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ABSTRACT

In material extrusion (MEX), it is challenging to accurately predict the steady and transient feeding
forces at various polymer extrusion rates when printing island and thin-walled structures involving
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rapid start/stop or acceleration/deceleration, especially for semi-crystalline polymers. This research

presents a non-isothermal viscoelastic Computational Fluid Dynamics model to investigate the
steady and transient feeding forces, as well as the phase transition process and viscoelastic
behaviour of polylactic acid (PLA), a semi-crystalline polymer, during the extrusion process. The
study establishes a relationship between polymer flow and viscoelastic stress, demonstrating
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that the elastic effect during extrusion is more significant than the viscous effect, particularly at
higher feeding rates. Furthermore, the study uncovers critical aspects of PLA melt flow
behaviour during the MEX process, laying the foundation for future research and optimisation

of MEX printing processes.

1. Introduction

Fused Filament Fabrication, also known as Fused Depo-
sition Modelling (FDM), is a material extrusion additive
manufacturing technology proposed by Crump in 1986
[1] that builds parts layer by layer by melting and extrud-
ing filaments through the hot-end (Figure 1 (a)). The hot-
end, responsible for melting and extruding the polymer
filament, comprises a liquefier that transfers heat to poly-
mers and an extrusion nozzle that deposits the melt onto
the substrate, thereby constructing three-dimensional
objects [2]. A profound understanding of melt flow evol-
ution during printing is crucial for comprehending the
limitations of the FDM process and optimising both the
process and structure. Nevertheless, conducting a com-
prehensive analysis of the liquefier melting process and
flow details using experimental techniques is challenging
due to the difficulties involved in integrating in-situ
measurement instruments within the hot-end. Conse-
quently, numerous studies have extensively explored
the melt flow behaviour of the filament in the hot-end
through Computational Fluid Dynamics (CFD) methods.

The numerical research on the melting flow in the
extrusion process of FDM mainly focuses on the following
two aspects. One is to investigate the mechanism of melt

flow in the hot-end of the FDM extrusion process [3-15],
such as simulating the velocity, pressure, and tempera-
ture fields in the hot-end affected by the variation of
different factors (e.g. heat transfer conditions, feeding
rate, and material properties). The mechanical properties
of printing parts hinge on the diffusion of the polymer
chains at the interfaces formed during the extrusion
and deposition processes [16-18], and this diffusion cor-
responds to the changes in physical fields, such as the vel-
ocity and temperature of the melt flow in the hot-end.
The other research interest is predicting the feeding
force during the printing process, i.e. the resistance that
filament overcomes [3,4,7-9,19]. These studies aim to
optimise the design of the hot-end to accommodate
different working conditions, including high-speed print-
ing, large-scale printing, and soft material printing. In
each of these scenarios, it is crucial to continuously
improve the model for higher computation accuracy
and optimise the hot-end design to meet the printing
requirement. Nevertheless, a notable discrepancy per-
sists in predicting the steady-state feeding force under
conditions of high feeding rates, elevated heating temp-
eratures, small outlet diameters, and particularly for semi-
crystalline polymers [4,7-9].
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Figure 1. (a) Schematic of FDM process; (b) Geometry of the hot-end channel and boundary conditions of the computational model.

Most of the current numerical simulations are based on
a generalised Newtonian fluid (GNF) constitutive model,
which failed to consider the complete viscoelasticity of
the polymer. The significance of considering viscoelasticity
lies in the fact that the internal stresses also depend on
their past deformations [20]. Moreover, it has been demon-
strated that viscoelasticity significantly affects the conven-
tional manufacturing processes for polymers, including
injection/compression moulding, spinning, film blowing,
and more [21-26]. Thus, characterising the polymer viscoe-
lasticity in the FDM process becomes essential. Schuller
et al. [27] conducted initial research on the viscoelastic
behaviour of polymer fluids in the FDM process based
on the assumption of isothermal flow with a nozzle of a
unique geometry. Later, Serdeczny et al. established a
non-isothermal flow viscoelastic model for the FDM extru-
sion process, but their research mainly focused on the pre-
diction of steady-state feeding force [19]. However, for
scenarios that require rapid start/stop or acceleration/
deceleration of the extruder head, such as island structures
and thin-walled structures, in-depth research on the transi-
ent feeding force changes during the printing process is
yet to be explored. Also, most of the materials used in
the above studies are amorphous polymers without a dis-
tinct melting point. However, semi-crystalline polymers,
such as polylactic acid (PLA), have distinct melting points
and enthalpy values. Thus, the viscoelastic flow mechan-
isms and their unique characteristics in transient response
remain unexplored. Also, the impact of changes in empiri-
cal parameters in the phase transition model on visco-
elastic melt flow needs to be further determined.

