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Abstract

Purpose — A main cause of defects within material extrusion (MatEx) additive manufacturing is the nonisothermal condition in the hot end, which causes
inconsistent extrusion and polymer welding. This paper aims to validate a custom hot end design intended to heat the thermoplastic to form a melt prior to
the nozzle and to reduce variability in melt temperature. A full 3D temperature verification methodology for hot ends is also presented.
Design/methodology/approach — Infrared (IR) thermography of steady-state extrusion for varying volumetric flow rates, hot end temperature
setpoints and nozzle orifice diameters provides data for model validation. A finite-element model is used to predict the temperature of the
extrudate. Model tuning demonstrates the effects of different model assumptions on the simulated melt temperature.

Findings — The experimental results show that the measured temperature and variance are functions of volumetric flow rate, temperature setpoint
and the nozzle orifice diameter. Convection to the surrounding air is a primary heat transfer mechanism. The custom hot end brings the melt to its
setpoint temperature prior to entering the nozzle.

Originality/value — This work provides a full set of steady-state IR thermography data for various parameter settings. It also provides insight into
the performance of a custom hot end designed to improve the robustness of melting in MatEx. Finally, it proposes a strategy for modeling such

systems that incorporates the metal components and the air around the system.
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1. Introduction

Material extrusion (MatEx) additive manufacturing is the most
popular additive manufacturing technology (Vyavahare ez al.,
2020). The process is used in automotive, electronics, medical
devices, textiles and many other applications (Vyavahare ez al.,
2020). The capability of the process to handle a variety of
feedstocks in the form of a simple filament, the design flexibility
it provides users and the low cost of the equipment contribute
to its popularity. Current challenges for MatEx include
anisotropic mechanical properties in finished parts (Vyavahare
et al., 2020), relatively poor dimensional accuracy between the
geometric model and the finished part (Akbas er al., 2019),
limited print speeds due to the capabilities of the equipment
(Go et al., 2017) and high dependence of part properties on the
process parameters selected by the user (Sun ez al., 2008).

In MatEx additive manufacturing, parts are produced by
depositing layers of material upon one another. In
thermoplastic MatEx, the material must be heated to form a
melt for deposition. A melt is achieved by feeding a filament
into a hot end, which consists of a hot end body, a heating
element and a nozzle in common designs. The hot end body
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forms the structure that holds the heating element and nozzle
(note: in standard hot ends the thermoplastic does not contact
the hot end body) (Krishnanand ez al., 2021). Nozzles are
available in different orifice diameters and are selected to
improve print resolution (smaller diameters) and to reduce
print times (larger diameters) (Krishnanand et al., 2021;
Nienhaus ez al., 2019; Tezel and Kovan, 2021).

Because the filament enters the hot end in a nonflowable
state (as an amorphous glass or rubber or a semicrystalline
solid), there are thermal gradients present across the axial and
radial directions. The thermal gradient of interest for this work
is in the radial direction, e.g. the center of the melt is cooler
than the edges in contact with the nozzle wall. This thermal

© Jonathan E. Seppala (2023).

Portions of this work is supported by the National Science Foundation
(NSF) under GOALI Grant No. #1914651 and NIST Science and
Technical Research and Services. Any opinions, findings, and conclusions
or recommendations expressed in this material are those of the author(s)
and do not necessarily reflect the views of the NSF or NIST. The authors
also acknowledge Stratasys, Ltd. as the University of Massachusetts
(UMass) Lowell team’s GOALI partner, and especially Tim Diekmann for
his ongoing interest and support.

Since submission of this article, the following author has updated their
affiliation: Austin R. Colon is at the Materials Science and Engineering
Division, National Institute of Standards and Technology, Gaithersburg,
Maryland, USA.

Received 2 June 2023
Revised 4 August 2023
Accepted 4 September 2023


http://dx.doi.org/10.1108/RPJ-06-2023-0185

Melting in material extrusion additive manufacturing

Rapid Prototyping Journal

Austin R. Colon et al.

gradient increases as a function of volumetric flow rate and
limits the system’s maximum volumetric flow rate (Luo ez al.,
2020; Go et al., 2017). When the maximum volumetric flow
rate is surpassed, the material’s viscosity is too high and it ceases
to flow (Luo et al., 2020; Tlegenov er al., 2017), leading to
reductions in interlayer polymer welding and mechanical defects
(Gawali and Jain, 2022). The thermal gradient increases as a
function of volumetric flow rate because the hot end has a limited
heating capacity. The heating capacity is a function of the hot
end’s geometry (surface area and melting length), composition
(type of metal) and heating element (shape and power).

