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Abstract In this paper, the discrete random packing and

various ordered packings such as tetragonal and hexagonal

close packed structures generated by discrete element

method and honeycomb, which is manually generated were

input as the initial packing structures into the multi-particle

finite element model (FEM) to study their densification

during compaction, where each particle is discretized as a

FEM mesh. The macro-property such as relative density

and micro-properties such as local morphology, stress,

coordination number and densification mechanism

obtained from various initial packings are characterized

and analyzed. The results show that the coupling of dis-

crete feature in particle scale with the continuous FEM in

macro-scale can effectively conquer the difficulties in tra-

ditional FEM modeling, which provides a reasonable way

to reproduce the compaction process and identify the

densification mechanism more accurately and realistically.

1 Introduction

In the past decades, powder metallurgy (PM) has been

increasingly used in manufacturing a variety of products,

especially in the production of automotive parts such as

gears and cams as a net shape process. The advantages of

PM technique lie in its cost-effective, materials saving,

easy operation, environment friendly, high production rate

and net shape or near net shape forming for complex

geometrical and structural metals or alloys with high

melting point or porous structures, which make it very

competitive with conventional metallurgical producing

processes such as casting or other processes such as forging

and machining [1, 2]. Nowadays, besides the manufactur-

ing of complicated and specially required structural parts,

PM has been gradually extended to the production of

advanced functional materials [3–7]. Among PM produc-

tion processes, powder cold compaction which is one of the

major stages plays a key role, since highly dense and

uniform compacts are the precondition for high-perfor-

mance products. Therefore, a large variety of studies in the

past were carried out in this regards both physically and

numerically.

It is known that the evolution of local relative density

and stress distribution in the green compacts, which are

critical parameters in determining PM component quality

and properties, is very difficult to characterize in situ in

physical experiments. This barrier can be conquered by

computer simulations, among which finite element method

(FEM) is effective in dealing with this problem, and vari-

ous models were proposed and incorporated into this

method. In this aspect, the powders are considered to be the

continuous body. Normally, two kinds of continuous

models are used in FEM simulation. One is the micro-

mechanical model [8–15]; in this model, the granular

dynamics are given by uniform strain field, which assumes

that the motion of each particle is governed by macroscopic

strain field. Therefore, the particles keep indention with

each other, no local rearrangement and rotation are con-

sidered, which is different from real process [16]. Another

one to describe the properties of powdered material is the

empirical model (phenomenological model) [17–25], in

which some functions are used to describe the response of

porous materials upon the stress and also the relative

density distribution and impact load in the final product can

be predicted [26, 27]. Even though above information is
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important in process design and optimization, however, it

cannot accurately predict the impact mechanical properties,

especially in cold powder compaction because the geom-

etry and physics of the compacts are ignored. Although a

large number of constitutive models for powder densifi-

cation are available in macroscopic FEM simulation, there

are few that can consider the discrete particle features (e.g.,

particle shape, size and distribution and particle micro-

structure), which are the key parameters in determining the

compact quality, and the high-performance powder com-

pacts are really hard to be realized in traditional FEM

continuous modeling. The disadvantage of FEM modeling

can be compensated by the so-called discrete element

method (DEM) simulation, which has been successfully

used in our previous work on the packing densification of

coarse particles [28–30]. And now, it has also been applied

in modeling the compaction of fine powders [31–36],

however, its effectiveness is mostly limited to the small

deformation of powders with the relative density lower

than about 0.85 [37, 38].

Recently, a multi-particle finite element method

(MPFEM) was proposed to consider the particle discrete

characteristics and the continuous bulk properties of pow-

ders. In MPFEM simulation, individual particle discretized

with a finite element mesh allows for a full description of

the densification mechanism. With this method, PavanaC-

hand and KrishnaKumar [39] modeled the compaction of

two spheres. Lee et al. [40] studied the compaction of two-

dimensional (2D) aluminum powders under different

pressing conditions. However, no systematic studies were

found on the compaction of powders by using MPFEM

simulation, especially the micro-dynamic analysis on the

compaction process, and corresponding densification

mechanisms for different initial packings are still lacking.

