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Biodegradable poly(lactic acid) (PLA) filaments have been widely used in the fused deposition modeling (FDM) 3D printing
technology. However, PLA has low toughness and low thermal resistance that affects printability and restricts its industrial
applications. In this study, PLA was compounded with 0 to 40wt% of poly(butylene adipate-co-terephthalate) (PBAT) and
varied content of nano talc at 0 to 40wt% in a twin screw extruder. The compounds were reextruded to filaments using a
capillary rheometer. PLA/PBAT blends and their composite filaments were printed with a FDM 3D printing machine.
Morphology, rheological behaviour, thermal characteristic, surface roughness, and mechanical property of 3D printing of the
blends and the composites were investigated. Complex viscosity of the blends and the composites increased with increase of the
PBAT and the nano talc contents. The incorporation of the nano talc enhanced crystallization temperature and reduced the
coefficient of volume expansion of the composites. It was found that the PLA/PBAT blends and composites were excellent in
both printability and dimension stability at PBAT content 10-30wt% and nano talc up to 10wt%. Interestingly, it was possible
to print the composite filaments at an angle up to 75° during the overhang test without a supporter. From the vertical
specimens, the surface roughness improved due to the incorporation of the nano talc. Tensile strength of the blends and the
composites decreased, whereas elongation at break increased when the PBAT and the nano talc contents were increased. The
reduction of tensile strength was attributed to agglomeration of the PBAT dispersed phase and less adhesion between the nano
talc and the matrix. It can be noted that the composite 3D printing product showed superior elongation at break up to 410% by
adding nano talc 1 wt%. This result suggests that the ductile 3D printable PLA/PBAT blend and the PLA/PBAT-nano talc
composite products can be prepared, which shows potential for the commercialized scale.

1. Introduction

3D printing technology has been popular for rapid prototyp-
ing technology, which is flexible design by computer-aided
design software without molds [1–9]. Up to date, the devel-
opment in 3D printing technology in various applications is
further required such as small parts or pseudo organs in the
medical industry, new fashion clothes in the textile industry,
and automotive and construction parts [2–4, 10, 11]. There
are various types of 3D printing technology, which are avail-
able according to purpose and material selections. Fused

deposition modeling (FDM) is widely used for polymer
materials in the 3D printing technology [1–14]. Structural
fabricated in FDM 3D printing is operated by extruding mol-
ten thermoplastic filament layer-by-layer deposition [5–9,
12–16]. Nevertheless, the drawbacks of 3D printing technol-
ogy deal with low mechanical properties, long processing
time, conflicting mass-production scale, poor dimensional
stability due to thermal-induced volume shrinkage, and heat
distortion of materials [2, 3]. Thus, development of 3D print-
ing machines, software programs, 3D printable materials,
and so on is still open in the FDM 3D printing technology.
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The most popular thermoplastic filaments in 3D printing
technology are poly(lactic acid) (PLA) and acrylonitrile-
butadiene-styrene (ABS), which were derived from bio-
based and petroleum-based resources, respectively [3, 4].
Owing to the global environmental problems, biodegradable
and compostable plastics are becoming the key materials for
the sustainable development in our future society. Therefore,
material development and optimizing processability of bio-
degradable plastics in 3D printing, especially PLA, have been
promising for various industrial fields [2–6, 12–15]. Never-
theless, PLA is known for its brittleness, low elongation at
break, low impact strength, slow crystallization, and low heat
distortion temperature. The incorporation of polymer
blends and composites can overcome these drawbacks of
PLA [17–26].

Poly(butylene adipate-co-terephthalate) (PBAT) is a
biodegradable copolymer which can be degraded by
microorganisms. PBAT has a superior in ductile property
with high elongation at break and excellent in thermal
stability [20]. PLA/PBAT blends are highly desirable mate-
rials due to high mechanical strength contributed by PLA
and elevate in toughness and flexibility obtained from
PBAT [18–20]. Therefore, PBAT is considered as a good
candidate for enhancing the ductility of PLA [20–24].
Although PBAT is flexible and has superior toughness, it
possibly loses dimensional stability during 3D printing
[25]. Additionally, most 3D printing technologies require
appropriate additives and fillers for controlling the print-
ability and quality of 3D printing products [14]. The addi-
tion of fillers could reduce thermal shrinkage, warpage,
and curling of the edges of conventional thermoplastic
materials [3]. Talc represents one of the most useful min-
eral fillers for PLA, especially at high temperature service
applications. Cicala et al. informed testing results of three
different commercial PLA filaments for FDM [14]. The test
method in this report was performed by printing a complex
shape with overhang features. They found that the best
printing quality is observed with the presence of mineral
fillers. Zhou et al. studied the preparation of 3D printing
from PBS/talc composite filaments. [27]. Several reports
revealed that talc acts as the nucleating agent for PLA crys-
tallization. The incorporation of talc increases stiffness and
viscosity and improves thermal stability and heat distortion
temperature of the composites, which would support
dimensional stability in the 3D printing [26–30].

