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Abstract

Fused filament fabrication (FFF) is a widely used additive manufacturing method in which
the process forces within the hotend play an important role in terms of print quality and
speed, particularly in high-throughput applications. This work reports on the influence
of filament diameter, melting zone length, and nozzle set temperature on the process
forces and the maximum achievable volumetric flow rate. Experimental measurements
were carried out using a test rig that integrates a load cell to capture the resulting forces,
complemented by non-isothermal numerical simulations. The results show that increasing
the melting zone length reduces process forces and increases the attainable volumetric
flow rate at high feed rates, as the filament has more time to melt. However, the effect
depends strongly on filament diameter. For a diameter of 2.85 mm, extending the melting
zone leads to a monotonic increase in the maximum achievable flow rate across the entire
investigated range. For a diameter of 1.75 mm, an optimum is observed at an intermediate
melting zone length, beyond which additional flow resistance outweighs the benefit of
improved melting and thus reduces the attainable flow rate. When normalizing for the
maximum transferable extruder force, the smaller filament diameter consistently yields
superior throughput performance. The simulations reproduce the experimentally observed
trends well and support the interpretation that throughput is limited by the competition
between heat-transfer-controlled melting and viscous pressure losses.

Keywords: fused filament fabrication (FFF); hotend; melting zone length; filament diameter;
extrusion force; volumetric flow rate; nozzle geometry; non-isothermal simulation;
polylactic acid (PLA)

1. Introduction

3D printing using material extrusion (MEX) is a widely used manufacturing process
due to its typically low cost and simple operation [1]. Fused filament fabrication (FFF) in
particular, in which a thermoplastic filament is used as a feedstock, is considered the most
widely used 3D printing process—in both industrial and consumer environments—even
if the exact sales figures are unclear due to the low machine costs and widespread avail-
ability [1,2]. In FFF, this thermoplastic filament is transported by a feeding mechanism
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(extruder), usually via drive rollers, into a heated zone (hotend) and melted. The molten
material leaves the nozzle and is deposited in a defined manner and built up in layers to
form a three-dimensional object (see Figure 1a).
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Figure 1. (a) Schematic setup of a FFF print head in which the filament is melted and deposited to
form the 3D printed object; (b) Bellini model; (c) Osswald model.

A high volumetric throughput is crucial, particularly due to the trend and need
towards faster printing [3] and larger systems [4]. The extrusion system is considered
the limiting factor in FFF 3D printing [5]. The maximum achievable volumetric flow is
limited on the one hand by the extruder and on the other hand by the hotend. In the
extruder, the maximum force that can be applied to the filament is limited by the force
between the driving rollers and the filament. The maximum attainable value strongly
depends on the extruder design, in particular on the driving rollers and their arrangement,
as well as on the manufacturer. Studies have determined a wide range of 62 to 172N as
the maximum force that can be applied [3,6,7]. In the hotend, which consists of the heater
and nozzle, the material is brought from a solid to a liquid state and is then forced through
a nozzle of reduced diameter. Consequently, the forces required by the extrusion system
are largely determined by process parameters, such as the heater temperature and feed
rate, as well as by the nozzle’s geometric characteristics. Due to the large open-source
community in 3D printing [1], the maximum volumetric flow and its influencing factors
have also been discussed in the community in addition to peer-reviewed publications [8].
In 2004, Bellini et al. [9] proposed an analytical model for low filament feed rates, dividing
the melting zone into three distinct regions (see Figure 1b): a cylindrical region with
approximately the same diameter as the filament, a conical transition region tapering
toward the nozzle capillary, and the capillary itself. The model assumes an isothermal,
pressure-driven flow in the nozzle, generated by the solid filament, which is already
completely molten in the first region and therefore acts as a plunger pushing the melt
through the nozzle [9]. This assumption has been widely adopted in the literature [10].
However, Osswald et al. [11] argued that this model is only valid at low filament feed
rates. At higher, more realistic feed rates, their model predicts delayed melting and the
formation of a thin melt film in the conical section of the nozzle, resulting in a conical
transition zone along the nozzle wall (see Figure 1c). While this model provides a more
realistic description of the melting process for high filament feed rates, it has so far only
been validated for extrusion forces up to 40 N [11]. However, in practice, the forces may be
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higher, especially at high printing speeds. Due to limited experimental validation, the range
of applicability of each model remains unclear. The actual melting mechanism is likely
intermediate between the idealized low- and high-speed scenarios for a wide range of
filament feed rates, as suggested by recent experimental studies employing in-situ X-ray
computed tomography [12]. In particular, these studies show that with increasing filament
feed rate, the flow profile within the melting channel becomes increasingly plug-flow-like.
This behavior is attributed to pronounced non-isothermal effects, which become the limiting
factor. Overall, the experiments identify heat transfer as the limiting factor, as a restricted
thermal energy supply impedes complete melting and induces pressure losses that exceed
the capability of the filament-feeding mechanism. Consistent with this interpretation,
experimental studies report two characteristic regimes during material extrusion [13,14].
In the linear regime, the extrusion force increases approximately proportionally with the
filament feed rate. Beyond a critical feed rate, a non-linear regime emerges, characterized
by unstable force evolution. It is therefore plausible that the transition to the non-linear
regime indicates the onset of heat-transfer-limited melting.

