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ABSTRACT
A discrete element model has been developed to simulate the packing process of fibre/polymer
composite powder for powder bed fusion additive manufacturing. The geometric shapes of polymer
powder particles and fibres are represented by multi-sphere particles and individual cylinders with
round ends, respectively. The numerical model can help to understand the flow dynamics of
composite powder particles and the formation mechanisms of voids in powder packing processes.
The numerical model has been utilised to analyse the effects of packing parameters on the packing
quality of the powder bed. The simulation results suggest that the increase of the powder layer
thickness is beneficial to the increase in the packing density and the decrease in the surface
roughness of the powder bed. A high roller spreading velocity degrades the packing quality of the
powder bed. Furthermore, a small number of fibres in the composite powder particles are in favour
of the packing quality, but a further increase in the fibre number reduces it.

ARTICLE HISTORY
Received 19 January 2021
Accepted 24 April 2021

KEYWORDS
Additive manufacturing;
Discrete element method;
PA12; glass fibres; packing
density; surface roughness

1. Introduction

Powder bed fusion (PBF) is one of the promising additive
manufacturing techniques, where parts are built by fusing
a powder bed via a layer-by-layer manner controlled by
computer-aided design models. Because of its recent
advances, PBF has been broadened into several branches
such as selective laser melting, selective laser sintering,
electron beam melting, and multi-jet fusion (Wu et al.
2017; Yuan, Chua, and Zhou 2019; Cai et al. 2021). PBF
is suitable for producing a wide range of materials includ-
ing metals, polymers, ceramics, and composites (Kuo et al.
2020; Nie et al. 2020; Yu, Sing, Chua, and Tian 2019). Addi-
tive manufacturing of fibre-reinforced polymer compo-
sites has gained great popularity because of its
potential for improving and tailoring the mechanical
properties of the printed parts. The main concerns in
the manufacturing of high-quality composites are fibre
orientation and void content in the composites (Para-
ndoush and Lin 2017), which are strongly associated
with the packing characteristics of powder beds such as
packing density, surface roughness, and fibre homogen-
eity. Hence, there has been enormous attention paid to
improving the packing quality of powder beds (Ziegelme-
ier et al. 2015; Parteli and Pöschel 2016; Haeri 2017; Gu,
Xia, and Dai 2019).

Experimental studies have been conducted to investi-
gate the powder flow dynamics and the packing character-
istics of powder beds in additive manufacturing. Escano
et al. (2018) applied in-situ X-ray imaging to capture the
dynamic angle of repose (AOR) of a powder pile in a
powder packing process, and suggested that the average
particle size had major effects on the powder flow
dynamics. Chen et al. (2019) measured the packing
density and surface roughness of a powder bed, and exper-
imental results were used to validate their numerical model.
Owing to the difficulty in measuring the process variables
such as particle velocity and contact force and exploring
the underlying mechanisms in experiments, the discrete
element method (DEM), proposed by Cundall and Strack
(1979) for describing the motion behaviours and mechan-
ical interactions of granular materials, has been employed
to study the powder packing process in additive manufac-
turing (Steuben, Iliopoulos, and Michopoulos 2016; Xiang
et al. 2016; Zohdi 2013). The DEM simulation gives insight
into powder flow behaviours and helps to understand
the interaction mechanisms of powder particles such as
dragging (Haeri et al. 2017), jamming (Nan et al. 2018), seg-
regation (Chen et al. 2019; Nan, Pasha, and Ghadiri 2020),
and cohesion (Mier et al. 2019b) effects in the packing
process.
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DEM simulations can provide guidance for improving
the packing quality of powder beds, which is related to
the packing parameters including the spreader type
(Haeri et al. 2017), spreading velocity (Parteli and
Pöschel 2016; Chen et al. 2020), powder layer thickness
(Nan et al. 2018), powder size distribution (Parteli and
Pöschel 2016; Chen et al. 2019; Meier et al. 2019b), and
powder shape (Parteli and Pöschel 2016; Haeri et al.
2017; Schiochet Nasato and Pöschel 2020; Nan et al.
2018). Commercially available polymer powder usually
has complex geometric shapes rather than a spherical
one. The particle shape plays a vital role in the powder
flow behaviours in the simulation of the packing
process (Tian, Liu, and He 2020; Derksen 2020). To pre-
cisely represent the geometric shapes of powder par-
ticles, the multi-sphere method, in which particles of
complex shapes are approximated by clumping several
spheres, has been commonly applied (Parteli and
Pöschel 2016; Haeri et al. 2017; Nan et al. 2018). In a
reported DEM model (Haeri et al. 2017; Haeri 2017), the
poly-ether ether ketone particles were approximated as
roll-shape particles. Schiochet Nasato and Pöschel
(2020) proposed a novel multi-sphere representation
that retained the original template volume and flowability
characteristics of arbitrarily shaped particles. They con-
cluded that the particles with low aspect ratios could
benefit the formation of compact powder beds at low
recoating velocities, while spherical particles could
perform better than elongated particles at high recoating
velocities.

