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EVALUATION OF PROPERTIES OF POLYMER-CERAMIC FILAMENTS
MODIFIED WITH ALUMINOSILICATES FOR USE IN 3D PRINTING

A study was conducted on selected nanoclay fillers, i.e. montmorillonite (MMT) or halloysite (HNT) in polylactic acid
(PLA) pellets for the manufacture of filaments for 3D printing. A 1-3 weight fraction of the filler was used. In order to
compatibilize the nanofiller with the PLA, two methods were employed to facilitate dispersion of the nanoclay particles: using
prewetting of the nanoclay in dichloromethane (DCM) and introducing a short-chain plasticizer (polyethylene glycol,
PEG200) during the homogenization process. The effectiveness of filler dispersion was verified by performing thermal analy-
sis, i.e. thermogravimetry and differential scanning calorimetry (DG/DSC), as well as by microscopic observations. The
processability of the obtained nanocomposite filament was verified for the finished products manufactured from both of the
materials by FDM printing. Mechanical strength and impact tests were conducted on the printed samples. The results showed
that the prints made from the nanocomposite filaments have better tensile strength (by 25 and 10% for PLA/HNT and
PLA/MMT, respectively) compared to prints made from the pure polymer filament.
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INTRODUCTION

Additive manufacturing (AM) technologies, includ-
ing the most popular fused deposition modeling (FDM),
make it possible to obtain spatial objects with unique
geometry and diverse properties. Better and more
advanced 3D printers are appearing on the market,
lallowing the use of an ever-wider range of various ma-
terials, not only based on plastics, but also metals or
ceramics [1]. Additive technologies are increasingly
employed by various industries, e.g. automotive, con-
struction, but also more specific areas such as medicine
or aviation [2-4]. Importantly, by using optimized
geometry of the internal filling of the product, a signifi-
cant reduction in the weight of the element can be ob-
tained, but also the mechanical properties of the product
can be significantly improved by directional arrange-
ment of the filling. Thanks to this, additive manufactur-
ing methods can greatly reduce the costs and signifi-
cantly shorten the time of introducing a new product to
the market [5]. A good argument for using 3D printing
may also be the fact that by utilizing these methods,
companies are able to reduce the amount of material
waste to a minimum and reduce energy consumption.
Research results have shown that material waste in
additive manufacturing methods is reduced by 40%
compared to traditional methods and from 95 to 98% of
material waste can be recycled [6].

In order to increase the practical use of manufac-
tured plastic products, numerous attempts are being

made to modify polymer filaments by introducing the
admixtures of other materials in the form of fibers or
solid particles. The latter include the application of
nanoadditives that can significantly change the proper-
ties of the pure matrix. Filaments utilized in 3D print-
ers are made of thermoplastic materials, but not every
material will be suitable for rapid prototyping (RP),
and a material that will be suitable for filament pro-
duction may not be suitable for printing and vice
versa. This is mainly due to the melt flow index
(MFI), the value of which should not be lower than
10 g/10 min, and the higher the MFI value, the faster
the material passes through the printer’s nozzle and
enables printing at a higher speed [7, 8]. An important
element of the applicability of filaments is also their
ovality and dimensional tolerance, which should not
be greater than +/—0.02 mm because larger deviations
cause changes in the volume of the filament, which
affects the quality of the printed surface [1, 7]. Fila-
ments are usually produced in two diameters, 1.75 and
2.85 mm, and during the forming process they should
not undergo thermal degradation so as to maintain
their mechanical properties and the ability to precisely
reproduce geometric shapes.

One of the promising groups of additives applied as
polymer filament modifiers in FDM technology are me-
tallic and ceramic particles. The former are employed as
a modifying phase for polymers such as acrylonitrile
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butadiene styrene (ABS), polylactide (PLA) or polyam-
ide (PA), while Fe, Cu, Al or W particles are most often
used as metallic fillers. It was found that the presence of
an additive in the form of copper or iron particles in an
ABS filament causes a significant reduction in the coef-
ficient of thermal expansion, an increase in the thermal
conductivity, storage modulus and Young's modulus
[9, 10]. In turn, it was shown that the addition of tung-
sten to the polycarbonate (PC) matrix increases dielec-
tric permittivity, the X-ray attenuation coefficient and
the impact strength [11]. Commercial filaments also
often use metal alloy particles, i.e. brass and bronze for
purely aesthetic purposes. Generally, the disadvantage
of using filaments reinforced with metallic particles is
the very fast wear of the printing nozzle, which requires
the use of abrasion-resistant materials [12].

