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Abstract: In fused deposition modeling (FDM), the cooling history impacts the bonding between
filaments and layers. The existence of thermal gradients can cause non-homogeneous properties and
localized stress points that may affect the individual filaments, resulting in distortion and detachment.
Thermal analysis can aid in understanding the manufacturing flaw, providing necessary tools for
the optimization of the printing trajectory. The present work is intended to deepen understanding
of the thermal phenomena occurring during the extrusion of polymeric materials, aiming at more
efficient three-dimensional (3D) printing methods. A one-dimensional (1D) finite differential method
was implemented using MATLAB to simulate the temperature evolution of an extruded filament,

Er;)edcgtfgsr and the results were compared with two-dimensional (2D) COMSOL Multiphysics simulations, and
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Vosniakos Three-dimensional printing is a manufacturing technology used for the construction

Received: 5 September 2023 of three-dimensional objects in an additive manner, layer by layer, which is the reason why
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object, the optimum extrusion, printing, bed temperatures or printing speed. That process

is usually established based on best practices (trial-and-error tests) and on the printer

characteristics [4]. AM can easily produce a final product, yet time has to be spent on
pre-processing and post-processing; days and even weeks of research are needed to reach
an optimized product [2,4,5]. The infill pattern is one of the printing parameters that may
influence the properties of the part [2,6]. In the search of better quality and optimization of
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to produce manually, including hollow and framed structured objects, in the search for
weight reduction and optimized usage of the raw material. Due to the potential of strong
and lightweight parts, faster processing, reduced usage of raw materials and low waste
production, 3D printing is a manufacturing technology that helps in the preservation of
natural resources, promoting environmental and economic benefits, with improvements in
the product’s features supporting cleaner and eco-friendlier solutions [3,7-9].

Another advantage is the prototyping of objects that, in minutes or hours, are available
for visualization and analysis [3,9]. One example is in the utility porcelain industry, where
the development of prototype products traditionally involves hand crafting, which is a
time-consuming process.

Three-dimensional printing is not only a valuable tool for prototyping but has also already
been used to produce functional parts in many industries [9,10], such as aerospace [3,9], mold
production [3,5], automotive part fabrication [3,5,9] and even in arts [11-13], for example, to
produce violin structural parts [11,12], to manufacture complex-shaped and high-performance
ceramics parts [14,15] and for clay-based products, as in more traditional porcelain manufactur-
ing [13,16,17]. Three-dimensional printing is widely used in tissue engineering applications, in
which scaffolds (mimicking body parts) are constructed, aiming to aid in the repair of defect
sites [14,18-20]. A review on PLA-PCL-based biodegradable composites for tissue engineer-
ing/scaffold manufacturing can be found in Ref. [20].

There are a whole range of materials available, from pure to composite materi-
als [14,15,20-24], with several techniques being developed for their respective manufac-
turing. Among the various 3D printing techniques, those that can be highlighted include
selective laser sintering (SLS) [3,10,15,20,22,24], selective laser melting (SLM) [3,20], stere-
olithography (SL) [3,14,15,20,24] and fused deposition modeling (FDM) [3,8,10,14,20-22],
also known as fused filament fabrication (FFF) [15,20-22,24], with FDM/FFF being one of
the most commonly used techniques [3,8,10,14,20-22,24].

In FDM, the heated thermoplastic is extruded through a hot feeding system (nozzle)
and is deposited layer by layer onto a bed or base platform. Multiple feeding systems
can be used for multi-material deposition [23,24]. The most widely utilized thermoplastic
polymers are poly(lactic acid) (PLA), acrylonitrile-butadiene-styrene (ABS), polycarbonate
(PC), polyether—ether—ketone (PEEK) and polycaprolactone (PCL) [3,20,24].

FDM presents an abstract and apparently easy parts execution; nevertheless, when
studying the reasons that lead to part failures, it stands out that the whole physical—-
chemical process is more complex than it may initially seem [19,24-27]. The role of thermal
analysis is fundamental for a better perception and optimization of the printing process [28].
During the printing process, the semi-liquid filament solidifies as the deposited layers cool
down, with some physical and chemical transformations occurring during this process [28];
therefore, it is important to know the materials’ temperature-dependent properties [29]. The
whole pre-processing needs to be optimized, and each object has its specificities or input
variables that need to be worked out. Another weakness of this technology is related to the
different types of printers, with each one having different tolerances or ways of operation,
meaning that final objects may differ from the original design, and that a procedure that
works in one printer does not have to work in another, as adjustments or even a different
approach may be needed. Some imperfections can be fixed in the post-processing phase,
which implies a further increase in labor and manufacturing costs [7].

1.2. Numerical Study of Thermal Processes in 3D Printing

By considering the use of numerical tools, it is possible to obtain a quantitative
prediction of the degree of bonding during the filament deposition process [10,25,26,30].
Regardless of the 3D printing technique (i.e., FDM [10,25,26], SLM [31] or others), the
thermal phenomena and respective history, and the repeated heating and cooling processes,
all impact the bonding between particles, filaments and layers during printing. Such effects
can give rise to thermal gradients, triggering non-uniform properties and stress points of
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thermal origin, which result in structural distortions that affect the mechanical, aesthetic
and functional properties of the object [10,25,26,30,32].

