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A B S T R A C T   

Filaments from blends of post-industrial, low-quality recycled poly(ethylene terephthalate) (RPET) and ethylene- 
butyl-acrylate-glycidyl-methacrylate (EBA-GMA) were extruded with different EBA-GMA contents, then speci-
mens were 3D-printed by fused filament fabrication technology. It has been demonstrated that, when 0–90◦ layer 
order is applied, at 15 wt% EBA-GMA content the unnotched impact strength increases by two and a half times 
and the notched impact strength by nine times compared to samples printed from elastomer-free RPET. DSC and 
DMA measurements proved that EBA-GMA reactively bonds to PET molecules, which is indicated by the 
increment of rigid amorphous phase and glass transition temperature and the reduction of crystallinity. The co- 
polymer molecules formed in-situ during compounding create a Toughening Enhancer Interphase (TEI), which 
also remains after 3D printing and effectively enhances impact strength. The strain at break and tensile strength 
of the filaments are substantially higher than that of 3D-printed specimens due to the increasing shrinkage and 
the resulting increased porosity of the printed specimens with higher EBA-GMA content. However, the Young- 
modulus values are quite similar. The flexural strength of the 3D-printed specimens reaches 40–60% of the 
values of injection moulded samples. The proposed method enables the production of parts with arbitrary ge-
ometry and balanced mechanical properties from RPET, which may substitute acrylonitrile butadiene styrene.   

1. Introduction 

The evolution of 3D printing technologies in the last couple of de-
cades and their impact on various industrial segments are remarkable 
[1–4]. Nowadays, multiple 3D printing technologies are available, 
emphasizing FFF technology which is favorable because of its 
cost-efficiency and simplicity. Due to the abovementioned benefits, 
smaller businesses and private people can purchase it, as well, so further 
expansion of the supplier system is expected [5]. However, properties 
like dimensional accuracy, porosity, and surface roughness are often yet 
to be improved, as they are influenced by many parameters (nozzle 
temperature, flow rate, printing speed, and so on) [6–8]. Since 3D 
printing is still a developing science, 3D printing of nanocomposites and 
blends is gaining more and more attention and an increasing number of 
researchers are beginning to inspect this field [9–11]. Thanks to the 
concept of circular economy, like in the case of other polymer processing 
technologies [12,13], the application of recycled materials is getting 
increasingly important in the filament production as well [14–16]. 
Furthermore, the effects of several processing cycles on the mechanical 

and thermal properties of FFF printed polymers have been extensively 
investigated, too [17–21]. 

In the last couple of years, many researchers have experimented with 
recycled PET to produce filaments and 3D-printed items [15,22–32], as 
the high flowability and good mechanical properties (tensile and flex-
ural modulus and strength) make it ideal for such applications. How-
ever, in many cases, the bottles were processed without grinding or 
compounding, and additives were not added either during the filament 
production, which led to much lower strength of the 3D-printed prod-
ucts compared to injection moulded specimens or samples cut from 
bottles, and did not go much beyond the poly(lactic-acid) (PLA) or poly 
(ethylene terephthalate glycol) (PETG) references [15,23–27,30]. 
Furthermore, impact strength, one of the most critical properties 
regarding application, was not examined at all in many studies [22–27, 
30], however, some stated the printed specimens became extremely 
brittle, due to the moisture absorbed during processing and the high 
processing temperature [28]. The degradation and the crystallinity of 
the specimens have also not or incompletely been examined [22–31]. 

In our previous study [33], the filament extrusion and FFF 3D 
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printability of recycled and aged (in marine environment) PET flakes 
were investigated and it was found that the intrinsic viscosity (IV), 
which characterises average molecular weight, decreases more during 
filament production (approx. by 0.05 dl/g) compared to 3D printing (by 
0.02 dl/g). The decreasing IV value refers to degradation, which is 
accompanied with embrittlement and reduction in impact strength. 

