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Process parameters effect on environmental sustainability of composites FFF technology

Abstract

The present study aims at investigating the effect of process parameters on environmental sustainability
of 3D printing of short fiber-reinforced polymer composites. A preliminary study allowed defining the
printing parameters, in terms of printing speed, extrusion temperature and layer thickness, which
guarantee low energy consumption. Then, the environmental behaviour of two 3D printable composite
materials, glass fiber-reinforced (GlassPA) and carbon fiber-reinforced (CarbonPA) polyamide, was
investigated using the Life Cycle Assessment methodology, to provide a comprehensive overview of
the considered materials and to support the sustainable development of industrial additive
manufacturing processes. The functional unit was chosen taking into account the mechanical properties
of the two short fiber-reinforced composites. To this purpose, tensile and flexural tests were performed
on specimens produced by Fused Filament Fabrication process to evaluate the mechanical properties of
printed materials. Scanning electron microscopy was used to observe the different filament morphology
affecting the materials performances. Experimental tests showed that CarbonPA exhibits mechanical
performances higher than those of GlassPA. Due to the weight reduction that can be accomplished by
means of carbon fibers, CarbonPA results the most environmentally friendly alternative in tensile loads
applications. On the contrary, for flexural loads applications, GlassPA exhibits lower environmental

footprint.
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Introduction

In recent years, the automotive and transport industries are committed to facing new challenges deriving
from the international regulations that force the development of energy-efficiency strategies to reduce
emissions. The vehicle weight saving, combined with the guarantee of high mechanical performances,

is a key factor on which many engineers and researchers are dedicated in order to make transport safe



and energy efficient. [!! The vehicle manufacturers attention is particularly focused on the fiber-
reinforced polymer composites (FRPC) since they can be used as effective materials for replacing
metals in many applications in which lightness and high strength are required.** Among FRPC
materials, carbon fiber-reinforced polymers (CFRP) and glass fiber-reinforced polymers (GFRP) can
strongly decrease car weight.[>¢! Several traditional processes, such as resin transfer molding, hand
layup method, automated fiber placement, etc. were used to manufacture components in FRPC

[7.8]

materials. Furthermore, the three-dimensional (3D) printing is recently used to additively

9-13

manufacture parts in fiber-reinforced composite materials.'*! The growing interest in environmental

issues must push researchers to consider products sustainability at the same time as mechanical

"' Indeed, carbon fibers are typically derived from fossil resources and their

performance.!
transformation is based on energy intensive processes conducted at very high temperatures (above
2000°C). Differently, glass fibers production is a less impactful process owing to the availability of raw
materials (principally SiO;, AlO3 and CaO) and to the easier transforming process based on an
extrusion at temperatures below 1500°C. In this context, Life Cycle Assessment (LCA) is a well-known
technique used to conduct a comprehensive evaluation of the environmental impacts of products and
processes.!'” In the scientific literature, no research that correlates the mechanical properties and
environmental impacts of 3D printed components in glass and carbon fiber-reinforced polymers are
available. Indeed, even though carbon fiber composites are more performant than glass fiber ones, their
elevated impacts make the material-choosing process extremely complicated. Therefore, the choice of
the most environmentally friendly fiber-reinforced composite material for a defined application is not
obvious for designers. The environmental sustainability of a manufacturing process is also significantly
influenced by the process parameters used.!'®! No studies concerning the analysis of the effect of these
printing parameters on the energy consumption were found. This is a key aspect to develop more

sustainable 3D printing processes providing additional information with respect to the discussion of the

effects of manufacturing parameters on mechanical properties.

In this framework, the present work aims at investigating the effect of process parameters on the

environmental sustainability of 3D printing of two short fiber-reinforced composites. A preliminary



investigation was carried out in order to define the printing parameters, in terms of printing speed,
extrusion temperature and layer thickness, which guarantee low energy consumption. Then, the
mechanical properties and environmental impacts of 3D printable GlassPA and CarbonPA composites
materials were investigated. To this purpose, specimens were produced using a Fused Filament
Fabrication (FFF) method. Tensile and flexural tests were performed to evaluate the mechanical
performances of the printed materials. The environmental behaviour of both CFRP and GFRP was
investigated using the LCA methodology; a cradle to grave method was chosen to evaluate all the
relevant input of the parts life cycle, from raw materials extraction to products disposal. Both tensile
and flexural specimens were analyzed from environmental point of view. Inventory data were collected

from literature research, commercial databases and from direct measurements of the production phases.

