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Abstract: In this study, material development, characterization, and sustainability assessment are
performed on blends from recycled post-consumer commodity plastics for fused deposition mod-
eling (FDM) filament extrusion. A recycled polyethylene terephthalate (rPET) and high-density
polyethylene (rHDPE) blend 80:20 ratio is modified using three different methods: compatibilization
with Maleic Anhydride, surface functionalization of PET with sodium dodecyl sulphate (SDS), and
hybridization by combination of the two methods which is a novel approach. The selected blends
were reinforced with chopped glass fibers and characterized. The printability of blends was assessed,
and the dimensional accuracy of the prints was calculated. In addition, a cost estimation and compar-
ison between the developed blends and the commercially available FDM filaments was carried out.
Finally, life cycle assessment (LCA) was conducted for each prepared blend to facilitate the decision
of the optimum blend in relation to mechanical properties and environmental performance and hence
correlate the material, economic, and sustainability advantages.

Keywords: sustainability; recycling; compatibilization; functionalization; 3D printing; life cycle
assessment

1. Introduction

Additive manufacturing (AM) applications are vastly spreading in the industrial
sector and are becoming popular; therefore, the need to integrate sustainability in this
method is demanded in order to reduce its environmental impacts [1]. The applications of
AM are advancing, including prototyping, mass customization, and creation of any open
source design due to its simplicity. The use of AM technologies has increased in various
industries such as automotive, food, healthcare, fashion, aerospace, and electronics [1,2].
The use of sustainable raw materials in the AM industry is the main focus of research
and development in accomplishing the objective of sustainability with the ultimate goal
of achieving a circular economy [3]. The raw materials used in AM applications must be
assessed from a life cycle perspective as the decision on material choices will impact the
product’s over all environmental impact [3].

The largest volume of plastic waste comes from the packaging industry [4], where the
three main plastics taking up almost one third of the total were low-density polyethylene
(LDPE)/linear low-density polyethylene (LLDPE), polyethylene terephthalate (PET), and
high-density polyethylene (HDPE) [5]. The incorporation of the waste commodity plastics
as feedstock in AM technology to create a circular economy was reviewed by scientists
where all the research focused on either monofilaments, i.e., from only one recycled ma-
terial or composite filament, i.e., by compounding the recycled plastic with reinforcing
fibers/powder [6]. In another study, it was also pointed out that, among the several AM
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technologies, fused deposition modeling (FDM) is one of the most plastic-waste-producing
methods due to its wide spread among all levels of users and its higher frequency of
producing fail prints [7]. Several researches have investigated the use of waste commodity
plastics for the production of FDM monofilaments feedstock from waste PET [8], PP [9],
and HDPE [10]. PET presents high tensile strength and rigidity as well as good chemical
and thermal resistance. These properties enable this polymer to be used as a filament for 3D
printing both as virgin or recycled polymer [8,11]. However, PET has its drawbacks, which
include low viscosity, moisture absorption, brittleness, and low melt strength [12]. HDPE,
whether virgin or recycled, is used to a limited extent in FDM as it possesses ductility,
appreciable tensile strength, and high molecular weight which gives it its high viscosity in
its molten state [13,14]. The main limitation hindering the use of HDPE as a standard FDM
filament is its extreme shrinkage which leads to unpredicted warpage during the printing
and hence leads to a high number of fail prints. In addition, HDPE being hydrophobic,
with inert surface properties, causes the major problem of not sticking to the printing bed.

On the contrary to mono-materials, polymer blends provide the advantage of combin-
ing the properties of more than one material to produce a new material with tailored prop-
erties. Several studies have investigated the blending of polymer waste such as PP/PET,
PP/Polystyrene (PS) [15], PS/LDPE [16], and PET/HDPE [17]. For the PET/HDPE blends,
the results showed that the addition of 10% HDPE to the PET had significantly increased its
strain at failure with 10%, while an average drop of the 15 MPa for the stress values were
reported. Regarding the thermal properties, no significant change in the melting behaviour
of the PET/HDPE blend was reported.

Blends containing PET and HDPE are immiscible due to their incompatible chemical
structure, with PET being polar and hydrophilic, while HDPE is non-polar and hydrophobic
thus rendering their blend insoluble, so it is necessary to incorporate a compatibilizer in
the blend by using block or graft copolymers which are miscible with both components
and hence operate at the interface between the two phases by decreasing the interfacial
tension and increasing the interfacial adhesion. In addition, some researchers use sodium
dodecyl sulphate (SDS) surfactants to treat PET to alter its surface properties in order to
increase the chemical bonding between the composite components [18,19].

Life cycle assessment (LCA) is a method frequently used to assess the environmental
impact of a product as it takes into consideration a set of impacts for quantitative assessment;
therefore, provides an extensive coverage of the product’s environmental impact. LCA is
used by businesses as it is a powerful decision-making tool. When used properly, it can
aid in guaranteeing that a company’s decisions are ecologically sensible, whether in the
development, manufacture, or use of a product or system. On the financial side, experience
has shown that businesses that use LCA can find significant product enhancements and new
methods to process optimization [20]. The assessment provided by the LCA methodology
takes into consideration all life cycle phases, from raw material extraction up to end of
life, including all inputs from the nature and all outputs into the environment [21]. It
is becoming increasingly demanded by suppliers to ensure the sustainability of their
products. Sustainability is also correlated with the concept of closed-loop recycling where
waste materials can be re-introduced to the same process or another process in the form
of feedstock and hence circular economy and sustainability are achieved. LCA is used to
support the development of more environmentally friendly materials; using LCA when
developing material blends of recycled material is important to ensure that the newly
developed blend is sustainable in terms of mechanical performance and environmental
efficiency since it is becoming increasingly demanded by suppliers. Materials development
is extremely useful across sectors and markets for effectively promoting novel material
utilization or replacements [22].

In this study, all the aspects of material development are covered by combining
material development and life cycle assessment (LCA), and we ensure that the applied
LCA is precise since all the experimental procedure, material used, and data are available.
This limits the number of assumptions, which is the main issue when conducting an
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LCA. This enables one to produce new material using material waste, and then apply life
cycle assessment to ensure the sustainability and environmental performance of the newly
developed material; hence, this contributes to a reliable, fully examined product.

The aim of this research is to present a novel approach in developing new materials
for 3D printing applications by assessing both material and sustainability performance.
The newly developed PET/HDPE immiscible blends are of ratio 80:20 were blended using
three main approaches: compatibilization, surface functionalization, and hybridization,
which is a novel approach by combination of both methods. Glass fiber reinforcement is
incorporated with the best performing blends and the overall material and sustainability
performance is determined by a series of characterization tests, as well as applying life
cycle assessment (LCA) on each blend to assess its environmental impact. This study also
provides an investigation of the printability of the developed blends, so that they can be
used as an alternative, more sustainable feedstock in AM applications. The study is divided
into two tracks the material development track and the life cycle assessment track.

