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Abstract

Among the different investigations carried out on polymer additive manufacturing, the influence of the plate material is often
neglected. The energy-saving perspective forces us to study the improvement of the 3D printer architecture to optimize the
process conditions by minimizing power and energy consumption. This research moves from the intent to preserve the part
quality and avoid energy dissipation in the 3D printer plate. This component requires the most energy input to work properly
and it is also in direct contact with the workpiece, resulting in paramount for the lower layers. By analyzing a previously
assessed set of process parameters, three plate materials were adopted and investigated in this study. Tensile and ultrasonic
tests were carried out to evaluate the PLA specimen’s quality and mechanical performance: Both gave good results proving
the poor influence of the metallic plate on the workpiece. The results obtained in this experimental study allowed to release
of some guidelines for better decision-making in the choice of a material plate for desktop 3D printers to print PLA from a
sustainable perspective. The best results have been observed by selecting V = 110 mm/s and 7' = 215 °C as process conditions
by using the aluminum plate. Also, the ultrasound analysis confirms greater uniformity of the material at a printing speed V

= 110 mm/s for all the printing plates indicating a low influence of the printing plates used on the material uniformity.

Keywords PLA - FDM - Additive manufacturing - Sustainability - Energy consumption - Mechanical properties

1 Introduction

Additive manufacturing (AM) is a potentially valuable solu-
tion for addressing lightweighting needs, as it takes advan-
tage of the design freedoms offered by material complexity
principles. AM technologies are recognized for their environ-
mental friendliness, as they use only the necessary amount
of material for the product [1]. Additionally, AM methods
can reduce life cycle material mass and energy consumption
compared to traditional subtractive processes by minimizing
scrap. Certain AM methods enable the repair and remanu-
facturing of defective tools, which can eliminate the need for
supply chain processes associated with creating new tool-
ing [2]. Furthermore, it has been demonstrated by life cycle
assessment (LCA) that the implementation of AM can lead
to substantial savings during both the manufacturing and
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usage phases of a product’s life cycle. These savings are
achieved by shortening the time between design and pro-
duction and by optimizing component form to fully utilize
AM capabilities, resulting in additional cost savings [3].
Moreover, as reported by several studies, AM can signif-
icantly reduce energy consumption and emissions through
lightweight design optimization [4, 5].

Currently, the large use of desktop 3D printers establishes
some issues by considering the environmental impact of
home activities. A sustainability perspective suggests devel-
oping new ways for 3D printing parts in an energy-saving
approach. In a previous research study, it was observed that
the greatest contribution in terms of energy consumption is
given by the heating of the plate and the continuous cycles to
keep it warm [6]. As a matter of fact, the power spent to heat
the plate is at least 60% of the total power demanded by the
machine and, for the conventional plate made by steel, the
thermal dispersion forces the system to keep the power on
for the whole printing cycle because the bed has difficulties
to reach the target value in particular when it is too high with
respect to the room temperature.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-024-09170-8&domain=pdf
http://orcid.org/0000-0002-2363-8598

Arabian Journal for Science and Engineering

In this scenario, the redesign of the plate was consid-
ered crucial to pursue the energy consumption reduction on
large-scale device use. By considering new base material to
be employed in plate manufacturing, different alternatives
were chosen to enhance some thermal aspects while pay-
ing particular attention to the dimensional stability. The first
aspect which was evaluated regards the thermal characteris-
tics because the time required to warm up the plate is too long
in case of steel therefore the choice includes the Aluminum
alloy 2024 which has 8 times the thermal conductivity respect
to the steel (aluminum 193 W/m-K-steel 24.9 W/m-K) and
double specific heat capacity (aluminum 0.875 J/g-K-steel
0.46 J/g-K). On the opposite side was considered a material
with a low thermal conductivity and specific heat capac-
ity comparable to the steel so having high thermal inertia,
a Nickel based superalloy nimonic 75 (13.4 W/m-K and
0.461 J/g-K). The first one could ensure rapid heating of the
plate which results in energy consumption reduction obtained
through the reduction of the heating time, on the other hand
it could require more on/off cycles that generate a continu-
ous increase and decrease in the adsorbed power. The second
material could require too long heating time and then too high
energy consumption in the warm-up phase, but it could offer
more stability in keeping the temperature high and as con-
sequence the increase in initial energy consumption caused
by the increase in time required for the heating phase but
more stability in keep the temperature level avoiding a large
number of on/off cycles.

