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Correlation mechanism between force chains and friction
mechanism during powder compaction

Ning Zhang(7k5*)", Shuai Zhang(7KJi), Jian-Jun Tan(i%f#F), and Wei Zhang(7k)F)
School of Mechanical & Automotive Engineering, Fujian University of Technology, Fuzhou 350118, China
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The relation between friction mechanism and force chains characteristics has not yet been fully studied in the pow-
der metallurgy research area. In this work, a uniaxial compression discrete element model is established based on the
compaction process of ferrous powder. Furthermore, the correlation mechanism between force chains and the friction
mechanism during powder compaction is investigated. The simulation results reveal a strong correlation between the vari-
ation of the friction coefficient and the evolution of force chains. During the powder compaction, the friction coefficient
would eventually tend to be stable, a feature which is also closely related to the slip ratio between particles. The side wall
friction and the friction between particles would have an important effect on the direction of force chain growth in about
one-third of the area near the side wall. The research results provide theoretical guidance for improving the densification

process of the powder according to the force chain and friction.

Keywords: powder compaction, force chains, granular matter, discrete element method

PACS: 45.70.-n, 45.70.Cc, 62.20.Qp, 62.20.—x

1. Introduction

Powder metallurgy is a modern manufacturing technol-
ogy. Green compact can be formed in various ways. These
include injection molding,!" hot isostatic pressing,!?! electro-
magnetic compaction,?! die compaction,!*! and others. Uni-
axial compression is a most widely used green compact form-
ing technology. During powder compaction, the asymmet-
rical distribution of green density is caused mainly by fric-
tion between particles and the die wall.l>] The friction is the
critical factor that creates the uneven particle flow and stress
distribution.!®! Therefore, the friction mechanism plays an im-
portant role in densifying powders.

Numerous investigations have been conducted on pow-
der compaction and friction behaviour. Shoaib et al.l”) inves-
tigated the experiment on the uniaxial compression of pow-
der by using a buffer, and improved the green density and the
mechanical properties of the green compact. Wang et al.l%]
found that the elastic spring-back and demolding force during
high velocity compaction are smaller than those during tradi-
tional compaction. The above studies contributed to the en-
hancement of green density and the mechanical properties of
the green compacts. In recent years, more and more scholars
have considered the influence of friction on the green density
during powder compaction. Giiner et al.[>!"l simulated and
experimentally investigated the friction behaviour of powder
compaction by using the multi-particle finite element method
(MPFEM). The influence factors of particle friction coefficient
and contact stress were analyzed, and the influence of the fric-
tion model on friction coefficient was studied. However, the
MPFEM contains few particles, and it might be better to ex-
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Chen et al.''l ex-
perimentally studied the compaction of dry and wet mixing

amine the friction with more particles.

ferrous-based particles. Testing of the frictional characteristic
during compaction revealed that the wet mixing process can
realize lubricant uniformity and improve the process of desi-
fying powders. Previous studies regarded powders as a macro-
scopic continuum medium or as a complex consisting of few
deformable particles during powder compaction. Obviously,
the investigation on the micro friction mechanism between dis-
crete granules in powder compaction needs to be further stud-
ied.

To study discrete particles, Cundall and Strack proposed
the discrete element method (DEM).['?) Many scholars have
studied granular matter systems by using the said scheme. To
date, the discrete element method has been able to carry out
not only the microscopic research, but also the macroscopic
analysis on granule matter.['3] Furthermore, the concept of the
force chain was proposed, and multi-scale mechanical cou-
pling analysis was subsequently made.!'*~!"] The force chain
is a quasi-linear transfer route of force in a particle system
that carries larger forces than other particles, along its normal
direction.['8] The nonlinear sensitive response of granular ma-
terial can be obtained by using the force chain which is on a
mesoscopic scale in multi-scale mechanics.!'3! Therefore, it
is necessary to study the evolution of force chain in powder
compaction process.

