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Abstract

A coupled multiphase model based on computational fluid dynamics (CFD) and discrete element method (DEM) is developed to
numerically investigate the extrusion-based 3D printing process of discontinuous carbon fibre-reinforced polymer composites.
Short carbon fibres are modelled as rigid bodies by clumping discrete spheres in DEM, while polymer matrix is treated as an
incompressible Newtonian fluid in CFD. A fluid-particle interaction model is adopted to couple DEM and CFD and represent the
dynamic fibre/matrix interaction. Collisions between fibres are considered naturally in DEM by using the Hertz-Mindlin contact
law. The coupled CFD-DEM is validated, both qualitatively and quantitatively, against X-ray microtomography (uCT) exper-
imental results for the T300/PA6 composite. Parametric study on various fibre lengths, fibre volume fraction and resin viscosity
using the CFD-DEM model shows that the nozzle clogging tends to occur when the fibre length and/or the fibre volume fraction
are increased. Use of a polymer matrix with a lower viscosity can be effective to eliminate the clogging issue when printing
composites with relatively short fibres. The fibre length is dominating when long fibres are used and the clogging is largely
independent on the viscosity of the polymer matrix. Finally, a potential solution of using a cone sleeve insert located above the
shrinking region to address the nozzle clogging issue is proposed and numerically assessed.

Keywords 3D printing - Computational fluid dynamics - Discrete element method - Carbon fibre-reinforced polymer composites -
Nozzle clogging

1 Introduction

Carbon fibre-reinforced polymer (CFRP) composites offer vari-
ous advantages such as high strength and high stiffness-to-weight
ratio, as well as excellent fatigue performance and corrosion
resistance [1, 2]. Apart from the traditional manufacturing
methods, the recently emerged additive manufacturing tech-
niques (AM, also known as 3D printing) have shown the poten-
tial to enable low-cost and mould-free manufacturing of three-
dimensional objects with complex geometries [3]. Among them,
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the extrusion-based fused filament fabrication (FFF) printing is
the most popular process (by number of machines), which fabri-
cates a part by melting and depositing the composite material
layer by layer [4]. Due to the favourable melt processability, a
wide variety of thermoplastic can be used as the matrix materials
in the FFF 3D printing of composites, such as acrylonitrile buta-
diene styrene plastic (ABS), polylactic acid (PLA) and nylon.
Discontinuous carbon fibres are usually introduced to reinforce
thermoplastics in order to improve its strength, stiffness and heat
resistance [S]. Previous researches have shown that improved
mechanical properties can be achieved in the printed composites
[6], in particular the flexural properties could be improved by
2~3 times with the mixed discontinuous carbon fibres [7].
Thermoplastic polymers have a relatively higher melt vis-
cosity than thermosetting polymers and it is challenging to
form strong bonds between a thermoplastic polymer and car-
bon fibres. The chopped carbon fibres mixed in the melt ther-
moplastic during FFF printing would further increase the vis-
cosity, and the difference in their coefficients of thermal
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expansion would result in more voids during the heat cycling
[6, 8, 9]. Although manufacturing of short fibre composites at
a faster production rate is desirable with the FFF technique, if
not well treated, the mechanical properties of finished parts
could be impaired and even become inferior to that of the
printed neat polymer materials, which is mainly caused by
the voids formed in the printing process [10]. On the other
hand, the chopped carbon fibres currently used in the 3D
printing are usually shorter than 0.2 mm, which is not long
enough to make a distinctive enhancement on the mechanical
properties of the printed composites. Markforged® reported
that the tensile properties of discontinuous fibre-reinforced
thermoplastic composites are lower than the 3D-printed neat
thermoplastic.

Attempting to address the afore-mentioned issues, the
mechanisms of the melt flow as well as void formation
through the standard FFF printing process have been investi-
gated [11]. Previous researches have studied the effect of
printing parameters on the mechanical performance [12-15].
And the in situ consolidation techniques such as ultrasonic
vibration [16] and post printing treatment such as hot-
pressing [17] have been adopted to remove the air voids in-
duced during the printing. In order to achieve higher mechan-
ical performance, other attempts have been made such as the
use of longer discontinuous fibres (e.g. 3 mm) in previous
work [18]. A few studies also aimed to customise the align-
ment of discontinuous fibres in the composites with the nozzle
design and path optimization [19-21], in addition to rotational
printing [22] and the use of a magnetic field [23]. Another
extrusion-based printing technique, direct-ink writing
(DIW), has been used to print short fibre-reinforced polymer
composites, in which a thermosetting resin with low viscosity
is mixed with the short carbon fibres prior to the printing [20].
In the DIW printing process, a long and needle-like nozzle is
usually adopted, but risks of fibre bridging and nozzle clog-
ging still exist in the regions close to the nozzle outlet when
long fibres are used [24].