Fibre-reinforced polymer composites, the emerging
materials for additive manufacturing, have found wide
applications because of their superior features such as
high strength to weight ratios, composition variability,
and anisotropic mechanical properties (Yuan et al. 2019;
Tan, Zhu, and Zhou 2020). The feasible PBF techniques
that are commonly used for fabricating fibre-reinforced
polymer composites include selective laser sintering and
multi-jet fusion (Jansson and Pejryd 2016; Türk et al.
2017; Arai et al. 2018). The reinforced fibres of polymer
composites exhibit the ability to improve their mechan-
ical performance (Salazar et al. 2014; Parandoush and
Lin 2017; Kathavate, Pawar, and Adkine 2019) and
achieve anisotropic properties (Jansson and Pejryd
2016) in the printed parts. However, several challenges
need to be addressed for PBF additive manufacturing of
fibre-reinforced polymer composites, including pores,
poor interlayer and fibre-polymer bonding, uncertain
fibre orientation, and inhomogeneous fibre distribution
(Parandoush and Lin 2017; Goh et al. 2019). These chal-
lenges are in high correlation with the packing character-
istics of powder beds. The low packing density and large
surface roughness of a powder bed may lead to the high

porosity and delamination of the composite part. The
orientation and distribution of fibres are predominantly
determined in the packing process of the composite
powder.

A high-quality powder bed is a prerequisite for
obtaining satisfactory mechanical properties for the
composite parts manufactured via PBF additive manu-
facturing. However, there is a lack of works on the
packing process of composite powder. Herein, a DEM
model is developed to simulate the packing process of
fibre/polymer composite powder for PBF additive manu-
facturing. In this model, polymer powder particles and
fibres are approximated by multi-sphere particles and
individual cylinders with round ends, respectively. The
particle contact is described by the viscoelastic Hertz-
Mindlin theory, and the cohesive force due to the van
der Waals force is also taken into account. The devel-
oped model is employed to investigate the effects of
packing parameters, including the powder layer thick-
ness, the roller spreading velocity, and the weight frac-
tion of fibres, on the packing quality of the powder bed.

2. Discrete element model for fibre/polymer
composite powder

The DEMmodel has been developed based on the open-
source software YADE (Václav Šmilauer and Chareyre
2019). In the model, the contact interaction between
particles is described by the Hertz-Mindlin theory that
considers the damping force due to viscosity. The inter-
molecular cohesive force due to the van der Waals force
is taken into account using the Derjaguin-Muller-
Toporov (DMT) model. The polymer powder particles
are approximated by multi-sphere particles based on
the multi-sphere method, and the glass fibres are rep-
resented by cylinders with two round ends.

2.1. Discrete element model

In the DEM model, the translational and rotational
motion of particles are derived using the Newton’s
second law (Cundall and Strack 1979):

m
dv
dt

= F

I
dw
dt

= M

⎧⎪⎨
⎪⎩ (1)

wherem is the particle mass, v is the particle velocity, F is
the total force acting on the particle, I is the moment of
inertia, w is the angular velocity, and M is the total
moment. The total force F is expressed as

F = Fc +mg+ Fv (2)
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where Fc is the contact force, g is the gravitational accel-
eration, and Fv is the van der Waals force due to the
intermolecular interaction.

A schematic of the contact interaction model is
shown in Figure 1. The contact force can be decom-
posed into the normal component Fcn and the shear
component Fcs, which are expressed as (Tsuji, Tanaka,
and Ishida 1992; Václav Šmilauer and Chareyre 2019)

Fcn = (knun + hnvn,r)nn
Fcs = min (ksus + hsvs,r, m|Fcn|)ns

{
(3)

where kn is the normal stiffness of the material, un is the
normal displacement, ηn is the normal damping coeffi-
cient, vn,r is the relative normal velocity, nn is the unit
vector in the normal direction, ks is the shear stiffness,
us is the shear displacement, ηs is the shear damping
coefficient, vs,r is the relative shear velocity, µ is the
coefficient of friction, and ns is the unit vector in the
shear direction. The normal stiffness kn and shear
stiffness ks can be obtained by the following formulas
(Thornton, Cummins, and Cleary 2013; Tsuji, Tanaka,
and Ishida 1992):

kn = 2E∗
������
R∗un

√
ks = 8G∗ ������

R∗un
√

E∗ = 1− y21
E1

+ 1− y22
E2

( )−1

R∗ = 1
R1

+ 1
R2

( )−1

G∗ = 2− y1
G1

+ 2− y2
G2

( )−1

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

where the superscript * denotes the effective material
properties of two interacting particles, the subscripts 1
and 2 indicate the two interacting particles, E is the
Young’s modulus of the material, R is the radius of the
particle, υ denotes the Poisson’s ratio, and the shear
modulus G = E/(2(1+ y)). The damping coefficients ηn

and ηs are expressed as

hn = 2

��
5
6

√
b

������
m∗kn

√

hs = hn

b = |ln l|�����������
ln2l+ p2

√

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(5)

where m* =m1m2/(m1+m2) is the effective mass withm1

and m2 being the mass of two interacting particles,
respectively, and λ is the coefficient of restitution.