Because of the variability in the process and final part
properties due to thermal gradients, researchers have modeled
the heat transfer within the MatEx process (Pourali and
Peterson, 2019; Xia er al., 2018; Nahar and Gurrala, 2022;
Driezen and Herrmann, 2022; Duarte ez al., 2021) and
implemented models to predict the strength of the welds within
the process (Coogan and Kazmer, 2020; Peterson and Kazmer,
2022). As part of those efforts, researchers have investigated
modeling of the melt temperature within the MatEx hot end
(Trofimov et al., 2022; Xia et al., 2018; Osswald ez al., 2018;
Moretti er al., 2021; Prajapati er al., 2018; Van Waeleghem
et al., 2022; Serdeczny er al., 2020b; Kattinger ez al., 2022; Go
et al., 2017; Mazzei Capote er al., 2021; Luo er al, 2020;
Serdeczny er al., 2022). Models range from simpler analytical
models (Phan er al., 2018) to numerical models that leverage
axisymmetric assumptions (Nzebuka er al., 2022). Varying
assumptions are made. These include whether the melt forms
in the nozzle contraction zone or upstream (Osswald ez al.,
2018; Serdeczny et al., 2020b), Newtonian and non-
Newtonian fluid behavior (Van Waeleghem ez al., 2022) and
variable thermal properties (Nzebuka ez al., 2022). For most of
these works, the most common hot end design (Krishnanand
et al., 2021) is assumed, though some researchers have
investigated different designs (Serdeczny ez al., 2022).

There are studies that show model validation data for different
volumetric flow rates and temperature setpoints, and some have
investigated the effect of nozzle orifice diameter/design (Nzebuka
et al., 2022; Serdeczny et al., 2022). In most cases, the pressure
required to extrude material is the metric for model validation
(Serdeczny ez al., 2022; Osswald et al., 2018; Mazzei Capote et al.,
2021; Serdeczny er al., 2020b; Kattinger ez al., 2022). Infrared
(IR) thermography has been used to validate models of the melt
temperature at the exit of the nozzle for standard hot ends (Roy
et al., 2019; Trofimov et al., 2022; Lepoivre ez al., 2022; Moretti
et al., 2021), though a full set of thermography data has not been
used to validate a melting model. In most works, the nozzle is
stationary over a print bed when the measurements are taken
(Serdeczny er al., 2020a; Prajapati ez al., 2018).

In this work, melt formation in a custom hot end is
characterized via IR thermography while extruding onto a
conveyor at varying experimental conditions. A custom hot end
is implemented with the intent of increasing the melting
capacity of the system. A conveyor is implemented to enable
steady-state measurements at high volumetric flow rates.
Simulations of the melt are presented for a one-factor-at-a-time
study. The volumetric flow rate, temperature setpoint and
nozzle orifice diameter are varied and an acrylonitrile butadiene
styrene (ABS) filament 1is wused. The experimental
measurements show that volumetric flow rate, temperature

setpoint and the nozzle orifice diameter all influence the
measured temperature and the trends observed. A simulation is
developed and tuned to provide a methodology for assessment
of other hot end designs.

2. Methodology [1]

2.1 Model validation hardware

To validate the modeled temperature, this work uses data from a
custom test cell. This test cell consists of a stationary printhead
over a conveyor, instrumented to measure the force to feed the
filament into the hot end. The hot end is a custom design and is
shown in Figure 1. The internal flow bore of the hot end body
provided a loft transitioning from a circular bore to a rounded slit
and back to enhance the melting of the thermoplastic. Specifically,
the design provides a long, tapered transition zone while increasing
the surface area and decreasing the thickness of the flow channel.
This design is heated by two 40 W heater cartridges on opposite
sides of the flow channel, compared to only one heater in common
designs. Standard V6 design nozzles (McMaster-Carr part
numbers 3695N301, 3695N304, 3695N306, Elmhurst, IL) are
threaded into the hot end body. In the instrumentation, an optical
camera is positioned in the print direction and an IR camera
(FLIR, Wilsonville, OR, model no. A6701sc) is positioned
perpendicular to the print direction. The IR camera has a
resolution of 640 pixels by 512 pixels, 50 mm lens, 19.05 mm
extender ring and a spectral range of 3.0 um to 5.0 um. The
spectral range is further limited with a 3900 nm notch filter with
400 nm bandwidth (Spectragon BP-3900-200 nm). Both cameras
were set to record at a framerate of 30 Hz.

