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Fused deposition modeling is one of the most widely used 3-D printing technolo-
gies, among other additive manufacturing processes, because it is easy to use,
can produce parts faster, and the cost of the finished part is low. Printing pro-
cesses and finished parts are often studied and characterized using different
techniques to collect mechanical, numerical, thermal and dimensional data, with
the aim of improving and optimizing the result. The first part of this research is
based on the observation of temperature changes with a thermal imaging camera
during the fused deposition modeling printing process and during the cooling
process after printing. Specimens of polylactic acid and polylactic acid-X im-
proved with second-phase particles were prepared to compare the thermal and
dimensional properties of the two materials. The obtained results determined the
characteristic temperature behavior of the materials. In the second part of the re-
search, a 3-D optical-scanner was used to verify the stability and accuracy of the
printed specimens over time. The proposed measurement period showed that sta-
bilization of the parameters takes place, and further follow-up should be per-
formed thereafter.

Key words: fused deposition modeling, polylactic acid, polylactic acid-X,
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Introduction

The past decades have been significant for the development of additive manufactur-
ing (AM) technologies. According to the ISO/ASTM standard AM technologies are described
as processes for building up materials layer-by-layer. Seven types of AM processes are repre-
sented in the standard, i.e., vat photopolymerization, material extrusion, direct energy deposi-
tion, material jetting, binder jetting, sheet lamination, and powder bed fusion. These technolo-
gies are also referred to as rapid prototyping (RP), solid free-form (SFF) technology, or 3-D
printing [1, 2]. Each type has a several subtypes leading to many possibilities in various AM
processes, as well as in different areas of industry and medical sciences [3, 4]. These technol-
ogies offer new opportunities and greater freedom in design, the final products have improved
mechanical properties and customizable geometries, the manufacturing process is faster, and
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the production costs are lower [4, 5]. Various materials are used in 3-D printing processes,
from polymers, to polymer composites, various thermoplastics, graphene-based materials,
metals, alloys, and concrete [6, 7].

Among the other AM processes mentioned, fused deposition modeling (FDM) is one
of the most frequently used 3-D printing technologies, because of its ease of use, high produc-
tion speed and low cost of the finished part [6]. The FDM process begins with the preparation
of the file (product) which is printed in the CAD software in stereolithography (STL) format.
Then the layers are built up from the bottom to the top [8], where the material in the form of a
continuous filament is generated by a hot nozzle and applied under pressure when the layers
of parts are formed [3, 9]. The temperature of the filament during the extrusion process is be-
yond the crystalline melting temperature, T, i.€., the glass transition temperature, T,, and af-
ter a layer is extruded on the heated bed or on the previous layer, another layer is reheated and
extruded on top of it, followed by the cooling process when the extruded filaments solidify
and form the solid geometry [10, 11]. Numerous research studies deal with AM processes and
the control and monitoring of various parameters in the printing process, but fewer studies
deal with the monitoring and control of FDM 3-D printing processes [12]. The mechanical
properties of printed parts depend on the process parameters [13], which include material se-
lection, layer thickness, infill density, raster angle and width, build orientation, nozzle tem-
perature and printing speed [3, 14]. Studies have shown that low layer thickness and high in-
fill densities result in better surface finish, while high layer thickness and high infill densities
result in improved dimensional accuracy. A deterioration of the mechanical properties is ob-
served with decreasing infill density [2]. Another feature that should be taken into account is
the fact that FDM is a purely thermal process and it is important to include thermal analysis in
the 3-D printing process and parameter verification.

The main materials used for FDM processes are thermoplastic polymeric materials:
polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), thermoplastic polyurethane
(TPU), polyethylene terephthalate (PET), and these materials are also used as reinforced with
different types of particles to improve their properties. In this study PLA and an advanced
PLA material with an addition of second-phase particles, i.e., PLA-X were used. The PLA has
many advantages in printing processes, as that it has very good thermoformability at low pro-
cessing temperatures compared to other polymers and crystalizes quickly after cooling. Due to
the confirmed disadvantages, such as lack of thermal stability, degradation behavior and brit-
tleness, PLA has been filled with different particles and materials, e.g., nanoparticles, carbon
whiskers, wood flour [15]. Printing parameters and behavior of PLA in terms of mechanical
and thermal behavior have been thoroughly studied for years. On the other hand, PLA-X has
been shown to have better mechanical properties and higher dimensional accuracy during
printing compared to PLA material [16].