In this study, superior toughened biodegradable polymer
blend composites from PLA, PBAT, and nano talc were
prepared for alternative materials in 3D printing. Herein,
a quality of 3D printable filaments was evaluated by con-
trolled diameter of 1.70 to 1.80mm. The effects of PBAT
and nano talc contents on appearances, surface finish, and
properties of dumbbell and overhang 3D printing products
were investigated. Mechanical properties were performed
by tensile testing. Morphology observation, rheological
behaviour, thermal stability, and thermal-induced volume
expansion of materials, crystallization, and thermal proper-
ties were carried out in order to clarify material character-
istics during 3D printing and properties of the final 3D
printed products.

2. Experimental

2.1. Materials. PLA (Luminy® PLA L175) was supplied by
Total Corbion PLA (Thailand) Ltd., with melt flow rate
(MFR) 3 g/10min (190°C, 2.16 kg), glass transition tempera-
ture (Tg) 55-60°C, and melting point (Tm) 175°C. PBAT
(ecoflex®F Blend C1200) was provided by BASF Japan Ltd.,
with MFR 2.7-4.9 g/10min (190°C, 2.16 kg) and Tm 110-
120°C. Nano talc (nano ACE, D-800) was supplied by
Nippon Talc Co., Ltd., Japan, in powder form, white colour,
with an average particle size of 800nm.

2.2. Preparation of PLA/PBAT Blends and PLA/PBAT-Nano
Talc Composites. Materials were dried in an oven at 100°C
for at least 6 h. After that, all materials with desired for-
mulation were melted mixing by twin screw extruder
(KZW15TW-30MG-NH, Technovel Co., Ltd., Japan, L/D
of screw = 45). The barrel temperatures from the hopper
to the die were set at 170-200°C with the screw speed of
100 rpm. The PLA/PBAT blend and the PLA/PBAT-nano
talc composite were pelletized by the pelletizer. The for-
mulations of the blends and the composites are shown in
Table 1.

2.3. Preparation of 3D Printing Filaments. Pelletized
PLA/PBAT blends and PLA/PBAT-nano talc composites
were dried at 100°C for at least 6 h. The dried pellets were
extruded into a filament by a capillary rheometer (Capilo-
graph 10, Toyo Seiki Seisaku-sho, Ltd., Japan) at a temper-
ature of 180°C and the extrusion speed of 40mm/min. A
circular die was used to prepare 3D printing filaments with
a diameter of 1:75 ± 0:05mm at the constant drawing
speed 1.10m/min.

2.4. Preparation of Injection Molding and 3D Printing
Products. The blends and the composites were prepared as
a dumbbell specimen by microinjection molding (EP5 Real
Mini, Nissei Plastic Industrial Co., Ltd., Japan) at the barrel
temperature from 150 to 210°C and the injection speed of
5mm/sec.

3D printing products with different model structures
were fabricated by FDM 3D printer (da Vinci 1.0 Pro, XYZ-
printing, Inc., Taiwan). The shape and model structures of
specimens were designed and exported as standard triangle
language (STL) file type in SOLIDWORKS 2017 software.
Then it was exported as g-code files for cooperating the
FDM printer by XYZware program as shown in Figure 1.
In FDM 3D printing, there are many parameters to be

Table 1: Formulations of PLA/PBAT blends and PLA/PBAT-nano
talc composites.

Materials Content (wt%)

PLA 100 90 80 70 60

PBAT 0 10 20 30 40

Nano talc 0 to 40

Material formulation being referred to in the abbreviations: 90/10‐Talc1 =
PLA 90 wt%, PBAT 10 wt%, and nano talc 1 wt%.
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controlled carefully such as nozzle temperature, bed temper-
ature, printing speed, infill density, shell thickness, and layer
height. In this experiment, details of the printing conditions
are shown in Table 2.

2.5. Characterization

2.5.1. Morphology Observation. The samples were fractured
after immersion in liquid nitrogen and then coated with plat-
inum. Morphology of the samples was examined by scanning
electron microscopy (SEM, JSM-6510, JEOL Ltd., Japan).