The evolution of the force chain has been studied by

numerous researchers. Bouchaud et al.ll7)

proposed a phe-
nomenological equation to describe the propagation of force in

granular matter. A variety of force chain retrieval and recogni-
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tion algorithms appeared, such as the principal stress criterion
method!'®18) and the contact force criterion method.!!3-131 In
addition, some scholars have conducted experimental research
on the evolution of force chains. Fang et al.l'”) studied the
arching effect of the force chain through a photo elastic ex-
periment. However, the photo elastic method is unsuitable
Mahabadi
and Jang!?"! studied the force chain by x-ray. However, CT-

for an opaque powder, such as ferrous powder.

scan is better adapted to the static analysis of powder. Re-
garding the dynamic change of opaque granular materials,
the DEM is a feasible technique for investigating the force
chain. Zhang et al.!'3! employed the contact force criterion
method to examine the evolution of the force chains during
high velocity compaction (HVC). For geotechnical mechanics,
the principal stress criterion method is employed more com-
monly. The said method mainly analyzes particles with larger
or smaller principal stress which must have certain angles and
other conditions.!'®?1-241 Fu et al.??! studied the force chain
evolution of cohesionless granular materials under a biaxial
compression and conducted some quantitative researches. Liu
et al.””>! simulated and evaluated the biaxial compression ex-
periment on cohesive-friction material. The mesoscale force
chain was defined and analyzed from the aspects of force chain
buckling and local expansion. The principal stress criterion
method has less applications in powder compaction. Thus, the
said technique should be thoroughly investigated in relation to
powder compaction.

To analyze the relation between friction characteristics
and force chain, Wang et al.”*®! used the FEM-DEM coupling
method to analyze a three-body friction behavior, and sum-
marized the corresponding relation between the stress distri-
bution in the FEM region and the force chain distribution in
the DEM region. Meng and Liu/?") utilized the DEM to study
the influence of particle friction on macroscopic mechanical
behavior, microscopic mechanical response and the relation-
ship between different particle friction conditions and force
chain distribution. The above researches focused mainly on
the distribution of the force chain under different friction con-
ditions. Zheng et al.!*8! experimentally investigated the fric-
tional effects of three different materials, for which the influ-
ence of friction on the direction of the force chain was evalu-
ated through photo elastic experiments. This work primarily
involved the influence of friction on the direction of the force
chain. However, obtaining more data for quantitative analysis
through the photo elastic experiment is problematic. Zhang et
al.”>) employed a contact force criterion to examine the rela-
tionship between the friction of the side wall and the networks
of contact forces from the macroscopic and microscopic as-
pects. The friction characteristics between particles need to be
studied further.

As mentioned above, some frictional behaviors of parti-

cles have been well studied through experiments or DEM nu-
merical simulation. However, the reason for the lower densifi-
cation degree caused by particle friction is unclear. Thus, the
DEM is a promising technique for modelling the powder com-
paction process and analyzing the correlation between friction
mechanism and force chains, but this application is rarely re-
ported. According to our recent survey, two-dimensional (2D)
and three-dimensional (3D) powder compaction have attracted
much attention.[>30-321 Although the mechanical behavior of
powder is widely investigated by 3D simulation, the 2D simu-
lation can also be used to study the densification of powders in
a cross section and reveal the mechanical characteristics. 303!
Sun and JiB3!! investigated the anisotropy of force networks by
the 2D DEM model. They found that the 2D model can capture
mechanical behavior in powder compaction accurately. Kruyt
and Rothenburg[*?! studied the isobaric experiments on gran-
ular materials by the 2D DEM model, and the study showed
that the 2D simulation can accurately describe the anisotropic
phenomena among particles. Besides, the visualization de-
gree of force chains is higher indicated by 2D discrete ele-
ment simulation. In present research, our goal is to ascer-
tain the correlations between frictional effects and the force
chain by the 2D discrete element method and their useful-
ness for improving the density and density homogeneity of
green compacts. In this paper, we mainly study the physi-
cal properties of non-lubricated ferrous powder during pow-
der compaction, and analyze the friction properties of pow-
der compaction from the perspective of force chain domi-
nated multi-scale mechanics, the said method is applicable to
the physical phenomena exhibited during the compaction of
ferrous powders, and then, the nonlinear physical responses
between particles in the compaction stage of powder metal-
lurgy are revealed. The dynamic friction characteristics of fer-
rous powders in powder compaction are analyzed from three
scales: microscopic (between ferrous powders), microscopic
(force chain formed by particles under specific physical condi-
tions), and macroscopic (force chains formed by ferrous pow-
ders compaction).This study provides a theoretical basis for
powder compaction forming technology through analyzing the
condensed matter physical of ferrous particles. The main re-
search contents are as follows:

(i) According to the actual working conditions, a discrete
element model is established to conduct powder compaction
experiments, and the Heckel equation is used to verify the
powder compaction process.