Another imperfection that can emerge during the printing stage is the detachment of
individual filaments [10,25,26], which can compromise rapid fabrication.

Numerical algorithms /simulations were performed to estimate the effects of the differ-
ent manufacturing/input parameters for the FDM processes and optimize the fabrication
of the parts [10,25,26,30]. The mechanical properties of these parts were found to improve
by optimizing the cooling conditions.

Bellehumer et al. (2004) [30] modeled/simulated the cooling process of the extruded
filament by assuming a uniform temperature distribution along the filament cross-section,
with semi-infinite length and constant heat transfer and convection coefficients. Through
this simplification, each cross-section of the filament was represented by a point in space.
The simplified problem of the filament deposition was thus modeled as a 1D system. By
considering that, the heat conduction occurred only between filaments, and convection to
the surroundings.

We must note that the 1D heat diffusion equation can be solved analytically [30].
The analytic solution of the cooling profile can be calculated and compared to numer-
ical results [10,30], as we have considered in the present study. Similar to our case, in
Zhang et al. (2018) [10], the FDM thermal simulation process uses the explicit finite dif-
ference method and considered the convection and radiation of heat exchange to the
atmosphere, and the conduction of heat to the bed and between adjacent filaments and
layers. On the assumption that the cross-sectional area of the filament is small, and the
temperature difference in the individual cross-sections can be neglected, the problem is
simplified to a 1D serial rasterization of 3D space [10]. The authors adopted an inactive
element approach where elements, roads or voxels become inactive if cooled down, or these
are positioned at a distance far from a new heat source/deposited material. In this method,
the temperature updates are only performed on elements that perceive a certain amount
of temperature change. A similar (inactive/active elements) technique was performed
by the same authors in [29,32], where the distortion of parts from the FDM process was
studied by coupling both mechanical and thermal phenomena and considering phase
changes. The ANSYS software was used to analyze the stress and distortion of the parts.
Zhang et al. (2008) [32] showed that repeated heating and cooling cycles result in non-
uniform thermal gradients, causing mechanical stress accumulation, which results in the
distortion of the parts. It was noted that the most significant factor in the distortion is the
rate of printing, followed by the layer thickness, where an increase in thickness will result
in higher stress accumulation of the parts. Such techniques, of inactive/active elements,
were implemented in a 3D simulation study of ABS spraying in a mold using the ANSYS
software [33].

Moreover, Yardimci et al. (1996) [34] considered a model where the thermal interactions
occur with the environment, and between roads (or filaments), and included sink terms in
the enthalpy form of the energy equation, along with a bonding potential formulation that
limits the bonding character (below which the bonding is prohibited).

An investigation of the mechanisms that impact the bonding among extruded polymer
filaments, resulting from FDM processes, was presented by Sun et al. (2008) [35]. The
effects on the mesostructures and mechanical properties, and the predictions of the de-
gree of bonding (wetting), were studied using thermal analysis. Numerical results were
compared with experimental thermal information obtained during extrusion, which was
performed using a very thin type-K thermocouple. The authors concluded that the thermal
history has important repercussions for the bonding strength between filaments; and by
which the neck growth shows a significant effect on the bonding character, however, only
for a very short period when the temperature of the filament is above 200 °C for ABS
P400 [35]. In [30,35,36], the authors computed the neck growth evolution between filaments
using the Newtonian sintering model [37]. Respective numerical data agreed well with
the experimental results, showing that the neck growth occurs only during the first few
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seconds after extrusion. Also, a neck growth dependence on the convective heat transfer
coefficient (f1conp), with higher heopp resulting in a smaller neck radius, was observed. The
proposed simulation considered heat transfer and a Newtonian polymer sintering model.
Costa et al. (2017) [38] reported a complete numerical study of the temperature history and
temperature effect on a previously deposited filament segment. The new segment was con-
sidered deposited in direct contact or in the vicinity, and the simulation also considered the
filament adhesion of complex parts; it was capable of predicting the region of the parts with
poor adhesion between filament segments. The boundary conditions included contact be-
tween filament segments, contact with the support and heat transfer with the environment.
By employing the ABAQUS® software, Costa et al. (2015) [39] studied the contributions of
the various thermal phenomena that occur during filament deposition, where convection
with the environment and thermal conduction between filaments (and the bed) had the
highest impacts.

1.3. Summary

Thermal investigation helps in understanding manufacturing flaws, and it provides
the necessary tools for optimization of the pre-defined path (trajectory) [10]. Thermal
analysis not only impacts our understanding of the AM process but also yields tools for
printing optimization and failure prevention.