2. Materials and Methods
2.1. Material Development
2.1.1. Materials

Recycled food-grade PET pellets QPET 80 were provided by BariQ for techno and
advanced industries, Egypt. Recycled HDPE pellets were obtained from Fostat Trading
Company, Egypt. Maleic Anhydride (MA) powder was obtained from Morgan Chemicals,
Egypt. The reinforcements added to the blends were glass fibers. The glass fibers (E-glass,
diameter: 11–13 µm, length: 4.5 mm) were kindly provided by Hebei Yuniu Fiberglass Man-
ufacturing Co., Ltd., Xingtai City, Hebei Province-China. Sodium dodecyl sulphate (SDS)
and benzoyl peroxide (BPO) were purchased from El Mekawy for Import and Trade of
Scientific Instruments and Laboratory Products, Cairo-Egypt. Primary antioxidant Irganox
1010 (pentaerythritol tetrakis [3-[3,5-di-tert-butyl-4-hydroxyphenyl] propionate) and sec-
ondary antioxidant Irgafos 168 (Tris [2,4-di-tert.-butylphenyl] phosphite) were generously
supplied by Ingenia Polymers Corporation, South East Calgary, Alberta-Canada.

2.1.2. Blends Preparation

Recycled control blend (R–Control) was prepared, where 80 wt.% recycled PET (rPET)
pellets were hand mixed with 20 wt.% recycled HDPE (rHDPE) pellets. This specific blend
composition was chosen based on the previous literature, where several ratios of both
polymers were blended using an internal mixer, and it was shown that an 80:20 ratio
presented the lowest screw torque and a low specific mechanical energy input which is
better in terms of processability [23]. The use of pellets enables the easy implementation
of the blend preparation. The control blend was prepared without any additives for
comparison to evaluate the effect of compatibilization and surface functionalization on the
overall blend properties.

Compatibilization Track

HDPE-g-MA copolymer was added as 5 wt.% of the total weight of the polymers
in the blend and the amount of copolymer added to the blend was based on previous
studies [24,25]. The HDPE-g-MA was formulated using a technique analogous to that
presented in this study [26]. A total amount of 0.4% of BPO and 0.2% of MA powder
were added to acetone solution and stirred for 30 min at ambient temperature until all the
powder particles have disappeared and dissolved. Then, the RHDPE pellets were added to
the solution then left until all acetone has evaporated (blend name: GMA).

Surface Functionalization Track

Functionalization of PET with SDS. PET pellets were added to 1% solution of SDS.
Then, they were stirred for 1 h in the solution, then dried in an oven at 100 ◦C for 1 h.
Afterwards, the PET was dried again for 6 h at 100 ◦C in an oven to remove any retaining
moisture (blend name: SDS).
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Hybridization Track

Both maleation and surface functionalization methods were employed where the
HDPE-g-MA and SDS were blended keeping the same ratio of 80:20 SDS:HDPE-g-MA.

Reinforced Blends

Two reinforced blends were prepared, where chopped strands of glass fiber reinforce-
ment were added. The glass fibers (GFs) were added as 10 wt.% with respect to the total
weight of polymers in the blend, where the polymer matrix represents 90% and the glass
fibers represent 10% (blend names: GMA-GF, SDS–GF).

The primary antioxidant Irganox 1010 and secondary antioxidant Irgafos 168 were
added as 0.06 wt.% and 0.12 wt.%, respectively, with respect to the total weight of the poly-
mers in all blends except R–Control blend hinder further degradation during processing
and service life.

2.1.3. Characterization

Thermal Characterization

Differential Scanning Calorimetry (DSC)
Calorimetric characterization was performed according to ASTM D3418 on TA In-

struments DSC Q2000 using a heat/cool/heat mechanism under nitrogen gas atmosphere.
The first heating run started from 25 ◦C up to 300 ◦C with a rate of 10 ◦C/min to remove
previous thermal stresses in the samples, then cooled from 300 ◦C to 25 ◦C with the same
rate, followed by a second heating run [27]. Reference pan was 20 mg in weight, and
average sample weight was around 17 mg. The percentage crystallinity [28] was calculated
using Equation (1) below:

%Xc =
∆Hm

ϕ× ∆Hm
0 × 100 [%] (1)

where ∆Hm is the melting enthalpy of the polymer, ϕ is the weight fraction of the polymer
in the blend, and ∆Hm

0 is the theoretical melting enthalpy of 100% crystalline polymer.
Dynamic Mechanical Analysis (DMA)
DMA test was performed to determine the glass transition temperature (Tg) of PET

in the blends, the samples were tested using TA Instruments DMA Q800. The testing
mode was multi-frequency strain using film tension clamps, with a dynamic deformation
amplitude of 1 µm and heating rate at 3 ◦C/min starting from 25 ◦C to 200 ◦C. The frequency
was set to 1 Hz. Average sample dimensions were 9.8 × 10.8 × 4.0 mm. One sample was
tested for each blend.

Morphological Examination

SEM images were taken using FEI Quanta FEG 250, the fractured impact specimens
were photographed using accelerating voltage of 20 kV, spot size 3.5 nm, and circular
backscatter detector (CBS). It should be noted that the samples were not gold-sputtered
before photographing, so some images are slightly dark due to the charging of the surface
from the electrons.

Mechanical Characterization

Tensile and impact samples were injection molded using Fu Chun Shin FT-60 injection
molding machine with the following parameters: nozzle temperatures 240–260 ◦C, screw
speed 168 rpm, injection pressure 103 bar, holding pressure 44 bar, and clamping force is
60 tons. Tensile samples were of type I according to ASTM D638, while impact specimens’
dimensions were according to ISO 180 [29].

Tensile Test

Specimens were conditioned at room temperature for 24 h before testing. Samples
were mechanically characterized according to ASTM D638 using Zwick/Roell Z100 under
a strain rate of 5 mm/min. An average of seven samples were tested, and the farthest two
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outliers were discarded. The percentage elongation was taken directly from the machine
extensometer. The overall length of the specimens was 19 cm. The cross-section dimensions
of the gauge length section were 10.5 × 3.5 mm.

Impact Test

The Charpy impact test was performed according to ISO 180, using Beijing Jinshengxin
digital impact tester with hammer energy of 4 joules. The free-fall angle and impact angle
were measured by the machine, and then the energy absorbed and impact strength were
calculated. Five unnotched samples were tested for each blend and their average was
calculated. The sample dimensions were 70 × 10.5 × 3.5 mm.

2.1.4. Filament Extrusion and Assessment

Filament of all blends were extruded on Filabot EX6 Filament Extruder attached to
an air cooling path and a filament winding unit. Screw temperature zones ranged at
250–270 ◦C and 230–240 ◦C for the nozzle temperature. The selected screw temperatures
were chosen based on the PET melting peak obtained from the DSC while considering
thermal degradation. The nozzle temperatures were selected to be lower to cool the blend
upon exiting the nozzle, for sufficient viscosity to be held and suspended over the air path
to be fed and wound onto the spool.

3D Printing and Printability Assessment

The 3D models were drawn using Solidworks software (https://www.solidworks.com/),
and the g-code of the model was generated using Ultimaker Cura software (https://ultimaker.
com/software/ultimaker-cura/). The filaments were 3D printed using Prusa i3 MK3S+ 3D
printer with nozzle temperature 275 ◦C except the GMA-GF blend which had a nozzle
temperature of 285 ◦C. The printing speed was 40 mm/s, the layer height was 0.4 mm with
a print bed temperature of 60 ◦C, and the nozzle diameter was 0.8 mm with the entire model
made of shells. The path width was 0.96 mm to create an overlap between the printed tracks.
The printed parts were composed of nine layers from the base upwards. The samples were
printed lying flat on the printing bed, so that the loading direction would be parallel to
the printed tracks (raster angle = 0◦). The dimensions of the 3D printed samples were
70 × 10.5 × 3.5 mm. The fracture surfaces of the samples were photographed using Zeiss
Stemi 2000-CS stereo microscope connected to a computer which is equipped with Zeiss
Zen microscopy software Blue edition. The average dimensions of the 3D printed parts
were also measured using a micrometer to be compared to the initial model dimensions
drawn on the computer for dimensional accuracy evaluation.