This study presents a non-isothermal viscoelastic CFD
model to research the steady and transient feeding
forces, the phase-transition process, and the viscoelastic
melt-flow mechanism involved in the FDM extrusion

process of semi-crystalline polymers. The model simulates
the filament being heated and melted from a solid state to
a liquid state and then extruded. The Giesekus model [28]
is adopted to describe the viscoelastic behaviour of
materials. The computational model with the enthalpy por-
osity method is then applied to semi-crystalline polymers
(such as PLA), which exhibit a distinct melting point associ-
ated with the phase-transition process. Finally, simulations
are performed to predict variations in transient feeding
force in response to different velocity inputs, including
step velocity and trapezoidal velocity profiles.

2. Methods and materials
2.1. Experimental and numerical instruments

All testing is performed with commercial PLA filament
(Polymaker, China). A commercial FDM printer (INTAMSYS
HT400) is used throughout this work, including feeding
force measurements (more details in Appendix). All
numerical simulations are conducted using ANSYS
Fluent (ANSYS Inc., PA, USA), a commercial CFD software
tool. The CFD model is solved based on the finite volume
method within the software. To incorporate the visco-
elastic constitutive model, a UDF (User Design Function)
is developed using the C++ programming language.

2.2. Hot-end configurations and boundary
conditions

Figure 1 (b) illustrates the fundamental configuration of a
typical hot-end, consisting of the heat sink, heat break,
liquefier, and nozzle. The liquefier is responsible for
heating and melting the filament, which is then extruded
through the nozzle for the layer-by-layer printing process.



The heat break serves the purpose of blocking the upward
heat flow from the liquefier, thereby preventing the
polymer melt backflow to the low-temperature zone, This
backflow could lead to the solidification of the polymer
and blockage of the nozzle [29]. Furthermore, the heat
sink effectively dissipates the heat transferred from below,
ensuring that the filament maintains its shape and does
not soften prematurely before reaching the liquefier. This
facilitates the smooth entry of the filament into the liquefier.

Therefore, the primary focus of this study is the analy-
sis of melt flow within the liquefier and nozzle sections
during the FDM extrusion process. These sections
implemented in the numerical model are divided into
three zones, as illustrated in Figure 1 (b). The dimensions
of the hot-end are summarised in Table 1. In addition,
the boundary conditions (Figure 1 (b)) in this research
are assumed as follows:

1) Considering the axisymmetry of the flow channel
geometry, a two-dimensional axisymmetric model
is established for the simulation, eventuating in a
symmetric axis boundary condition.

2) The inlet boundary condition is defined as a velocity
inlet with a given velocity and temperature, and the
outlet boundary condition is set as a pressure outlet
with a magnitude of one atmosphere.

3) Since there is a significant impact of the gap between
the inlet filament and the liquefier wall in the simu-
lations, and the gap-filling level will be maintained
near the junction of the heat break and the
liquefier [3,7,29], it is postulated that the filament
wall at the heat break acts as a free-slip wall bound-
ary condition. In other words, the filament does not
contact the hot-end wall; instead, it replaces the
interface between air and polymer.

4) The liquefier and nozzle contain the core region where
the filament is melted and extruded. The wall of this
region is assumed to have a constant heating tempera-
ture, representing a fixed wall boundary condition.

2.3. Governing equations of the CFD model

Under the defined conditions in Section 2.2, the govern-
ing equations used in our computational model are

Table 1. Dimensions of INTAMSYS HT400 hot-end.

Dimension Symbol Value Unit
Filament radius Re 0.875 mm
Liquefier radius R, 1 mm
Nozzle radius Rc 0.2 mm
Capillary length Lc 0.6 mm
Liquefier length L 20 mm
Contraction angle @ 30 ©
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based on the research of Bird [30] and Bennon et al.
[31]. The equations corresponding to volume, momen-
tum, and energy balances are as follows:

V-u=0, (1)
Du M p
- V.1—Vp——(u— uy),
P =PI +V.7—Vp Kp (u—uy) )
bor = Df,
PCo o = KV2T + 7Vu — V - (pfL(u — ug)) — pLD—t’,

3)

where u is the velocity vector, ug is the solid push velocity
vector corresponding to the filament feeding rate, p is
mixture density, p, is the fluid density, t is time, p is
pressure, 7 is the constitutive stress tensor, g is the
gravity vector, C, is the specific heat, T is the temperature,
k is the thermal conductivity of the polymer, w is the

D
dynamic viscosity and L is the melting enthalpy. Dt is the

D 9
substantial derivative, expressed as: Dt = p +(u-V).In
addition, f is the mass fraction, while the subscript s and
I represent the solid phase and liquid phase, which

means f; + f; = 1, as supplied as follows:

0, if T <T,
T—T,
= _— 2 fT,.<T<T,
ﬂ T/—Ts I /s / (4)
1, fT>T

where T; and T; represent the liquidus and solidus temp-
eratures, respectively.

