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Abstract 
The internal mechanical behavior of powder system and the side wall friction behavior during powder compaction keep 
unclear yet. They are significant for revealing the densification behavior during powder compaction. The evolution of force 
chain quantitative characteristics (number, length, direction coefficient and buckling degree) and side wall friction char-
acteristics (nominal friction coefficient, contact motion index and sliding work) at different compaction velocities, initial 
porosities and internal friction coefficients during ferrous powder compaction has been investigated by discrete element 
method. Results show that the small change in compaction velocity cannot influence the force chain characteristics and side 
wall friction behaviour. The different initial porosities and friction coefficients between particles can affect the force chain 
characteristics and the side wall friction behaviour. The force chain can be related to the side wall friction behaviour at dif-
ferent conditions, according to the corresponding characteristics of force chains and friction behaviour (before and after the 
axial strain reaches to 0.1). This study would expand the tribology of granular matter and is useful for understanding the 
internal and external mechanics during powder compaction.

Keywords Powder compaction · Granular matter · Discrete element method · Friction behavior · Force chain

1 Introduction

The metal powder compaction is an effective forming 
method to obtain compacts with a certain size and density 
under pressure [1]. This forming method has the advantages 
of low material loss, low cost and high efficiency. It also 
plays an important role in powder metallurgy and has been 
widely used in numerous fields, such as producing mechani-
cal parts in engineering and composites in material science 
[2].

The friction during powder compaction, including inter-
nal and external friction, has effect on the densification 
process of compacts by limiting the rearrangement and dis-
placement of powder [3]. The internal friction exists between 
powders, and the external friction behaviour occurs between 
powder and side walls of die; this condition is called side 
wall friction behaviour. Some works investigated the side 
wall friction behaviour during powder compaction. Chen 

et al. [4] analysed the friction behaviour of different metal 
powder mixtures by powder compaction experiments and 
found that large amount of lubricants can decrease the fric-
tion coefficient between side walls of die and mixtures. Zhou 
et al. [5] analyzed the friction coefficient between metal 
powder and side walls of die under lubricated and unlubri-
cated conditions by finite element method (FEM). Staf and 
Larsson [6] carried out experiment and FEM simulation to 
investigate the role of side wall frictional model in analys-
ing friction and friction coefficient during metal powder 
compaction. Combined with the previous works, the side 
wall friction behaviour is mostly analysed at macroscopic 
scale by numerical or experimental methods. Meanwhile, the 
friction coefficient and friction are commonly used in ana-
lysing side wall friction behaviour from macroscopic scale. 
However, the powder is a discontinuous system, and abun-
dant powder particles are in contact with each other in this 
system. The side wall friction behaviour can be affected by 
particles, which are in contact with the side walls of die. The 
side wall friction behaviour should be further investigated at 
microscopic scale, and the microscopic friction parameters 
should be obtained to reveal detailed contact and motion 
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behaviour of particles. The microscopic friction analyze 
based on the granular matter is necessary.

The powder is a discrete system and belongs to granu-
lar matter, which contains particles with a diameter greater 
than 1 μm and liquid saturation less than 1 [7]. The dis-
crete element method (DEM) can effectively investigate the 
granular matter [8], and the powder can be realised as a 
discontinuous medium based on DEM. The granular matter 
has multiscale mechanical behaviour, and mesoscopic force 
chain plays an important role in it. The force chain is a quasi 
linear mechanical structure with an adjacent contact force 
[9]. The force chains in powder can support external com-
paction load and provide the path for stress transmission. 
Some works have been conducted to investigate the force 
chains during powder compaction. Meng et al. [10] inves-
tigated the multiscale mechanical behaviour during powder 
compaction and qualitatively analysed the distribution of 
force chains indirectly via contact force statistics. Wang 
et al. [11] numerically analysed the compaction process of 
TiC-316L composite powders and discussed the formation 
and reorganisation of force chains qualitatively. We [12] also 
introduced quantitative parameters to describe the change 
of force chains during high velocity compaction of pow-
der. However, the quantitative parameters of force chains 
are rather single. According to the above works, the change 
of force chains was mostly analysed qualitatively, and the 
quantitative parameters of force chains would describe the 
force chain information more directly. The detail quantitative 
research of force chains is also necessary.

Furthermore, although previous works have been carried 
out to investigate force chains or friction behaviour dur-
ing powder compaction, the relation between force chains 
and side wall friction behaviour is uncertain. The side wall 
friction phenomenon is the external mechanical behaviour, 
and the evolution of force chains is the internal mechanical 
behaviour. An interaction between them is based on powder 
media. It’s important to reveal the relation between internal 
mechanical behaviour and external friction behaviour dur-
ing powder compaction from the perspective of microscopic 
granular matter. And internal and external powder compac-
tion mechanism would be integrated based on it. It can be 
helpful for predicting internal mechanical behavior from 
external friction behavior or vice versa. More importantly, it 
would provide the basis for improving the densification dur-
ing powder compaction based on external friction behaviour 
and internal mechanical mechanism.

