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1 | INTRODUCTION

Abstract

Fused filament fabrication (FFF) is an additive manufacturing technique that is
used to produce prototypes and a gradually more important processing route to
obtain final products. Due to the layer-by-layer deposition mechanism involved,
bonding between adjacent layers is controlled by the thermal energy of the
material being printed, which strongly depends on the temperature develop-
ment of the filaments during the deposition sequence. This study reports experi-
mental measurements of filament temperature during deposition. These
temperature profiles were compared to the predictions made by a previously
developed model. The two sets of data showed good agreement, particularly con-
cerning the occurrence of reheating peaks when new filaments are deposited
onto previously deposited ones. The developed experimental technique is shown
to demonstrate its sensitivity to changing operating conditions, namely platform
temperature and deposition velocity. The data generated can be valuable to
predict more accurately the bond quality achieved in FFF parts.
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liquefier that extrudes a filament while moving in succes-

Additive manufacturing (AM) denotes a group of innova-
tive technologies that enable the rapid fabrication of
three dimensional (3D) physical objects directly from
computer-aided design (CAD) data without the use of
tooling. Parts with complex geometry that are difficult to
produce using traditional manufacturing processes can
be obtained by AM."? A large array of AM techniques is
currently used to process thermoplastic polymers, poly-
mer composites, metals, and ceramics.*™®

Fused filament fabrication (FFF) is extensively used
to produce prototypes for applications in, for example,
the aerospace, medical, and automotive industries.”® In
this process, a thermoplastic polymer is fed into a

sive X-Y planes along the Z direction, to fabricate a 3D
part layer-by-layer.” Consequently, as the deposition pro-
gresses, the hot filament is deposited onto filaments that
were previously deposited and that are now in the pro-
cess of cooling. This causes their reheating, defining a
time during which the interfaces of contacting filaments
are above the glass transition temperature (T,) in the case
of amorphous materials, or of the crystallization tempera-
ture (T.) for semicrystalline materials, which is necessary
for proper bonding to take place.'®'" Therefore, each fila-
ment should be sufficiently hot during deposition, but
not too hot, to avert deformation due to gravity and to
the weight of the filaments deposited in subsequent
layers.
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Given the above, the evolution of the temperature
profile of the filaments during deposition is a key param-
eter affecting the bonding quality."* Both experimental
and theoretical approaches have been proposed to obtain
data on the temperature profile of a printed structure."®
Generally, temperature measurements are limited to a sin-
gle location. Also, the deposition may be interrupted to fix
a thermocouple to the part being fabricated."* To circum-
vent this limitation, infrared (IR) thermography has been
used. This approach yields the surface temperature, but it
cannot read the temperature at the interface of adjacent
layers, both due to the camera measurement accuracy and
the small filament dimensions.'> Ferraris et al.'® used IR
thermography to measure the temperature profile of a ver-
tical wall, but the comparison with theoretical predictions
showed poor agreement. Kousiatza et al.'” applied local
measurement of the temperature profile in a specific case
on acrylonitrile butadiene styrene (ABS) using K-type ther-
mocouples (d = 250 pm) by pausing the process manually
to add them. Although they have concluded that there is a
good agreement between experimental and theoretical
results, the sudden drop of temperature at the head tip of
the extruder clearly shows that there is still a gap between
the monitored and numerically derived temperature peak
values.

Theoretical efforts to model the temperature profile
have focused on 1D or 2D approaches. Sun et al.'® and
Zhang et al.'® investigated both numerically and experi-
mentally the effect of numerous parameters that exist in
the nature of the process. Yardimci and Giiceri*® devel-
oped a 1D numerical model to predict the cooling/bonding
in fused deposition of ceramics, considering exclusively
convection with the environment. Bellehumeur et al.*'
also developed a 1D model with the same assumption of
taking into account the temperature profile along the
length of the deposited filament. More recently, Costa
et al.>* developed a computer code that takes into account
the heat transfer between adjacent filaments during depo-
sition and predicts temperature and adhesion quality for
most 3D-printed parts. The model was shown to be in
good agreement with experimental data.*®

Despite the above developments, there is still a lack of
practical knowledge on the temperature development of
filaments during the deposition stage in FFF. To address
this limitation, A. Tcharkhtchi et al.?* added thermocou-
ples to the build simultaneously with the fabrication with-
out damaging or pausing the process. However, a drop of
approximately 50°C was observed on the experimental
data. This work presents an improved measurement setup
enabling to record the temperature evolution in various
locations of the part during deposition, including the inter-
face between two adjacent filaments. The data collected is

compared with the predictions provided by the model of
Costa et al*? that have been already developed.

