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ABSTRACT

Enhancing the thermal conductivity of bronze is essential to enhance the efficiency of heat transfer and reduce
energy consumption in systems such as heating, cooling, and heat exchangers systems. This study investigates the
feasibility of producing sinterized bronze (Cu89/Sn11) using low-cost 3D printing Fused Deposition Modeling
(FDM) technology and thermal post-treatment processes. The intention is to identify optimal printing parameters
and sintering temperatures to maximize thermal conductivity, while focusing on minimizing energy consump-
tion, raw material usage, and environmental impact. The thermal conductivity of twenty-seven samples was
evaluated according to the ASTM E1530:2019 standard. A statistical analysis revealed significant effects of
nozzle diameter and flow rate on thermal conductivity and density. The optimal results were obtained with a
sintering temperature of 845 °C, a 1.0 mm nozzle diameter, and a 110 % flow rate. These conditions yield the
highest thermal conductivity (87.61 W/m-K) and density (7.52 g/cme'). The lowest values were observed at a
sintering temperature of 865 °C, a 0.6 mm nozzle diameter, and a 100 % flow rate. A Life Cycle Assessment (LCA)
using the ReCiPe Endpoint (E) methodology was employed to compare the environmental impact of the resulting
thermal conductivities. The results suggest that sintered bronze produced by FDM and thermal post-treatment
provide superior performance and a smaller environmental impact than conventional methods. This study un-
derscores the potential for more efficient and sustainable manufacturing practices in the production of sintered
bronze.

1. Introduction

In contrast, 3D printing has gained considerable attention by allowing
the creation of components with complex geometries, in a shorter pro-

High thermal conductivity of bronze facilitates efficient transfer of
heat transfer reduces energy loss in heating, cooling, and heat exchanger
systems. Its resistance to corrosion, durability and compatibility with
thermal fluids positions it as a sustainable and efficient material.
Currently, a wide range of components used in heating, cooling, and
heat exchanger installations, such as valves, heat exchangers, pipes,
connections, ducts, valves, pumps, temperature sensors and boiler ac-
cessories, are manufactured with this material [1]. Most of these com-
ponents are manufactured by conventional processes, such as casting
and machining, which require considerable amounts of energy and raw
materials [2]. These manufacturing processes may have limitations
when the shapes of the components to manufacture are more complex.

* Corresponding author.

duction time, thus generating little material waste and reducing energy
consumption [3]. In recent years, polymers, such as Polylactic Acid
(PLA), is blended with metallic micro powders (mainly steel, aluminum,
copper and bronze), and arranged in the form of filaments. This allows
the manufacture of 3D objects of complex sOhapes by low-cost 3D
printers based on Fused Deposition Modeling (FDM) technology. This
strategy shows promise in manufacturing components with complex
shapes, and high thermal conductivity by using large concentrations of
thermally conductive metal particles, while reducing energy and raw
material consumption. These printable metal-polymers often undergo a
multi-stage sintering process after 3D printing that involves subjecting
them to high temperatures and regulated atmospheres at high pressures
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for extended periods of time [4]. Sintering increases the density, thermal
conductivity and mechanical strength of the printed material by
increasing the number of thermal contacts between metallic particles.
This occurs when the PLA binder is removed [5]. There are several
studies that have examined the thermal properties of unsintered print-
able metal-polymers by FDM 3D technology [6]. The results of these
investigations show that the thermal conductivity values obtained are
reduced in comparison to those of the pure metal itself. However, the
thermal properties of sintered printable metal-polymers and methods for
improving them have been the subject of relatively few studies. Thus for
example, Ebrahimi and Ju [7] conducted an experimental study to assess
the thermal of samples that were printed with filaments that were made
of polymer-copper composites with a copper powder fraction between
87.0 % and 90.7 %. In this case, a first debinding stage was conducted at
350 °C for 3 h, whereas the sintering process was carried out at 980 °C
for 50 min. Finally, an over-sintering process is carried out at a tem-
perature of 1080 °C for 10 min on some samples. The results for the
samples manufactured by FDM 3D printing were compared to those for
samples manufactured by model with pressures of 200 kPa. The results
showed that the printed samples that were subjected to the debinding
and sintering processes presented thermal conductivity values of
approximately 30 W/m-K, whereas those that were subjected to
over-sintering at 1080 °C presented values of the order of 60 W/m-K and
an excessive deformation of the samples. Other authors, such as
Canadilla et al. [8], determined the thermal conductivity of samples
manufactured by FDM based on a polymer-copper composite printable
filament with a copper powder fraction of over 95 wt%. An initial
debinding process was conducted. It consisted of the partial elimination
of the paraffin present in the PLA by immersing the printed samples in a
chemical solvent. Next, a thermal debinding followed by high temper-
ature sintering was undertaken. Both thermal processes were carried out
in an furnace with a protective atmosphere that included a mixture of
2.8 % H,-97.8%Ar for the total duration of the thermal process of about
30 h. The conductivity values obtained in this case were 363 + 9
W/m-K. However, more recently Lostado et al. (2023) [9] conducted a
preliminary investigation to determine the tensile strength, elastic
modulus and thermal conductivity of samples manufactured with
PLA-bronze (Cu89/Sn11) using FDM 3D printing technology. In that
work, the average thermal conductivity results obtained for this material
were 82.68 W/m-K with a sintering temperature of 858 °C and a nozzle
diameter of 0.6 mm. However, to date no further references have been
found in which the thermal conductivity and methods for improving it
for the PLA-bronze (Cu89/Sn11), despite it being an easily printable and
sinterable material.

Life Cycle Assessment (LCA) is a methodological tool that is used to
evaluate the environmental impacts of a product, service or process
during its entire life cycle, from the extraction of raw materials to its
final disposal. The primary aim of Life Cycle Assessment (LCA) is to
comprehend and measure the environmental impacts at every stage of
the life cycle of a product. This understanding enables informed
decision-making to enhance its environmental performance. Even
though FDM technology is thought to be a clean production method,
there are specific health hazards that are associated with 3D printing
PLA components. Prolonged exposure to certain compounds during this
process can have adverse effects on human health. Some studies have
quantified emission rates of various VOCs during 3D printing for
different filaments [10]. However, most LCA studies of metal powder
sintering processes have largely examined the use of energy, water,
materials, natural resources, and transportation to the plant (cradle--
to-grave) [11]. As in the case of FDM, some LCA investigations of casting
processes have concerned only on the use of raw materials, water, and
energy at a laboratory scale (gate-to-gate) [12]. Other LCA in-
vestigations of casting processes have expanded their scope (cradle to
the grave) to involvement in the environmental inventory (1) the
assessment of energy, water, materials, and natural resources, (2) the
emissions to air, water, and soil, and (3) the transport stage [13]. Studies
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generally agree that FDM offers environmental advantages over con-
ventional manufacturing methods like casting and machining, although
the extent of these benefits varies by industry [14]. However, the extent
of these benefits depends on the specific industry in which FDM is used
[15]. Also, the small amount of wasted material and lower energy use
are two key environmental benefits of powder metallurgy and the sin-
tering processes [16]. Although many LCA studies have concentrated on
traditional manufacturing processes like machining and casting, few
have evaluated FDM [17]. The majority of LCA studies of FDM have
focused on material and energy consumption on a laboratory scale [18].
Also, to date no reference has been found in which an in-depth LCA of an
FDM manufacturing process followed by a sintering process has been
conducted.

The current work investigates the feasibility of producing sintered
bronze (Cu89/Sn1l) using low-cost 3D printing Fused Deposition
Modeling (FDM) technology, along with debinding and sintering ther-
mal post-treatment processes in a conventional furnace without a
controlled atmosphere. The main goal is to identify optimal printing
parameters (nozzle diameter and flow rate) and sintering temperature to
achieve the highest thermal conductivity values for sinterized bronze
Cu89/Sn11, while emphasizing the reduction of energy consumption,
raw material usage, and environmental impact in the production pro-
cess. The thermal conductivity of this material is determined according
to the ASTM E1530:2019 standard [19]. An exhaustive life cycle anal-
ysis (LCA) is conducted employing the ReCiPe Endpoint (E) impact
methodology to determine the environmental impact of the complete
manufacturing processes for the samples that have the highest and
lowest thermal conductivity. The resulting thermal conductivity and
environmental impact results were compared to those of the same ma-
terial that were produced by casting and subsequent machining. Finally,
in order to determine the reason for the notable variation in thermal
conductivity of sinterized samples, an analysis of the microstructure and
chemical composition was undertaken by Scanning Electron Microscope
(SEM) and Energy Dispersive X-ray (EDS).