Although the powder compaction could be investigated 
by 3D model, the 2D simulation also can be used to analyze 
the densification of powder in a cross section and to reveal 
the evolution of friction and mechanical characteristics [13, 
14]. Moreover, to capture the force chains in 3D DEM model 
is an interesting topic. But the identification algorithm of 
force chains in 3D model is complex and difficult. Thus, 

most recent works about force chains have been done based 
on 2D planar DEM model [15, 16]. The 2D planar DEM 
model can provide a convenient way to capture the evolu-
tion of force chains. According to the above considerations, 
we use the 2D model to analyze the intrinsic mechanics and 
physics, including force chains and friction, during powder 
compaction. We would use the 3D model to compare the 
evolution of force chains and friction characteristics during 
powder compaction in 3D state to that in 2D state in the 
future.

The ferrous powder compaction model is established by 
DEM in Sect. 2 to investigate the side wall friction behav-
iour at particle scale and mesoscopic mechanics of powder 
system during powder compaction. The microscopic side 
wall friction characteristics and quantitative force chain 
characteristics are introduced in Sect. 3. The influence of 
compaction velocity, initial porosity and friction coefficient 
between particles on the side wall friction behaviour and 
force chain characteristics is analysed fully in Sect. 4. The 
relation between side wall friction behaviour and force chain 
is also discussed. This work would be helpful for expanding 
the granular matter friction mechanism and the mesoscopic 
mechanics of granular matter. And it can provide guidance 
for establishing the relation between internal and external 
granular matter behaviour. More importantly, it would pro-
vide the basis for improving the densification during pow-
der compaction based on friction behaviour and internal 
mechanic mechanism.

2  Calculation model of powder compaction

2.1  DEM modelling process

The powder belongs to granular matter, and the process of 
powder compaction can be simulated by DEM. The powders 
can be realised as particles, and the motion of each particle 
is analysed by Newton’s second law of motion in DEM [17], 
as follows:

where mi and Ii are the mass and the moment of inertia of 
particle i, respectively; �j and �j are the contact force and the 
radius direction vector of j-th contact of particle i, respec-
tively; vi and �i are the linear velocity and angular velocity 
of particle i, respectively; � is the gravitational acceleration, 
the value of such is 9.8 m/s2 and with the same direction as 
the loading in this study.

(1)
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Based on the motion law of powder, as shown in Eq. (1), 
the contact force is considered by contact model. The 
Hertz–Mindlin contact model is introduced to calculate the 
normal and tangential contact force between powders [17]. 
The damping condition is also considered to achieve the 
dissipation of energy [18]. The normal contact force is cal-
culated by the following [17]:

where Un is the normal overlap value between particles, �n is 
the normal damping coefficient, n and Gn are the normal unit 
vector and the normal relative velocity between two parti-
cles, respectively. Kn is the normal contact stiffness obtained 
as follows [17]:

where G̃,R̃ and �̃� are the equivalent shear modulus, radius 
and Poisson’s ratio, respectively. They are calculated by the 
average shear modulus, radius and Poisson’s ratio between 
two particles. In addition, if one particle is near the wall, 
the values of G̃,R̃ and �̃� are the shear modulus, radius and 
Poisson’s ratio of this particle, respectively.

The tangential contact force is calculated by the follow-
ing [17]:

where S is the tangential displacement increment between 
two particles, �t is the tangential damping coefficient, and Gt 
is the tangential relative velocity between two particles. Kt is 
the tangential contact stiffness obtained as follows:

In addition, some other works used the stick–slip friction 
model to describe the effects of stick–slip behavior. Berry 
et al. [19] used the coulomb friction to model a stick and slip 
behaviour. The maximum tangential contact force is limited 
by the product of normal contact force and friction coeffi-
cient. Jasion et al. [20] introduced the stick–slip model based 
on the maximum tangential force which is the product of 
normal contact force and friction coefficient. Govender [21] 
pointed out that the tangential contact between particles is 
described by a stick–slip friction model where the tangential 
force is coupled to the normal force based on the Coulomb's 
law. Actually, the effects of stick–slip behavior have already 
been considered in our model according to the stick–slip 
friction model [19–21]. The tangential contact force is lim-
ited by the friction condition. If the tangential contact force 
is greater than the product of friction coefficient μ and the 

(2)F
n
= − KnUnn − �nGn,

(3)Kn =

�
2G̃

√
2R̃

3(1 − �̃�)

