSC.Marc software. The elastic modulus of iron 
material was set at 200 GPa. Poisson ratio was 0.3. The 
upper punch, lower punch and die were treated as rigid 
bodies. The friction coefficient at the contact surfaces 
was set at 0.2. The contacts between the powder metals 
and between the powder metals and die wall were 
detected and processed. The maximum cycle number was 
set to be 10 000 and the tolerance was set to be 
0.001[15]. 
 
4 Discussion 
 

As shown i
etal during warmm

ro  compaction. It can be inferred that moderate 
heating leads to increased green density under the same 
pressure. Fig.2 shows that compaction force of warm 
compaction is obviously lower than room compaction 
when the displacements are the same. As shown in Figs.3 
and 4, Equivalent von MISES stress distribution of warm 
compaction ranges from 76.62 to 91.54 MPa. Equivalent 
von MISES stress distribution of cold compaction ranges 
from 91.56 to 110.2 MPa. The maximum Equivalent von 
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MISES stress during warm compaction is 17% lower 
than room compaction. Moreover, the stress gradient of 
warm compaction is lower than cold compaction. When 
the powder metal is moderately heated, the increased 
 

 
Fig.2 Force—displacement curve of upper punch of cold and 
warm compaction 
 

 

Fig.3 Equivalent von MISES stress distribution of warm 
compaction 
 

 

Fig.4 Equivalent von MISES stress distribution of cold 
compaction 

lastic deformation, which results in the 

lation results, the relative density 
decr

t 11−25, the density gradient of the regions near 
the d

s 
relat

atom activation energy partially eliminates the hardening 
effect of p
decreased flow stress. 

In the initial stage of densification, corresponding to 
increment 1−10 of simu

eases gradually from the upper to bottom in the 
regions near the die wall and vertical axis. While in the 
horizontal direction, the relative density distribution 
shows almost no difference. The high density gradient 
can only be observed in the intersecting regions between 
the die wall and the upper/lower surface. Therefore, the 
maximum and minimum relative densities exist in these 
regions. 

In the densification stage, corresponding to 
incremen

ie wall increases while the density gradient near the 
vertical axis becomes even. When the applied force 
continues to increase, corresponding to increment 26−35, 
the density gradient increases accordingly. On the 
vertical axis, reverse-density distribution phenomenon 
takes place compared with regions near the die wall. 
Also, the relative density gradient of porous metals in the 
horizontal direction increases with further densification. 
The subsequent increments maintain the increase 
tendency till the whole compaction process is finished. 

During the early to middle period of compaction, 
the friction of die wall results in the inhomogeneou

ive density of porous metals, while the friction of die 
wall has little effect on the regions near the vertical axis. 
The reverse-density distribution on the vertical axis 
mainly takes place during the middle to later period of 
compaction. During this period, the metal particles on 
the vertical section flow at the tendency from upper 
surface edge to lower surface center. Such kind of 
flowing tendency results in the high density area on the 
bottom. 

Figs.5 and 6 display the relative density distribution  
 

 
Fig.5 Relative density distribution of warm compaction 
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Fig.6 Relative density distribution of cold compaction 
 
of warm and cold compaction. As shown in the
simulation result of density distribution change on
axial cross-section, friction on upper punch wall and die
wall leads to the flowing tendency.  Further study
reveals that friction on upper punch wall prevents the
metal particles in upper surface edge from moving to the
center regions horizontally, so the particles flow leaning 
to the lower surface center according to plastic potential 
theory. 
 
5 Conclusions 
 

1) For iron based powder m

85% of
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