2. Experimental section
2.1. Selection of materials and printing parameters

All samples for thermal conductivity measurement were manufac-
tured by using 3D printing filaments of PLA-bronze that was supplied by
filament2print [20] and manufactured by the virtual foundry [21].
Table 1 summarizes the most significant characteristics of this filament.

This commercial filament can be printed by conventional 3D printer
machines with FDM technology and also requires no furnaces with
controlled atmospheres for the debinding and sintering processes. The
printed samples are known as the “green part.” Because of its non-
homogeneous composition, it lacks substantial mechanical integrity
[22]. In this work, all samples were printed by a commercial 3D printer
machine Duplicator 6 produced by Wanhao Co., China. Hardened ma-
terial nozzles with different diameters and capable of resisting wear and
abrasion at high temperatures were provided by Micro-Swiss Co., Ltd
USA. The production of parts using FDM technology is widely
acknowledged to be influenced by several printing parameters, with the
most important being fill pattern, fill density, extrusion temperature,
bed temperature, print speed, layer height, nozzle diameter, material
flow and part orientation. In this research, nozzle diameter and flow rate

Table 1
PLA-bronze filament characteristics.
Filament Metal/ Cu/ Melting Themal Metal
Diameter PLA Sn Temperature Decomposition Particles
(mm) (%) (%) (O] (9] Diameter
(mm)
1.75 87 89 140-170 240 10-50 pm
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percentage parameters were considered as study variables in order to
determine their effect on thermal conductivity. Commercial nozzle sizes
of 0.6, 0.8, and 1 mm, and flow rate percentages of 100 %, 105 %, and
110 %, were considered in this research. The diameter of the nozzle in
3D printing directly affects the amount of printing material deposited.
Larger nozzle diameters allow a greater amount of deposited material on
each layer, whereas a smaller nozzle restricts the amount of material
that can be deposited. Similarly, flow rate percentage determines (in %)
the amount of filament that flows through the nozzle during the printing
process. It is well known that the combination of the parameters
mentioned can significantly affect the porosity of the printed (green
samples) and sinterized samples and, therefore, their thermal conduc-
tivity [8]. For example, Fig. 1 shows the pores that were generated be-
tween the gap in the deposited material when different green samples
are printed by using 1.0 mm nozzles and maintaining the layer height as
constant. Two different flow rates are shown (100 % and 110 %). Fig. 1a
presents a micrograph including a cross-sectional view and a top view of
the outer layer of the printed green sample when considering a flow rate
of 100 %. Similarly, Fig. 1b shows a micrograph including a
cross-sectional view and a top view when considering a flow rate of 110
%. When examining both figures, it can be seen that the pore size that
was generated is significantly larger when printing the green sample at a
flow rate of 100 %, than when printing the same sample at a flow rate of
110 %.

Finally, for all samples that were studied, two lines were considered
for the wall thickness [23]. The filling pattern considered was linear,
with a raster angle of —45° and 45° [24]. The remaining printing pa-
rameters, such as layer height, shell thickness, hot end temperature, bed
temperature, flow rate, fill density and print speed, were considered as
fixed parameters, and are summarizes in Table 2.

2.2. Selection of debinding and sintering temperatures

In the current work, the thermal post-treatment based on debinding
and sintering processes for all samples were conducted in a conventional
muffle furnace HK-11 from Hobersal Co., Ltd Spain. These thermal
processes were applied successfully to FDM 3D printing technology for
the first time in 1996 [25]. During the debinding process, most of the
binders and the PLA that were present in the “green samples” were

Pores

(a)
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Table 2

3D printing parameters.
3D Printing parameters Minimum  Intermediate =~ Maximum
Nozzle Diameter (mm) 0.6 0.8 1
Flow Rate (%) 100 105 110
Layer Height (mm)=0.5* Nozzle Dimeter 0.3 0.4 0.5
Shell Thickness (mm) 0.4 0.4 0.4
Hot End Temperature (°C) 220 220 220
Bed Temperature (°C) 50 50 50
Infill Density (%) 100 100 100
Print Speed (mm/S) 35 35 35

eliminated, giving rise to what is known as “brown samples.” Brown
samples are extremely fragile as there is very little polimeric material
left to join them. Green samples must be free of defects, such as bubbles
or impurities, in the polymer. These could create points of instability
during the debinding and sintering processes. It is very important that
during the debinding process, brown samples should not begin to flow
under gravitational load to avoid excessive deformations in the sintered
samples. Finally, the sintering process facilitates the cohesion and
compaction of the metallic powder particles, resulting in the formation
of the final component [26]. In recent years, different procedures to
carry out the debinding process have been proposed. Among them, the
processes that require a controlled atmosphere those with pressure and
temperature [7], those with temperature and chemical solvent [8] and
those with a catalyst such as gaseous nitric acid (HNO3) [27]. In the
current research, preliminary experiments of debinding and sintering
processes were conducted according to the suggestions of the
PLA-bronze filament manufacturer. The debinding process was under-
taken at 465 °C for 4.5 h, reaching this temperature in 1 h. At the end of
this phase, a layer of activated carbon weighing 150 g was added. The
incineration of this activated carbon in the furnace protected the brown
samples from oxidation during the sintering process, by raising the
concentration of carbon dioxide and reducing that of oxygen [28]. The
sintering temperature was considered as a temperature to study in the
current paper, as it could significantly affect the thermal conductivity. In
this case, three different sintering temperatures, namely 845 °C, 855 °C
and 865 °C, and a duration of 3 h for each were proposed. As mentioned
above, the sintering temperature is very important. It can affect the

Pores

Fig. 1. Pores generated between the deposited material when different green samples are printed using 1.0 mm nozzles, and maintaining the layer height as constant
(images at a magnification of 50x): (a) flow rate of 100 %. (b) flow rate of 110 %. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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increase in thermal contact between the metal particles and, conse-
quently, the increase in thermal conductivity. However, excessive values
of sintering temperature can cause excessive deformations of the sin-
tered samples. Fig. 2 shows the thermal post-treatment curves which
indicate the suggested temperatures for debinding and sintering to bed
studied, together with the corresponding residence period and heating
rate, the point of the addition of activated carbon and the state that each
sample reaches (green, brown and sinterized).

2.3. Design of Experiments (DoE)

A Design of Experiments (DoE) is a statistical methodology that is
used to determine the minimum number of experiments required to
support a stated hypothesis. This ensures that the entire range of pos-
sibilities is covered in a homogeneous manner, and also that the ex-
periments to be conducted are representative [29]. Various
methodologies exist for developing a Design of Experiments (DoE). All
require the creation of a design matrix that incorporates input variable
or input parameters and output variables [30]. In this case, a 3K Full
Factorial Design that considers three levels and three inputs was chosen
(K = 3). Based on the DoE selected, 27 experiments are required to
determine the influence of the input parameters or independent vari-
ables (Nozzle Diameter (mm), Flow Rate (%), and Sintering Tempera-
ture (°C)) on the output or dependent variables (Thermal conductivity).
Table 3 summarizes the input parameters, the range and the levels
needed to implement the DoE based on 3¥ Full Factorial Design. Once
the factors and levels have been set as in this table, the design matrix and
their corresponding combination of input parameters (See Table 4) are
generated by the “R’’ statistical software [31].