Cost Comparison of Materials

To evaluate the amount of savings when using recycled materials, the prices of the
raw materials used were compared with the prices of currently available spools of the
same virgin material. The unit prices of each of the raw materials used in the blend were
obtained from the suppliers in Egypt or from Sigma Aldrich website.

2.2. Life Cycle Assessment (LCA)

Life cycle assessment (LCA) was deployed in this study to assess the environmental
impacts of 3D printed filaments composed of rPET/rHDPE blends. The guidelines followed
to conduct this LCA were ISO 14040 and ISO 14044 [30,31]. The software tool Umberto
LCA® (https://www.ifu.com/umberto/lca-software/) was used to model the phases of
the life cycle and analyze and calculate the impacts derived in each phase. The methodology
was carried out in four stages: goal and scope, life cycle inventory (LCI), life cycle impact
assessment (LCIA), and interpretation of the results.

2.2.1. Goal and Scope Definition

The purpose of this LCA is to assess newly developed blends composed mainly of
rPET/rHDPE and to provide a complete and reliable environmental performance. The

https://www.solidworks.com/
https://ultimaker.com/software/ultimaker-cura/
https://ultimaker.com/software/ultimaker-cura/
https://www.ifu.com/umberto/lca-software/
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assessment is expected to identify the environmental impact of the blends in comparison to
using virgin material for the 3D printed filaments.

2.2.2. Functional Unit and System Boundary

The functional unit of this assessment was unified to 1 kg for each blend. The system
boundary applied was cradled to gate as shown in Figure 1, including the raw material
phase which includes all the raw materials used for the blends with all upstream activities
included for the raw materials, disregarding the transportation of the raw materials fol-
lowed by the manufacturing phase which quantifies the material flows and energy flows
for each process used to obtain the 3D printing filaments for fused deposition modeling
techniques (FDMs).
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2.2.3. Life Cycle Inventory (LCI)

The essential data for each stage of the LCA have been obtained from the experimental
work. Table 1 presents the inventory for each blend, where all the material and energy
required to obtain the blend is demonstrated. The life cycle inventory database “Ecoinvent
v3” was used for the raw material data for the raw material extraction phase in the LCA;
however, Irganox was not available in the Ecoinvent database or the literature, therefore,
it was cut-off from the life cycle impact assessment (LCIA) due to its negligible quantity
(0.06%). The data for the manufacturing phase were obtained from the experimental
procedure as the electricity consumption was calculated based on the extruder’s energy
consumption and the oven used for drying adding up to approximately 6.2 kWh/Kg.

Table 1. Inventory.

Blend
Blend Composition/Raw Material Inputs

rPET
(kg)

rHDPE
(kg)

Irganox
(kg)

Irgafos
(kg)

MA
(kg)

SDS
(kg)

BPO
(kg)

GF
(kg)

Distilled
Water (kg)

R–Control 0.8 0.2 - - - - - - -

GMA 0.8 0.15 0.0006 0.0012 0.025 - 0.025 - -

SDS 0.8 0.2 0.0006 0.0012 - 0.025 - - 2.5

GMA-SDS 0.8 0.15 0.0006 0.0012 0.01 0.025 - - 2.5

GMA-GF 0.8 0.15 0.0006 0.0012 0.025 - 0.025 0.1 -

SDS–GF 0.8 0.2 0.0006 0.0012 - 0.025 - 0.1 2.5

2.2.4. Life Cycle Impact Assessment (LCIA)

The impact assessment provides the quantification of environmental impacts of a
product. Umberto LCA® has been used to create a material and energy flow model [32]
shown in Figure 2 that includes all inputs, outputs, and processes in each phase of the
life cycle being assessed in this study: Phase 1 included all upstream activities for the raw
material extraction and Phase 2 included the manufacturing procedure with all inputs to
produce the 3D printing filaments.
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ReCiPe Midpoint assessment was used in this study to assess the environmental
impacts; the midpoint evaluation considers the effect earlier along the chain of events
where it focuses on singular distinct environmental issues. The selected impact categories
were selected to show the environmental performance of the filaments: global warming
potential, fossil fuel potential, freshwater eco-toxicity potential, human toxicity potential,
ozone depletion potential, water consumption potential, terrestrial acidification potential,
and particulate matter formation potential.

The LCIA data were obtained either from Ecoinvent database or from the literature.
The rPET LCIA was retrieved from our own previous research work [28,33,34] where LCA
was conducted to assesses the environmental impact of recycling postconsumer plastic
bottles to obtain rPET granulates.

3. Results
3.1. Material Development
3.1.1. Thermal Characterization

DSC

Thermal characteristics obtained for the HDPE and PET polymer components in
the blend are presented in Table 2. Here, the change in melting temperature before
and after compatibilization was observed as it indicates the compatibility status of the
blend components. It was noticed that the melting temperature (Tm) of both HDPE and
PET are almost unaffected in all blends, which is expected for polymer blends that are
immiscible [35]. The difference in melting temperatures between the blend components is
almost unaltered, which could be due to the small wt.% of compatibilizer, as in the study
by Taghavi et al. [25] where the difference was notably lower with compatibilizer content
of 15 wt.% HDPE-g-MA.

The percentage crystallinity (%Xc) of HDPE in the recycled control blend was 64.8%
and decreased significantly in all the blends. The decline in %Xc in the SDS blend was
about 37% with respect to the R–control blend. The GMA blend had a %Xc lower than
the R–Control by almost 62%. The largest decrease was seen in the GMA–GF blend,
where the crystallinity dropped by around 66%. This decrease is also seen in a previous
study [35], where it was attributed to the interaction of the compatibilizers with the HDPE,
which hinders the ability of the chains to orient and form crystals. Furthermore, the lower
enthalpy of crystallization (∆Hc) also confirms that the amount of crystallization of HDPE
is lower [36]. As for the %Xc of PET, it was initially low in the R–control blend, with a
value of 18%, and it increased in all the blends. As PET is the major blend component, the
presence of HDPE along with the compatibilizer in the matrix act as nucleating agents and
hence raise the %Xc of PET [35].

The largest increase in %Xc of PET was confirmed in the SDS blend by approximately
36%, this could be attributed to the SDS functionalization which facilitates crystallization by
creating nucleation sites [37]. Furthermore, the degradation that occurred to the polymer
resulting in chain scissions and shorter chains could be the reason behind the increase
in crystallinity. The decrease in crystallization temperature (Tc) in all the blends except
the SDS blend could be linked to the degradation of PET [36]. The GMA blend had a Tc
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of 198.80 ◦C, which is 4 ◦C lower than the R–control blend; this can be explained by the
interaction of PET with the grafted compatibilizer (HDPE-g-MA) at the interface between
the two polymers, thereby reducing the mobility of the PET chains and hence lowering its
crystallization temperature [38], which denotes better compatibility. The Tg of PET of the
blends was virtually unaltered in the blends or showed very small differences. The Tg of
PET will be discussed as well in the DMA section.