Evolution of the temperature during the printing process depends on the thermal pa-
rameters of the environment, the build platform, the nozzle temperature on one side, and on
the other, printing parameters such as printing speed, layer height, and width of the printed
specimen are also important [5]. Control of these thermal and mechanical properties is im-
portant for improving the quality and accuracy of the FDM process and final products
[17-20]. The heating and cooling cycles during the printing process affect the formation of
bonds, which ultimately affect the final mechanical properties, dimensional accuracy, and
quality of the 3-D printed part in terms of deformation, warpage, voids etc., as mentioned pre-
viously [21-24]. Therefore, it is beneficial to track the temperature changes during the printing
process and scan the geometry afterwards.
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Various techniques have been used for temperature measurements and characteriza-
tion of polymer AM processes. The types of techniques vary depending on the 3-D printing
processes used. Temperature behavior has been observed using thermocouples, thermal/in-
frared cameras, high-speed cameras, X-rays, etc. [4, 18, 20, 25].

Thermal imaging is non-contact, non-invasive measurement technique in which ra-
diometers register infrared radiation and thermal energy from the surface of the observed ob-
ject in the form of beams [26], which provides high efficiency and better safety compared to
conventional testing and monitoring technologies [27, 28]. The high thermal sensitivity and
low spatial resolution of the cameras allow monitoring thermal changes at different printing
settings with different materials. The temperature of the polymer during extrusion affects the
thermal shrinkage during the process when cooling from the liquid temperature to the temper-
ature of the processed parts [29]. This can be controlled by adjusting the printer chamber and
build plate temperature [24]. Some studies have explained the effect of thermal progression
on dimensional accuracy by observing the printing temperature, temperature distribution dur-
ing printing, layer height, and cooling of the printed part and noting the deformations that oc-
cur [17, 30, 31].

The accuracy of 3-D printed parts includes dimensional accuracy, geometric accura-
cy and surface roughness, i.e., the printed part is compared with the digital model and all pre-
scribed parameters [29]. In addition, the dimensions and geometric accuracy of printed parts
may change over time after printing [32]. In order to perform such measurements non-contact
optical 3-D scanners are used, at a specific point in time. Optical 3-D scanning systems pro-
cess the light on the observed part, digitize it, and obtain millions of points of reflected light
as a result, which are numerically processed in the corresponding software [33].

The aim of this research was to analyze the temperature change during the 3-D print-
ing process of PLA and PLA-X specimens, and to verify the accuracy and stability of the
printed specimens over time.

Methodology

Materials

Two commercially available thermoplastic polymers were used in this study: PLA
(RepRap, Germany) and improved polylactic acid (PLA-X) (mcPP, Mitsubishi Chemical, Ja-
pan). The PLA is a biodegradable, non-toxic organic polymer derived from bio-based re-
sources. This material has good dimensional stability and is easy to extrude at low tempera-
tures, so the platform does not need to be heated. It melts at lower temperatures of 180-220 °C
and has a glass transition temperature in the range of 60-65 °C [34]. There are some problem-
atic properties of PLA, including thermal resistance which also affect the mechanical proper-
ties. Improvement of some PLA properties is possible by adding polymer blends, composites
or second-phase particles into polymer matrix. The PLA-X used in this study is the advanced
version of PLA with incorporated second-phase particles and a melting temperature of
190-220 °C [35]. Both materials consisted of filaments with a diameter of 1.75 mm.

Experimental procedure

Specimen preparation — 3-D printing

The specimens used in this study were fabricated in SolidWorks CAD software,
with dimensions of 10 x 5 x 5 mm, fig. 1. For each material, 5 specimens were made.
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The specimens were printed using the

RepRap X400 (Rep Rap, Germany) 3-D printer.

Infill pattern for all samples was concentric

. with 30% of infill density. The layer height was

0.2 mm, with 2 layers on top, 2 on bottom and 2

z ’ from both sides. The nozzle temperature was

/k 5 mm set to an average of 195.5 °C, the nozzle diame-

X y ter to 0.4 mm, and the printing speed was 60

mm/s. The temperature of the printing chamber

was 33.2 °C, and the temperature of the plat-
form was 48.1 °C.

Before starting the printing process the specimens were placed 5.5 cm from the edge

of the printer, and after the printing process was completed the specimens were not post-

processed.

Figure 1. The 3-D CAD image of test specimen
and its infill pattern

Thermal analysis

These experiments were performed using the PeakTech 5620 (PeakTech, Germany)
thermal imaging camera, which was placed at an optimal distance of 30 cm from the sample.
The camera was placed on an adjustable tripod that provided constant position and stability
with respect to the platform of the printer and recorded the specimen throughout the experi-
ment. The door of the 3-D printer was open, as the Plexiglas would prevent the capture of the
printing space. The temperature was kept constant at 23 °C by air-conditioning, and the hu-
midity was 55% RH. For the measurements, the emissivity of the printed material was set at
0.92 [36].