2.4. 3D printing of the green samples

It is well known that after the debinding and sintering processes, the
printable metal-polymer green samples that were manufactured by FDM
suffer enormous thermal shrinkage. This is due mainly to evaporation of
the polymer, which is very difficult to predict in advance. This thermal
shrinkage depends largely on the main printing direction on each of the
axes (X, Y and Z), the printing pattern used, the size and quantity of the
pores that are generated, the nozzle diameter, as well as the debinding
and sintering temperatures [8]. In order to achieve the goal of obtaining

Temperature (°C)
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Table 3
Experimental design levels and independent variables used with the proposed 3¥
Full Factorial DoE.

Input parameters Minimum Intermediate Maximum
Nozzle Diameter (mm) 0.6 0.8 1

Flow Rate (%) 100 105 110
Sintering Temperature (°C) 845 855 865

already sintered samples with precise dimensions on each of the X, Y,
and Z axes in accordance with the ASTM E1530:2019 [19], and thus
determine the thermal conductivity of the sintered PLA-bronze, the
following steps were proposed. They were proposed with the intention
of taking into account the volume reduction percentages that are asso-
ciated with the 27 printing parameters and sintering temperatures that
appear in Table 4. First, 27 hexahedrons (or green samples) with di-
mensions of 20 mm x 20 mm x 20 mm were printed and then sintered in
the 3D printer machine Duplicator 6 and in the HK-11 muffle furnace
respectively, according to their corresponding printing parameters and
sintering temperatures that are shown in Table 4. After all hexahedrons
samples were sintered, their percentage of mass and shrinkage on each
of the X, Y and Z axes were determined. Table 6 sumarizes these
reduction percentages obtained for of each of the 27 green samples. To
compensate for the volume reduction, each shrinkage on each of the X, Y
and Z axes were considered for modelling the green samples according
to ASTM E1530:2019. In this case, a DTC-25 thermal conductivity meter
produced by TA Instruments Co., Ltd USA was used to measure the
thermal conductivity of the sintered PLA-bronze samples. This in-
dicateds that, the already sintered specimens (i.e., those that had un-
dergone thermal shrinkage on each of the X, Y and Z axes) must be
cylinders with a diameter of 50 mm and a height of at least 1.25 mm. In
this study, after conducting various preliminary tests to determine
correctly the thermal conductivity, it had been shown that the most
appropriate dimensions for the specimens are 50 mm in diameter and
5.5 mm in height. Table 8 shows the dimensions prior to the sintering
process (greeen samples), the percentages of mass and volume reduc-
tion, as well as each of the final dimensions of each of the 27 cylinders
after their sintering process. All 3D-printed green samples (i.e., the 27
hexahedrons of dimensions 20 mm x 20 mm x 20 mm, as well as the 27
cylinders considering their percentage reduction) were modeled by

900 — -
8001 Debinding
700+
600
500+ 465 °C i Green Samples ~~ Brown Samples
Debinding A Detail .
4004 Sinterizing
® ® @ 365 °C ®
300+ m— 555 OC - w
0
B0 -» e 345 °C
Brown Samples ~ Sinterized Samples
1001
Time (hours)
0 T T 1
0 5 10 15

Fig. 2. Thermal post-treatment curves: temperatures, residence periods and heating rates for debinding and sintering; the addition of activated carbon and the state
the samples reach (green, brown and sinterized). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Table 4
Design matrix and experiments obtained by 3K,
Sample Nozzle Diam. (mm) Flow Rate (%) Sintering Temp. (°C) Sample Nozzle Diam. (mm) Flow Rate (%) Sintering
Temp. (°C)
01 0.6 110 845 15 0.6 100 865
02 0.6 100 855 16 1.0 110 855
03 0.8 105 865 17 1.0 105 855
04 0.6 105 865 18 0.6 100 845
05 0.8 110 845 19 0.6 110 865
06 1.0 110 845 20 0.8 100 865
07 1.0 100 865 21 1.0 105 865
08 1.0 110 865 22 0.8 100 855
09 1.0 100 845 23 0.8 110 865
10 0.8 105 845 24 0.8 105 855
11 0.8 100 845 25 1.0 105 845
12 0.6 110 855 26 0.6 105 855
13 0.6 105 845 27 1.0 100 855
14 0.8 110 855 - - - -

SolidWorks® 2022 CAD software [32]. Then, the 3D models were sliced
using the Ultimaker Cura 5.0.0 software [33] in order to create the
G-codes necessary for printing the green samples on the 3D printer. The
electrical power required for FDM 3D printing of the 27 metal-polymer
green samples was measured by a D52-2047 power meter that was
produced by KetoteK Co., Ltd China. This power had been ussed to
determine the environmental impact using Life Cycle Assessment (LCA).
Fig. 3 shows some examples of volume reduction that was produced by
thermal shrinkage after siterization. Fig. 3a shows the volume reduction
that green hexahedron samples experience during sintering when the
initial dimensions are 20 mm x 20 mm x 20 mm. Fig. 3b shows the
volume reduction caused by sintering the green cylinders that, after
their sintering process, its required dimensions are 50 mm in diameter
and 5.5 mm in height according to ASTM E1530:2019. Fig. 3¢ shows one
of the sintered cylinders mounted on the DTC-25 thermal conductivity
meter in order to determine its thermal conductivity.

|

20mm

|l

2.5. The thermal post-treatment

As mentioned previously, the thermal post-treatment of debinding
and sintering was conducted in a conventional muffle furnace HK-11
with the temperature controlled. To ensure the precision and compa-
rability of all reduction percentages and conductivity values that were
obtained subsequent to thermal post-treatment, the steps that followed
were meticulously developed. Due to the absence of a protective at-
mosphere in the furnace used for this investigation and following
manufacturer recommendations, all sintered green samples were heated
in a 316L stainless steel crucible, and covered completely by an alumina
powder coating. This coating, which had a total thickness of 40 mm,
prevented direct contact with oxygen in the air and ensured that the
temperature surrounding the green samples was uniform. The alumina
powder, when compacted, is responsible for maintaining the geometry
of the piece and preventing it from suffering deformation. Furthermore,

5.5mm

@ 54.8mm

-

Fig. 3. (a) Volume reduction produced by the thermal shrinkage after sintering the green hexahedrons with initial dimensions of 20 mm x 20 mm x 20 mm. (b)
Volume reduction produced by the thermal shrinkage after sintering the green cylinders according to the ASTM E1530:2019 test with required dimensions of 50 mm
in diameter and 5.5 mm in height. (¢) Details of the cylindrical sample mounted on DTC-25 thermal conductivity meter in order to determine its thermal con-
ductivity. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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as it is a porous medium, it favors the evacuation of gases generated
during the incineration of PLA during the debindingand sintering pro-
cess. After the thermal post-treatment of debinding was completed at a
temperature of 465 °C, a 30 mm layter of activated carbon (150 g) was
added on top of the alumina powder coating. As mentioned previously,
the purpossse of this activated carbon layer was to prevent the samples
from being completely oxidized during the sintering process. The rec-
ommendations provided by the filament manufacturer regarding the
spacing between samples and also between the samples and the walls of
the 316L stainless steel crucible were followed. As a result, it was
decided to sinter three hexahedral specimens together in a single ther-
mal post-treatment to determine the volume reduction, as well as to
sinter one cylindrical specimen separately for thermal conductivity
testing. To reduce experimental discrepancies and assure repeatability,
the samples were processed in triplicate. Fig. 4 shows the procedure that
was followed for the thermal post-treatment of debinding and sintering
processes of all the samples that were studied. Fig. 4a shows a cylindrical
specimen that used an insufficient amount of activated carbon. It can be
seen in the figure that this sample has been oxidized completely. Fig. 4b
shows the interior of the crucible, which contains a layer of alumina
powder approximately 20 mm deep and with the green sample 01 on top
of the layer of alumina powder. Fig. 4c details elements required to
correctly carry out the sintering of a sample and avoid its oxidation. The
electrical power required for the thermal post-treatment of debinding
and sintering was also measured by a D52-2047 power meter. This
power required and the activated carbon used were then utilized to
assess the environmental impact using Life Cycle Assessment (LCA).

