®

Check for
updates

Comparative Analysis of Virgin and Recycled
ABS Filaments

Raquel Sudbrack®™ @, Gabriela Cerveira®), Greice Caldovino,
Luis Henrique Candido (), and Fabio P. Silva

Federal University of Rio Grande do Sul, PGDesign, Porto Alegre - RS, Brazil
raquelsudbrack@gmail.com

Abstract. This paper aims to conduct a comparative analysis between commer-
cially available virgin and recycled ABS filaments of parts printed by Fused Fila-
ment Fabrication (FFF) technology as well as to provide information on the differ-
ences in performance of both materials for 3D printing. Material characterization
methods (FTIR, TGA, DSC and DMA), FFF for the manufacture of specimens
and mechanical tensile and impact tests were used to determine the characteristics
of each printed material. The study showed small differences in composition and
mechanical behavior between the two materials. The main finding was that Vir-
gin ABS had higher impact resistance. In addition, the recycled material behaved
more unstable during the 3D printing process. The results showed some differ-
ences between the two materials, virgin ABS proved to be much more resistant
to impact. In addition, recycled ABS displayed a little more sensitive behavior to
temperature and humidity when compared to virgin ABS.

Keywords: 3D printing - Additive manufacturing - Fused Filament Fabrication -
Acrylonitrile butadiene styrene - Recycled material

1 Introduction

Fused Filament Fabrication (FFF), also known as Fused Deposition Modelling (FDM),
is the most widely used process among the manufacturing technologies available in 3D
printing, according to Gomes-Gras et al. (2018). This technology allows for fast, small-
scale, low-cost production of customized products without the need for machining or
tooling (Berman 2012). Industry, educational institutions, and ordinary users have an
increasing interest in 3D printing (Soares et al. 2018). The economic and environmental
issues of this sector must be considered, as this technology is promoting a change in
energy and material consumption, causing an unpredictable impact on society (Grif-
fiths et al. 2016). Due to an improvement in additive manufacturing, technologies, and
production speeds, it seems that the amount of 3D printed polymers will continue to
increase (Lanzotti et al. 2019).

The orientation, direction and scanning style of the printing process can influence the
mechanical properties of the manufactured part, and for this reason the characterization
of the materials used contributes to the understanding of some limitations (Goh et al.
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2017). There is little published data on the mechanical properties of parts manufactured
by 3D printing from recycled filament (Anderson 2017). According to Balart et al.
(2005), in order to enable the reuse of a recycled material it is extremely important to
maintain an adequate stability between its properties and processability. Despite this,
there is no need for the properties of the recycled material to be identical to those of the
virgin material.

According to Anderson (2017), the parts produced from recycled PLA (Polylactic
Acid) filament displayed a good performance, which encourages conducting new tests
with other polymers, such as ABS (Acrylonitrile Butadiene Styrene). Currently, there
are several filament options for 3D printing and an increasing demand for products made
from recycled raw materials (Dul et al. 2016).

3D printing contributes to sustainable manufacturing through the possibility of
using recycled materials and reducing waste, energy demand and carbon emissions
(Nadagouda et al. 2020). In the present experimental study, ABS was used in this pro-
cess, since it is one of the most common materials used in 3D printing. Thus, the objective
of the present study was to conduct a comparative analysis between national commer-
cial filaments of virgin and recycled ABS of 3D printing parts using FFF technology to
determine their performance and to establish possible differences between them.

2 Experimental Study

The materials tested were two ABS filaments produced in Brazil by different manufac-
turers: the virgin ABS from Filamentos 3D Brasil (F3DB) and the recycled ABS from
PrintGreen 3D. A black colored 1.75 mm 3D printing filament was selected for standard-
ization purposes. According to their respective manufacturers, virgin ABS is generated
from a resin that has a high fluidity index, while recycled ABS is created from automo-
tive electronic casings. The comparative analysis between the filaments consisted of two
phases: characterization of materials and mechanical tests, in which different techniques
were used (see Fig. 1).

Recycled ABS Virgin ABS

Material characterization Mechanical tests
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Fig. 1. Diagram of the methodological procedures.

Particulate Matter (PM) emission profiles are significantly impacted by print filament
type, brand and color over time. During 3D printing, the filament brand can be responsible
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for relevant differences in the PM emission profiles. These differences occur because the
type and loading of components within these filaments vary for different brands (Khaki
et al. 2021).

