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Abstract

In this paper, blends of ABS-TPU with two different weight percentages of
TPU were prepared using fused deposition modeling technology. The effect
of adding TPU on the fracture toughness of ABS and mechanical properties
was comprehensively studied. Tensile, compression, fracture toughness, and
shear tests were conducted on the 3D-printed samples. Thermal and micro-
structural analyses were performed using dynamic mechanical thermal analy-
sis (DMTA), and scanning electron microscope (SEM). The DMTA results
showed that adding TPU decreased the storage modulus and the glass transi-
tion temperature of ABS, as well as its peak intensity. The mechanical test
results showed that adding TPU decreased the strength but increased the form-
ability and elongation of the samples. Fracture tests showed that the addition
of TPU decreased the maximum force needed for a crack to initiate. The force
required for crack initiation decreased from 568.4 N for neat ABS to 335.3 N
for ABS80 and 123.2 N for ABS60. The ABS60 blend exhibited the highest
strength against crack growth, indicating that TPU can change the behavior of
ABS from brittle to ductile. Shear test results and SEM images also showed
good adhesion strength between the printed samples for all three specimens,
indicating their good printability. Adding TPU resulted in a reduction in the
size and number of voids and holes between the printed layers.

Highlights

« Melt mixing, filament preparation, and 3D printing of ABS-TPU blends.

« Investigation of mechanical properties, microstructure, and fracture toughness.

« Improved resistance to crack growth and elongation by adding TPU to ABS.

« Improving printability and reducing microholes in blends compared
with ABS.

« Achieving a wide range of mechanical properties for various applications.
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1 | INTRODUCTION

Additive manufacturing (AM) is a notable method
that differs from traditional manufacturing. It is utilized
in academia and various industries, such as automotive,
soft robotics, fashion, healthcare, and biomedical applica-
tions." AM is employed to create prototypes or final
parts with either simple or complex geometries. This
manufacturing process entails depositing layers of mate-
rial and constructing solid parts with precise geometric
shapes.”” The process begins with a computer-aided
design model, which is then sliced into layers of equal
thickness to ensure high quality and resolution.’

Among the different AM technologies used for vari-
ous types of materials, such as metals, ceramics, and
polymers, fused deposition modeling (FDM) stands
out as one of the most efficient and cost-effective tech-
niques for producing thermoplastic parts.”” FDM
involves extruding semiliquid thermoplastic material,
which aligns with the core concept of AM.'® The raw
materials used in this method are filaments, which are
typically heated to a molten state and then extruded
through the nozzle of the 3D printer.'"'* However, as
FDM has evolved, there has been a demand for materials
tailored to specialized applications in different fields.
These materials require appropriate mechanical, biologi-
cal, and physical characteristics. Therefore, over the past
decade, numerous experimental and numerical studies
have focused on improving the FDM technique in vari-
ous aspects. These include enhancing the mechanical
properties of the materials used during FDM. Different
methods can be used to enhance the properties of the
materials used in FDM. These methods include, as men-
tioned earlier, embedding reinforcements (short and con-
tinuous fibers) and nanoparticles as fillers into the
polymer/thermoplastic or polymer blending and tough-
ening.'>'* Polymer toughening is particularly important
in eliminating the limitations of the polymers and ther-
moplastics used in FDM.'?

Acrylonitrile butadiene styrene (ABS) is a commonly
used thermoplastic polymer in FDM when it is extruded
into a filament. ABS is cheap, strong, and stable and it
can undergo various postprocessing methods such as
sanding, painting, gluing, filling, and chemical smooth-
ing. However, when ABS is 3D-printed using the FDM
process, its low toughness and high tendency to shrink-
age become issues. Therefore, due to the recent interest