2.6. Manufacturing by gravity casting and machining

A sample of bronze Cu89/Sn11 (sample 28) was manufactured by
gravity casting and machining in accordance with the specifications
outlined in the ASTM E1530:2019. The objective was to determine its
thermal conductivity, its density, and its environmental impact gener-
ated during both processes. In this way, the thermal conductivity that
would be obtained would not be affected by the printing parameters if
these processes were used, and the sample could be completely free of

Activated carbon
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defects and pores. The results were compared to those results obtained
from the 27 samples manufactured by FDM and its subsequent debind-
ing and sintering processes. The steps involved in manufacturing the
sample 28 including gravity casting and machining, are illustrated in
Fig. 5. Firstly, remains of bronze Cu89/Sn11 from preliminary tests are
fused in a graphite crucible utilizing the conventional muffle furnace
HK-11 that was employed for the debinding and sintering processes
(Fig. 5a). The remains of bronze used in this case had a mass of 145 g
which was sufficient to produce a sample with dimensions of 50 mm in
diameter and 5.5 mm in height after the machining process. To prevent
oxidation of the bronze at high temperatures and facilitate its fusion,
sodium tetraborate (commonly known as borax) was added inside of the
crucible when the temperature reached within the furnace was 980 °C
(Fig. 5b). The remaining bronze endured a complete fusion process
within 4 h, of which three were required to attain a temperature of
1000 °C. That temperature was maintained for an additional hour to
(Fig. 5c¢). Following the fusing of the bronze remnants, and after the
temperature had dropped to room temperature, a solid bronze cylinder
was taken from the crucible and machined until it measured 50 mm in
diameter and 5.5 mm in height according to ASTM E1530:2019
(Fig. 5d). After sample 28 was machined, its mass, density and thermal
conductivity were determined. In the same way that the electrical power
required for the manufacture of the 27 samples was measured, the
electrical power required throughout the bronze fusion process and its
final machining was also measured using a D52-2047 power meter
produced by KetoteK Co., Ltd China. The electrical power consumed, the
mass of bronze shavings produced, and the amount of sodium tetrabo-
rate required were subsequently incorporated into the Life Cycle
Assessment (LCA) to evaluate the environmental impact of
manufacturing by gravity casting and machining the sample of bronze
Cu89/Snl1.

2.7. Life cycle assessment (LCA)

A widely recognized approach of methodically evaluating the envi-
ronmental effect of processes, goods, and activities is Life Cycle
Assessment (LCA). It was developed in the 1990s based on the ISO

Alumina powder

Crucible

(b) 3

Alumina powder

30 mm - £
E AN ?
%7
=
Crucible Green sample
< 250 mm >

Fig. 4. (a) Cylindrical sample that has undergone complete oxidation due to an insufficient amount of activated carbon used. (b) Layer of alumina powder with green
sample 1 on top of this layer. (c) Elements required for correct sintering of a sample and thus avoiding its oxidation. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Steps involved in producing the sample 28 according to ASTM E1530:2019 from remains of bronze Cu89/Sn11: (a) Bronze remains that were collected for
fusing in a graphite crucible. (b) Addition of sodium tetraborate to the molten remains of bronze when its temperature is 980 °C. (c) The temperatures and times
required to achieve the full fusion of the remains of bronze. (d) Machining process of the sample in accordance with the ASTM E1530:2019, with the dimensions of

50 mm in diameter and 5.5 mm in height.

14040 [34] and 14,044 [35] standards. Given the intricacy of the cal-
culations and algorithms necessary for accurate LCA, software is often
used to facilitate the environmental assessment [36]. The SimaPro
software has gained extensive use over the years in conducting LCA
studies due to its many benefits. These include its exceptional adapt-
ability, user-friendly interface, and the ability to integrate other data-
bases, such as Ecoinvent [37]. The stages of LCA are outlined in ISO
14040 and include four key steps. Firstly, there is the identification and
characterization of the specific case, product, or process to be assessed.
Secondly, data is gathered on the environmental burdens that are
associated with the identified case. Thirdly, the effect of these burdens
on the environment is quantitatively evaluated by an impact assessment.
Lastly, the results obtained from the LCA are interpreted. The LCA
outcomes are measurable, enabling researchers to compare newer
manufacturing methodologies with older ones or with presently
competing alternatives, such as casting or machining [18]. There are
different methodologies to perform an LCA. They are Eco-Indicator,
ReCiPe and CML. However, to date, ReCiPe is the most commonly
used methodology in LCA for manufacturing components using FDM
[38].

Despite being considered to be a clean manufacturing technique, the
3D printing of components in PLA with FDM technology involves some
risks to human health. These include emissions of particulate aerosol of
sizes between 7.8 and 10.5 nm [39], as well as volatile organic com-
pounds (VOCs) including methylmethacrylate [40]. In addition, the
debinding and sintering processes involve a complete incineration of the
PLA. This produces an increase in CO, emissions of 673 g-4605 g per
kilogram of PLA burnt [41]. The activated carbon that is used to prevent
the oxidation of the samples during the sintering process produces NOx,

CO, CO; and CH4 when it is incinerated [42]. Different methodologies,
such as ReCiPe (endpoint and midway), EPS, Ecoindicator, and CML,
have been used to perform an LCA in machining processes. Among these
methodologies, ReCiPe endpoint is the one that is most commonly
employed for a study at laboratory scale (gate-to-gate), followed by CML
[43]. Energy and water consumption, along with waste generation,
cooling fluids, lubrication, and chips removal, have been considered
consistently in life cycle assessment (LCA) studies for machining pro-
cesses [44]. However, energy consumption during machining is
considered in most LCA studies as one of the greatest generators of
environmental impacts [18]. In this research, the LCA was undertaken
using the ReCiPe Endpoint (E) impact methodology. This was imple-
mented in Ecoinvent 3, which was integrated into the Simapro®
v.9.2.0.2. software. This methodology quantifies Human health, Eco-
systems and Resources. In this instance, an LCA was conducted in order
to ascertain the environmental impact of the manufacturing process for
those cylindrical samples that, according to ASTM E1530:2019, have
obtained a higher and lower thermal conductivity (in this case, sample
06 and sample 15 respectively (see Table 10). To compare the envi-
ronmental impact of the aforementioned samples’ manufacturing pro-
cess to a more conventional manufacturing process, the environmental
impact of an additional sample (sample 28) produced by gravity casting
followed by machining was evaluated. The LCA for the complete
manufacture of samples 06 and 15 included the following two processes:
(1) printed by FDM from filaments of PLA-bronze (Cu89/Sn11), and (2)
its subsequent debinding and sintering processes considering all 3D
printing parameters that were studied. The LCA of the 3D printing
process (1) considers the raw materials, energy consumption and PLA
emission associated with the manufacturing of all samples 06 and 15.
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The PLA emissions were evaluated in terms of the following volatile
organic compounds (VOCs), measured in micrograms per hour of FDM
printing, as referenced in source [45]: Total Volatile Compunds (TVOC):
199.3 pg/h; Lacitide: 111 pg/h; Acetaldehyd: 18.8 pg/h; 1-Butanol:
17.8 pg/h; Formaldehyd: 7.0 pg/h; Decanal: 4.1 pg/h; Benzaldehyd:
4.1 pg/h; Nonanal: 2.9 pg/h; Caprolactam: 7.4 pg/h; Styrene: 1.6 pug/h
and Ethanol: 120 pg/h. The LCA of the debinding and sintering process
(2) considers the energy consumption and the complete PLA and acti-
vated carbon incineration and, consequently, the emission of several
gases. Thus, the CO5 emissions pertaining to PLA that were taken into
account in this study were 2639 g/kg of PLA that was burned [41]. For
the activated carbon incineration, the values of emissions considered (in
g/kg of activated carbon) were: NOy (0.14 g/kg); CO (155 g/kg); CO,
(2567 g/kg) and CHy4 (7.8 g/kg) [42]. Finally, The LCA for the whole
manufacture of sample 28 included the following two processes: (3)
gravity casting and (4) machining from remains of sample of bronze
Cu89/Sn11. The LCA of the gravity casting process (3) considers the
energy consumption and the addition of 40 g of sodium tetraborate. The
addition of 1 g of sodium tetraborate at high temperature generates
approximately 0.208 g of carbon dioxide (CO-). This product is used in
bronze casting as a fluxing agent, facilitating the fusion of metals and
eliminating impurities, generating 24.9 g of sodium metaborate NaBO5
that acts as an oxidation protector [46]. Finally, the LCA of the
machining process (4) considers the energy consumption, the bronze
shavings generated (49.08 g), as well as the addition of 10 g of cutting
fluids and coolants. Finally, Table 5 provides a comprehensive summary
of the electrical power consumption associated with the production of
all the samples studied, as determined by their respective manufacturing
processes. These power measurements were obtained using a D52-2047
power meter. The table shows that the electrical power consumption for
printing samples using a 0.6 nozzle (sample 15) is lower compared to the
electrical power consumption for samples utilizing a 1.0 mm nozzle
(sample 06). The data that is shown makes sense, as reducing the
diameter of the nozzle leads to an increase in friction losses. This leads to
an increase in the electrical power required for printing. The table also
shows that, as the sintering temperature rises, the electrical powers
required in this process also rises (sample 06 with a sinterizing tem-
perature of 845 °C while sample 15 with 865 °C). Finally, it also seen
that the processes that demand the most electrical power are gravity
casting and machining.