The DMT model is employed to calculate the van der
Waals force of the polymer particles (Derjaguin, Muller,
and Toporov 1975):

Fv = −4pR∗gnn (6)

where γ is the surface energy density of the material.

2.2. Polymer powder

Commercially available polyamide 12 (PA12) powder
particles demonstrate complex non-spherical shapes,
as shown in Figure 2(a). The particle size distribution of
PA12 powder is given in Figure 2(b). A multi-sphere
method, by which multiple spheres with the same or
different sizes are clumped to approximate the irregu-
larly shaped particle, is employed to create the non-
spherical particles in the model. Several representative
particle models are illustrated in Figure 2(c). Herein,
the particle size refers to the minimum diameter of the
sphere that can enclose the non-spherical particle. To
exclude the spherical members with too small diameters
in the multi-sphere particles and thus increase the com-
putational time step, only the first five shapes in Figure 2
(c) are selected and equally allocated to model the par-
ticles with sizes smaller than 35 µm. When the particle
size is larger than 35 µm, all the nine representative
particle shapes are equally used.

To correctly describe the motion of the non-spherical
particles, the massmc and the moment of inertia Ic need
to be properly calculated by considering the overlap
volume between the members of the clump. The particle
is assumed to be confined inside an axis-aligned bound-
ing box that is discretized by uniform grids. The par-
ameters mc and Ic are then calculated by summing
over the cells of the discretized bounding box (Václav
Šmilauer and Chareyre 2019):

mc =
∑
i
mi

Ic =
∑
i
(mid2i + Ii)

⎧⎨
⎩ (7)

where mi is the mass of cell i, di is the distance between
the centre of the cell and the mass centre of the particle,

Figure 1. Schematic of the contact model (Modenese 2013;
Tsuji, Tanaka, and Ishida 1992).
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and Ii is the inertia of the cell. The force Fc and torque Tc
of the particle are also obtained from the members of
the clump (Václav Šmilauer and Chareyre 2019):

Fc =
∑
j
Fj

Tc =
∑
j
(rj × Fj + T j)

⎧⎪⎨
⎪⎩ (8)

where Fj is the force applied to member j, rj is the pos-
ition vector of the member, and Tj is the torque on the
member.

2.3. Glass fibres

The microscopic image of glass fibres is shown in Figure
3(a). In the DEM model, the geometric shape of glass
fibres is approximated by a spherocylinder that is the

combination of a sphere and a cylinder, as shown in
Figure 3(b). The two ends of the cylinder are assumed
to be two interaction nodes. The bond forces and
moments due to the interaction of the two end nodes
of the fibre are expressed as (Kunhappan et al. 2017;
Bourrier et al. 2013; Effeindzourou et al. 2016)

Fbn = kbn(l − l0)nc, dFbs = kbs v
b
s dt

dMb
t = kbt vtdt, dMb

b = kbbvbdt

kbn = Ecpr2c
l

, kbs = 3Ecpr4c
l3

kbt = Gcpr4c
2l

, kbb = Ecpr4c
4l

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(9)

where Fbn and Fbs are the bond forces in the normal and
shear direction, respectively; l is the length of the fibre;

Figure 2. (a) Microscopic image of PA12 powder, (b) particle size distribution of PA12 powder, and (c) multi-sphere particles.

Figure 3. (a) Microscopic image of glass fibres and illustrations of the (b) polymer particle–fibre interaction and (c) fibre–fibre
interaction.

S4 P. TAN ET AL.



l0 is the length of the fibre at free conditions; nc is the
normal unit vector; vbs is the relative tangential velocity;
Mb

t and Mb
b are the moments due to twisting and

bending, respectively; ωt and ωb are the components of
the relative angular velocity due to twisting and
bending, respectively; Ec is the elastic modulus of the
fibre; rc is the radius of the fibre; Gc is the shear
modulus of the fibre.

The schematics of the polymer particle – fibre and fibre
– fibre interactions are illustrated in Figure 3(b) and (c),
respectively. In Figure 3(b), a virtual sphere P is introduced
in the cylinder for considering the contact with the
polymer particle. The centre of the virtual sphere with
the same radius as the cylinder is located at the projection
of the contact point C on the axis of the cylinder. The
polymer – fibre contact and fibre – fibre contact are trans-
formed into virtual sphere – spherical polymer particle
interaction and virtual sphere – virtual sphere interaction,
respectively. The translational velocity v and angular vel-
ocity ω of the virtual sphere are assumed to linearly vary
between the two end nodes N1 and N2 of the cylinder
(Bourrier et al. 2013; Effeindzourou et al. 2016):

v = (1− j)v1 + jv2
v = (1− j)v1 + jv2

j = |N1 − P|
|N1 − N2|

⎧⎪⎪⎨
⎪⎪⎩

(10)

where the subscripts 1 and 2 indicate the two end
nodes; N1 and N2 are the position vectors at nodes N1

and N2, respectively; P is the centre position vector of
the virtual sphere. The contact force FP and torque TP
that are applied to the virtual sphere are distributed
on the two end nodes of the cylinder by using the fol-
lowing transformation:

F1 = FP(1− j), F2 = FPj
T1 = TP(1− j), T2 = TPj

{
(11)

where F1 and F2 are the forces distributed on nodes N1

and N2, respectively; T1 and T2 are the torques distribu-
ted on nodes N1 and N2, respectively.