The inter layer of the 3D printing products was observed
by SEM (TM3030plus, Hitachi, Ltd., Japan) to clarify the
relationship between printing behaviour and adhesion
characteristic.

2.5.2. Rheological Behaviour. Rheological behaviour of
materials was measured by a rotary rheometer (Modular
Compact Rheometer, MCR 302, Anton Paar GmbH, Aus-
tria). A 25mm parallel plate was used at the frequency range
of 0.01 to 1000 rad/s and the strain set at 1.0%. Complex vis-
cosity (η∗), storage modulus (G′), and loss modulus (G″)
were recorded at temperature of 210°C as a function of angu-
lar frequency (ω).

2.5.3. Pressure-Volume-Temperature Measurement. Ther-
mal-induced volume expansion of polymers was measured
by the pressure-volume-temperature (PVT) system machine
(Toyo Seiki Seisaku-sho, Ltd., Japan) at temperature of 30°C
to 230°C with constant pressure of 10MPa.

2.5.4. Thermal Properties and Crystallization. Differential
scanning calorimetry (DSC Q200, TA Instruments, USA)
was used to analyse thermal properties and crystallization
behaviour of materials. Temperature range was set at 40°C
to 200°C with heating and cooling rates of 10°C/min. The
sample was held isothermally for 5min to eliminate the
thermal history before cooling and the second heating [21].

2.5.5. Precision and Dimension Stability of 3D Printing
Products. Precision and dimension stability of 3D printing
products were evaluated by performing 3D printing dumb-
bell shape from vertical printing direction as shown in
Figure 1(b). The overhang test specimen was performed to
inspect the overhang printing quality [31]. There are 4 levels
of protrusion at 30°, 45°, 60°, and 75° as presented in
Figure 1(c).

2.5.6. Observation of Surface Roughness. Surface roughness of
3D printing both vertical and horizontal dumbbell specimens
was measured by 3D optical surface profiler (NewView 8300,
Zygo Corporation, USA) at a middle area of specimen by
magnification objective 10x with scan length of 150μm on
the top field area dimension of 1,600 × 1,600 μm2.

2.5.7. Mechanical Properties. Tensile properties of dumbbell
specimen from injection molded and 3D printing products
were performed according to ISO 527-2 type 1BA [32] by
tensile testing machine (Strograph VG, Toyo Seiki Seisaku-
sho, Ltd., Japan) at testing speed of 10mm/min.

The notched Charpy impact test from injection molded
specimen was carried out according to ISO 8256 by a digital
impact tester, type DG-IB (Toyo Seiki Seisaku-sho, Ltd.,
Japan), at potential energy 0.1 J.

(a) (b) (c)

Figure 1: Software images of 3D printing specimens: (a) horizontal dumbbell; (b) vertical dumbbell; (c) overhang test.

Table 2: Conditions of FDM 3D printing.

Parameters Conditions

Nozzle temperature 210°C

Bed temperature 45°C

Printing speed 25mm/s

Infill density 100%

Infill type Rectilinear

Layer height 0.2mm

Shell thickness 2 layers

Filament diameter 1:75 ± 0:05mm
Nozzle size 0.4mm
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3. Results and Discussion

3.1. Properties of PLA/PBAT Blends and Nano
Talc Composites

3.1.1. Morphology of PLA/PBAT Blends and Composites.
Morphology of PLA/PBAT blends and 70/30-nano talc
composites is shown in Figures 2 and 3, respectively.

Figures 2(a)–2(e) present the fractured surface of the PLA/-
PBAT blends at PBAT contents 0-40wt%. It can be seen
that PBAT particles were dispersed on the PLA matrix,
which indicated that PLA/PBAT was immiscible [33]. The
PBAT dispersed phase sizes were in the range of 0.6-1.2μm,
which they became larger when increasing the PBAT contents
[33–36]. However, the dispersed phase exhibited cocontinuity
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Figure 2: SEM images of cryogenic fractured surface: (a) 100/0, (b) 90/0, (c) 80/20, (d) 70/30, and (e) 60/40.

PBAT

PBAT

PBAT

PBAT

(a) (b)

(c) (d)

Figure 3: SEM images of cryogenic fractured surface: (a) 70/30, (b) 70/30-talc1, (c) 70/30-talc5, and (d) 70/30-talc10.
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structures at the content of PBAT 40wt% as shown in
Figure 2(e), which was due to the coalescence of PBAT
[33, 34]. Figures 3(a)–3(d) depict the morphology of
the 70/30-nano talc composites at the nano talc content
0-10wt%. It was found that nano talc particles, indicated by
arrows in the SEM images, were distributed well on the
polymer blend matrix [33]. The PBAT dispersed phase size
in the composites became smaller as compared to the 70/30
blend. It was considered that the nano talc particles hin-
dered an agglomeration of PBAT because of an increment
of polymer viscosity and surface tension. Hence, the nano
talc particles delay the mass transfer during the coalescence
of PBAT [33–35].