in fabricating functional parts like actuators or shock
absorbers from thermoplastics, especially ABS and its
limitations when 3D-printed using FDM, researchers
have employed different methods to achieve high
mechanical properties of ABS-based 3D-printed compo-
nents.">'® In addition to incorporating fillers such as
graphite, short and continuous carbon fibers, metals, and
lignin, several groups have created printable composites
based on ABS by blending ABS with other polymers.
Thermoplastic elastomers (TPEs), including vulcanized
rubber (TPV), styrene (TPS), and polyurethane (TPU),
are potential additives for ABS due to their excellent
adhesive properties. Blending and toughening ABS is
considered one of the most efficient and cost-effective
ways to enhance its properties. Some studies have focused
on toughening ABS using various elastomers and plasti-
cizers.'®?° In addition to enhancing the mechanical prop-
erties of ABS, another benefit of ABS toughening is a
decrease in the glass transition temperature when it is
blended with compatible materials.'®'® de Leén et al.*
conducted a study in which they prepared a series of ABS-
TPU blends with varying weight percentages (10, 20, and
30 wt%) for use in 3D printing via FDM. ABS was used as
the main material, whereas TPU was added as an additive.
The researchers successfully determined the optimal print-
ing parameters for the ABS-TPU blends and investigated
their printability, as well as their mechanical and adhesive
properties in different directions. They also examined the
compatibility between ABS and TPU. The researchers dis-
covered that the addition of TPU increased elongation.
They also observed that the adhesion between layers
improved when up to 20 wt% TPU was added, and there
was no reduction in yield strength. However, when the
TPU content was increased to 30 wt%, the yield strength
of the blends became more similar to that of TPU
(20 MPa) rather than ABS (29.3 MPa), while the bonding
between layers was enhanced. Thavornyutikarn et al.*!
mixed ABS-TPU blends with three different percentages
and after preparing the filament and extracting the opti-
mal printing parameters, they found that with the increase
of TPU, the amount of warpage of the ABS-TPU decreases
compared with pure ABS. Also, TPU increased the plastic-
ity and softening of the fracture cross-section, and the
blend containing the most TPU had better print quality
and surface roughness.

Weng et al.** reported a 43% increase in the tensile
strength of ABS 3D-printed components by adding just
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5 wt% of organically modified montmorillonite (OMMT).
They also observed significant improvements in the ten-
sile and flexural strength, as well as the dynamic
mechanical storage modulus. In addition, the authors
noted a decrease in the linear thermal expansion ratio
and weight loss, as measured by thermogravimetric anal-
ysis (TGA). Based on these findings, they suggested that
this novel ABS-OMMT nanocomposite exhibits superior
mechanical and thermal properties, making it a promis-
ing material for use in the FDM process. Zhu et al.*®
assessed the effects of adding styrene-acrylonitrile (SAN)
on the mechanical properties, melt flow index (MFI), and
glass transition temperature (T,) of ABS-SAN blends used
in the FDM process. They observed an increase in the
tensile strength and modulus of the blends but a decrease
in MFI and elongation at break. No significant changes
were observed in the glass transition temperature.

Siqueiros et al."® developed a new printable material
by melt blending of ABS with TPE styrene ethylene
butylene grafted with maleic anhydride (SEBS-g-MA) at
various concentrations. The elongation at break values
improved from 8.5% for neat ABS to approximately
50% for ABS/SEBS-g-MA 50/50 composition. In another
study, Akato et al.** investigated the dynamic mechanical
properties of ABS blended with biomass-derived lignin.
They blended ABS with lignin of varying contents and
prepared blends by adding 10 wt% Poly(ethylene oxide)
(PEO) (relative to the amount of lignin). The researchers
reported compatibility between ABS and lignin, with no
loss in mechanical properties. Initially, the addition of
lignin improved the tensile strength, but further addition
led to a decrease. However, the addition of PEO
enhanced the interfacial adhesion.

In the present research, we prepared a series of ABS-
TPU blends with 20% and 40% TPU by weight and 3D
printed them using the FDM machine. The objective of
this is to investigate the mechanical properties of ABS
when reinforced with TPU and compare them with those
of pure ABS and TPU. Furthermore, we conducted a
shear test to assess the adhesion between TPU and both
the toughened and pure ABS materials.

