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Abstract

This paper discusses the possibilities of obtaining
polylactide-based composites and nanocomposites
modified with carbon materials using the extrusion
method, as well as the potential of their application
in 3D printing technology. The aim of this research
is to determine the impact of the presence of carbon
additives on the properties of composites: mechanical,
thermal and chemical. For this purpose, several
research techniques were used such as scanning
electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), DSC/TG analysis, infrared
Fourier-transform infrared spectroscopy (FTIR)
and mechanical tests. It has been shown that it is
possible to effectively produce composite materials
based on PLA and carbon modifiers after optimization
of the extrusion and printing process. Special
attention should be paid to the quality of carbon
phases homogenization in PLA matrix because the
inappropriate dispersion may have a negative effect
on the final properties of the composite, especially
those modified with nanomaterials. Moreover, the
reinforcing effect of carbon phases can be observed,
and the quality of obtained filament with carbon
fiber after recycling does not differ significantly from
the quality of commercially available filaments.
The obtained filament was successfully used to print
three-dimensional scaffolds. Therefore, both the use of
materials which are biodegradable and biocompatible
with human tissue and the 3D printing method have
the potential to be applied in tissue engineering.
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Introduction

In recent years, composite and nanocomposite materials
have been very common due to the unique properties and
a very wide range of applications - from technology, industry [1]
to medicine and tissue engineering [2-4]. In the latter,
biodegradable polymers such as polylactide (PLA) [5-10]
or polycaprolactone (PCL) [11-15] deserve special atten-
tion. PLA is a thermoplastic polymer that can be obtained
from renewable sources [16]. It is popular in biomedical
applications due to its relatively good mechanical proper-
ties, biocompatibility and biodegradability, as well as simple
processing and modification [17,18].

The disadvantage of polymers as biomaterials is fre-
quently too rapid degradation in the physiological environ-
ment [19], insufficient mechanical strength and considerable
deformability. However, the possibility of introducing modifi-
cations makes these materials predominant among the other
typically used, e.g. metals [20]. Carbon materials like carbon
fibers [21,22] and carbon nanomaterials, such as graphene
[23], graphene oxide [12] or carbon nanotubes [24,25] are
widely used as additives in polymer composites. Carbon
materials are biocompatible with human tissues. They have
antibacterial properties, high mechanical strength, and
relatively low density. Those properties make the materials
very beneficial modifying agents for tissue engineering [26].

There are many traditional methods of composite and
nanocomposite biomaterials producing and molding [27].
However, the 3D printing technology, especially Fused
Deposition Modeling (FDM) is relatively new and innovative
[28]. It is a method of additive manufacturing, waste-free
and rapid prototyping, which in general consists in applying
subsequent layers of thermoplastic material to the substrate,
based on the digital model. Afilament with a certain diameter
produced by extrusion is used as a semi-finished product.
The advantage of additive production in comparison to the
standard methods is controllable porosity, individualization
of printed objects (patient-specific designs) and a favorable
time-cost relation of manufacturing [29,30].

The aim of this research was to determine the effective-
ness of extrusion in preparation of composite filaments and
assessment of 3D printing (FDM) capabilities in manufactur-
ing composite scaffolds based on carbon fibers and carbon
nanomaterials for tissue engineering.

Materials and Methods

Materials

Poly(lactic acid) filament (Barrus Filaments, Holland,
d =1.75 1 0.05 mm; PLA) was used in this study. The PLA
properties are shown in TABLE 1. A commercial filament of
poly(lactic acid) with short carbon fiber (Carbon Fiber PLA,
Proto-Pasta, USA, 15% w/w SCF, d = 1.75 +/- 0.05 mm;
PLA/SCF_C) was used as a reference material. To produce
a composite filament, short carbon fibers (SCF_R) were
used from the polyacrylonitrile precursor after thermal recy-
cling (SGL Carbon Group, Poland, | = 6 and 12 mm), which
were then milled and pressed (FIG. 1). In order to improve
homogenization of the carbon fibers with polymer and obtain
composite filaments, grinding and pressing of carbon fibers
were performed in the PULVERISETTE 16 (Fritsch®) cross-
beating mill and on a hand press at 20 MPa, respectively.
Graphene oxide (GO) and multi-wall carbon nanotubes
functionalized with hydroxyl groups (MWCNT-OH) were
obtained from Nanostructured & Amorphous Materials, Inc.
(USA). Selected data characterizing carbon nanomodifiers
are presented in TABLES 2 and 3.

7

®© 0000 000000000000 000600006060000000000000000°0° " mmm

w00



8

FIG. 1. Carbon fibers after recycling: A) before grinding, B) milled, C) pressed.

TABLE 1. PLA filament properties [31].

TABLE 3. MWCNTs-OH characterization [32].