Materials and methods

CFRP and GFRP composites investigated in the present study are the commercial CarbonPA and
GlassPA. They consist in a polyamide (PA) matrix reinforced with 20% in weight of short carbon fibers
and with 30% in weight of short glass fibers, respectively. The fiber volume fractions of CarbonPA and
GlassPA are equal to 14% and 16%, respectively. Such composites, due to their low weight and high

strength, are mainly used as metal replacement in automotive, military and aerospace applications.

Filaments in CarbonPA and GlassPA, supplied in form of spools, were printed using the Roboze
One+400 3D printer based on the FFF additive manufacturing technology. Since the polyamide is
strongly subjected to humidity absorption, which causes a significant decrease in mechanical properties,
both composite materials were dried for about 2h at the temperature of 120°C before printing; moreover,
during the printing phase, CarbonPA and GlassPA filament spools were kept at a constant temperature
of 70°C inside a dryer, external to the 3D-printer, to avoid humidity adsorption.['”! Filament extrusion
of both fiber-reinforced composite materials was performed at a temperature higher than the glass
transition temperature (Tg) of polyamide. The process parameters used to print both CarbonPA and
GlassPA were selected after carrying out a preliminary investigation, based on the evaluation of the
energy consumption of the additive manufacturing operation as a function of process parameters.

Specifically, different printing speeds, temperature, and layer thickness values were taken into account.



Table 1 summarizes the additive manufacturing process parameters imposed. Samples were 3D printed
on a Bakelite bed. A raft of 8 mm and a lower support of 3 mm were provided to avoid the warping
effects typical of polyamide, which tends to deform during shrinkage, and to enhance the adherence of

the parts to the printing bed.

Table 1: Additive manufacturing process parameters used to print CarbonPA and GlassPA.

The mechanical properties of 3D printed CarbonPA and GlassPA composites were investigated by
exploiting both uniaxial tensile and flexural tests, carried out on 3D printed samples in FRPC in
accordance with the ASTM D3039 and ASTM D790-17 international standards, respectively, using the
servo-hydraulic MTS 810 machine. Samples were obtained in the flat orientation, coincident with print
bed. The gauge length, width and thickness of tensile samples were equal to 80 mm, 10 mm and 4.5
mm, respectively. The grip section was increased both in thickness (6 mm) and width (20 mm) to
prevent failure due to the high clamping forced applied by the gripping mechanism. As far as the
flexural tests is concerned, a three-point loading configuration, characterized by a loading nose and two
supports with radii of 5.0 = 0.1 mm, with cylindrical and finely ground contact surfaces, was used; the
support span was equal to 68 mm. Samples were characterized by a length, width and thickness of 80,
12.7 and 4 mm, respectively. For both tensile and flexural tests, the crosshead speed was kept constant
and equal to 2 mm/min. Three repetitions per test condition were executed. The cross- and longitudinal-
sections of the CarbonPA and GlassPA filaments before 3D printing process were observed using
ZEISS and VEGA scanning electron microscopes. Samples were coated exploiting a metallization

process to make them conductive and identifiable by the scanning electron microscopy (SEM).

In order to investigate the environmental behaviour of both CarbonPA and GlassPA, the impacts
analysis was conducted following the standardized framework of LCA described by the ISO 14040 and
14044. LCA is a well-known methodology developed to assess the environmental effects of a product,

a process or a service during their life span. The main steps of the LCA methodology were followed:

1)  Goal and scope definition: the objective of the study, the product system (or multiple systems

in case of comparative analysis), the system boundaries and the functional unit (FU) are defined.



2)  Life Cycle Inventory: it consists in the data collection regarding all inputs (raw materials,
energy consumptions, ...) and outputs (waste, emissions, ...) of the system boundaries.

3)  Life Cycle Impact Assessment (LCIA): data gathered during the inventory phase are converted
into potential environmental impacts according to different impacts categories.