As regards the plate, the main topic investigated in the
literature is the influence of the plate temperature on the
mechanical properties of the printed components [7-9] and
its influence on different extruded materials [10—13]. Table 1
contains the main recent works on the research topic of this
study. In other works, the plate shrinkage and the correla-
tion with the workpiece dimensional accuracy were evaluated
[14]. Also, the possibility to use a new material for the plate
was investigated with the aim to improve the mechanical
properties [ 15]. In any case, each optimization was not related
to the energy consumption evaluation and the influence of the
plate material on the mechanical properties was neglected,
and therefore the purpose of this research work is to opti-
mize the energy consumption by preserving the mechanical
properties.

Lepoivre et al. discussed heat transfer model and the
adhesion by considering the temperature of the plate inde-
pendently from the material of the plate [16]. The interest
in heat transfer is proven by different studies which corre-
late different numerical models and experimental results [17,
18]. The heat transfer mechanism and its influence on the fil-
ament adhesion were also studied by directly monitoring the
workpiece during the printing [19, 20].

On this basis, the experimental study was carried out con-
sidering the steel standard plate as a reference and the other
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Table 1 Recent related works on the research topic of this study

References Process Material Properties

investigated

FDM CF/PA6
FDM PLA

Peng et al. [8] Tensile strength

Tensile
strength,
crystallinity,
mesostructure

Luzanin et al. [9]

Mostafa et al. FDM

[10]
Khabia et al. [11]

Nylon 12 Tensile strength

FDM ABS Tensile
strength,
elongation at

break

Crystallinity,
tensile
strength,
elongation at
break, impact
strength

Lay et al. [12] FDM PLA, ABS

and Nylon 6

Agarwal et al. FDM ABS Dimensional
[13] accuracy

Choi et al. [14] FDM ABS Heat shrink
shape errors

Messimer et al. FDM ABS, PLA,
[15] PET, HIPS,

PC, TPU,
PVA, nylon, bedplate
metal PLA, (AL-glass
and and AL-PC)
carbon-fiber
PLA

Lepoivre et al. FFF ABS, PEKK Heat transfer
[16] and the
adhesion
behavior

Printability by
varying the
material

Kousiatza et al. FDM ABS In situ and in
[17] real-time
temperature
development
within
multilayered
square thin
plates
Prajapati et al. FDM ABS Temperature
[19] distribution
on the build
plate

Roy et al. [20] FFF ABS Temperature
effect on the
functional
properties of

the parts




Arabian Journal for Science and Engineering

Table 2 Experimental plan of PLA samples manufactured by FFF: the
fixed process parameters

Table 3 Experimental plan of PLA samples manufactured by FFF: the
varied process parameters

Infill percentage 100%

Layer height 0.2 mm
Orientation — 45°/ + 45°
Pattern Line infill
Plate temperature 90 °C
Number of shells 2

plates for the investigation of the specific thermal property.
Since PolyLacticid (PLA) is a material widely used in poly-
meric AM, the experimentation was based on the printing
monitoring of this material for ease of execution given the
wide knowledge of the process parameters useful for the
printability of the treated material. In this regard, the heat
input quantity required to print tensile and square samples
was analyzed in terms of power adsorbed to evaluate the
energy consumption. Finally the results of the ultrasonic
inspections and the tensile tests, performed on each sam-
ple, were used to correlate the heat transfer mode and the
mechanical properties of the printed pieces. All the consid-
erations were connected to be examined from the perspective
of sustainable manufacturing.

2 Materials and Methods
2.1 FDM Process

Among all the AM techniques, the most common is fused
filament fabrication (FFF) that is a 3D printing process that
uses a continuous filament of a thermoplastic material and
it is a cost-effective, almost-zero-waste, and user-friendly
approach [21, 22] Square samples 50 x 50 x 3 mm were
printed by the fused filament fabrication (FFF) technique by
means of Sharebot 42, which is 450 x 420 x 470 mm in
size and has a printing volume of 250 x 220 x 220 mm. The
samples were firstly designed into Solidworks software and
then sliced by Simplify 3D software, where the printing was
simulated after fixing the process parameters. Black PLA
ICE Filaments having a diameter of 1.75 mm were used for
printing the samples. Infill percentage, layer height, orienta-
tion, pattern, plate temperature, and number of shells were
fixed for all the samples as expressed in Table 1. Conversely,
extruder temperature and deposition speed were varied for all
the samples. The fixed process parameters for all the samples
are expressed in Table 2. They were chosen according to the
best results in the literature [23, 24].