In this paper, we carried out MPFEM simulation in 2D

on the densification of equal spheres subjected to uniaxial

die compaction. Different initial packings for copper

powders, which include random loose packing and various

ordered packing structures such as tetragonal packing,

hexagonal close packed (HCP) structure and honeycomb

packing before compaction were generated and input in the

FEM model. Then, each discrete structure was densified

under single action die compaction. Dynamic compaction

processes were characterized, and the densification mech-

anisms of different compacts were identified and analyzed

based on the pore filling and particle mass transfer from

particle scale.

2 Simulation model and conditions

We coupled DEM and FEM method from particle scale to

analyze the single action die compaction of equal disks of

copper (with the diameter d = 2 mm) under quasi-static

conditions using the explicit integration scheme of a

commercial finite element program (MSC. Marc). The

number of particles which can be handled efficiently is

determined by the CPU speed and RAM restrictions in

addition to the number of particle–particle contact pairs.

The mesh division of each discretized particle in the initial

packing is shown in Fig. 1, totally 300 finite elements and

321 nodes are included.

Four initial packings with random and different ordered

packing structures (except honeycomb packing which is

manually generated) were generated by DEM simulation.

The relative packing density q and the number of particles

N in each structure are listed as: (a) random packing,

q = 0.691, N = 65; (b) tetragonal packing, q = 0.782,

N = 16; (c) hexagonal close packing, q = 0.876, N = 20;

and (d) honeycomb packing, q = 0.602, N = 80.

Typical DEM simulations are performed with periodic

conditions or application of macroscopic strain/stress on a

peripheral layer of particles. This method of applying

periodic boundary condition cannot be efficiently dupli-

cated in FEM. As an alternative, the boundary conditions

of the simulations are summarized as follows. Displace-

ment boundary conditions are imposed via rigid walls. In

simulation, the position of die wall is fixed. And the change

in density of the compact was determined by the change in

displacement of the upper punch. The top side of the

compact moves closer at an assumed strain rate. Referring

to the statistic of coordination number (CN), contact with

the wall is equal to contact with the particles. The simu-

lation results are not affected by the strain rate since

materials are assumed to be not strain rate sensitive. Inertia

of the system is also checked during the simulations to

avoid any dynamic effect caused by large strain rate.

The particles are constitutively assumed as elastic–

plastic material. The elastic–plastic model has been fre-

quently and successfully used for the numerical simulation

of most metallic solids such as copper, iron/steel, alumin-

ium and lead in FEM modeling for years [16, 40–43]. We

Fig. 1 Mesh division for each particle before compaction in FEM

simulation
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use copper particles with the properties of Young’s mod-

ulus E = 120 GPa, Poisson’s ratio m = 0.3, strength coef-

ficient K = 448 MPa, work hardening index m = 0.126

and the friction coefficient among particles and between

particles and the punch is set to be l = 0.2 with Coulomb

friction model being used. The die wall is rigid and set to

be smooth to reduce wall friction effect. No interparticle

cohesion was considered due to restrictions in the FEM

software used. Although cohesion may affect the post

compaction properties, it is still argued that for the

monotonic loading response to densification, cohesion

effect is not so significant [44]. During simulation, the

contact between particles, which has been regarded as an

important issue in DEM and DDA modeling [28, 45], is

checked automatically and dynamically by software

embedded algorithm at each modeling step to guarantee the

convergence of the results and precision.

It is worth to mention that our current work is mainly

focusing on the compaction of spherical particles, which is

relatively easy to construct different initial packing struc-

tures dynamically by DEM modeling in terms of particle

position and diameter. On this basis, the MPFEM numer-

ical simulation on the compaction of some convex platonic

polyhedra such as tetrahedra, cubes and octahedra is

undergoing. In our future work, the study will be extended

to the packing densification of concave particles or parti-

cles with more complicated geometry, which tends to be

more challenging with the difficulties in producing differ-

ent ordered and disordered initial packings in DEM simu-

lation and subsequent compaction due to the irregular

particle shape and complex interaction mechanism between

particles.