Several parameters, such as the polymer feed rate, viscosity, filament or nozzle diame-
ter, bed and printing temperature, extrusion/printing nozzle velocity and manufacturing
process plan (embedded in the G-code), impact how the cooling process of the parts oc-
curs [10]. Moreover, according to Li et al. (2019) [36], the rate and the wetting level between
filaments are highly dependent on the extrusion temperature, on the envelope (or sur-
rounding) temperature and on the convection conditions. As previously mentioned, these
parameters are usually established based on the best practices and on the characteristics
of the printer. In view of the above, the present work furthers our understanding of the
thermal phenomena occurring during the extrusion of the polymeric materials, aimed
at developing more efficient 3D printing or AM methods that contribute to reducing the
pre-processing time and the consumption of the energy and material resources. The one-
dimensional finite differential method was implemented by employing MATLAB (version
R2014a) algorithms to simulate the temperature evolution of a filament being extruded,
and the results were compared with the 2D COMSOL Multiphysics® simulations model
(version 4.3a), as well as experimentally validated using infrared thermography.

2. Materials and Methods
2.1. Materials and Experimental Method

For the present study, the ABS was printed using a Beeprusa (https:/ /beeverycreative.
com/support/hbp-manuals/, accessed on 20 September 2023) equipped with a nozzle
with a 0.4 mm inner diameter. It is a low-cost (185 x 200 x 190 mm size) desktop printer
with bed temperature control of 50 °C up to 110 °C and a maximum extruder temperature
of 300 °C. It applies the FFF (fused filament fabrication) printing process and operates with
several materials such as PLA; ABS; nylon; wood, carbon and metal composites; etc. It
has a semi-automatic 9-point mesh calibration system, and it operates with the following
CAD/slicing software: UltiMaker Cura, Slic3r, Repetier and Simplify 3D.

Figure 1 depicts the experimental setup, where the printer and the FLIR SC5650
infrared camera are shown. We highlight the use of green adhesive paper in the bed and at
the nozzle metal part for emissivity homogenization of those areas. These issues will not
be discussed here, as these are out of the scope of the work; however, for more detailed
information regarding the importance of the emissivity of the objects in infrared analysis,
and the camera radiometry and measurement principles, the authors suggest consulting
Ref. [40]. FLIR SC5650 has a resolution of 640 x 512 pixels, 15 um pitch and frame rate of
100 Hz, which can distinguish temperature variations of 0.02 °C and have an accuracy of
+/—1°Cor 1% [41].
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Figure 1. Experimental setup.

The polymeric materials were linearly printed, as a first stage, followed by U-shaped
printing due to issues related to the material adherence to the bed. At the beginning of the
extrusion process, more medium was deposited so that the later deposited material would
not detach from the bed platform. This leads to the formation of a “bubble” of hot material
that works as a “heat reservoir”. That is to say, due to the excess of deposited material, it
naturally takes a longer time to cool down, inherently creating a delay in the cooling of the
material that was immediately deposited and is physically connected to the “bubble” of
the material. In addition, the U-shaped filament was chosen to ensure the capturing of the
entire printing process by the infrared camera, and, therefore, a better comparison with
the extrusion simulations of a linear filament. Both the U-shaped extruded filament and
its thermal image are depicted in Figure 2. As can be observed in Figure 2b, the “bubble”,
even being the first material to be deposited, is hotter (207 °C) than the last visible section
of the filament (161 °C).

? ~ 0.7 mm Extrusion starting point

\:‘

Zone of interest

—
)
n
"
=

b= S0 MM e

(a) (b)

Figure 2. U-shaped printed filament: (a) photograph, highlighting the linear part/region of interest
(ROI) with 50 mm length (L) and an approximate thickness (¢) of 0.7 mm; (b) thermograph image
showing the hotter bubble, after a few seconds following the end of the extrusion process.

Samples were printed at four different velocities (10, 25, 50 and 100 mm/s). Table 1
depicts the considered inputs for the properties of the materials. The bed temperature
was set to 70 °C and the nozzle temperature setpoint was at 270 °C. The setpoint and the
real temperatures were observed to be slightly different, as shown in the Results section.
The measured real temperatures, using the infrared camera, were observed to be 57 °C
for the bed and 215 °C for the melt (at the extrusion head /nozzle). These differences
could be attributed to the unknown emissivity (considered to be 0.95) of the bed surface
and mainly of the hot (and bright) polymers being extruded. Also, they could be due
to existing differences between the core and the surface temperature of the printer head
nozzle, as shown in [42], where by resorting to numerical algorithms (more precisely by
using COMSOL Multiphysics software), a temperature difference of about 10-20 °C is
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observed, with the surface temperature being lower. Thus, simulations were performed
considering not the setpoint temperature but the experimental (measured) temperature.

Table 1. Material input parameters [26].

Density Specific Therm.a 1. Length Thickness Height
. Heat Conductivity
Material p L ¢ h
(kg/m®) Cr A (mm) (mm) (mm)
(J/kg-K) (W/m-K)
ABS 1050 2080 0.177 50 ~0.7 ~0.2

iaps (ABS convective heat transfer coefficient considered in the simulations) = 250 (W/m?2-K).

2.2. Numerical Approach

To achieve the aims of this project, it was necessary to establish standards and princi-
ples for 3D printing’s main mechanisms. That required an understanding of the principal
physical and chemical mechanisms involved in the process: the thermal, mechanical and
rheological mechanisms (Figure 3).