To increase volumetric flow rates, nozzle designs with varying melting zone lengths
have been developed (Zone I in Figure 1b). Examples include variants of the widely
used v6 nozzle (E3D, Chalgrove, United Kingdom) (see Figure 2). Values for maximum
volumetric flow rates from various sources are summarized in Table 1. Recent work has
demonstrated that nozzle concepts beyond the conventional single-channel design, such as
multi-channel splitting geometries, can substantially reduce the pressure drop and thus
enable higher volumetric throughput [15]. In the present study, however, the analysis is
deliberately restricted to conventional, axisymmetric nozzle geometries, as they provide a
well-established and widely comparable baseline for extrusion-force characterization and
model validation [13,16].
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Figure 2. Three different nozzles from the manufacturer E3D, from left to right: v6, Volcano, Su-
pervolcano. Except for the length L of the cylindrical zone I, these are identical in their internal
geometry with & = 60deg, Dy,, = 1.2mm, Ljj; = 2.4mm and Dy = 2.0 mm or 3.2 mm, depending
on the filament diameter Dp;;.

Table 1. Comparison of the maximum volumetric flow Q. as dependent on different nozzle models
and diameters Dy, on the example of manufacturer E3D. The lengths L for nozzles of type V6,
Volcano, and Supervolcano correspond to the entire nozzle length; for Revo nozzles, it corresponds
to the measured length between the end of the heatbreak and the nozzle tip, as the structurally
integrated cold side needs to be subtracted. The abbreviation “n.s.” stands for “not specified”.

Dnoz (mm) L (mm) Nozzle Hotend Extruder Material T (°O) QMmax (mm?¥s) Source
1.20 51.50 E3D Supervolcano  E3D Supervolcano  E3D Titan Aero n.s. ns. 76.50 [17]
1.20 51.50 E3D Supervolcano  E3D Supervolcano  E3D Hemera XS PLA 220 87.50 [18]
1.20 21.00 E3D Volcano E3D Volcano E3D Hemera XS PLA 220 38.50 [18]
1.20 19.60 E3D Revo HF E3D Hemera XS E3D Hemera XS PLA n.s. 37.00 [19]
0.40 12.50 E3D v6 E3D v6 E3D Hemera XS PLA 220 13.00 [18]
0.40 19.60 E3D Revo HF E3D Revo Voron Voron Clockwork2  PLA 220 24.00 [20]
0.40 19.60 E3D Revo E3D Revo Voron Voron Clockwork 2 PLA 220 16.00 [20]
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For applications requiring high volumetric flow rates, a filament diameter of 1.75 mm
is commonly recommended, as a smaller diameter is expected to lead to faster radial
heating across the cross-section. In transient radial heating, the time to reach a given core

temperature is given by
2

t=Fo-— 1
0 (1)

where t is time; Fo is the Fourier number determined by the target centerline temperature;
r is the filament radius; and « is the thermal diffusivity. Consequently, the characteristic
melting time increases with the square of the filament radius [21]. At the same time,
specialized high-flow extruders, such as the Dyze Design Typhoon (LeMoyne, Canada),
rely on filaments with a diameter of 2.85 mm. Thus, the optimal filament diameter for high
volumetric throughput remains unclear. As 1.75 mm and 2.85 mm are the two diameters in
widespread industrial use, both established standards are covered in this study.