Table 2. Thermal characteristics obtained from DSC curves. Enthalpies of fusion ∆Hm
0 of 100%

crystalline HDPE and PET were taken as 293 J/g and 119.8 J/g [39], respectively.

HDPE PET

Blend Tm (◦C) ∆Hm
(J/g) Tc (◦C) ∆Hc

(J/g) %Xc Tm (◦C) ∆Hm
(J/g) Tc (◦C) ∆Hc

(J/g) %Xc Tg (◦C)

R–control 132.24 37.96 117.97 50.22 64.8 251.46 17.21 203.15 24.64 18.0 79.45

SDS 132.08 23.87 118.35 25.22 40.7 251.03 27.09 212.35 38.81 28.3 77.96

GMA 133.82 14.47 117.27 15.05 24.7 252.47 21.98 198.8 26.26 22.9 81.58

GMA—SDS 132.8 15.49 117.42 14.28 26.4 251.58 26.45 200.37 31.54 27.6 78.26

GMA–GF 132.49 12.84 118.34 13.16 21.9 251.08 22.97 194.14 28.48 24.0 79.64

SDS–GF 132.78 21.04 118.1 20.92 35.9 251.17 21.94 198.54 25.62 22.9 81.51

DMA

The storage modulus (G′) in Figure 3 represents the elastic component of the viscoelas-
tic material, or the ability of the material to store energy. All the curves decrease with a
small slope, which indicates softening of the polymer upon rising temperature [40] or in
other words, the chain mobility of the polymer increasing. A steep slope around 80–90 ◦C
denotes the Tg of PET where the chain mobility of the chains is restricted, which agrees
with the literature values [41]. It is obvious that the lowest starting G’ value belongs to the
R–control blend, which is attributed to the immiscibility between the two polymers [42],
where a less elastic or brittle blend is formed due to phase discontinuity. This phase discon-
tinuity is due to large interfacial tension between the two phases and, hence, a decreased
contact area. Both SDS and GMA blends show a higher G′ which means the blends are more
elastic [43] and more compatible [40], with GMA being more elastic than the SDS blend.
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The GMA–SDS blend shows a low G′ which indicates the lack of miscibility enhance-
ment provided by combining the compatibilization and functionalization techniques. Both
GMA–GF and SDS–GF blends show a lower G′, indicating that these blends are stiff
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due to the presence of the glass fibers, with GMA–GF having lower G’ than the SDS–GF,
which leads to conclude that the GMA–GF may exhibit higher ductility in comparison
to the SDS–GF, due to better fiber-matrix adhesion provided by the compatibilizer. The
slight increase in G′ around 125 ◦C is due to cold crystallization which is a standard PET
characteristic [44].

The Tg values present in Table 3 are estimated from the smoothed curves of the Tan
Delta (tanδ) component (seen below in Figure 4). The tanδ is the ratio of the G′′ to G′, which
also represents the damping of the material. The peak of the tanδ curve can sometimes be
used to give an indication of the Tg despite giving higher temperature values than the DSC.
Some blends had faint peaks of loss modulus (G′′) curve so the Tg from G′′ peak was not
located. It is mentioned that the G′′ peak expands and locating the Tg will be challenging
when the %Xc increases [45].

Table 3. Tg values from Tan Delta curves.

R–Control GMA SDS GMA–SDS GMA–GF SDS–GF

Tg from tanδ peak/◦C 97.27 95.26 93.94 93.76 96.25 96.78
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Henceforth, for simplicity, tanδ peak temperature values were compared as they are
the most sensitive factor to morphology. The R–Control shows the highest Tg because of
the incompatibility between the blend polymers. The remaining blends show lower Tg,
implying that an interaction has occurred between the two polymers due to the presence of
the HDPE-g-MA compatibilizer or the PET functionalized with SDS or both. The lowering
of the Tg implies that it is approaching the Tg of the other polymer component [15], HDPE,
meaning that the compatibilization and functionalization techniques work on enhancing
the miscibility between the two polymers. This effect is suppressed in the glass fiber
reinforced blends, possibly because the presence of reinforcement restricts the mobility of
the polymer chains, hence delaying the glassy to rubbery transition of the PET.

3.1.2. Morphology Examination

SEM images of all the blends are presented in Figure 5. The R–Control blend shows a
droplet morphology, where the bright matrix phase is the PET and the dark sphere-shaped
dispersed phase is the HDPE. The clear boundaries that separate the HDPE from the PET
are an indication of incompatibility [43]. Furthermore, the large size of dispersed particles
in the matrix is also a sign of an inhomogeneous blend, and can act as crack initiators
yielding low percentage elongation (%EL), hence a brittle blend. Variation in the HDPE
particle size has also been reported in an earlier study [46]. The largest HDPE droplet size is
110 µm, obtained from ImageJ software (https://imagej.nih.gov/ij/download.html). The

https://imagej.nih.gov/ij/download.html
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average was not calculated as the quality of the images did not allow for it. Furthermore, a
smooth surface and bright voids can be seen indicating the easy separation of the minor
phase from the major phase due to a lack of interfacial adhesion between the PET and
HDPE [38,47].
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The HDPE particle sizes in the GMA blend are smaller than the R–Control but also
varying and tend to take the shape of elongated rods rather than spherical particles. The
poor dispersion of HDPE in the GMA blend where the PET is the major phase could be
due to the low viscosity of PET, as in another study [48] the dispersion of HDPE was better
when the blend was PE-rich. Even though the interfacial tension plays an important role
in determining the final droplet size, the viscosity ratio of the blend components is also
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a key factor. The greater the viscosity of the blend, the lower the final droplet size of the
dispersed phase [49].

The bright specks present in all the images except the R–Control blend belong to the
antioxiant particles as they were added to the blends in the form of powder. The dispersion
size of HDPE in the GMA blend was reduced to 55 µm, which means that the diameter was
reduced to half its original size in the R–Control blend, taking into account that the largest
length was measured in the GMA blend. Since the shape of the HDPE particles in the
blends is not always spherical, an area analysis would provide a more accurate evaluation
of size reduction in the morphology. The SDS blend shows smaller diameters of the HDPE
phase and less droplet size variation than the GMA blend, proving a more homogeneous
structure with particle size of 14 µm which is 87% smaller than the R–Control dispersions.
In addition, the smaller droplet size means the surface area between the PET and HDPE is
larger, due to the surface modification of PET from the SDS [37], which allowed the HDPE
droplets to disperse better throughout the PET matrix. As for the GMA–SDS blend, the
dispersion size reached 43 µm (61% decrease) with a wider size distribution throughout
the blend. This wide variation could be attributed to the coalesence seen between two
HDPE particles as seen in Figure 5d. This is observed in the remainder of the blend as
well, where in some regions dispersion size is small meaning reduced interfacial tension
and good adhesion, while in other regions the dispersion size is large, resulting in poor
adhesion between HDPE and PET and thus less compatibility between the two phases [49].