4)  Interpretation of results: the LCIA results are interpreted and completeness, sensitivity and
consistency checks are made to improve the analysis reliability. Lastly, conclusions, limitations

and recommendations are proposed considering the goal and application of the study.
Results and discussion

FFF parameter effects on environmental sustainability

A preliminary investigation, based on the effect of the printing parameters on energy consumption, was
performed to evaluate the process parameters for the 3D printing of GlassPA and CarbonPA filaments.
Different printing speed, layer thickness and extrusion temperature values were imposed and the energy
consumption was measured. Figure 1a shows the printing times required to obtain a tension sample as
a function of printing speed and layer thickness. For a given printing speed, the printing time values
reduce as the layer thickness increases, since a higher quantity of material is deposited in each layer,
allowing the achievement of the desired specimen height with a reduced number of layers. Furthermore,
for a given layer thickness value, the printing time decreases with rising printing speed. At the highest
printing speed investigated, the specimens obtained with layer height equal to 0.18 and 0.24 mm showed
a poor surface finish. Such result can be attributed to the rise in surface roughness values with increasing
layer thickness, as shown by Kandananond ¥ and Chaidas at al." Since surface roughness strongly
affects both the interaction between the part and environment and the crack formation, these conditions
were not considered in such study (values marked with X in the Figure 1a). For each 3D printing
condition, the electric energy consumption values were directly measured. Such results were plotted as
a function of layer thickness at different printing speeds (Figure 1b). The lowest analysed printing speed
(30 mm/s) corresponds to a much higher electrical energy consumption with respect to all the other

alternatives. In fact, keeping the layer thickness constant, the energy consumption decreases as the



printing speed increases. Therefore, excluding the printing speed of 90 mm/s, which generates a poor
surface finish, setting a high printing speed of 70 mm/s leads to both high productivity and low electric
energy consumption. As far as the layer thickness is concerned, Figure 1b also shows that, for a given
printing speed, low electric energy consumption can be obtained with high layer thickness values.
Unfortunately, as shown in Figure 2, high layer thickness produces a high number of canyons between
adjacent filaments. On the contrary, when the lowest layer thickness is set, a more compact material
deposition occurs covering a small area and, consequently, very small internal gaps between adjacent
filaments generate. Then, the cross-section area increases, leading to improved mechanical properties.
To reduce the voids formation in the 3D printed material, which could also worsen the mechanical
properties and surface finish of the component %! it is advisable to avoid setting the highest layer
thickness investigated (equal to 0.24 mm), but prefer a layer thickness of 0.18 mm. Furthermore, this
choice does not entail significant increases in electric energy consumption for the highest printing

speeds considered in the present work (70 and 90 mm/s).

Printing jobs were carried out varying the extrusion temperature from 230°C to 300°C, measuring the
electrical energy consumption. Figure 1c shows the energy consumption as a function of the extrusion
temperature. It can be observed that, keeping other parameters fixed, energy consumption increases as
the extruder temperature increases. However, temperature does not have a remarkable influence on the
printing phase energy consumption; in fact, the recorded energy consumption increment is only of 7.4%
over a temperature variation of 70°C. For the lowest tested temperature, insufficient adhesion between
the building plate and the raft caused shifts of the samples, compromising the success of the printing
process. At 260 °C, the printing process is properly executed and specimens with good surface finish
are obtained. Beyond this temperature, there is no noticeable improvement in the quality of the
manufactured parts. For what concerns the building plate, the temperature has been set at 80°C;
decreasing this temperature leads to warpage phenomena which may determine the non-conformity of

the parts to the project requirements.

Figure 1: Effect of: (a) printing speed on printing time, and (b) layer thickness and (c) extrusion

temperature on electric energy consumption



The investigation on the printing parameters, therefore, led to the choice of the printing speed equal to
70 mm/s, the extrusion temperature of 260°C, and layer thickness of 0.18 mm that allow to obtain a
compromise between aesthetic appearance, mechanical properties and energy efficiency. Regarding
printing infill arrangement, a complete infill of 100%, with a linear pattern, was set in order to minimize
the number of micro-voids and align the filaments and the reinforcement fibers along the longitudinal
axis of the samples, improving their mechanical properties in that direction. Since the two composite
materials are characterized by the same polyamide matrix, specimens were printed with the same

optimal printing parameters.

Figure 2: (a) Schematic representation of printed specimens and (b) effect of layer thickness on the

canyon formation between adjacent filaments.