In Equations (1)-(3), the fluid is assumed to have a con-
stant density, specific heat coefficient, and thermal con-
ductivity. The material to be investigated is PLA, a
widely used semi-crystalline polymer with distinct
melting points and enthalpy values. Thus, it is essential
to account for the phase change process that occurs
within the polymer melt flow. Therefore, the correspond-

ing source terms incorporated into the governing

equations include: the fourth term (—%B(u— ug)) on

Py
the right-hand side (RHS) of the momentum equation

Equation (2); the third term (—V - (pfsL(u — ug))); and the
f,
fourth term (—pL %) on the RHS of the energy equation

Equation (3). These terms represent the Darcy force
term, the interphase transfer term, and the latent heat
term, respectively. The Darcy force term accounts for
the flow of the liquid polymer through the porous
mushy zone. The interphase transfer term in the energy
equation describes the subsequent latent heat transfer.
Lastly, the latent heat term represents the latent heat of
fusion absorbed during the phase change of the polymer.
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2.4. Constitutive model

The existing generalised Newtonian fluid models have
reached their limits in accurately predicting extrusion
flow behaviour. Therefore, it is imperative to consider
the effects of material elasticity, especially when study-
ing more complex transient fluid flows. Introducing a
viscoelastic constitutive model is essential to provide a
more precise description of polymer flow dynamics.

The Giesekus model [28] is applied as the constitutive
model, which is related to the stress tensor term in
Equations (2)-(3). The stress tensor term in the visco-
elastic model can be expressed as follows:

T="Ts+ Tp, (5)

where 7 is the solvent stress term, i.e. the viscous stress
due to polymer viscosity, and 75 = 27, D, 7, is the
solvent contribution to the zero-shear rate viscosity 7,
is the stress contribution due to polymer elasticity; If
for Newtonian fluids, 7, = 0.

Next, the viscoelastic model is established to predict
the polymer stress contribution 7,. To completely
characterise the intricate viscoelastic properties of the
polymer, a multi-mode formulation is adopted. Here, k
is the mode number, i.e. the number of groups of consti-

n
tutive equations. Thus, 7s = ) k. For a single-mode
k=1

group, the Giesekus model can be expressed as follows:

v /\k
Tpk + Ak Tpk +akTTpk : T;k = 2nyD, (6)
pk

where, Ay, ax, mp are the relaxation time, mobility
factor, and polymer viscosity for each mode k respect-

. . v o o
ively. Meanwhile, 7p is the upper-convected derivative
of the stress tensor for each mode defined as:

D
TZk = DL';k — (VW) - Tpk — Tpk - VU, (7)

D,
where T't’k is the substantial derivative of the stress

tensor for each mode. In addition, the temperature
dependence of the relevant parameters of the Giesekus
model is characterised by the Arrhenius equation [32] as
follows:

IR sy
H(T) = —eXP[R,-g (T TO)}, (8)

where H is the activation energy of flow, and R, is the
ideal gas constant. The temperature dependence of

rheological parameters is expressed as:

ng = HMng, ©)
M = H(MAko , (10)
ax = H(Mayo , (1
Npk = HMM pyo - (12)

In addition, the Cross model, which is a GNF model, is
introduced for comparison. The Cross model is rep-
resented as follows:

__ T
1+ 04"
where 7n(y), m,, A*, and n are the shear viscosity, zero-

shear viscosity, relaxation time, and the power-law
index, respectively.

n(¥) (13)

2.5. Material properties

In this study, a viscoelastic model is fitted by conducting a
series of rheological experiments to identify quantities
such as storage modulus, loss modulus, viscosity; and
time-temperature equivalence. The modulus and vis-
cosity of PLA are characterised using a HAAKE MARS 40
Rheometer (Thermo Fisher Scientific, US) with a set of
25 mm parallel plates, through the Small Amplitude Oscil-
latory Shear (SAQS) test. An amplitude scan is first per-
formed at 453.2K and 10 Hz to determine the strain
within the linear viscoelastic region (LVR). The frequency
scan ranging from 0.1 to 200 rad/s at 0.1 % strain ampli-
tude is performed for 443.2, 453.2, 463.2, and 473.2 K.
The SAOS test provided data that varied with the
angular frequency (w). To obtain the shear rate (¥) depen-
dent viscosity model data, the Cox-Merz rule is applied,
replacing the angular frequency with the shear rate. In
addition, a reference temperature of 453.2 K is used.

Furthermore, the model fitting for parameter identifi-
cation consists of two parts: one is to obtain the relax-
ation spectrum of the polymer melt's linear
viscoelasticity from the SAOS test. The other is to deter-
mine the values of the parameters a and AH/Rj; by
fitting the nonlinear viscoelastic behaviour observed at
various temperatures based on the relaxation spectrum.