This morphology hence supports why the combination of HDPE-g-MA compatibilizer
with PET functionalization renders a blend with inadequate properties. The mix between
these two has not been studied in the literature before, so it is hypothesized that when the
PET was treated with SDS, the SDS micelles formed a shell around the PET chains [37],
thereby blocking the interaction that occurs between the MA groups on the HDPE-g-MA
compatibilizer and the hydroxyl groups of PET. Nonetheless, the SDS treatment was still
able to lead to smaller HDPE dispersion sizes by lowering the interfacial tension between
the two polymers. The GMA–GF blend and SDS–GF blend both show small sized droplets
with diameters of 10 and 19 µm, respectively. This is due to the presence of the glass
fibers, as it was reported in the literature that dispersion size is smaller in reinforced blends
compared with the unreinforced counterparts [50].

Coating of the matrix onto the fibers is also seen which indicates good adhesion and
ability of load transfer from the matrix to the fibers, improving the stiffness of the blend.
However, in the SDS–GF blend, fiber pull-outs are spotted, which will lead to poor tensile
properties of the blend. The reason behind the HDPE-g-MA providing a better adhesion to
the matrix is the MA functionality which acts as a coupling agent between the blend matrix
and the glass fibers [51].

3.1.3. Mechanical Properties

Tensile Test

The E-modulus of all blends is presented in Figure 6a. The R–Control blend showed
a reasonably high E-modulus with a value of 1045 MPa, which means that the blend is
stiff and brittle, due to the shorter polymer chains which result from chain scissions that
have taken place during the lifetime of the polymers as well as during extrusion where
the high temperature leads to thermal degradation and the shearing action of the screw
induces mechanical degradation [51,52]. Furthermore, the inhomogeneous structure of the
R–Control blend [53] in Figure 5a has large sized dispersions that act as crack initiators
rendering a brittle blend. The E-modulus of GMA and GMA–SDS is lower than the
R–Control blend by 23% and 18%, respectively. Such decrease is mainly due to the elastic
nature of the HDPE-g-MA compatibilizer, meaning the blend is becoming more ductile [54].
This ductility is also supported by the SEM morphology, where the decrease in droplet size
indicates better interfacial adhesion and compatibility between the two polymers [49].



Sustainability 2023, 15, 13291 12 of 22

Sustainability 2023, 15, x FOR PEER REVIEW 12 of 23 
 

 

Coating of the matrix onto the fibers is also seen which indicates good adhesion and 
ability of load transfer from the matrix to the fibers, improving the stiffness of the blend. 
However, in the SDS–GF blend, fiber pull-outs are spotted, which will lead to poor tensile 
properties of the blend. The reason behind the HDPE-g-MA providing a better adhesion 
to the matrix is the MA functionality which acts as a coupling agent between the blend 
matrix and the glass fibers [51]. 

3.1.3. Mechanical Properties 

Tensile Test 

The E-modulus of all blends is presented in Figure 6a. The R–Control blend showed 
a reasonably high E-modulus with a value of 1045 MPa, which means that the blend is 
stiff and brittle, due to the shorter polymer chains which result from chain scissions that 
have taken place during the lifetime of the polymers as well as during extrusion where 
the high temperature leads to thermal degradation and the shearing action of the screw 
induces mechanical degradation [51,52]. Furthermore, the inhomogeneous structure of 
the R–Control blend [53] in Figure 5a has large sized dispersions that act as crack initiators 
rendering a brittle blend. The E-modulus of GMA and GMA–SDS is lower than the R–
Control blend by 23% and 18%, respectively. Such decrease is mainly due to the elastic 
nature of the HDPE-g-MA compatibilizer, meaning the blend is becoming more ductile 
[54]. This ductility is also supported by the SEM morphology, where the decrease in drop-
let size indicates better interfacial adhesion and compatibility between the two polymers 
[49].  

  
(a) (b) 

Figure 6. (a) Elastic modulus of blends (left), (b) ultimate tensile strength of blends (right). 

The SDS blend shows almost no difference in stiffness in comparison to the R–Con-
trol. This is likely because the SDS functionalization works on lowering the HDPE size, 
enabling an even distribution of the minor phase but does not necessarily work on im-
proving the adhesion between the two polymers. The blends with a higher E-modulus 
than the R–Control are GMA–GF and SDS–GF by 61% and 59%, respectively. This is due 
to the reinforcing action of glass fibers, which are known for increasing the stiffness of 
thermoplastics [49,54]. The GMA–GF and SDS–GF blends have stiffness values superior 
to those found in the literature for commonly used FDM materials such as ABS and PLA, 
which have E-modulus values ranging from 800 to 1600 MPa [55,56]. The UTS values of 
the blends are displayed in Figure 6b. The R–Control has a UTS of 13.7 MPa due to shorter 
chains of the recycled polymers withstanding lower values of stress. All the other blends 

1045

806

1034
856

1686 1665

0

500

1000

1500

2000

E
la

st
ic

 M
od

ul
us

/ M
P

a

E-Modulus

R-Control GMA SDS

GMA-SDS GMA-GF SDS-GF

13.7

22.7

27.8

12

31.1

23.9

0

10

20

30

40

U
tl

im
at

e 
T

en
si

le
 S

tr
en

gt
h/

 M
P

a

UTS

R-Control GMA SDS

GMA-SDS GMA-GF SDS-GF

Figure 6. (a) Elastic modulus of blends (left), (b) ultimate tensile strength of blends (right).

The SDS blend shows almost no difference in stiffness in comparison to the R–Control.
This is likely because the SDS functionalization works on lowering the HDPE size, enabling
an even distribution of the minor phase but does not necessarily work on improving the ad-
hesion between the two polymers. The blends with a higher E-modulus than the R–Control
are GMA–GF and SDS–GF by 61% and 59%, respectively. This is due to the reinforcing
action of glass fibers, which are known for increasing the stiffness of thermoplastics [49,54].
The GMA–GF and SDS–GF blends have stiffness values superior to those found in the
literature for commonly used FDM materials such as ABS and PLA, which have E-modulus
values ranging from 800 to 1600 MPa [55,56]. The UTS values of the blends are displayed in
Figure 6b. The R–Control has a UTS of 13.7 MPa due to shorter chains of the recycled poly-
mers withstanding lower values of stress. All the other blends have higher strength values
than the R–Control, except for GMA–SDS. This can be referred to the morphology explained
earlier in Section 3.1.1, where the blocking of the interaction between the compatibilizer
and PET by the functionalization yielded a disturbance of the load transfer ability and
hence lower mechanical properties. The highest average value is for the GMA–GF blend
with 31.1 MPa, which is 127% better than the R–Control. This can be once more attributed
to the reinforcing action of glass fibers [49,54], as well as the presence of the HDPE-g-MA
which is a chemical coupling promoter between the polymer and GF surfaces [51].

The SDS functionalization facilitated the formation of crystallites giving a rise to the
%Xc, thereby increasing the UTS [37] wherein the UTS of the SDS blend showed a higher
value than the R–Control by 103%. Taking into consideration that the lower dispersion size
of the HDPE in the PET matrix is a sign of lower interfacial tension between the two phases,
this led to the increase in strength, followed by SDS–GF and GMA which represented an
increase of 74% and 66%, respectively. The weaker strength enhancing effect seen in the
SDS–GF could be attributed to the weak fiber matrix adhesion which was observed in the
SEM represented by the fiber pullouts. As for the GMA blend, the compatibilizer improved
the ability of the blend to tolerate higher stress values due to better interfacial adhesion.