Due to the lack of understanding on fibre motion and dis-
tribution as well as the interaction among them, the mecha-
nism for the issues of fibre breakage and nozzle clogging is
still unclear. This also imposes a major constraint on the ad-
ditive manufacturing of composites with longer discontinuous
fibres and tailored fibre orientation during printing. In addi-
tion, the large variability of printing parameters results in in-
consistent properties of the deposited composites. Optimal
printing parameters are usually identified through a nontrivial
trial-and-error process for each specific composite, followed
by traditional tensile/flexural tests and the characterisation of
fracture profile [12, 25]. Therefore, there is still a lack of
established process-properties relationship for 3D printing of
composites in general.

Computational modelling, as an alternative research tool,
can provide much more details of multiphase flow which are
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hardly accessible via traditional physical measurement and
thus has been adopted to improve the understanding of the
3D printing process [26]. Papon et al. [27] developed a com-
putational model and numerically investigated the effects of
nozzle speed, feed rate and nozzle geometry on the mechani-
cal performance of 3D-printed composites. Finite element
method (FEM) was also used to evaluate the polymer melt
flow and the associated effects of nozzle geometry and
extrudate swell on fibre orientation [28]. The effective bulk
mechanical properties, specifically the longitudinal and trans-
verse moduli, and the coefficient of thermal expansion were
calculated for the deposited bead based on the spatially vary-
ing fibre orientation tensors [29]. Yang et al. [30] established a
new coupling model based on smoothed particle hydrody-
namics (SPH) and discrete element method (DEM) to simu-
late the 3D printing process of short CFRP composites and
obtained promising results for the rheological flow and fibre
orientation.

From the literature survey, it is still necessary to further
understand (and eventually better control) the flow character-
istics of the melt composites during the 3D printing process.
Numerical simulations with rigorous validations would be
useful to achieve this target. Unfortunately, modelling such
multiphysics, multiphase flow process is complicated and
there have been very few studies yet. Croom et al. [24] used
computational fluid dynamics (CFD) to simulate the resin
flow in DIW 3D printing process. However, fibres were not
explicitly considered in the model and fibre-fibre collisions
could not be fully represented; thus, the nozzle clogging was
not well addressed. The fibre-fibre collision behaviours were
captured in the SPH-DEM model by Yang et al. [30], but the
fibre length is very short and the occurrence of nozzle clog-
ging was investigated due to the fact that the model was two
dimensional. On the other hand, experimental validation of
such numerical models is very challenging and has been rarely
reported in the literature, as it is difficult to observe the fibre
orientation and distribution during the printing process, espe-
cially for those areas inside the extrude nozzle.

Therefore, this study aims to develop a 3D coupled model
based on CFD and DEM to understand the effects of printing
parameters, including fibre volume fraction (V)), fibre length
and matrix viscosity, on the fibre misalignment and nozzle
clogging in extrusion-based 3D printing of composites. The
original contribution of the current work include the follow-
ing: (a) anovel CFD-DEM model is established and validated
by the experimental data to investigate the 3D printing process
of carbon fibre-reinforced polymer composites. The main ad-
vantage of the CFD-DEM model is its computational efficien-
cy which enables the simulation of a large amount of individ-
ual fibres in the printing process; (b) occurrence of nozzle
clogging is predicted with governing mechanisms discussed;
and (c) potential solutions to prevent nozzle clogging are pro-
vided. The paper is organised as follows. ‘Section 2’
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introduces the numerical methods for the coupled CFD-DEM
model and its validation, followed by comprehensive para-
metric studies in ‘Section 3’. Potential solutions are proposed
and numerically assessed in ‘Section 4’. Conclusions are fi-
nally drawn in ‘Section 5°.

