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Abstract: A new mechanical model for warm powder compaction was presented. Warm compaction process of iron-based powder was 
investigated to deal with the existence of elastic, plastic and thermal strains. A coupled mechanical and thermal model was 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 flow stress model of iron powder was nonlinearly fitted 
according to uniaxial warm compaction. The constitutive model was implemented into user-subroutines of MSC.Marc. With the equations, 
algorithms and programs developed, the compaction procedures of a complex synchronous pulley were simulated. Two different 
compaction schemes with different punch displacements were tested and the relative density distribution was obtained. Comparison with 
experimental data shows that the homogeneity of green compact is greatly affected by the compaction mode. The simulation results agree 
with the experiments very well. 
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1 Introduction 
 

In powder metallurgy manufacturing process, 
quality of green compacts obtained from the compaction 
procedure is essential to the performance and precision 
of the final products. The mechanical behavior of 
powder in warm 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, changing 
frictional force with changing relative density, as well as 
the thermal effect due to plastic deformation or 
friction[1－7]. 

In the past three decades, different kinds f 
Elliptical Cap yield models based on von Mises yield 
criterion have been deduced and investigated by 
researchers such as GREEN[8], KUHN and DOWNEY 
[9], SHIMA and OYANE[10] and DORAIVELU[11]. 
FLECK et al[12] proposed a micromechanical particle 
model based on FLECK model which was appropriate 
in the high porosity stage. GURSON[13] model was 
usually used in the low porosity stage. In the transition 
stage, REDANZ et al[14, 15] developed a linear 
combination of FLECK and GURSON model. 

BOCCHINI[16] analyzed the decrease of powder’s 
yield stress in warm compaction quantitatively. 
ARIFFIN et al[17] developed a yield criterion 
considering the temperature and hardening effect, but 
there was no expatiation on the hardening model and 
simulation parameters. 

o 

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

2 Coupled thermal and mechanical model 
 
   The warm powder compaction is modeled using a 
thermo-elastoplastic constitutive law. 
 
2.1 Yield criterion 
   For isotropic materials, the yield criterion may be 
formulated as[9] 
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where   and J′
2J 1 are the second invariant of deviator 

stress component and the first invariant of stress tensor, 
respectively. A and B are state variants pertinent to the 
plastic strain p

ijε . In KUHN’s model: , 
, . 
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where   is the yield stress of the porous metal. YρY 0 is 
the yield stress of non-porous metal. δ  is a function of 
relative density(ρ), which should be determined by 
experiments. 

Differentiating Eqn.(1) yields  
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R elationship between elastic stress and strain are 
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The corresponding stress increment of warm 

compaction is 
ee dd klijklij D εσ =                              (6) 

According to Eqn.(3), the elastic stress and strain 
relation taking temperature into account is 
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Compared with the expression neglecting the 
temperature effect, Eqn.(6) has one more term, . THd klε

Eqn.(2) can be expressed as 
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Substituting Eqn.(3) and rearranging yields 

( )

ijijkl
ijkl

ij

klklijkl
ij

FFFDF

T
T
FDF

σεσσ

εε
σ

λ

∂
∂

∂

∂
−

∂
∂

∂
∂

∂
∂

+−
∂
∂

=

p
e

THe ddd
d             (9) 

Then Eqn.(8) can be written as 
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The elasto-plastic matrix ( )ep
ijklD  is defined as 

peep
ijklijklijkl DDD −=  

where   (defined as plastic matrix ) has the form 
as 
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2.2 Calculation of thermal strain increment 

The thermal strain increment  is defined as THd ijε

ijij Tδαε dd ρ
TH =                             (12) 

where  ρα  is the thermal expansion coefficient of 

porous metal, the relation between ρα  and 0α  can be 

expressed as[18] 
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where  E, α0 and ν  are the elastic modulus, thermal 
expansion coefficient and Poisson’s ratio of non-porous 
metal, respectively; Eρ is the elastic modulus of porous 
metal. 
 