�√
Un,

(4)Ft= − KtS − �tGt,

(5)Kt =

[
2
(
3G̃2(1 − ṽ)R̃

)1∕3
2 − �̃�

]
||Fn

||1∕3

normal contact force, then the value of tangential contact 
force is set to the above product. It means that if the tan-
gential contact force is greater than or equal to the �||Fn

|| , 
the tangential contact force is calculated by −�F

n
 . If the 

tangential contact force is less than �||Fn
|| , the tangential 

contact force can be calculated by Eq. (4).
Although powder compaction can be investigated by 3 

dimensions simulation, the 2 dimensions (2D) simulation 
can also be used to capture the displacement and rearrange-
ment of powder and reveal the evolution of mechanical char-
acteristics easily. The 2D DEM calculation model is shown 
in Fig. 1. The model consists of four die walls and has a 
width of 0.01 m and height of 0.015 m. The size of model is 
appropriate in powder compaction [22]. The left and right 
walls can be realised as side die walls, and the bottom wall 
can be realised as bottom punch. The loading wall is realised 
as the upper punch, and the compaction velocity is attributed 
to it along the negative direction of the Y-axis. The load-
ing wall can move downward under the specified constant 
compaction velocity. The round ferrous powders are gener-
ated random in the die walls and then begin to settle down 
under gravity until they are relatively static [23]. A total of 
3000 is used to improve computing efficiency. The material 
parameters of the powder is the same as the ferrous powder 
[14]. The density, Poisson’s ratio and the elastic modulus of 
ferrous powder are 7800 kg/m3, 0.25 and 209 GPa, respec-
tively. The average diameter of the powder is 222 μm, and 
the range of particle size is 148 ~ 296 μm with the uniform 
distribution. The initial porosity of the system is 0.2. The 
porosity is calculated by the ratio of the difference between 
1 and the area of powders to the area of model [17]. The 

Fig. 1  DEM model of powder compaction
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friction coefficient between powders and between powder 
and die walls is set to 0.25, which is selected based on Ref. 
[14]. The normal and tangential damping coefficient is 0.2, 
and it can achieve good energy dissipation [17]. Further-
more, we pay more attention to the effects of sliding friction 
between powders and between powder and die wall in this 
study. Some other works also ignore the effect of rolling 
friction and only consider the sliding friction coefficient 
between powders during simulation of powder compaction 
[10, 11, 24]. And there are also some reports about axial 
compression of granular materials only use the sliding fric-
tion coefficient between particles in the DEM model [25, 
26]. Moreover, the rolling resistance model can be intro-
duced by writing and coding an user-defined model (UDM) 
in C +  + and there are some papers pay more attention to it 
specifically [27, 28]. It is complex and difficult to combine 
with our current research. The role of rolling friction during 
powder compaction would be an interesting research and it 
would be investigated in the follow-up study.

During powder compaction, the loading wall moves 
downward with the compaction velocity of 0.2 m/s until the 
axial strain reaches 0.25. The axial strain is calculated by the 
ratio of the displacement of loading wall to the height of the 
model. The pressure can reach to approximately 600 MPa at 
axial strain of 0.25, and it is common in the ferrous powder 
compaction [14].

2.2  Fitting curve of compaction equation

The compaction behaviour of ferrous powder based on DEM 
model is analysed by the compaction curve to verify the 
reliability of the model. The compaction curve is fitted by 
the Athy–Shapiro–Konopicky equation, which is suitable 
for general metal powder and widely used in the medium- 
and high-pressure conditions [29, 30]. The Athy–Shap-
iro–Konopicky equation is given by the following:

where P is the compaction pressure, and � and �0 are the rela-
tive density and the initial relative density of powder, respec-
tively. The relative density and the initial relative density of 
powder in DEM model can be calculated by the difference 
between 1 and the porosity and by the difference between 
1 and the initial porosity. The calculation method of poros-
ity is shown in Sect. 2.1. a and b in Eq. (6) are the fitting 
parameters. Suppose that x = P and y = ln((1 − �)∕(1 − �0)) , 
the fitting curve is as shown in Fig. 2. The fitting equation is 
y =  − 0.001086x–0.09188, and the fitting correlation coef-
ficient R2 is 0.9898. The finding indicates that the DEM 
model satisfies the Athy–Shapiro–Konopicky equation, and 

(6)ln

(
1 − �

1 − �0

)
= aP+b,

the simulation model can describe the compaction behaviour 
of ferrous powder.