The kinetic energy of the two end nodes is dissipated
through deformation and vibration of the fibre, which is
considered by using the bond damping forces (the
normal component Fbd,n and the tangential component
Fbd,s) andmoments (the component due to twistingMbd,

n and the component due to bending Mbd,b) between
the two nodes of the fibre (Tangri, Guo, and Curtis
2017; Guo et al. 2018):

Fbd,n = bb

�������
2mckbn

√
vbn, Fbd,s = bb

�������
2mckbs

√
vbs

Mbd,t = bb

������
2Jckbt

√
vt, Mbd,b = bb

������
2Jckbb

√
vb

⎧⎨
⎩ (12)

where βb is the bond damping coefficient and is taken as
0.03,mc is the mass of the fibre, vbn is the relative normal
velocity between the two nodes of the fibre, and Jc is the
moment of inertia of the end node.

3. Results and discussion

In this section, the DEM model is used to analyse the
flow dynamics of the fibre/polymer powder particles
and the formation mechanisms of voids in a powder
bed. PBF additive manufacturing is a complex multi-
scale and multi-physics process that is affected by
various environmental factors and processing par-
ameters. The packing parameters that are of vital
importance for the quality of the printed parts
include the powder size and shape, powder layer
thickness, roller spreading velocity, and weight fraction
of fibres (Yu, Sing, Chua, Kuo, et al. 2019; Tan, Kiran,
and Zhou 2021; Tan et al. 2019). The model is utilised
to investigate the effects of packing parameters on the
packing quality of the powder bed, which is assessed
by two parameters: packing density and surface rough-
ness. The results could help in optimising the packing
parameters for achieving a high-quality powder bed.

3.1. Model parameter calibration

The DEM model is calibrated by the static AOR of
powder particles, which is usually used to evaluate the
flowability of granular materials. The schematic to
measure the AOR in the experiment and simulation is
demonstrated in Figure 4. The fibres with an average
length of 122 µm and a diameter of 11 µm are con-
sidered. At the beginning of the experiment, the
powder particles were confined in a cylinder with a
bottom opening, which rested on a circular plate. After-
wards, the cylinder was lifted slowly so that the powder
particles would be deposited onto the circular plate to
form a powder pile. The AOR is defined as the angle α

between the curved surface of the static powder pile
and the horizontal plane. Similar methods to measure
the AOR of particles can be found in the reported
works (Meier et al. 2019b; Rackl and Hanley 2017; Roess-
ler and Katterfeld 2018).

The material properties used for parameter cali-
bration and DEM packing simulation of glass fibres and
PA12 are listed in Table 1. To accelerate the simulation,
the Young’s modulus of each material is set to be 500
times smaller than the original value to increase the
time step. Accordingly, the Hamaker constant of PA12
used in the model is 500 times smaller than the original
value (2×10−20 J) (Parteli and Pöschel 2016). The surface
energy density γ of the materials can be calculated as
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follows:

g = A
24pD2

min
(13)

where A is the Hamaker constant and Dmin is taken as
1.65×10−10m. It is difficult to determine the contact par-
ameters for glass fibres, including the surface energy
density, coefficient of restitution, and coefficient of fric-
tion. The Hamaker constant of glass fibres is estimated
by using that of silica, which is reported to be
6.5×10−20 J (Bergström 1997). By considering the
reduction of the Young’s modulus, the surface energy
density is estimated as 0.065 mJ/m2 according to
Equation (13). The coefficient of restitution and the
coefficient of friction for glass fibres are estimated in
the calibration process to ensure that the AOR of the
composite powder particles in the simulation matches
the experimental results.

For the contact of two particles with the same
material, the contact parameters such as the coefficient
of restitution, coefficient of friction, and surface energy
density can be straightforwardly adopted. For the
contact of two particles with different materials, the
surface energy density is taken as zero, and the coeffi-
cient of restitution λ and the coefficient of friction µ

are calculated as follows:

l = l1 + l2
2

m = min (m1, m2)

⎧⎨
⎩ (14)

where λ1 and λ2 are the coefficients of restitution for the
two contact particles, respectively; µ1 and µ2 are the
coefficients of friction for the two contact particles,
respectively.