In the current work, the scope of the LCA was gate-to-gate, and was
dedicated exclusively to the manufacturing processes inside the labo-
ratory (3D printing by FDM + sinterizing; and gravity casting +
machining). The functional unit that was considered in this investigation
was matched to the mass of each sample studied prepared for thermal
conductivity in accordance with ASTM E1530:2019 dimensions. The
environmental inventory was compiled using inputs from the Ecoinvent
3 database. Table 6 shows the data required to establish the environ-
mental inventory for manufacturing the bronze Cu89/Sn11 samples in
accordance with the ASTM E1530:2019 by 3D printing, debinding and
sintering. Similarly, Table 7 shows the data required for the environ-
mental inventory by gravity casting and machining process.

Table 5
Electrical power required for the production of samples 06, 15 and 18, according
to its manufacturing process.

Manufacturing process Sample 06 Sample 15 Sample 28
FDM 3D printing [kWh] 0.08 0.15 -
Debinding and sintering [kWh] 4.33 4.43 -

Gravity casting [kWh] - - 6.5
Machinning [kWh] - - 0.3
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Table 6

Data required to establish the environmental inventory for manufacturing the
bronze Cu89/Sn11 samples 06 and 15 by 3D FDM printing, debinding and sin-
tering in accordance with the ASTM E1530:2019.

Energy/Material Item description in Simapro® v.9.2.0.2.

software

Electricity [kwh]: consumed by FDM
3D printing.

Electricity [kwh]: consumed by
debinding and sintering.

Polylactide [g]: Material for FDM 3D
printing.

Bronze Cu89/Sn11 [g]: Material for
FDM 3D printing.

Activated carbon [g]: Material for
sintering.

Electricity, (Europe without
Swizerland) low voltage

Electricity, (Europe without
Swizerland) low voltage

Polylactide, granulate {GLO} market

.
.

Bronze {GLO} market

.
.

Activated carbon, granular {GLO}
market

Emissions into the atmosphere Item description in Simapro®

v.9.2.0.2. software

e Carbon dioxide

.

CO;, [g]: gas emision from carbon
activated incineration.

CO [g]: gas emision in carbon activated
incineration.

CH4 [g]: gas emision in carbon
activated incineration.

NOx [g]: gas emision in carbon
activated incineration.

TVOC [g]: volatile organic compouds
emision by FDM.

Lacitide [g]: volatile emision by FDM.

Carbon monoxide

Methane

Nitrogen oxides

VOC, volatile organic compouds.

Lactic acid

e Acetaldehyd [g]: volatile emision by e Acetaldehyde
FDM.
e 1-butanol [g]: volatile emision by FDM. e 1-butanol

Formaldehyd [g]: volatile emision
FDM.

e Formaldehyde

e Decanal [g]: volatile emision FDM. e 1- Decanol

e Benzaldehyb [g]: volatile emision FDM. e Benzaldehyde
e Nonanal [g]: volatile emision FDM. e 1- Nonanol

e Caprolactam [g]: volatile emision FDM. e Caprolactam
o Styrene [g]: volatile emision FDM. e Styrene

e Ethanol [g]: volatile emision FDM. e Ethanol

Table 7

Data required to establish the environmental inventory for manufacturing the
bronze Cu89/Sn11 sample 28 by gravity casting and machining process in
accordance with the ASTM E1530:2019.

Energy/Material Item description in Simapro®
v.9.2.0.2. software

e Electricity [kwh]: consumed by gravity o Electricity, (Europe without
casting. Swizerland) low voltage.

e Electricity [kwh]: consumed by e Electricity, (Europe without
machining. Swizerland) low voltage.

e Bronze Cu89/Snl1 [g]: Material for e Bronze {GLO} market.
gravity casting.

e Sodium tetraborate [g]: Material for e Boric acid, anhydrous, powder

{GLO} market.
Lubricating oil {RER} market for
lubricating oil Cut-off,S.

gravity casting.
Cutting and coolant fluids use in
machining [g].

e CO; [g]: gas emision in sodium Carbon dioxide.

tetraborate reaction.

Bronze Cu89/Sn11 [g]: bronze Scrap bronze {Europe without
machining shavings Switzerland} APOS, S.

e Sodium metaborate (NaBO2) [g]: e 2,4-D sodium salt.

prevents oxidation of bronze’s fusion.

3. Results and discussion
3.1. Determination of mass and volumen reduction percentage
As mentioned above, after the debinding and sintering processes, the

green samples suffer thermal shrinkage in the X, Y, and Z axes, which is
very difficult to predict. To determine precisely each of the shrinkages,
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Table 8

Masses of green and sintered PLA-bronze hexahedron samples and their X, Y, and Z thermal shrinkages in %.
Hexaedrom Samples Gr. Mass [g] Sint. Mass [g] %X %Y %Z Sample Gr. Mass [g] Sint. Mass [g] %X %Y %Z
01 10.40 9.55 5.3 5.3 5.8 15 10.35 9.25 8.6 8.6 9.0
02 10.36 9.25 8.3 8.3 8.5 16 10.96 9.65 13.8 13.7 14.2
03 10.52 9.41 10.4 10.2 10.8 17 10.88 9.55 14.1 14.1 14.3
04 10.38 9.42 7.3 7.1 7.7 18 10.36 9.27 7.5 7.6 7.8
05 10.55 9.43 9.3 9.1 9.7 19 10.41 9.56 6.4 6.3 6.6
06 10.96 9.67 13.1 13.0 134 20 10.48 9.27 11.0 11.0 11.5
07 10.76 9.41 14.9 15.0 15.5 21 10.89 9.55 14.1 14.2 14.6
08 10.96 9.63 14.2 14.3 14.8 22 10.48 9.27 10.6 10.7 11.1
09 10.73 9.43 13.6 13.8 14.1 23 10.54 9.50 9.5 9.3 9.9
10 10.52 9.37 9.5 9.4 9.6 24 10.52 9.39 9.9 10.0 10.3
11 10.49 9.30 10.3 10.3 10.5 25 10.88 9.58 13.0 13.2 13.4
12 10.41 9.54 6.1 6.1 6.4 26 10.38 9.41 7.0 7.1 7.5
13 10.37 9.40 6.8 6.8 7.1 27 10.72 9.39 14.4 14.2 14.8
14 10.54 9.48 9.2 9.2 9.7 - - - -