(i1) Using the advantage of the DEM, the large principal
stress criterion method is employed to extract the information
about the force chain (such as the number and length of force
chains, the proportion between high stress particles and force
chain particles, and the distribution of force chain directions),
a feature which is prepared for the subsequent quantification.
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(iii) The correlation between the quantized information
about force chain and the frictional behaviours (such as the
motivation friction coefficient of the side wall and the motiva-
tion friction coefficient and slip ratio between particles) during
powder compaction is analyzed.

1.1. DEM modeling

The DEM is a numerical method proposed by Cundall
and Strack in 1979,11% and differs from the description of
granule matter in the theory of the finite element method. 33!
In the DEM particle system, the force-displacement law is

obtained. 134!

F.=F'+ F9, (1)

where F" and F¢ are the nonlinear hertz force and dashpot
force, respectively. Both forces are resolved into normal force

and shear force as follows: 34
F'= —F'n.+F), )
FY=_F%.+F¢, 3)

where 7, represents the direction normal to the contact plane,
FE"and F! denote the hertz normal force and hertz shear force,
respectively, Fd and FY indicate the dashpot normal force and
dashpot shear force, respectively. The hertz normal force is
given by

o 2(G) V2R

B el sl PO

where (G), R, (v), and |g.| are the equivalent elastic shear
modulus, radius, Poisson’s ratio, and contact gap, (|gc| < 0)
respectively. The interparticle contact diagram is shown in
Fig. 1, and the force between the particles or the force be-
tween the particles and the wall is calculated by the quantity
of overlaps (gap) between the particles. The equivalent elastic
shear modulus and Poisson’s ratio are calculated as follows:

)= G12%) 0
= tn) ©)

where G| and G; are the elastic shear moduli of two adjacent
particles, v; and v, are the Poisson’s ratios of two adjacent
particles. The equivalent radius of contact can be expressed as

N2
LR 7
R 2<R1+R2>’ )

where R| and R, are the radii of two adjacent particles. The
normal tangent stiffness is given by

L [1© ﬂ] 5172,

(- (V) ®)

where &, is the contact displacement increment of the normal
direction. The Hertz shear force is given by

F = kA&, ©

where the Ad is relative shear-displacement increment, while

the tangent shear stiffness is given by 34!

. [2(1—\/)(6)\/2?] (13

n

(10)

2= (V) (1=(v))

The dashpot shear force, Fsd, and the dashpot normal force,
F9, can be calculated from

Fl= (213\/W) 5 (11)
F = (2Ba/mckn ) b, (12)

where f3, is the normal critical damping ratio, f3; is the shear
critical damping ratio, m, is the effective inertial mass, and &
and &, are the relative tangential velocity of particle and rela-

tive normal velocity of particle, respectively.

%

Particle A

Fig. 1. Interparticle contact diagram.

To study the influence of friction on the mechanical be-
haviour of a granular system during powder compaction, a
2D particle model with a width of 0.02 m and a height of
0.02 m is established (Fig. 2).
lation model, we conduct some work. With the height-to-

For the size of the simu-

width ratio increasing, the distribution of stress becomes more
heterogeneous.[ﬂ Reference [27] showed that the simulation
model with a height-to-width ratio of 1:1 is suitable for study-
ing the friction phenomenon of powder compaction. More-
over, the simulation model with a width of about 0.02 m has
been widely studied,®?7-*1 so the simulation model with a
width of 0.02 m and a height of 0.02 m is appropriate. The
ferrous powder in this model has an initial relative density of
84% and then settled down under gravity (9.8 m/s?). Particles
are generated through grading.*>! In this work, the particles
were generated by using the friendly interactive shell (FISH)
command (number bin) in particle flow code (PFC). The FISH
is a UNIX shell, the said programming language used to pro-
gram particle flow. The PFC is a discrete element numerical
analysis software based on granular matter theory. The par-
ticle sizes are divided into 11 segments, and each segment is
uniformly distributed. The particle size distribution is shown
in Fig. 3. The values of density, Poisson’s ratio and elastic
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modulus of particles are set according to the parameters of the
ferrous powder.[*”! The friction coefficient of ferrous powder
is 0.25 based on Ref. [11]. To prevent particles from spilling
out, the wall normal stiffness and the tangential stiffness are
set to be 2 x 10'2 N/m. 3% The detailed parameters are shown

in Table 1. After generating the DEM model, the loading plate
is compacted with a constant compaction velocity along the
gravitational direction to achieve compaction until the axial
strain reaches approximately 9%. At this axial strain, the cor-

responding pressure is approximately 640 MPa.[8:2%]

Table 1. Model parameters.