Based on the best results in terms of both the energy
consumption and mechanical properties [23-26], two tem-
perature strategies combined with two levels of deposition

Configuration Plate material Speed Extrusion
(mm/s) temperature
O
1 AISI 430 70 215
stainless
steel
2 AISI 430 110 215 (1st=7th
stainless layers)
steel 230
(8th—15th
layers)
1 2024 70 215
Aluminum
2 2024 110 215 (1st-7th
Aluminum layers)
230
(8th—15th
layers)
Nimonic 70 215
2 Nimonic 110 215 (1st-7th
layers)
230
(8th—15th
layers)

speed were chosen for our experimental campaign as con-
tained in Table 3. All the configurations of PLA samples were
printed by using three plates as building platforms, having
the same geometrical features and different materials, that
are AISI 430 stainless Steel, 2024 Aluminum, nimonic.

In this study, after the 3D printing of PLA samples, ten-
sile tests, ultrasonic inspection, and an energy consumption
analysis have been carried out.

2.2 Energy Consumption

The device Quality Analyzer CA8331 was used to measure
power and energy consumption during the FDM process by
means of current and tension measurements. It is a high-
quality analyzer with a color and battery graphic display
built-in rechargeable, that is equipped with four tension
cables, four crocodile clips and three current sensors Mini-
FLEX MA193-350. The electrical system of the 3D printer
consists of a mono-phase with neutral cable 10 A 250 V. The
current and tension sensors are connected to an intermediary
electrical system—the single phase and the neutral—be-
tween the electrical cabinet and the cable connection of
the 3D printer. The experimental setup is schematically dis-
played in Fig. 1. A sampling period of one second has been
chosen to measure power and energy consumption over time.
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Fig. 1 Experimental setup: a the power and the energy analyzer, b the 3D printer, ¢ the electrical cabinet, d the current sensor, e the tension cables
(Experimental integrated approach for mechanical characteristic optimization of FDM-printed PLA in an energy-saving perspective [6])

The mass of each sample was measured three times by
means of Gibertini ETERNITY 200 CAL balance, which
has an accuracy of + 0.05 mg. These measurements have
allowed calculating the specific energy consumption (SEC),
which is highly used in the literature as a key sustainable
performance indicator [27]. In the FDM process, SEC (kJ/g)
represents the energy consumption for printing the mass unit
and is expressed as follows:

SEC = Epint/m (1

where Epyint is the energy consumption for printing the single
sample, and m is the mass of the sample.

2.3 Tensile Tests

Uniaxial tensile tests were carried out to investigate the
mechanical properties of the samples by means of a Galdabini
QUASAR 50 testing machine. It is equipped with a 50 kN
load cell and a micron extensometer that allows to measure
the deformation up to the rupture. The tests were performed at
room temperature and at a speed equal to 3 mm/min. LabTest
is the software associated with the Galdabini machine that
allows programming the tests according to the ASTM Inter-
national Standards [28]. Thus, to evaluate the tensile strength,
three tensile specimens with the ASTM standard geometry
were printed for each combination of process conditions, as
defined in Subsect. 2.1.

@ Springer

2.4 Ultrasonic Inspection

A US Multi2000 Pocket 16 x 64 instrument was used to
carry out ultrasound inspection to evaluate the goodness of
the printed samples in terms of compaction and homogeneity.
A single Probe, DS 6 HB 2-7 made by KARL DEUTSCH,
5 MHz was applied to have a good signal acquisition and
reduce its attenuation as previously used in previous studies
[6].

The pulse-echo technique was used for the quality inter-
nal detection of the components. Short-duration ultrasonic
pulses were transmitted into the all regions, and the echo
signals—caused by wave scattering and reflection—were
detected and displayed. The depth of a reflective structure
is inferred from the delay between pulse transmission and
echo reception. Using this method on an undamaged sample,
the correct plate thickness is obtained and the acquisition
system 1is calibrated. The propagation velocity through the
material, equal to 1200 mm/s, was set [6].