Dimensions Purity > 95 wt%
Diameter Roundness Outer diameter 10-20 ym
1.75 + 0.05 mm > 95% Inner diameter 5-10 nm
Physical properties Length 0.5-2 pm
Specific weight | 1.24 glcm? SSA > 200 m?/g
Thermal properties Density 3
— G 2.1 g/cm
Printing temperature 180-210°C (at 20°C) '
Melting point 145-160°C Content of Multi-walled carbon > 95
nanotubes (without —OH)
Vicat softening +60°C functional
temperature * 60 groups [%] -OH 2.91-3.21
TABLE 2. GO characterization [32]. TABLE 4. Parameters of the extrusion process.
Purity > 99 wt% Nozzle Custom in-line nozzle,
Diameter 0.5-3 ym tapering
Thickness 0.55-1.2 nm Extrusion temperature 180°C
The number of layers 1-10 Extrusion speed 40 m/h
Density (at 20°C) 2.1 g/lcm?® Diameter of the nozzle 1.75 mm

Methods

Extrusion — filament manufacturing

The extrusion process was carried out using a Filabot ex-
truder (MakerBot®, USA). TABLE 4 presents the parameters
of the extrusion process. The commercial PLA filament was
cutinto small pieces and 50 g of this polymer was introduced
into 3 containers to obtain composite PLA filaments with the
following additions: SCF_R (15% w/w of PLA; PLA/SCF_R),
GO (1% w/w of PLA; PLA/GO) and MWCNT-OH (1% w/w of
PLA; PLA/CNT). All the samples were mechanically mixed
for 10 min. Each of the obtained mixtures was introduced
into the extruder chamber, from where the material in the
molten form was transported to the nozzle outlet, and then
extruded as a bundle of the filament with a diameter of
1.75 mm. The material was formed in a gravitational man-
ner (the beam freely dropped from a height of 40 cm to
a flat surface, self-curling), while the formed material was
air-cooled. In each case, the triple extrusion was performed
(by re-cutting the obtained filament) to homogenize the
materials more efficiently. In addition, pure PLA was also
extruded in the same way in order to investigate the influ-
ence of extrusion process conditions on the structure and
properties of the pure polymer.

3D printing

MakerBot Replicator 2X printer (MakerBot®, USA),
based on FDM method was used to the 3D printing of
scaffolds. The samples for testing were of a dog-bone
shape (FIG. 2) with a 20% hexagonal filling. The purpose
of creating such a shape of samples was to assess the
possibilities of 3D printing of composite and nanocomposite
filaments as well as to evaluate the mechanical properties
of the obtained prints. Parameters of the printing process
are shown in TABLE 5.

For the selected filaments, test prints of 3D scaffolds
were also made. In order to create a correct scaffold model
consistent with the assumptions, Autodesk Inventor® Pro-
fessional 2017 was used. It is software with professional
tools that enable 3D design of mechanical elements, their
documentation and simulation of products. For the needs
of the work, basic functions of the software were used, i.e.
tools for parametric 3D design. Designs of the scaffolds
serving as the basis for the prints are shown in FIG. 3.
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FIG. 2. Sample design (dog-bone) used for 3D printing.

TABLE 5. Parameters of 3D printing process.

200°C (PLA)

Extruder temperature 220°C (composites)
Platform temperature 30°C
Nozzle diameter 0.3 mm

50 mm/s (PLA)

Printing speed 35 mm/s (composites)

Layer height 0.2 mm
Number of shells 2
Thickness of external
0.6 mm

layers (top and bottom)

Parameters of the sample (dogbone shape)

Sample dimensions 79x10/5%x4 mm

Infill hexagonal

Infill density 20%

Characterization of carbon materials

The microstructure characterization of carbon additives
was performed using SEM images (NOVA NanoSEM 200
(FEI™)) were made to measure fiber diameters and lengths
after recycling and to compare them to commercial filament
fibers, as well as to determine the fiber reinforcement effect.
To check PLA matrix reinforcement effect, critical lengths of
the fibers for both SCF_R and SCF_C were calculated. For
this purpose, the formula 1 was used [49]:

R,d,,

| —
2r1,

er T (1)
R,, — matrix strength [MPa]

(value given by the producer R,, = 130 MPa),

d,, — fiber diameter [um],

T, — shear strength of the matrix (for PLA ~ 20 MPa)

Determination of the critical fiber length, above which
the material strengthens, allowed determining which carbon
fibers fulfil the criterion:

le<1<101,
I, — critical fiber length, | — fiber length

(2)

FIG. 3. Scaffolds designed in the Autodesk Inven-
tor® Professional 2017 program: A) ring, B) linear.