2 Coupled CFD-DEM modelling
and validations

2.1 CFD-DEM coupling

In the coupled CFD-DEM model, short fibres are regarded as
a discrete, solid phase and simulated using DEM, while the
polymer matrix is simulated using CFD. As the short fibres
normally have an aspect ratio larger than one, each fibre is
represented by a group of discrete DEM particles that are
bonded together as a rigid clump. The motion of each particle
in DEM is described by Newton’s second law of motion. For
particle i, the equations governing the translational and rota-
tional motions can be expressed as:

d u
mi Vi = Fprit EI(F"’” + Fay) +mig

@ (1)
I; a w; = ;(Tt,ij + T+ T,;.ij)

J=1

where m; and I; are the particle mass and the moment of
inertia, respectively. v; and w; are the linear and angular ve-
locities, respectively. n; is the number of particles interacting
with particle i. Relevant forces are gravitational force m;g,
fluid-particle interaction force F,; and inter-particle collision
forces including elastic force F, ; and viscous damping force
F;;;. The Hertz-Mindlin contact model is adopted to calculate
the inter-particle collision force. The torques acting on particle
i by particle j include T};; generated by the tangential force,
T, ; known as the rolling friction torque and T, ; generated
when the normal force does not pass through the centre of
particle 7.

The polymer matrix is regarded as a continuous phase
whose motion follows the Navier-Stokes equations given by:

0
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where pis fluid density, # is time, #,is fluid velocity and p
k

is fluid pressure.e = 1— YV;/ AV is the voidage where £, is
i=1

the total number of particles in the current computational cell
of volume AV and V; is the volume of particle i. Tis the stress
tensor which is given as follows: T = p[(Vuy) + (Vuy '] —

2/3)i(V - updy, where p is fluid dynamic viscosity and Jy is
ky

the fluid Kronecker delta. At last, Fj, = (ZFPJ-J) JAV is

=

the volumetric fluid-particle interaction force.
The drag force is the only fluid-particle interaction force
considered in this study, which can be described as:

Eppi = ViB(us—vi) /(1-¢) 3)

where 3 is the fluid-particle interphase drag coefficient [31]
and can be defined as:

1-¢)*p, 1—¢e)py
150 s U0 a8
8= 62dp,i edp,
3 I—¢)p,
ZCD ( dpipf ’u‘f_Vj|€72'65 £>0.8
(4)

where d,, ; is the diameter of particle i. Cp, is the drag coef-
ficient, which can determine the effective transfer of the inter-
phase force. The formula has considered the effect of the par-
ticle shape using the concept of sphericity ¢, as given by:

24
Cp = Re

i

(1 +exp(2.33-6.46 + 2.45¢2)Re?-1°+°‘56¢) (5)

exp(4.91-13.89¢ + 18.42¢°~10.264°)Re;
exp(1.47 + 12.260-20.7302 + 15.910°) + Re;

where Re; = epd,|uy — vj|/uris the Reynolds number for
particle i. d, is the equivalent diameter defined as the diameter
of a sphere with the same volume as the non-spherical particle.
Therefore, d,,; = d, in this study.

All the numerical simulations were carried out on the work-
ing station with Intel Xeon Gold 6126 24-core 2.6 GHz and
2.59 GHz (2 processors), 80 GB. The overall time for each
case took around 200 hours wall o’clock, including pre-pro-

cessing, simulation and post-processing.

2.2 3D printing experiments and X-ray puCT scans

To validate the computational model, 3D printing experiments
of discontinuous carbon fibre-reinforced polymer were carried
out on a Prusa i3 MK3S+ printer using a printing material
Onyx® from Markforged®. The material data sheet has
shown that Onyx® filament has diameter of 1.75 mm and
consists of polycaprolactam (PA6) and short T300 carbon
fibre [32]. The thermal properties of Markforged® ONYX
were characterised in the previous study [33]. The glass tran-
sition temperatures (7y), crystallisation temperature (1) and
melting point (7},,) are 27 °C, 161 °C and 197 °C, respectively.
In our previous study [34], a X-ray microtomography (LCT)
scan of the intact filament was conducted, with an accelerating
voltage of 80 kV and a power of 7 W. The exposure time and
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effective pixel size for each scan can be found in [34]. It
demonstrated that it has a mean fibre length of 0.12 mm, an
average fibre diameter 7 um and a fibre volume fraction of
about 13.34%. The uCT scan also shows that the short carbon
fibres are uniformly distributed and most of them are aligned
with the longitudinal direction of the filament. The tensor
component azza,, is about 0.9 in the raw filament (z-axis
direction is the flow direction). The printing parameters of
short carbon fibre-reinforced composites are listed in Table 1.

The internal geometry of the nozzle is essential for the
configuration of the computational model, so a pCT scan of
the nozzle was also carried out, as shown in Fig. 1a. It can be
seen that the inner diameter of the nozzle is 2 mm, and it is
reduced to 0.45 mm in the outlet with a certain slope, as
indicated in Fig. 2a. A composite sample was taken from the
nozzle (see Fig. 1b) and scanned to obtain the microscopic
information of fibre distributions, which will be used for the
validation of the computational model.