3  Quantitative analysis method

3.1  Analysis method of side wall friction behaviour

The nominal friction coefficient is introduced to describe 
the friction coefficient between powder and side walls. 
It can reflect the friction condition on the side wall. The 
nominal friction coefficient μ is calculated based on 
Amontons–Coulomb friction law [31], as follows:

where FL
X
 and FL

Y
 are the normal and tangential force act-

ing on the left side wall along the X-direction and Y-direc-
tion, respectively. FR

X
 and FR

Y
 are the normal and tangential 

force acting on the right side wall along the X-direction and 
Y-direction, respectively.

The contact motion index is also introduced to describe 
the contact condition of powders, which are in contact 
with the side walls [32]. The contact motion index can 
reflect the contact closest to the Coulomb failure crite-
rion. If the contact motion index is 1, then all contacts 
satisfy the Coulomb failure criterion. The higher contact 
motion index indicates more difficulty for the powder to 
move. The contact motion index Im is calculated by the 
following:

(7)
�=

||||
FL
X

FL
Y

|||| +
||||
FR
X

FR
Y

||||
2

,

Fig. 2  Fitting curve of Athy–Shapiro–Konopicky equation (color 
online)
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where S is the number of contacts between the side wall and 
the powder, μw is the theoretical friction coefficient between 
the powder and the die walls, the value of which is 0.25. f t

i
 

and f n
i
 are the tangential and normal contact forces of i-th 

contact on the side walls, respectively.
The sliding work can reflect the energy evolution of con-

tacts on the side walls during powder compaction. The incre-
ment of sliding work ΔEs during adjacent time steps is given 
by the following [17]:

where ΔUs
i
 is the increment of the displacement of i-th con-

tact on the side walls during adjacent time steps.

3.2  Analysis method of force chain characteristics

The contact force judgment method [33] is used to obtain the 
information of force chains. The formation of force chains 
should satisfy three criteria, as follows: (1) strength crite-
rion, where the contact force between particles of force chain 
should be greater than the mean value of contact force of 
powder; (2) length criterion, where the number of particles 
of one force chain should be more than three; (3) linearity 
criterion, where the sharp angle among three adjacent par-
ticles should be below the threshold to ensure the linearity 
of force chains. For example, the sharp angle amongst par-
ticles 1, 2 and 3 is the difference of 180° and β1, as shown in 
Fig. 3. The threshold is calculated by the ratio of the 180° 
and the average coordination number, which is the average 
contact number of every particle. If some neighbouring par-
ticles satisfy the above three criteria, they would form one 
force chain. The force chains are extracted until all the par-
ticles of the system are considered. The detailed extraction 
method of the force chains of the powder is in accordance 
with Ref. [33] and our previous work [12].

Furthermore, the quantitative parameters are introduced 
to describe the force chain characteristics, including number, 

(8)
Im=

∑s

i=1

f t
i

�wf
n
i

s
,

(9)ΔEs =

s∑
i=1

f t
i
ΔUs

i
,

length, direction coefficient, and buckling degree, based on 
the information of force chains.

The length of force chain is calculated by the sum of dis-
tance between every adjacent particle in the force chain, as 
follows:

where n is the number of particles in this force chain, and 
di,i+1 is the distance between i-th particle and (i + 1)-th par-
ticle. For example, the length of force chain in Fig. 3 is the 
sum of d1,2, d2,3 and d3,4.

The direction coefficient of force chain can describe the 
extension direction of force chain [34]. The direction coef-
ficient of force chain is calculated by the following:

where �i,i+1 is the included sharp angle between the direc-
tion of i-th contact force of force chain and the direction of 
Y-axis. The direction of i-th contact force is along that of 
di,i+1 . For example, the direction of f1 (first contact force) 
is along the direction of d1,2 , as shown in Fig. 3. Lower Rd 
indicates that the force chain inclines to the Y-axis more 
remarkably.

The buckling degree of force chain can describe the lin-
earity of force chain. It is calculated by the following:

where βi is the angle between di,i+1 and di+1,i+2 . For example, 
β1 is the angle between d1,2 and d2,3 in Fig. 3. The higher Rb 
indicates worse linearity degree of force chain.

The length, direction coefficient and buckling degree of 
all force chains of the powder system are analysed, and their 
average value is obtained to represent the force chain charac-
teristics of the system during powder compaction.

4  Results and discussions

4.1  Influence of compaction velocity

The compaction velocity is the key factor for powder den-
sification. The influence of compaction velocity (v = 0.1, 
0.2, 0.3, 0.4 and 0.5 m/s) on side wall friction behaviour is 
obtained, as shown in Fig. 4.