The inspection of the material has been carried out analyz-
ing the A scan visual that is a reconstruction of the ultrasound
signal’s travel in the inspected material. It consists of a series
of peaks, the position of which along the horizontal axis can
be calibrated in terms of the depth in the material. The ampli-
tude, A, of each echo will give some indication of the size
and nature of reflector, which might be a flaw or a specimen
boundary.



Arabian Journal for Science and Engineering

50
L T I A Steel
45 L I ® Aluminum
I 1 + ® Nimonic
40 |
35+
oy
=]
oS
3 f i
= .
9 '
=
n
20
- . .
15 F
10 1 " 1 n 1 X 1
70-215 70-215/230 110-215 110-215/230

Printing Strategy

Fig.2 SEC vs printing strategy for each bed surface

2200
A Steel
i ® Aluminum
. A 3
2000 - i Nimonic
L]
S
<
w 1800 |
£
—
=1]
£ 1600
et
£
=
=™
1400 + i
'y
]
! [ ]
]200 1 1 1 1
70-215 70-215/230 110-215 110-215/230

Printing Strategy

Fig. 3 Printing time versus printing strategy for each bed surface-plate
material

3 Results and Discussion

As previously mentioned, the influence of the plate mate-
rial in the FDM process is often neglected in the literature.
Peng et al. [8] investigated the effects of processing param-
eters during FDM printing on mechanical properties and
interlayer adhesion tensile properties of carbon-fiber rein-
forced polyamide 6 (CF/PA6). In their study, build-plate
temperatures were found to own a close relationship with the
tensile properties and interlayer adhesion. Also, they found
that strength and modulus of FDM-printed CF/PA6 speci-
mens continuously increase with decreased voids (porosity)
as the build-plate temperature increases. Luzanin et al. [9]
investigated the impact of layer thickness, extrusion tem-
perature, extrusion speed and build-plate temperature on the
tensile strength, crystallinity achieved during fabrication and
mesostructure of PLA specimens. They found that layer
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Fig.4 Power signal for printing strategy 215 °C-70 mm/s

thickness and its quadratic effect are dominant contributors to
tensile strength. Significant interaction between layer thick-
ness and extrusion speed implies that these parameters should
always be varied simultaneously within designed experiment
to obtain adequate process model. Thus, a lot of studies in the
literature only take into account the part quality as objective
of the FDM process optimization [8—14]. Very few studies
in the literature investigate the temperature distribution dur-
ing the FDM process, and just a very small part of them
consider the minimization of the energy consumption dur-
ing the printing among the objectives [15-20]. In this regard,
this experimental study aims to fill this gap of knowledge. In
fact, the energy-saving perspective, which leads the produc-
tion sectors today, forces to study the improvement of the 3D
printer architecture in order to optimize the process condi-
tions by minimizing power and energy consumption. In the
following sections energy consumption analysis, tensile tests
and ultrasonic inspection are presented. Thus, the influence
of the heated-bed material on PLA mechanical properties and
energy consumption in the FDM process.

3.1 Energy Consumption

The values resulting from the energy consumption analysis
are reported in the table below (Table 3). Figure 2 shows how
the specific energy consumption (SEC), expressed in Eq. (1),
varies by selecting a different printing strategy referring to
the different extrusion temperature by using different plate
materials, as above discussed. Similarly, Fig. 3 depicts the
printing time by varying the printing strategy. It is relevant
to note that the printing time is the most important index of
sustainability, as a matter of fact the printing strategies with
the highest nozzle speed have the lowest SEC independently
from the bedplate material. Thus, as observable from Figs. 2
and 3, there is a linear correlation between the SEC and the
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Table 4 Energy consumption

analysis results Bed material  Print speed T extrusion Ep(k)) Weight SEC Printing time
(mm/s) O (€ (kI/g) (s)