Figure 3 shows SEM images of the GlassPA and CarbonPA filaments before the 3D printing operations.
The original filaments, characterized by short fibers randomly arranged, exhibit a porosity spread over
the cross section of the filament (Figures 3a and 3c¢). Furthermore, it can be observed the high number
of fibers dispersed in the polymeric matrix and how they are mostly aligned in the longitudinal direction
as a result of the extrusion process used to produce the filaments (Figures 3b and 3d). A huge quantity
of micro-voids, due to the fiber pull-out, can be seen in both filaments (Figures 3a and 3c); a higher
number of macro-voids can be observed in the CarbonPA filament. However, these voids are sensibly

reduced during the 3D printing due to the decrease of filaments diameter from 1.75 mm to 0.4 mm.

As far as the mechanical properties of CarbonPA and GlassPA composites is concerned, uniaxial tensile
tests and flexural tests were carried out on 3D printed specimens. In accordance with the results obtained
from the study on the effect of process parameters, the printing speed and layer thickness were set equal

to 70 mm/s and 0.18 mm, respectively.

Figure 3: SEM images of filaments before 3D printing: (a) cross section and (b) longitudinal

section of GlassPA; (c) cross section and (d) longitudinal section of CarbonPA.

Figure 4: Comparison between typical stress vs. strain curves of PA, CarbonPA and GlassPA: (a)

tensile and (b) flexural behaviour (printing speed: 70 mm/s, layer thickness: 0.18 mm).



Figure 4a shows the typical nominal stress vs. nominal strain curves, provided by performing tensile
tests on GFRP and CFRP 3D printed samples. The stress - strain curve obtained by testing the
unreinforced polymeric material is also shown in Figure 4a, as a term of comparison. Irrespective of
the FRPC material investigated, it can be observed that the curves of CarbonPA and GlassPA exhibit a
behavior similar to the one shown by short fiber-reinforced polyamide. Both composite materials are
characterized by a brittle behaviour, with low ultimate elongation values of about 2.1 and 2.6%,
respectively; on the contrary, the unreinforced polyamide exhibits a ductile behavior. Both reinforced
composites are characterized by a marked increase in both ultimate tensile strength (UTS) and elastic
modulus (E) as compared to the un-reinforced polyamide (UTSpa= 44.9 MPa and Epa= 0.49 GPa).?!l
In detail, the increase in UTS and E obtained using carbon fibers (UTScarbonra=124.0 £ 4.7 MPa and
Ecabonra=11.6 + 0.4 GPa) is more marked than that obtained by reinforcing matrix with glass fibers

(UTSGlassPA:67.7 + 3.4 MPa and EGlassPA:5.5 + 0.3 GPa).

As far as the flexural performances of 3D printed filaments are concerned, CarbonPA and GlassPA
exhibit similar behaviour (Figure 4b).[?21 As a matter of fact, both composites are characterized by an
increase in stress with strain until a maximum value (ultimate flexural strength, UFS) is reached; the
values of the ultimate flexural strength and elastic modulus obtained using carbon fibers
(UFScarbonra=136.0 £ 7.3 MPa and FEcabonra=6.6 + 0.52 GPa) are slightly higher than those obtained
using glass fibers (UFSgiasspa=119.8 = 6.7 MPa and Egiasspa=4.1 & 0.5 GPa) indicating that the flexural

behavior of fiber-reinforced polymer materials is more influenced by the matrix than by the fibers.
Environmental assessment of CFRP and GFRP

As far as the Life Cycle Assessment is concerned, in accordance with the standardized procedure, the
first step of the analysis was to define the goal and scope. The objective of the analysis is to evaluate
and compare the environmental behaviour of two composite materials: CarbonPA and GlassPA. The
study aims to determine which of these two materials is the most environmentally friendly alternative
for additive manufacturing applications. The FU was defined as “the production of a tensile specimen
that exhibits a maximum strain equal to 2.55% when subjected to a tensile load of 3.1 kN and has a

length of 170 mm”. Considering that the two materials have different densities and show different



mechanical properties, the FU has a different weight and sections area in the two scenarios. The weight
of the functional unit in the different scenarios was calculated considering simple mechanical relations
(i.e. Hooke’s law, mass-density relation). Using GlassPA, the mass required to achieve the defined
stiffness is 18.21 g while, for the CarbonPA, a mass equal of only 9.21 g is needed. Two different
scenarios were evaluated to represent possible production processes: Scenario 1 considers the
production of the specimens in GlassPA and Scenario 2 considers the production of the specimens in
CarbonPA. Moreover, a sensitivity analysis, in which a new functional unit was defined on the basis of
the flexural tests, was performed. The present LCA can be classified as “cradle to grave” analysis since
it considers life cycle phases of the different specimens from the extraction of raw materials to their

23,04

final disposal.?>?* Figure 5 shows the system boundaries for all the considered scenarios. Double

colored blocks represent life stages that are included in both Scenarios 1 and 2.