Figure 2 shows sample IR images of the nozzle and the
extruded thermoplastic at varying volumetric flow rates and
temperature setpoints. The black cursor on each of the images
represents a three-pixel by three-pixel square, where the
average temperature is measured for the experimental results.
This average value across the cursor was averaged over 60
frames to assess the steady-state temperature measurement for
each condition. The standard deviation was also calculated

Figure 1 Custom hot end design

Front View Section View Polymer Sections

Stainless Steel
Bronze Heat Break |-Filament
Thermistor | Hot End
Port Body § Polymer B
I -} 1- — Melt
Brass 4
0T Nozzle =Extrudate

Heater Nozzle Detail View
Cartridge _Zone #
—1
— 2
=3

Source: Figure by authors



Melting in material extrusion additive manufacturing

Rapid Prototyping Journal

Austin R. Colon et al.

Figure 2 Sample IR images at varying temperatures and volumetric flow rates for a 0.40 mm nozzle diameter
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Source: Figure by authors

across the frames as a measure of temperature consistency. The
data from these experiments are stored at the National Institute
of Standards and Technology, and information for accessing
the data is provided in the supplemental materials Section S.1.

2.2 Experiment for model validation

The material of choice is an ABS (Hatchbox ABS, black, 1.75 mm
diameter) filament, which was selected for its popularity in the
literature (Peterson, 2019). Details of the material are provided in
supplemental materials Section S.2. To characterize the MatEx
process, the volumetric flow rate, temperature setpoint and the
nozzle orifice diameter are varied in a design of experiments
defined in supplementary materials Table S.3 (the rationale for
selecting the given values is also included in supplementary
materials Section S.3). For each parameter combination, a 1-min
extrusion is performed with the nozzle 4.0 mm above the conveyor
belt. This enables the conveyor to remove the material from the
field of view while achieving steady-state conditions.

2.3 Assumptions, boundary conditions and meshing

The geometry of the hot end is modeled first in SolidWorks
(Dassault Systemes, Vélizy-Villacoublay, France). This solid
model includes the heat break, the hot end body and the nozzle.
The thermoplastic filament entering the hot end, the molten
material in the hot end and nozzle and the extrudate are also
modeled. The air around the hot end is modeled as a cylinder.
After modeling the geometry in SolidWorks, it is imported into
COMSOL Multiphysics, where the materials and physics are
defined. The thermoplastic is assumed to have specific heat,
thermal conductivity and density that vary with temperature. For
the physics, a nonisothermal flow model is implemented using
the laminar flow and heat transfer in COMSOL’s solids and
fluids modules. The thermoplastic is assumed to be a
compressible, generalized Newtonian fluid (with shear-thinning
and temperature dependent viscosity) under steady-state laminar
flow for these simulations. It is assumed that the melt flows into
the hot end through an inlet at a constant velocity profile, defined
by the volumetric flow rate and that the outlet is defined as
atmospheric pressure (101,325 Pa). It is also assumed that there
is a no-slip condition at the flow channel wall.

7.0 mm3/s 10.0 mm3/s

!250 °C

230 °C

210 °C

185 °C

S]] A

For heat transfer, it is assumed that there is convectively
enhanced conduction within the air (which is achieved by
defining a Nusselt number in the conductive heat flux term of
the energy conservation equation) (Yungus ez al., 2012). Details
on the selection of values for the Nusselt number are provided in
supplementary materials Section S.5. Viscous dissipation is
known to occur in polymer melt flows (Cox and Macosko,
1974), so it was assumed in this system. A constant ambient
temperature is assumed on the surface of a cylinder surrounding
the hot end. A heat source boundary condition is applied to the
heater cartridge geometries in the solid model. The value of the
heat rate is set to 80 W, distributed across the surface of the
heater cartridge domains, to model the two 40W heater
cartridges in the hot end. On the surfaces of the thermistor port,
the temperature is set as the temperature setpoint, to simulate
the thermistor being at temperature. Thermal contact resistance
is assumed between the melt and hot end and between the hot
end threads and the threads of the nozzle. Details on contact
resistance modeling are in supplemental material Section S.6.
The mesh for this simulation is described in supplemental
materials Section S.7 and is shown below in Figure 3.