Mechanical
Thermal mechanisms

mechanisms

) L
\l— a
v

<

Figure 3. Main mechanisms in 3D printing.

As stated previously, the focus of this work is on the thermal mechanisms since
knowledge of the temperature distribution along the extrusion may provide valuable
information relating to the structural integrity through the determination of thermal stresses,
also referred to as stress points. The bonding between filaments and between layers is
induced by the thermal energy of the molten material, and as solidification occurs (if
the rate of solidification is very fast), the appearance of thermal gradients might create
mechanical stresses that result in distortion and detachment of individual filaments, if these
are not effectively controlled.

Concerning the thermal mechanisms, these are represented by a relatively simple idea:
“The amount of energy stored in a control volume (or medium) must equal the amount
of energy that enters, minus the amount of energy that leaves, plus the energy generated
within the medium” (Equation (1)) [43].

E.st = E'in - E(;ut + Eg (1)

where Eg; refers to the rate of change of the stored thermal energy, Eg refers to the rate of
generated thermal energy, E;, refers to the rate of thermal energy that enters the medium
and E,;; refers to the rate of thermal energy leaving the medium.
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By assuming an incompressible medium (density (o) = constant), the material is
considered uniform and isotropic, and the specific heat Cp is considered temperature
independent. A simplified diffusion Equation (2) can hence be inferred [10,43]:

oT
PCrr = AV2T 4+ & 2)

where A is the medium thermal conductivity and the term & incorporates the generated
heat, the heat to the medium and the heat losses to the surroundings.

Equation (2) can be rewritten, as follows, if divided by the medium thermal conduc-
tivity [38]:

10T 2

TR VT +o (©)]
where the resulting constant « is the thermal diffusivity of the material that is equal to p%P.
This parameter measures the ability of a material to conduct thermal energy relative to its
respective ability to store thermal energy.

From the heat diffusion equation, one can determine the temperature transient during
the filament manufacturing (Figure 4), which is mainly driven by the heat transfer through
conduction (§ong = AA%) in the medium (along the x axis direction) and by the heat
losses from the filament surface to the surroundings. The latter is referred to as convection
(qeconv = hA(T; — Teo)) and radiation (q,,4 = €0 A(Té — T4,)) losses [43], where Ts and Teo
are the surface and the surrounding temperatures, respectively, ¢ is the filament emissivity
and ¢ is the Stefan-Bolzmann constant (5.67 x 1078 (J/s-m?2-K%)].

B

B 4
P ]
Qraad qconv

2-3
Vi

G X+ Ax

T T, + Ax

|Ax = L/mt, mt=number of nodes|

Figure 4. Representation of the heat balance for a filament element subject to conduction, convection
and radiation heat flow.

The heat losses are dependent on the surface medium properties. When the surface
temperature is lower than that of the surrounding temperature (which is usually not the
case), heat is transferred to the medium. Accordingly, heat transfer is defined as thermal
energy in transit due to a spatial temperature difference.

Assuming unidirectional heat conduction along the x-axis, the heat flux 4., is normal
to the medium cross-sectional area A; of constant temperature, referred to as the isothermal
surface (Figure 4). Isothermal surfaces are planes that are normal to the direction of the
heat propagation [43,44].

The heat transfer rate (W = J/s) through a material with length L is driven by the
thermal conductivity, the surface area (perpendicular to the direction of the heat wave
propagation) and the temperature gradient (the difference in temperature between two
points distant by L). The convective heat transfer is proportional to the convective coef-
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ficient (h or heono), the surface area and the temperature difference between the medium
surface temperature and the surrounding temperature. An equivalent formulation can be
formulated for radiation losses.

Recognizing that the heat flux is a directional quantity, a more general conduction rate
equation, known as Fourier’s law, is as follows [43]:

(4)

ELT 0T al
A dx dx ox

q“:q:—AVT:—)\<z +j=—+k

where g” is the heat flux (W/ m?) or heat transfer rate (W) per unit area (m?), perpendicular
to the direction of transfer; g is the heat rate (W =]/s); i, j and k are the unit vectors along x,
y and z, respectively; and T is a scalar temperature field. The minus sign is a consequence
of heat being transferred toward the direction of decreasing temperature.

An alternative form of Fourier’s law is represented as follows [43]:

y o 0T
¢ =q =—Ag 1 ©)
where q}' is the heat flux (W/m?) in the directional unit normal vector I.

Since the governing equations do not allow for obtaining simple analytical solutions,
numerical algorithms were employed to determine the heat transfer by conduction in the
medium, and the heat loss transfer from the medium to the surrounding atmosphere. The
required understanding of the respective systems increases with the complexity of the piece
to print. Thus, the assistance by numerical simulations is expected to minimize flaws that
are naturally related to additive manufacturing processes. These flaws can be thermally
related, such as from stress and strain, and attributed to high gradient levels between
extruded filaments.

By considering a 2D case study, the numerical discretization of the problem was
achieved by the transformation of our medium (or domain) into several smaller domains,
thus creating a mesh through each lane (oriented in either the x- or y-axis) where the heat
conduction evolved (Figure 5) [43].