The toughening of rigid polymers with elastomers is an increasingly 
spreading solution in the case of FFF 3D printing. It was successfully 
applied for PLA and natural rubber, as a 3.5-fold improvement was 
achieved in Charpy impact strength [34]. Reactive impact modifiers 
capable of forming covalent bonds with polymer chains can boost 
toughness more efficiently than non-reacting impact modifiers. 
Ethylene-butyl acrylate-glycidyl methacrylate (EBA-GMA) is a highly 
potent reactive toughener for thermoplastic polyesters as it effectively 
utilizes the flexibility of ethylene molecules while exhibiting good 
miscibility and chemical reactions with the polyester chains. Our pre-
vious research [35] compared the toughening of original (OPET) and 
recycled PET (RPET) with EBA-GMA. RPET appeared to be more effi-
cient, as only 10 wt% of elastomer was enough to achieve approximately 
40 kJ/m2 Izod impact strength, while broadly similar values for OPET 
required twice the amount of EBA-GMA. The better compatibilization 
between RPET and EBA-GMA is explicable by the elevated number of 
end-groups (carboxyl and hydroxyl), which developed during the 
reprocessing. As RPET was exposed to heat and shear multiple times, the 
chain breakage became more pronounced and shorter chains with 
reactive functional groups were formed, which can develop covalent 
bonds with the epoxy groups of EBA-GMA. To enhance the impact 
properties of elastomer modified OPET blends, a small amount of 
recycled PET was added during reactive extrusion. Thus, a toughening 
enhancer interface (TEI) was formed, and the dispersion of the elastomer 
became more favorable. During the research, the function and evolution 
of TEI was also investigated [36]. By regulating the water content of PET 
during extrusion, hydrolytic degradation takes place and a reactive, 
short-chained phase – TEI – forms. By this discovery not only drying can 
be skipped, but improved impact strength can be achieved, as well. The 
role of thermal annealing on the morphological and mechanical prop-
erties of RPET-EBA-GMA blends has also been investigated [37]. The 
samples were heated at 150 ◦C for 0-20-40-60-180 s. Up to 40 s, samples 
with higher EBA-GMA content (15–20 wt%) showed increased impact 
strength due to the relaxation of RAF, but longer annealing caused a 
drop in impact resistance mainly because of the higher crystalline ratio. 
Apart from crystallinity (CRF), the ratio of the mobile (MAF) and rigid 
amorphous phase (RAF) also influenced the mechanical properties. This 
method, however, was only tested on injection moulded products in our 
research. 

The aim of the present research is to reveal the possible advantages of 
using impact modified recycled PET blends in FFF process, thus giving 
the opportunity to transfer even low-grade PET waste into technical 

parts with arbitrary geometry and balanced mechanical properties. For 
this purpose, reactively toughened recycled PET filaments and 3D- 
printed samples from them were manufactured, and the effect of EBA- 
GMA type reactive elastomer content (in the range of 0–20 wt%) on 
their mechanical and morphological attributes was explored. 

2. Materials and methods 

2.1. Materials 

Recycled PET flakes from egg-trays (provided by JP Pack, Hungary) 
with an IV of 0.64 ± 0.02 dl/g were used as recycled PET (RPET) ma-
terial. This plastic waste is usually lower quality than bottle flakes 
(typically 0.72 dl/g IV values [38]), hence its recycling in the packaging 
industry is challenging. 

Elvaloy PTW (DuPont, USA) type EBA-GMA with 5.25 wt% GMA 
content and a melting point of 72 ◦C was used as reactive elastomer at a 
ratio of 0-5-10-15-20 wt%. 

2.2. Sample preparation 

Before the filament production an LTE 26–48 (Labtech Scientific, 
Thailand) type twin-screw extruder was applied for compounding the 
blends. The PET flakes were regranulated before filament production, as 
the blending with the elastomer can be implemented during reactive 
extrusion. PET flakes were dried for 4 h at 160 ◦C, while the elastomer 
was dried at 70 ◦C for 4 h before compounding. The zone temperatures 
between the hopper and the die increased from 245 ◦C to 260 ◦C and the 
rotation speed of the screw was set to 20 1/min. 

For the filament production a Collin Teach-Line E20T (Collin, Ger-
many) single screw extruder was used, and the temperature of the 
heating zones were 240–250 ◦C for each composition, the screw rotation 
speed was 35 1/min and the fibre drawing speed was 47 1/min. During 
fibre drawing, the filament coming out of the extruder was cooled by 
being passed through a water bath. The filaments rolled up on the drum 
were dried at 60 ◦C for 24 h before printing. 