2 | EXPERIMENTAL PROCEDURES

2.1 | Materials and filament preparation

In the first step, ABS and TPU granules with a grade of
365A were purchased and prepared from Baspar Chemi
Sepidan Co. (Tehran, Iran) and Xiamen Keyuan Plastic
Co., Ltd (Fujian, China), respectively. After being dried
at a temperature of 80°C for 3 h, ABS and TPU were
blended, and ABS-TPU blends were fabricated with 20%

o ; i 3
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and 40% of TPU (ABS80 and ABS60) using a Coperion
twin-screw extruder with an L/D of 40 and a screw diam-
eter of 25 mm. The process temperature ranged from
200 to 220°C, and the screw speed was fixed at 70 rpm.

In the next step, filaments with a diameter of
1.75 mm were prepared from neat ABS, TPU, ABS80, and
ABS60 blend palettes using a hand-made single-screw
extruder with an L/D of 15 and a screw diameter of
15 mm. The screw speed was set at 30 rpm, and the pro-
cess temperature was 230°C.

2.2 | Printing procedure

For printing the prepared ABS-TPU filaments, a desktop
FDM machine with a 0.8-mm diameter nozzle was used.
The fill density for all samples was set at 100%, and the
printing raster angle was fixed at 0°. Each printed layer
had a thickness of 200 pm. The bed temperature of 65°C
was chosen based on experiments conducted by Yin
et al.>> and de Ledn et al.*® The printing temperatures for
neat ABS, ABS blends, and TPU were set at 240, 240, and
230°C, respectively. The printing speed for neat ABS,
ABS80, and ABS60 samples was 50 mm/s, whereas the
speed for TPU was fixed at 15 mm/s.

2.3 | Materials characterizations

In this paper, flexural, uniaxial tensile, compression, and
fracture toughness tests were conducted at ambient tem-
perature to evaluate the effect of polyester-based TPU on
the mechanical properties of toughened ABS-based
blends. Shear tests were also conducted to assess the
bonding strength of TPU with the blends or the neat
ABS, and microscopic images were taken using scanning
electron microscopy (SEM). All samples were printed and
evaluated to ensure the accuracy of the results. Addition-
ally, dynamic mechanical thermal analysis (DMTA) tests
were performed on the blends and the neat ABS.

231 |
analysis

Dynamic mechanical thermal

To determine the storage modulus and the glass-rubbery
transition phase and temperature for all 3D-printed neat
ABS and ABS (20 and 40 wt%) TPU filaments, a DMTA
test was performed using a dynamic mechanical thermal
analyzer (Mettler Toledo, Switzerland). The test was con-
ducted at a temperature range of —100 to 140°C with a
heating rate of 5°C/min. The test specimens were pre-
pared in the shape of a cantilever beam with dimensions of
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40 x 10 x 1 mm, following ASTM D4065-01 guidelines.
The frequency of the test was set to a constant 1 Hz.

2.3.2 | Uniaxial tensile test

The uniaxial tensile test was conducted on 3D-printed
samples with the standard geometry of ASTM-D638-Type
V for neat ABS, TPU, and ABS-TPU blends. This was
done using a customized servo-mechanical universal test
machine (Khallagh Sanat Atieh Peyman Company, Iran).
The specimens were subjected to deformation until they
reached the breaking point, with a strain rate of 3 mm/
min. It is important to note that the loading direction
was parallel to the raster direction.

2.3.3 | Uniaxial compression test

The neat ABS, TPU, ABS80, and ABS60 3D-printed sam-
ples, with dimensions of 10 x 10 x 10 mm, were sub-
jected to compressive loading using a universal testing
machine (STM-50, Santam, Iran) with a capacity of
50 kN. The compression test was conducted according to
the ISO604:2002 standard, which was previously used by
Ratiu et al.*® to study the compressive behavior of Poly-
lactic acid (PLA), carbon fiber PLA, and PETG 3D-
printed parts. The loading was applied vertically to the
direction of the raster, and the maximum strain and
strain rate applied to the specimens were 80% (8 mm)
and 3 mm/min, respectively.

234 | Flexural test

The samples for the flexural test were printed in a geome-
try of 50 x 10 x 4 mm. A customized servo-mechanical
universal test machine (Khallagh Sanat Atieh Peyman
Company, Iran) was used. It was equipped with a three-
point bending fixture, which had cylindrical supports
with a diameter of 5 mm and a distance of 30 mm. The
specimens were loaded at a strain rate of 3 mm/min until
they reached the breaking point.