In the second group of ceramic additives for poly-
mer filaments, chalk or other soft ceramic additives are
most often used, affecting the aesthetics of commercial
filaments. At the laboratory level, research is being car-
ried out on the use of Al,O; added to the polyamide
6 (PA6) matrix and it was found that the PA6/A1,03
composite filament is characterized by a reduced value
of the friction coefficient with an increase in the addi-
tive content (up to 14% by weight) [13]. In turn, the
addition of BaTiO; particles affects the dielectric per-
mittivity, causing its increase in the ABS/BaTiO; com-
posite [10, 14]. PLA or PLGA (polyglycolide-co-
polylactide) filaments filled with hydroxyapatite or tri-
calcium phosphate can, in turn, be used to print fully
biodegradable and bioactive scaffolds [9]. Unfortu-
nately, as in the case of metallic particles, ceramic par-
ticles also require the use of a nozzle made of materials
resistant to abrasive wear [12].

On the other hand, a very promising group of mate-
rials used as fillers in polymer filaments is nanoparti-
cles. It includes, among others, carbon nanotubes
(CNT), graphene, graphite, metallic and ceramic
nanoparticles, and AgO, TiO, [14-18]. Nanoparticles
are an example of a nanometric phase modifying fila-
ments. The nanoparticles introduced into the ABS
matrix are responsible for a significant increase in the
mechanical strength of the filament compared to the
pure polymer filament, but for the ABS/TiO, filament,
much lower roughness compared to the pure ABS fila-
ment was achieved [18]. The main problem with the use
of nanoparticles, which hinders their practical applica-
tion in the processing of filaments, is their excess sur-
face energy, resulting in a tendency to agglomerate.
In practice, this is associated with difficulties in the
homogenization and even distribution of the nanoaddi-
tive in the filament, which, with a low filler content
(1-5% by weight), means a decrease in the properties of
the entire filament. Instead of fulfilling the role of a re-
inforcing phase in the nanocomposite, the nanoparticles
are then the phase that weakens the filament by creating
defects [9]. Various solutions to this problem can be
found in the literature from chemical modifications of
the nanoparticles resulting in their greater compatibility

with the matrix, to multi-stage homogenization methods
[1, 2]. However, both ways are too expensive for indus-
trial applications, especially since the cost of the
nanoparticles themselves is also a factor that discour-
ages potential interest in new material solutions, e.g. for
nanocomposite filaments.

Currently, the cheapest nanoparticles are nanoclays,
i.e. layered aluminosilicates, the cost of which in 2020
was not higher than $ 4/kg, and owing to their chemi-
cal structure and diversified morphology (flakes, tubes),
may exhibit variability in their physicochemical proper-
ties that should facilitate homogenization in the poly-
mer matrix [4]. In the presented work, we focused on
the production of a nanocomposite filament based on
commercial polylactide (PLA) with a filling in the form
of natural aluminosilicate nanoparticles. Two types of
aluminosilicates were used in the study: hydrophilic
montmorillonite (MMT) and hydrophobic halloysite
(HNT) from the Dunino deposit. These clays had al-
ready been used in the previous work of the authors of
the present study [19-21], but what is new is the appli-
cation of physical or chemical modifications to achieve
better compatibility between the polymer matrix and the
nanoparticle.

The nanoclays used in this work are characterized
by different chemical composition and morphology;
MMT is a sodium-calcium layered aluminosilicate
doped with iron, which agglomerates strongly in aque-
ous media [19]. Halloysite, on the other hand, is
an aluminosilicate composed of different morphological
forms: lamellar, disc-shaped and tubular [20]. The size
of the nanoclay varies, depending on the form, from
3-12 nm in the smallest element. Halloysite has
a smaller tendency to agglomerate, which is related to
its lower polarity [21]. The obtained filaments were
subjected to the calibration process and their homoge-
neity as well as the structural changes occurring after
the extrusion process were monitored by means of
thermal methods (DSC/TG). The filaments were then
utilized to print samples in filament deposition model-
ing technology, and the printed shapes were subjected
to mechanical and microscopic investigations to deter-
mine the properties of the finished products.