A Craftbot Plus (Craftbot, Hungary) 3D-printer with open work area 
was applied for the printing of the specimens, equipped with all metal 
hot end, and the table was covered with Kapton film. The GCODE 
required for printing was done by a Craftware 1.23 version slicer that 
was developed for Craftbot+ 3D printer. The printing for each compo-
sition was done with a 250 ◦C head, on an 80 ◦C stage with a 0.4 mm 
nozzle. 0.2 mm layer thickness, 100% filling, 40 mm/s printing speed 
and 100% ventilator speed (two-sided cooling) were given in the 
GCODE. The specimens sufficiently adhered to the Kapton film; thus, the 
application of Raft was not necessary during printing, only a 5 mm 
offset, and 250 mm long skirt was printed around the specimens. The 
aim was not to maximize the mechanical properties that can be 
measured in one direction, therefore a 0/90◦ printing layer order was 
chosen (Fig. 1), by which the inevitably present anisotropy during FFF 
printing can be reduced [39]. In this way, the real conditions of appli-
cation can be modelled, where typically non-uniaxial stresses occur for a 
particular component [40]. The colours in Fig. 1 indicate the different 
layers of the test specimen. Grey and red are used to indicate the outer 
and lateral shell layers of the specimen, blue to indicate the lower and 
upper shell layers, and green to indicate the inner layers. In the present 
case, these shell layers are irrelevant as each layer was printed with the 
same parameters (temperature, printing speed, fill rate). The specimens 
were printed with a total of 19 layers. 

2.3. Methods 

An RPV-1 (PSL Rheotek, UK) viscosimeter was applied to determine 
the intrinsic viscosity (IV) of the filaments and the 3D-printed speci-
mens. The samples were dissolved in 60:40 wt% phenol – 1,1,2,2-tetra-
chloro-ethane at 100 ◦C, and the concentration was 0.5 g/dl. The 

Fig. 1. Layer-order of the 3D-printed specimens.  
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Fig. 2. Results of DSC analysis: peak temperature of cold crystallisation (a); peak temperature of crystalline melting (b); peak temperature of crystalline melting (c); 
crystalline fraction (d); mobile amorphous fraction (e) and rigid amorphous fraction (f) as a function EBA-GMA ratio. 
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solvents were tested at 30 ◦C. 
Both tensile and flexural tests were performed on a 3366 Universal 

Testing System (Instron, USA). The tensile test was carried out according 
to ISO 527-1 standard, using a tensile speed of 1 mm/min to determine 
the modulus, and subsequently tensile speeds of 50 mm/min. The flex-
ural test was done in accordance with ISO 178 standard, at a flexural 
speed of 20 mm/min 5 specimens were tested for each composition. 

The impact test was carried out using the Impactor II (Ceast, Italy) 
pendulum impactor with a 5 J non-instrumented pendulum according to 
ISO 179-1, starting the pendulum hammer at an angle of 150◦. Both 
notched and unnotched samples were tested, 5 pieces for each 
composition. 

The apparent density was calculated from the geometry and mass of 
the filament and 3D-printed samples based on the Archimedes method. 
According to this method, the approximated average porosity is calcu-
lated from Eq. (1) [41]: 

Porosity [%] =

⎛

⎜
⎝1 −

ws
Vs

ρm

⎞

⎟
⎠× 100%, (1)  

where Ws and Vs are the weight and bulk volume of the 3D-printed 
porous sample, ρm is the density of the solid filament material. Weight 
measurement was performed by a XA204 (Mettler Toledo, USA) type 
analytical balance. However, as data on the size, shape and distribution 
of the pores cannot be obtained with this method as with a CT scan [41, 
42] additional scanning electron microscopy was also performed. 