2.3 Validations of the coupled CFD-DEM modelling

A schematic diagram of the computational domain is shown in
Fig. 2a which contains two cylinders and a conical part in-
between them. Geometry of the domain is identical to that
measured by the pCT scan in Fig. 1. For the inlet at the top,
a constant fluid velocity 0.0012 m/s is given. For the outlet at
the bottom, a zero-pressure outlet boundary condition is im-
posed. The DEM particles are automatically removed as soon
as they leave the nozzle outlet to save the computational cost.
Solid walls, representing the internal walls of the nozzle, are
set as non-slipping for both two phases. The model is first
validated against the above experimental data for the Onyx®
composite filament. Two other fibres with different lengths (L
= 0.24 mm and L = 0.35 mm) are considered in the later
parametric studies. Fig. 2b shows the cylinder-like fibres con-
structed by 17, 34 and 51 bonded spheres using DEM,
representing a fibre length of 0.12 mm, 0.24 mm and 0.35
mm, respectively. The bond stiffness is calculated according
to the shear stiffness (G = 15 GPa) and Poisson’s ratio (v =
0.2) of the T300 carbon fibre. Particle density is set to be the
same as T300 (p = 1600 kg/m’). The bonds between the
spheres are not allowed to break in the present model to reduce
the computational cost as the current study is focused on the
fibre flow, in particular fibre bridging instead of fibre break-
age. The process is considered to be isothermal without heat

transfer. The simulations are performed using ANSY S-Fluent/
EDEM software.

The main parameters used in the numerical simulations are
listed in Table 2. Identical to the experimental settings, the
viscosity of the PA6 resin is set as py= 120 Pa's, and the
vertically aligned fibres are gradually and randomly generated
until reaching a volume fraction V, of 13.34%. Fig. 3 shows
the CT images and numerical results of fibre distributions in
the respective representative areas of the nozzle. For the accu-
rate result of quantitative analysis, the image processing was
repeated three times when determining the fibre volume frac-
tion at different representative areas. The fibre volume fraction
alters from 13.34% in the raw filament to 12.60-15.83% in the
in-nozzle melted filament, wherein chopped carbon fibres are
re-distributed inside the nozzle in five representative areas
[34]. The local excess of matrix in section I may result from
both shear re-orientation between core and edge and the strong
re-orientation at the entrance [35]. It also implies that the fibre
fraction of the central region is initially close to the nominal
value but increases gradually with the re-orientation of its
outer regions of the melt flow. It can be seen that the general
trend predicted by the numerical model agrees very well with
the experimental observation. The fibre orientations in physi-
cal experiments are a little more disordered than that in the
numerical simulations, especially in area V. The discrepancy
could be due to the difference in the initial fibre distribution. In
the numerical simulations, all the carbon fibres are initially
set aligned with the longitudinal direction in the nozzle while
in the physical experiments the fibres are not perfectly aligned
in the nozzle cavity, e.g. the fibres are more misaligned in the
constraint spaces such as area V. Quantitative comparisons of
Vyare shown in Fig. 4, which indicate an excellent agreement
between the numerical results and the experimental data. The
average error is approximately 2.81%, providing a strong ev-
idence that the adopted CFD-DEM model is capable of simu-
lating this multiphase flow problem in 3D printing of
composites.

3 Parametric studies under different printing
conditions

3.1 Occurrence of nozzle clogging

The main objective of this work is to investigate the occur-
rence of nozzle clogging caused by fibre bridging in the

Table 1 The printing parameters

of short carbon fibre-reinforced Printing Bed Printing Oft- Feed rate of Filament Nozzle
composites temperature temperature  speed distance  filaments diameter diameter
275°C 90 °C 60 mm/s 0.1 mm 1.2 mm/s 1.75 mm 0.45 mm
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Fig. 1 a pCT scan of the nozzle
and b in-nozzle melted sample
taken from the nozzle (red box)

[34]

nozzle under different printing conditions. The most influen-
tial factors for nozzle clogging are likely to be fibre length,
fibre volume fraction, polymer properties and their combina-
tions. As the nozzle has a diameter of 0.45 mm, the maximum
fibre length to be simulated is set as L = 0.45 mm, with other
three different lengths in-between 0.12 mm and 0.45 mm.
Besides Markforged PA6, two other representative polymer
matrix, Arkema Elium 150 and Victrex PEEK 381G, with two
significantly different viscosity and density values are also
selected for comparisons. The fibre volume fraction V, =
13.34% in Markforged Onyx® T300/PAG6 is set as a baseline
and two higher V,values are selected as a higher fibre concen-
tration which would be more desirable in practice to achieve
better mechanical performance of the printed composites.
Corresponding numerical results are summarised in
Table 3. If the simulation is successfully completed with con-
tinual flow of fibres through the nozzle outlet, it is considered