Although melting in FFF nozzles has been studied extensively, the melting zone length
L is rarely treated as an explicit design parameter. Here, the melting zone is defined as
the nominal axial extent of the heated melt path inside the hotend and nozzle, measured
along the filament flow direction from the upstream entrance of the heated region to the
nozzle exit. In this work, L is systematically varied as an operational descriptor that
captures the combined effects of heating residence time and wall-contact-induced viscous
resistance. Extrusion-force measurements are combined with numerical simulations of
conventional cylindrical nozzle geometries to quantify how filament diameter, nozzle set
temperature, and L jointly govern the relation between feed rate and extrusion force, as well
as the attainable maximum volumetric flow rate [13,14]—with the aim of providing design
guidance for high-throughput FFF hotends.

2. Materials and Methods
2.1. Experimental Setup

The experimental setup, including the test-rig design and load-cell integration, has
been described in detail previously [13,22] and is only briefly summarized here. It com-
prised a calibrated load cell (measuring range 0-200 N, measuring accuracy 2 = 1N)
mounted between the extruder and the hotend, which was used to measure the process
forces F acting on the filament (see Figure 3). Data acquisition was performed using a cRIO
9074 system in combination with a PC running LabVIEW (National Instruments, Austin, TX,
USA). Compared to earlier studies [13], several modifications were implemented. Different
extruders were employed for the two filament diameters: an E3D Titan extruder (Chalgrove,
United Kingdom) for 1.75 mm filament and a Bondtech DDG extruder (Viarnamo, Sweden)
for 2.85 mm filament. Because the load cell measured the force acting directly on the fil-
ament, the specific extruder design did not affect the force-throughput characterization.
However, as different extruder designs exhibit different maximum transferable forces [7],
preliminary tests were conducted to determine Fax for each configuration, yielding approx-
imately 60 N for the E3D Titan and 70N for the Bondtech DDG. Above these force levels,
excessive slipping of the driving rollers occurred, leading to unreliable force measurements.
Consequently, experiments were terminated when this threshold was exceeded. Data
above this limit were truncated for the evaluation. Qp; refers to the nominal feed rate com-
manded at the extruder, mirroring the open-loop operation of conventional FFF systems.
Any residual slip at the driving rollers is inherent to the extruder hardware and likewise
present in production use [7]. The reported maximum Qp; values therefore characterize
the practically attainable throughput under realistic operating conditions, bounded by the
configuration-specific force threshold (60 N/70N) above which slip becomes excessive.
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To facilitate comparison across cases, the measured forces are additionally reported in
normalized form using Fnax (see Section 4.2).

Filament

Extruder

Load ceII—|

Heat sink

Heat block —
Heater

Hotend

Nozzle
3D printed object

Figure 3. Modified FFF print head (modification marked in bold): By adding a load cell between the
extruder and the hotend (with an air gap in between for mechanical decoupling), the process forces
can be determined.

2.2. Investigated Nozzle Geometries and Process Parameters

To investigate the influence of melting zones with different axial lengths, E3D v6
nozzles were machined to various lengths. Nozzles with nominal lengths L of 15mm,
27.5mm, 42.5mm, 57.5mm, and 72.5 mm were examined. The configurations with lengths
of 57.5 mm and 72.5 mm were realized by extending the machined nozzles using ferrules
with lengths of 15 mm and 30 mm, respectively. In the present work, L denotes the nom-
inal geometric axial length of the heated melt path formed (based on the E3D v6 nozzle
geometry) by the machined nozzle, as illustrated in Figure 4. Due to axial temperature
gradients and material-dependent heat transfer effects, the effective axial length over which
the filament is fully molten may deviate from L. Nevertheless, L represents a consistent and
practically relevant design parameter for the comparison of force and throughput behavior
across different configurations. The increased melting zone lengths required additional
heating elements. This was achieved by integrating multiple E3D v6 heating blocks, each
equipped with a 40 W heater cartridge (E3D, Chalgrove, United Kingdom), which were
separated by 3.5mm thick spacers. The use of 40 W heater cartridges was considered
adequate, as the performance limit of a conventional FFF hotend is typically determined
not primarily by the nominal heater power but by heat input into the filament core or
melting zone [3]. Temperature control was realized using an ATR 121 controller (Pixsys,
Pianiga, Italy) in combination with a two-wire PT1000 temperature sensor (Meltbro, Bonn,
Germany). All nozzles, ferrules, and spacers were manufactured from brass. The different
configurations are shown in Figure 4. In all experiments, the nozzle outlet diameter Dy,
was kept constant at 1.2 mm. This diameter was selected to reflect high-throughput print-
ing conditions, where large nozzle diameters are commonly used to maximize volumetric
deposition rates, as evidenced by the commercial configurations listed in Table 1. Since
the capillary pressure drop, and therefore the extrusion force, rise as the nozzle diameter
decreases, smaller diameters restrict the achievable flow rate. The comparatively large
diameter of 1.2 mm was therefore deliberately chosen and held constant, both to match
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the high-throughput focus of this work and to isolate the influence of the melting zone
length L.