3.1.2. Rheological Behaviour of PLA/PBAT Blends and
Nano Talc Composites. Rheological properties of the blends
and the composites are carried out for 3D printing technol-
ogy in order to determine the printability, dimension sta-
bility, and interlayer adhesion in the 3D printing process
[7, 18, 27]. Figure 4 illustrates complex viscosity (η∗), storage
modulus (G′), and loss modulus (G″) from viscoelastic
behaviour of the PLA/PBAT blends and the 70/30-nano talc
composites. The complex viscosity as a function of frequency
of the PLA/PBAT blends and the composites exhibited
pseudoplastic (shear thinning), whereas neat PLA exhibited
Newtonian behaviour at higher frequency [18, 27]. The com-
plex viscosity of the blends increased when increasing the
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Figure 4: Rheological properties of PLA/PBAT blends and 70/30-nano talc composites: (a) complex viscosity (η∗), (b) storage modulus (G′),
and (c) loss modulus (G″).
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PBAT and the nano talc contents as shown in Figure 4(a).
Storage modulus and loss modulus of the blends and the
composites were also higher than neat PLA as presented in
Figure 4(b) and 4(c). It was considered that PBAT has long
and flexible molecular chains resulting in elastic deformation
due to molecular entanglement [5, 22]. In addition, nano talc
inhibited the movement of the polymer chains, which
induced stiffness and solid like of molten polymer, especially
at low frequency [14, 27, 37–39]. An increment of the storage
modulus of the composites informed fine distribution of
nano talc and the interaction between nano talc and polymer
matrix [5]. Additionally, from Figure 4(b) at low frequency,
small plateau of the storage modulus of 70/30 and 60/40

blends indicated changing of elasticity to rubbery flow due
to highly entanglement during relaxation process at low fre-
quency [38]. The declination of the complex viscosity and
the sudden drop of the storage modulus in neat PLA might
be due to deterioration of PLA chain at testing temperature
(210°C) [6]. The degree of the complex viscosity would
inform printing characteristic. Cicala et al. reported that
low viscosity and elasticity of material resulted in flow and
dripping of layer deposition that was fallen as poor printing
quality [14]. On the contrary, polymers with high viscosities
are difficult in printing and lead to inconsistent flow from the
nozzle [7]. Qahtani et al. found that their printing job failed
due to high viscosity and dimensional instability [6]. Hence,
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Figure 5: Specific volumes of the (a) PLA/PBAT blend and (b) 70/30-nano talc composite and the coefficients of volume expansion of the
(c) PLA/PBAT blend and (d) 70/30-nano talc composite.
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polymer filament viscosity must be moderate to achieve suc-
cessful FDM processing conditions [6]. Therefore, the effect
of the PBAT and the nano talc contents on the rheological
behaviour of the blends and the composites would explain
dimension stability of their 3D printing products.

3.1.3. Specific Volume and Coefficient of Volume Expansion.
The specific volume of the PLA/PBAT blends and the
composites was analysed by PVT measurement at constant
pressure with variations of temperatures. Results of the
PVT measurement, i.e., the specific volume and the coeffi-
cient of volume expansion, are presented in Figure 5. The
specific volumes of the blends and the composites rose at

elevated temperature as shown in Figures 5(a) and 5(b).
The value of the specific volume increased with the incorpo-
ration of PBAT as shown in Figure 5(a), which was due to the
increment of polymer chains mobility. On the contrary, the
addition of nano talc decreased the value of specific volume
in the composites, and the value drastically dropped at higher
contents of nano talc from 5wt% to 40wt% as presented in
Figure 5(b). The results indicated that the nano talc restricted
polymer chain mobility in the 70/30-nano talc composites
during the elevated temperature.

The coefficient of linear thermal expansion (CLTE) and
the coefficient of volume expansion can be used for deter-
mining dimension changes through printability in the 3D
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Figure 6: Mechanical properties of PLA/PBAT blends and 70/30-nano talc composites: (a) tensile strength and elongation at break;
(b) impact strength.
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printing technology [3, 6, 40]. In this research, the coefficient
of volume expansion (β) can be estimated from the specific
volume as the following equation [40]:

β =
1
V

ΔV
ΔT

� �
, ð1Þ

where V is a specific volume at room temperature, ΔV is a
change in the specific volume due to heating or cooling,
and ΔT is temperature differences in the range of the change
in the specific volume.