2.4 Model equations

To model the flow of the thermoplastic, COMSOL Multiphysics
solves conservation equations for mass, momentum and energy
at steady-state (Deen, 2012):

V- (pu) =0 )

plu-Viu=V- [fpl + ,U,<Vu + (Vu)T) —(2/3)u(V - u)I}
@)

pCo(u-VT)+ V- (=kVT)= 1:Vu—(1/p)(8p/8T)T(u- Vp)
(3

where V is the gradient operator, p is the density, u is the
velocity vector, p is the pressure, I is the identity matrix, u is the
dynamic viscosity, the superscript 7T indicates the transpose
operation, C, is the specific heat at constant pressure, T is the
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Figure 3 Model mesh of (a) the overall geometry, (b) the melt alone, (c) the inlet and (d) the outlet
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temperature, & is the thermal conductivity and 7 is the viscous
stress tensor. It should be noted that the flow is steady in a
Eulerian sense, but not in a Lagrangian approach. The strain
rate tensor is defined as:

i = (1/2)(Va+ (Vu)") @

where v is the strain rate tensor. The shear rate is defined as the
magnitude of the strain rate tensor:

Y= V2r:v 3

For the thermoplastic, the viscous stress tensor is defined by
Newton’s law of viscosity:

T =2y (6)

For the other domains (the brass, bronze, steel, poly
(tetrafluoroethylene) [PTFE] tube, and air, and solid ABS) only the
energy equation is considered. The material properties for each
domain are used in the equation, respectively. It should be noted
that there is no viscous heating or pressure work in these domains.
Also, the air domain has convectively enhanced conduction, where
the velocity of the material is assumed as zero and a Nusselt number
is applied to the conduction term of the energy equation.

3. Analysis

Three different metrics are used to characterize the results of
the simulations. The first is the average temperature across the
extrudate surface. This metric is used to compare the model to
the experimental results. The surface average temperature, T,
across the surface of the extrudate is calculated by:

Ts = (I/AS)/TdA )

where A is the surface area, 7 is the temperature and d4 is the
differential of the area. The number- and velocity-weighted
average temperatures are also calculated for the cross section of

the melt immediately before the nozzle exit. These averages are
calculated by integrating across a line along the diameter the
nozzle at the exit of the nozzle orifice, through a cross section of
the melt. A line is used instead of the area of a cross section
because the flow profile, both the temperature and velocity, is
assumed to be axisymmetric in the nozzle. If the flow were not
axisymmetric, a cross-sectional surface average would be more
appropriate. These values are calculated to characterize the
thermal gradient within the thermoplastic as it is extruded. The
number average temperature, 7, is calculated by the following
formula:

Ty = (1/X) /T(x)dx @®)

where X is the diameter of the cross section, and dx is the
differential of the length along the line. The first two averages
are calculated using the line average tool in COMSOL
Multiphysics. The velocity-weighted average temperature, 77,
is calculated by the integral tool in COMSOL Multiphysics
according to the following equation:

JT () u(r)rdr
Ty =—F"—4— ©)
Ju(r)rdr
where u is the magnitude of the velocity as a function of the
radius, r, across the extrudate 7.

To measure the performance of the custom hot end, a
dimensionless temperature, M, is defined by comparing the
output temperature to the setpoint temperature relative to the
ambient temperature:

M= ((Tavemge_T b )/(T rpoi; — Tomsi

)) * 100% (10)

where T,,erqe. 18 the number average temperature across the
cross section of the flow bore, T,,.n: 1S the ambient
temperature, assumed as 20°C and T 1S the setpoint
temperature.
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4. Results

4.1 Experimental data

The results from the analysis of the IR thermography are shown
in Figure 4. Each subplot in Figure 4 is the measured surface
temperature of the extrudate (such as Figure 3) versus volumetric
flow rate for a different temperature setpoint, with 200°C on the
left, 225°C in the middle and the 250°C on the right. Results for
three nozzle diameters are shown within the subplots. For all
three subplots, the 0.25 mm and 0.40 mm nozzle data for the
lowest flow rate show a low temperature relative to that of the
middle flow rates, which is unexpected. Supplementary Sections
S.8 and S.9 show the measured dimensionless temperatures and
the standard deviations of the observed temperatures as a
function of volumetric flow rate. The standard deviation tends to
increase with volumetric flow rate.