MATERIALS AND METHODS

The polymer matrix of the filament was polylactide
(PLA) Ingeo™ Biopolymer 3251D manufactured by
NatureWorks, in the form of granules. According to the
manufacturer’s data, the polymer is characterized by
a relatively high flow coefficient, which should trans-
late into the easier formation of thin-walled elements
[22]. Montmorillonite MMT K-10 from ACROS
Organics and halloysite (HNT) from the Polish Dunino
deposit were applied as fillers/modifiers, the basic data
of which are presented in Table 1. All the parameters
included in Table 1 are from our research carried out for
this work.

Composites Theory and Practice 23: 1(2023) All rights reserved
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TABLE 1. Selected properties of aluminosilicates used in

filaments
Zeta « Loss of L
Material | pH potential Cl]/EICOO ignition Com[‘);)smon
70% halloysite
(plate-like and
HNT | 59 |-418£02| 11.0%06 | 1539 | Panotubular
grains)
5% quartz,
12% kaolinite
68% montmoril-
MMT lonite
K10 35 |-35.6£02 | 28.4+1.2 21.15 29% quartz
2% muscovite

*CEC — cation exchange capacity

Nanocomposite filament manufacturing

Two types of homogenization were employed, after
which, the polymer pellets and the aluminosilicate
nanopowders were dried for 8 hours at 80°C and for 12
hours at 120°C, respectively. The first method of ho-
mogenization consisted in the addition of MMT K10 in
an amount not exceeding 1-3 wt.% in relation to the
weight of the dry polymer, kept for 4 h in dichloro-
methane (DCM, pure Avantor SA), and then mechani-
cal mixed on rollers. The production of filaments by the
second method consisted in the direct use of the previ-
ously obtained pellets (pure or pre-modified with na-
noadditives) on a 3devo extruder (3devo B.V, the Neth-
erlands) and was based on the addition of a plasticizer,
which was PEG 200 (Sigma-Aldrich), in an amount not
exceeding 2 wt.% relative to the dry weight of the
polymer. As in the first method, polymer pellets with
MMT K10 and HNT Dunino aluminosilicates treated
with PEG were homogenized on rollers. In this case,
also to improve the homogeneity of the filler, a Zamak-
Skawina single-screw extruder was utilized. In both
cases, the mass plasticized in the extruder was wound
onto a spool using a Filabot Spooler winder. A sche-
matic diagram of the manufacture of the HNT/MMT
modified filaments is shown in Figure 1.

HNT/MMT K10 MMT K10
|
4h PEG l l 4h.DEm
prewetting < PLA pellet e pl\rllel\‘:!"?tl:;nog
HNT/MMT K10
homogenization l homogenization
3-roller mill l 3-roller mill
PLA/Wt1% MMT K10 PLA/wt1-3% MMT K10
PLA/wt1% HNT
extruder
extruder ‘ l
filament
filaments PLA/wt1-3% MMT K10
PLA/wWt1% MMT K10
PLA/Wt1% HNT

Fig. 1. Schematic diagram of manufacture of HNT/MMT filament based
on PLA matrix
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The prepared nanocomposite filaments were sub-
jected to a static tensile test (Zwick/Roell 1445 Retro-
Line) at the speeds of 1 mm/min and 5 mm/min to
determine the modulus of elasticity and tensile strength,
respectively. Mechanical strength tests were also
carried out on ready-made printsin the form paddles
(Fig. 2a) in accordance with the recommendations of
ISO 527-1 and ISO 527-2 [23, 24]. In all the tests, the
material without the nanoadditive was taken as a refer-
ence. Impact testing was also carried out bar-shaped
finished prints (Fig. 2b), using the Charpy method for
the edge impact variant. Samples recommended by ISO
179-1 [25] without a notch were used, with a hammer
arm length of 380 mm and weight of 7.8 kg, support
spacing of 22 mm, and the angle of inclination in the
starting position of 161°. Ten repetitions were per-
formed for each of the materials used in the mechanical
tests. From this, the mean result and standard deviation
were determined.