For the Giesekus model, the relationship between the
relaxation spectrum (A, 1) and the experimental angular
frequencies w, storage, and loss moduli G’ and G” in the
SAOS test can be expressed as:

g,-)\-zwz
Glo)=)Y “""—, 14
@ =3 (14)
’r gi/\i(l)
Gllw)=) ———. 15
;1 + A2 e? (15)



The experiments and model fitting are performed fol-
lowing the above procedures. The results are presented
in Figure 2, which illustrates both the measured and
fitted curves. The identified parameters can be found
in Table 2.

Additionally, modelling the material extrusion
process requires the identification of the following par-
ameters: density p, specific heat capacity C,, thermal
conductivity, melting enthalpy L, liquidus, and solidus
temperatures of the polymer. Liquidus and solidus
temperatures remain constant, the other parameters
are temperature-dependent. To simplify the simulation,
only the temperature dependence of the parameters
that significantly vary with temperature and have a pro-
minent effect on the simulations have been considered,
as shown in Table 3. The specific heat capacity with
temperature for PLA from Phan et al. [9] can be trans-
formed in Kelvin as follows:

T < 428.15K

T > 428.15K ° (16)

c, _ [405T —760.45,
P~ 2.42T7 — 504.02,

2.6. Phase transition model

In addition, the filament is heated and melted as it enters
the liquefier, leading to a phase transition process from
the solid to the liquid phase. The phase transition is com-
monly characterised in CFD through the enthalpy poros-
ity technique proposed by Voller and Prakash [34]. While
this model originated from the alloy solidification
process, it has also been applied to the melting of crys-
talline or semi-crystalline organic materials [4,6,35-38]
like paraffin and polylactic acid, yielding simulation
results that align closely with experiments [4,35,39].
This technique treats the solid-liquid interface as an
equivalent porous media, where the porosity represents

()1 =
g
=10° /
(2]
=
=}
5}
o
= G'- Fitting
1 G' - Experimental
10°¢ G- Fitting 3
G"- Experimental

10° 102
Frequency ( rad/s)
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the ratio of the latent heat content of the cells to the
latent heat of fusion, and this phase transition interface
is commonly referred to as the mushy zone. This method
involves the identification of its empirical parameters,
which have a significant impact on the melt flow simu-
lation results [35,39,40].

The fourth term to the right-hand side of the momen-
tum conservation equation Equation (2) and the third
term to the right-hand side of the energy equation
Equation (3) in the control equations reflect the use of
the enthalpy porosity technique. The Darcy force term
Sr in Equation (2) is expressed in the simulation model
as:

(17)

where the permeability K is expressed according to the
Kozeny-Carman equation. The equation is described as
follows:

3
k= (18)
c(1 — ¢)°S?
where c and S are the Kozeny-Carman constant and the
specific surface area of the solid phase in the mushy
zone, ¢ is the porosity of the porous media, correspond-
ing to the liquid fraction f;, which means ¢ = f;.

Since the polymer has been assumed to be an incom-
pressible fluid during the FDM extrusion process for
simulation, the density of the polymer is constant
throughout the liquefier, i.e. LA 1, and therefore the
Darcy force term Equation (176)’can be expressed as:

cS2(1 — ¢)?
¢ +e

where the constant ¢ is introduced to avoid division by

zero. The CFD software like ANSYS Fluent introduces

Kp

SF:_EE,(u_uS)Z_ (19)

(u—us),

(b)10*
Viscoelastic model
Experimental
Q)
©
e,
2>
K7)
Q
o
L
>

100 102
Shear rate( s'1)

Figure 2. (a) Fitted curve for storage and loss moduli G’ and G”. (b) Fitted curve for viscosity.
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Table 2. Identified parameters for the constitutive model.

Viscoelastic Model

Parameter Symbol Unit Value
Mode 1 Mode 2 Mode 3

Mobility factor o - 0.609 0.794 0.485
Relaxation time Axo S 0.0048 0.265 0.0249
Polymer viscosity contribution Mo Pa-s 615.1 965.4 987.1
Solvent viscosity contribution N0 Pa-s 1314
GNF Model
Zero-shear viscosity uR Pa-s 20115
Relaxation time \* S 0.014
Power-law index n 0.26
Arrhenius Equation
Reference temperature To K 453.2
Activation energy/Gas constant AH/Ryg K 10880
another parameter Anush as: that when a larger A,,ush is utilised in the model, the pre-

Amsh = - CS2 . 20) dicted feeding force is larger at all feeding rates. This can

Thus, the Darcy force source term is re-written as:

Amush(‘I - ¢)2
¢ +e
The Kozeny-Carman constant c is an empirical parameter
[41,42] that has to be determined, and the specific surface
area S is a constant related to the microscopic mor-
phology of the polymer solid, which is estimated based
on the alloy solidification simulations [40,43,44]. Addition-
ally, the viscosity of the polymer w varies with tempera-
ture and strain rate, which results in a non-constant
mushy zone parameter A,sn. The temperature range of
the mushy zone is between 413.15K to 428.15K [9].
According to the Arrhenius equation, the corresponding
viscosity change multiple is around 1.8 times. Moreover,
the phase transition region falls under Zone |, with a
shear rate below 10 s~', and the corresponding viscosity
at 428.15 Kis approximately 8000 Pa-s. Thus, A,ush can be
simplified as a pending empirical parameter and its influ-
ences can be studied through numerical simulation. In
addition, the experimental results of the feeding force
during the stable printing can be used for identifying

the value of Anusn subsequently.