2.3.5 | Fracture toughness test

The single-edge notched bending (SENB) samples were
3D-printed to evaluate the fracture toughness behavior of
neat ABS, TPU, ABS-TPU20, and ABS-TPU40. The 3D-
printed SENB samples were prepared according to the
ASTM D5045 standard, and fracture tests were conducted
under three-point bending with a displacement rate of

F
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FIGURE 1
for fracture test.

Schematic of single-edge notched bending sample

1 mm/min at room temperature.”®**° The SENB samples
had a length of 60 mm, a width of 12 mm, a thickness of
6 mm, and an initial crack length of 5 mm. Figure 1 illus-
trates the geometry, dimensions, and parameters of a
SENB sample.

2.3.6 | Shear test

For the shear test, a universal test machine (Khallagh
Sanat Atieh Peyman Company, Iran) equipped with a slid-
ing shear fixture was used. The first piece has a 5 mm
depth groove, whereas the second has a hole. When these
two pieces are slid against each other, neat shear force is
applied to the samples. The shear test specimens were pre-
pared to match the geometry of the fixture. The samples
are in the shape of two cubes, measuring 10 x 10 x 5 mm
and 8 x 8 x 5 mm. Three reference samples were printed
using neat ABS, ABS80, and ABS60.

2.3.7 | Scanning electron microscopy

To evaluate the bond or adhesion quality between the
printed layers of the materials, a SEM was used. Images
were taken from the cross section of the 3D-printed samples.
To prepare the samples, they were frozen and then broken
down in liquid nitrogen. Afterwards, they were coated with
gold before imaging. The imaging process was carried out
using the Philips X130 SEM from the Netherlands, specifi-
cally in secondary electron imaging mode.

3 | RESULTS AND DISCUSSION
31 |

Thermal analysis

In Figure 2, the storage modulus and tané of the
polyester-based TPU are depicted. According to this
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figure, the tan § curve remains stable between —100 and
—40°C. However, it starts to increase around —40°C,
marking the beginning of the glass-rubber transition
(glass-liquid transition). After reaching a peak and then
experiencing a drop, the curve enters a period of stability
at 25°C, indicating the end of the glass-rubber transition
over a wide range of temperatures. The tan § curve
reaches its peak at approximately —1°C, which serves as
an indicator of the glass transition temperature of TPU.
The intensity of the tan § peak for TPU is about 0.325.
Furthermore, the TPU's storage modulus decreases from
3000 MPa at —100°C to about 80 MPa at room tempera-
ture. The curve continues to decrease until it drops to
19 MPa at 100°C.>!

As shown in Figure 3, the glass-to-rubber transition
of neat ABS begins at 90°C and ends at 135°C. There is
also a peak for tan § at 118°C (Ty), indicating the glass
transition temperature with a peak intensity of 1.8. On
the other hand, the storage modulus of this material is
approximately 1700 MPa at —100°C and 995 MPa at 0°C.

-50 0 50 100

Temperature (°C)

It then slightly decreases to 780 MPa at 85°C and
900 MPa at room temperature. However, it drops sharply
to 55 MPa at 100°C. Additionally, a P transition occurs
for ABS in the temperature range from —85 to —62°C.>"
In Figure 4, the DMTA curves of the ABS80 and
ABS60 blends are included. de Leén et al.*° conducted a
comprehensive investigation and described the perfect
compatibility between ABS and TPU. This phenomenon
can be observed in the DMTA results (Figure 4), as both
the storage modulus and tan § curves of ABS80 and
ABS60 blends in this examination are approximately sim-
ilar. First, the presence of TPU in the blends lowers the
glass transition temperature of ABS from 118 to 114°C
and 106°C for ABS80 and ABS60 blends, respectively.
Adding TPU also decreased tan é peak from 1.8 for ABS,
to 1.2 for ABS80 and 0.6 for ABS60. Furthermore, due to
the compatibility of these two materials, the storage
modulus of the blends decreases continuously in the
examined temperature range. The initial storage modulus
for ABS80 and ABS60 was approximately 1500 and
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1300 MPa, respectively, which is lower than that of neat
ABS at 1700 MPa. The storage modulus of ABS, which is
900 MPa at room temperature dropped to approximately
600 and 400 MPa for ABS80 and ABS60, respectively.