Ax

m-1,n

[

y,n
mn-1 |
X, m

Figure 5. Classical numerical schematization of a 2D heat flux or conduction to an interior do-

main node.

Considering this example, the temperature at the (m, n) node is the result of the heat
contributions from several adjacent neighboring nodes, with the heat flux being normal to
isotherm surfaces.

Since a 2D problem is under analysis, the isotherm surfaces (blue dashed lines, normal
to the heat flux—Figure 5) are given by Ax x Ay, where Az = 1. When performing such
an exercise, the heat flux (transferred by conduction) from the left node (m — 1, n) to the
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interior node (m, n) is given by Equation (6). The same is applicable for the remaining
nodes (Equations (7)—(9)) [43].

Ty—1n— T,

qd(m—1,n)—(mn) = /\(Ay'l)% (6)
T, — T

A(m+1,n)—(mn) = A(Ayl)wlzix )
Ty 1 — T

Amn—1)—(mmn) = A(Ax'l)% (8)

Tm - Tm,n
D(mnt1)—(mn) = A(Ax'l)% )

Assuming Ax = Ay, the summation of each contribution gives [43]

4

Z[Tm—l,n + Tm+1,n + Tm,n—l + Tm,n+1 - 4Tm,n] (10)
1

For the discretization of the numerical problem, the implementation of the present
finite-difference equations follows the energy balance methodology [43]. This approach
allows for the analysis of many different phenomena, such as those involving multiple
materials, embedded heat sources and exposed surfaces that do not align with an axis of
the coordinate system. In the energy balance method, the finite-difference equation for a
node is obtained by applying the conservation of energy law to a control volume around
the nodal region. This formulation assumes that the entire heat flow is within the control
volume represented by the (m, n) node.

Remembering the heat diffusion equation, pC pSV%—{ = SVAV?2T + @, the summation
equals the first term at the right of the equal sign sVAV?2T.

Assuming that there are no heat losses and solving for the nodal temperature (11, 1)
at time (t + 1), and applying the finite-difference forward method to the first derivative

. . T =Th .
of temperature with respect to time, %—{ = ot the temperature time-dependent

equation for node m, n will be given by the following Equation [43]:

T;tﬂfnl = FO(T;fl,n + T1$1+1,n + Tiil,l’lfl + T1§1,n+1) + (1 - 4F0)Trtn,nr (11)

alt
(Ax)*
This approach can easily be extended to one- (1D) or three-dimensional (3D) systems.

For 1D, the explicit form of the finite-difference equation for an interior node m
reduces to

where Fo = is referred to as Fourier’s number.

T = Fo(T,,_y + T! 1) + (1 — 2F0)T}, (12)

Considering a uniform temperature distribution across the filament cross-sectional
area A, or considering a case where radial heat transfer along the filament is neglected,
and assuming that heat losses occur from a cylindrical extruded filament with surface area
Ag = 2rrtAx (Figure 4), the numerical temperature diffusion equation, representative of
the extrusion process, can be written as [43,44]:

T = Fo(T!, , +T'.1) + (1 — 2F0)T., — W' (T}, — ) — 0’(Tfn4 - Too4) (13)

where ' = %’P% and 0’ = %%.
Equation (13) is the representation of the finite-difference discretization of Equation (2),
when considering a 1D case [43]. The temperature simulation along the filament axis,

when considering temperature changes due to heat losses, which immediately impact the
temperature along the filament element, is by this means parameterized.
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A similar exercise can be applied to a more realistic case, such as an elliptical filament,
as with that of the present case study.

Given the differences between the mass of the bed and that of the
filament, heat transfer with the bed can be considered in the form of convection. The
boundary conditions at the filament edges were considered to be equal to the bed tempera-
ture: T (x <0 and x > 50 mm) = Tbhed.

3. Results

This work followed three research paths, with the focus on the development of numer-
ical algorithms, models and simulations for the extrusion of a polymeric material such as
ABS. The first numerical model was developed using MATLAB (https:/ /www.mathworks.
com/products/matlab.html/, accessed on 20 September 2023), and followed by other
simulations using COMSOL Multiphysics software (http:/ /www.comsol.com/, accessed
on 20 September 2023). Finally, to validate the simulation of the temperature evolution or
profile along an extruded filament, experimental real-time measurements were taken using
the FLIR SC5650 infrared camera [41].

3.1. Numerical Models
3.1.1. MATLAB Simulation

In the simulation of the temperature evolution during the extrusion process
(Equation (13)), the temperature—time cooling process was compared to the 1D analytic
heat diffusion equation [10,30]. Figure 6 depicts both analytic and numeric solutions of the
cooling curve of the ABS filament with 50 mm length. It takes around 2-2.5 s (as in [35]
and [45]) for the filament to cool down to the bed temperature. Figure 7 presents a snapshot
of the temperature evolution during the extrusion of the ABS filament with a velocity of
10 mm/s, reaching the 50 mm mark after 5 s, and reaching the bed temperature at ~7 s.