Figure 5: System boundaries of all the considered scenarios.

The first phase of each process consists in the raw materials extraction and the production of the
reinforced PA filament for the printing process. It considers the production of the fibers (1. glass fibers
and 2. carbon fibers) and matrix as well as the filament extrusion process and materials transport. CFs
were considered to be produced from Polyacrylonitrile (PAN) precursor; impacts related to PAN
production, stabilization, carbonization and final treatments of the fibers were included in the
analysis.[**! Glass fiber production consists in melting raw materials such as SiO,, A1205 and CaO in a
furnace (i.e. a recuperative or oxy-fuel fired furnace). The molten glass is extruded in order to produce
thin filaments of about 10 um. A sizing agent is applied before gathering the fibers. Impacts related to
the glass fibers were retrieved from the Ecoinvent database considering European glass manufacturing
industry data. Before printing, both composite filaments were dried for 2 hours at 120°C to reduce their
humidity content. This is a critical step because, as reported in previous literature studies, polyamide
composites tend to absorb humidity from the air with a subsequent reduction of their mechanical
properties.['”! During printing, filament was kept in a heated atmosphere at 70°C to avoid water
absorption (filament heating). The printing phase considers the energy consumption of the machine and

the impacts related to the production and transport of the Bakelite build plate. The energy consumptions



of the printing and heating phases depend on printing time and, consequently, on the printed part weight.
The useful life of the specimens was considered out of the system boundaries as it would lead to
negligible impacts. The impacts related to the production of the machines used (i.e. printing machine
and furnace) were neglected due to their long useful life with respect to the production time required
for a single specimen.*®! Landfill disposal was considered in both scenarios as it is the most common

End of Life (EoL) option for composites waste.!*”!

As far as the Life Cycle Inventory is concerned, data from different sources were considered: primary
data were directly measured during the production processes while secondary data were collected from

literature and Ecoinvent 3.1 commercial database (Table 2). More specifically:

1. Data related to the input material of Scenario 1 were measured. Concerning Scenario 2, input
materials were estimated considering that the FU must have the same stiffness in all the scenarios.

2. The modelling of the CF is based on the study of Forcellese et al.*!

3. Modelling of the filament composition was based on the material datasheets.

4. Electric energy consumptions were measured through the power analyzer PQ824 by HT
instruments.

5. Transport distance was estimated considering the geographical location of various suppliers.

6. Data related to raw materials (i.e. Bakelite, glass fibers, polyamide...), electric energy generation,

impacts of the transport and EoL phases were retrieved from the Ecoinvent database.

Table 2: Inventory data.

The software SimaPro 9.1.0.11 was used to model the two considered production processes and to
translate inventory data into possible environmental impacts. The environmental footprint was assessed
considering two impact categories: the Cumulative Energy Demand (CED, in MJ) and the Global
Warming Potential (GWP, in kg CO, eq). Such impact assessment categories were widely used in
scientific literature to evaluate the environmental behaviour of composite part production as well as

additive manufacturing technologies.?8-3*

Figure 6: Life Cycle Impact Assessment results in terms of (a) CED and (b) GWP.