Heat block -
Heater E. g :. :‘ T - -
8 | £
Nozzle A 1S
yi= M IER=
Spacer N

42.50 mm

72.50 mm

Ferrule

S i e
e

Figure 4. Starting with a nozzle with a total length L of 15mm (leftmost), where L denotes the
axial length of the heated melt path, as defined in Section 2.2, the length of the cylindrical zone was
increased to a maximum value of 72.5 mm (rightmost) by incrementally increasing the length by
12.5mm and adding a heating block. Brass spacers were installed between the respective heating
blocks for assembly. Brass ferrules were used to obtain nozzles with a length of 57.5 mm and 72.5 mm.

In addition to variations in the barrel section length L, volumetric flow rates Qg; were
increased stepwise until the maximum achievable throughput was reached. Experiments
were conducted at nozzle temperatures T from 190 to 230 °C, where T denotes the heater
block temperature setpoint in accordance with common FFF terminology. For each test con-
dition, extrusion was maintained for 60s to reach a stationary operating state, after which
300 data points were acquired over 30s and averaged. The standard deviation across
these samples was computed for each parameter combination. The individual values are
provided in Table S3 in the Supplementary Materials.

2.3. Material

In all tests, polylactic acid (PLA) NX2 black (Extrudr, Lauterach, Austria) was used as
the filament material. Prior to use, the filament was dried for 24 h at 50 °C. The rheological
behavior of the material was characterized using a Discovery HR-3 rotational rheometer
(TA Instruments, Inc., New Castle, DE, USA). Measurements were performed with a
parallel-plate geometry of 25 mm diameter and a fixed gap of 1 mm. Oscillatory shear
experiments were carried out at a constant strain amplitude of 5%, which was confirmed
to lie within the linear viscoelastic regime. The angular frequency was varied between
0.01 and 628 rad/s. Measurements were conducted at three temperatures, namely 180 °C,
200°C, and 220°C.

A master curve was constructed at a chosen reference temperature by applying
time-temperature superposition. The temperature-dependent shift factors were described
using the Williams-Landel-Ferry model,

C(T - To)

G+ (T-Ty) @

logar =

where ar denotes the shift factor, Ty is the reference temperature, and C; and C, are
material parameters.

The complex viscosity obtained from the oscillatory measurements was transformed

into an equivalent steady-state shear viscosity by applying the Cox-Merz relationship [23].
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The resulting shear-rate-dependent viscosity was subsequently described using the Car-
reau—Yasuda model, ]

Ui N

o = LHON) T 3)
where 7y denotes the zero-shear viscosity, A represents a characteristic relaxation time, n
is the power law indeXx, a controls the transition between Newtonian and shear-thinning
behavior, and  is the shear rate magnitude. The resulting master curve is shown in Figure 5.
The fitted WLF parameters at Tg,; = 200°C are C; = 3.58 and C; = 77.6K. Fitting the
Carreau—Yasuda model yields 19 = 1776 Pas, A = 0.0084s, n = 0.22, and a = 0.58.

0 Tret = 200 °C
©
>
= .03
S 10°F
=
w
o
2
S
x 10°F 3
9
g— O  Experimental Data
8 Carreau-Yasuda Fit
10‘] - " al al .|2 "
102 10" 10° 10" 10> 10° 10
Shear rate p (1/s)

Figure 5. Master curve of shear rate versus complex viscosity.