2.1 Material Characterization

For a more comprehensive evaluation of the properties of the selected materials, both
filaments were submitted to three techniques: Fourier transform infrared spectroscopy
(FTIR); Thermogravimetric analysis (TGA); Differential scanning calorimetry (DSC).

The FTIR technique promotes the vibration of chemical bonds established between
atoms due to energy absorption through the emission of infrared radiation in a sample.
The evaluation of absorption spectra allows the characterization of the chemical compo-
sition of complex samples (Rubio et al. 2016). The equipment operated in this test was
a PerkinElmer Spectrum 100 with resolution of 4 cm™!, in which the surfaces of three
samples of each material were analyzed by performing 16 scans per sample.

TGA is a thermal analysis technique that measures the amount and rate of change in
the weight of a material as a function of temperature or time in a controlled atmosphere,
and displays the process of material degradation (Divyathej et al. 2016). This analysis of
the materials was performed using a TGA-Q50/TA device. The ABS filaments samples,
weighing approximately 10 mg, were analyzed at a heating rate of 10 °C/min in a nitrogen
atmosphere in the temperature range of 23—-600 °C.

The DSC technique is used to measure the energy difference between a sample and
a reference material as a function of a heating or cooling program under a controlled
atmosphere (Denari and Cavalheiro 2012). In this study, the tests were performed using a
NETZSCH DSC 404 F1 Pegasus® device (platinum crucible). At approximately 10 mg,
the samples were heated once in the temperature range of 25 to 600 °C, with a heating
rate of 10 °C/min in a nitrogen atmosphere.

2.2 Mechanical Tests

The mechanical tests were initiated with the 3D printing process for the production of
specimens with virgin and recycled ABS filaments. Next, the specimens were used for
the tensile and impact tests.

Fused Filament Fabrication - FFF. According to Kim et al. (2018), the design capa-
bility for part quality depends on the settings used for printing, such as layer thickness,
fill pattern, print speed, among others. Therefore, the print definitions used in this study
were: 50% infill (the maximum value allowed by the equipment); 0.1 mm layer height;
0.4 mm wall thickness (4 layers); XY building orientation at 45°; and no support mate-
rial. All specimens were printed using a Cliever CL1 3D printer, with a 0.3 mm diameter
nozzle. Table 1 shows the printing parameters considered suitable for the filaments, in
order to obtain parts with good quality.

Tensile Test. According to Dizon etal. (2018), the tensile test allows the measurement of
the material mechanical strength and the variation of this deformation due to the applied
tension. In the present study, five samples of each material were tested. The equipment
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Table 1. Printing parameters for the specimens.

Parameters Virgin ABS Recycled ABS
Extruder nozzle temperature (°C) 205 215
Bed temperature (°C) 100 110
Density (g/cm3) 1.04 1.0

used was a Shimadzu universal testing machine, with a 5 kN maximum capacity and
5 mm/min speed.

Studies have shown results that included the final resistance, deformation and mod-
ulus of elasticity of the printed parts and described the interference of the printing
parameters in their mechanical properties. Thus, the specimens were manufactured by
means of 3D printing, following the ASTM D638-2A type IV standards.

IZOD Impact Test. The IZOD impact test determines the impactresistance of materials
when submitted to a sudden force, determining the impact energy or energy absorbed
before fracturing (Divyathej et al. 2016). Five samples of each material were tested using
an Instron, CEAST 9050, 5.5 J pendulum-type hammer. Similar to the tensile test, the
specimens were also manufactured by the FFF printing method, but followed the ASTM
D256 standard instead.

A tensile concentrator, represented by a notch located in the middle of the specimens,
with angle and indentation specified by the testing standard, was observed during 3D
printing. According to Roberson et al. (2015), the differences between printed and carved
notches on ready-made parts are not significant, suggesting that a printed notch is also
appropriate for samples used in the impact test.

3 Results and Discussions

3.1 Fourier-Transform Infrared Spectroscopy

The resulting graphs showed a similarity in the main structural composition between
virgin and recycled ABS (Fig. 2). These values were mainly due to the presence of three
groups that characterize the material: the alkyl group made from a simple bond between
carbon and hydrogen (C-H) at the peaks 3000-2800 cm™!; the nitrile group made from
a triple bond between carbon and nitrogen (C=N) at 2237 cm™'; and the presence of
an aromatic compound at 1495 cm™! peak. Such information (Table 2) was obtained in
the FTIR software and libraries and compared to that of Li et al. (2017).