To guarantee a stable simulation of the sphere-sphere
contact, the estimated time step is given as (Václav Šmi-
lauer and Chareyre 2019):

Dt = 0.3Rmin

��
r

E

√
(15)

where Rmin is the minimum radius of spherical members
that compose the multi-sphere particles and ρ denotes
the density. A flexible fibre used in the simulation
requires a critical time step as follows (Nan, Wang, and
Tang 2015; Guo et al. 2013):

Dtb = 0.8165d

��
r

E

√
(16)

where d is the diameter of fibres. A time step Δt =
0.25Δtb can ensure numerical stability for flexible fibre
particles (Nan, Wang, and Tang 2015). Considering the
requirements of the time step in Equations (15) and
(16), we adopted a time step Δt = 5 × 10−9 s for the
simulations.

The AOR of the powder particles with different weight
fractions of fibres w obtained from the experiment and
simulation is given in Figure 5. Both the experiment
and simulation results reveal that the AOR increases
with the increasing weight fraction of fibres. The
increase of the AOR indicates the reduction in the
flowability of the composite powder particles, which is
critical to the packing quality of the powder bed.

Figure 4. Schematic of measuring the AOR of powder particles.

Table 1.Material properties used for the DEM simulation (Parteli
and Pöschel 2016; Nan et al. 2018; Bergström 1997; Karuppanan
et al. 2014; AZoM 2021).
Parameter PA12 Glass fibre Stainless steel 316L

Density ρ (kg/m3) 1020 2590 7800
Young’s modulus E (MPa) 3.9 145.0 386.0
Poisson ratio ν 0.39 0.21 0.30
Coefficient of restitution λ 0.50 0.65 0.64
Coefficient of friction μ 0.50 0.60 0.60
Surface energy density γ (mJ/m2) 0.02 0.065 \
Acceleration of gravity g (m/s2) 9.8 9.8 9.8
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Consequently, the curved surface of the powder pile
becomes coarser as the weight fraction of the fibres
increases. The simulation and experiment results agree
well on the AOR of powder particles.

3.2. Flow dynamics of fibre/polymer composite
powder in the packing process

A roller-type packing system composed of a counter-
rotating roller and a substrate is considered in the
model, as illustrated in Figure 6. A roller with a radius
R = 10 mm moves along the x direction and

simultaneously rotates in the counter-clockwise direc-
tion. Periodic boundary conditions are applied to the y
direction at y = 0 and y = 0.65 mm. Initially, a cloud of
fibre/PA12 composite powder particles with a packing
density of 0.45, which are enclosed in a rectangular
box, is dropped onto the substrate under the gravita-
tional force. As a pile of fibre/PA12 powder particles is
formed on the substrate, the roller with a translational
velocity v and an angular velocity ω = v/R spreads the
composite powder particles along the x direction. After
being spread by the roller, the powder particles are
deposited onto the substrate and form a static powder

Figure 5. AOR of PA12 and composite powder particles with different weight fractions of fibres: (a) w = 0, (b) w = 10%, (c) w = 20%,
and (d) w = 30%.
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bed. The material properties used for simulating the
packing process of glass fibres and PA12 powder par-
ticles are listed in Table 1. Stainless steel 316L is taken
to be the material of the roller and substrate.

The flow dynamic behaviours of the composite
powder particles in the packing process play an impor-
tant role in the packing quality of the powder bed. A
snapshot of the packing process is demonstrated in
Figure 7. The roller spreading velocity v and the
powder layer thickness H are 0.1 m/s and 150 µm,
respectively. The composite powder particles with w =
20% consist of 4500 PA12 powder particles and 4561
glass fibres. The size of the PA12 powder follows the par-
ticle size distribution in Figure 2(b). In the following
simulations, the fibres with a diameter of 8 µm and a
length evenly ranging from 80 µm to 120 µm are used.
Figure 7(a) shows a three-dimensional (3D) view of the
packing process in which a pile of fibre/polymer
powder particles is spread by a roller on the substrate.
In general, the distribution of powder particles can be
divided into two regions, i.e. the static powder bed
and dynamic powder pile, by the narrowest gap
between the roller and the substrate. In the dynamic
powder pile, the powder particles with large velocity
magnitudes are mainly distributed on the free surface
and the contact surface with the roller, which are
caused by the gravitational force and the contact inter-
action with the roller, respectively. The powder particles
near the static substrate possess low velocity magni-
tudes. From the top view of the packing process in
Figure 7(b), the particle velocity magnitude generally
decreases from the free surface to the static powder bed.

Figure 7(c)–(f) shows the x–z cross section of the
powder bed and powder pile clipped between
y0 = 325 µm and y1 = 500 µm. The velocity magnitude
and velocity vector of the composite powder particles

are shown in Figure 7(c) and (e), respectively. After the
PA12 powder particles are removed, the powder pile
contains only fibres, as shown in Figure 7(d). On the
free surface of the powder pile, powder particles tend
to slide down because of gravity. In the dynamic
powder pile, most of the powder particles are dragged
by the roller and thus move in the x direction. With
the gap between the roller and the substrate being nar-
rower, the powder particles gradually have smaller vel-
ocity magnitudes. There exists a downward velocity in
the narrowest gap, which enables the deposition of
powder particles onto the substrate. Figure 7(f) shows
that there exists a strongly inhomogeneous distribution
of contact force in the powder particles due to the
formation of force chains. The force chains that com-
monly exist in granular materials (Parteli and Pöschel
2016) lead to the load concentration on a small
number of powder particles.