Fig. 2. Model of samples for mechanical testing prepared in the Slicer
program, intended for testing: a) static tensile, b) impact strength

Thermal tests were also performed to determine the
thermal durability of the filament (TG) and the degree
of its crystallinity (DSC). Scanning colorimetry tests
were conducted in a protective atmosphere and with
atemperature rise of 10°C/min in the temperature
range of 20-250°C (STA 449 F3 Jupiter by Netzsch).
The printouts were made on a MakerBot Replicator 2X
device under the following conditions: the diameter of
the nozzle used in the printer was 0.4 mm, the height of
a single layer was 0.2 mm, the filling was 100% (recti-
linear filling type), the number of continuous side
layers, bottom and top was 3, and the overall preset
print speed was 50 mm/s. Before fabrication, both fila-
ments were dried at about 40°C for 3 hours. The quality
of the filaments and the finished prints was assessed by
means of a KEYENCE VHX-900F optical microscope
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with microscope software. Ten repetitions were per-
formed for each of the materials to measure the filament
size. From this, the mean result and standard deviation
were determined.

RESULTS AND DISCUSSION

During the preparation of the nanocomposite fila-
ment with the addition of MMT K10, it was found that
the higher the filler content, the more difficult and more
random its dispersion in the volume of the pellets. The
polymer pellet softened with dichloromethane was sur-
rounded by MMT powder, which, thanks to the applied
solvent, does not fall off the surface of the beads.
The utilization of such a procedure facilitated the ho-
mogenization process on the extruder screw ensured
that the amount of nanoclay did not exceed 1% by
weight. At higher contents, agglomerates were observed
on the filament surface (Fig. 3a-b, 3e-f), which signifi-
cantly affected the roughness of the filament surface,
which is shown in the size of the standard deviation (as
well as its geometry for PLA 1.75+0.02, for PLA/1
wt.% MMT 1.75+0.12 (Table 2). Difficulties in alumi-
nosilicate dispersion were also similar in the case of the
second method, in which the addition of polyethylene
glycol (PEG) plasticizer was used, whose role was to
wet the nanoclay at the stage of pellet preparation for
extrusion. The surface of PLA and PLA/PEG shown in
Figure 3c, d is smooth compared to the nanocomposite
filaments. The addition of clay increases the roughness
of the filament as evidenced by the standard deviation
increasing from 1.75+0.35 (for PLA/PEG) to 1.78+0.56
(for PLA/PEG/1 wt.% MMT).

Fig. 3. Surface morphology of nanocomposite filaments: PLA/1 wt.%
MMT (a), PLA/1 wt% HNT (b), PLA (c), PLA/PEG (d),
PLA/PEG/3 wt.% MMT (e), PLA/PEG/1 wt.% HNT (f)

TABLE 2. Utility properties of nanocomposite filaments

Material Av'erage filament Variation
diameter [pum] coefficient [%]
PLA/1 wt.% HNT 1.75+0.71 4.1
PLA/1 wt.% MMT 1.79+0.34 4.7
PLA/PEG/3 wt.% MMT 1.72+0.63 39
PLA/PEG/1 wt.% HNT 1.78+0.56 6.9
PLA/PEG 1.75+0.35 34
PLA 1.75+0.02 0.4

The larger amount of MMT additive (3 wt.%) is
better distributed in the polymer when PEG is used as
a factor facilitating the distribution of nanoclays in the
PLA/PEG/MMT or PLA/PEG/HNT filaments, but as
aresult, a material with greater shape variability and
greater roughness is obtained compared to the previ-
ously proposed method of clay homogenization by
means of the organic solvent DCM. Similar problems
were signaled in the literature on the subject, but they
concerned other nanometric fillers, i.e. CaCOs3, TiO, or
modified MMT (C93A, C30B) [17, 18, 26-28]. Accord-
ing to Mohapatry et al., the addition of PEG 200 or
PEG 6000 worked well in the initial process, where the
first stage of homogenization took place in a twin-screw
extruder, and the role of PEG was to assure greater
flexibility of the extrusion process [28, 29]. The authors
indicate that processing problems were related to the
different melting temperature of PEG in relation to the
PLA matrix, as well as nanoclay sedimentation with
a higher proportion of PEG. In our research, a constant
amount of low-molecular PEG (2 wt.%) at a constant
proportion with nanoclay facilitated its homogenization
on the PLA pellet, even when it was performed only in
one step by extrusion. The performed thermal tests
showed, however, that PEG may interfere with the
maintenance of properties such as the strength or crys-
tallinity of the filament. In the case of the PLA/PEG/
3 wt.% MMT and PLA/PEG/1 wt.% HNT nanocompo-
site filaments, the addition of PEG lowers the glass
transition temperature (by 8°C for PLA/PEG and by
about 9°C for PLA/PEG/3 wt.% MMT compared to
pure PLA), while neither the presence of PEG nor the
presence of nanoclay affected the melting point of PLA.
The above changes were not observed in the materials
in which DCM was used as a factor facilitating the dis-
tribution of nanoclay (Table 3). It is rather the effect of
the additive on the crystallinity of the nanocomposite
filament that is observed here, which strongly depends
on the form of the nanoclay: flakes (MMT) or flakes
and tubes (HNT). The analysis of thermal tests
(DSC/TG) allowed a simple method of nanoclay ho-
mogenization to be selected, with the use of a solvent as
the more effective method. This method does not bring
additional burdens related to the role of the plasticizer,
nor does it negatively affect the softening or glass tran-
sition temperature, which makes the filament similar in
behavior and processing temperatures to pure PLA
filament.