2.3 Strain hardening 

Strain hardening expression of non-porous metal 
is[18] 
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p
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where  K and n are the strength coefficient and strain 
hardening exponent of non-porous metal respectively; 

 and  are the apparent plastic strain and strain 
rate of non-porous metal respectively, Q and R

p
0ε

p 
0 ε&

g are 
deformation activation energy and gas constant, 
respectively; A, β, m, εs are constants. 
 
2.4 Material hardening 

During compaction, the yield surface changes 
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when the powder gets denser. The relationship of the 
relative density and flow stress was obtained based on 
the uniaxial warm compaction. The experimental results 
are nonlinearly fitted as shown in Fig.1. Some of the 
proposals for flow stress model are listed in Table 1. 

cρ is the critical relative density when the powder is 
compacted. 

 
Table 1 Different proposals ( )δ of flow stress model 

DORAIVELU 
et al 

LEE et al PARK et al This work 

2
c

2
c

2

1 ρ
ρρ

−

−
 

2

c

c

1 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−
−
ρ
ρρ

 
ρ

ρ
−44.2

44.1 5
 

2

2
c

2
c

3

1 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−

−

ρ

ρρ

 

 
Fig.1 Comparison of nonlinear fitting and experimental results 
 

In simulation, model parameters are set as Y0=740 
MPa, elastic module E=200ρ3.2 kMPa and Poisson’s 

ratio [ ]2)1(5.12exp
2
1 ρν −−= . 

In experiments, iron powders were compacted to a 
cylindrical sample with a radius of 20 mm in a closed 
die at 130 ℃. An automatic powder pressing machine 
was used to conduct the compaction. During the 
deformation, the curve of the load versus the 
displacement was recorded by a microcomputer, which 
connected to the machine. Initially, the height of the 
cylinder was 70.27 mm. After pressing, the height was 
30.82 mm. The volume of loose powder was measured 
and initial relative density was calculated to be 

405.00 =ρ . Loose powder is quite easy to deform. 
Value of cρ  should be approximately equal to 0ρ . In 
this study, it was set at 0.404 9. Friction coefficient 
between powder and die wall was assumed to be 0.08. 
The strain hardening parameters are listed in Table 2. 

Table 2 Strain hardening parameters in Eqns.(15) and (16) 
β/ 

MPa 
εs n A/s 

Q/ 

(kg·mol－1)
m 

0.013 59 0.004 134 0.015 68 1.33×1010 308.3 0.3

 
The displacement vs load curves obtained from 

both experiments and simulation were compared in 
Fig.2. 
 

 
Fig.2 Load vs displacement curves of upper punch 
  
3 User subroutine 
 
   The user subroutine flow charts were shown in 
Figs.3 and 4. The history variant needed in this 
subroutine includes the boundary stress ratio, elastic and 
shear module of prophase, plastic module, loading 
direction and flowing direction. 
 

  
Fig.3 Flow chart of constitutive relation subroutine 
 
4 Simulation 
 
   Warm compaction processing of a synchronous 
pulley was simulated. The schematic plot of the die, 
punches and powder is shown in Fig.5. The synchronous 
pulley illustrated in Fig.6 consists of four main parts: 
the gear part, inner-hole level, round arc level and cone 
level. Sizes of D1, D2 and D3 are 59 mm, 24 mm and 16 
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mm, respectively, and are kept constant during the 
compaction. Initially, H1 and H2 are 57 and 16 mm, 
respectively. After pressing, they become 28 and 10 mm, 
respectively. The initial relative density is 0.405. 
 