The structure of the fracture surface after tensile test and after Izod 
impact test was examined by EVO MA15 (Zeiss, Germany) scanning 
electron microscope (SEM) after the specimen surface was coated with 5 
nm gold layer. The magnifications were 60× and 1000x and the 

accelerating voltage was 15 kV. The working distance varied between 9 
and 12 mm. Furthermore, the 3D-printed specimens were embedded in 
acrylic resin and polished until 3 μm surface roughness was reached. 
Then the elastomer phase was selectively dissolved in toluene for 1.5 h 
at 23 ◦C. The solvent residues were removed in a vacuum dryer at 60 ◦C 
and 90 mbar overnight. Prior to the examination the samples were 
coated with gold. 2000× magnification, 15 kV accelerating voltage and 
9.5–10.5 mm working distance were chosen to examine the distribution 
of the elastomer phases. 

The stereo-microscopic images after the flexural test were done by a 
Stemi 508 (Zeiss, Germany) device in a 0.63 magnification. 

A DMA25 (MetraVIB, France) dynamic mechanical analyser was 
used in tensile test mode. The dimensions of the rectangular specimens 
were 18.87x4.5 × 3.7 mm. The deformation frequency was 10 Hz, and 
the temperature was elevated from 10 to 140 ◦C with 3 ◦C/min. 

A DSC 131EVO (Setaram, France) differential scanning calorimeter 
was utilized to determine the ratio of the three fractions in nitrogen 
atmosphere. Cooling and heating rates were both 10 ◦C/min and the 
temperature changed between 30 and 300 ◦C. Eq. (2) was applied for the 
calculation of crystallinity: 

CRFM =
ΔhM

Δh0(1 − rEBA− GMA)
100%, (2)  

where CRFM [%] is the melted crystalline fraction; ΔhM [J/g] is the 
detected mass-specific heat flow during melting, Δh0 [J/g] is the mass- 
specific enthalpy of the entirely crystalline PET (140.1 J/g) [43]; 
rEBA-GMA [− ] is the mass ratio of the elastomer. The crystallinity at 
cold-crystallisation was determined according to eq. (3): 

CRFCC =
ΔhCC

Δh0(1 − rEBA− GMA)
100%, (3)  

where CRFCC [%] is the crystalline ratio formed at cold crystallisation; 
ΔhCC [J/g] is the mass-specific heat flow at cold crystallisation. The 
initial crystallinity was determined by eq. (4): 

CRF0 =CRFM − CRFCC (4)  

where CRF0 [%] is the initial crystallinity of the sample. 
From the DSC results the mobile amorphous phase (MAF) can be 

calculated, as well in accordance with eq. (5). 

MAF =
cp

c0
p(1 − rEBA− GMA)

100% (5)  

where MAF is the mobile amorphous fraction expressed in percentage 
[%], cp is the specific heat change of the sample during glass transition 
[J/(g•K] and cp

0 is the change in specific heat for fully amorphous PET, 
0.405 J/(g•K) [43]. 

Knowing the two phases (CRF, MAF) the rigid amorphous fraction 
(RAF) can be determined according to equation (6): 

RAF = 100% − CRF − MAF (6)  

where RAF is the ratio of rigid amorphous phase [%]. 

3. Results and discussion 

3.1. Degradation and crystallinity of the materials 

The intrinsic viscosity (IV) of neat, recycled PET decreased from 
0.64 dl/g to 0.57 dl/g during regranulation, then it further decreased to 
0.51 dl/g during filament manufacturing. In the course of 3D printing, 
the drop in IV value of the recycled material was 0.04 dl/g. Thus, it can 
be concluded that the filament production causes greater degradation 
than printing. These IV-drops for recycled PET during the extrusion 
processing steps are considered to be average [33]. 

Fig. 2 sums up the DSC test results of the filaments and the 3D- 

Table 1 
Apparent density of the samples.   

RPET +
0 wt% 
EBA- 
GMA 

RPET +
5 wt% 
EBA- 
GMA 

RPET +
10 wt% 
EBA-GMA 

RPET +
15 wt% 
EBA-GMA 

RPET +
20 wt% 
EBA-GMA 

Filament [g/ 
cm3] 

1.37 1.36 1.35 1.33 1.29 

3D-printed 
sample [g/ 
cm3] 

1.13 1.09 1.04 1.00 0.92  

Fig. 3. Porosity of the 3D-printed specimens as a function of EBA-GMA content.  
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printed specimens. It is evident that both the filaments and the 3D- 
printed specimens show cold-crystallisation during heating in the 
range of 127–132 ◦C. It is known from the literature that if PET is cooled 
rapidly after the processing steps, the formation of a high crystalline 
fraction can be prevented; this causes cold crystallisation on subsequent 
reheating [44]. Such cold-crystallisation is more pronounced in the case 
of 3D-printed specimens than for filaments, either way, it decreased with 
increasing EBA-GMA content. The rising cold-crystallisation tempera-
ture and descending ratio indicate crystallisation hindering processes 
caused by the EBA-GMA phase (Fig. 2/a, b). 