The presence of TPU also reduces the effects of ABS's
B transition in both blends, as seen in the DMTA curves.
Other indicators of TPU's presence are the significant
decline in storage modulus throughout the temperature
range and substantial drops in these modulus values
around 0°C in the DMTA curves.

3.2 | Mechanical properties

3.2.1 | Uniaxial tensile and
compression tests

Figure 5 illustrates the results of uniaxial tensile tests for
neat ABS, TPU, ABS80, and ABS60 blends. The tensile

80 90 100

plots show that neat ABS has the highest elastic modulus
and ultimate tensile stress (UTS), but the lowest elonga-
tion at break. TPU is also placed exactly on the opposite
side of ABS. TPU has the lowest elastic modulus, tensile
strength, but it has great elongation and reaches more
than 300%. Based on the results, shown in Figure 5, the
addition of TPU reduces the elastic modulus and UTS of
the ABS-based blends, while increasing their elongation
and maximum strain. The UTS and maximum strain
before the breaking point are 45, 42.2, 23.2, 16.77, and
9%, 11%, 17%, 223% for neat ABS, ABS80, ABS60,
and TPU respectively. Compounding the first 20 wt% of
TPU with neat ABS results in a slight 6.2% drop in UTS.
However, adding the second 20 wt% of TPU decreases
UTS by about 45% from ABS80 and 48% from neat ABS.
Blending the first and second 20 wt% of TPU increases
the maximum strain by approximately 22% and 89%,
respectively. Both the decrease and increase in UTS and
maximum strain are nonlinear with respect to the TPU

35UBD17 SUOWILIOD SAIIER1D) 3|eal|dde au Aq pausenob ale sajpie YO ‘8sn Jo sajni Joy Akeid )T auluQ A8|IAA UO (SUONIPUOD-pUe-SWLBY WY’ A3 1M AReiq U1 Uo//Sdiy) SUOIPUOD pue SWB L 3Y) 39S " [7202/20/22] Uo Aelgiauljuo A8[IM * n'Je mu@equisl-<yp(odqIiuss - IyBepog Ipye Al Aq 26022’ UAZ00T OT/I0p/wod A8 1M Afeiq 1jouljuo'suo [1eol igndadsty//sdny wolj papeojumoq ‘0 ‘S8S08YST



SOLTANMOHAMMADI ET AL.

W InseIEING {(/)iL:'lR;lAg(O;dditive_W ILEY. 7

PrROFESsioNALs TECHNOLOGY

—— ABS80%

Neat ABS

ABS60%

Neat TPU

FIGURE 6 Uniaxial compression 250
test plots of the neat ABS, ABS80%,
ABS60%, and neat TPU.
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FIGURE 7 Three point bending test plots of the neat ABS,
ABS80%, ABS60%, and neat TPU.

portion, and there is a significant jump with the addition
of the second 20 wt% of TPU.

According to the uniaxial compression test plots
shown in Figure 6, the samples were able to withstand a
high strain of 75% due to the compression stress causing
crack closure.”” The yield strength of the neat ABS,
ABS80, ABS60, and TPU is 40.4, 29.5, 11.3, and 6.1 MPa
respectively. A significant 27% drop in yield strength is
observed by adding the first 20 wt% of TPU. Blending the
next 20 wt% of TPU results in substantial decreases of
71% and 62% in yield strength compared to that of the
neat ABS and ABS80, respectively.

3.2.2 | Three-point bending test

In Figure 7, the stress-strain diagrams for neat ABS,
ABS80, ABS60, and TPU under three-point bending mode
are presented. TPU shows a completely linear behavior and
due to the limited amount of strain in the bending loading

20 30 40 50 60 70 80
Strain (%)

Neat ABS

—— ABS80%
400 |
ABS60%

Neat TPU
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0
S
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3
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Crack Growth (mm)

(=]

FIGURE 8 Force-crack growth diagrams for single-edge
notched bending samples of the neat ABS, ABS80%, ABS60% and
neat TPU.

mode, the material does not enter the plastic range. Accord-
ing to Figure 7, there is a significant difference in the bend-
ing behavior of the three neat ABS and ABS-TPU
compounds in the elastic region and the yield stress. How-
ever, due to the limited amount of strain and the combina-
tion of tensile and bending loading, the comparison of
materials in the plastic region is not considered. The slope
of the linear region and the yield stress for ABS is the high-
est value, and this trend decreases with the increase in the
amount of TPU in ABS-TPU compounds. Additionally, the
behavior of ABS80 tends to be more similar to neat ABS. In
general, although adding TPU could moderately increase
the strain, it significantly reduces the yield strength.