With the increase in axial strain, the nominal friction 
coefficient and the contact motion index increase ini-
tially and then maintain fluctuation. The nominal friction 

(10)l =

n−1∑
i=1

di,i+1,

(11)Rd =

∑n−1

i=1

��i,i+1�
90◦

n − 1
,

(12)Rb =

∑n−2

i=1

180o−�i

180o

l
,

Fig. 3  Diagram of force chain quantitative characteristics
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coefficient increases when the axial strain is less than 0.1 
and remain constant (approximately 0.22) when the axial 
strain is greater than 0.1. According to Ref. [4], the friction 
coefficient also increases initially and then remains constant. 
The contact motion index increases initially when the axial 
strain is less than 0.1, then has a slight reduction. Finally, the 
contact motion index fluctuates gradually. With the increase 
in axial strain, the sliding work continues to increase. The 
growth rate is relatively low when the axial strain is less 
than 0.1 and is relatively high when the axial strain is greater 
than 0.1. The evolution of friction behaviour is related to the 
densification of powder. The powder begins to move and 
rearrange when the axial strain is low. The friction coef-
ficient and contact motion index increase, and the sliding 
work increases slowly in this stage. Then, the structure of the 
powder inclines to be stable gradually, and the friction coef-
ficient and contact motion index slightly change. Meanwhile, 
the sliding work has rapid growth in this stage based on the 
relatively more contact between powder and side walls.

The influence of compaction velocity on the nominal 
friction coefficient, the contact motion index and the slid-
ing work is small (Fig. 4). With the increase in compaction 

velocity, the friction coefficient and the contact motion 
index increase slightly. The relatively high compaction 
velocity rearranges the powder more dramatically, and the 
friction resistance is slightly high between power and side 
walls when the change of compaction velocity is small.

The evolution of force chain characteristics and the influ-
ence of compaction velocity are shown in Fig. 5.

With the increase in axial strain, the number of force 
chains increases gradually, and the length of force chains 
decreases gradually. This finding indicates that the force 
chains change from long force chains to short force chains 
based on the break and reorganisation of force chains. The 
newly generated force chains have better linearity; thus, the 
buckling degree decreases with the increase in axial strain. 
With the increase in axial strain, the force chains incline to 
the compaction load direction and play the role as load bear-
ing. Thus, the direction coefficient of force chains decreases 
and the anisotropy of all force chains enhance initially. Meng 
et al. [10] also found the change in anisotropy of contact 
force during powder compaction. Then, the direction coef-
ficient of force chains remains stable, and the anisotropy 
does not change remarkably.

Fig. 4  Evolution of side wall friction behaviour at different velocities: a nominal friction coefficient, b contact motion index and c sliding work. 
(color online)
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Interestingly, the change of force chain characteristics 
corresponds to the change of side wall friction behaviour 
during powder compaction at different velocities (Figs. 4 
and 5). With the increase in axial strain, the length and buck-
ling degree of force chains decrease rapidly when the axial 
strain is less than 0.1 and decrease slowly when the axial 
strain is greater than 0.1. The direction coefficient of force 
chains decreases rapidly when the axial strain is less than 
0.1 and remains approximately 0.35 when the axial strain is 
greater than 0.1. The number of force chains increases with 
the increase in axial strain, and the growth rate with the axial 
strain is less than 0.1, which is slightly higher than that when 
the axial strain is greater than 0.1. Meanwhile, the evolution 
of side wall friction behaviour has a significant difference 
before and after axial strain reaches to 0.1 (Fig. 4).

With the increase in the friction coefficient, the contact 
motion index and the sliding work, the friction resistance 
of powder enhances. The flow ability of powder becomes 
worse. Then, the friction resistance of powder remains rela-
tively stable, as well as the powder structure when the axial 

strain is greater than 0.1. Thus, the changes in force chain 
characteristics are small when the axial strain is greater than 
0.1 (Fig. 5). The side wall friction can affect the motion 
of powder and influences the force chains in the powder 
system. The evolution of force chain can also cause friction 
coefficient and the contact motion index to increase initially 
and then remain stable. When the axial strain is greater than 
0.1, the short force chains with better linearity can lead to 
uniform load distribution in the powder system, and the 
structure of the powder becomes stable. Thus, the powder 
near the side walls is difficult to change its motion condition, 
and the friction coefficient and contact motion index become 
steady when the axial strain is greater than 0.1 (Fig. 4).

Furthermore, the compaction velocity may not have 
remarkable influence on the force chain characteristics 
and have slight influence on the side wall friction behav-
iour when the change in compaction velocity is small. In 
summary, the evolution of force chain characteristics can 
be related to the side wall friction behaviour during powder 
compaction at different compaction velocities.