However, significant differences were found between the two materials as shown in
the following bands of the spectrum of recycled ABS: 1772.12cm ™!, 1224.40cm™!, and
1162.44cm™! (Fig.2). According to Lietal. (2017), the bands investigated confirmed the
presence of the carbonyl group around 1772 cm™! and a C-O bond stretching vibration
of approximately 1200 cm~! can be observed, which characterizes a carbonate bond
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present in the PC (polycarbonate) molecule (Table 3). These aforementioned authors
reported that the peaks at 2237 cm™!, 1772 cm™!, 965 cm™!, and 910 cm™! represent
a mixture composed of ABS and PC polymer.
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Fig. 2. FTIR spectrum of virgin ABS and recycled ABS filaments.

Table 2. Identification of FTIR bands (cmfl) in ABS filaments.

Virgin ABS | Recycled ABS Reference” Corresponding functional group*

3027 3200-3000 3200-3000 | Stretching vibrations of aromatic

2920-2851 |2922-2852 3000-2800 | Stretching vibrations of aliphatic C—H

2237 2237 2237 Acrylonitrile unit represented by the C = N bond

1602 1602 1638 Stretching vibration of C = C double bond from
butadiene units

1493 1504 1495 Stretching vibration of aromatic ring from styrene
unit

965 965 967 Deformation of C—H for hydrogen atoms attached
to alkane carbons for 1,4 butadiene units

910 910 911 Deformation of C—H for hydrogen atoms attached

to alkane carbons for 1,2 butadiene units

*Reference bands of functional groups according to Li et al. (2017).

Other authors have also attributed such FTIR spectra to ABS and PC blends from
the automotive sector (Balart et al. 2005; Ferreira et al. 2018), which confirms the
specifications provided by the manufacturer of the recycled filament. It can be concluded
that, despite the presence of PC in the recycled material, both commercial filaments were
mostly composed of acrylonitrile butadiene styrene.
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Table 3. Identification of typical bands (cm™1) of PCin recycled ABS filaments.

Recycled ABS | Reference* | Corresponding functional group*

1772 1772 Typical carbonate bond with an infrared absorption of carbonyl
group

1224 1200 Stretching vibration of C—O bond

1162

*Reference bands of functional groups according to Li et al. (2017).

3.2 Thermogravimetric Analysis

The comparative analyses of the materials showed a quite similar behavior pattern
between them. ABS degrades in two stages: Stage 1 with temperatures ranging from
180 to 480 °C, and Stage 2, from 480 °C to 620 °C (Yang et al. 2004). In both samples,
the TGA curve (Fig. 3) exhibits a mass loss, confirming the required pattern of the mate-
rial. However, a difference of 12.31 °C in the degradation temperature of the recycled
ABS sample was identified, suggesting the presence of fillers and additives.
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Fig. 3. Comparative TGA curve of virgin and recycled ABS samples.

Table 4 shows the thermal decomposition stages of the tested material. When com-
pared to the virgin ABS sample, the recycled material showed a higher decomposition
onset temperature, whereas the temperature range to decompose was lower. In other
words, the degradation of recycled materials takes longer to start, however it occurs
more rapidly. Therefore, it should be observed that this difference exists mainly because
virgin ABS has an intrinsically more stable chemical composition, since it is a first cycle

material.
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Table 4. Identification of decomposition temperatures of virgin and recycled ABS.

Samples 1st Stage 2nd Stage Degradation
Ti-Tf (°C) | Mass loss (%) | Ti-Tf (°C) | Mass loss (%) | temperature (°C)

Virgin ABS 212480 | 88.8 480-600 | 10.3 42276

Recycled ABS | 240460 | 85.4 460-600 | 14.6 410.45

3.3 Differential Scanning Calorimetry

The DSC results showed an endothermic peak only for the virgin ABS samples, and
an exothermic peak followed by an endothermic peak for the recycled ABS sample
(Fig. 4). The endothermic peaks represent the movement of molecules at the time of
material decomposition. The exothermic peak present in recycled ABS can be attributed
to the presence of PC and additives during the recycling process.

Based on the data from all characterization tests, it can be said that recycled ABS
begins its degradation at slightly higher temperatures, but in a shorter interval. In pro-
cessing terms, this may indicate a higher sensitivity to 3D printing temperature. Thus,
the data obtained justifies the selected printing temperatures of 205 °C for virgin material
and 215 °C for recycled material.
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Fig. 4. Comparative DSC curve of virgin and recycled ABS.