The blend with lower UTS and the highest standard deviation was for the GMA–SDS
blend, possibly due to combining SDS with HDPE-g-MA compatibilizers, resulting in an
inhomogeneous blend as mentioned before. The addition of GF to SDS led to a lower
UTS by 14% compared to the SDS alone. Ronkay [50] reinforced PET-HDPE blends with
GF and found that GF adhere better to the PET surface. So, this could signify that the
PET surface functionalization yielded a PET surface which does not adhere well to the GF
reinforcement, thereby lowering the maximum stress that can be tolerated by the blend.
The UTS literature values of ABS and PLA range between 25 and 33 MPa [55–57] and the
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blends that fit in this range are the GMA and GMA–GF blends. The evaluation of the %EL
is illustrated in Figure 7a.
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Figure 7. (a) Percentage Elongation of the blends (left), (b) impact strength of blends (right).

The lowest value of 1.6% is for the R–Control sample. In a study [58], it was mentioned
that the compatibilization strength and how well the blend components adhere to each
other are measured by the % EL. The most ductile sample was GMA with an elasticity
of 5.3%, which is higher than the R–Control by 231%. This means that the HDPE-g-MA
compatibilizer is able to locate at the interface between the two polymer phases and increase
the interfacial adhesion, making the blend more ductile.

Following that come the SDS, GMA–GF, GMA–SDS, and finally the SDS–GF which
are higher than the control by 138%, 106%, 31%, and 25%, respectively. The SDS function-
alization provided lower ductility than the compatibilization method, indicating that the
adhesion between the two polymer phases was not as efficient. It can also be seen that the
GMA–SDS is lower than either GMA or SDS blend, which emphasizes the conclusion that
SDS surface functionalization of PET might be blocking the interaction between the MA
group of the HDPE-g-MA compatibilizer and the hydroxyl group of PET.

In addition, it should also be noted that the GMA–SDS blend has the highest standard
deviation, possibly due to the wide diameter distribution of the minor phase in the blend.
The least ductile blend after the R–Control is the SDS–GF with an % EL of 2%, which further
proves how brittle the blend is, meaning SDS does not provide good adhesion between
polymer blend matrix and reinforcement. In addition, since the GF increases the stiffness
and UTS, then this denotes that the blend is becoming more rigid and less ductile, hence
exhibiting a low value for % EL. The ductility of the GMA, SDS, and GMA–GF blends are
comparable with that of commercial ABS (5–6%) and PLA (3–4%) [52,54].

Impact Test

The impact strength of all the blends is presented in Figure 7b. The impact strength of
the R–Control blend is 4.5 kJ/m2. This is due to the degradation in the recycled polymers
which makes them stiff and brittle [58,59]. Furthermore, high interfacial tension between
the two polymer phases facilitates fracture at the interface. The blends that provide the
smallest rise in impact strength are the SDS–GF and GMA–GF, in which an increase of 24%
and 27% is achieved, respectively. This agrees with the tensile results as the SDS–GF blend
was the most brittle, further proving that the SDS does not offer the best properties when
coupled with reinforcement. The HDPE-g-MA, however, gives a higher impact strength
since the compatibilizer provides better adhesion between the fiber and matrix [60].
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The glass fiber reinforced blends have a low impact strength, which is synonymous
with the tensile test results, indicating that the short glass fibers are making the blend more
brittle and less tough. Following this come the GMA, GMA–SDS, and SDS blend with
429%, 509%, and 633% increase in impact strength, respectively.

The SDS blend has a higher impact strength than the GMA blend, meaning that the
blend absorbs more energy before fracture. This can be attributed to the smaller dispersion
size of the HDPE nodules in the SDS blend in comparison to the GMA blend, meaning
a greater interfacial area exists between the two polymers, giving the blend the ability
to absorb more energy before fracture, thereby rendering a tougher blend. Despite the
GMA–SDS having low tensile properties, it still had a high impact strength value, which
could mean that the combination of the two methods serves better as an impact modifier.
The highest standard deviation in the values was with the GMA–SDS blend, implying a
lack of homogeneity in its structure as seen in the morphology.

3.1.4. Printability Assessment of Fractured 3D Printed Specimens

The preliminary printability assessment comprised of comparing between the computer-
aided design (CAD) model and the printed specimens in terms of width, thickness, and
cross-sectional area, and the quality of the tensile specimens were qualitatively evaluated
from microscope images. Below, Figure 8 shows the microscope images of the top and
cross-sectional view of the tensile samples after being laser-cut. Cross-sectional views are
not necessarily an accurate way to evaluate the porosity content as the laser beam heats and
melts the material during the cut, so diffusion of the material across layers will occur and
might seal any porosities present. Starting with the R–Control sample in Figure 8a, several
spacings between the longitudinal printed tracks can be observed. In the cross-sectional
view, porosity can also be seen between the layers, this indicates a poor quality print of this
blend. The GMA top view in Figure 8b clearly shows an irregular surface, and the printed
tracks appear to contain some bubbles, possibly due to moisture that was trapped in the
filament and released during printing [41] which may be due to inefficient drying of the
filament [8]. The cross-sectional view shows no porosity in comparison with the R–Control.
The SDS top view in Figure 8c shows a more uniform print with no inter-track spacing,
indicating the good quality print provided by the functionalization method which provided
lower dispersion size and greater surface area of contact between the two polymers. The
cross-sectional view of the specimen shows no voids between the layers as well.

In Figure 8d, the GMA–SDS top view shows roughness and inconsistency along the
length of the tracks and inter-track voids can also be seen. The cross-sectional view shows
voids between the tracks in the layers approaching the end of the print. This could be
due to the annealing effect from the heated build plate providing inter-diffusion between
the bottom layers closest to the base, while the top layers were not subjected to this heat
resulting in faster cooling and the presence of voids [41]. The GMA–GF top view presented
in Figure 8e shows a rough surface appearance due to the presence of glass fibers, which
increase the viscosity of the print, leading to lower flowability and greater interlayer
spacing, as previously reported in the literature [61]. These inter-track voids can also be
seen in the cross-sectional view of the sample. In addition, these samples were printed
at 285 ◦C, which is 10 ◦C higher than the remaining blends, so this irregularity in the
tracks can also be due to thermal degradation influencing the dimensional stability [12], or
moisture that was trapped in the material and released, similar to the GMA blend. Finally,
the SDS–GF top view in Figure 8f shows better surface appearance and consistency in the
printed tracks than the GMA–GF sample but still exhibits some surface roughness. This
could be due to the presence of fibers which disturb the flowability of the molten polymer
matrix and lead to inter-track spacing as previously explained. The solution to this is
either increasing the extrusion percentage from the nozzle beyond 100% [62] or decreasing
the fiber content [63]. The brownish tint on the samples is due to the heating effect from
the laser-cut. The irregular line in the middle of almost all the printed samples, except
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the GMA–GF and SDS–GF, is due to the nozzle head passing by this region several times
during the printing process, thereby causing friction and abrasion to the surface.
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The second part of the printability assessment is evaluating the dimensional accuracy
of the printed products. The initial CAD dimensions of the cross-sectional area were
10.0 mm × 3.5 mm. The average width and thickness of the three printed specimens of
each blend were measured using a micrometer and their standard deviation was calculated
and is shown in Table 4. The area percentage increase was also calculated with respect to
the CAD model. It should be noted that the GMA–GF samples printing was incomplete,
so this led to a smaller cross-sectional area and, therefore, their area percentage increase
was negative. From the overall average width and thickness, it can be seen that the sample
width presents a large variation from the CAD model than the thickness, with an average
increase in width of 0.73 mm (7.3%), while the average increase in thickness was 0.09 mm
(2.5%). This is evident in Figure 9, which shows the datum line of the width and thickness
of the CAD model along with the bar charts of the average dimensions of each blend.