27 hexahedrons with dimensions 20 mm x 20 mm x 20 mm were
printed in PLA-bronze and subsequently sintered. After the samples were
cooled at room temperature, they were extracted from the crucible.
Then, their masses and shrinkages in each of their axes were determined.
Table 8 shows the masses corresponding to the green and sintered
hexahedron samples that were manufactured in PLA-bronze, along with
their respective thermal shrinkages in the X, Y and Z axes %. The table
shows that PLA-bronze samples experienced a marginally greater degree
of shrinkage in the Z-direction than in the X or Y directions. This
shrinkage in the Z axis can be attributed to the gravitational effects that
manifest themselves during the sintering process [8]. Additionally, the
table reveals a correlation between layer height and shrinkage along the
Z-axis. This can be attributed to a densification in the samples’ sintering
stage. For instance, samples 01, 05, and 06 exhibit %Z shrinkage of 5.8
%, 9.7 %, and 13.4 %, respectively, corresponding to nozzle diameters of
0.6 mm, 0.8 mm, and 1.0 mm. However, the table also shows that, as the
layer’s height increases, the shrinkage in the Z axis also increases. So for
example, samples 01, 05, and 06 show %Z shrinkage of 5.8 %, 9.7 %, and
13.4 %, respectively, corresponding to nozzle diameters of 0.6 mm, 0.8
mm, and 1.0 mm. However, the shrinkage values in the X and Y

Table 9

directions were very similar for each of the samples studied. In the table
it is also is seen that sample 07 is the one that experienced the greatest
shrinkage (nozzle diameter = 1.0; flow rate = 100 % and sintering
temperature = 865 °C), whereas sample 01 is the one that experienced
the least shrinkage (nozzle diameter = 1.0 mm; flow rate = 110 % and
sintering temperature = 845 °C). The results indicate that, as the nozzle
diameter, flow rate and sintering temperature increases, the shrinkage
also increases.

After the thermal shrinkage in the X, Y, and Z axes were determined,
they were considered to model and print the 27 PLA-bronze cylindrical
samples in accordance with the standardized ASTM E1530:2019 test.
Table 9 provides for both green and sinterized cylindrical samples, the
mass, diameter and height values, as well as their mass reduction, their
diameter and height thermal shrinkages. The samples were conducted in
triplicate to ensure repeatability and minimize discrepancies in the
experimental results. The relative deviation was maintained within the
order of +0.04 % for the dimensions of the samples in all axes (X, Y, Z),
and within the order of +0.9 % for the thermal conductivity. The cor-
responding average results were reported in Tables 9 and 10 respec-
tively. In considering the percentages of thermal shrinkage, the table

Masses, diameters, heights and thermal shrinkages for the green and sintered PLA-bronze cylindrical samples.

Green Samples

Sinterized Samples

Reduction Percentages

Cilindrical Samples Mass [g] Diam. [mm] Height [mm] Mass [g] Diam. [mm] Height [mm] %Mass [%] %Diam. [%] %Heigh [%]
01 84.07 52.8 5.8 77.18 49.9 5.5 8.19 5.4 5.7
02 82.71 54.4 6.0 73.99 49.9 5.5 10.54 8.2 8.6
03 86.18 55.8 6.2 77.03 50.1 55 10.62 10.3 10.7
04 83.23 54.0 6.0 75.45 50.1 55 9.36 7.2 7.6
05 87.02 55.0 6.2 77.79 50.0 5.6 10.61 9.2 9.6
06 90.05 57.4 6.5 79.44 49.9 5.6 11.78 13.0 13.3
07 88.21 58.7 6.4 77.07 49.9 5.4 12.62 15.0 15.4
08 90.12 58.3 6.4 79.27 50.0 5.5 12.04 14.3 14.7
09 88.19 58.0 6.3 77.59 50.0 5.4 12.02 13.7 14.0
10 86.16 55.2 6.2 76.76 50.1 5.6 10.91 9.4 9.7
11 85.43 55.6 6.0 75.85 49.9 5.4 11.21 10.2 10.6
12 84.13 53.3 5.8 77.08 50.0 5.4 8.38 6.0 6.4
13 83.12 53.5 6.0 75.46 49.9 5.6 9.22 6.7 7.0
14 86.95 55.2 6.1 78.11 50.0 5.5 10.17 9.3 9.7
15 82.69 54.8 6.1 73.85 50.0 5.5 10.69 8.7 9.1
16 89.86 57.9 6.5 79.12 50.0 5.6 11.95 13.7 14.1
17 89.17 58.2 6.5 78.37 50.1 5.6 12.12 14.0 14.3
18 82.72 54.1 6.0 74.25 50.1 5.5 10.24 7.5 7.8
19 83.98 53.3 6.0 77.10 50.1 5.6 8.19 6.3 6.6
20 85.41 56.3 6.1 75.49 50.1 5.4 11.62 11.1 11.4
21 89.20 58.3 6.4 78.29 50.1 5.5 12.23 14.2 14.6
22 85.42 56.0 6.3 75.61 50.0 5.6 11.48 10.7 11.1
23 87.13 55.2 6.0 78.47 50.0 5.4 9.94 9.4 9.8
24 86.22 55.6 6.2 76.98 50.1 5.6 10.72 10.0 10.4
25 89.21 57.5 6.4 78.59 50.0 5.5 11.90 13.1 13.4
26 83.30 53.9 6.0 75.54 50.1 5.6 9.31 7.1 7.4
27 88.21 58.3 6.6 77.26 50.0 5.6 12.42 14.3 14.7
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Table 10

Density and thermal conductivity values obtained.
Sample  Density Thermal Sample  Density Thermal

[g/cm®] Conductivity [g/cm®] Conductivity
[W/m-K] [W/m-K]

01 7.30 84.75 15 6.97 83.45
02 7.01 83.77 16 7.47 87.25
03 7.24 85.46 17 7.38 86.32
04 7.09 84.22 18 6.98 83.93
05 7.35 86.53 19 7.25 84.51
06 7.52 87.61 20 7.11 84.35
07 7.29 84.11 21 7.37 85.03
08 7.48 87.13 22 7.14 85.12
09 7.32 85.83 23 7.40 86.54
10 7.22 85.91 24 7.23 85.64
11 7.17 85.64 25 7.42 86.24
12 7.27 84.62 26 7.10 84.38
13 7.14 84.48 27 7.30 85.86
14 7.36 86.35 28 8.88 116.0

reveals that the measured values of the diameter and height of each
sintered cylindrical sample closely align with the required dimensions
(50 mm for diameter and 5.5 mm for height). Additionally, the table
shows that samples 07 and 01 exhibit, respectively, the greatest and
least mass reduction percentages, as well as the greatest and smallest
diameter and height thermal shrinkages. These results show that the
effects of thermal shrinkage on hexahedrons and cylindricals are fairly
similar. To date, no comprehensive research has been carried out on the
mechanical and thermal properties of parts manufactured by FDM and
sintered subsequently using PLA (Cu89/Sn11) bronze filament with a
bronze fraction over 87 wt%. However, there are studies in which these
properties have been determined for the PLA-copper filament [7]. The
results obtained in the current work show that the minimum of mass
reduction obtained was 8.19 %, and it is achieved for the sample 01
(nozzle diameter = 1.0; flow rate = 100 % and sintering temperature =
845 °C). With these same printing parameters, similar results were
achieved for PLA-copper samples (copper fraction over 90 wt%), which
is the mass reduction obtained for this material of 8 % [5]. For the
shrinkage values acquired, Table 9 shows that the reduction in diameter
fluctuates between 5.7 % and 15.4 %, whereas the reduction in heights
(Z-axis) ranges from 5.4 % to 15 %. Similar results were obtained for
PLA-copper samples, with a copper fraction over 95 wt% [8]. In this
work, the samples PLA-copper exhibited shrinkages of 13.2 %, 13.4 %
and 13.8 % along the X, Y and Z axes, respectively. Additional research
has shown that PLA-bronze samples (Cu90/Sn10) with a bronze per-
centage above 87.4 wt% exhibit shrinkage values of 2.4 %, 27.1 %, and
19 % in the X, Y, and Z axes, respectively [28]. The printing parameters
considered in the referenced study were as follows: nozzle diameter of
0.6 mm, layer height of 0.1 mm, print speed of 20 mm/s, flow rate of
130 % and sintering temperature = 870 °C. These values correspond to
the findings of the current work, which indicate that an increase in flow
rate and sintering temperature results in a corresponding increase in
shrinkage.