4.2 Model tuning

To tune the model, various assumptions are applied relative to
the full model and evaluated for the reference condition with a
0.40 mm nozzle diameter, a temperature setpoint of 225°C and
a volumetric flow rate of 10 mm?>/s. Each assumption was made
to gauge the influence of the model components on the full
model. For example, constant thermal properties were
assumed as opposed to the variable thermal properties in the
full model. The results are tabulated in Table 1 and show that
convection in the air domain has the greatest effect on the
model’s performance, with a 27.3°C temperature increase
relative to the full model when it is assumed there is no
convection in the air domain. The rest of the assumptions all
vary within 2°C of the base model’s average surface
temperature.

4.3 Parametric study

Results of the parametric study are provided in Table 2 across
the range of nozzle diameters, temperature setpoints and flow
rate setpoints. 7,, and o, are the measured surface temperature

Figure 4 Experimentally measured temperature results of IR thermography

and standard deviation from analysis of IR thermography.
Figure 5 shows contour plots of temperature for the parametric
study. The order of the plots corresponds with the columns of
Table 2. The plots on the left of Figure 5 show a fraction of cold
material that increases in size as a function of volumetric flow
rate at the entrance of the hot end. The contour plots in the
middle of Figure 5 show that the temperature is mostly uniform
and that the nozzle orifice diameter has no effect on the
temperature of the melt. The righthand set of plots in Figure 5
indicates that there is a cold section of material that reaches the
nozzle entrance (about halfway down the melt) at all three
temperature setpoints.

Figure 6 shows the average temperature results for the
parametric study. For the leftmost plot in Figure 6, the model
generally follows the trend of the experimental data, where the
low and high volumetric flow rates undershoot the setpoint
temperature for the surface average and experimental data and
the middle volumetric flow rate is closest to the setpoint
temperature. Looking at the middle plot of Figure 6, the
temperature predicted by the model does not follow the same
trend as the experimental data. The model surface average
predicts the temperature to decrease as a function of nozzle
orifice diameter, while the experimental temperature increases
as a function of nozzle diameter. The middle plot of Figure 6
also shows that nozzle orifice diameter has very little effect on
both number average and velocity average temperatures and
the model predicts that the temperature would be near its
setpoint of 250°C. The rightmost plot of Figure 6 shows the
temperature as a function of temperature setpoint. The model
does well in predicting the temperature, though there is slightly
more error at 200°C, overpredicting the measured temperature
that is very close to setpoint temperature.

5. Discussion

Overall, the experiments and simulations comport with most
expectations, though there are some critical items, including
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Table 1 Model tuning for a 0.40-mm nozzle at 225°C and a volumetric
flow rate of 10 mm?/s

Average surface

critical to discuss because the objectives of this work include
validating a steady melting model via IR thermography and
investigating the performance of the custom hot end design for
robust melting.

For the experimental measurements that vary as a function of

Assumption temperature (°C)
Full model (fewest assumptions) 2231
Constant thermal properties 222.0

No viscous dissipation 2215

No convection in the air domain 250.4

No contact resistance between

melt and wall 224.7

No contact resistance between the

hot end and the nozzle 223.4

Source: Table by authors

the behavior of the measured temperature as a function of
volumetric flow rate and temperature, the ability of the model
to replicate the experimentally measured temperature, the
effect of nozzle orifice diameter on the measured temperature
and the performance of the custom hot end. These items are

Table 2 Parametric study results

volumetric flow rate, low volumetric flow rates tend to result in
observed extrudate temperatures below the setpoint temperature.
This trend is mostly seen in the 0.25 mm and 0.40 mm nozzle
orifice diameter data sets and is due to the nozzle being colder
than the hot end due to heat convection to the surrounding air.
Conversely, at the highest volumetric flow rate, a large amount of
material enters the hot end at ambient temperature, but there is
inadequate heat transfer and residence time to heat the material
to the setpoint temperature. Yet, for the 0.60 mm nozzle at a
temperature setpoint of 200°C, the average temperature
continues to increase as a function of volumetric flow rate past
the volumetric flow rate where the temperature starts to decrease
for the 0.40 mm nozzle. This unexpectedly high temperature may
be due to viscous dissipation or an uncharacterized error in the IR
measurement. To estimate the effect of volumetric flow rate on
the viscous dissipation, the volume average viscous dissipation