Composites Theory and Practice 23: 1(2023) All rights reserved
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The results obtained for PLA/1 wt.% MMT corre-
spond with the data published by Coppola et al. [29],
where the authors demonstrated the role of the filler as a
nucleant supporting the process of polymer crystalliza-
tion based on organophilized MMT (OMMT Cloisite
30B). In the studied system, similar results were ob-
tained for unmodified nanoclay. Other authors pointed
out that the nucleating effect of nanoclay was seen in
the cold crystallization temperature as it was lower for
neat PLA than the nanocomposite filament, which
could be an indicator of an increase in crystallization
temperature.

TABLE 3. Thermal properties of nanocomposite materials
determined on basis of DSC curves

obtained results of the mechanical tests allowed the se-
lection of a nanocomposite filament whose mechanical
and functional properties were the best (including the
coefficient of variation confirming the constant geome-
try of the filament). The filaments with 1 wt.% HNT
and with 3 wt.% MMT were used as representative ma-
terials for the test prints and printer calibration. Calibra-
tion of the printing process settings is an inseparable
activity accompanying the implementation of a new
filament on a 3D printer, and the selection of parame-
ters is closely related to the type of material and the de-
vice used, which in this case was a MakerBot Replica-
tor 2X printer with a nozzle having an output hole
diameter of 0.4 mm.

TABLE 4. Mechanical properties of nanocomposite filaments
Material type Ty o |1 [°C] AH e

[°C] [°C] " gl | [%] Elasticity Tensile Elongation
PLA > o1 51 201 2 Material type modulus E strength R, at break ¢

620 | 10 51| 3401 | 363 (GPa] [MPa] (%]
PLA/1 wt.% MMT 63.1 98 151 | 38.17 | 40.78 PLA 1160+34.66 | 49.318.03 42+081
PLA/I wt.% HNT 64.0 99 150 | 30.04 | 32.09 PLA/I wt.% HNT | 2020+27.92 50.6+5.10 5.8+0.30
PLA/PEG 53.8 96 150 22.59 | 20.51 PLA/3 wt.% HNT 2530424.55 55.2+6.79 3.6+0.98
PLA/PEG/3 wt.% PLA/1 wt.%
MMT 54.0 97 149 22.64 | 20.95 MMT 614+13.22 47.9+2.76 3.6+2.50
PLA/PEG/1 wt.% PLA/3 wt.%
HNT 54.6 96 146 18.98 | 29.74 MMT 1110+78.83 46.4+£10.08 3.8+4.10

T, — glass transition temperature, 7; — crystallization temperature,
T, — melting temperature, AH — heat capacity, Ac — crystallinity