Voids in a powder bed are detrimental to the packing
density and surface morphology. As shown in Figure 8,
the numerical model is capable of predicting the for-
mation process of voids in the powder bed. Figure 8
(a)–(e) shows the evolutions of the powder velocity
and the contact force in the regions enclosed by the
dashed rectangle in Figure 7(c). In particular, Figure 8
(a) shows a stable powder flow in which the powder par-
ticles have their velocities in the moving direction of the
roller. As the powder particles are spread by the roller, as
shown in Figure 8(b), strong force chains may be newly
developed in a few powder particles near the narrowest
gap between the roller and the substrate. The newly
developed force chains may hinder the movement of
the roller and have a strong interaction with the roller.
Hence, a sharp peak can be observed at t = 32.9 ms in
the evolution of the contact force on the roller, as
shown in Figure 8(f). Because of the strong force

Figure 6. Schematic of the roller-type spreading system in the simulation.
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interaction with the roller, the powder particles would
undergo a strong dragging effect by the roller. Conse-
quently, a void is gradually developed as shown in
Figure 8(c).

To better observe the formation process of the void in
Figure 8(b) and (c), snapshots of the top view of the
powder bed are shown in Figure 9. The region of the
top view is confined between x0 and x1, as shown in
Figure 7(b). At t = 32.9 ms, several particles in the
dashed circle are spread by the roller and possess
large velocities. With the movement of these particles,
their positions and orientations are rearranged, and
they start to be deposited onto the substrate. After
t = 33.5 ms, a void starts to gradually develop.
The particles that were in the void position have been

dragged forward along the spreading direction by the
roller. A similar void formation process is repeated in
Figure 8(c) and (d). After the powder particles are
deposited onto the substrate and form a static powder
bed, two voids are finally developed, as shown in
Figure 8(e).

3.3. Effects of packing parameters on the packing
quality of the powder bed

The numerical model is used to investigate the effects of
packing parameters on the packing quality of the
powder bed, which is quantified by two parameters:
the packing density and surface roughness. The

Figure 7. Snapshot of the packing process of fibre/polymer powder particles: (a) 3D view of the powder velocity, (b) top view of the
velocity field, (c) x–z cross section of the velocity field, (d) x–z cross section of the powder pile after removing the PA12 powder par-
ticles, (e) x–z cross section of the velocity vector, and (f) x–z cross section of the contact force field.
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Figure 8. Formation process of voids in the packing process of fibre/polymer powder particles: (a) t = 30.0 ms, (b) t = 32.9 ms, (c) t =
37.6 ms, (d) t = 40.0 ms, and (e) t = 47.0 ms (the snapshots are for the regions enclosed by the dashed rectangle in Figure 7(c)). (f)
Evolution of the contact force applied to the roller with the roller moving distance in the x direction.

Figure 9. Snapshots of the formation process of the void in the packing process of fibre/polymer powder particles.
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packing density w is defined as

w = Vp
LWH

(17)

where Vp is the volume of PA12 and fibre powder par-
ticles; L, W, and H are the length, width, and thickness
of the powder bed, respectively. A larger packing
density indicates a more compact powder bed, which
has positive effects on the minimisation of porosity in
the printed composites.

The surface roughness ε is used to evaluate the
surface smoothness of the powder bed, which is
defined as the standard deviation of the height profile
of the powder bed:

1 =

��������������∑N
i=1

(hi − ha)
2

N− 1

√√√√√
(18)

where N is the number of points, hi is the height of the
powder bed at one point, and ha is the average value of
the height profile. To calculate the height profile, a ray-
tracing method is adopted to capture the top surface of
the powder bed (Haeri et al. 2017; Meier et al. 2019a).
At any point, this top surface is determined at the
highest intersection position of the ray and powder
particles. In this study, the height profile along the
spreading direction (the x direction) is the projection of
the powder bed clipped between y = y0 and y = y1 onto
the x–z plane. The surface roughness is obtained from
the height profiles of the powder bed along the spread-
ing direction.

To evaluate the packing microstructure, the coordi-
nation number that is defined as the average contact
number of the considered particle is calculated as

Nc = 2C
N

(19)

Figure 10. Powder beds with different powder layer thicknesses (v = 0.1 m/s and w = 20%): (a) H = 100 µm, (b) H = 120 µm, (c) H =
150 µm, and (d) H = 170 µm. The orange dash line denotes the bottom position of the roller.
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where C is the total contact number and N is the number
of particles. The multi-sphere polymer particle including
several spherical members is regarded as one particle in
the calculation. The contact number of a multi-sphere
particle is the summation of the contact number of
each spherical member. The contact between the
spherical members within the multi-sphere particle is
not considered. The cohesive interaction of two nodes
in one fibre particle is not counted into the total
contact number. Considering the above assumptions,
we can obtain the total contact number, and calculate
the coordination number.