Condition 1 2 3 4 5 6 7 8 9

Nozzle orifice diameter (mm) 0.4 0.4 0.4 0.25 0.4 0.6 0.4 0.4 0.4
Temperature setpoint (°C) 225 225 225 250 250 250 200 225 250

Volumetric flow rate (mm>/s) 0.9 5 10 2.5 2.5 2.5 10 10 10

Tm (°C) 222 225.7 2222 240.8 247.7 259.8 199.8 2222 244.1
om(°C) 03 0.7 0.8 0.2 0.1 0.4 0.3 0.8 0.5
Ts(°C) 2193 2274 223.1 2455 244.8 243.2 203.7 223.1 242.7
Tn (°C) 226.8 232.1 2235 250.1 250.7 250.3 203.6 2235 2435
Ty (°C) 226.9 2324 2232 250.2 251.1 250.9 203.2 2232 2433
M (%) 100.9 103.5 99.3 100.0 100.3 100.1 102.0 99.3 97.2

Figure 5 Contour plots of measured temperature versus volumetric flow rate
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setpoint of 225°C, the middle set of contour plots are for a temperature setpoint of 250°C and
volumetric flow rate of 2.5 mm®*, and the right set of contour plots are with a 0.40-mm nozzle
orifice diameter and a volumetric flow rate of 10 mm?*

Source: Figure by authors
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Figure 6 Parametric study results for the modeled surface average, number average and velocity average temperature
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was calculated for the melt for the low volumetric flow rate and
the high volumetric flow rate. The volume average viscous
dissipation was found to be 7551 W/m? for the low volumetric
flow rate and 47100 W/m> for the high volumetric flow rate,
showing the amount of viscous dissipation at the high volumetric
flow rate is 62 times than at the low volumetric flow rate, making
it more significant as volumetric flow rate increases.

When the experimental hot end temperature increases, the
overshoot also increases for the 0.60 mm nozzle orifice diameter
(see Figure 4). The amount by which the 0.40 mm and the
0.25 mm nozzle orifice diameters fall short of the temperature
setpoint also increases as a function of the temperature setpoint.
The increasing offset from the temperature setpoint as a
function of temperature setpoint likely occurs because
convective heat transfer is a function of the temperature
difference between the ambient temperature and the
temperature of the object, according to Newton’s law of
cooling. In this case, the extrudate’s temperature as it exits the
hot end increases as a function of temperature setpoint, leading
to a greater rate of heat transfer from the extrudate to the air and
the lower temperatures relative to the temperature setpoint.
Similar to the results showing the effect of the volumetric flow
rate, the simulations are able to replicate the behavior observed
for the measured temperature as a function of temperature
setpoint.

The measurements taken to study the effect of nozzle orifice
diameter on the measured temperature show that the measured
temperature increases as a function of the nozzle diameter. This
effect was not replicated in the model. This discrepancy is likely
due to the difference in curvature of the extrudates at different
nozzle diameters. Since the curvature is not accounted for, the
amount of incident radiation and the apparent emissivity of
the detected object will vary. A study to develop a correction for
the IR thermography measured temperatures based on this
theory is presented in the supplemental materials [Section
S.10, which shows the change in the IR thermography images

due to nozzle diameter (Figure S.4)]. This work is supported by
related IR thermography research (Golzar et al., 2004; Marla
etal.,2007).

To evaluate the hot end’s performance, the dimensionless
temperature is plotted as a function of volumetric flow rate in
the left of Figure 7. The dimensionless temperature was
calculated prior to the nozzle entrance in the hot end and at the
nozzle exit for the model. For the nozzle entrance
dimensionless temperature, the number average temperature
was calculated across a line along the diameter of the nozzle
entrance bore (zone #1 of Figure 1). The results indicate that
the temperature of the melt has reached or exceeded the
setpoint by the time it reaches the nozzle entrance, and that it
maintains that status as it exits the nozzle for the first two flow
rates. For the high flow rate, the model indicates that the
thermoplastic has only been heated 94% of the way to its
setpoint temperature by the time it reaches the nozzle entrance,
but almost reaches the setpoint temperature by the time it
reaches the nozzle exit.