Parameter name Value Parameter name Value
Wall normal stiffness, kn (N/m) 2x 10" Particle size, r (um) 150-200
Wall normal stiffness, ks (N/m) 2x 102 Particle mean diameter, (D) (um) 350
Wall friction coefficient, [y 0.25 Particle friction coefficient, 0.25
Loading plate compaction velocity, V (m/s) 0.2 Particle density, p (kg/m?) 7800
Normal damping coefficient, 7, (N-s/m) 0.7 Particle Poisson’s ratio, v 0.25
Tangential damping coefficient, 1y (N-s/m) 0.7 Particle elastic modulus, E (GPa) 209

To verify the reliability of the data, fitting Heckel equa-
tion is implemented. The compression behavior of the metal
powder is widely analyzed by using the Heckel model.[?7-3]
Since the metals are densified by a similar compaction tech-
nology, and Heckel did his work by using the metal powders

1381y so we

(powders of iron, steel, nickel, copper and tungsten
choose Heckel equation to study the density—pressure relation.
The equation is summarized by the compaction experiments

on many metal powders: 33!

1 1
In (1—D> _KP+ln<1—DO> ,

where D and D denote the relative density of the powder and

13)

the initial relative density of the powder, respectively, K is the
proportional coefficient, and P is the upper die pressure stress.

Compaction velocity V Loading plate

Unit: m
Particle size (10—%)

I 2.0000
1.9750
1.9500
1.9250
1.9000
1.8750
1.8500
1.8250
1.8000
1.7750
1.7500
1.7250
1.7000
1.6750
1.6500
1.6250

1.6000
I 1.5750

Ferrous powder

1.5500
1.5250

1.5000 X

Fig. 2. DEM model.

The Heckel compaction equation fitting curve under pow-
der compaction can be obtained by combining the data ob-
tained from the powder compaction experiment as shown in
Fig. 4, where e denotes the porosity of the ferrous powder, and
the fitting curve is In(1/e) = (1.075 x 10?) P+ 1.864. The
linear correlation coefficient is R-square = 0.99496, which
indicates that the fitting curve has a high reliability because

the value is close to 1. The experimental process of ferrous-
base powder compaction fits the Heckel compaction equa-
tion. Note that this equation is inappropriate for low pressure
compaction. 38

100
—~ 80 +
X 1
& 60f
5 L
S
g 4of
I L
5}
A 20
O o
150 160 170 180 190 200
Particle radius (pm)
Fig. 3. Particle size distribution.
2.7
| —— Original curve
a5f - Fitting curve
< 2.3
2L
Z
g 21
1.9
175 1 2 3 4 5 6 7

P (108 Pa)

Fig. 4. Heckel equation during powder compaction.

2. Force chain retrieval algorithm

Several criteria currently exist for characterizing the force
chain, such as the principal stress criterion and contact force
criterion, [13:16:21.22291 A] these criteria define one force chain
as a complex consisting of at least three particles. In this work,
the force chain retrieval algorithm is obtained according to the
recent literature.[!31621.22.25] Tg extract the information about
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the force chain in the DEM, the rules are specified as follows.

(i) Rule of length The shortest force chains must have
more than two particles.

(i1) Principle of high stress The major principal stress
must be larger than the average major principal stress in the
system. This criterion can be defined by Eqgs. (14) and (15).

(iii) Angle rules for forming force chains The angle be-
tween the branch vector (the central line of the contact parti-
cles) and the direction of the major principal stress vector is
less than 45°. The rule can be represented by Eqgs. (16) and
(17) as given below:

ol > liw’ (14)
1 N,':1 1]

2
T Er .

where Glij is the major principle stress tensor, N is the total par-

o] =

ticle number, 07 is the stress tensor in the x direction, 033 is
the stress tensor in the y direction, and 073 is the stress tensor
in the x to y direction.

2613

tan(20) = ———, (16)
011 — 033
of
cosa < ———— <1, a7
1]

where 0 is the direction of the major principle stress of the
granule, ¢ is the threshold set to be 45°. As shown in Fig. 5,
granule A is the reference particle and granule B is an effective
neighbour of A. The parameter / is a branch vector between the
granules. O'f‘ is the major principal stress direction of particle
A.