Fig. 2 a Sketch of the
computational domain and b three
cylinder-like fibres with different
length

2 mm

I

(b)

that there is no fibre bridging and thus no nozzle clogging. On
the contrary, if the fibres are gradually clogging in the nozzle
and only polymer resin flows through the nozzle outlet, the
simulation is terminated (due to an abrupt change of the con-
centration of DEM particles in the sharply narrowed region)
and it is considered as an occurrence of fibre bridging and
nozzle clogging.

As can be seen in Table 3, no bridging occurs for L =
0.12 mm whereas bridging occurs for L = 0.45 mm in all
simulated cases. For those fibres with a medium length, bridg-
ing occurs conditionally. At a relatively short fibre length L =
0.24 mm, low viscosity of the polymer matrix (i.e. Arkema
Elium 150) is found to be effective for eliminating the clog-
ging issue at a very high fibre concentration V,= 26.68%.
However, the fibre length becomes more dominating when
longer fibres are used (e.g. L = 0.35 mm and beyond), and
the clogging is largely independent on the viscosity of the

'v1.25 mm

0.7 mm

l l Pressure-out

C))

i I [ I » 1 I [
R=0.0045 mm
L=0.12 mm
L=0.24 mm
L=035mm
(b)
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Table 2 Numerical parameters
used in the CFD-DEM

simulations

Term Parameter Value

Polymer matrix Density (kg/m*) 1010, 1150, 1300
Viscosity (Pa‘s) 0.1, 120, 300
Inlet velocity (m/s) 0.0012

Carbon fibre Fibre length (mm) 0.12, 0.24, 0.35, 0.45
Initial fibre volume fraction (-) 13.34%, 20.01%, 26.68%
Density (kg/m*) 1600
Shear’s modulus (GPa) 15
Poisson’s ratio (—) 0.2

polymer matrix. In addition, the use of such longer fibres
imposes a strong constraint on the fibre volume fraction, with
occurrence of nozzle clogging for both cases of V,=20.01%
and 26.68%. Further increase of fibre length to L = 0.45 mm
results in nozzle clogging even at a very low fibre volume
fraction, i.e. V,= 13.34%. This indicates that there is a strong
correlation between fibre length and fibre volume fraction,
and there would be a scope for optimising the combination
of these two factors to mitigate the risk of nozzle clogging.
Therefore, a more detailed and quantitative study of the fibre
flow through the entire printing process is carried out in the
next section.

3.2 Effects of fibre length and fibre volume fraction

Fig. 5 shows the distributions of V,in different representative
areas for the 3D printing of T300/PA6 composites. From all
these figures, it can be seen that the V,in areas I and II of the
nozzle cavity are very close to the initial V. The flow rate is
stable in the nozzle cavity and thus V, is not substantially
affected. In contrast, a considerable increase of V,in areas III
and IV can be observed as a result of the sharply narrowed
nozzle cross-section in the nozzle aperture. This phenomenon
becomes more paramount for longer fibres with a large initial

Vyas shown in Figs. 5b and c. Note that a very large value of V,

Fig. 3 Fibre distributions in
different representative areas (I to
V): a uCT images [34] and b
numerical results

@ Springer

in areas Il and IV may indicate the occurrence of fibre bridg-
ing, which also results in an extremely low V,in area V as
shown in Fig. 5S¢ when the initial V,is 26.68%.

A typical bridging phenomenon in the evolution of fibre
flow for L = 0.24 mm and initial Vy= 26.68% is given in Fig.
6. It can be seen that as the fibres enter the shrinking region,
the fibre orientation in area III is changed substantially from
vertical to inclining. Severe interlocking takes place before
these inclining fibres entering area V. Once the interlocking
structure is strong enough to support the weight of above
fibres, fibre bridging is formed and no more fibres can pass
through the nozzle aperture to the nozzle outlet. As a result,
the 3D printing process is terminated due to the clogging in the
nozzle and the sudden rise of pressure in nozzle inlet, which
prevents further feeding of the filament. Therefore, the current
numerical results recommend that it is critical to control the
fibre orientation in the shrinking region to prevent fibre
bridging.