3.3 | Fracture toughness

Figure 8 shows the force-crack growth diagrams for neat
ABS and TPU, as well as softened and blended 3D-
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FIGURE 9
test under three point bending loading mode.

Single-edge notched bending samples after fracture

printed ABS with 20 and 40 wt% of TPU. This trend is
consistent with the mechanical behavior observed in
other loading modes, such as bending, tensile, and com-
pression tests. The sharp decrease in force is also evident
in the slope of the linear region (elastic section) of the
samples when 20 and 40 wt% TPU are added.

The maximum force for crack growth initiation for
neat ABS, TPU, ABS80, and ABS60 is 568.4, 48.5, 335.3,
and 123.2 N, respectively. These values indicate the mate-
rial's resistance against crack growth initiation, which
decreases as the amount of TPU increases. Additionally,
the force-crack growth diagram can be divided into two
parts: the linear or elastic region and the nonlinear
region. As mentioned earlier, the linear region of the
samples continues until reaching the peak force and then
decreases. At this point, the behavior of all three ABS
and ABS-TPU compounds becomes completely different.
The curve slope is steep for ABS and becomes slight for
ABS80 and ABS60. This region represents the material's
resistance to crack growth, and therefore, a nonlinear
and different behavior is observed in the three com-
pounds. Neat ABS exhibits a completely brittle behavior,
whereas ABS60 is completely soft and tough, showing
more resistance to crack growth.

In Figure 9, the printed SENB samples after the frac-
ture toughness test show uniform crack growth aligned
with the loading direction for all three samples. The sta-
ble crack growth in the same direction as the loading
direction confirms the accuracy and feasibility of the test
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FIGURE 10 Shear strength of the neat ABS and the ABS-TPU
blends.

for calculating the fracture toughness value. According to
this figure, it is evident that the crack propagation in
ABS60 is less than that of ABS and ABS80, which is
in accordance with previous results that showed adding
TPU changed the ABS behavior from brittle to ductile.

The fracture toughness value was calculated using
Equation (1), where K, is the fracture toughness value,
P is the maximum force, B is the thickness, and Wis the
width of the SENB sample. Additionally, f{x) is a function
of the ratio of the initial crack (a) to the sample width
(W). The fracture toughness values for neat ABS, ABS80,
and ABS60 were determined to be 7.92, 4.50, and
1.72 MPa m"/?, respectively.

Pq
Ko= ) 1
¢ (BW%>f(x) W
3.4 | Shear test and SEM

The strength and adhesion force between the rasters of
the 3D-printed samples are key criteria for evaluating the
printability and mechanical properties of the materials.
To assess the adhesion between the printed layers and,
therefore, the printability, a shear test was conducted on
3D-printed neat ABS and toughened ABS with 20 and
40 wt% of TPU. The results are shown in Figure 10.
According to Figure 10, the shear strength of the neat
ABS, ABS80, and ABS60 blends is demonstrated with
average values of 21.7, 13.7, and 7.3 MPa, respectively,
which are acceptable for polymeric materials. Figure 10
also shows that the shear strength decreases with the
addition of 20 and 40 wt% of TPU. By adding 40 wt% of
TPU, the shear strength of ABS decreases by about 66%.
Figure 11 also shows SEM images of the cross-
sections of neat ABS and ABS-TPU blends. These samples
exhibit microholes caused by FDM printing and the
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viscosity of ABS-TPU compounds, which occur regularly
between the overlapping layers. Figure 11 demonstrates
that the printing quality and diffusion between printed
layers are excellent for all samples. This phenomenon is
attributed to the low viscosity of materials during the
printing procedure, resulting from the high printing tem-
perature of 240°C.>**?