—-1D
—*—Analytical solution

Analytic heat diffusion equation
Te, = envelop temperature

= Too 7 (To - Too)e —mx To=FDM nozzle temperature

~
O
S_ 160
o
g 140
&
g, 120 x = vt
=]
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= m = d
% 2a _k hP
a=— B =
pCp pcAv
60
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 6. Temperature variation determined by the implemented numerical method (1D: black curve)
and compared with the analytical solution (blue curve), as described in [2,3].

Figure 8 presents a snapshot of the extrusion of the ABS filament with a 50 mm length,
at extrusion velocities of 10, 25 and 100 mm/s. Only snapshots, until the 50 mm length
mark is reached, are presented.

Figure 9 shows the cooling-time curves for the extrusion velocities of 10, 25 and
100 mm/s. It is clearly visible the different temperature profiles along the filament length,
which depend on the extrusion velocity. An exponential profile is observed for lower
velocities, and an almost linear profile is attained for high velocities. Figure 9 shows that
the filament almost cooled to the bed temperature after 2.5 s.


https://www.mathworks.com/products/matlab.html/
https://www.mathworks.com/products/matlab.html/
http://www.comsol.com/
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Figure 7. Temperature snapshots mimicking the extrusion, v = 10 mm/s, of the ABS filament with

L =50 mm.
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Figure 8. Temperature snapshots mimicking the extrusion of the ABS filament with L = 50 mm for

several extrusion velocities (10, 25 and 100 mm/s).
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Figure 9. Temperature profile along the filament of 50 mm length presenting the cooling-time curves
for the extrusion velocities of 10, 25 and 100 mm/s. The line in blue represents the time instant at
which the extrusion head reached the 50 mm length.

3.1.2. COMSOL Multiphysics Simulation

COMSOL® provides a fully and coupled multi-physics platform, describing specific
and highly realistic physics phenomena, producing accurate results. Figure 10 depicts the
2D extrusion bed and the filament seed implemented in COMSOL. This platform was used
to relate and validate the numerical algorithm developed in MATLAB.

=

Bed / platform

y-coordinate (mm)

Filament seed

ok & bNoNs o ®O

—

5 0 5 10 15 20 25 30 35 40 45 50 55 60

x-coordinate (mm)

Figure 10. Developed model using COMSOL Multiphysics: 2D bed and filament seed.

Heat transfer by conduction between the filament and the bed (out-of-plane, Downside
heat flux) and by convection and radiation to the environment (out-of-plane, Upside heat flux) are
considered. The filament height, out-of-plane, is equal to 0.2 mm (Table 1). Continuity bound-
ary conditions —#;¢;-q4st = Msre-Gsre and Tysy = Ty are considered for internal/interface
boundaries. 7 is the (dimensionless) boundary normal vector, g is the boundary con-
ductive heat flux vector and the indexes dst and src refer to the destination and source
domains, respectively.

In Figures 11 and 12, surface temperature simulation of the filament extrusion for
10, 25 and 100 mm/s is presented. In Figure 11, the temperature history for three frames
corresponding to the positions 5 mm, 30 mm and 50 mm is shown.
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Figure 11. COMSOL temperature surface plot for the extrusion velocity of 10 mm/s and for the time
instants 0.5s,3sand 5s.
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Figure 12. COMSOL temperature surface plot for the extrusion velocities of 25 and 100 mm/s and
after the simulation reached the 50 mm length mark.

Figure 12 depicts the surface temperature for the extrusion velocities of 25 and
100 mm/s after the 50 mm mark length is reached. The surface temperature of the bottom
image of Figure 11 (Velocity = 10 mm/s | Time = 5 s) compares with Figure 12 and with the
temperature profiles observed in Figure 8 (computed with MATLAB).

3.2. Experimental Infrared Analysis

Infrared thermal analysis, Figure 13, depicts the measured surface temperature using
the FLIR CS5650 infrared camera. Two extrusion case studies are presented, with deposition
velocities of 10 and 50 mm/s. The “infrared picture” was captured when the printing
nozzle reached the 50 mm filament length. Along with the experimental data/picture,
the simulated surface temperature when employing COMSOL is also presented for direct
(visual) comparison. An analogous (visual) surface temperature can be observed when
comparing those two sets (experiment vs. COMSOL).
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V=10 (mm/s)

Beeprusa printer head

140

160 180 200 80 100 120 140 160 180 200

Figure 13. Experimental (FLIR) and COMSOL simulation of the surface temperature along the 50 mm
length filament extruded at 10 and 50 mm/s.

After the printing of the U-shaped filament (Figure 2), at the extrusion velocity of
50 mm/s, the “bubble” of the hot material is still visible, which was deposited at the
beginning of the filament extrusion. Darker (colder) and brighter (hotter) zones can also be
perceived along the filament length. These are attributed to dimensional differences in the
filament thickness and height during the extrusion process.

3.3. Overall Remarks

The obtained results (Figure 14) show a fair match between data from simulations of
the extrusion phenomenon of a linear 1D ABS filament when using numerical modeling
developed throughout the project (using MATLAB software) and when using 2D models
in the COMSOL Multiphysics software. Figure 14 shows the temperature variation along a
50 mm long filament for various extrusion velocities.