More detailed information about these rules can be found
in the literature.?! In addition, if two or more particles branch

Y
s

ke

AL ES A Y

when the force chain grows, we choose the particle with the
smallest angle (). For example, particles B and C in Fig. 5
are high stress particles and are adjacent to particle A. How-
ever, when f3; > 3, then particle B is picked to be the force
chain particle neighbor to particle A. The force chain is very
sensitive to the change of external force, and when the exter-
nal load changes, the force chain will evolve with it, such as
through fracture and recombination.?!]

/
Z—-“\

Fig. 5. Algorithm used to find force chains.

3. Result and discussion

3.1. Macroscopically characteristic analysis of force chain
during powder compaction

Note that the properties of the force chain (such as its
number, length and direction) are affected by the microscopic
parameters of particles (including the friction characteristic
between particles and the contact constitutive model).!??! To
study the evolution of the force chain during powder com-
paction, we choose eight situations with axial strains, they be-
ing 0.5%, 1.5%, 2.0%, 2.5%, 3.0%, 6.0%, and 9.0%. The
snapshots of force chains under the typical axial strain state
are shown in Fig. 6.

5

(e) Axial strain=2.5%

(f) Axial strain=3.0%

(g) Axial strain=6.0% (h) Axial strain=9.0%

Fig. 6. Snapshots of force chain under typical axial strain state.
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At the initial state and only under the action of gravity,
the force chain is concentrated at the bottom of the particle
system, and has strong randomness [Fig. 6(a)]. With the in-
crease of the axial strain, the force chain begins to evolve from
the top to the bottom of the particle system. This phenomenon
occurs before the axial strain is approximately 2.5%, and then
the force chain evolves throughout the particle system. With
the increase of the axial strain, the force chain will gradually
exhibit anisotropy [Figs. 6(e)-6(h)]. As the same time, further
loading may cause the density of powder to increase and make
the distribution of force chain more uniform.

To show the information about the force chain at each mo-
ment more intuitively, we quantify the length and number of
the force chain. Figure 7 and Table 2 indicate the nexus be-
tween the length and number of force chains under different
axial strains. However, no obvious change occurs in the dis-
tribution of the force chain length under different axial strains.
Table 2 shows that longer chains is easier to form under low
external loads, especially in the case of gravity alone (axial
strain at 0.0%). As can be seen from Fig. 7 and Table 2, the
number of force chains with force chain lengths 3 and 4 ac-
counts for approximately 77% of the total number of force

chains at the initial state. Meanwhile, the force chains with
lengths greater than seven particles are relatively few, account-
ing for approximately 5%. With powder compaction, the force
chain breaks easily and forms a shorter force chain. When the
axial strain accounts for 0.5%, the longest length of the force
chain is 12 particles; by contrast, when the axial strain occu-
pies 9%, the longest length of the force chain is only 9 parti-

cles.

160} —=— Axial strain = 0%

140l —e— Axial strain =0.5%
@ —a— Axial strain =1.5%
= 120 —v— Axial strain =2.0%
= —o— Axial strain =2.5%
o loof Axial strain = 3.0%
S g0 Axial strain =6.0%
S —e— Axial strain =9.0%
5 60
3
_g 40t
Z: 201

0 -
_ool— A A A A A A A
2 4 6 8 10 12 14 16 18

Length of force chains (number of particles)

Fig. 7. Curves of force chain number versus length under different axial
strains.

Table 2. Statistics of the number and length of force chains.

Numbor Length 5 4 5 6 7 8 9 10 11 12 13 14 15 16 Totl
Axial strain—0.0% 123 4 21 13 7 2 2 3 0 1 1 / / 218
Axial strain=0.5% &2 17 3 2 4 1 1 / 1 / / / / 91
Axial strain—1.5% 138 48 26 9 4 2 1/ / / / / / /228
Axial strain=2.0% 150 50 25 9 6 / / / / / / / / / 240
Axial strain=2.5% 128 48 12 8 2 2 / 2 / / / / / / 202
Axial strain=3.0% 137 49 13 7 3 2 1 / / / / / /212
Axial strain—6.0% B3I 47 12 8 5 3 | / / / / / /206
Axial strain=9.0% 139 3 18 10 2 2 1 I / / / / / /208

3.2. Correlation analysis of friction and force chain char-
acteristics

The friction between the particles and the wall is the main
reason that affects the uneven distribution of green density.!>-0]
Thus, the friction characteristics of powder compaction must
be analysed from two aspects.