Figures 5(c) and 5(d) display the coefficient of volume
expansion of the PLA/PBAT blends and the composites,
respectively. The coefficient of volume expansion of the
blends increased when increasing the content of PBAT as
presented in Figure 5(c). It was considered that PBAT is a
long molecule chain that was easily moved during thermal
induction, which resulted in higher values of the coefficient
of volume expansion [41]. It can be implied that the materials
having high thermal-induced volume expansion may domi-
nate thermal instability of molten filament resulting in poor
dimension stability, warpage, and shrinkage in the 3D print-
ing products [3, 6]. On the other hand, the coefficient of vol-
ume expansion of the composites decreased when increasing
the nano talc content as depicted in Figure 5(d). It was due to
superior thermal resistance of the nano talc that prevented
the expansion of the composites during the elevated temper-
ature [42, 43]. It has been reported that the addition of min-
eral fillers in 3D printing filaments decreased the coefficient
of volume expansion, which contribute for improving print-
ability, reducing warpage, shrinkage, and printing defects in
the 3D printing process [3].

3.1.4. Mechanical Properties of Injection Molded Parts. The
effects of the PBAT and the nano talc contents on mechanical
properties of injection molded parts have been investigated
in order to clarify the ratio between the PLA/PBAT blends
and the nano talc contents for the 3D printing process.
Figure 6 and Table 3 show tensile and impact properties of
the PLA/PBAT blends and the composites.

From Figure 6(a) and Table 3, tensile strength and
Young’s modulus of the PLA/PBAT blends decreased while
elongation at break increased when increasing the PBAT
content. The declination of tensile strength and Young’s
modulus and the increment of elongation at break were
attributed to high ductility, low modulus, and low tensile
strength of PBAT [34, 38]. The maximum elongation at
break of 193.8% was found at the 70/30 blend. However,
the reduction of the elongation at break in the 60/40 blend
might due to larger dispersed phase sizes as well as the cocon-
tinuity structured in the 60/40 PLA/PBAT blend as presented
in Figure 2 [34]. From the results, the 70/30 blend was
selected to composite with the nano talc.

The effect of the nano talc on mechanical properties of
the 70/30-nano talc composites has been discussed. Young’s
modulus significantly increased with increasing the nano talc
contents from 20wt% to 40wt% as depicted in Figure 6(a)
and Table 3, which was due to the stiffness of the nano talc.
At the content of the nano talc 1wt% to 30wt%, tensile
strength in the composites was lower, whereas elongation at
break of the composites was higher than the 70/30 blend.
These results were attributed to the less adhesion between
the nano talc and the polymer blend matrix and the reduc-
tion of PBAT dispersed phase when adding the nano talc in
the composites as shown in Figure 3. It is interesting to note
that the maximum elongation at break about 239% was
observed at the composite with 1wt% of nano talc. However,
the values of both tensile strength and elongation at break
were greatly reduced at 40wt% of nano talc. It was consid-
ered that nano talc was highly agglomerated and restricted
the movement of polymer chain in the composites and the
macro phase separation between the filler and the matrix
[44, 45]. The results suggested that the maximum of the nano
talc content in the PLA/PBAT composite should be less than
30wt% for optimizing material properties.

Figure 6(b) depicts the impact strength of the PLA/PBAT
blends and the composites. From the result, the impact
strength of the blends and the composites increased with
increasing the contents of PBAT and nano talc. It was due
to the ductility of PBAT and the reduction of PBAT dispersed
phases in the blends and the composite [33, 45]. Therefore,

Table 3: Mechanical properties of PLA/PBAT blends and 70/30-nano talc composites.