Table 4. Average dimensions of 3D printed samples.

Blend Name Width/mm Thickness/mm

CAD Reference 10.00 3.5

R–Control 10.98 ± 0.31 3.78 ± 0.47

GMA 11.03 ± 0.65 3.69 ± 0.26

SDS 10.61 ± 0.46 3.77 ± 0.10

GMA–SDS 10.42 ± 0.23 3.64 ± 0.03

GMA–GF 10.59 ± 0.08 3.12 ± 0.81

SDS–GF 10.76 ± 0.17 3.56 ± 0.08

The bar charts of the width are much higher than their datum in comparison with
the thickness and their corresponding datum. This difference can be linked to the path
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width being larger than the nozzle diameter (0.96 vs. 0.8 mm), thereby depositing a
greater amount of material from the nozzle during the print, which contributes to the
low dimensional accuracy in the width of the samples. Since the filament is made in-
house, filament diameter variations were definitely larger than those which are obtained
industrially, and these deviations were not taken into consideration by the slicing software,
which also could have led to these dimensional inaccuracies. Furthermore, part of this
variation may be linked to the printer’s process capability and the slicing software [64]. The
largest standard deviation and percentage increase in area is in the R–Control, GMA, and
GMA–GF blends. Some of the samples printed presented an irregular surface similar to that
found in Figure 7b. This is assumed to be due to thermal degradation occurring during the
printing process, or possibly due to moisture presence in the filaments being released with
high temperature as stated earlier. The smallest standard deviation and percentage increase
in area is in the GMA–SDS sample, which is likely due to a thin but consistent filament
diameter which led to the inter-layer spacing seen in Figure 8d. Filament consistency and
vacuum drying of the material and filaments would be needed in future work to be able to
link the blend composition with dimensional accuracy.

Sustainability 2023, 15, x FOR PEER REVIEW 16 of 23 
 

 

The second part of the printability assessment is evaluating the dimensional accuracy 
of the printed products. The initial CAD dimensions of the cross-sectional area were 10.0 
mm × 3.5 mm. The average width and thickness of the three printed specimens of each 
blend were measured using a micrometer and their standard deviation was calculated 
and is shown in Table 4. The area percentage increase was also calculated with respect to 
the CAD model. It should be noted that the GMA–GF samples printing was incomplete, 
so this led to a smaller cross-sectional area and, therefore, their area percentage increase 
was negative. From the overall average width and thickness, it can be seen that the sample 
width presents a large variation from the CAD model than the thickness, with an average 
increase in width of 0.73 mm (7.3%), while the average increase in thickness was 0.09 mm 
(2.5%). This is evident in Figure 9, which shows the datum line of the width and thickness 
of the CAD model along with the bar charts of the average dimensions of each blend.  

 
Figure 9. Dimensional comparison between the CAD model and printed parts. 

Table 4. Average dimensions of 3D printed samples. 

Blend Name Width/mm Thickness/mm 
CAD Reference 10.00 3.5 

R–Control 10.98 ± 0.31 3.78 ± 0.47 
GMA 11.03 ± 0.65 3.69 ± 0.26 
SDS 10.61 ± 0.46 3.77 ± 0.10 

GMA–SDS 10.42 ± 0.23 3.64 ± 0.03 
GMA–GF 10.59 ± 0.08 3.12 ± 0.81 
SDS–GF 10.76 ± 0.17 3.56 ± 0.08 

The bar charts of the width are much higher than their datum in comparison with the 
thickness and their corresponding datum. This difference can be linked to the path width 
being larger than the nozzle diameter (0.96 vs. 0.8 mm), thereby depositing a greater 
amount of material from the nozzle during the print, which contributes to the low dimen-
sional accuracy in the width of the samples. Since the filament is made in-house, filament 
diameter variations were definitely larger than those which are obtained industrially, and 
these deviations were not taken into consideration by the slicing software, which also 
could have led to these dimensional inaccuracies. Furthermore, part of this variation may 
be linked to the printer’s process capability and the slicing software [64]. The largest 
standard deviation and percentage increase in area is in the R–Control, GMA, and GMA–
GF blends. Some of the samples printed presented an irregular surface similar to that 
found in Figure 7b. This is assumed to be due to thermal degradation occurring during 
the printing process, or possibly due to moisture presence in the filaments being released 
with high temperature as stated earlier. The smallest standard deviation and percentage 
increase in area is in the GMA–SDS sample, which is likely due to a thin but consistent 

10.98 11.03 10.61 10.42 10.59 10.76

3.78 3.69 3.77 3.64 3.12 3.56

0
2
4
6
8

10
12

D
im

en
si

on
 [

m
m

]

Width/ mm Thickness/ mm

CAD width/mm CAD thickness/mm

Figure 9. Dimensional comparison between the CAD model and printed parts.

3.1.5. Cost Estimation of Materials

The unit price of each of the components in the GMA and SDS blend were obtained,
and their share in 1 kg of the blend was calculated to find the overall cost price of these
blends. The GMA cost price of 1 kg is equivalent to USD 5 while the SDS blend is equivalent
to USD 2. Their selling prices are set to be multiplied by 200% without shipment costs. So,
the GMA blend selling price of a spool of 1 kg would be USD 10, while the SDS blend would
be approximately USD 4. The selling prices obtained from online commercial websites had
a selling price of VPETG spool equivalent to USD 25, while RPETG costs of around USD 20.
The VHDPE spool cost is almost USD 60.

As can be seen, both blends would be more economical to use than the commercially
available spools of similar material. Hence, it can be stated that the developed recycled
blends will be less expensive than other virgin and recycled materials readily available in
the market, and it will contribute to lower plastic waste generated by 3D printing, because
users will be utilizing waste instead of generating new waste.

3.2. Life Cycle Assessment (LCA)

Figure 9 illustrates the model created for each blend, with all inputs into the system
using Sankey diagram representation which visualizes the quantity of the flows in relation
to the final product in terms of the arrows thickness. Figure 10 demonstrates the percentage
contribution of each life cycle phase to the impact indicators and Table 5 demonstrates
the cumulative impact of the life cycles assessed to each blend prepared for a set of
impact categories.
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Table 5. Life cycle impact assessment (LCIA) results in relation to functional unit of 1 kg for each blend.