Results of mechanical test were used to define the FU of the environmental impact analysis. Figure 6
shows the results of Life Cycle Impact Assessment of the two Scenarios in terms of Cumulative Energy
Demand (CED) and Global Warming Potential (GWP). In both cases, Scenario 2, related to the
CarbonPA composite, is characterized by the lowest environmental impact. Regarding CED (Figure
6a), a total energy consumption of 6.19 MJ is associated with the GlassPA specimen; this value is
around 22% higher than the energy required for the CarbonPA specimen life cycle which is equal to
4.85 M. As shown in Figure 6b, Scenario 2 provides a strong reduction of the environmental burdens
even considering the GWP indicator (with emissions values of 0.32 kg CO, eq for the GlassPA and
0.25 kg CO; eq for the CarbonPA). The footprint reduction associated with Scenario 2 is mainly
determined by the heating and printing phases of the specimens. As emerged from measurements, the
energy consumptions of these phases have a linear relationship with the required printing time and,
therefore, with the parts weight. Thus, the CarbonPA specimen, which is about 50% lighter than the
GlassPA one, results in a significant reduction of the energy consumption of these production phases.
The strong influence on the total environmental impacts of the printing and heating phases makes the
optimal process parameters setting crucial; as shown in the preliminary analysis, incorrect choices of
process parameters, such as extrusion temperature, printing speed and layer thickness, may result in a
noticeable increase of the printing phase time and energy consumption, with a subsequent increment in
environmental impacts. In addition, inappropriate parameters choices can lead to the fabrication of parts
not conform to the design specifications (i.e. warped parts or poor surface quality) that must be

discarded. This leads to material and energy waste.

Despite the significant weight difference of the different specimens, the raw material production phases
have shown similar environmental impacts for the two scenarios, with percentage variations lower than
10% (Figure 7). As far as the matrix is concerned, it can be seen that polyamide production represents
the main contribution on the total impacts of the filaments, accounting for more than 80% of the final
values of the material CED and GWP for Scenario 1 and about 50% for Scenario 2. This is a valid result
considering the high percentage of PA on the composition of the raw materials (70% and 80%) and its

impacts per kg produced (119 MJ and 8.28 kg CO; eq).



Figure 7: Environmental impact contributions for raw materials production: (a) CED and (b) GWP.

As far as the reinforcement is considered, carbon fibers used in Scenario 2 have a very high impact per
kg produced (493.6 MJ and 27.8 kg CO; eq) so, despite the small amount required (1.84 g), they account
for 43% of the impacts of the materials in Scenario 2. On the other hand, glass fibers used in Scenario
1 have little influence on the total impacts since their production has a CED and a GWP equal to 30.9
MJ and 2.45 kg CO; eq per kg produced. However, the strong weight reduction obtained using carbon
fibers allows to reduce the contribution of polyamide and, consequently, makes the CarbonPA the best
environmental choice. As far as the printing stage is concerned, the filament extrusion impacts depend
on the weight of the produced part, so Scenario 1 is characterized by a higher contribution than Scenario
2; the extrusion, transport and End of Life phases provide a negligible contribution to the total
environmental load. The drying phase is the same for the two scenarios as, to avoid moisture absorption,
the whole filament roll is dried before printing, so the energy consumption of this phase is not directly

related to the produced component weight.

Depending on the specific application, 3D printed components can be subjected to different kinds of
loads, i.e. flexural loads. For this reason, a sensitivity analysis was conducted to compare the
environmental behaviour of two specimens characterized by the same flexural performance. This allows
a more complete view of the environmental impacts of the two composite materials. A new functional
unit was defined as the production of a 3D printed sample that, during a flexural test, exhibits a
maximum strain of 2% when subjected to a load of 556.8 N (P) and has a length (L) of 100 mm. Once
again, the weight of the FU varies in the two scenarios and depends on the density and flexural modulus
of the two materials. To guarantee the minimum flexural stiffness defined for the FU, the specimens
section dimensions were calculated considering the equation (1) (ASTM D790-17 standard) and the

flexural modulus measured during the flexural tests:

3PL
O-f - 2bd?2 (1)

Moreover, the ratio between the width and dept of the section dimensions (b and d) was set equal to 4.

Table 3 presents the dimensions and the weights of the different samples. As shown in Figure 4, CFs



are characterized by a high increase in tensile stiffness as compared to the glass fibers, while the
improvement is less relevant in terms of flexural modulus. For this reason, if samples with the same
flexural behaviour are considered, the weight saving obtained by using CarbonPA is not very significant

(about 11%).

Table 3: Dimensions and weight of the two considered samples.

The system boundaries and the production phases considered in this analysis are the same as the
previous one. However, since the produced samples vary, some of the material and energy inputs of the
system change too. Therefore, the inventory data were updated; most of them, such as transport distance,
drying energy consumption, filaments composition and data from the Ecoinvent database, remain the
same. Data which depend on the samples dimensions and weights (i.e. printing and heating energy
consumption and input materials) have been updated considering the new functional unit. Inventory

data sources are the same detailed in Table 2.