Fig. 5  Evolution of force chain characteristics at different velocities: a number, b length, c direction coefficient and d buckling degree. (color 
online)
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4.2  Influence of initial porosity

The dense or loose initial structure of powder may affect the 
friction behaviour during powder compaction. The initial 
porosity can describe the density of powder structure. High 
initial porosity indicates that powder is loose. The low initial 
porosity indicates that the powder is dense. The influence of 
initial porosity (γ = 0.24, 0.22, 0.2, 0.18, 0.16) on the side 
wall friction behaviour is obtained, as shown in Fig. 6.

With the increase in axial strain, the nominal friction 
coefficient and contact motion index increase initially, and 
then maintain a relatively steady state at different initial 
porosities. The sliding work increases with the increase in 
axial strain. The initial porosity has a remarkable influence 
on the side wall friction behaviour. The high initial porosity 
can cause the powder structure to become loose initially, 
and it can make the evolution of nominal friction coeffi-
cient and contact motion index to be dramatic when the axial 
strain is less than 0.1. The increase in nominal friction coef-
ficient and contact motion index has the most remarkable 
fluctuations when the initial porosity is 0.24, as shown in 

Fig. 6(a) and (b). The loose powder structure can lead to the 
substantial powder displacement and rearrangement; thus, 
the contact condition between the powder and side walls 
changes frequently. In addition, the evolution of nominal 
friction coefficient and contact motion index is dramatic and 
frequent at high initial porosity when the axial strain is less 
than 0.1. This finding indicates that the high initial porosity 
of powder may have disadvantages for powder densifica-
tion according to the frequent changes in friction condition. 
When the axial strain is greater than 0.1, the powder struc-
ture becomes close, and the evolution of friction coefficient 
and contact motion index has a slight difference at different 
initial porosities. The sliding work increases slowly when 
the axial strain is less than 0.1 and then increases rapidly, as 
shown in Fig. 6(c). The high porosity also corresponds to the 
small change in sliding work. It can be attributed to the loose 
powder structure with small number of powders which are 
in contact with the side walls. And the relative sliding work 
increment of powders is small. Solimanjad et al. [35] also 
found that the initial relative density can affect the friction 

Fig. 6  Evolution of side wall friction behaviour at different initial porosities: a nominal friction coefficient, b contact motion index and c sliding 
work. (color online)
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behaviour at macroscopic scale by ferrous powder compac-
tion experiments.

The influence of initial porosity on the evolution of force 
chain characteristics is shown in Fig. 7.

With the increase in axial strain, the number of force 
chains increases rapidly initially and then increases slowly 
gradually. The length, direction coefficient and buckling 
degree of force chains decrease when the axial strain is less 
than 0.1, and then incline to steady gradually when the axial 
strain is greater than 0.1. The increase in force chain number 
and the decrease in force chain length and buckling degree 
are significant at high initial porosity. The initial porosity 
may not influence the force chain’ direction coefficient. The 
powder can achieve close contact structure gradually during 
powder compaction, and the initial powder structure is loose 
at high initial porosity. The displacement and rearrangement 
of powder are dramatic, and the probability of forming force 
chains undergoes great change when the initial porosity is 
high. Thus, the increase in force chain number is remarkable. 
The evolution of powder structure and the flow of powder 
are dramatic, and the number of newly generated force chain 

is great during powder compaction, according to the increase 
in force chain number at high initial porosity. The existing 
force chains are broken down under compaction load and 
can form many new short force chains with better linear-
ity with the increase in axial strain at high initial porosity. 
Thus, the change in force chain length and buckling degree 
is significant at high initial porosity.

Figures 6 and 7 show that the evolution of side wall fric-
tion behaviour is related to the evolution of force chain char-
acteristics at different initial porosities. The evolution of 
force chain characteristics is relatively remarkable when the 
axial strain is less than 0.1. And the nominal friction coef-
ficient and contact motion index show fluctuating increase 
when the axial strain is less than 0.1. Moreover, the change 
in number, length and buckling degree of force chains is 
great at high initial porosity, and the fluctuation of friction 
coefficient and contact motion index is dramatic at high ini-
tial porosity. On the one hand, the evolution of force chain 
characteristics can affect the stress distribution within the 
powder system under external compaction load and change 
the powder structure rapidly at high initial porosity when the 

Fig. 7  Evolution of force chain characteristics at different initial porosities: a number, b length, c direction coefficient and d buckling degree. 
(color online)
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axial strain is less than 0.1. It can further cause significant 
fluctuation of side wall friction condition when the axial 
strain is less than 0.1. On the other hand, the increase in side 
wall friction coefficient and contact motion index with fluc-
tuations can also change the powder structure frequently, and 
then form relatively stable structure at high initial porosity. 
This condition can be beneficial for the substantial change 
in the number, length and buckling degree of force chains in 
powder system. Thus, the evolution of force chain charac-
teristics and side wall friction behaviour at different initial 
porosities has a relationship during powder compaction.