Figure 7 also provides contour plots of the temperature
across the hot end cross section for a nozzle orifice diameter of
0.40 mm, temperature setpoint at 225°C and volumetric flow
rates of 0.9, 5 and 10 mm?/s. These plots shows that the metal
at the center of the hot end is at a temperature greater than the
temperature setpoint, that the temperature of the nozzle is
lower than the hot end body’s temperature due to heat
convection to the surrounding air, and that the nozzle
temperature is close to the temperature setpoint. This lower
nozzle temperature causes the melt temperature to decrease
when it enters the nozzle at a higher temperature for the low
volumetric flow rate but causes the temperature to increase
when it enters the nozzle at a lower temperature for the high
volumetric flow rate conditions.

Based on the predicted dimensionless temperature, with the
minimum value by the exit of the nozzle being 99% at the high
flow rate, the increased surface area for heat transfer and
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Figure 7 Dimensionless temperature for a nozzle orifice diameter of 0.40 mm and a temperature setpoint of 225°C and volumetric flow rates of 0.9, 5
and 10 mm?>/s (left) and hot end contour plot demonstrating thermal gradient along the nozzle for the same conditions (right)
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residence time of the melt in the custom hot end provide a
robust design for improved melting. However, there still could
be some improvement since the dimensionless temperature is
not quite at 100%. This could be achieved by increasing the
surface area or residence time (length of the hot end flow bore).
Additionally, the nozzle face could be covered in an insulating
material, or have its surface area minimized, to counteract the
heat transfer due to convection with the air. That being said,
the custom hot end design shows better performance than a
typical hot end design (see supplementary materials Section
S.11). Hot end performance is critical because it affects the
systems energy efficiency (Kazmer ez al., 2023) and the material
properties (Kazmer ez al., 2021; Kim ez al., 2021), which affect
the final part’s properties.

6. Conclusions

An instrumented test cell was developed to bring the extrudate
temperature is brought to steady-state by extruding onto a
conveyor, after which it was measured via an IR camera and
then modeled via various heat transfer simulations. The
experimental results show that the measured temperature of the
extrudate varies as a function of the volumetric flow rate, nozzle
diameter and the temperature setpoint. The measured
temperature is found to be lower than the setpoint at the low
volumetric flow rates and high volumetric flow rates. It is also
found to increase as a function of nozzle orifice diameter and
temperature setpoint.

A 3D simulation of the system is developed, including the
metal hot end body and nozzle, heater cartridges, heat break,
PTFE tube and an air domain. It was tuned to show the effects
of different assumptions, with convection in the air having the
greatest influence on the predicted temperature. A parametric
study to evaluate the model showed that the temperatures
predicted are in good agreement with the experimental results
when investigated as a function of volumetric flow rate and
temperature setpoint but did not show good agreement as a
function of nozzle diameter. The disagreement may be due to
the curvature effect on emitted IR radiation for objects of the
same temperature. The number average and velocity —
weighted average temperatures show the nonisothermal

250
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condition at high flow rates, where the center of the melt is
colder than the surface. Still, these values show similar trends as
the experimental data for the volumetric flow rate and the
temperature setpoint, but do not match the trend of the nozzle
orifice diameter data.

The hot end design is also evaluated for its dimensionless
temperature and shows promising results relative to typical
designs. This modeling technique allows for the design to be
evaluated for areas of improvement, since it includes the
components of the hot end. For this design, decreasing the
nozzle surface area exposed to air would likely be beneficial,
since it is colder than the hot end body. The model also
indicates that increasing the surface area for melting in the flow
bore would likely be beneficial. This concept should be further
investigated to achieve the highest dimensionless temperature
possible while maintaining energy efficiency. This work
provides a data set for thermal model validation, investigation
of a modeling approach for hot ends and evaluation of the
performance of a hot end designed for improved melting.

Note

1. Certain equipment, instruments, software or materials,
commercial or noncommercial, are identified in this
paper to specify the experimental procedure adequately.
Such identification is not intended to imply
recommendation or endorsement of any product or
service by the National Institute of Standards and
Technology, nor is it intended to imply that the materials
or equipment identified are necessarily the best available
for the purpose
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