The camera recorded raw data in the form of videos and images for the determined
position in real time, and thus temperature data were obtained for each point of the observed
specimen. Further details of the thermal imaging camera used are given in tab. 1.

Table 1. Characteristics of thermal imaging camera PeakTech 5620 [37]

Temperature range —20 °C to +550 °C
Accuracy +2%+2°C
Thermal resolution 384 x 288 pixels
Field of view (FOV) 37.2° x 28.5°
Spectral range 8-14 um
Image frequency 25 Hz
Emissivity 0.01-1.0

The camera is set to face the front of the printing platform where the printed speci-
men is located in the center of the platform, fig. 2(a). The areas of interest, i.e., the observed
lines on the specimens are set by the software on the captured images, fig. 2(b).

Images were taken at the beginning of printing, and every 10 seconds during print-
ing. After printing was finished, images were taken every 10 seconds for a period of 1 minute.



Golubovi¢, Z. Z., et al.: Investigation of Thermal and Dimensional Behavior of ...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 1A, pp. 21-31 25

Auto

Measurement lines

Figure 2. Experimental set-up showing RepRap X400 printer printing
specimen and PeakTech 5620 thermal camera recording during 3-D
printing process with measurement lines

The 3-D scanning

Specimens were placed in the 3-D scanner sequentially at a precisely defined time
period, i.e., specimens were allowed to cool for 5 minutes after printing, then each specimen
was removed from the platform and for the next 5 minutes they were prepared and positioned
for scanning. Atos Core 200 (GOM, Braunschweig, Germany) non-contact optical scanner
with GOM Inspect software (data acquisition software of scanner) was used to investigate ge-
ometry changes, tab. 2. The same environmental conditions were maintained throughout the
scanning of the specimens, i.e., a constant temperature of 23 °C with air-conditioning and
humidity of 55% RH.

Table 2. Characteristics of optical 3D scanner Atos Core 200 [38].

Measuring area 200 x 150 mm
Working distance 250 mm
Sensor dimensions 206 x 205 x 64
Temperature range 5 °C to +40 °C, non-condensing
Point density 0.08 mm

Atos 3-D Scanner represents a system for optical measurements based on optical tri-
angulation, fringe projection and photometry. Observed measured objects are quickly digit-
ized, achieving relatively high precision and resolution. The 3-D scanner, fig. 3, has a projec-
tor with configured sensors for the area to be measured and a computer-controlled turntable
that allows the object to be positioned in all desired planes [32].

Each 3-D scanned model overlaps with the corresponding model from CAD. The
goal was to observe the discrepancies between the CAD model and the 3-D scanned speci-
men. These scans were also performed at a specific time, every day after exactly 24 hours in a
period of 7 days. The aim of this study was also to determine the influence of time on the
change of the specimen geometry.
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GOM inspect

Measurement
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Figure 3. Experimental set-up of 3-D scanning process with specimen
model and measurement lines

Results and discussions

Thermal imaging

Thermo-visual measurements were performed to track the temperature distribution
during 3-D printing. The acquisition of thermal data is based on the infrared signals which
depend on the emissivity of the material [11]. The 3-D printing process was monitored using
the Thermal Imaging iVMS-4800 software, and the temperature profiles of the specimens
were recorded for each newly deposited layer. The temperature profile shows the average
temperature in a given region of interest, i.e., the temperature distribution on the surface of a
deposited layer.

Thermal imaging camera images show different colors depending on the position of
the print nozzle which is the hottest area from which the polymer is directly extruded. Color
changes occur as the filaments begin to solidify and range from yellow to orange to red. At

lower temperatures colder colors appear, pink,

Printing process purple, and blue. The average temperature of

o ]gg the top layer depends on the rate of cooling.
2 80 A_/\MNWMMW The area in which the printer’s nozzle prints the
g 28 — PiA material onto the previously applied layer has a
g 20 — PLA-X direct influence on the surface temperature of
© % 60 120 180 240 300 360420 480 540 600 the layers.