Finally, Table 10 shows the density and thermal conductivity values
for each of the 27 sintered PLA-bronze cylindrical samples. The densities
were established using the Archimedes method specified in ASTM B962
[47], whereas the thermal conductivity, as mentioned above, were
determined following the guidelines of ASTM E1530:2019. Also, the last
row of the table includes the density and thermal conductivity for
sample 28 (manufactured by gravity casting and machining).

For the first 27 samples manufactured by FDM, the density values
range from 6.97 g/cm® to 7.52 g/cm?, corresponding to samples 15 and
06, respectively, as can be observed in the table. Analogous values were
documented in Ref. [28], wherein the sintered PLA-bronze samples had
a density value of 7.4 g/cm®. Also, the aforementioned samples had the
maximum and minimum thermal conductivity values, that is, 87.61
W/m-K and 83.45 W/m-K for samples 06 and 15 respectively. The

10
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observed correlation between density and thermal conductivity in-
dicates that an increase in density corresponds to a rise in the thermal
conductivity of the sintered material [7]. In the preliminary investiga-
tion conducted by Lostado et al. [9], similar values of thermal conduc-
tivity were observed for the identical material. The average value
obtained, as previously stated, was 82.68 W/m-K. The research
considered the following printing parameters: nozzle diameter of 0.6
mm, layer height of 0.3 mm, print speed of 30 mm/s, flow rate of 100 %
and sintering temperature of 858 °C. Finally, the density and thermal
conductivity corresponding to sample 28 manufactured by gravity
casting and machining were, respectively, 8.88 g/cm® and 116 W/mK,
which are very close to those of pure bronze (Cu89/Snl11). Previous
research results suggest that thermal conductivity is mainly influenced
by the powder material, its proportion with the polymer, and the
debinding and sintering processes. For example, other researchers
mentioned above, such as Ebrahimi and Ju [7], obtained for a
polymer-copper composite (with a copper powder fraction between
87.0 % and 90.7 %) thermal conductivity values. These are somewhat
lower than those obtained in the current research (30 W/m-K and 60
W/m-K). The lower and higher thermal conductivity values obtained
corresponded to sintering temperatures of 980 °C for 50 min and
1080 °C for 10 min. Other authors such as Canadilla et al. [8] deter-
mined the thermal conductivity of samples that were manufactured with
polymer-copper composite filament with over 95 wt% copper powder
fraction using FDM. After the sintering process, the conductivity values
that were obtained were 363 + 9 W/m-K.

Fig. 6 illustrates the relationship between thermal conductivity and
density with respect to nozzle diameter and flow rate % at temperatures
of 845, 855, and 865 °C. Fig. 6a, b and ¢ show the variations in thermal
conductivity at temperatures of 845, 855, and 865 °C, respectively.
Meanwhile, Fig. 6d, e and f show the variations in density at the same
temperatures. It can be generally gathered from the data that the ther-
mal conductivity of the samples increases in line with their density.
Conversely, an examination of Fig. 6¢ reveals that, when the diameter of
the nozzle is 1.0 mm and the flow rate values are 105 % and 110 %, the
thermal conductivity values decline as the density of the samples rises.

Additionally, a statistical analysis of the data was carried out with
the SPSS software [48] in order to determine which printing parameters
were the most affected density and thermal conductivity. First, a
Kolmogorov-Smirnov test using the Lilliefors significance correction was
applied to the data collected in Tables 4 and 10. The results of the test
confirm that the data follows a normal distribution. In addition, a Lev-
ene test performed confirmed the homogeneity of variances. Finally, an
analysis of variance (ANOVA) computes P-values <0.05 for the printing
parameters Nozzle Diameter and for Flow Rate on the variables density
and thermal conductivity. It indicates a statistically significant result.
On the contrary, P-values of 0.944 and 0.44 are associated for the sin-
tering temperature on these same variables respectively. The latter
would indicate that sintering temperature, in this case between 845°c
and 865 °C, would barely affect the density and thermal conductivity.
The results in Table 10, as well as the statistical analysis, suggest that
smaller nozzle diameters and reduced infill lead to lower values for both
density and thermal conductivity. In order to identify the reason for the
significant variation in thermal conductivity seen among the sintered
PLA bronze samples, a microstructure analysis and chemical charac-
terization are conducted in Subsection 3.4.

3.2. Environmental impact analysis

Environmental impacts’ endpoints were determined by Simapro®
v.9.2.0.2. software considering the ReCiPe Endpoint (E) impact meth-
odology. In this case, the impact on human health, ecosystems and re-
sources environmental impacts endpoint’s associated with the
production of bronze Cu89/Sn11 samples in accordance with the ASTM
E1530:2019 are detailed in Table 11. Ecosystems includes climate
change, eutrophication, toxicity, photochemical, ozone formation,
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Fig. 6. Variations in thermal conductivity vs. nozzle diameter: (a) at 845 °C. (b) at 855. (c) at 865 °C; Variations in density vs. nozzle diameter: (d) at 845 °C. (e) at

855 °C. (f) at 865 °C.

Table 11

Environmental impact of manufacturing Cu89/Sn11 samples 06, 15 and 28 in
accordance with the ASTM E1530:2019, calculated as ReCiPe 2016 Endpoint (E)
v1.04.

Impact Units Sample 06: Sample 15: Gravitiy
category FDM, FDM, casting and
debinding and debinding and machinning
sintering sintering
Human DALY 0.0030078963 0.0028207683 0.0054790072
healt
Ecosystems species. 1.7647595E-6 1.6567042E-6 3.3202805E-6
yr
Resources USD2013 0.22715895 0.22463355 0.34935046
Human Pt 0.033688439 0.031592605 0.06136488
healt
(norm.)
Ecosystems Pt 0.0020930047 0.0019648512 0.0039378526
(norm.)
Resources Pt 8.1095744E-6 8.0194178E-6 1.2471811E-5
(norm.)
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acidification, toxicity, land and water use midpoint indicators. Human
health includes climate change, ozone depletion, ionizing radiation, fine
particulate, matter formation, ozone formation, photochemical, cancer
toxicity, non-cancer toxicity and water use midpoints indicators. Finally,
resources includes minerals and fossil fuel midpoints indicators [49].
The samples studied in this case were: sample 06 (maximum density and
thermal conductivity), sample 15 (minimum density and thermal con-
ductivity) and sample 28 manufactured by gravity casting and
machining. The table includes the non-normalized environmental im-
pacts, that are expressed in disability-adjusted life years (DALY); species
x years (species.yr) and dollars (USD2013). It also includes the
normalized impacts, which are measured in points (pt). When analyzing
the unnormalized data, it ca be seen that the most significant impact in
this context is related to the resources that are associated with sample 28
manufactured by gravity casting and machining (0.34935046 USD). In
contrast, this impact is practically the same for sample 6 and sample 15,
with values of 0.22715895 USD and 0.22463355 USD respectively. This
impact is directly related to the consumption of energy and raw mate-
rials [50], and is notably lower for samples 6 and 15. These
last-mentioned two samples have lower consumption of both energy and
raw materials when manufactured using FDM followed by debinding
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and sintering processes. When analyzing the normalized data, it is clear
that the greatest environmental impact is associated with human health
for all samples. This is especially significant for the sample manufac-
tured by gravity casting and machining, with a maximum value of
0.06136488 Pt. These data also indicates that, although the number of
potentially toxic elements emitted into the atmosphere by samples 6 and
15 is considerably higher than those emitted by sample 8 (see Tables 6
and 7). The greater environmental impacts that are associated with
human health correspond to sample 8. This may be due to a greater
consumption of electrical power, raw materials and products associated
with the bronze fusion and machining process, such as sodium tetra-
borate and cutting and coolant fluid [18]. When comparing samples 6
and 15 manufactured by the processes of FDM, debinding, and sintering,
it is evident that sample 15 exhibits the highest environment impacts.
This might be attributed to the fact that the manufacture of this
particular sample requires less consumption of electrical power and raw
materials than the is needed to manufacture sample 6.