4.3  Influence of friction coefficient 
between particles

The friction during powder compaction includes two parts, 
namely, external friction and internal friction. The fric-
tion coefficient between particles can describe the internal 
friction obstruction between powders and is related to the 
external friction, which reflects the side wall friction condi-
tion. The influence of friction coefficient between particles 

(μp = 0.05, 0.15, 0.25, 0.35, 0.45) on side wall friction behav-
iour is obtained, as shown in Fig. 8.

With the increase in axial strain, the nominal friction 
coefficient and contact motion index increase initially and 
then remain relatively stable in general at different friction 
coefficients between particles. The increases in nominal 
friction coefficient and contact motion index are remark-
able when the axial strain is less than 0.1, and they exhibit 
fluctuations but remain relatively steady when the axial 
strain is greater than 0.1. Furthermore, the sliding work 
increases gradually with the increase in axial strain, and 
its growth rate becomes greater gradually when the axial 
strain is greater than 0.1. When the friction coefficients 
between particles are 0.05, 0.15, 0.25, 0.35 and 0.45, the 
nominal friction coefficients at relatively stable stage 
incline to 0.04, 0.14, 0.22, 0.23 and 0.24, respectively, as 
shown in Fig. 8(a). This finding indicates that the internal 
friction coefficient of powder can affect the external nomi-
nal friction coefficient of powder. The internal and exter-
nal friction coefficients incline to the same value when 
the powder in contact with side walls is partial sliding, 

Fig. 8  Evolution of side wall friction behaviour at different friction coefficients between particles: a nominal friction coefficient, b contact 
motion index and c sliding work. (color online)
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and the external friction coefficient slightly changes when 
the internal friction coefficient is sufficiently high. Thus, 
the internal and external lubrication of powder should be 
both considered to improve densification during powder 
compaction [36]. The fluctuation of contact motion index 
is dramatic when the friction coefficient between particles 
is small, as shown in Fig. 8(b). This finding can be attrib-
uted to that the small friction coefficient between particles 
is helpful for motion of powder and causes it to flow more 
easily. In addition, the contact condition can change more 
frequently. Thus, the fluctuation of contact motion index is 
dramatic at low friction coefficient between particles. With 
the increase in friction coefficients between particles, the 
relative motion between powder and side walls becomes 
difficult and the friction become greater. Thus, the increase 
in sliding work, which is caused by friction, becomes more 
remarkable, as shown in Fig. 8(c).

The influence of friction coefficient between particles on 
the evolution of force chain characteristics is obtained, as 
shown in Fig. 9.

The number of force chains increases and the length 
and buckling degree of force chains decrease gradually at 
different friction coefficients between particles with the 
increase in axial strain. With the increase in axial strain, 
the direction coefficient of force chains decreases at differ-
ent friction coefficients between particles, except when the 
friction coefficient between particles is 0.45. This finding 
indicates that the high friction coefficient between parti-
cles would not effective for force chains to adjust direction. 
The low-friction coefficient between particles corresponds 
to the significant increment of number of force chains, 
as shown in Fig. 9(a). The finding can be attributed to 
the weak resistance of relative motion between powders, 
thereby causing the powder to rearrange and form force 
chains more easily. The low-friction coefficient between 
particles also corresponds to the short length, low buck-
ling degree and high direction coefficient of force chains, 
as shown in Fig.  9(b), (c) and (d). When the friction 
coefficient between particles is low, the flow ability of 
the powder is good, and the powder structure is easily 

Fig. 9  Evolution of force chain characteristics at different friction coefficients between particles: a number, b length, c direction coefficient and d 
buckling degree. (color online)
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adjusted. The short-force chains with good linearity are 
formed more easily, and the force chains have a relatively 
low probability to incline to the direction of external load 
because powders can move and rearrange easily.

The relationship between force chain characteristics and 
side wall friction behaviour at different friction coefficients 
between particles can be found based on Figs. 8 and 9. 
The nominal friction coefficient and contact motion index 
increase when the axial strain is less than 0.1. Meanwhile, 
the buckling degree and length of force chains decrease 
when the axial strain is less than 0.1. The nominal friction 
coefficient and contact motion index fluctuate and remain 
relatively stable when the axial strain is greater than 0.1. 
In addition, the buckling degree and length of force chains 
have small reduction when the axial strain is greater than 
0.1. The evolution of side wall friction behaviour indicates 
that the relative motion between powder and side walls 
becomes difficult gradually when the axial strain is less 
than 0.1, and the powder structure becomes stable based 
on the large side wall friction resistance when the axial 
strain is greater than 0.1. This condition would enable 
the force chains to adjust rapidly and then remain rela-
tively stable. The new short force chains with low buck-
ling degree would appear under the external compaction 
load. Thus, the buckling degree and length of force chains 
decrease initially and then slightly decrease. Meanwhile, 
the new short force chains with low buckling degree in the 
system can also support the powder structure and stabilise 
it gradually when the axial strain is greater than 0.1. Thus, 
the change in side wall friction behaviour decreases.