Time [s] The temperature values for the two mate-
Figure 4. Software presentation of thermal rials PLA and PLA-X are shown as average
evolution during printing process of PLA and values over time, fig. 4. From the figures, it can
PLA-X materials be seen that the trend of the diagram resembles

a sinusoidal function and that the measured

temperature values on the surface of the speci-
men are approximately the same at each moment. It can be concluded that the temperature
changes during the printing process are identical for both materials. In this respect, a different
thermal performance of the PLA-X material with improved properties due to the addition of
the second-base particles, is not evident.
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During the cooling process, the temporal temperature changes are approximately
linear for all measurement lines. The initial difference in the diagram for measurement line L1
is the result of the increased residual temperature in the last part of the printing, fig. 5. The
temperature value is higher at this point, while after 20 seconds it stabilizes and approaches
the average temperatures of the other measurement lines. The cooling process was analyzed in
the period of 60 seconds after the end of the printing because in this period the temperature
changes are the most significant.
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Figure 5. Temperature profile of colling process in period of 60 seconds for specimens of PLA material

The diagram for the cooling process of the PLA-X specimens shows that the tem-
perature changes are approximately linear for all measurement lines, fig. 6. The initial differ-
ence, as with the PLA specimens, is the result of the increased residual temperature in the fi-
nal phase of the printing process. The stabilization of the temperature, which is stlightly high-

er at the beginning, occurs after 17 seconds and approaches the average values for all other
measurement lines.
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Figure 6. Temperature profile of colling process in period of 60 seconds for specimens of PLA-X
material

Temperatures at the surface of the specimen are accurate, but there are slight limita-
tions in detecting temperatures in all layers of the printed specimen. When observing the
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printing process, the upper layers of the specimen are hot after extrusion, and cooling is slow
because the heat zone is small. Another fact that should be taken into account is that the print-
ing platform is constantly heated during the printing process and also after the printing pro-
cess is finished, which affects the temperature of the sample at every moment that the sample
is on the platform. Previous studies concluded that the temperature distribution on the speci-
mens is not uniform and that a constant gradient cannot be formed [39].

The 3-D scanning

The 3-D scanner’s projector with its configured sensors measures the 3-D area of the
scanned specimen and displays the specimen’s measurement volume. Since the scanned 3-D
model was not complete and smaller parts of the measurement volume were missing, errors will
occur during further measurement of accuracy and control of length. It can be seen from the di-
agram that the length of the specimen has a decreasing trend, fig. 7. The values for the PLA-X
specimen have more pronounced peaks due to the incomplete model of the scanned surface. The
diagram for the PLA specimen clearly shows that there is no difference in the length of the
specimen from day 5 to day 7, leading to the conclusion that the value becomes stable.

Length change
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Figure 7. Length change od specimens over period of one week

The diagram for the width changes of the specimens shows that the changes occur in
the first 4 days after the end of the-printing process, and after that the width changes are neg-
ligible, fig. 8. Again, there are slight inconsistencies due to an incomplete model of the
scanned surface of the specimen. The incompleteness of the model is related to missing parts,
as mentioned before, which in turn can lead to minor errors in the measurement of the width
of the specimens.

Width change
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LY +42.252 .
LZ +41.029 S 0 14 2 3 4 5 6 7
(@) L +99.336 (b) Day

Figure 8. Width change od specimens over period of one week
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As the parameters stabilize in the first week after printing, the authors recommend
reducing the scanning frequency for measuring the geometry and dimensional accuracy of
printed samples.

Conclusions

Analyzing the effects of temperature variations in 3-D printing is important because
it is a thermal process. Once the printing process is complete, it is also important to track the
geometric parameters to determine if the printed specimen matches to the model created in the
CAD software.

In this paper, thermal and dimensional analyzes of 3-D printed specimens were pre-
sented. The main objective of this research was to determine how the temperature changes
during and after the completion of the 3-D printing process of PLA and PLA-X specimens,
and to observe dimensional accuracy and stability of the printed specimens over a period of
one week. For this purpose, the in-situ thermal imaging monitoring technique was used to
track the thermal evolution during the manufacturing process. The experiments have shown
the approximate temperature values measured on the surface of the specimens for each mo-
ment. The addition of second-base particles to the PLA-X material did not affect the tempera-
ture evolution compared to PLA. Therefore, it is concluded that there were no differences be-
tween PLA and the PLA-X reinforced material in terms of the temperature changes during
printing and cooling process. In the second part of this study, all the specimens were scanned
with a 3-D scanner to determine any changes in dimensions from the original model. Incon-
sistencies in the obtained model of the scanned surface of the specimens affected the diagrams
due to minor errors in the measurement of the length and width of the specimens. A decreas-
ing trend is observed in the length of the specimens. Due to the incomplete scanned models,
the peaks are more pronounced in the PLA-X samples, and in the PLA samples the stabiliza-
tion of the geometry occurred around the fifth day. It is recommended that dimensional con-
trol should be performed after this period to optimize the process. The literature search re-
vealed a limited number of research papers that addressed the characterization of the speci-
mens in a manner described in this paper.

Future research will include thermal observations of various parameters during the
3-D printing process, i.e., changing infill pattern and infill percentage, and using different ma-
terials. In 3-D scanning, measurement of dimensional accuracy should be done in a longer ag-
ing period due to stabilization of parameters in the first week after printing.
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