3. Numerical Model

Numerical simulations are employed to complement the experimental investigations
and to resolve the thermo-mechanical processes governing filament melting and flow
inside the nozzle. The numerical model used in this work builds on the framework intro-
duced in [16] and describes filament melting using a single-phase continuum formulation.
This approximation is supported by in-situ observations of comparable hotend flows,
which indicate that the polymer melt predominantly remains in contact with the nozzle
wall in the relevant melting and flow region [12]. Solid and molten material states are
differentiated using a temperature-dependent melt-fraction model, enabling a smooth
and continuous transition. The temperature dependence is incorporated via a modified
Williams-Landel-Ferry shift function, while shear-thinning behavior is described using
a Carreau-Yasuda formulation. Accordingly, the model adopts a generalized-Newtonian
formulation and does not explicitly resolve viscoelastic stresses, as their treatment over
the large temperature range from room temperature to nozzle temperature would involve
strongly temperature-dependent relaxation times and numerical challenges associated with
the high-Weissenberg-number problem [24]. Although non-isothermal viscoelastic printing
nozzle simulations have been reported in the literature [25], such approaches have so far
been facilitated by material parameterizations with comparatively short relaxation times,
which limits their direct transferability to the estimated strongly temperature-dependent
relaxation dynamics considered here. The parameters defining the temperature-dependent
melt fraction model, as well as further modeling details—including mesh, boundary con-
ditions, and the complete material-parameter set, with the temperature-dependent spe-
cific heat capacity in Table S1 and the Tait equation-of-state parameters in Table S2—are
provided in the Supplementary Materials S1. The thermal conductivity was assumed
constant, consistent with values reported for PLA in the literature [26,27], and the Tait
equation-of-state parameters were adopted from [28]. The melt-fraction weighting function
used to distinguish solid- and melt-dominated material behavior follows the formulation
proposed by [29].
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Force F(N)

Thermal effects are captured by solving the energy equation with temperature-dependent
material properties, assuming continuous wall contact between the filament and the noz-
zle in the relevant melting zone, and prescribing a constant wall temperature. Density
variations with pressure and temperature are described using a Tait equation of state.
The governing equations are solved under steady-state conditions for a two-dimensional
axisymmetric nozzle geometry with a prescribed filament feed rate and atmospheric pres-
sure at the outlet, while inertial and gravitational effects are neglected. The model is
implemented in the open-source CFD framework OpenFOAM (v11) using a modified
compressible steady-state solver (rhoSimpleFoam).

4. Results and Discussion
4.1. Temperature Dependence

First, nozzle temperature was varied from 190 to 230 °C in increments of 5 °C. The pro-
cess force curves shown in Figure 6 for a melting zone length of 57.50 mm indicate that the
extrusion force F decreased with increasing nozzle temperature T, while the maximum
achievable volumetric flow rate Qp; increased. This behavior was observed for all inves-
tigated melting zone lengths and is consistent with experimental results reported in the
literature by Nienhaus et al. [13] and Kattinger et al. [16].

From a processing perspective, this indicates that higher nozzle temperatures are
beneficial for achieving high extrusion rates, provided that thermal degradation of the
polymer is avoided. For the PLA material used in this study, degradation is reported
to start at temperatures of approximately 240 °C. Consequently, no significant material
degradation is expected within the temperature range considered here [30,31].

DF“=1.75 mm, L=57.50 mm (b) DF"=2.85 mm, L=57.50 mm
80 T T , v | T
R 230
225
60 1 220 £
~
215 o
40 . 210 2
o
205 @
3
200
20 .
Exp. 195 s
= = Sim.
1 1 1 0 1 1 1 1 1 190
60 80 100 120 0 20 40 60 80 100 120
Volumetric Flow QF“(mm3/s) Volumetric Flow QF“(mm3/s)

Figure 6. Influence of nozzle temperature on the force-throughput behavior with varying T at
constant L = 57.50mm: (a) Dg; = 1.75mm; (b) Dg; = 2.85mm. Shown is the extrusion force F
versus volumetric flow Qg; for each panel, with L held constant throughout. “Exp.” represents the
values from the experiment, “Sim.” the values from the simulation. The measured forces have a mean
standard deviation of 1.57 N, smaller than the marker size in this diagram. Individual values are
tabulated in the Supplementary Material (Table S3). Error bars are therefore omitted for readability.