Sp=— (U —ug) . (21)

3. Result and discussion
3.1. Influence of mushy zone parameter A,

The effect of the mushy zone parameter A, on the
steady flow of polymer melt is investigated. Previous
studies have indicated that the majority of phase-
change materials have proper A values around
1 x 108 [45,46]. Therefore, based on this, five different
values around 1 x 108 for Ay are chosen to calculate
the curve of steady-state feeding force with speed vari-
ation, as depicted in Figure 3. It has been observed

be attributed to the obstruction of material melting
within the mushy zone. Additionally, the predicted
feeding force is compared to experimental data at
different feeding rates to determine the appropriate
value for Anush. The optimal Anusy is found to be
9x 107 and 1 x 108, respectively for the GNF model
and the viscoelastic model, respectively. These values
will be adopted in the subsequent research.

Moreover, we computed the average deviation to
assess the precision of predicting the steady-state
feeding force. The GNF model showed a deviation of
14.6%, while the viscoelastic model exhibited approxi-
mately 8.9%. The viscoelastic model demonstrates
superior prediction accuracy compared to the GNF
model. Consequently, the viscoelastic model could be a
substantial enhancement in predicting the steady-state
feeding force for semi-crystalline polymers (e.g. PLA) in
FDM compared to relevant research [9]. In addition, our
research in feeding force prediction has met or surpassed
the predictive levels seen in studies on amorphous poly-
mers like ABS (Acrylonitrile Butadiene Styrene), PS (Poly-
styrene), and PC (Polycarbonate) in FDM process [3,6,8,47].

Furthermore, as shown in Figure 3, with a smaller
Amush and under the same feeding rate, the solid-
liquid interface becomes closer to the outlet. Interest-
ingly, the proportion of the solid phase does not
visibly increase with the rise of A,sn. This can potentially
be explained by considering the distribution of the
liquid phase. As Anush increases, the solid phase region

Table 3. Material properties adopted in the simulation.

Parameter Symbol Value Unit Source
Density p 118 g/cm? [33]
Thermal conductivity K 0.2 W/mK [9]
Melting enthalpy L 100 J/g [9]
Solidus melting temperature T, 413.15 K [9]
Liquidus melting temperature T 428.15 K [9]
Glass temperature Ty 33415 K [33]
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Figure 3. Measured and predicted feeding force at different feeding rates. The predictions are conducted for various Ap,s» and gen-
erated using two models: (a) the GNF model and (b) the viscoelastic model.

tends to expand towards the wall. On the basis of the
temperature distribution (Figure 4), it becomes apparent
that a substantial gradient in temperature exists near the
wall in comparison to the central zone. Also, the flow
rate exhibits its peak magnitude at the central axis,
gradually diminishing to zero in proximity to the wall.
This illustrates an increase in viscosity as the fluid
approaches the wall due to the shear thinning of non-
Newtonian fluids. Thus, the increase in viscosity caused
by the temperature drop near the wall becomes more
pounced. Conversely, in the central zone, the viscosity
increases due to the temperature drop is significantly
mitigated by the larger shear rate and notable shear
thinning effect. Therefore, as An,usn becomes larger, the
feeding force continues to rise despite the limited or
even decreased proportion of the solid phase.

3.2. Response of the feeding force

This section focuses on investigating the transient
changes of the feeding force exerted on the filament
during the feeding process, considering the viscoelasticity
of the material. The significance of the research lies in the
fact the successful extrusion of the filament in the FDM
process requires overcoming the varying transient
feeding force caused by the complex melt flow in the
hot-end. This implies that the motor's performance (e.g.
power, torque, rotational velocity) should be adapted to
accommodate these transient feeding force variations.
The simulation begins from a pause in printing, without
considering retraction. In other words, the liquefier is
filled with polymer melt prior to feeding, and the
filament's speed is varied from zero.