Steel 70 215 381.6 8.71 43.8 1946

215/230 403.2 8.63 46.7 2072

110 215 255.6 8.59 29.8 1404

215/230 259.2 8.73 29.7 1371

Aluminum 70 215 259.4 9.21 28.2 1963

215/230 244.8 9.23 26.5 1914

110 215 175.8 9.18 19.2 1317

215/230 176.4 9.15 19.3 1327

Nimonic 70 215 409.8 8.87 46.2 1943

215/230 381.2 8.68 43.9 1911

110 215 270.2 8.82 30.6 1340

215/230 268.8 8.80 30.2 1293
et The pie charts reported in Fig. 6 show a decrease in the
Start printing End printing bed heating contribution and an increase up to 77% of the
) i l JWN\.\M‘WMM.‘% energy spent for the pri.nting pha§e, which is the only.value.:—
/ M’""”‘ added phase because just in this phase, the workpiece is
150 built. The same behavior is reported in phase duration pie
z — charts, the rapid heating of the aluminum bedplate allows
? - / L the increase of the time percentage spent to print the compo-
£ Nozzle heating ~ Bed leveling nent (Fig. 7). Nevertheless, the printing time is independent
from the capacity to reach and to keep the target temperature,
o because it depends just on the nozzle speed. So, the signi-
ficative differences reported by the energy spent are even
o o : e : 00 more important since it means that, although the duration of

Time (s)

Fig.5 Segmentidentification on the power consumption curve (printing
strategy 215 °C-70 mm/s) using the steel plate

printing time, as expected [6]. Table 4 contains the results of
the energy consumption analysis.

Since the performance indexes and the acquired power
signals for the steel bedplate and the nimonic bedplate are
shown to be very similar to each other, the only power sig-
nal during the printing on the steel plate has been compared
with that on the aluminum one to highlight the differences in
the bedplate behavior (Fig. 4). Two differences immediately
appear, the bed heating segment is very short with the alu-
minum plate setup than the steel, during the printing phase,
there are a lot of on/off occurrences in the aluminum curve
that are related to the bedplate heating. They could be bet-
ter understood by observing the identification of the curve
segments in Fig. 5.

The weight of power consumption on the process pro-
ductivity has been better analyzed by evaluating the energy
required in each single phase of the printing process.

S @ Springer

each phase does not change, the energy spent is improved.
The last is due to the numerous on/off heating cycles dur-
ing the printing phase (Fig. 4). This phenomenon indicates
that the 3D printer continuously requires energy to keep the
steel plate at 90 °C, differently from the aluminum plate,
according to their different thermal properties. As a result, it
has been reported that the aluminum bedplate gives the low-
est SEC for each printing condition (Table 3). These values
are even lower than the values given by the other two bed-
plate material, because of his highest thermal conductivity
among those of the bedplate materials adopted in this study.
In fact, aluminum alloy 2024 has a thermal conductivity of
193 W/m-K, steel has a thermal conductivity of 24.9 W/m-K
whereas nimonic has a thermal conductivity of 13.4 W/m-K.
Thus, it is better to use aluminum plates for the desktop 3D
printers rather than steel plates to reduce power and energy
consumption of the FDM process.

3.2 Tensile Tests

As explained in Subsect. 2.3, three tensile specimens have
been printed and tested for each printing strategy. Table 5
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Table 5 Tensile test results
Bed material Print speed (mm/s) T extrusion (°C) UTS (MPa) SEC (kJ/g) UTS/SEC

Steel 70 215 44.5 43.8 1.0
215/230 50.1 46.7 1.1

110 215 50.6 29.8 1.7

215/230 45.4 29.7 1.5

Aluminum 70 215 44.5 28.2 1.6
215/230 44.6 26.5 1.7

110 215 50.6 19.2 2.6

215/230 45.4 19.3 2.4

Nimonic 70 215 40.0 46.2 0.9
215/230 46.0 43.9 1.0

110 215 45.7 30.6 1.5

215/230 41.0 30.2 14
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Fig.8 UTS versus the printing strategies adopted in this study

contains all the results obtained; each UTS value is the aver-
age of three values.

Figure 8 depicts the mechanical properties obtained in
terms of UTS for each printing strategy by the three plates
having different materials adopted in this study. By using the
steel plate, it can be observable an improvement in the UTS by
increasing the printing speed from 70 to 110 mm/s by fixing
an extrusion temperature equal to 215 °C. At the same time,
the property is worsening with the same speed variation by
fixing a temperature of 215/230 °C. The nimonic plate shows
the same trend in terms of UTS by increasing the printing
speed. Conversely, this trend is not respected with the use of
the aluminum plate. In this case, by increasing the printing
speed from 70 to 110 mm/s, there is an improvement in the
UTS with the extrusion temperature equal to 215/230 °C,
while it worsens with the increase in printing speed at 215 °C.