Beyond this general temperature effect, comparing the extreme values of nozzle
temperature T and melting zone length L revealed pronounced differences in the achievable
volumetric flow rate. For 1.75 mm filament, the maximum volumetric flow rate increased
by 450 % when comparing the most favorable parameter combination (L = 57.50 mm,
T = 230°C) with the least favorable one (L = 15.00mm, T = 190°C). For 2.85mm
filament, an even stronger increase of 780 % was observed when comparing L = 72.50 mm
and T = 230°C with L = 15.00mm and T = 190°C, as summarized in Table 2. These
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results already indicate a pronounced influence of the melting zone length on the maximum
achievable volumetric flow rate, which is examined in more detail in the following section.

The numerical simulations reproduced the experimentally observed trends well; how-
ever, they quantitatively overpredicted the extrusion force. The underlying thermal mech-
anism is further illustrated in the Supplementary Materials by the temperature fields.
Figures 54 and S5 show that the unmelted filament core penetrates deeper into the nozzle
as the feed rate increases, reflecting the reduced thermal residence time at higher through-
put. Increasing the nozzle temperature shifts the melt front upstream, so that the unmelted
core extends less far into the nozzle. The temperature effect is, however, markedly smaller
than the effect of feed rate over the investigated range. In particular, the simulations predict
an almost linear increase in extrusion force with increasing filament feed rate for each
temperature level, while capturing the overall reduction in force and the shift toward
higher achievable flow rates at elevated nozzle temperatures.

Table 2. Influence of melting zone length L and temperature T on maximum volumetric flow rate
Qri and extrusion force F for filament with a diameter Dg;; of 1.75mm and 2.85 mm for chosen
temperatures T of 190 °C and 230 °C.

DFil = 1.75 mm DFil = 2.85 mm
L T F QFil F QFil
(mm) (°Q) N) (mm¥s) N) (mm?¥s)

15.00 190 40.30 24.05 33.58 12.34
230 43.19 36.08 15.51 12.34
27.50 190 31.06 36.08 41.82 23.87
230 31.36 48.11 69.76 47.73
42.50 190 52.33 60.13 67.29 47.73
230 44.66 84.18 54.17 60.07
57.50 190 53.44 39.08 69.48 60.07
230 44.30 108.24 52.35 72.42
72.50 190 47.74 24.05 59.82 60.07
230 52.18 84.18 63.05 96.28
max(QFﬂ)/min(QFﬂ): 450 % 780 %

4.2. Interplay Between Melting Zone Length and Filament Diameter

The results show that the influence of melting zone length was not uniform across
the investigated conditions but depended strongly on filament diameter, as illustrated in
Figure 7 (all maximum values are provided in Supplementary Materials S3). For a filament
diameter of 2.85 mm, a clear monotonic trend was observed, with increasing melting zone
length leading to higher achievable volumetric flow rates over the entire investigated range.
Increasing the melting zone length from L = 15.00mm to L = 72.50 mm resulted in a
continuous increase in the maximum volumetric flow rate, reaching up to 96.28 mm?/s at
nozzle temperatures of 215 to 230 °C. In contrast, no such monotonic behavior was observed
for the 1.75mm filament. Here, the maximum attainable volumetric flow rate initially
increases with melting zone length and reaches 108.24 mm?/s at an intermediate value of
L = 57.5mm. For longer melting zone lengths, the required extrusion force increases again,
leading to a reduced maximum attainable volumetric flow rate. Notably, for the 1.75mm
filament, the shortest melting zone (L = 15.00 mm) yields the lowest process force at low
flow rates (Qpj; < 20 mm?>/s), but the force rises sharply with increasing filament feed rate.
The simulations reproduced this characteristic behavior well and show that increasing
the feed rate results in steeper temperature gradients (see Figure 8a). Consistent with the
experiments, the simulations predicted that extending L increases the attainable maximum
volumetric flow rate for the 2.85 mm filament.
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Figure 7. Effect of melting zone length L on the force-throughput relation: (a) T = 200°C,
Dgy = 1.75mm; (b) T = 200°C, Dg;; = 2.85mm; (¢) T = 230°C, Dg;; = 1.75mm; (d) T = 230°C,
Dp; = 2.85mm. Within each row, T is held constant; within each column, Dg; is held constant.
The extrusion force F is plotted against volumetric flow Qp;;, with line color representing L. The dot-
ted horizontal line denotes the maximum force that can be transmitted by the extruder. Again, due to
the low standard deviation (1.57 N), error bars are omitted for readability.
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distribution for Dg;; = 2.85 mm, highlighting the confinement of the molten region to a thin melt film
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This behavior can be explained by the interplay between residence-time-controlled
melting and viscous flow resistance in the nozzle. Increasing the filament feed rate reduces
the residence time of the material in the heated zone, and shortening the melting zone
length reduces it as well. A longer melting zone increases the available residence time
and therefore improves heat transfer to the filament, promoting more homogeneous and
complete melting. As long as the residence time is sufficient to fully melt the filament,
the melt viscosity is primarily set by the temperature level, and the force-throughput
relation is largely governed by viscous pressure losses in the flow channel. In this fully
melted regime, further increasing the melting zone length mainly increases the viscous
pressure drop along the nozzle, and therefore raises the required extrusion force. These
flow-resistance-dominated effects are consistent with experimental findings reported by
Nienhaus et al. [13] and Kattinger et al. [16].