The paper is organized as follows. The experimental
procedure is presented in detail and the used heat transfer
model is introduced. The temperature evolutions of a sin-
gle PLA filament and a vertical wall are measured experi-
mentally and the data are compared with the theoretical
predictions for validation purposes. Finally, the usefulness
of the new experimental method is illustrated by studying
the influence of the platform temperature and deposition
velocity on the heat transfer during cooling.

2 | EXPERIMENTS

2.1 | Materials

A commercial PLA filament with a diameter of 1.75 mm
(+ 0.01 mm) and a density of p = 1.24 g/cm® have been
used. Differential scanning calorimetry (DSC Q10 from
TA Company) determined the crystallization and the
melting temperature of the material before and after
printing. The test was performed by subjecting a 6.8 mg
sample from room temperature to 210°C at a heating rate
of 5°C/min under nitrogen atmosphere. To measure the
main transition temperatures, dynamic mechanical anal-
ysis tests were performed (DMA Q800 from TA Com-
pany) under tensile mode from 40 to 100°C at a
temperature rate of 2°C/min and a frequency of 1 Hz.
The rectangular sample with a dimension of
25 x 10 mm?* was used. For both DSC and DMA charac-
terization, 'TA instrument’ software was applied in mea-
surement of the T, the T, the melting temperature (Ty,)
and the enthalpy at these temperatures (AH) of both
materials.

2.2 | 3D printing

The printed parts were manufactured by a desktop 3D
printer fitted with a single nozzle (d = 0.4 mm) printing
head and a temperature-controlled atmosphere (build plat-
form). The solid model file corresponding to the part illus-
trated in Figure 1 was designed using the FreeCad software
and then exported as stereolithography (STL) format to be
loaded into the FlashPrint software, which generates the
printing path.

The test case was built considering the values for the
processing variables (Table 1) that are commonly used in
the desktop 3D printer to ensure a good quality part in
terms of bonding between filaments and mechanical
strength.?*>7%%



FIGURE 1
deposition mechanism of each layer

Schematic of the test case representing the

TABLE 1 Process parameters used for printing
Parameter Value
Liquefier temperature (°C) 210
Platform temperature (°C) 60
Printing speed (mm/s) 20
Layer height (mm) 0.2
Infill (%) 100
Filament cross-section Circular

2.3 | Insitu temperature measurements
In situ temperature measurement methods should be suf-
ficiently precise and quick to track filament cooling and
the reheating peaks arising from contact between freshly
and previously deposited filaments. In addition, it should
be possible to apply the sensor locally without the need
to pause the process. A very small K-type thermocouple
(d = 80 pm), capable of measuring temperatures between
—75°C and 250°C, was used. By taking advantage of this
size, it is possible to squeeze the device between two adja-
cent filaments. The thermocouple is connected to a
Datapaq® Tracker Telemetry system (previously
employed for the in situ temperature measurement in
rotational molding process*) for temperature recording
and connection to a polycarbonate (PC). As shown in
Figure 2 (setup of the work), when the print was started
by fabrication of the support (by opening the door) ther-
mocouple placed at the location of 5mm from the
starting point of the deposition and then the door closed
in order to have a stabilized temperature of the
environment.

‘K-type thermocouple

(b)
[
in situ data _
transformation _~ K-type thermocouple (d = 80 pm)
</
BNk S
" . R
[ - ! Unidirectional
TR R \'\ ) movement
e “, 2 2 \\ Support
e Head tp of themmocouple
¢ L=50 mm
FIGURE 2 (a) Setup and b) schematic used for the in situ

measurement of temperature during the deposition stage in FFF
[Color figure can be viewed at wileyonlinelibrary.com]