The results obtained fall within the value ranges demon-
strated in the literature for PLA. In fact, the PLA tensile
strength is typically about 40/60 MPa and that of printed
PLA is about 46 MPa. Thus, a printing speed of 110 mm/s
leads to better mechanical properties than a printing speed of
70 mm/s, both with a temperature of 215 °C and 215/230 °C.

Energy consumption and tensile strength have been jointly
investigated to understand how FDMed PLA parts having
good mechanical properties can be obtained by minimizing
the energy consumption. Figure 9 shows the SEC trend over
the UTS values obtained for each plate material. It can be
seen that the highest values of UTS are obtained by using
both steel and aluminum plates. Conversely, as far as energy
consumption is concerned, aluminum has the lowest values,
when compared to nimonic and steel energy consumption
results.

As explained above, steel, aluminum and nimonic mate-
rials have different thermal properties. Among the three,
aluminum is the material with the highest specific thermal

@ Springer

50
A Steel
° A = Aluminum
45 . o ® Nimonic
40
o0
= 35F
=<
-’
8 30 F ° a® A
7] [ ]
[
25 F
20 . =
1 1 1 1 1 1 1 Il

40 42 44 46 48 50 52 54 56
UTS (MPa)

Fig. 9 SEC versus UTS of all the strategies adopted in this study

conductivity, followed by steel and then nimonic. Since the
thermal inertia, i.e., the ability of a material to oppose the
passage of the heat flow and to accumulate a part of it, is
indirectly proportional to the thermal conductivity, it turns
out that the lowest value is typical of aluminum. A low ther-
mal inertia results in quicker heating up of the material and
a quicker transfer of heat to the environment. In fact, using
aluminum and nimonic plates leads to dropping in power
consumption during the printing phase (Fig. 4). The ability
of aluminum to absorb heat leads to it quickly reaching the
desired temperature and, therefore, stops absorbing any more
energy. Instead, the nimonic retains heat as it has the high-
est thermal inertia, leading it to stop absorbing energy once
the desired temperature is reached. On the other hand, steel is
balanced in absorbing and releasing heat, as demonstrated by
the trend in Figs. 4 and 5. In fact, the thermal conductivity of
steel is an intermediate value between that of aluminum and
nimonic. Therefore, the thermal inertia also turns out to be
intermediate between the values of aluminum and nimonic.

A previous study [6] introduced a new efficiency index
given by the ratio between UTS and SEC. It explains
numerically how higher the tensile strength is obtained for
unit-specific energy consumption in the FDM process. The
index values calculated are shown in Table 4. A higher
UTS/SEC value indicates a better process efficiency for that
printing strategy. Figure 10 shows the variation of this effi-
ciency index by varying the printing strategy for each plate
material adopted in this study. Using the aluminum plate, the
best performance in terms of tensile strength for the specific
energy consumption has been observed with the strategy V
= 110 mm/s T = 215 °C. Conversely, the worst case has
been observed with the strategy V =70 mm/s T = 215 °C by
using the steel plate. This index confirms the results obtained
in the previous comparisons.
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Fig. 11 Variations in the amplitude of the signal, AA, for all scan strate-
gies used and for the three different printing plates adopted

3.3 Ultrasonic Inspection

Figure 11 shows the variations in the amplitude of the Ascan
signal, AA, between the background echo and the initial one
for all the temperature and speed strategies used and the
three different printing plates adopted. We remember that
the attenuation of the signal can be an index of compactness
and homogeneity of the analyzed component. Therefore, the
lower the attenuation of the input signal, the better the qual-
ity of the product, indicating the absence of manufacturing
defects. However, intermediate echoes between the input and
output echoes in the Ascan visual could also indicate a defect.

As you can see in the figure, the attenuation of the ampli-
tude is lower for a strategy with a higher printing speed,

indicating faster compaction of the printed sample. Com-
paction worsens with the increase in extrusion temperature.

Correlating ultrasound echo attenuation amplitude with
two characteristic parameters of the materials’ mechanical
properties, UTS and SEC, it is possible to evaluate whether
the product’s quality affects its mechanical performance.