During crystalline melting not only the initial crystalline phase melts, 
but the fraction formed in the course of cold crystallisation, which af-
fects the melting temperature. The peak temperature of melting was 
between 249 and 255 ◦C, and with increasing elastomer content, the 
results slightly decreased for the filaments, while just the opposite was 
observed for 3D-printed specimens (Fig. 2/c). The initial crystallinity of 
the samples (CRF) was relatively low for each composition (<10%) 
(Fig. 2/d), which was caused by the rapid cooling of ventilators during 

filament production and printing [45]. The increasing EBA-GMA content 
resulted in a small fall in the initial crystalline ratio. The mobile amor-
phous phase (MAF) quasi linearly decreased, while the rigid amorphous 
fraction (RAF) showed a linear increase as the function of EBA-GMA 
content (Fig. 2/e, f). The ratio of MAF was 10–20% lower, while the 
RAF higher at each composition for 3D-printed specimens, compared to 
filaments. 

The CRF-MAF-RAF results suggest that the reactive bonding of EBA- 
GMA and PET hinders the matrix’s crystallisation and reduces the 
mobility of chains, which ultimately leads to the growth of RAF. Thus, 
RAF can form not only on the crystalline-amorphous, but the elastomer- 
PET interphase, too, as it was revealed in our previous study [37]. The 
forming TEI promotes the distribution of EBA-GMA within the recycled 
PET matrix. 

The higher rate of cold crystallisation and higher RAF of the 3D- 
printed samples indicate that a greater orientation has been developed 
in the PET matrix. Since the diameter of the produced filament is 1.6 mm 
and the rasters deposited during printing are only 0.2 mm, and the flow 

Fig. 4. SEM micrographs of fracture surface after unnotched impact test. 60× magnification (a: RPET; b: RPET+5 wt% EBA-GMA; c: RPET+10 wt% EBA-GMA; d: 
RPET+15 wt% EBA-GMA; e: RPET+20 wt% EBA-GMA). 
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rate during depositing is also significantly higher, a greater molecular 
prearrangement, orientation, may result from the greater shear. 

3.2. Porosity 

The porosity of the printed samples can be determined from the ratio 
of the apparent density of the solid filaments to that of the 3D-printed 
samples (Table 1). 

This value is 17% for the toughener-free sample and shows a linearly 
increasing trend depending on the content of the EBA-GMA (Fig. 3). 

The greater porosity indicates that there are more holes in and be-
tween the fibres. The inter and intra voids may be altered for several 
reasons [46]: (1) the rasters melt to different degrees when the next 
layer is deposited on them and deform differently; (2) the fibres shrink 
differently during cooling. The nominally dense FFF materials contain 
pores between the fibres because the filament is extruded through a 
circular nozzle and the resulting deposited beads cannot completely fill 
the volume of the CAD design [47]. Fig. 4 shows the cross sections of the 
samples after Izod impact test. It can be seen that the volume of inter 
voids is roughly similar in the cases of different EBA-GMA content. 
Printing with a larger nozzle diameter might help to increase the width 
of the fibres, thereby reducing the voids between them [48,49]. How-
ever, a larger fibre cross-sectional area may increase the proportion of 
intra voids, which tends to increase as a function of EBA-GMA content. 
As the outer surface of the fibres cools and solidifies, shrinkage of the 
core area can lead to the formation of voids. Some of these voids may 
also originate from the trapped gases that form during filament pro-
duction [50]. The DSC tests show that the melting temperature of the 
3D-printed samples increases slightly, which may result in a smaller 
fusion with increasing EBA-GMA content, using the same printing 
settings. 