Figure 8: Environmental impacts in terms of (a) CED and (b) GWP for all the phases considered

within the system boundaries.

Figure 8 shows the results of the Life Cycle Impact Assessment conducted considering the new
functional unit. For both CED and GWP, Scenario 2 exhibits the highest environmental impacts, with
values about 20% higher than those related to the GlassPA sample (7.39 MJ and 0.39 kg CO2 eq
respectively, compared with 6.19 MJ and 0.317 kg CO2 eq of Scenario 1). Due to the lower weight of
the CarbonPA sample, the filament heating and printing phases have reduced impacts in comparison
with the GlassPA alternative (lower weight corresponds to shorter printing time and, consequently,
electric energy saving). However, this is negligible if compared to the strong impacts associated with

raw materials of Scenario 2, that account for 3.67 MJ and 0.21 kg CO, eq.

Figure 9 shows a detailed comparison between the contributions of the raw materials production phases.
CFRP has higher impacts mainly due to the reinforcement phase. In fact, despite being in lower
percentage, CFs lead to impacts that are 10 times higher than those of GFs, i.e. 1.6 MJ for the CF vs

0.15 MJ for the GF. In addition, the environmental footprint related to the matrix is also higher in the



CarbonPA scenario; as a matter of fact, even if the CF-reinforced sample has a lower weight, the
polyamide percentage it contains is higher. Differently from the tensile specimen case, the weight
reduction achieved by means of the CFs is not enough to compensate for the greater impacts of the raw
materials for the flexural specimens. Thus, the environmental friendliness of one material over another

depends on the specific application and the operating loads the components must withstand.

Figure 9: Environmental impact contributions for raw material production: (a) CED and (b) GWP.

Conclusions

In this study, the effect of process parameters on environmental sustainability of 3D printing of short
fiber-reinforced composites was studied. A short carbon fiber-reinforced polyamide (CarbonPA) and a
short glass fiber-reinforced polyamide (GlassPA) were 3D printed by exploiting the FFF process. A
preliminary investigation allowed defining the printing speed, extrusion temperature and layer thickness
to make the additive manufacturing process energy-efficient. Then, the environmental behaviour of
GlassPA and CarbonPA was investigated using the Life Cycle Assessment methodology. Tensile and
flexural tests were carried out to evaluate the mechanical behaviour of the 3D printed specimens in
CarbonPA and GlassPA; the environmental analysis was conducted in accordance with the LCA
methodologies, defining the functional unit based on the evaluated mechanical properties. In addition,
scanning electron microscopy analysis was performed on filaments before printing. The main results

are reported as follows:

e For a given printing speed, the electric energy consumption during 3D printing process decreases
as the layer thickness increases; such behaviour is more marked at low printing speeds;

e Atan imposed layer thickness, the electric energy consumption during printing process diminishes
with increasing printing speed;

e The optimal extrusion temperature, for both the materials, is 260°C. At lower temperature, a weak
adhesion between the building plate and the parts was registered. At higher temperature, energy
consumption increases but no clear improvements in parts quality were obtained;

e The surface finish decreases with increasing printing speed and layer thickness;



Both CarbonPA and GlassPA are stronger and stiffer than unreinforced polyamide;

CarbonPA is characterized by a resistance and a stiffness 83.1% and 110.9%, respectively, higher
than GlassPA;

CarbonPA exhibits a flexural resistance and a flexural modulus 13.5% and 62.4%, respectively,
higher than GlassPA,;

CarbonPA and GlassPA filaments are characterized by a huge quantity of void before 3D printing;
From the environmental perspective, the choice of the most sustainable material strongly depends
on the stresses acting on the fiber-reinforced composite material: CarbonPA is more eco-friendly
than GlassPA when tensile loads act on 3D printed components; on the contrary, GlassPA is
characterized by a better environmental performance than CarbonPA if 3D printed components

must withstand flexural stresses.

Future work will be dedicated to the evaluation of other reinforcements based on natural fibers, such as

flax and hemp ones, which can guarantee noteworthy mechanical properties and, at the meantime,

significant reduction in the environmental impacts.
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