The published results of work on polymer nanocom-
posites with nanoclays, including MMT, indicate a sig-
nificant impact of MMT on the strength of the material
formed into a filament. In the work of Weng et al., the
authors received an ABS-based filament with a 3 wt.%
MMT content, whose tensile strength and Young’s
modulus were significantly higher compared to the ref-
erence filament [30]. A similar trend is indicated in the
present work (Table 4), and the highest tensile strength
was obtained for the PLA/1 wt.% HNT nanocomposite
filament (R, is 11.97% higher than the strength of the
PLA filament), which is related to the maintenance of
the circular geometry of the filament, as well as
the relatively high degree of nanoclay dispersion.
A strengthening effect relative to pure polylactide was
also observed for the PLA/HNT nanocomposites, and
higher values of the modulus of elasticity were noted
for both the PLA/1 wt.% HNT and PLA/1 wt.% HNT
filaments, by 74.14% and 118.1%, respectively. Slight
differences in the Young's modulus values were also
obtained for the nanocomposite filaments with MMT,
with the addition of MMT not significantly improving
the properties, and even in the case of PLA/1 wt.%
MMT, the modulus of elasticity occurred to be lower by
47% than that of pure polylactide. It is worth noting that
the Young’s modulus values obtained in each case were
characterized by large relative percentage standard de-
viations, which can be attributed to the difficulties in
maintaining the geometry of these filaments and the
agglomeration of particles in their volume. The
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Optimization of the nozzle temperature consisted in
carrying out test prints from a so-called temperature
tower, i.e. an object where each shelf is printed at
a nozzle temperature 5°C higher than the previous one.
The process started with settings dedicated to the
shelves, from the lowest to the highest: 200, 195, 190
and 185°C. This is important because the temperature is
an important factor affecting the quality of the printout:
too high a temperature results in an increased value of
polymer flow and weakening of its properties, while too
low can cause losses in the printouts and jamming of
the material in the nozzle. When analyzing the test
print, special attention was paid to the visual quality of
the surface, all visible defects such as defects in the
layers, melting or hanging threads. It was finally estab-
lished that nanocomposite filaments require a nozzle
temperature of 190-195°C. The same authors showed
that the PLA/OMMT Cloisite B filament and print had
good quality (high dispersion in the filament and in the
samples printed from them). The elastic modulus of
the printed nanocomposite samples was 15% higher
than that of the pure PLA. The introduction of nanoclay
into the matrix of the filament necessitates raising the
nozzle temperature [31]. The nozzle temperature is
15°C higher than the melting temperature, which raises
the elastic modulus of the printed nanocomposite.

In the next stage of device calibration, the print
quality of the calibration cubes was assessed (Fig. 4b),
thanks to which it became possible to check and deter-
mine important parameters such as appropriate layer
width, adhesion of the layers to the substrate and the
quality of the first layers, the filament extrusion multi-
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plier, or maintaining the set dimensions of the printout.
The areas most prone to defects (corners, edges and flat
surfaces) as well as the quality of the paths were ana-
lyzed. It is known from the literature on the subject that
the gaps between the material paths indicate too little
extruded filament as a function of time, while over-
molded, injected filament indicates too much. As a re-
sult of the tests, a lower printing speed was selected
(from 60 to 50 mm/s) and it was decided to widen the
path width relative to the reference filament (from 0.4
to 0.48 mm).

Fig. 4. Calibration prints made of PLA-based nanocomposite materials:
temperature tower (a), calibration cube (b). Matte prints were
made of PLA/3 wt.% MMT filament, and clear prints were made
of PLA

Based on the conducted research on the selection of
the parameters of the printing process, samples with
a rectangular cross-section of PLA filament and PLA
with nanoclay additives were produced and their me-
chanical properties were measured, the results of which
are presented in Table 5. By analyzing the course of the
stress-strain curves, one can notice the high plasticity of
this material, which flows after reaching a strain of less
than 4%, is visible on the graph as a decrease in the re-
corded stress. In reality, however, there is strong de-
formation on the cross-section of the samples and the
formation of a neck, whose cross-section strongly de-
creases. Therefore, for a full analysis of the averaged
stress in this region, it would be necessary to precisely
measure the decreasing cross-section and relate it to the
force value, which would certainly show the real, sig-
nificantly higher stress values, and thus the final stress
at break.

In addition, it can be stated that the stress-strain
curves obtained from the tensile test for the investigated
nanocomposite material samples reveal their different
character: the curve for the PLA/3 wt.% MMT sample
has a course typical for a brittle material (similar to the
course for pure PLA), while the curve for PLA/1 wt.%

HNTs indicates, as mentioned earlier, a shape corre-
sponding to a plastic (ductile) material. The printed
paddle-shaped samples, as also mentioned, had
a significantly higher modulus of elasticity (25% higher
for PLA/1 wt.% HNT and 10% higher for PLA/3 wt.%
MMT); neverthless, the higher stiffness of the PLA/
1 wt.% HNT results in lower strain at break of the ma-
terial, which is known from literature reports concern-
ing materials without multi-stage homogenization [16].