Under the isothermal flow assumption, this section
analyses and compares the response of the feeding

force under two models: the GNF model, which considers
only the viscous effect, and the Giesekus model, which
incorporates the complete viscoelasticity of polymers.
The viscosity and other parameters for both models are
fitted at a reference temperature (453.15K). A step
signal is applied to the velocity at the flow field inlet,
set at 60 mm/min. The results (Figure 5) demonstrated
that the introduction of the viscoelastic model leads to
higher predicted feeding forces compared to that of the
purely viscous model, which neglects the elastic effect.
Moreover, due to its ability to capture polymer elasticity,
the viscoelastic model exhibits a greater accuracy in cap-
turing transient changes of feeding force for a small over-
shoot during the rising stage of extrusion. While this
overshoot has been observed in both numerical simu-
lations and experiments involving simple pipeline flow
or simple shear flow in viscoelastic fluids [48-53], such
as CyooHa02 and blood. If the overshoot becomes appar-
ent, it indicates that the motor for the feeding filament
should be adjusted accordingly to precisely regulate the
extrusion flow rate. Additionally, the moving speed of
the extruder can be also adjusted to mitigate the strand
width variation. This overshoot is attributed to the
elastic accumulation and relaxation of the polymer melt.
The relaxation time of the polymer represents the time
lag in the development of the stress, following the impo-
sition of the shear rate. Although the polymer generally
has multiple relaxation times or even a continuous relax-
ation time spectrum, it can be simply estimated with the
one-mode Maxwell model [54-56]. The overall time lag
can be understood as the ratio of the storage modulus
to the loss modulus, which is the inverse of the
damping ratio [56-58]. This implies that polymers with
high damping exhibit less pronounced overshoot
phenomenon during the FDM process, such as
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thermoplastic polyurethane (TPU) [59], while those with
low damping show more obvious hysteresis and over-
shoot, affecting the printing quality.

During actual printing, the flow of the polymer in the
hot-end is inevitably non-isothermal. This non-isother-
mal flow introduces a more complex relationship
between the feeding force and feeding rate. In this
study, the GNF model and the viscoelastic model are
used for predicting and comparing the response of
feeding force under different input velocity curves.
Two types of velocity profiles are selected as input: a
step signal (Figure 6 (a)) and a trapezoidal signal
(Figure 6 (b)) that is closer to the actual FDM extrusion
process. The target feeding rates are 80 and 240 mm/
min, respectively. However, the experimental instrument

21 Viscoelastic model | 1
GNF model
g 1 5 L
g " [
S
2 1 ‘
S
D
o
L o5t ]
0 1 1
0 0.1 0.2 0.3 0.4

Time (s)

Figure 5. Prediction of transient feeding force under the isother-
mal flow assumption.

used in our study has a maximum frequency of 1 Hz,
under which it is difficult to capture the complete vari-
ation of transient forces. To validate and assess the com-
putational model, the computational results are
compared to the existing experimental research [3,7,60].

The simulation results show that for the step velocity
input, when the inlet velocity changes, it is found that
there is an instantaneous step rise of feeding force in
the GNF model (Figure 6 (c)). Conversely, the viscoelastic
model exhibits a transient overshoot oscillation of the
feeding force (Figure 6 (e)), which becomes more pro-
nounced with higher feeding rates. Meanwhile, for the
trapezoidal velocity input, the GNF model predicts the
feeding force that is more linear during the acceleration
stage (Figure 6 (d)). In addition, the feeding force predic-
tion curves of the two constitutive models have a similar
feature, that is, at a high feeding rate (240 mm/min)
(Figure 6 (c-f)) the simulated feeding force shows a
sudden increase in feeding force after a steady accelera-
tion. This occurrence happens when the low-tempera-
ture PLA filament (i.e. the new entry filament) enters
the liquefier. The filament melts, replacing the pre-exist-
ing high-temperature PLA in the hot-end. The tempera-
ture distribution inside the liquefier stabilises before the
new entry filament approaches the conical section, so
the feeding force does not change. However, when
feeding at high speed, there is a double increase for
filament passing through the channel. The correspond-
ing explanations are made as follows:

It is known in Section 3.1 that the increase in viscosity
due to temperature drop is much greater near the wall
than near the centre of the channel. Therefore, before
the new entry filament passes through the conical
section, although the temperature drop zone at the
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Figure 6. Feeding force response with the GNF model (c) and viscoelastic model (e) under the step velocity input (a). Feeding force
response with the GNF model (d) and viscoelastic model (f) under the trapezoidal velocity profile (b).

centre expands, the area of the temperature drop zone
near the wall does not change significantly. So the
ascent of the feeding force gradually slows down.
However, when the new entry filament passes through
the conical section (Zone Il) and the outlet section
(Zone 1lI) in Figure 1, the diameter of the flow channel
decreases and the temperature of the wall near the
conical section and the exit section drops distinctly.

Consequently, the feeding force rises further at the cor-
responding time point. Moreover, this rise is more pro-
minent as the feeding rate increases (Figure 6 (f)), as
validated by the experiments in [60].