3.3. Mechanical properties of filaments and 3D-printed specimens 

The impact test results of the unnotched and notched specimens are 
presented in Fig. 5. PET, as a pseudo-tough material, is prone to shear 
yielding, so a lot of energy is required for the initiation of cracks, but less 
for their propagation, which is why their unnotched impact strength is 
usually high, but the notched impact resistance is small [17]. This can be 
seen in the present case for neat material, as well. It can be observed that 
the unnotched impact strength doubles at 5 wt% EBA-GMA content and 
triples at 20 wt% EBA-GMA ratio. The changes are even greater in the 

case of the notched impact test: at 15 wt% EBA-GMA content a sudden 
increase can be observed, and the impact strength increases to its 
nine-fold. This shows that EBA-GMA effectively inhibits crack propa-
gation and helps matrix yielding as the main energy dissipative process. 
It should be noted that these results are lower in absolute values [35], as 
Izod impact strength of 40–50 kJ/m2 was also reached with similarly 
composed but injection moulded and therefore compact, homogeneous, 
and quasi-isotropic samples; but the relative increase compared to the 
toughener-free reference was similar. 

SEM images with high magnification of the fracture surfaces formed 
after the notched impact test are presented in Fig. 6. As for the 
toughener-free and 5 wt% EBA-GMA containing samples, the fusion 
between the rasters/layers are greater than at higher elastomer ratios. 
As the EBA-GMA ratio increases, the raster/layer bonding weakens, 
presumably for two reasons: firstly, above 5 wt% EBA-GMA content, the 
elastomer increases the melting temperature of the 3D-printed samples, 
which reduces the back-melting of the previous layer when a new layer 
is deposited, thus weakening the bonding; and secondly, the increased 
EBA-GMA content may hinder the diffusion of PET molecules at the 
interphase. 

At 10, 15 and 20 wt% elastomer contents, larger distances between 
the rasters and lunkers can be observed within the fibres, which indicate 
greater shrinkage. These results are consistent with higher porosity with 
increasing EBA-GMA content. In the SEM images with higher magnifi-
cation, the fracture surface of the samples without elastomer and with 5 
wt% EBA-GMA content is brittle, and that of the samples with higher 
elastomer content is ductile. 

The SEM micrographs of the embedded and selectively dissolved 3D- 
printed specimens are presented in Fig. 7. Based on the images, the 
distribution of the elastomer particles is uniform both by size and by 
location, indicating that the reactive extrusion was successful. This is in 
good agreement with previous research results, where the good distri-
bution of EBA-GMA due to the resulting TEI greatly contributed to the 
increase in impact strength [35,51,52]. 

Fig. 8 summarises the tensile test results. Fig. 8/a illustrates the 
typical tensile curves, and the mechanical properties calculated from the 
diagrams are presented in Fig. 8 b, c, d. The tensile strength of the 
toughener-free filaments is 48 MPa, which shows a decrease of 18% at 5 
wt% EBA-GMA, but only a slight drop with the further increment of the 
elastomer ratio. The tensile strength of the 3D-printed samples is lower 
than that of their filaments (Fig. 8/b). One of the main reasons for this is 
that the layer order used in 3D printing not only includes a printing 
direction parallel to the load, but also includes layers perpendicular to it. 
Tsai et al. [53] measured similar tensile strength at longitudinal orien-
tation (0◦) for PET filament and test specimens printed from it. In gen-
eral, compared to the 0◦ orientation (direction parallel to the load), the 
90◦ samples (direction perpendicular to the load) achieve only 15–40% 
tensile strength, and in the case of the 0/90◦ layer order 60–70% 
[54–56]. Differences can also be caused by the molecular orientation 
and the difference in geometry and porosity between the filament and 
the 3D-printed samples. There was no significant difference in the 
crystalline fraction in this case. For the toughener-free material, the 
difference in strength between the filament and the 3D-printed samples 
is close to 40%, but for 5 wt% EBA-GMA content this decreases to 15%. 
The difference increases with the further increase of the elastomer 
content to 46% for 20 wt% EBA-GMA. Since the porosity of the 
3D-printed samples varies between 17 and 27% depending on the 
EBA-GMA content, this, and the applied 0/90◦ printing layer order can 
explain the observed differences between the tensile strength of fila-
ments and the 3D-printed samples with the same composition. 