SDS–GF SDS R–Control GMA–SDS GMA–GF GMA V–Control

Freshwater ecotoxicity potential (FETP) no
LT, kg 1,4-DCB-Eq 0.007630 0.007184 0.003163 0.004844 0.003669 0.003224 0.003655

Terrestrial acidification potential (TAP) no
LT, kg SO2-Eq 0.023808 0.022514 0.021770 0.022537 0.023481 0.022187 0.022900

Human toxicity potential (HTPc) no LT,
kg 1,4-DCB-Eq 0.055101 0.050265 0.047578 0.049980 0.053134 0.048297 0.045087

Global warming potential (GWP1000) no LT,
kg CO2-Eq 12.678611 12.408651 12.271578 12.524416 12.723771 12.453811 12.795880

Particulate matter formation potential
(PMFP) no LT, kg PM10-Eq 0.008117 0.007552 0.007264 0.007602 0.008017 0.007453 0.007774

Ozone depletion potential (ODPinfinite) no
LT, kg CFC-11-Eq 0.000004 0.000035 0.000003 0.000003 0.000004 0.000003 0.000007

Water consumption potential (WCP) no LT,
m3 0.035909 0.034358 0.022370 0.030769 0.027236 0.025684 0.030122

Fossil fuel potential (FFP) no LT, kg oil-Eq 4.476042 4.406701 4.372121 4.468671 4.521112 4.451771 4.794605

The set of selected impact categories is demonstrated in Table 5 for each blend prepared
along with Figure 10 which demonstrates the quantitative data graphically. We show
that for the freshwater eco-toxicity potential, terrestrial acidification potential, human
toxicity potential, particulate matter formation, and water consumption potential the SDS–
GF blend has the highest impact; followed by the V–Control blend with highest global
warming potential and fossil fuel potential; and the SDS blend which has the highest ozone
depletion potential.

The results in Figures 11 and 12 show the impact for each blend with a system
boundary assigned cradle-to-gate, taking into consideration all the upstream activities
for the raw material extraction and the manufacturing phase with all manufacturing energy
consumption to achieve the FDM filaments. Calculations were carried out to provide the
percentage contribution of each selected impact indicator to the life cycle phases being
assessed and the results are summarized in Figure 11.
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Figure 12. Percentage contribution of life cycle phases.

The raw materials phase takes into consideration the impacts from all upstream activi-
ties for the raw material extraction, and the manufacturing phase takes into consideration
the energy used in the procedure carried out to obtain the FDM filaments. The material loss
takes into consideration the water disposed of, which was used for all blend preparations
using the SDS functionalization technique for the SDS, GMA–SDS, and SDS–GF blends.

Each blend displays how each phase of the life cycle contributes to the total impact;
the manufacturing phase contributes the most to the impact indicators for all the blends as
the energy consumption is invariable for all the blends’ preparation. Therefore, taking a
deeper look at the raw material phase for instance, the R–Control blend is composed of
fewer materials and hence has a lower impact in the raw material phase. Also, for example,
the SDS–GF blend has the highest contribution from the raw materials phase due to the
presence of reinforcing glass fibers with a huge environmental impact.

Figure 13 illustrates the normalized impact indicators for each blend; this was cal-
culated to show the lowest to highest in relation to the environmental performance. The
R–control blend shows least environmental impact and the V–control blend shows highest
environmental impact cumulatively.
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4. Summary

This research aimed at the valorization of commodity plastic waste into feedstock
material to be introduced for AM processes. Three main approaches were followed to
develop the 80:20 rPET/rHDPE blends, namely: compatibilization, functionalization,
hybridization, and reinforcement. The blends were assessed for their mechanical and
thermal properties in addition to their printability.

The findings in this study are summarized in the Table 6.

Table 6. Collective summary of the properties and environmental impacts for all blends.

Blend Name
% Crystallinity

HDPE/PET
Phases

Glass Transition
Temperature

(◦C)
E-Modulus

(MPa)

Impact
Strength
(KJ/m2)

% Width Error
in Prints

Cost
Estimation
(USD/Kg)

Fesh Water Eco
Toxicity Potential
(kg 1,4-DCB-Eq)

GWP
(kg CO2-Eq)

R–Control 64.8/18.0 97.27 1045 4.5 9.8 1.5 0.003163 12.27

GMA 24.7/22.9 95.26 806 23.8 10.3 5 0.003224 12.45

SDS 40.7/28.3 93.94 1034 33.0 6.1 2 0.007184 12.40

GMA–SDS 26.4/27.6 93.76 856 27.4 4.2 3.5 0.004844 12.52

GMA–GF 21.9/24.0 96.25 1686 5.7 5.9 6.5 0.003669 12.73

SDS–GF 35.9/22.9 96.78 1665 5.6 7.6 3.5 0.007630 12.67

5. Discussion

The growing plastic waste volume poses a threat to our eco-systems, and one of
the ways to deal with this dilemma is to recycle more plastics and consequently achieve
circularity. In this work, new blends are developed for FDM filaments using post-consumer
recycled plastics (rPET-rHDPE) and a full material and sustainability assessment was
carried out.

Three different methods of producing recycled rPET-rHDPE blends were investigated
by grafting MA on rHDPE to form HDPE-g-MA, functionalization of PET with SDS, and
finally by combining the two methods which is a novel approach. The selected blends were
then compounded with 10 wt.% glass fibers. The results showed that the compatibilization
and functionalization methods provided an enhancement in tensile and impact properties,
which was also supported by the morphology images. The highest elastic modulus was
achieved by the GMA–GF and the SDS–GF, which proved an improvement by 61% and
59%, respectively, in comparison to the control sample. On the other hand, the most
ductile sample was the GMA with an elongation of 5.3%, which is a 231% improvement
compared to the control sample. The most brittle sample was the SDS–GF, with an % EL
of only 2%. The impact properties of the blends show that the highest impact strength
was achieved by the SDS (429%) followed by the GMA–SDS (509%), and finally the GMA
(429%) when compared to the control sample. The 3D printing of the blends proved to
be successful but with limited dimensional accuracy, whereas the best printable blend
was the GMA–SDS with an area % error of 8.4 in comparison to 18.6% for the control
blend. Therefore, proper drying of the material, monitoring of filament consistency during
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extrusion, and process optimization are key to be able to yield a better quality 3D-printed
part. The cost calculations proved the economic efficiency of deploying the developed
blends where a cost reduction of more than 50% was estimated.

LCA normalized impact indicators showed that the SDS–GF yielded the highest
impact among all blends at 23.8% higher than the reference control sample (R–Control).
Comparing the impact of the virgin materials with same composition (V–control), it proved
to have the maximum environmental impact and was 24.6% higher than the R–Control.
Here it is worth highlighting the huge environmental impact of the virgin PET/HDPE
blend which is comparable to the blend containing glass fibers with its known negative
environmental impact. By combining the results of the LCA and the material development
and characterization, it is obvious that the novel blends GMA–GF and GMA–SDS were the
best performing, chosen in relation to mechanical properties, printing quality, cost, and
overall environmental performance.

6. Future Prospects

The authors believe that this research will bring the AM industry a step closer towards
a circular economy by reducing the amount of virgin raw material resources, while reducing
the amount of cumulative plastic waste generated by this industry. Furthermore, blends
such as the GMA–GF present tensile properties similar to that provided by commonly used
FDM commercial feedstock materials and thus can be used in AM applications such as
prototype modeling. Simultaneously, the use of recycled feedstock material consumes and
reduces the cumulative plastic waste volume already present whilst at the same time still
being more economical than the standard raw material. In addition, future research is still
required to study the effect of recycling cycles on the mechanical and thermal performance
of the developed blends.
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