The occurrence of bridging is related to the average fibre
(i.e. DEM particle) velocity in the nozzle as shown in Fig. 7.
Recall that each fibre is formed by a group of spheres; thus,
the average particle velocity is a statistical representation of
the fibre flow. It can be observed from Fig. 7a that average
particle velocities in all the cases show quite similar trends, i.e.
increasing at first (due to gravity), then dropping (due to the

(b)
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obstruction of the shrinking section) and finally reaching an
almost constant value (due to the narrow section in the nozzle
outlet). In this study, nozzle clogging is regarded to take place
when the constant value is lower than 0.5 mmy/s. It is seen that
the 3D printing processes can run well when L = 0.12 mm
regardless of the initial V. This means that adopting shorter
fibres is beneficial for the fluidity at the same initial V, and
would not cause fibre bridging even with high initial V. When
fibre length L = 0.24 mm is used as shown in Fig. 7b, it can be
seen that the particle flow is not terminated with the increase
of the initial V,until it reaches 26.68% and the average particle
velocity becomes very low afterwards. Low velocities are
commonly observed when the fibre length further increases
to L = 0.35 mm as shown in Fig. 7c. Long fibres flow very
slow even with a low initial V.. Therefore, it can be concluded
that the fibre length and the initial V,have a combined influ-
ence on the 3D printing process. Since a long fibre and high
initial Vyare favoured, the current numerical results suggest to
adopt the case of L = 0.24 mm with initial V,=20.01% or L =
0.35 mm with initial Vy= 13.34% for Markforged PA6 using
the specific nozzle herein. Furthermore, it is worth noting that
the distributions of fibre volume fraction and average particle
velocity in the other two polymer systems show quite similar
characteristics as in Figs. 5 and 7, and thus are not duplicate.

Finally, it is indicated from the current numerical results that
fibre bridging actually takes place in areas III and IV, so it is
necessary to carry out a microscale analysis on the particle
structure in these areas to further investigate the mechanisms.
For the same reason, the analysis is only carried out for
Markforged PA6 but all the findings would be valid for
Arkema Elium 150 and Victrex PEEK 381G.

3.3 Microscale analysis on the particle structure

Based on the observations in Fig. 6, area IV is of interest and the
distribution of coordination number (CN) in this area is shown in
Fig. 8. CN of a DEM nparticle is defined as the number of sur-
rounding particles contacting with it. Therefore, overall distribu-
tion of CN is a good indicator to show the packing structure of
particles. Fig. 8a presents the probability density function (PDF)
of CN in area IV for different study cases, from which it can be
seen that the CN curves for all these cases show a Gaussian-like
profile. For each fibre length (and therefore different number of
spheres for the fibre), with the increase of the initial V; the CN
curves shift parallel to the larger CN slightly. This is reasonable
because an increase of the initial Vleads to more potential con-
tacts in a constrained space. For a given initial V}; it is interesting
to see that the peak positions of these CN curves are not influ-
enced by the increase of the fibre length. Normally, longer fibres
would have larger CNs in a dense packing system due to their
larger surfaces for contacting with more other particles.
However, that seems not the actual case here mainly because
the fibres are almost parallelly distributed in area IV. There are
approximately four other fibres around each fibre and that is why
the peak values of all the CN curves are located at four. Figs. 8b,
¢ and d provide the position of the DEM particles which are
coloured by their CNs. It can be found that each sphere has
| CN| cylinders which present the interactions among the parti-
cles. The overall distribution of CN in area IV is not much influ-
enced by the fibre length or the initial V. Since the consistency of
fibre orientations in area IV is also not influenced by the nozzle

Table 3 Occurrence of fibre bridging under different printing conditions (o for non-bridging, x for bridging)
Polymer matrix Arkema Elium 150 Markforged PA6 Victrex PEEK 381G
Viscosity (1) at elevated temperature 0.1 Pa's 120 Pa's 300 Pas

(25°C) (275 °C) (420 °C)
Density (kg/m®) 1010 1150 1300
L (mm) Ve

13.34%  20.01%  26.68% 13.34%  20.01%  26.68% 13.34%  20.01%  26.68%
0.12 o o o o o o o o o
0.24 o o o o o X o o X
0.35 o X x o X x o x x
0.45 X x x x X X X X x
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Fig.5 Distribution of fibre volume fraction in five representative areas with different fibre length and initial fibre volume fraction when j1,= 120 Pa's and

p=1150kg/m* a L =0.12mm, b L =024 mm and ¢ L = 0.35 mm

geometry, attention needs to be paid to the fibre bridging in arca
III to prevent nozzle clogging.