3 | MODELLING OF FILAMENT
COOLING DURING DEPOSITION

Heat transfer during deposition is complex, with contri-
butions from radiation, convection, and conduction.
However, it has been demonstrated that (a) the heat
losses by convection with the environment (b) the ther-
mal contacts with the support and with adjacent fila-
ments are the main contributors to the filament
temperature evolution.”* A computer code that has been
already developed, was applied assuming the gradual
deposition of small axial filament segments, an analytical
solution for the energy equation® whilst updating the
local thermal conditions, and a healing criterion pro-
posed by Yang and Pitchumani.*' This gave rise to a use-
ful tool that allows us to predict the temperature
evolution and the degree of bonding between filaments
for 3D parts including the usage of two distinct materials
(e.g., the material of the part plus support material).
Figure 3 shows the evolution of the temperature of
the filaments at specific instants upon building the first
ten layers of a vertical wall. As in the experiments
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z FIGURE 3 Temperatures of the
ten first layers of the vertical wall at
some instants of the deposition process
[Color figure can be viewed at
wileyonlinelibrary.com]
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reported in this work, the liquefier deposits one filament,
then stops and returns to the initial point to deposit the
next filament. Under these printing conditions, when a
new filament is deposited, the previous one has already
significantly cooled down. Nevertheless, the deposition of
a new hot filament prompts the reheating of filaments of
the previous layers (as seen at 32.5 and 41.5 s), thus dem-
onstrating the importance of considering the thermal
contacts in the calculations.

4 | RESULTS AND DISCUSSION

4.1 | Polymer characterization

Figure 4(a) shows the DSC traces for the PLA filament
and the printed part. The T,, the T., the T,,, and the

enthalpy at these temperatures (AH) of both materials
are measured and summarized in Table 2. The tempera-
ture range between the crystallization and melting tem-
peratures (102 to 148 °C) is paramount for FFF, as it
determines the extent of diffusion for bonding purposes.
Moreover, from DMA result (Figure 4(b)) the T, was
detected to be around 57°C.

4.2 | Validation of the measurement
methodology

For validation purposes, the temperature evolution of
PLA during the deposition of a single filament and of a
vertical wall as measured using the applied methodology
was compared with the predictions of the thermal
model.
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FIGURE 4 (a)DSC and (b) DMA (a) (b)
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TABLE 2 Thermal properties of PLA (before and after
printing as obtained from DSC and DMA)

Properties PLA spool material Printed PLA
T, (°C) 56.6 54.6

T. (°C) 102 107

AH at T, (j/gr) 19.23 22.36

Tm (°C) 148 149

AH at T, (j/gr) 3.8 8.2

Abbreviations: DMA, dynamic mechanical analysis; DSC, differen-
tial scanning calorimetry.

4.2.1 | Deposition of a single filament

The temperature evolution during the deposition of a sin-
gle filament is presented in Figure 5 for the first deposited
filament. Both experimental measurements and theoreti-
cal curves for two values of the heat transfer coefficient
are shown. Practice revealed that opening/closing the door
of the environmental chamber to add/remove thermocou-
ples would slightly disturb the platform temperature. This
is why an interval in the range 50-60°C (approximated
using thermocouples to see the temperature variation of
the platform) and not the value of 60°C (see Table 1) is
shown in the mentioned figure (Figure 5). The value of
70 W/m? °C for the heat transfer coefficient (heony) iS com-
monly used (e.g.,*?). A value of 88 W/m>C is obtained
when using the Churchill correlation for the cooling down
of a cylinder by natural convection®*:

Nug.k
Reonv = ; .

(1)

where d is the diameter (m), k is the thermal conductivity
(W/m °C) and Nug is the Nusselt number defined by:

2

0.387Ra}/®

0.60 +
{1 " (0.559)9/16} 8/27

(2)

Nud =

Pr

where the Rayleigh Rag number and P, are expressed as:

Temperature (°C)

---o--- Experimental results
Theoretical results for (=70 W/m’.°C)
—— Theoretical results for (h=80 w/m’.°C)
- = = Minimum environment temperature
Maximum environment temperature

Temperature (°C)
X
i
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Time (s)

FIGURE 5 Experimental (+ 2°C) and theoretical temperature
evolution during the deposition of a single filament (at x = 5 mm)
[Color figure can be viewed at wileyonlinelibrary.com]

Rag =Gryq Pr
V) .
Pr=— (3)
a

In the above expressions, vy is the kinematic viscosity
(m?/s), a is the thermal diffusivity (m?/s), and Grq is the
Grashof number:

gB(Tsv_zTE)d ] (4)

k

GI'd =

Here g is the gravity acceleration (9.8 m/s?), § is the
volumetric thermal expansion coefficient, T is the cylin-
der temperature (°C) and T is the environment tempera-
ture (°C).