Dotted line: COMSOL data; Solid line: MATLAB data
t=5(s) | v=10 (mm/s)
200/ —t=2(s) | v=25 (mm/s)
—t=1(s) | v=50 (mm/s)

180/ _t=0.5(s) | v=100 (mm/s)

w0

140
120

Temperature (°C)

100

” S

s rrrvrrey

60
-10 0 10 20 30 40 50 60
Filament Length (mm)

Figure 14. Temperature profile simulation for various extrusion speeds. MATLAB profiles are
represented in solid lines (-) and COMSOL in dotted lines (.. .).

The experimentally obtained results (FLIR CS5650) for the extrusion of a 0.7 mm thick
ABS filament at different speeds, of 10, 25 and 100 mm/s, show good agreement with the
numerical results reported in Figure 15. This figure depicts the filament temperature, at the
cooling stage, more precisely, taken 0.35 s after the extrusion was finished. This approach
was followed after the filament reached the 50 mm length, and it was in line with the
infrared camera visibility. The 0.35 s time span was considered so that the extrusion nozzle
moves away from the visualization line of the camera, and thus to reduce interferences from
the hot extrusion nozzle. This was achieved by sending the nozzle to a position far away
from the filament after it reached the 50 mm mark (more precisely for the bed corner that
was furthest from the extruded filament), with the nozzle being moved at the maximum
velocity of 100 mm/s. The time of 0.35 s was sufficient to remove any external interferences
from external hot sources, with direct and indirect interferences from reflection from the
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bed and the filament surface. These, if captured by the infrared camera, would lead to an
incorrect temperature measurement/reading [40]. The interferences/reflections are visible
in the experimental (FLIR) videos of the extrusion processes available in the Supplementary
Material. Several videos of the simulations are also presented.

180

—v =10 (mm/s)
—v =25 (mm/s)
160/—Vv= 100 (mm/s)

Experimental data

140

120

Temperature (°C)

100

80

-10 0 10 20 30 40 50 60
Filament Length (mm)

Figure 15. Experimental temperature profile of the 50 mm ABS extrusion and comparison with
numerical (MATLAB) temperature profile.

Figure 16 depicts what can be considered the error in the evaluation of experimental
data, when considering the temperature of the succeeding (“after”) or the previous (“be-
fore”) frame with respect to the frame of interest. A difference in the order of a few tens
of °C is evident if considering the incorrect frame; each frame is a time span of 0.04 s. The
presented data is compared with the equivalent numerical data presented in Figure 9.

Temperature (°C) evolution along the filament extrusion | Extrusion velocity: 10 (mm/s)
200 T
—Before
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175 After 5.35(s) 4

i
/_l v ~35(°0)
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Figure 16. Experimental temperature profile of the extruded (50 mm) ABS filament, showing three
consecutive time instants or frames of the cooling process. The “Before” and “After” frames are
shown with respect to the frame of interest “ROI”. In the “Before” frame, the extrusion nozzle is still
in the visualization line of the infrared camera, which is the reason why the respective temperature

profile is not fully observed. It also presents the time instant at which the filament is almost at the
bed temperature.

4. Discussion

The temperature history plays an important role in the AM; not only does it impact
our understanding of the process but it also provides information for optimization and
failure prevention.

The infrared thermal analysis yielded information on the temperature evolution during
printing, revealing possible thermal gradients or critical cold/hot spots on the parts. In
addition to this, information related to the head (“bubble”) and tail effects [43] could also
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be obtained. Furthermore, experimental data demonstrated that very slight changes in
the cross-section of the filament may result in a temperature difference of several degrees.
Particular cases are the corners or other locations where the extrusion direction changes.
Small dimensional changes in the linear portion of the filament agreed with the observed
(experimental—FLIR) temperature changes along respective profile (Figures 13, 15 and 17).
As can be clearly observed in Figure 17, during the last millimeters of the extruded filament,
a lower temperature was observed due to the tail effect [46].

..n-—'""----_

208
a2
1mm g

69.96
— =

Figure 17. Experimental FLIR temperature map of the last millimeters of the filament, extruded at
100 mm/s. Image taken after the extrusion finished and for one test where the filament section
suffered some dimensional modification due to the high extrusion velocity and consequently lower
adherence to the bed (the section of the last millimeters presents a smaller cross-section as depicted
in Figure 2a, showing tail effects [46]).

Valuable information is provided by experimental measurements; however, only
the temperature at the surface of the parts can be measured. Not only that, but several
other tests are required in order to search for the best visualization angle between the
infrared camera and the part(s) being extruded of the printing process, so that errors
can be minimized during the temperature measurement. These errors can appear due
to direct emission of the infrared camera and reflections of the infrared radiation from
external heat sources into the part(s) and the bed, such as those from the hot printing nozzle.
These reflections interfere negatively with the temperature measurements [40]. Besides the
preparation of the experimental assembly, respective post-processing and analysis is also
a relatively onerous process. In contrast, numerical modeling will provide the essential
information that allows for the optimization of the experimental setup before entering the
laboratory or even the production line.