In the case of the tensile modulus such differences were not notable 
between the results of filaments and 3D-printed specimens (Fig. 8/c). 
This suggests that the load-bearing capacity of the bond between the 
rasters at the initial deformations, used to determine the modulus, is still 
adequate for all compositions. 

The deformation at maximum force in the case of the filaments is 2–3 

Fig. 5. EBA-GMA content dependence of unnotched and notched 
impact resistance. 
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Fig. 6. SEM micrographs of fracture surface after unnotched impact test. 1000× magnification (a: RPET; b: RPET+5 wt% EBA-GMA; c: RPET+10 wt% EBA-GMA; d: 
RPET+15 wt% EBA-GMA; e: RPET+20 wt% EBA-GMA). 
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times higher than that of the 3D-printed samples (Fig. 8/d) for all 
compositions, so they suffered a larger plastic deformation. This is also 
primarily attributed to the 0/90◦ layer order during printing, as in the 
layers perpendicular to the load, the separation between the rasters is a 
more typical failure than the large radial deformation of the fibres. 

This can also be seen in the SEM images taken of the fracture surfaces 
of 3D-printed samples after tensile test (Fig. 9). On these micrographs, it 
can be observed that the neat material shows a brittle fracture surface, 
which falls approximately in a plane. For this material, the elongation 
corresponding to the maximum force value was also small (2.2 and 1.7 
% - Fig. 8/d). As the elastomer content increases, individual fibres 
deform more and more independently of each other, and the phenom-
enon of yielding can be observed more pronounced. The highest tensile 
strength of the 3D-printed samples is measured at 5 wt% EBA-GMA 
content, indicating that the best quality interlayer/raster bonding may 
be attributed to the lowest melting temperature (Fig. 2/c). 

Fig. 10 illustrates the changes in flexural strength and modulus. The 
flexural moduli values are like the tensile moduli, and the linear 
descending of the values is quasi identical, too: at 20 wt% EBA-GMA 
content the stiffness of the 3D-printed specimens is reduced by half. 
The evolution of the flexural strength shows an exponential decreasing 
trend. At 10–20 wt% EBA-GMA content, the value of the flexural 
strength is in a similar range as the tensile strength (20–30 MPa) but at 
low elastomer contents (0–5 wt% EBA-GMA) it significantly exceeds 
this, reaching 45–60 MPa. In our previous research [35] samples with 
similar composition but manufactured by injection moulding were 
studied and their flexural strength was in the range of 50–100 MPa, 
decreasing with the elastomer content. Compared to this, a 40–60% 
reduction was observed in the case of 3D-printed samples, which can be 
explained by the anisotropy and the porosity of the specimens. Pictures 
taken after the flexural test are presented in Fig. 10/c. The failure is 
initiated from the bottom layers that undergo tensile stretching, how-
ever, the failure zone shows a change with the increase of the EBA-GMA 

content: in the sample without toughener, the damage is short in length, 
but penetrates deep into the cross-section, and the fracture is cata-
strophic and brittle with fibre breaks. With increasing elastomer con-
tent, the observable stress-whitening becomes longer and shallower, 
which indicates that the connection between the layers is weaker and 
load transfer is not effective in the case of larger deformations [57]. 

The temperature dependence of the storage modulus of 3D-printed 
samples is presented in the DMA curves shown in Fig. 11/a. It can be 
seen that the stiffness of the samples does not change significantly be-
tween 10 and 60 ◦C, but upon reaching the glass transition temperature 
(Tg) characteristic for PET, they soften in the range of 60–90 ◦C. The Tg 
temperature shows an increasing trend with the EBA-GMA content 
(Fig. 11/b), which supports that chemical bonds are formed between 
PET and EBA-GMA, that inhibit the mobility of PET molecules. This also 
contributes to the decrease in the MAF phase (see Fig. 2/e). 