PLA/PBAT-nano talc Tensile strength (MPa) Young’s modulus (GPa) Elongation at break (%) Impact strength (kJ/m2)

100/0-talc0 76:1 ± 2:80 2:3 ± 0:14 7:3 ± 3:30 5:0 ± 0:60

90/10-talc0 71:2 ± 3:10 2:2 ± 0:95 142:2 ± 12:50 6:8 ± 1:09

80/20-talc0 60:9 ± 1:50 2:3 ± 0:06 142:5 ± 54:50 8:2 ± 0:46

70/30-talc0 53:0 ± 3:60 2:0 ± 0:20 193:8 ± 49:60 8:7 ± 0:49

60/40-talc0 46:0 ± 1:70 1:8 ± 0:20 186:6 ± 23:17 12:9 ± 3:86

70/30-talc1 54:4 ± 1:00 2:2 ± 0:30 239:0 ± 45:30 11:5 ± 1:09

70/30-talc5 51:0 ± 3:30 2:2 ± 0:17 209:4 ± 32:20 13:5 ± 1:01

70/30-talc10 48:5 ± 4:38 2:1 ± 0:17 203:9 ± 38:65 16:8 ± 1:25

70/30-talc20 46:5 ± 3:00 2:4 ± 0:17 212:0 ± 20:10 22:5 ± 0:95

70/30-talc30 44:2 ± 1:45 2:6 ± 0:40 203:7 ± 11:10 26:8 ± 2:17

70/30-talc40 9:8 ± 0:06 3:1 ± 0:34 123:3 ± 64:40 27:8 ± 1:17
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the PLA/PBAT blends and the nano talc composites were
able to absorb more energy and performed higher values of
the impact strength as compared with neat PLA.

3.2. Production of 3D Printing Filaments. The 3D printing fil-
aments of the PLA/PBAT blends and the nano talc compos-
ites were successfully prepared by capillary rheometer
(vertical extrusion). The diameter of all filaments can be con-
trolled in the range of 1:75 ± 0:05mm as shown in Figure 7.
The deviation of the diameter was reduced when increasing
the nano talc content, which was considered from the
increasing in the viscosity and the decreasing of the coeffi-
cient of volume expansion in the composites. Therefore, high
viscosity and low values of the coefficient of volume expan-
sion were benefits for preparation and control filament diam-
eters especially in the vertical flow of capillary rheometer.

3.3. Properties of 3D Printing Products

3.3.1. Dimension Stability and Printability of the 3D Printing
Products. In this study, the PLA/PBAT blends and the 70/30-
nano talc composites were neatly printed in the horizontal
dumbbell specimen. Hence, the printability and the dimen-
sion stability of the 3D printing products were evaluated
from the vertical dumbbell and the overhang test specimens
as presented in Figures 8 and 9, respectively. From Figure 8,
the PLA/PBAT blends can be maintained the shape up to
20wt% of the PBAT content. The rough surface appeared
in the 70/30 blend specimen, and the printing was not com-
pleted at the 60/40 blend. It was attributed to the flexibility of
PBAT and the high value of the coefficient of volume expan-
sion at printing temperature. Therefore, these specimens
exhibited lack of consistency and less dimension accuracy
in the printing products. On the contrary, the addition of
the nano talc significantly improved the printing of the
PLA/PBAT blend composite, especially the 60/40 blend as
shown in the bottom line of Figure 8. Cicala et al. reported
that mineral fillers act as reinforcement in printed parts that

kept their shape during printing [14]. In addition, Figure 9
shows the effect of the nano talc contents on the overhang
test products in the 70/30-nano talc composites. The results
revealed that the dimension stability of the 3D printing prod-
ucts of the 70/30 composite was successfully improved when
increasing the nano talc content. It can be noted that the
composite printing products were possible to be produced
even in the angle up to 75° for the overhang test without a
supporter, which is better than a conventional standard at
45° of design rules for the FDM 3D printing [14, 31]. The
incorporation of the nano talc in the 70/30 blend depicted
the improvement of dimension stability as well as surface
characteristic. It was due to the reinforcement of the nano
talc, the increment of the viscosity, and the reduction of the
coefficient of volume expansion in order to control the stabil-
ity of the molten filament [3, 6, 14, 27].

3.3.2. Thermal Properties and Crystallization Behaviour of the
3D Printing Products. Figure 10 illustrates DSC thermograms
of the PLA/PBAT blends and the 70/30-nano talc composites
at the nano talc content 1-10wt%. Results of glass transition
temperature (Tg), cold crystallization temperature (Tcc),
melting temperature (Tm), crystallization temperature (Tc),
enthalpy of cold crystallization (ΔHcc), enthalpy of melting
(ΔHm), and degree of crystallinity (Xc) of the 3D printing
products from the cooling cycle and the second heating are
tabulated in Table 4. The degree of crystallinity was calcu-
lated based on the following equation [17, 18]:

Xc %ð Þ = ΔHm − ΔHcc
ΔH0

f
×

1
W

× 100, ð2Þ

where ΔHm is the enthalpy of melting, ΔHcc is the enthalpy
of cold crystallization,ΔH0

f is the heat of fusion for fully
crystalline PLA 93.7 J/g [18], and W is the weight fraction
of PLA in the PLA/PBAT blends and the composites.
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Figures 10(a) and 10(b) depict DSC thermograms from
the first heating of the PLA/PBAT blends and the compos-
ites, respectively. The cold crystallization in the blends and
the composites can be observed, which indicated that the
polymer chain does not have enough time for organizing
and ordering polymer molecules to crystallize during
printing products. However, the addition of the nano talc
decreased the cold crystallization temperature in the 70/30-
nano talc composites in which the nano talc promoted the

crystallization in the composites. The results were confirmed
by sharper of the crystallization temperature in the compos-
ites as compared to the PLA/PBAT blends as shown in the
cooling cycle in Figures 10(c) and 10(d). Furthermore, the
cold crystallization existed in the blends while it disappeared
in the composites in the second heating as depicted in
Figures 10(e) and 10(f), respectively.

Table 4 summarizes thermal properties of the blends and
the composites from the cooling cycle and the second
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Figure 9: Overhang test specimens of 70/30-nano talc composites.
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Figure 8: Photographs of vertical dumbbell 3D printing specimens.
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heating. The crystallization temperature of PLA in the blends
was low in which PBAT retarded the crystallization of PLA
during printing. On the other hand, the incorporation of
the nano talc increased crystallization temperature of PLA
in the composites, and the cold crystallization was vanished
in the composites. The results implied that the nano talc
improved the PLA crystallization in the 70/30-nano talc
composites, which confirmed by higher degree of crystallin-
ity of PLA in the composites than in the blends. It was con-
sidered that the nano talc acted as the heterogeneous
nucleation site while PBAT dispersed phase retarded for

PLA to crystallize [44–49]. Double peaks of the melting
endotherm in the composites after printing as presented in
Figure 10(d) indicated partial melting, recrystallization, and
remelting of crystal in the composites [38, 45, 49]. The incre-
ment of the glass transition temperature of PLA in the com-
posites informed the restriction of polymer chain mobility
because of the addition of the nano talc. It can be noted that
the increasing of the crystallization temperature and the glass
transition temperature of PLA in the composites notified fas-
ter solidification of molten polymer and reinforcing of the
printing products, respectively.
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3.3.3. Surface Roughness of the 3D Printing Products.
Figure S1 presents the scanning profile of the surface
roughness measurement. The 3D surface roughness data
was evaluated as the surface roughness average (Ra) by
Zygo Mx software according to Equation S1 [50]. Surface
roughness average (Ra) of the vertical and the horizontal
dumbbell specimens is presented in Figures 11(a) and 11(b)
for the PLA/PBAT blends and the 70/30-nano talc
composites, respectively. At the vertical printing direction,
the surface roughness significantly increased when
increasing the PBAT content in the blends while drastically
decreased with the addition of the nano talc in the 70/30-
nano talc composites. According to the PLA/PBAT blends,
the volume of molten polymer in the blends increased at
the printing condition as observed from high values of the
coefficient of volume expansion in the blends. Therefore,
the molten filament was instability, and the printed layers
of the blends have less time to solidify completely before
the next printing level resulted in surfaced defect in the
vertical specimen [2, 50, 51]. At the horizontal printing
direction, the surface roughness of the blends and the
composites was lower than the neat PLA and the PLA
commercial filament (Ra = 20:7 μm). The surface roughness
decreased when increasing the content of PBAT in
Figure 11(a), whereas it almost unchanged when adding the
nano talc in Figure 11(b). It was considered that the melted
layers have time for adhered and solidified layer by layer in
the horizontal printing direction. Hence, the surfaces of the
horizontal specimens were smooth. It can be noted that the
PBAT and the nano talc improved the dimensional
accuracy and the surface quality of these horizontal
specimens [50, 51].

3.3.4. Adhesion between Interlayers. Since molten polymer is
fabricated layer by layer in 3D printing, an integrity of adhe-
sion between the layers is required in order to enhance
mechanical properties of 3D printing products [6]. The
bonding between layers of FDM parts is driven by the ther-
mal energy of the semimolten material [9]. Figure S2 shows
the schematic observation of interlayer and voids from
cross-sectional vertical dumbbell specimen. Figures S3 and
S4 present SEM images of alignment layers in the