XPS (Scanning XPS Microprobe PHI 5000 VersaProbell)
was used to perform quantitative analysis of the chemical
composition and to determine the types of chemical bonds
occurring between elements on the surface of the tested
carbon materials. The source of X-ray radiation was mono-
chromatic Al Ka. The diameter of the beam was 100 um,
and the analysis surface @ 100 um (25 W (4 mA, 15 kV))
at the charge neutralization Ar* -8 eV, e -1 eV. The ana-
lyzer resolution for the reference and detailed spectra was
117 eV and 46,95 eV, respectively.

Characterization of filaments

Having obtained the filaments, their diameters were
measured and a macroscopic evaluation was made.
Microscopic observations using SEM (NOVA NanoSEM 200
(FEI™)) were also performed to analyze the distribution of
carbon phases in the polymer matrix.

Additionally, a static tensile test was carried out (Zwick
1435, Germany). Properties such as tensile strength,
Young’s modulus, relative strain and rupture work were
evaluated. Parallel specimen length and the test speed were
40 mm and 50 mm/min, respectively. The Young’s modulus
determination was measured in the range of 30-50 N.

FTIR (Bruker Tensor 27 FTIR-ATR) was used to check
and determine possible structural changes of the polymer as
a result of several thermal treatments (thermal degradation)
as well as changes caused by the presence of carbon addi-
tives (in particular nanomaterials). The wavelength range was
between 4000 and 500 cm, and the number of scans was
64. The test in the absorption mode was carried out using
a diamond crystal, by Attenuated Total Reflectance (ATR).
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DSC/TG measurements were made with the NETZSCH

® e 0 000 0 STA 449 F3 Jupiter®. The temperature of the test ranged

from 40 to 600°C, while the heating rate was 10 K/min.
In the DSC part graphs of the heat flow versus temperature
were recorded, while in the TG part - the relation between
the percentage loss of mass and temperature.

Characterization of the samples after printing

The printed samples shaped as dog-bones were evalu-
ated macroscopically and compared in various aspects.
To assess the practical obtaining possibilities of the sam-
ples, they were examined for mechanical properties. The
static tensile test was performed in the same way as it was
conducted on filaments (section 2.2.4).

Characterization of three-dimensional scaffolds

Measurements and macroscopic observations were also
run on printed scaffolds. The comparative evaluation of the
actual prints and the digital models was performed via mi-
croscopic observation and dimensional analysis (Keyence
VHX-900F digital microscope). The tested parameter was
the height of the scaffolds, measured on the basis of 3D
images using tools that allow microscopic measurements
attached as microscope software.

Results and Discussion

On the basis of SEM measurements (FIG. 4) it can be
concluded that the manual pressing caused changes in
the length of the fibers. On average, SCF_C lengths are
almost twice as short as the SCF_R ones. In both cases,
a significant length distribution is seen, although the SCF_R
are more homogeneous. Determination of critical lengths
based on the formula 1 led to the conclusion that carbon
fibers obtained from both the commercial filament and the
recycled filament meet the criterion (formula 2) providing
the proper material reinforcement.

XPS measurement results (TABLE 6) determined the
chemical composition on the surface of SCF_C, SCF_R,
MWCNTs-OH and GO. Analysis of chemical states of C1sin
carbon fibers showed their higher contentin SCF_R. SCF_C
were obtained for testing by dissolving the polymer matrix
and could have a polymer on their surface.

TABLE 6. Atomic concentration of elements me-
asured on the surface of the carbon materials.

Sample C [%] O [%] N [%]
SCF_C 76.11 22.61 1.06
SCF_R 88.47 7.90 3.61
MWCNTs-OH 97.20 2.76 0.00
GO 66.83 31.26 1.30

Images of the obtained filaments are shown in FIG. 5.
The similarity of PLA/SCF_R to PLA/SCF_C is noticeable.
The average of the filament diameter value PLA/SCF_R
was the closest to the diameter of the commercial filament
(TABLE 7). Relatively low standard deviation shows a high
homogeneity of the diameter along the entire length of the
filament. The worst geometric parameters show PLA/GO.
Its diameter had the lowest value, and the standard deviation
was relatively high, which indicates a heterogeneity along
the length of the filament. This is most likely due to the
lack of sufficient homogenization of the GO in the sample.
Graphene oxide tends to agglomeration and is less wetted
by the polymer than other additives.

25 50 75 100 125 150 175 200
Fiber length (um)

100 150
Fiber length (um)

\ ~ A e
HV WD | mag ‘ det ‘spot HFW 200 pm
18.00 kV| 6.9 mm 350 x| LVD| 4.0 | 568 um

FIG. 4. SEM images (mag. 350x) and histograms:
A) SCF_R, B) SCF_C.

FIG. 5. Images
of fragments
of the obtained
filaments:

A) PLA,

B) PLA/SCF_C,
C) PLA/SCF_R,
D) PLA/GO,

E) PLA/CNT.

TABLE 7. Values of diameters of the obtained and
the commercial filaments.