4. Conclusion 

EBA-GMA elastomer was added to industrial-originated PET waste at 
different ratios, and after the compounding, filaments were produced 
from the developed materials and specimens were 3D-printed according 
to 0/90◦ layer order. With DSC and DMA measurements it was proved 
that the ratio of rigid amorphous phase increased with the elastomer 
content and the Tg values were higher too, which refer to chemical 
bonding between PET and EBA-GMA molecules, thus reactive compa-
tibilization was achieved. 

EBA-GMA reduces crystallinity in the case of rapid cooling applied 
during manufacturing but increases the shrinkage which results in lun-
kers in the deposited filaments and voids between the rasters. 

The Izod impact strength of the 3D-printed samples greatly increased 
with the EBA-GMA content, in the case of 15 wt% elastomer the 
unnotched impact strength showed a 2.5-fold increase, while notched 
impact resistance reached a 9-fold increase compared to the neat, 

Fig. 7. SEM micrographs of 3D-printed specimens: 2000× magnification (a: RPET+5 wt% EBA-GMA; b: RPET+10 wt% EBA-GMA; c: RPET+15 wt% EBA-GMA; d: 
RPET+20 wt% EBA-GMA). 
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Fig. 8. Tensile test results: typical force-extension curves of 3D printed specimens (a); change of tensile strength (b); tensile modulus (c) and elongation at maximum 
force (d) as a function of EBA-GMA content. 
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recycled PET sample. Due to reactive compatibilization, the elastomer 
particles effectively increased the yielding in the recycled PET during 
failure, thus increasing the impact energy during the ductile fracture. 
The reactive compatibilization of EBA-GMA elastomer and thus its 
impact strength enhancing effect has also been demonstrated for poly 
(lactic acid) (PLA), which is also a key material for FFF 3D printing, but 
also has a brittle behaviour [58–60]. So based on our achievements, it 
could be a viable solution for additive manufacturing. It is also possible 
that other polyesters, such as poly(ethylene terephthalate) glycol 
(PETG), could also be used, thus supporting physical recycling. 

During the quasi-static mechanical tests, the elastic modulus values 
determined in the initial phase of the load, at low forces and de-
formations, did not show significant difference from the filaments or the 
previously manufactured injection moulded samples [35] with similar 
compositions, however, the strength values fell behind. The reason be-
sides the anisotropic structure is that the increment of the elastomer 
content results in weaker bonding between the layers and higher 
porosity. From this aspect, 3D-printed samples show some similarity 
with the self-reinforced PET composites, in which the bond between the 
layers also plays a major role in the evolution of the mechanical prop-
erties, which primarily depends on consolidation [61,62]. However, the 
application of the improved materials is limited by the decreasing 
modulus with increasing EBA-GMA content, which at 20 wt% is only 1 
GPa, which is at the lower border of the range of polymers produced by 
the FFF process [63]. 

By changing the EBA-GMA content, the modulus-impact strength 
ratio of the printed samples can be tailored, so that the specifications 
given for a particular application can be satisfied. For example, while 
with 5 wt% EBA-GMA content 34 MPa tensile strength and 4 kJ/m2 

notched impact strength can be achieved, in the case of 15 wt% EBA- 
GMA, products with 22 MPa tensile strength and 12 kJ/m2 notched 
impact strength can be manufactured with similar printing settings. As a 
reference, the abovementioned values were 16 MPa and 10 kJ/m2 for 

3D-printed ABS [64]. 
In conclusion, EBA-GMA is suitable for the toughening of recycled 

PET, and this effect can be still utilized after 3D printing. Thus, the 
biggest problem regarding the printing of recycled PET, brittleness, can 
be eliminated and parts with arbitrary geometry and balanced me-
chanical properties can be produced. The RPET/EBA-GMA blends may 
substitute ABS in various 3D printed products, such as in cases, elec-
tronic devices, and in individually designed applications. The price of 
PET waste, which is the raw material for the composites produced, 
especially of the lower quality fraction, is expected to continue to fall 
due to EU regulations promoting the circular economy, thus it is a 
promising raw material. In addition, the conversion of plastic waste into 
value-added feedstock may be more important than the short-term costs. 
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Fig. 10. Flexural strength (a); flexural modulus (b) and stereo-microscopic images after the test (c) with increasing EBA-GMA content.  
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