At higher feed rates, however, the reduced residence time can become insufficient for
complete melting. In this case, the simulations predict (see Supplementary Materials 52)
that stronger temperature gradients and partially melted regions persist, increasing the
effective flow resistance and causing the extrusion force to rise sharply with throughput.
This onset of the steep force increase occurs at lower feed rates for shorter melting zones,
because the available residence time becomes limiting earlier. The simulations reflect this
competition by predicting nearly homogeneous melt temperatures at low feed rates, even
for short melting zones, whereas at high feed rates, the temperature gradients steepen
and the force response becomes increasingly dominated by incomplete melting and the
associated pressure losses.

To assess the practical relevance of the observed trends, the achievable volumetric
flow rates are compared with literature data and commercially available nozzle designs
from Table 1. The comparison is deliberately drawn at the level of the extruder-hotend
combination, not of complete printers, since these are additionally governed by machine
kinematics, axis speeds, and part cooling. As shown in Figure 9, extending the melting zone
length beyond current commercial configurations allows substantially higher volumetric
flow rates while remaining below the maximum transferable force of the feeding system.

D 1.75 mm, T=220"°C
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Figure 9. Volumetric flow and force for different melting zone lengths at 220 °C compared to literature

data and commonly available commercial nozzles of different lengths L (v6 12.5 mm, Volcano 21 mm,

Supervolcano 51.5 mm, see Table 1 and Figure 2), shown as vertical dotted lines. The dotted horizontal

line indicates the maximum transferable force of the feeding system.

The different trends observed for the two filament diameters can be attributed to their
distinct thermal and geometrical characteristics. Since the filament diameter directly deter-
mines the surface-to-volume ratio, a strong influence on the melting behavior is expected.
For the 2.85 mm filament, the lower surface-to-volume ratio requires longer melting zone
lengths to achieve sufficient and homogeneous melting. At the shortest melting zone length
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of L = 15.00 mm, no volumetric flow above 12.34 mm?3/s was achievable without exceeding
the force limit, regardless of the applied temperature. As a result, the beneficial effect of
extending the melting zone dominated over the additional viscous losses across the entire
investigated range. This is consistent with the simulations, which predicted a systematic
shift toward higher achievable flow rates with increasing L (the slope of the respective
curves flattens out, see Figure 7).

In contrast, the 1.75 mm filament heats up and melts more rapidly due to its smaller
diameter and higher surface-to-volume ratio, such that the positive effect of increased
melting zone length saturates at shorter lengths. Consequently, further increases in the
melting zone length primarily result in additional viscous pressure losses rather than
improved melting, which explains the observed optimum and the reduced attainable flow
rates at longer melting zones.

Regardless of temperature, the absolute extrusion forces are consistently higher for the
larger filament diameter, which can be attributed to the higher thermal mass per unit length.
While the use of 2.85 mm filament offers design advantages, such as a larger engagement
surface between the extruder gear and the filament and thus higher transmittable forces,
the smaller filament diameter proves more favorable for achieving maximum volumetric
flow rates. This is confirmed not only by the higher absolute flow rates achieved in this
study but also when normalizing the extrusion force by the maximum transferable force of
the respective feeding system to assess the available performance margin of the extruder,
where the 1.75 mm filament exhibits superior performance except for the longest nozzle as
discussed above (see Figure 10).