PLA/PBAT blends and the 70/30-nano talc composites,
respectively. Figure 12 depicts SEM images of the
interlayers in the PLA/PBAT blends and the 70/30-nano
talc composites at high magnification. Voids, which are
indicated by arrows, can be observed between layers in neat
PLA, the blends and the composites. Sizes of the voids
obviously decreased with adding higher contents of PBAT
as shown in Figures 12(a)–12(c), which provides larger
contact area in the blends [8]. On the contrary, the sizes of
the voids increased when increasing the nano talc contents
as presented in Figures 12(d)–12(f). The result was
considered that the reduction of the voids was due to
higher values of the coefficient of volume expansion of
PLA/PBAT blends. Thus, the melted layers were easily
adhered during printing and continuing immersed layer by
layer when increasing the PBAT contents. On the other
hand, the voids between layers increased with increasing the
nano talc contents. Since the adding of nano talc increased
the viscosity, reduced the coefficient of volume expansion,
and enhanced the crystallization temperature of the
composites, the diffusion of polymer molecular chain was
retarded, and between layers were solidified faster resulting
in the reduction of filaments welding, which exhibited larger
voids and lack of interlayer adhesion [3, 8, 14, 50].

3.3.5. Tensile Properties of the 3D Printing Products. Tensile
properties of the 3D printed dumbbell specimens are shown
in Table 5. Tensile strength of the blends and the composites
decreased in both of horizontal and vertical dumbbell speci-
mens with increasing the PBAT and the nano talc contents.
It was owing to the ductility of the PBAT and less adhesion
between the nano talc and the polymer matrix. The elonga-
tion at break of the blends and the composites increased
when increasing the contents of PBAT and nano talc, which
was accounted to the reduction of PBAT dispersed phase
sizes and the orientation of printed layer in the horizon-
tal specimens. However, the elongation at break of the
composites with horizontal printing decreased at high nano
talc contents because of the cluster of the nano talc in the
composites. On the contrary, the blends and the composites
at the vertical printing direction were difficult to elongate
because of poor adhesion between the printed layers, which

Table 4: Thermal properties of PLA/PBAT blends and composites.

PLA/PBAT-nano talc Tc (
°C) Tg (

°C) Tcc (
°C) ΔHcc (J/g) PLA Tmpeak1 (

°C) PLA Tmpeak2 (
°C) ΔHm (J/g) Xc (%)

100/0 102.6 60.0 103.4 11.2 — 175.4 46.6 37.8

90/10 97.5 59.3 97.6 24.0 — 174.7 41.2 20.4

80/20 98.0 59.7 96.8 16.0 — 174.8 35.1 25.5

70/30 98.6 59.7 96.4 17.0 — 174.7 30.8 21.0

60/40 99.1 59.6 97.8 13.4 — 174.2 26.4 23.1

70/30-talc1 110.5 62.5 — — — 176.4 32.1 49.5

70/30-talc5 113.3 63.1 — — 170.2 176.9 31.2 49.9

70/30-talc10 113.6 64.3 — — 170.6 177.3 29.3 49.2

70/30-talc20 114.6 61.2 — — 170.0 176.7 29.4 53.7

70/30-talc30 114.7 61.9 — — 170.2 176.6 27.4 54.3

70/30-talc40 115.6 60.1 — — 170.4 176.7 26.2 56.0
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might be implied from the tensile strength of the vertical
dumbbell specimens [2]. From the horizontal printing direc-
tion, tensile strength of these systems was comparable to
products from commercial available filaments. Additionally,
the elongation of the PLA/PBAT blends and the composites
was higher than the products from the commercial as tabu-
lated in Table 5. From the results, 3D printable filaments pre-
pared in this study were comparable to use in FDM 3D
printing technology.

4. Conclusion

It was suggested that the novel superior toughened 3D print-
able filaments of the PLA/PBAT-nano talc composites were

successfully prepared, showing the excellent dimensional sta-
bility and printability, and presented high tensile properties
of printing products as compared with neat PLA and the
commercial 3D printing filaments. The nano talc plays the
key role in the production of 3D printing products. The com-
plex viscosity, crystallization temperature, and degree of
crystallization of the composites increased while the coeffi-
cient of volume expansion decreased with the addition of
the nano talc in the 70/30-nano talc composites, resulting
in the improvement of dimension stability, surface rough-
ness, and elongation at break of the composites. It was possi-
ble to print the PLA/PBAT-nano talc filaments even at the
angle up to 75° during the overhang test without a supporter.
However, 3D pintable filaments with nano talc contents
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more than 10wt% presented excellent dimension stability
but exhibited a lack of tensile properties. In this study, the
optimum formulation of PLA/PBAT-nano talc 3D printable
filaments should be in the range of PBAT 10wt% to 30wt%
and the content of nano talc 1wt% to 10wt%.
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