Furthermore, it is observed that the GNF model predicts
less significant feeding forces during this stage when com-
pared to the viscoelastic model (Figure 6 (c—f)). However,
the study by Serdeczny et al. [47] revealed that a second
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increase in feeding force is more noticeable at high feeding
rates, followed by fluctuations due to the unstable fill level
of the gap. This phenomenon will be taken into account in
future studies by changing the free-slip wall (Figure 6) and
coupling the multiphase model [3,7].

3.3. Viscoelastic behaviour in extrusion

This section focuses on the viscoelastic phenomena of
polymer in the steady-state extrusion process of FDM
and analyses the mechanism of polymer interaction in
the flow channel. The changes in viscosity and elasticity
at different feeding rates are understood, and an appro-
priate method is proposed to measure the influence of
viscoelasticity on the FDM printing process.

3.3.1. Viscoelastic dynamics
The relationship between the stress field, flow field, and

phase transition process is directly linked to the
influence of stress terms (V - 7, 7 : Vu) in the governing

1
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equations (Equation (1)-(3)). Thus, the distribution of the
stress field is influenced mutually by the evolution of the
polymer’s temperature and velocity fields in the hot-end,
and it affects the formation of extruded polymer strands
during the deposition process [61]. Hence, examining
the local distribution of stress in the flow channel is of
great significance in comprehending the melting flow
mechanism of the polymer in the hot-end.

The simulation is based on a simplified 2D model, the
stress tensor is a 2 x 2 symmetric matrix with four com-
ponents, 711, T12, T21, and 7y, of which 71, = 74, is the
shear stress, which is related to the viscous action of
the polymer. While the other two components, axial
stress 711 and radial stress 15, are mainly related to the
elasticity of the polymer. Taking the simulation results
at a feeding rate of 60 mm/min as an example, the
characteristics and causes of the stress distribution in
the hot-end (Figure 7) are analysed in two parts, one is
from the inlet of the runner to before the tapered conver-
gence section (Zone | in Figure 7) and the other is from
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Figure 7. Distribution for solid-liquid phase, streamline and each component of the stress tensor at a feeding rate of 60 mm/min.



the tapered convergence section of the runner to the
outlet section (Zones Il and Il in Figure 7).

Between the conical convergence section and the
outlet (Zones Il and lll), as shown in Figure 7, the diameter
reduction results in the conservation of flow rate, leading
to a sharp increase in flow velocity, which results in sharp
changes in the various stress components. Near the wall
of the conical convergence section (Zone ll), 77 and 75,
undergo a change from positive to negative or negative
to positive. The possible reasons for this change are as
follows:

e For the axial component of the stress tensor 7, the
fluid undergoes compression at the conical wall, experi-
ences a turn, and the corresponding axial velocity is
reduced, leading to negative axial stress 7.

e For the radial component of the stress tensor 7,,, the
fluid near the wall enters the conical section and
experiences a turn, producing higher radial downward
velocity. The radial velocity gradually decreases in the
process of flowing towards the centre resulting in a
positive velocity gradient and radial stress 7, near
the wall, hence, the fluid near the wall is under
tension. The fluid near the centre is squeezed, and
the velocity gradient and radial stress 7, are negative.

Before the entrance to the conical convergence
section, the stress distribution is mainly gathered near
the phase-change interface, and the various stress com-
ponents show different degrees of stress concentration
near the phase-change interface (Figure 7). It reveals
that the elasticity has an important effect on the phase
transformation of semi-crystalline polymers. For
instance, the axial component 71; takes a negative
value near the phase transition interface in the solid
domain where the diameter of the filament is smaller
than that of the flow channel. As illustrated by the
streamline in Figure 7, the polymer filament will natu-
rally diffuse toward the wall during the melting
process, and this diffusion phenomenon results in the
solid under the phase interface being pulled, i.e. the
radial component 7;; is positive. Due to mass conserva-
tion, the velocity of the filament feed is necessarily
greater than the average velocity of the fluid in the
flow channel in the liquefier Zone I. This causes the
solid filament to be compressed near the phase-
change interface. In addition, a lung-shaped positive
and negative boundary region appears above the
phase change interface in the stress binarization of 7,
and 7, in Figure 7, which is not observed in the stress
distribution diagram. This disparity arises from the
inability to achieve an instantaneous change in fluid vel-
ocity as the PLA filament transitions from the solid to the
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liquid phase. Moreover, the solid filaments that do not
enter the fluid section at the inlet exhibit a notable con-
centration of stresses in proximity to the reflux point.
The recirculation region towards the inlet obviously
brings upward frictional forces on the filaments,
making the axial component 717 negatives While this
happens at the boundary point of the phase-change
interface, the filaments undergo melt diffusion making
the radial component 7, positive.