The simulation results further allow a qualitative assessment of the melting models
discussed in the introduction. For the 2.85mm filament, the molten region is largely
confined to a thin melt film along the nozzle wall (see Figure 8b), which is characteristic of
the high-speed melting model proposed by Osswald et al. [11]. In contrast, for the 1.75 mm
filament at moderate feed rates, more homogeneous melting across the cross-section is
observed, which is more consistent with the low-speed assumptions of the Bellini model [9].
This suggests that the two models describe limiting cases that are each realized in practice,
depending on filament diameter and feed rate.

T=220°C
100 T T T T T
. 72.50
s sof 4 1
g i 57.50 'g
S 60F 3 / . =
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'§ g .!/“ 42.50 ."C..
= 40F f 7 g‘
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Volumetric Flow QF“(mm3/s)

Figure 10. Normalized extrusion force as a function of volumetric flow at T = 220 °C. The force is
normalized by the maximum transferable extruder force (F/ Fmnax - 100 %) for Dg;; = 1.75mm (solid
line) and Dg; = 2.85 mm (dashed line). Line color indicates the melting zone length L.

5. Conclusions

This study quantified the effect of melting zone length on extrusion force and through-
put in FFF of PLA by combining extrusion-force measurements with non-isothermal simu-
lations of conventional axisymmetric nozzles. Increasing nozzle set temperature reduced
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extrusion forces and enabled higher attainable volumetric flow rates. The effect of melting
zone length depended strongly on filament diameter. For Dg; = 2.85mm, extending
L increased the maximum attainable flow rate monotonically, indicating that improved
melting dominates over additional viscous losses. For Dg; = 1.75mm, an optimum at
intermediate L was observed, beyond which extra flow resistance reduced the attainable
flow rate. The simulations reproduced these trends and predicted approximately linear
increases in force with feed rate at each temperature, supporting the interpretation that
throughput limits arise from the competition between heat-transfer-controlled melting and
viscous pressure losses.

While the simulations capture the experimental trends, quantitative deviations remain
in parts of the parameter space. These deviations may arise from elastic effects of the
polymer melt that were not included in the present simulations. Further uncertainty may
also arise from neglecting the interface between the polymer and the surrounding air, as
well as from the simplifying assumption of continuous contact between the filament and
the nozzle wall.

Overall, the results identify L as a relevant design parameter for high-throughput ho-
tends and provide guidance for selecting filament diameter, nozzle temperature, and melt-
ing zone length within the force limits of the feeding system. For high-throughput operation,
it is recommended to use the highest nozzle temperature compatible with material stabil-
ity. The melting zone length L should be selected according to filament diameter: longer
melting zones for a 2.85mm filament and intermediate lengths for a 1.75mm filament,
to balance melting efficiency and pressure loss.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/jmmp10070233/s1. Section S1: Numerical model
details; Section S2: Simulation results; Section S3: Experimental data; Table S1: Tabulated values
of specific heat ¢, as a function of temperature T; Table S2: Parameter of the Tait equation of state;
Table S3: Influence of melt zone length L and temperature T on extrusion force F and maximum
volumetric flow rate Qg for filament with a diameter Dg; of 1.75 mm and 2.85 mm as well as the
respective standard deviation of the force sg; Figure S1: Computational domain and boundary
conditions of the two dimensional axisymmetric nozzle model; Figure S2: Derived melt fraction
function MF(T) used to transition between solid-dominated and meltdominated material behavior;
Figure S3: Zero-shear viscosity #o(T) as a function of temperature, comparing the original WLF
expression with the modified formulation incorporating the melt-fraction-based maximum shift;
Figure S4: Simulated temperature field and velocity magnitude at T = 200 °C for L = 57.5mm and
Qri; = 25mm?/s and Qp;; = 100 mm?/s. In the velocity representation, the solid region is shown in
gray; Figure S5: Simulated temperature field and velocity magnitude at T = 230 °C for L = 57.5mm
and Qpj; = 25mm3/s and Qp;; = 100mm?/s. In the velocity representation, the solid region is
shown in gray. Figure S6: Simulated temperature field and velocity magnitude for the short nozzle
configuration with L = 15 mm at Qp;; =25 mm?/s and Qpj; = 100 mm?3/s. The figure is split into two
panels, with results at T = 200 °C shown on top and T = 230 °C shown at the bottom. In the velocity
representation, the solid region is shown in gray.
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