When the contact structure of the packed particles is ob-
tained, it is useful to find out the contact forces at each contact
point. Fig. 9 shows the PDF of the contact forces and their
fittings. It can be seen that the overall distribution trends of the
contact forces are quite similar for all considered initial V,and

fibre length. That is, most of the contact forces (i.e. >60%) are
comparable and only a small proportion of larger forces exist.
However, it is clear that the magnitude of the contact forces
increases with both initial V,and fibre length. This is because
the mass of a single fibre increases with its length. Larger
particle mass leads to larger contact forces. Furthermore, there
are more fibres with the increase of the initial Vj; and thus, the

Fig. 6 Evolution of fibre flow for L = 0.24 mm and initial V= 26.68% (only fibres in the shrinking region are shown)
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Fig.7 The average particle velocity in the system with different fibre length and initial fibre volume fraction when ;= 120 Pa's and p = 1150 kg/m®. aL

=0.12mm,b L =024 mmand ¢ L = 0.35 mm

packing structure becomes much denser, resulting larger con-
tact forces.

4 Proposed solutions to avoid nozzle clogging

Above microscale analysis shows that the fibre distribution in
area III is more sensitive to the fibre length and initial V.
Therefore, to prevent the formation of fibre bridging and noz-
zle clogging, a cone sleeve insert is installed in area III, which
is located in the nozzle aperture right above the shrinking
region, as shown in Fig. 10. By changing the geometry of
the insert, two plans (A and B) are proposed. The main differ-
ence between plans A and B lies on the size of the top and
bottom circles and the sleeve height. It is the combined effect
of these three parameters to change the sleeve angle from one
to another. Numerical simulations on the nozzle with an insert
are carried out based on the fibres L = 0.35 mm in Markforged
PAG. It is believed that the same issues for shorter fibres and
other polymer can be also resolved if the cone sleeve insert
works for the longer fibres in Markforged PA6. Numerical
results after these two designs are summarised in Table 4. It
can be seen that nozzle clogging is successfully resolved by
plan B rather than plan A. The average particle velocities for
both designs are shown in Fig. 11 for different initial V: As
shown, for both the two designs with two initial V the general
trends of the average particle velocity curves are quite similar
with the original one. The main discrepancy takes place at the
‘dropping’ state when the fibres enter the nozzle aperture. Due
to the existence of the insert, the average particle velocity
drops faster than that in the original nozzle. This is especially
true for plan A, in which the insert is found to retard the fibre
sedimentation greatly and nozzle clogging cannot be avoided.
Therefore, only when the cone sleeve insert is properly de-
signed such as plan B, the long fibres can flow into area V
without any bridging taking place unlike the original nozzle
and plan A.

Fig. 12 top shows the distributions of DEM particles
for fibre length L = 0.35 mm and initial V, = 26.68%

for different geometries. It can be seen that plan B is
advantageous mainly because the fibre orientations are
essentially smoothed as compared to the original design.
Due to this reason, the fluidity of the fibres is en-
hanced, and thus, the fibre bridging does not occur,
making the movement of the fibres possible to the low-
er regions. Fig. 12 bottom shows the distributions of
contact forces on the DEM particles. It can be seen that
large forces mainly concentrate near the inclined walls
of the nozzle aperture in all the three cases. However,
quite different force distributions can be observed in the
central region of the nozzle. For the original nozzle
without any insert, large forces are found on those in-
clined fibres which lead to the formation of fibre bridg-
ing. For the nozzle with the cone sleeve insert of plan
A, even larger contact forces are observed in the central
region where the fibres do not have too much inclina-
tion. This is because the slope of the inclined wall of
the insert is smaller than the nozzle aperture, which
makes the fibres difficult to pass through the insert.
At last, for the nozzle with the cone sleeve insert of
plan B, there are not many large forces in the central
region and the 3D printing process runs quite smoothly.

Fig. 13 shows the percentage of the fibre orientations in
which the inclined angle is defined as the angle between the
fibre axis and the vertical direction. It is clearly seen that there
are more ‘vertical’ fibres (0° < inclined angle < 15°) in plan B
than the other two designs. In other words, the initial orienta-
tion of the fibres is greatly maintained by the cone sleeve
insert in plan B, when they pass the shrinking region.
Meanwhile, it can also be seen that there are more inclined
fibres (30° < inclined angle < 45°) in the original design than
the two insert designs. The most ‘horizontal’ fibres (45° <
inclined angle < 90°) are found in the cone sleeve insert in
plan A which of course leads to the highest risk of fibre
bridging.