The numerical 1D model matches the analytical solution in Refs. [10,30], showing that
the ABS filament, with similar dimensions and properties as those mentioned in Table 1,
cools down to bed temperatures within 2-2.5 s, as was experimentally observed.

In comparison with the 2D model (COMSOL), the numerical 1D (MATLAB) code
presents some expected flaws since imprecise dimensional thermal phenomena is simulated
when performing such simplifications. All information is condensed into each node.
Nevertheless, the 1D numerical model is presented as a valuable tool for the present
thermal analysis. The numerical and simplistic model clearly shows the linear/exponential
temperature profile dependency on the extrusion velocity, with lower velocities presenting
an exponential profile, while for high extrusion velocity, a more linear profile is observed.

The work developed for the 1D numerical model (MATLAB) requires optimization and
extrapolation for several other environments and materials. Nevertheless, and considering
some experimental aspects related to the fact that the printing process could not be observed
in real-time (only perceiving the whole filament a few seconds after deposition due to the
nozzle being in the visualization line of the infrared camera), both numerical MATLAB and
COMSOL results, and the experimental data, present reliable and comparable information.
Moreover, the experimental tests validate the 1D numerical model developed by using the
MATLAB software.
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The present work was aimed at developing numerical tools that further our under-
standing of the thermal phenomena intrinsic to the additive manufacturing of polymeric
materials, and future optimization. The emphasis was on the study of the temperature
evolution during fabrication and its validation. The chosen material was a thermoplastic
polymer, more precisely ABS. The process of visualizing the extrusion process at the ther-
mal level was carried out by using an infrared camera, which allowed for comparison of
the numerical simulations with the real-time measurements.

It should be noted that the convective heat transfer, more precisely the convective
coefficient (conv), is unknown. This is a material-dependent, object-surface-dimensional
and shape-dependent property [38,43]. Moreover, the h¢, value that best compares the
numerical results with the experimental data is relatively high; nevertheless, it should be
taken into account the inclusion of the heat exchangers of the Beeprusa printing equip-
ment. Values for the forced air were found to be within the range of 10 (W/m?-K) and
500 (W/m?2-K) [47]. Ttis noteworthy that the effect of the /iy, has a higher impact than the
radiation heat losses on the temperature cooling rate [30].

Regardless of some flaws and simplistic approximations of the described model, and
considering the COMSOL model, the overall results stand by themselves and are consistent
with experimental data and with results found in the literature [10,35,39,45].

As mentioned in Ref. [10], the present approach can be implemented for simple cases;
however, 3D-printed parts with higher complexity require more realistic and complex
models that may account for the temperature-dependent thermal properties of the materials,
such as what is referenced in [33]. Multiphysics simulations, covering other mechanisms
responsible for the solidification processes during additive manufacturing of complex
objects, such as the conservation of mass (where, in the present case, p = constant) and
momentum, and the rheologic behavior during printing, are implicit and will be considered
for future developments, after the 2D implementation of these features to the present code.
Currently, only the conservation of energy for an incompressible flow is considered. FDM
process optimization, regardless of the used machine and of the manufactured product, is
the ultimate objective.

5. Conclusions

e  Through the use of infrared thermal equipment, thermal gradients and critical spots
in the extruded piece or part can be experimentally perceived; however, only those
present at the surface are observed.

e  For a better perception of the whole process, and to realize the interior of the parts,
and for respective processing optimization, numerical tools are fundamental.

e  The present model is highly simplified,; nevertheless, with the establishment of opti-
mized simulation mechanisms of the printing process (mimicking what experimentally
is observed), it is possible to challenge the current printers and determine to what
extent these are suitable to print complex objects and optimize those in almost real-
time, and according to the limitations of each specific printer, before going to the
printing line.

e By measuring the discrepancy between the output of a concrete printer and the
expected theoretical /simulation output, one has an expectancy of the performance
for a printer. This will allow for the development of printing strategies, for that same
printer, that will best approximate the expected outcome.

e  The acknowledgement and prediction of the temperature and thermal behavior during
the printing of an object can help in the search for the best heat source velocity, feed rate,
filament or nozzle diameter, composition of the material blend and other parameters,
by comparing with those created using the tool path (G-code), thus reducing the
thermal gradients and bonding diffusivity of the extruded material, in order to create
the object/part with best mechanical properties. These will result in part with better
geometry and less residue during fabrication.



J. Manuf. Mater. Process. 2023, 7, 189

18 of 20

References

e It is thus expected that improvement of the features of the product will ultimately
preserve natural resources and promote environmental and economic benefits by
obtaining cleaner and environmentally friendly solutions for material processing.

Our project aimed further the existing knowledge and promote future development
and implementation of machine learning algorithms, which will take into account the
most important/impactful mechanisms of 3D printing, and will aid in the search for the
best, most efficient and robust filling strategies that will produce the product with optimal
properties for the intended applications. The primitive-deposited road is discretized
according to the optimal predicted path that potentiates a more homogeneous temperature
in all the parts during fabrication, independently of the design (3D CAD object) and the
used machine. Such a strategy will reduce the number of defects and flaws during printing
that may occur due to thermal gradients and stress point formation of thermal origin.
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