Figure 5 shows a good agreement between the theo-
retical and the experimental values. The difference
between the two sets of data occurs mostly between
3 and 8 s, when the predicted cooling rate is higher than
the one measured. This is probably due to the fact that
the theoretical model does not consider the change in
state and crystalline growth, and thus forecasts faster
cooling.
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FIGURE 6 Experimental (+ 2°C) and theoretical temperature
evolution of the first filament (at x = 5 mm) during the deposition
of a vertical wall consisting of single filaments deposited on top of
each other. The numbers identify regions of the data: 1- cooling of
the first filament, 2-4 reheating of the filament due to the
deposition of filaments 2-4 [Color figure can be viewed at
wileyonlinelibrary.com]

4.2.2 | Deposition of a vertical wall

Figure 6 depicts the evolution of the temperature of the
first filament (at a location distant 5 mm from the edge)
during the building of a vertical wall consisting of single
filaments deposited on top of each other. It is clear that
cooling of this first filament is significantly affected by
the successive deposition of younger filaments, which
may cause important reheating. The numbers identify
regions of the data (1: cooling of the first filament; 2-4:
reheating of the filament due to the deposition of fila-
ments 2 to 4). The crystallization and platform tempera-
tures are also identified.

For computational purposes, it is important to define
the thermal contact conductance (h) between adjacent fil-
aments. This is difficult, as it depends on pressure, sur-
face roughness, and other conditions that are difficult to
quantify.>* Apparently, there are no theoretical or empiri-
cal correlations providing an exact value for h. Using a
value of h = 800 W/m? °C, the magnitude of the experi-
mental and theoretical reheating peaks became virtually
coincident.

Regardless of this approximation, the onset, relative
magnitude, and breadth of the various temperature peaks
are similarly captured by the two approaches. As
expected, the peaks become gradually smaller with time,
as the new filament being deposited is separated from the
first filament by more filaments. As before, the predic-
tions seem to overestimate the cooling rate, as no phase
change and crystallization were built in the model. On
the other hand, a delay in receiving the experimental
data can exist and contribute to the differences.

210

Tplaﬂbrm: 50 “C
= Tyaom= 70 °C
~ 180+ T = 100°C
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@ 120+
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0O 5 10 15 20 25 30 35 40 45 50
Time (s)
FIGURE 7 Temperature profile (+ 2°C) of vertical wall at

x = 5 mm from the start of deposition at different platform
temperatures [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 8 Temperature profile (+ 2°C) of vertical wall at
(x = 5 mm) from the start of deposition at different print speed
[Color figure can be viewed at wileyonlinelibrary.com]

4.3 | Case studies

This section demonstrates the usefulness of the proposed
in situ temperature measurement technique, by studying
the effect of the platform temperature and deposition
velocity on the heat transfer during cooling.

Figure 7 shows the temperature evolution of three dif-
ferent temperature of the platform, at location distance
5 mm from the edge. As expected, the lower the platform
temperature the faster the cooling. As for the reheating
peaks, they have identical onsets, but the magnitude
tends to decreases with increasing platform temperature.
When the platform temperature is set to 100°C, the fila-
ment being monitored reheats repeatedly above its T,
favoring bonding.

When the deposition velocity increases (Figure 8), the
rate of cooling decreases. Also, and as expected, the onset of
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the peaks occurs at different times and their breadth is also
altered. Finally, the magnitude of the peaks for the lowest
deposition velocity is higher, probably due to the higher dif-
ference between the temperatures of adjacent filaments.

5 | CONCLUSIONS
This work presents a 'localized measurement’ setup
enabling to record temperature profile of two adjacent fila-
ments (or a sequence of deposition) during the FFF pro-
cess. The main characteristic of the proposed method is the
accurate measurements of polymer material temperature
using 80 pm thermocouples. It has been shown that the
experimental results are in good agreement with the uti-
lized numerical method. It correctly measures the tempera-
ture profile of a single filament and filaments embedded in
multilayer parts by taking into account the effect of the var-
iant temperature of the environment and thermal contact
conductance between adjacent filaments. A parametric
study on the effect of the bed temperature and the printing
speed indicated the influence on reheating of the previously
deposited filament during additional layer deposition.
These results are important for the understanding of
filament bonding. The main outcome of this study is to
apply the incoming results for prediction of bonding and
consequently to optimize the strength of successively
deposited layers. Future work will focus on the improve-
ment of the proposed setup to show its capacity in com-
plex geometry. Accordingly, it could help the optimization
of bonding quality by correlating the thermal and mechan-
ical characteristic results.
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