The friction coefficient between particles and walls can
be calculated by Coulomb’s friction law.[*?! The said law has
been widely used to study the friction phenomena of granular
matter.[>?7->°1 The calculation method of Coulomb’s friction
law is specifically expressed in Eq. (18), where F; and F; are
the shear and normal force acting on the side wall, the ‘L’ and
‘R’ denote the left side wall and right side wall, respectively.
To study the average friction coefficients of all particles, we
calculate the friction coefficients of all granules and divide the
sum of friction coefficients by the total number of granules.
The details are shown in Eq. (19).

BR[|
2 Y

N

T IR /5|

(18)

Hwan =

i-
N )
where FF and FY are the shear and normal forces received by

Mparticle = (19)

all the particle. Levanov and Mater optimized the Coulomb
friction equation and introduced the parameters such as the
yield strength of the material when calculating the friction
coefficient.[*! The friction constitutive equation has been used
in Refs. [9,10]. The model can be represented by Eq. (20) in
this study.

Lo :

k(I exp(~125 (ga/00)))

N

where f is the friction factor, and 7 and g, represent the shear

(20)

and normal stress, respectively, oy is the initial yield stress of
the ferrous powder, and has a value of 394 MPa. The parame-
ter k is the yield stress in shear.

024501-6



Chin. Phys. B 31, 024501 (2022)

In our previous study, we confirmed a close relation be-
tween the friction coefficient of the side wall and the slip ra-

1.12%] Meanwhile,

tio of the granules adjacent to the side wal
the slip ratio and friction coefficient between granules are also
worth further analyzing. Granule p is defined as the slip gran-
ule if the shear force between the other granule and granule p

is near to the maximum static friction:

|FP| < 1.01u|FP|,
|FP| >0.99u |FY|.

ey

After we identify the slip granules, we calculate the total num-
ber of slip granules and then divide it by the total number of
granules to compute the slip ratio.

On the basis of the above theory, the evolution of the side
wall friction coefficient with the axial strain during powder
compaction is obtained [Fig. 8(a)]. The side wall friction has
a similar variation tendency to experimental result in Ref. [11].
The friction coefficient increases almost linearly until the axial
strain is nearly 1%. In our study, the friction coefficient of the
side wall will eventually tend towards the steady state during
powder compaction and is nearly 0.244. Figure 8(b) shows
the average friction coefficients of different friction models

0.30
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0.25¢
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Side wall friction coefficient
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70
(c)
60F —— High stress particles proportion

50 —=—Force chain particles proportion
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10F

Proportion of particles (%)
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Axial strain (%)

ol

for each particle during the powder compaction. In the initial
phase, the friction coefficients of the two friction models both
show a trend of linear growth, and then tend to move towards
equilibrium. When the friction coefficient tends move towards
equilibrium, the force chains exactly evolve from the top to the
bottom (Fig. 6). The friction coefficient of the Levanov fric-
tion model finally tends to be 0.202, a value which is slightly
lower than the friction coefficient of 0.25 which we set. How-
ever, the stable friction coefficient obtained from the Coulomb
friction model is only 0.146 and remarkably differs from the
value of friction coefficient that we set. Note that the Levanov
friction model introduced more correction parameters than the
Coulomb friction model, and previous studies proved that the
Levanov friction model has a better improvement effect on the
Coulomb friction model.[>!! We find that the coefficient of
the friction between particles is related to the following two
aspects: on the one hand, the friction coefficient is related to
the stress uniformity and this phenomenon can be represented
by the force chain evolution process (see Fig. 6); on the other
hand, the said coefficient is closely related to the slip ratio be-
tween particles [see Fig. 8(d)].
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Fig. 8. Evolutions of (a) side wall friction coefficient, (b) mobilized particle friction coefficient, (c) proportion of high stress and force particles,

and (d) slip ratio of particles with axial strain.

In Figs. 8(b) and 8(c), the evolution of the proportion of
high stress particles and the evolution of force chain particles
have the same trend as that of the friction coefficient. Remark-
ably, the proportion between the force chain particles and the
high stress particles reaches the equilibrium ahead of the fric-

tion coefficient between particles arriving at the equilibrium.

This phenomenon is caused mainly by a sudden decrease of
the slip ratio between particles when the axial strain reaches
2%, thereby resulting in jamming[*>*3! (see Fig. 6(d)), and the
process continues until the axial strain is 2.5% [see Fig. 8(d)].
In this state, the high stress particles are mostly concentrated

at the top of the model, and forming a force chain more easily
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according to the judgment rule of the force chain angle. The
jamming phenomenon will be investigated in our subsequent
work.