3 Results and discussion

3.1 Comparison between our numerical and physical

results

Among many factors, which can create effects on the

compaction, the compression pressure P plays a dominant

role. Here, P is referred to as the average pressure, which is

determined by the displacement of the punch. Figure 2

shows the relationship between pressure P and relative

density q from both our numerical simulation and physical

experiments. It can be seen that similar trends can be

observed, i.e., for each P-q curve, P increases slowly when

q is small; however, when q is high (e.g., q[ 0.85), there

is a rapid increase for P. At very high relative density (e.g.,

q[ 0.95), the three P-q curves from numerical simulations

tend to be coincided. In this case, the densification of the

compact has transmitted from deformation of individual

particles to bulk behavior, which shows the property of

fully dense metal. Meanwhile, the slightly lower of our

numerical curves than the physical experiments showing in

Fig. 2 can be ascribed to: (a) The friction between the

particles and the die wall is ignored and (b) the simulation

results are obtained from 2D other than the 3D powder

compaction in physical experiments. Anyhow, the quali-

tative agreement between our numerical results and phys-

ical results implies the validity of our proposed model.

In addition, our numerical results are also fitted by

double logarithmic equation given by:

mlogln
ðqm � q0Þq
ðqm � qÞq0

¼ logP� logM;

where qm—density of fully dense metal, q0—initial pack-

ing density of the compact, q—relative density of the

compact, P—compaction pressure, M—compaction
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modulus, and m—hardening index. Figure 3 shows the

fitted results for different initial packing structures. It can

be seen that except the honeycomb structure, the fitted

results for other three structures indicate high R2 values,

which implies that these numerical results meet the double

logarithmic equation. Especially, the compaction on

tetragonal and HCP structures indicate very large R2 value.

In comparison, the honeycomb structure with relatively
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Fig. 4 Evolution of morphology, local packing structure and equiv-

alent Von Mises stress for different initial packing structures during

compaction, where: a Tetragonal packing: qA = 0.782, qB = 0.801,

qC = 0.851, qD = 0.900, qE = 0.986; b HCP: qA = 0.876,

qB = 0.899, qC = 0.930, qD = 0.962, qE = 0.989; c Honey comb

packing: qA = 0.602, qB = 0.701, qC = 0.0.799, qD = 0.901,

qE = 0.990; d Random packing: qA = 0.714, qB = 0.800,

qC = 0.900, qD = 0.990
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low R2 value shows less linearity when the relative density

is low. This is determined by its special structure. At the

early stage of compaction, the contacts between particles

do not evolve continuously, which causes uncertain dis-

placement of some particles. This uncertainty of particle

movement cannot be included in the double logarithmic

equation. Therefore, the linearity of honeycomb structure

shown in Fig. 3 is less than that of other three cases.

3.2 Macrostructure and microstructure characterization

during compaction

Figure 4 indicates the evolution of morphology, local

packing structure and equivalent Von Mises stress for

different initial packing structures during compaction. As

shown in Fig. 4a and b, the pressure for tetragonal and

HCP initial packings increases rapidly at the early stage of

compaction, no obvious relative slip between particles for

both cases is observed, and this is determined by the highly

geometrical symmetry of the initial packings. Also during

compaction, the forces in the two structures are mainly

transmitted between neighboring particles located at adja-

cent layers. At the early stage, the interaction between two

particles in contact within the same layer can be very small

or negligible, which is in good agreement with our previous

results on the force transmission in hard sphere crystal [46].

However, with the further increase in the pressure, large

plastic deformation of particles occurred, the in-layer for-

ces between neighboring particles formed and increased. In

this duration, the contact between particles changes from

point to line, and the large plastic deformation results in the

mass transfer of particles to fill adjacent low pressured void

area for densification. After compaction, the shapes of

particles in the compacts of Fig. 4a and b are rectangles

and hexagons, respectively.

Even though honeycomb packing is also the ordered

packing structure, however, its densification behavior

during compaction is quite different from tetragonal and

HCP. As shown in Fig. 4c, at the early stage, with the

increase in the pressure, the structure is stable. However,

when the pressure is larger than a critical value, relative

slip at local area appears which destroyed the ordered

structure (see Fig. 4c, B). In this case, the pressure increase

is becoming slow compared with tetragonal or HCP com-

paction, this process continues until the jamming states are

formed. Then, the pressure increases rapidly to densify the

packing. In the whole process, we can also find some local

areas where the stresses on some particles do not increase,

which can be regarded as the occurrence of the local slip

between particles. After compaction, the shapes of the

particles in Fig. 4c are mainly irregular polygons. From

force analysis, we find that at early compaction state, the

force structure of honeycomb packing is ordered and

formed ‘Y’ type network. Within each particle, the stress

distribution is in triangular shape. After the ordered

structure is destroyed due to the slip of some particles at

higher stress, the contacts and interactions became com-

plicated (see Fig. 4c, B–D). For the compaction of random

initial packing in Fig. 4d, the slip begins when the pressure

is small. In this stage, particles are rearranged through

sliding and rolling to form random dense structure with the

relative density of about 0.8, which agrees with others’

results in 2D packing [47]. Here, the packing is in jammed

state, no obvious deformation of particles is observed.