TABLE 5. Mechanical properties of nanocomposite prints

Material Elasticity Tensile Elongation Impact

o modulus E | strength R,, | at break ¢ strength

p |GPa] [MPa] [%] [kJ/m?]
PLA/1 wt.% 32.41x129

HNT 1.67+16.7 48.4+3.4 34402 9
o,

PLABWLY | 1461247 | 475533 | 08205 | 27.8949.09
PLA 1.33+13.5 46.7£2.9 6.5+0.3 25.78+4.55

Better results in terms of the possibility of deforma-
tion of the finished prints can be obtained by using the
addition of the PEG plasticizer at the stage of prepara-
tion of the nanocomposite pre-granulate with the MMT
filler [26, 28, 29]. Its type and proportion can strongly
influence the deformation value of the finished materi-
als. This procedure, however, causes a decrease in the
strength of the material and a significant decrease in
the Young's modulus, which in some applications may
be a factor disqualifying the product in terms of quality.
Similar to Mohapratra et al., in the presented research
the selection of the aluminosilicate filler plays a key
role, which can significantly affect the change in the
mechanical properties of the filament and the finished
product [26]. In another work, the authors using com-
mercial nanoclays, i.e. Cloisite 30B, as fillers for
a PLA-based filament obtained a slight increase in the
Young’s modulus of the nanocomposite filament [32].
Better enhancement of the mechanical properties of
nanocomposite filaments with MMT was noted in
a paper in which PLA-based blends with a small load-
ing of nanoclay (1 to 5 wt.%) and Joncryl - a multifunc-
tional chain extender were used [30, 32, 33]. Grigora et
al. showed that PLA/Jonacryl filaments successfully
enhanced the molecular weight, melt flow index, com-
plex viscosity, and improved the printability as well as
the mechanical behavior of PLA. The presence of
4 wt.% MMT resulted in better mechanical properties:
a higher Young’s modulus compared to neat PLA fila-
ment [33].

It is clear, however, that the bar-shaped samples
printed with nanocomposite filaments exhibited an im-
pact strength higher than that recorded for a bar printed
with pure polymer filament (Table 5). It is worth em-
phasizing that according to sources provided by
filament manufacturers, most commercially available
filaments based on polylactide have impact strength
values in the range of 16-20 kJ/m? [26]. The literature

Composites Theory and Practice 23: 1(2023) All rights reserved
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data show that it is only possible to achieve the ob-
tained impact strength result with a higher concentra-
tion of the nanofiller. Moreno et al. demonstrated that
the addition of nanometric CaCO; above 3 wt.% to
PLA causes an almost two-fold increase in the impact
strength [34, 35]. In turn, increasing the amount of cal-
cium carbonate filling to 15 wt.% causes a significant
rise in the deformation of the nanocomposite, even up
to 12% [35], which was also the case in the present
study. In the case of the tested nanocomposite samples
with aluminosilicates, it was observed that they have
more than a 16% higher impact strength compared to
samples printed with neat PLA filament, despite the
higher tensile modulus and the discontinuous nature of
the stress-strain curve (Fig. 5). Moreover, in the case of
nanocomposites, a lower value of the relative standard
deviation is observed for the investigated samples,
which confirms the repeatable nature of the filament
and the prints made based on it (Table 5).
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Fig. 5. Stress-strain curves in tensile test for paddle-shaped samples
printed from nanocomposite filaments: a) PLA/3 wt.% MMT and
b) PLA/1 wt.% HNT

CONCLUSIONS

The form of one-stage homogenization of PLA
pellets with aluminosilicate proposed in the work makes
it possible to prepare a nanocomposite filament and di-
rectly extrude nanocomposite materials without using
any process such as melt mixing or nanocomposite
masterbatch fabrication. The effectiveness of its forma-
tion in the 3D printing process strongly depends on the
form and nature of the aluminosilicate as well as the
amount of nanoadditive used and the application of
DCM solvent to facilitate homogenization of the nano-
clay. From the practical point of view, the most impor-
tant feature of the filament that determines its potential
use is maintaining a smooth surface and uniform
geometry of the nanocomposite filament, which in the
case of the examined materials was achieved for two
out of the six systems. The investigated filaments
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PLA/1 wt.% HNT and PLA/3 wt.% MMT were used to
calibrate the printer and make paddles-shaped and bar-
shaped samples. The printed products from the nano-
composite filaments were characterized by satisfactory
(often improved) mechanical properties, i.e. tensile
strength, stiffness modulus and impact strength, without
a loss of print quality of the elements.
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