In addition, the evolution of the friction coefficient be-
tween particles can also be explained by the previously anal-
ysed law of force chain evolution (see Fig. 6). The force chains
grow from top to bottom during the initial stage of powder
compaction. Between the axial strain of 2% and 2.5%, the
force chain grows extensively to the lowest end of the parti-
cles, and the friction coefficient arrives at approximately equi-
librium position. Therefore, the coefficient of the friction be-
tween particles is highly related to the uniformity of the stress
between particles. As shown in Figs. 8(b) and 8(d), the friction
coefficient and slip ratio between particles increase steadily
before the axial strain of 2%. In an axial strain range from
2% to 3%, the slip decreases obviously, and the friction coeffi-
cient between particles also decreases. The friction coefficient
between particles and the slip ratio first increase and then de-
crease in a range between 3% and 5% of axial strain, and then
gradually stabilize.

(a) (b)

Qa2

Fig. 9. (a) Positive angle and (b) negative angle of the force chain.

On the one hand, the friction between the side wall and
the particles has a strong relation with the distribution of the
side wall force chains, on the other hand, friction characteris-
tic between all the granules are closely related to the evolution
of force chains. Thus, the relation between the side wall and
all interparticle friction should be investigated further. Refer-
ence [44] identifies a strong anisotropy in the direction of the
principal stress of the particles near the side wall due to the
friction between the side wall and the particles. Thus, we de-
fine the direction of the force chains as being similar but not
equivalent to those in previous work.[*>? The similarity is
that the direction of the force chains is defined as the vector of
the particles at the beginning and end of the force chain, but we
propose a new angle distribution of the force chain. The angle
of the force chain direction as shown in Fig. 9 (where we take
a force chain of three particles for example) is between plus
and minus 90° relative to the horizontal axis. The red arrows
represent the direction of the force chains, and the angle can
be computed from the tangent function. Meanwhile, the di-
rectivities of the force chains with different areas are studied
quantitatively. We evenly divide the model into three parts to
examine the anisotropy of the force chain direction.

Powder compaction can be divided into two stages: the
particle rearrangement stage and the powder further com-

e.??) In this study, the axial strain before 2.5%

paction stag
should belong to the phase of particle rearrangement because

the force chain has not fully evolved to the bottom of the die

walls.
80
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Fig. 10. Percentages of positive directions of force chains in different areas
during powder compaction.

Figure 10 shows the percentages of the positive directions
of force chains in different areas during various axial strains.
Different states correspond to different axial strains. The S1—
S8 states have an axial strain of 0.0%, 0.5%, 1.5%, 2.0%,
2.5%, 3.0%, 6.0%, and 9.0%, respectively. Given the fric-
tion in the further compaction stage of the powder (Fig. 10),
the positive force chain in the middle area is distributed, ar-
riving at approximately 50%, the positive force chain on the
left side is distributed, reaching approximately 60% to 65%,
and the positive force chain in the right area is distributed, ac-
counting for about 40%. Thus, the ratio between positive and
negative force chains in the left area and the right area are rel-
atively higher. At the same time, it is noted that the sum of
the proportion of force chains in the positive direction and the
proportion of force chains in the negative direction is 100%.
Therefore, the proportion of the force chains in the negative
direction can be readily ascertained by examining the propor-
tion of the chain of forces in the positive direction. All in all,
the direction of the force chains in the middle area cannot be
maintained in a constant positive or negative direction. The
direction of the force chains in the middle area remains in a
disordered state because the side wall friction has less effect
on the force chain in the middle area. Nevertheless, the direc-
tion of the force chains occupying the left area remains pos-
itive after the particle rearrangement stage, and the direction
of the force chains occupying the right area remains negative.
It is certain that the side wall friction and the friction between
particles would have an important effect on the direction of
force chains growing in about one-third of the area near the
side wall. The detailed probability distributions of the direc-
tion of the force chains are shown in Figs. 11-13.
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+90° 15%

(f) Axial strain =3.0%

+90° 15%

(g) Axial strain=6.0% (h) Axial strain =9.0%

Fig. 11. Distributions of the force chain in the middle area for various axial
strains.