Moreover, the influence of friction coefficient between 
particles on force chain characteristics corresponds to that 
on side wall friction behaviour. The low-friction coeffi-
cient between particles corresponds to the large number, 
short length, good linearity and weak anisotropy of force 
chains according to Fig. 9. The low-friction coefficient 
between particles corresponds to the low nominal friction 
coefficient, dramatic fluctuation of contact motion index 
and small sliding work according to Fig. 8. The small fric-
tion resistance between powder and side walls is obtained 
from the low-friction coefficient between particles; thus, 
the powder is rearranged and adjusted more easily. Thus, 
the powder becomes relatively dense, and the close struc-
ture of the powder would cause the force chains to have 
short length, good linearity and weak anisotropy at the 
low-friction coefficients between particles. In summary, 
some relationships are found between the evolution of 
force chain characteristics and side wall friction behaviour 
during powder compaction at different friction coefficients 
between particles.

5  Conclusions

The process of ferrous powder compaction is simulated 
using DEM based on granular matter mechanicas. The evo-
lution of the side wall friction behaviour and force chain 
quantitative characteristics are investigated. The influence 
of compaction velocity, initial porosity and friction coef-
ficient between particles on side wall friction behaviour 
and force chain characteristics are discussed. Furthermore, 
the relation between force chains and friction behaviour is 
studied. Some new phenomena, including dynamic evolu-
tion of microscopic friction parameters and influence of 
different factors on friction behavior, as well as evolution 
of force chain quantitative parameters and the dependences 
of force chain characteristics on different factors, etc., are 
found. The main conclusion can be drawn as follows:

(1) During powder compaction process, the nominal fric-
tion coefficient and contact motion index increase 
initially then continuously fluctuates. In addition, the 
sliding work increases gradually at different compac-
tion velocities (v = 0.1, 0.2, 0.3, 0.4 and 0.5 m/s). The 
number of force chains increases gradually, and the 
length and buckling degree of force chains decrease 
gradually. The direction coefficient of force chains 
decreases initially and then continuously fluctuates. 
The evolution of force chain characteristics and side 
wall friction behaviour have remarkable differences 
before and after the axial strain reaches 0.1 at differ-
ent compaction velocities. Moreover, the compaction 
velocity slightly influence the force chain characteris-
tics and side wall friction behaviour when the change 
in compaction velocity is small.

(2) During powder compaction process, the nominal fric-
tion coefficient and contact motion index increase ini-
tially and then continuously fluctuates, and the sliding 
work increases gradually at different initial porosities 
(γ = 0.24, 0.22, 0.2, 0.18 and 0.16). The high initial 
porosity causes the increase in nominal friction coeffi-
cient and contact motion index to fluctuate dramatically 
and decreases the increase in sliding work. At different 
initial porosities, the number of force chains increases 
gradually and the length or buckling degree of force 
chains decreases gradually. The direction coefficient of 
force chains decreases initially and then continues to 
fluctuate. The high initial porosity would be related to 
the long length, small number and high buckling degree 
of force chains.

(3) During the powder compaction process, the nominal 
friction coefficients increase initially and then incline 
to the friction coefficients between particles (μp = 0.05, 
0.15, 0.25), and the nominal friction coefficients incline 
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to 0.23 and 0.24 when μp is 0.35 and 0.45. The low-
friction coefficient between particles cause the dramatic 
fluctuation of contact motion index. The sliding work 
increases gradually with the increase in axial strain and 
the increase of sliding work is small at low-friction 
coefficient between particles. At different friction coef-
ficients between particles, the number of force chains 
increases gradually, and the length or buckling degree 
of force chains decreases gradually with the increase 
in axial strain. The direction coefficient of force chains 
decreases initially and then remains stable, except when 
the friction coefficient between particles is 0.45. The 
low-friction coefficient between particles corresponds 
to the large number, short length, low buckling degree 
and high direction coefficient of force chains.

(4) The evolution of force chain characteristics and side 
wall friction behaviour has a relationship at different 
compaction velocities, initial porosities and friction 
coefficients between particles, according to the cor-
responding quantitative characteristics of force chains 
and side wall friction behaviour (before and after the 
axial strain reaches to 0.1), as well as the different influ-
ences of compaction velocity, initial porosity and fric-
tion coefficient between particles. The corresponding 
evolution between force chain characteristics and side 
wall friction behaviour is observed.
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