By analyzing the data mentioned above, the ultrasound
analysis confirms greater uniformity of the material at a print-
ing speed V = 110 mm/s for various printing plates adopted,
similar to what is demonstrated by the mechanical properties
(UTS) and energy consumption (SEC) of the process used.
However, the minimum variation in ultrasound signal attenu-
ation recorded varying the adopted strategies indicates a low
influence of the printing plates used.

3.4 Overall Cost Analysis

By considering the dimensions of the bed surface, the total
volume is 202.5 cm? and is the same for each plate employed.
In order to calculate the cost of the setup, it was decided to
consider the raw material cost for weight because the required
machining operations are very simple and could be consid-
ered negligible compared to the price of the bulk material. In
the following table (Table 6) the more relevant data useful to
perform a proper cost analysis are reported.

The final cost of the nimonic bed is very high, compared
to the others plates, and could be justified when the printing
surfaces and the workpieces have large dimensions, then the
control of distortions or temperature stability is mandatory.
The costs of the steel and aluminum plates are comparable
and the preference of the second one is motivated by the
long term energy saving, as demonstrated in the previous
evaluation.

4 Conclusions

In this study, the technological and environmental sustain-
ability of a common FDM 3D printer for PLA components
has been studied and evaluated to define a correspondence
between the main FDM process conditions and the efficiency
of this technology, evaluating its performance in terms of both
quality and energy consumption. The effect of three printing
plates having three different materials on the energy con-
sumption in the FDM process, correlated to the quality of
the parts, has been investigated. Tensile and ultrasound test
specimens were printed on each plate for three temperature
and print speed strategies.

All the results previously discussed lead to the following
conclusions:

o All the different temperature strategies led to results com-
parable with the literature on FDMed PLA.
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Table 6 Cost analysis for the

selected bed surfaces Bed material Volume Density (z/cm®) [29]  Weight (kg)  Price* Final bed cost
(em?) (€/kg) S)
Steel 202.5 7.80 1.58 0.98 1.55
Aluminum 2.78 0.56 3.50 1.96
Nimonic 8.37 1.69 17.50 29.57

* Average price obtained by consulting different producers

e The print speed strategy resulting in the best results in
terms of energy consumption and mechanical properties
is 110 mm/s.

e The tensile tests carried out gave results in line with expec-
tations, as UTS values obtained are comparable to the
literature.

e Itis better to use aluminum plates for the desktop 3D print-
ers rather than steel plates, as usual, to reduce power and
energy consumption of the FDM process.

e Both the steel and nimonic plates led to an improvement in
UTS by increasing the printing speed from 70 to 110 mm/s
by fixing an extrusion temperature equal to 215 °C, while
there is a worsening of the property with the same speed
variation by fixing a temperature of 215/230 °C.

e The ultrasound analysis confirms greater uniformity of
the material at a printing speed V = 110 mm/s for all
the printing plates adopted, and the minimum variation in
ultrasound signal attenuation recorded varying the adopted
strategies indicates a low influence of the printing plates
used.

e The highest UTS values were obtained using steel and alu-
minum plates. Conversely, as far as energy consumption
is concerned, aluminum has the lowest values when com-
pared to nimonic and steel energy consumption results.

e The best results in terms of tensile strength for the specific
energy consumption (UTS/SEC) have been observed by
selecting V = 110 mm/s and 7' = 215 °C as process con-
ditions by using the aluminum plate. Conversely, the worst
case has been observed with the strategy V = 70 mm/s T
= 215 °C by using the steel plate.

e Overall cost analysis, regarding the bed production, allows
to consider that two materials are more suitable for mass
production of desk devices, steel and aluminum, with little
preference for the second one if considered the long-term
energy saving. The nimonic bed could be useful for large
devices or for workpieces in which the dimensionality
accuracy is priority.

This research work could be considered the start point for
many other studies which are aimed to correlate the energy
consumption and the mechanical properties of the printed
workpieces. Other bed materials, also nonmetallic, need to
be tested. Furthermore, the application of the most expensive

@ Springer

nimonic could be implemented in large 3D printers, where
the distortions or the heat dissipation are the main issues.
Finally, a complete LCA, which includes also the produc-
tion of the metal alloys and the manufacturing of the rolling
sheets, could be extended in the future.
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