3.3.2. Viscoelastic effects on the FDM printing
process

To study the effect of viscoelasticity on the printing
process, the stresses in the filament during printing are
calculated from the numerical model. Firstly, the shear
stress 1, is used to characterise the viscous effect.
Then the normal stress difference N; (i.e.
N; = 71 — 73) is introduced as the indicator of elas-
ticity, which is only related to the polymer elasticity
and is zero in the generalised Newtonian fluid (GNF)
mechanics model [62,63] (Figure 8). It is found that the
stress concentration near the phase change interface
weakens during the process of increasing velocity
(Figure 8). This is because the gap between the
filament velocity and the average fluid velocity is
becoming smaller in proportion to the overall velocity,
and the diffusion phenomenon becomes less and less
evident.

Furthermore, the effect of the viscoelastic effect on
the FDM printing process is also investigated by analys-
ing the stress changes at the nozzle outlet. At the outlet
(with zero relative pressure), the components of the
stress tensor and the normal stress difference N; are
integrated over the area of the outlet, and these stress
integral curves are plotted against feeding rates in
Figure 9. It is found that, as the feeding rate increases,
the increase in the normal stress difference integral at
the outlet is much more significant than the increase
in the shear stress integral. It reveals that the effect of
polymer elasticity on the printing process dominates
as the feeding rate increases. Additionally, the stress
tensor 7 at the outlet can serve as the initial condition
for the simulation study of the FDM deposition
process. This provides a more realistic simulation and
prediction of the distribution of residual stresses in the
printed parts during the FDM process. Therefore, it can
be used for better optimising the process parameters
and the design of the hot-end.

4. Conclusion

This paper presents a viscoelastic constitutive model to
investigate the transient and steady-state melting flow
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and viscoelastic behaviour of polymer filaments in the hot-
end of an FDM printer. The model utilises the enthalpy-
porosity method to describe the phase transition
process of semi-crystalline polymers, i.e. polylactic acid,
which exhibits a notable phase transition process. The par-
ameters for the constitutive model and the time-tempera-
ture equivalence principle are determined through
rheological experiments. The influence of the empirical
parameter A,.sn on the feeding force is studied. Also, its
optimal value is experimentally identified. The following
conclusions and prospects can be drawn:
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Figure 9. Curves about the area integral at the outlet for the
normal stress difference and each stress tensor component
versus the feeding rate.

The empirical parameter A.,,sn values in the enthalpy-
porosity model describing the phase transition has a
distinct influence on the simulation results, including
feeding force and temperature distribution. Increas-
ing the mushy zone parameter A, leads to a
gradual rise in the feeding force and a slower
molten process of the filament. By optimising this par-
ameter, the viscoelastic model will have a better
agreement with experimental measurements.

The viscoelastic constitutive model captures the tran-
sient behaviour of the FDM feeding force, including
the overshoot and lag phenomenon caused by the
elastic effect of polymer, which cannot be modelled
by the generalised Newtonian model. However, this
phenomenon is not fully validated in this study due
to the limitation of current measurement setup.
Meanwhile, our model has limitations in simulating
the dynamic filling process of the gap between the
filament and the channel wall. This hampers its
ability to accurately predict feeding force at high
feeding rates. Therefore, further refinement involves
incorporating gas-liquid multi-phase flow into the
numerical model and improving the measurement
of transient feeding force.

During steady-state feeding, the viscoelastic effect
becomes more prominent relative to the viscous
effect as the feeding speed increases. This results in a
larger residual stress in the extruded filament. Studying
the viscoelastic behaviour in extrusion flow enables the
generation of an initial stress distribution for FDM depo-
sition simulation, facilitating accurate and comprehen-
sive prediction of strand formation and residual-stress



distribution in printed parts. Understanding these visco-
elastic effects quantitatively is crucial for optimising
process parameters and hot-end design.
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Appendix

The experiment setup is based on a modified INTAMSYS
PRO410 3D printer (INTAMSYS Technology Co. LTD). The
setup is divided into two parts: an upper part for the extruder,
fixed by a metal frame, and a lower part for the hot-end, solely
attached to a load cell (GML611-5 kg, GALOCE (XI'AN) M&C
Technology Co., LTD.). The load cell is secured to the metal
frame, as depicted in Figure A1. In other words, the load cell

Extruder

Figure A1. Experiment setup of feeding force measurement
instrument.
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Figure A2. Experimental data curves of feeding force at
different feeding rates.

is mounted between the extruder and the hot-end and is
used to measure the feeding force.

The equipment has a maximum measurement frequency of
1 Hz. Prior to testing, a pre-extrusion process is conducted to
ensure that the polymer filament fills the flow channel of the
hot-end at zero feeding rate. The testing begins with applying
a trapezoidal acceleration signal to accelerate to the target
feeding rate. The total testing time is 200 s. The feeding
force at a given feeding rate is calculated as the average of
data measured during 100- 200 s (Figure A2).
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