  
Fig.4 Flow chart of stress increment calculation 
 

 

Fig.5 Sketch of cross section of die, punches and powder 
 
   Two design cases were simulated. In both cases, the 
die and core rod were fixed. In the first case, the lower 
punch (inner) was fixed. The lower punch (outer) 
moved upward and two upper punches moved 
downward. In the second case, the lower punch (outer) 
moved upward while lower punch (inner) and the two 
upper punches moved downward. The displacements of 
each punch in these two cases are listed in Table 3. 
Velocites of the punches were proportional to the initial 
distances to their own final positions. 

 
Fig.6 Sketch of synchronous pulley 
 
Table 3 Displacement of different punches 

Final position/mm 
Setting 

Initial  
position/mm Case 1 Case 2 

Initial position of 
lower punch(outer)

0 0 0 

Lower punch(inner) 49.5 49.5 40.5 
Lower punch(outer) 0 29 20 

Upper punch 
(inner and outer) 

65.5 59.5 50.5 

 
The simulation was conducted on MSC.Marc. User 

subroutines were written and the flow stress model was 
implemented. Simulation of the two cases shared the 
same finite element model. Totally, 9 280 eight-node 
hexahedral elements and 2 960 nodes were included in 
the model. The calculation was divided into 100 
increments steps. About an hour was spent on a PIV 2.4 
GHz PC for each case. 

Relative density distributions obtained in 
simulations for both cases are shown in Figs.7 and 8. In 
case 1, the highest relative density, 0.916, occurs at the 
bottom of the gear part (part 1 in Fig.6). The lowest 
relative density 0.827 occurs at the inner-hole part (part 
2 in Fig.6) and the corner of cone level and the gear part 
(part 3 in Fig.6). In case 2, the highest relative density, 
0.884, occurs at the bottom of gear part (part 1 in Fig.6) 
and the top of round arc level (part 4 in Fig.6). The 
lowest relative density 0.809 occurs at the middle of 
gear part (part 1 in Fig.6) and the corner of cone level 
and the gear part (part 3 in Fig.6). Comparing the two 
figures, density distribution in case 2 is much more 
homogeneous than that in case 1. Also, the low relative 
density area in case 2 is less than that of case 1. This 
contrast shows that the first case 1 is an improper 
movement design. In the filling stage of case 1, the 
initial position of lower punch (inner) was too low to get 
sufficient powder installed into parts 2 and 3. During 
compaction, the powder of part 4 was much easier to be 
densified than parts 2 and 3, so it was difficult for the 
powder of part 4 to flow transversely to parts 2 and 3. 
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Fig.7 Relative density simulated in case 1 

 
Fig.8 Relative density simulated in case 2 
 

The simulation results of relative density 
distributions were compared with the experimental 
results. Fig.9 shows the relative density distribution on 
different part of the pulley. Fig.10 shows that the 
simulation prediction accords well with experimental 
results especially in parts 1 and 2. Fig.11 shows the 
cross section of P/M synchronous pulley developed by 
this work. 
 

 
Fig.9 Distribution of experimental relative density 

 
Fig.10 Comparison between simulated and experimental results 

of relative density vs distance to bottom of compact 
 

 
Fig.11 Cross section of synchronous pulley 
 
5 Conclusions 
 

1) The warm compaction constitutive equation of 
elliptical criterion was derived as  

( )
ijijkl

ijkl
ij

ijkl
ij

klklijklij FFDF

T
T
FDF

D

σεσσ

σ
εεσ

∂∂

∂
−

∂
∂

∂
∂

∂
∂

∂
∂

−−=

p
e

e

THep

d
ddd  

The flow stress model was determined through uniaxial 
warm compaction experiments. 

2) The constitutive equations were integrated into 
the constitutive integral arithmetic. The model was 
implemented into MSC.Marc user subroutines to 
conduct the three dimensional numerical simulation of 
warm powder compaction. 

3) The compaction process of a synchronous pulley 
was simulated. Relative density distribution results of 
two different cases were obtained and compared with 
those obtained from experiments. The simulation results 
show that the initial position and relative movements of 
the punches have great influence on the density of the 
green compacts.  
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