After that, the pressure increases fast and the particles

deform plastically with the pressure to form the final dense

packing (Fig. 4d, D). Force analysis shows that the forces

transmitted from the particle firstly contacted with the

punch to its downward neighbors. Then, a clear force chain

formed as shown in Fig. 4d, B. During densification, the

contacts between particles increase, which leads to the

more complex force chain. At the final stage shown in

Fig. 4d, D, all the particles are deformed to be different

shapes due to the interaction of their neighboring particles.

3.3 Densification mechanism analysis

The densification mechanism during compaction can be

ascribed to the filling of interstitial spaces (voids) formed

among particles. With the above four initial structures, the

compaction mechanism of random initial packing structure

is the most complicated due to its anisotropy of void

structures (including the shapes and sizes) upon compac-

tion, therefore, we will take this structure as an example to

identify its densification dynamics and mechanism. Fig-

ure 5 gives the evolution of void structure and corre-

sponding stress distribution for random initial packing

upon compaction. It can be seen that at the early com-

paction stage, particles ‘A’ and ‘B’ which formed the

‘arching’ structure leave a large void underneath. With the

influence of stress from neighboring particles, particle ‘B’

moves to the right side, which provides the condition for

the filling of particle ‘A’. Then, the particle ‘A’ is ‘pushed’

downward by the interaction of its neighboring particles to

finish void filling (Fig. 5b, c). Meanwhile, the force chain

is changing gradually to form a relatively stable state

(Fig. 5d). With the further increase in the pressure, the

voids are becoming smaller and smaller due to the large

plastic deformation of particles (Fig. 5e), and finally, the

dense packing structure is formed as shown in Fig. 5f.

Previous theory indicated that the evolution of force chain

when the relative density is low can be ascribed to the

elasticity and friction among particles [37, 48]; however,

Fig. 5 clearly shows that contact yield can occur even at

low relative density, which results in the particle sliding

during contact deformation.
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Accordingly, we also analyzed the coordination number

evolution of particles in the random packing during com-

paction as shown in Fig. 6. As indicated, with the increase

in relative density, the CN distribution shifts to the right,

implying more contacts between particles. And at nearly

full densification, CN = 5 and CN = 6 are dominant in

CN distribution, which means that most of the particles in

the final compact are with the shape of pentagon and

hexagon. This result is in good agreement with the Voronoi

polygon in the packing of spheres [47, 49].

4 Conclusions

Compaction on equal spheres with different initial packing

structures such as random packing, tetragonal packing,

hexagonal close packed and honeycomb packing in two-

dimensional was carried out numerically by MPFEM

simulation. The evolution of macro- and micro-properties

was characterized and analyzed, and the densification

mechanism is identified. Following conclusions are drawn:

(a) For each initial packing structure, the compaction

behavior is different. In the compaction of tetragonal

and HCP structure, densification is mainly due to the

plastic deformation of particles, and no obviously

relative sliding between particles is observed. After

compaction, the shapes of particles in both compacts

are rectangular and hexagonal for tetragonal and

HCP structure, respectively. For the compaction of

honeycomb and random initial structures, the den-

sification is due to the combination of the deforma-

tion under compression and relative sliding and

rolling among particles. There is no obvious limit

between the deformation and relative sliding. The

complicated contacts imply that the final shape of

particles in the compact is irregular.

(b) Microscopic analysis on the force behavior indicates

that different initial packing structure can lead to

different stress distributions in particles and different

force chains and transmissions in compacts upon

compaction, which will finally determine the final
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compact structure and property. Driven by the local

stress in the force chain, the particles formed the

‘arching’ structure were forced to move to fill the

large void underneath, then the small voids were

filled through mass transfer by plastic deformation of

particles around them with the further increase in the

pressure.

(c) The discretized mesh division of each particle in

FEM model is an effective way to identify the

compaction process and densification mechanism

from particle scale.
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