3.3.1. Powder layer thickness
The powder layer thickness is defined as the narrowest
gap between the roller and the substrate and is a
crucial parameter that influences the flow behaviour of
powder particles in the packing process. Figure 10
shows the powder beds of PA12 and fibres with
different powder layer thicknesses (H = 100, 120, 150,
and 170 µm). In this case, the roller spreading velocity
and the weight fraction of fibres in the composite
powder particles are fixed to be 0.1 m/s and 20%,
respectively. The top view (the x–y plane) of the
powder bed and the x–z cross section of the powder
bed clipped between y0 = 250 µm and y1 = 400 µm are

shown in Figure 10(a). With the increase of the powder
layer thickness, the powder bed has fewer voids and
becomes more compact. The packing density and
surface roughness of the powder beds with different
powder layer thicknesses are plotted in Figure 11(a).
The increase of the powder layer thickness can
improve the packing quality of the powder bed as indi-
cated by the larger packing density and lower surface
roughness, which is consistent with the conclusions
reported by Haeri et al. (2017). As the powder layer thick-
ness becomes larger than 170 µm, the improvement in
the packing quality due to the variation of the powder
layer thickness is insignificant. Although a large layer
thickness can improve the packing quality of the bed,
it may result in the lack of fusion in the powder
melting process and reduce the dimensional accuracy
of the printed parts. The height profiles in the x–z
cross section of powder beds with different powder
layer thicknesses are plotted in Figure 11(b). The
increase of the powder layer thickness can lead to an
increase in the average height of the powder bed. More-
over, the height profile of the powder bed with a thicker
powder layer has a smaller fluctuation along the spread-
ing direction, which indicates a smoother powder bed.

The voids in a powder bed with a thin powder layer
thickness were mainly ascribed to the jamming

Figure 11. Effects of the powder layer thickness on (a) packing density and surface roughness, and (b) height profile of the powder
bed. Evolutions of (c) the contact force on the roller and (d) the coordination number in the packing process with different powder
layer thicknesses.
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phenomenon in the packing process by Nan et al. (2018),
and they found that the total jamming probability
decreased sharply with the increase of the gap
between the blade spreader and the substrate. With
the decrease of the powder layer thickness, the
powder particles have less space to rearrange in the
gap between the roller and the substrate. Consequently,
when being pushed by the roller, more powder particles
may experience strong contact interaction forces, thus
leading to a higher chance of the emergence of strong
force chains more easily. The jamming may be caused
by these strong force chains, especially for the non-
spherical powder particles with large sizes. Figure 11(c)
illustrates the evolution of the contact force applied to
the roller for powder beds with different powder
layer thicknesses in the packing process. A decrease in
the powder layer thickness leads to a significant increase
in the contact force of the roller. A few peaks are found
in the evolutions of the contact forces at H = 100 and

120 µm, which are one order of magnitude larger than
those at H = 150 and 170 µm. These peaks of the
contact force imply a strong interaction between the
powder particles and the roller. Consequently, these
powder particles are strongly dragged forward by the
roller, which leads to the emergence of voids in the
powder bed.

Figure 11(d) shows the evolutions of the coordination
number in the packing process for powder beds with
different powder layer thicknesses. Initially, the coordi-
nation number is zero because no contact exists in the
loose powder pile. As the powder pile drops onto the
substrate because of gravity, the coordination number
has an abrupt increase. As the roller starts to spread
powder particles onto the substrate, the coordination
number experiences a fluctuation. The packing process
becomes stable as the roller moves around 2 mm. Con-
sequently, the coordination number tends to increase
because more powder particles are deposited onto the

Figure 12. Powder beds with different roller spreading velocities (H = 150 µm and w = 20%): (a) v = 0.05 m/s, (b) v = 0.1 m/s, (c) v =
0.15 m/s, and (d) v = 0.3 m/s.
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substrate and form a static powder bed. In general, the
coordination number increases faster for the packing
processes of powder beds with larger powder layer
thicknesses.

3.3.2. Roller spreading velocity
Figure 12 demonstrates the powder beds with different
roller spreading velocities. The powder layer thickness
and the weight fraction of fibres in the composite
powder particles are taken as 150 µm and 20%, respect-
ively. As the spreading velocity increases, more voids
are found in the powder bed. Particularly, at v = 0.3 m/s,
the powder distribution is extremely sparse, and a discon-
tinuous thin powder bed is observed. The packing density
and surface roughness of the powder bed at different
spreading velocities are shown in Figure 13(a). The
increase of the spreading velocity reduces the packing
density and increases the surface roughness, indicating
a poor packing quality of the powder bed. Chen et al.
(2020) reported similar conclusions from the experiment
and simulation results for the packing process of metal
powder particles, and Parteli and Pöschel (2016) also
found that the increase of the spreading velocity led to
a rougher powder bed. Even though a small spreading
velocity can be beneficial to the packing quality of
the powder bed, the printing efficiency is lowered.