3.4 Tensile Test

During the mechanical tensile tests, the results extracted were: tensile stress, displace-
ment, elongation and elastic modulus (Table 5). Figure 5 shows the samples after tensile
test. It is worth mentioning that all the specimens broke, except in the fourth test for
recycled ABS, which was caused by a detachment of the outer walls. This event can be
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Table 5. Results of the tensile test.

Parameters Virgin ABS Recycled ABS
Average Standard deviation Average Standard deviation
Tensile stress 42.68 1.0 47.84 1.2
(N/mm?)
Displacement 1.77 0.03 1.87 0.14
(mm)
Elongation (%) 291 0.06 3.06 0.22
Elastic modulus 2142.50 341.48 1917.29 450.32

(N/mm?)

observed on a smaller scale during other tests and reveals a possible adhesion problem

between layers.

This data usually vary a lot between the specimens. In the virgin ABS specimens the
results range were: 41,54—43,85 N/mm? for tensile stress; 1,82—1,74 mm for displace-
ment; 2,85-2,99% for elongation; 1572,36 to 248474 N/mm? for elastic modulus. In the
recycled ABS specimens, the results range were: 46,23-48,98 N/mm? for tensile stress;
1,72-2,00 mm for displacement; 2,82-3,28% for elongation; 1458,84-2592,23 N/mm?
for elastic modulus. That is, the recycled ABS showed a greater variation between values
from specimens tested compared to virgin ABS.

-
it

Fig. 5. Broken specimens after tensile testing: (a) virgin ABS and (b) recycled ABS.

Quantitatively, the results were homogeneous. The samples showed quite similar
mechanical properties, however, recycled ABS exhibited slightly higher tensile strength
compared to virgin ABS. Figure 6 graphically represents the stress—strain curves of the
average of all five samples of both materials.
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Fig. 6. Material stress—strain curves.

3.5 Impact Test

In the impact test, the samples did not break completely in the first collision, when
hanging only by one of the outer walls. This occurred as a result of the detachment of
the contour layers, which allowed the outer wall to bend to the passage of the pendulum
hammer and be ruptured upon return. However, when the surfaces were analyzed, the
specimens presented a fracture without visible plastic deformations (Fig. 7).

A B

Fig. 7. Broken specimens after impact testing: (a) virgin ABS and (b) recycled ABS.

Regarding the results, it can be concluded that the recycled ABS samples absorbed
less energy compared to the others, which reveals lower impact strength of this material,
as demonstrated in Table 6.
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Table 6. Results of the Izod impact test.

Parameters Virgin ABS Recycled ABS
Average | Standard deviation | Average | Standard deviation
Energy absorbed (%) 5.65 0.44 2.39 0.23
Impact strength (KJ/m2) 1 7.97 0.62 3.29 0.32
Impact energy (J) 0.31 0.02 0.13 0.01

4 Conclusions

This study contributed to the characterization of commercially available virgin and recy-
cled ABS filaments to provide with useful additional information on the mechanical
properties of 3D printed specimens. Contrary to most research on recycled filaments,
which comes from artisanal recycling processes, the commercial filaments analyzed in
this study were serially manufactured. That is to say, raw materials go through more
controlled processes to reduce performance variability.

The results showed some differences between the two materials, both in characteri-
zation and mechanical performance tests. The most significant difference was that virgin
ABS proved to be much more resistant to impact. This became evident when it absorbed
more than twice energy as it did before rupture. Comparatively, the impact strength of
recycled ABS was only 42% of that of virgin ABS. The elastic modulus was 11% lower.
In addition, after the preparation of the specimens through 3D printing, it is plausible
to say that recycled ABS displayed a little more sensitive behavior to temperature and
humidity when compared to virgin ABS. It should be pointed out that this behavior was
also observed in experiments with filaments of other recycled materials, as in the case
of PLA studied by Anderson (2017).

Loss of mechanical properties can be managed in prototyping, which does not prevent
the use of recycled ABS in most cases. Further, the use of recycled filaments can help
reduce the environmental impact caused by 3D printed parts and supports sustainable
manufacturing. It is concluded, therefore, that filaments produced for FFF 3D printing
using commercial recycled ABS can be used by so-called domestic equipment, or even,
with due precautions, held to a professional standard.
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