3.3. SEM-EDX analysis

To ascertain the cause of the significant difference in thermal con-
ductivity observed in the PLA-bronze sinterized samples, a microstruc-
ture analysis and chemical characterization were both conducted for the
sintered samples with the highest and lowest thermal conductivity
(sample 06 and 15). A Scanning Electron Microscope (SEM) S-2400
produced by Hitachi Co., Ltd Japan, which worked with an operating
voltage of 18 kV, and a Quantax 200 Energy Dispersive X-ray Spec-
trometer (EDX), produced by Bruker Co., Ltd Germany, were used in this
case. Fig. 7a and b shows, respectively, the SEM images of the sample
sintered with the highest thermal conductivity obtained (sample 06) at
magnifications of 80X and 300X. Similarly, SEM images of the sample
sintered with the lowest thermal conductivity obtained (sample 15) also
at 80X and 300x magnifications are shown in Fig. 7c and d respectively.
In Fig. 7a it is seen that the sintered PLA-bronze has a pore size of about
250 pm in the areas where there is no continuity of particles, whereas
that observed in Fig. 7c it is around 500 pm. Furthermore, there is two
figures have a notable difference in the shape that the sintered PLA-
bronze particles have acquired. Although in Fig. 7b, the particles have
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a fairly irregular shape with a very rough surface that, has a certain
continuity between said particles, the particles in Fig. 7d have a well-
defined spherical shape with a smooth surface, but without continuity
between them. These spherical particles had a diameter between 10 and
30 pm. Similar results were obtained by Lu et al. [51] for the same
PLA-bronze sintered at 832 °C. In that work, spherical particles of
bronze powder with diameters between 10 and 50 pm were obtained
(similar to those in Fig. 7d). Other researchers, such as Ayeni [52],
obtained similar results for this same material. In this case, the sintering
temperature was 831 °C and the diameter of the particles obtained was
approximately 25 pm.

Also, Fig. 8(a) and (b) show the EDX mapping for the sintered PLA-
bronze particles and the rest of the binder that may remain without
evaporating that corresponds to the sintered samples with the highest
and lowest thermal conductivity respectively. In Fig. 8a, irregularly
shaped particles that consist of copper (Cu) and tin (Sn) with traces of
oxygen (O) surrounding them are observed. Similarly, Fig. 8b are shown
spherical shape particles that consist of copper (Cu) and tin (Sn) with
traces of oxygen (O) surrounding these particles. It is noteworthy that,
for both figures, these oxygen traces actually correspond to CuO, formed
by the oxidation of copper at elevated temperatures [50]. In both fig-
ures, traces of carbon (C) and selenium (SE) are barely noticeable. This
suggests that the blinder (PLA) completely evaporated during the
debinding process.

Also, Table 12 shows the significant elements obtained in Fig. 8(a)
and (b) respectively. The table clearly shows that the sample that ex-
hibits the highest thermal conductivity has a greater percentage (wt.%)
of Cu (81.91 %) and Sn (10.09 %). Notably, these values closely align
with the composition of the manufacturer-provided filament (Cu89/
Snl1). This means that the PLA polymer binder has been practically
eliminated in this sample. In contrast, the sample with the lowest ther-
mal conductivity contains a lower percentage by weight % (wt.%) of Cu
(62.05 %) and Sn (10.06 %), with other elements present such as C
(13.92 %), Se (0.57 %) and S(0.14 %). These elements are typical resi-
dues from an incineration process of PLA bottom ashes that have not
been completely evaporated and are present as traces between the
particles of sintered material.

Fig. 7. SEM image of: (a) Sample 06 with the highest thermal conductivity obtained at a magnification of 80x. (b) Sample 06 with the highest thermal conductivity
obtained at a magnification of 300x. (c) Sample 15 with the lowest thermal conductivity obtained at a magnification of 80x. (d) Sample 15 with the lowest thermal

conductivity obtained at a magnification of 300x.
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Fig. 8. EDX mapping for the: (a) Sample 06 with the highest thermal conductivity obtained at a magnification of 1000x. (b) Sample 15 with the lowest thermal

conductivity obtained at a magnification of 1000x.

Table 12

Results of the EDX analysis in Fig. 8.
Sample 06 Sample 15
Elements Weigth(%) Elements Weigth(%)
Cooper (Cuw) 81.91 % Cooper (Cu) 62.05 %
Tin (Sn) 10.09 % Tin (Sn) 10.06 %
Carbon (C) 211 % Carbon (C) 13.92 %
Oxigen (0) 5.89 % Oxigen (0) 12.85 %
- - Selenium (Se) 0.57 %
- - Phosphorus (P) 0.41 %
- - Sulfur (S) 0.14 %

4. Conclusions

This study sought to explore the feasibility of producing sintered
bronze (Cu89/Sn11) by low-cost 3D printing Fused Deposition Modeling
(FDM) technology and thermal post-treatment processes. The emphasis
was on determining optimal printing parameters and sintering temper-
ature to maximize thermal conductivity while minimizing energy con-
sumption and environmental impact. The sample with a 1.0 mm nozzle
diameter, 110 % flow rate, and sintering at 845 °C showed the highest
density and thermal conductivity among all samples analyzed: 7.52 g/
cm? and 87.61 W/m K, respectively. Conversely, the sample with a 0.6
mm nozzle diameter, 110 % flow rate, and sintering at 865 °C had the
lowest values: 6.97 g/cm® for density and 83.45 W/m-K for thermal
conductivity. Decreasing the nozzle diameter and infill size resulted in
lower density and thermal conductivity. Comparatively, a sample
manufactured by gravity casting and machining exhibited higher values:
8.88 g/cm® for density and 116 W/m-K for thermal conductivity. The
SEM image at 80X magnification shows pores of 250 pm in the sample
with the highest density and thermal conductivity, whereas the sample
with the lowest values has larger pores, around 500 pm. At 300X
magnification, the SEM image reveals particle continuity in the high-
density sample, whereas the low-density sample displays distinct
spherical particles ranging from 10 to 30 pm in size. Finally, the
chemical composition of both samples was analyzed to identify signifi-
cant elements. The sample with the highest thermal conductivity con-
tains a higher weight percentage of Cu (81.91 %) and Sn (10.09 %),
whereas the sample with the lowest thermal conductivity has a lower
weight percentage of Cu (62.05 %) and Sn (10.06 %). Additionally, the
latter sample contains other elements, such as C (13.92 %), Se (0.57 %),
and S (0.14 %), typical waste products from a PLA incineration process.
These elements remain as traces within the sintered material, affecting
its density and thermal conductivity. The results suggest that, with a
smaller nozzle size and reduced flow rate, residues from PLA incinera-
tion cannot be effectively eliminated during the sintering process, thus
impacting the quality of the sintered bronze.

The results of the life cycle assessment (LCA) reveal that the most
substantial impact, that is closely tied to energy and raw material
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consumption (resources), is associated with the sample manufactured by
gravity casting and machining (0.34935046 USD). This impact is nearly
the same for samples exhibiting the highest and lowest density and
thermal conductivities, with values of 0.22715895 USD and 0.22463355
USD, respectively. Normalized data show a significant environmental
impact on human health, particularly with the sample manufactured by
gravity casting and machining. Although the samples with the highest
and lowest density and thermal conductivities emit more potentially
toxic elements, the gravity casting and machining process has a greater
impact on human health. This is likely due to increased consumption of
electrical power, raw materials, and products, such as sodium tetrabo-
rate and cutting coolant fluid during bronze fusion and machining.

For future research, it is suggested that the study be expanded by
incorporating additional printing parameters, such as shell thickness,
printing speed, or infill pattern. Moreover, broadening the investigation
by extending the range of sintering temperatures could yield higher
density and thermal conductivity values. Additionally, further research
is suggested to expand the scope of the current research from “gate-to-
gate” to “cradle to gate” or even “cradle to grave” for future works. This
would give greater scope to the research since the environmental im-
pacts generated by manufacturing the filaments of PLA-bronze (Cu89/
Sn11) that were used in this study could also be included.
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