A balance between the packing quality and printing
efficiency should be considered for the setting of the
roller spreading velocity. The height profiles along the
spreading direction of the powder bed at different
spreading velocities are plotted in Figure 13(b). The
increase in the spreading velocity leads to a decrease in
the average height and a rougher top surface of the
powder bed.

Figure 13(c) plots the evolutions of the contact force
applied to the roller in the packing process at different
spreading velocities. Large contact forces are observed
when the moving distance of the roller is between 0.5
and 2 mm. During this period, the roller starts to
spread the static powder pile onto the substrate so
that a faster roller is subjected to stronger force inter-
actions. After the spreading process becomes stable
(the moving distance is larger than around 2 mm), the
spreading velocity has no obvious effect on the
contact force of the roller except that a few more force
peaks occur for v = 0.3 m/s. Figure 13(d) shows the evol-
ution of the coordination number in the packing process
with different spreading velocities. An increase in the
spreading velocity results in a decrease in the coordi-
nation number. A low coordination number in the
packing process of powder beds with high spreading
velocities results in insufficient powder contact in the

Figure 13. Effects of the roller spreading velocity on (a) packing density and surface roughness, and (b) height profile of the powder
bed. Evolutions of (c) the contact force on the roller and (d) the coordination number in the packing process with different spreading
velocities.

S14 P. TAN ET AL.



packing process, which would degrade the packing
quality of the powder bed.

3.3.3. Weight fraction of fibres
The powder beds with different weight fractions of fibres
are shown in Figure 14. The powder layer thickness (H =
150 µm) and roller spreading velocity (v = 0.1 m/s) are
kept constant. The variation of the packing density and
surface roughness of the powder bed with different
weight fractions of fibres is demonstrated in Figure 15
(a). The packing density of the powder bed with a
small number of fibres (w = 5% and 10%) increases
slightly as compared with that of the PA12 powder
bed. Meanwhile, the surface roughness reduces with
the increase of the weight fraction of fibres. The
packing quality is improved when a few fibres are
mixed with PA12 powder particles because the fibres

can fill the voids among PA12 powder particles due to
its smaller volume. When w > 10%, the surface rough-
ness has no noticeable variation tendency, while the
packing density reduces with an increasing weight frac-
tion of the fibres. This change can be attributed to the
reduction of flowability for fibre/PA12 composite
powder particles and the agglomeration of the fibres.
As shown in Figure 5, the increase in the weight fraction
of fibres contributes to a higher AOR for the composite
powder particles, which indicates the reduction of the
powder flowability. Moreover, fibres with small sizes
tend to agglomerate in the packing process because of
the cohesive force, as shown in Figure 14(d).

The height profiles of the powder beds with different
weight fractions of fibres are shown in Figure 15(b). In
Figure 15(c), the contact forces on the roller demon-
strate a similar evolution trend for the powder beds

Figure 14. Powder beds with different weight fractions of fibres (H = 150 µm and v = 0.1 m/s): (a) w = 0, (b) w = 10%, (c) w = 20%, and
(d) w = 40%.
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with different weight fractions of fibres. Figure 15(d) shows
the evolutions of the coordination number in the packing
process for the powder beds with different weight frac-
tions of fibres. When the moving distance of the roller is
between 1 and 4 mm, the coordination number generally
reduces as the weight fraction of fibres increases. After the
roller moves around 4 mm, the coordination number
increases as more powder particles are deposited onto
the substrate to form a static powder bed. During this
period, the weight fraction of fibres has no noticeable
effect on the coordination number.

4. Conclusions

A DEM model has been developed for simulating the
packing process of fibre/polymer composite powder
particles for PBF additive manufacturing. In the numeri-
cal model, polymer powder particles and fibres are rep-
resented by multi-sphere particles and individual
cylinders with round ends, respectively. The static AOR
of composite powder particles measured in the exper-
iment is used to calibrate the parameters used in the
model. The model provides an efficient and feasible
way to predict the packing characteristics of powder
beds. In this study, the model has been employed to
investigate the flow dynamics of composite powder

particles and study the effects of packing parameters
on the packing quality of the powder bed.

The distribution of the particle contact force is strongly
inhomogeneous, and the emergence of new strong force
chains near the gap between the roller and the substrate
may lead to the formation of voids in the powder bed.
The increase of the powder layer thickness is beneficial
to the increase in the packing density and the decrease
in the surface roughness of the powder bed due to the
reduction of strong dragging effects. The high roller
spreading velocity leads to insufficient contact interactions
among powder particles in the packing process, which
reduces the packing quality of the powder bed. A small
number of fibres mixed with polymer powder particles
are in favour of the packing quality, but a further increase
in the fibre number lowers it because of the reduction of
powder flowability and agglomeration of fibres.
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