As shown in Figs. 11-13, we divide the angles of the
force chain in a range from —90° to +90° into 20 equal parts,
calculate the percentage of the force chains in each angle in-
terval, and draw a diagram of the probability distribution of
the force chain in each direction. Figure 11 shows the prob-
ability distribution of the force chain direction in the mid-
dle area. The number of force chains in the positive direc-
tion and in the negative direction are almost equal. However,
given the interaction between the lateral wall and the friction
between the particles, we can confirm the anisotropy of the
particle principal stress direction, and similar conclusions are
reached in Ref. [44]. Meanwhile, the direction of the principal
stress directly affects the evolution of the force chain, so the
force chain close to the side wall will show strong directional
changes. When the powder is compacted, the force chain near
the left wall is dominant in the positive direction. (see Fig. 12).
However, the direction of the force chain near the right wall is
mostly in the negative direction (see Fig. 13). Further, the di-
rection of the force chain during its evolution would converge
to some angles. For example, the angle of the force chain close
to the left tends to be approximately in a range from 30° to 70°,
whilst the angle of the force chain close to the right tends to be
approximately in a range from —30° to —70°. Nevertheless,
the force chain in the middle area is disordered.

+90° 15%

(a) Axial strain=0.0%

+90° +90°
—60° °

-30° 30°

(c) Axial strain=1.5%

+90° +90°
6

+90°
60°

(g) Axial strain =6.0%

(h) Axial strain =9.0%

Fig. 12. Distributions of force chain in left area.

+90° 15%
60°

—60°

(a) Axial strain =0.0%

+90° 15%
—60° 060°

10%

(c) Axial strain =1.5%

—30° 30°

+90° 15%
—60° 60°

10%

(e) Axial strain=2.5%

—30° 30°

0°

+90° 15%
—60° 060°

—30° 30°

0°

(g) Axial strain =6.0%

(h) Axial strain =9.0%
Fig. 13. Distributions of force chains in the right area for various axial
strains.

According to Refs. [45,46], when powder is compressed
or sheared, the anisotropy phenomenon exists in the normal

and tangential forces of the particles. In this work, the direc-
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tion of the major stress of the force chain is mixed with the
directions of the tangential force and of the normal force of
the particle. Therefore, the aggregation of the force chains in
different directions may be related to the extent of anisotropy
between the particle normal force and tangential force.

In Subsection 4.1, few force chains occur in the lower
part of the force chains on both sides of the model during the
macroscopic evolution of the force chains (see Fig. 6), the oc-
currence which is also related to the friction between the side
wall and all particles. In other words, the friction will lead to
lower stress near to the lower area of the side wall, which is
similar to the research results in Ref. [44]. From the principle
of densification, the friction will result in lower density near
the side wall. Now, we can clearly establish that the frictional
interaction between the side wall and all the particles influ-
ences the force chain. When the friction coefficient is close
to zero, the green density may be higher. Reference [11] con-
firmed that under the lubrication action of zinc stearate, the
reduction of the friction coefficient will enhance the densifica-
tion effect, but the lubrication effect is limited; in addition, it

is expected that more scholars will investigate this issue.

4. Conclusions

On the basis of the DEM, in this study the information
about the force chain is extracted through the principal stress
criterion method and the correlation between the force chains
and the friction mechanism is investigated. The main research
conclusions are as follows.

(i) With the increase of the axial strain, the force chain
begins to evolve downward with the loading direction and fills
the entire region when the axial strain is close to 2.5%. Dur-
ing loading, forming shorter force chains is easier. Under the
action of gravity, the longest force chain reaches 16 particles,
but when the axial strain reaches 9%, the length of the longest
force chain is 9 particles.

(ii) Given an increase in the axial strain, the side wall fric-
tion and average particle friction coefficient begin to increase
and eventually tend to be stable. The evolution of the slip ratio
between particles and of the average particle friction coeffi-
cient have the same trend.

(iii) The average particle friction coefficient is related to
the evolution of the force chain. When the force chain is filled
with the entire particle system, the average particle friction
coefficient reaches a stable state, but numerous jamming phe-
nomena arise in the evolution of the force chain, a feature
which will affect the evolution process of the force chain to
a certain extent. We will further analyze this problem in the

future research.

(iv) The principal stress direction of the particles is af-
fected by the friction between the side wall and the particles.
The direction of the force chain in the one-third of near side
wall area is significantly affected by friction. As the axial
strain increases, the angle of the force chain close to the left
die wall tends to be approximately in a range from 30° to 70°,
whilst the angle of the force chain close to the right die wall
tends to be approximately in a range from —30° to —70°. This
phenomenon will affect the densification process of powder
compaction. Appropriate lubrication would be helpful in im-

proving the green density.
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