The new nozzle design enables the printing of short fibres
with a longer length and a higher fraction, which will improve
the mechanical properties of the CFRP composites, such as a
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Table 4 Likelihood of nozzle clogging for different insert designs (o
for non-bridging, x for bridging)
Original Plan A Plan B
Markforged PA6 X x o
0.35 mm-20.01%
Markforged PA6 x x o
0.35 mm-26.68%
>
Y 4
0.6 mm
= v
A

0.5 mm

Fig. 10 Sketches of different cone sleeve inserts in the nozzle

higher stiffness/strength to weight ratio. As it can be used to
print fibres in a broader range of lengths and weights, the
performance of printed composites could be customised in
local areas.

5 Concluding remarks

In this work, a coupled CFD-DEM model for the extrusion-
based 3D printing process of discontinuous carbon fibre-

6

—&—1=0.35mm V =20.01% - Original
—@—1.=0.35mm V=20.01% - Plan A
—A—1.=0.35mm V=20.01% - Plan B

N
T

S
T

N~
T

Average particle velocity (mm/s)
(= w
T T

1 1 1 1 1 1 1 1 (| 1 1

0
0.22 0.26 0.30 0.34 0.38 0.42 0.46 0.50 0.54 0.58 0.62

(a) Time (s)

reinforced polymer composites is developed and validated
against experimental measurement data. Then three different
fibre lengths and three different polymer resins considered are
numerically investigated using a coupled CFD-DEM ap-
proach. Effects of fibre length, fibre volume fraction and poly-
mer property on the 3D printing process are discussed and the
occurrence of nozzle clogging is predicted. Microscale analy-
sis on the fibre particle structure is conducted. Finally,
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Fig. 11 The average particle velocity in the system with different plans: a L = 0.35 mm, V,=20.01% and b L = 0.35 mm, V,= 26.68%
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0.35 mm and initial V= 26.68% in different nozzles
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potential solutions to avoid nozzle clogging are proposed and
numerically evaluated. The study also serves a starting point
to guide the future design and optimisation for 3D printing of
composites with longer discontinuous fibres and high
melting-viscosity polymer matrices. According to the numer-
ical results, following conclusions can be drawn for the range
of parameters considered in the current study.

(1) Adopting short fibre is profitable for the fluidity and
avoiding nozzle clogging at the same initial V. At a
relatively short fibre length L = 0.24 mm, low viscosity
of the polymer matrix (i.e. Arkema Elium 150) is effec-
tive for eliminating the clogging issue for very high fibre
concentration Vy= 26.68%.

(2) When long fibres are used (i.e. L = 0.35 mm and beyond),
fibre length is the dominating factor for the mixture flow,
and under this circumstance the clogging is largely inde-
pendent on the viscosity of the polymer matrix.
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(3) A cone sleeve insert with a proper design and positioning
could be a solution to the nozzle clogging, while
manufacturing such small insert and combining it with
the standard nozzle could be challenging. Therefore, fur-
ther optimisation of such specific nozzle for printing long
fibres is still needed when carrying out experimental
tests.

Nomenclature Cp, drag coefficient, —; CN, coordination number, —; d,,,
equivalent diameter, mm; D, ;, diameter of particle, mm; F;;, viscous
damping force, N; F, ;, elastic force, N; Fy,, volumetric fluid-particle
interaction force, N; F,;, fluid-particle interaction force, N; G, shear
stiffness, Pa; /;, moment of inertia of particle, kg~m2; K, total number
of particles, —; L, length, mm; m;, particle mass, kg; n;, number of particles
interacting with particle 7; P, pressure, Pa; PDF, probability density func-
tion; Re;, Reynolds number for particle i, —; ¢, time, s; T, ;;, torque by
normal force, N/m; T, ;;, rolling friction torque, N/m; 7, ;, torque by tan-
gential force, N/m; u; fluid velocity, m/s; v;, particle velocity, m/s; V;,
volume of particle 7, m3; V; initial fibre volume fraction, —; AV, compu-
tational cell of volume, m

Greek letters 3, fluid-particle interphase drag coefficient; d, the fluid
Kronecker delta, m; €, voidage, —; 115 dynamic viscosity of fluid, Pa's; v,
particle Poisson ratio, —; p, density of fluid, kg/m; T, stress tensor, Pa; ¢,
sphericity, —; w;, angular velocities, rad/s
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