Furthermore, the addition of TPU to the ABS matrix
significantly reduces the viscosity of the blends, leading to
improved quality of the printed parts and bonding between
layers. As is clear from the SEM images, adding TPU to
ABS reduces the size and number of voids. It means that
TPU addition reduces the occurrence of voids between ras-
ters in the ABS-based blend specimen. Moreover, increas-
ing the TPU content in the blends enhances the diffusion
between layers and rasters, resulting in smaller voids.

However, even with the addition of 40 wt% of TPU,
there are still some microvoids present in the SEM
images. Removing these microholes and voids in the
FDM printing process is challenging due to the rapid
cooling and shrinkage of the raster after deposition. It
has been a persistent challenge for the past two decades.
In addition to the FDM printing mechanism, printing
parameters and thermoplastic rheology also aggravate
this challenge. These factors influence the feeding rate
and extrusion process, which in turn affect the formation

o nseiei Vinyl & Additive o
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of microholes. Furthermore, the nonuniform morphology
of ABS-TPU exacerbates rheological changes and the dis-
connection and connection of feeding conditions in FDM
3D printing. The presence of larger TPU droplets inten-
sifies this challenge.

The morphology images of the ABS80 and ABS60
blends are illustrated in Figure 12. By integrating the
results from Figures 11 and 12, it can be deduced that
the differences in shear strength among these parts are
mainly associated with the stiffness of the materials used.
Based on the findings from the uniaxial tensile and com-
pression tests, the neat ABS has the highest strength,
whereas the ABS60 blend has the lowest strength among
these three materials. The matrix-droplet morphologies
and the average diameter of TPU droplets, which is about
1 pm, indicate good compatibility between ABS and
polyester-based TPU. This suggests that the TPU affects
the mechanical characteristics of the material, resulting
in the softening of the blends. Therefore, it is logical that
this trend is also observed in shear strength.

Although the area of voids has a minor impact on the
shear strength of these materials due to the perfect bond-
ing between layers in all three samples, the shear
strength of the neat ABS and the ABS80 blend can be
improved by reducing the area of voids, similar to the
ABS60 blend, by printing these two specimens at a higher

FIGURE 11 Scanning electron microscopy of (A) the neat ABS, (B) the ABS80 blend, and (C) the ABS60 blend.

FIGURE 12 Scanning
electron microscopy of the
morphology of (A) the ABS80
blend and (B) the ABS60 blend.
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temperature or increasing the material flow during the
printing process.'®** However, due to the basic concept of
FDM, which involves the extrusion of semiliquid thermo-
plastic, these diamond-shaped voids cannot be eliminated.

4 | CONCLUSIONS

Adding 20 and 40 wt% TPU to ABS reduced the glass
transition temperature from 118°C for ABS to 114°C for
ABS80 and 106°C for ABS60. The addition of TPU also
decreased the intensity of the transition temperature
peak. Furthermore, at room temperature, the storage
modulus decreased from 900 MPa for ABS to 600 MPa
for ABS80 when 20 wt% TPU was added.

The results of tensile, compression, and bending tests
showed that the addition of TPU decreased the strength
of blends. However, it also increased their elongation
prior to failure. This implies that ABS-TPU blends have
higher formability than pure ABS.

Regarding the fracture toughness tests, the addition
of TPU significantly decreased the maximum force
needed for crack initiation. For neat ABS, the required
force was 568.4 N, whereas, for ABS80, ABS60, and TPU,
it declined to 335.3, 123.2, and 48.5 N, respectively. The
results also demonstrated that adding TPU had a positive
impact on toughening ABS by enhancing the strength of
the ABS-TPU blends against crack propagation.

Both SEM images and shear test results confirmed
the printability of blends and the acceptable adhesion
between the printed layers. Based on the shear test out-
comes, although the addition of TPU caused a reduction
in shear strength for ABS80 and ABS60 compared with
neat ABS, their shear strength still falls within an accept-
able range for polymers. The size and number of voids
and microholes decrease as the amount of TPU increases.
However, it is inevitable to have some voids and holes
due to the inherent characteristics of FDM.
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