Filament Diameter = SD [mm]
PLA 1.75+0.05
PLA/SCF_C 1.75+0.05
PLA/SCF_R 1.57 £ 0.06
PLA/GO 1.41+0.12
PLA/CNT 1.54 + 0.09
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SEM images of filaments cross-sections are shown in
FIG 6. The images show that PLA/SCF_C has the best
distribution of the reinforcing phase, and the homogenization
of fibers for PLA/SCF_R is similar. Much worse distribution
of the reinforcing phase is observed in the polymer nano-
composites. On the PLA/GO and PLA/CNT cross-sections
(FIG. 6b and 6d), both the areas with larger agglomerates
of the nanomaterial (black circles), as well as areas without
modifying phase in form of agglomerates (white circles)
are visible.

R, Young’s Modulus
* SD [MPa] +SD [GPa]

Strain €
* SD [%]

The results of mechanical tests are presented in
TABLE 8. Among the obtained composites filaments, PLA/
CNT has the highest tensile strength and this value is
the same as for PLA/SCF_C. In turn, the nanotubes due
to their characteristic structure transfer stresses better
than graphene oxide. PLA/GO shows the lowest tensile
strength and Young’s modulus, which probably results
from poor GO homogenization in the polymer matrix.
On the basis of the obtained results, it can also be concluded
that the production of filament PLA/SCF_R by extrusion

is effective. Its tensile strength
does not differ significantly from
the commercial PLA/SCF_C fila-

ment. Only Young’'s modulus is
Rupture work § ahout 30% lower in comparison
+ SD [N-mm] ¥ \yith commercial filament (PLA/

PLA 59.88 + 5.26 2.92+0.17 2.80+043 | 79.96+20.16 | SCF_C). For this reason, a fila-
ment with recycled carbon fibers

PLA/GO
PLA/CNT

HV WD | mag | det |spot| HFW 100 pm
10.00 kV| 6.9 mm [500 x| LVD | 4.0 | 398 ym

PLA/SCF_C | 62.63 £ 6.59 5.15+0.64 1.71+0.22 59.52 + 13.61 | can be used to obtain materials
PLA/SCF_ R | 6030 +6.82 |  3.60+0.81 258+0.75 | 75.97+2925 | hatdonotrequire the transfer of
large forces. One such application

52.58 +5.98 2.04 +0.30 4.24 +0.92 90.01 + 35.45 | can be scaffolds for tissue regen-

eration, taking into account the

62.00 +4.65 2.68 +0.27 3.14+0.11 77.12 +£9.26 biocompatibility of carbon fibers.

J

100 pw{ —

HV WD mag 'de’ti. spot THFW =
5.00kV|6.9mm|500x|LVD| 4.0 | 398 pm

HV WD | mag | det spoi HFW : 100 pm

500kV|[7.2mm [500x|LVD| 4.0 | 398 pm
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FIG. 7. FTIR spectrum for PLA and PLA after triple extrusion.
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FIG. 8. FTIR spectrum for PLA/SCF_R and PLA after triple extrusion.

FTIR-ATR spectroscopic measurements did not show
the effect of both the temperature during the triple extrusion
and the presence of carbon additives on structural changes
of PLA. Comparative spectra for PLA with PLA after triple
extrusion and PLA after triple extrusion with PLA/SCF_R
are shown in FIGs 7 and 8, respectively. They do not show
significant changes in spectra - characteristic bands occur
at the same wavelengths. The characteristic band at the
1748 cm is derived from the stretching vibrations of C=0.
In turn, the bands at the wavenumbers 1181 and 1083 cm’
are the result of the stretching vibrations coming from the
single C-O bond. The subtle bands at 1452 cm, 1380 cm™',
and 1358 cm™ are derived from the bond of C-H.

DSC/TG tests showed an insignifi-
cant impact of the triple extrusion and
the presence of carbon additives on
the characteristic temperatures of PLA
(FIG. 9 and 10). The DSC results for
the PLA and PLA after triple extrusion
show that the thermal processing of
the polymer has an impact on reduc-
ing the degradation temperature about
20°C. From the TG plot for filaments
with carbon fiber PLA/SCF_C and
PLA/SCF_R, it appears that residues
at 600°C were 15.20 and 13.14%,
respectively (FIG. 11). Taking into
account the assumed concentration
of carbon phases (15% wi/w), it can
be concluded that the remnants after
the thermal test were carbon fibers.
However, a lower value for recycled
fibers (PLA/SCF_R) may result from
a lower real weight concentration of
the modifier in the polymer. During
the filament manufacturing, some of
the fibers could have been deposited
in the extruder chamber, thereby not
mixing with the polymer.

Photographs of printed dogbone
shape samples are presented in
FIG. 12. The quality of the printed
samples shows that the obtained fila-
ments can be used in a 3D printer. The
sample with the best quality is PLA/
SCF_R (FIG. 12C) - it can be seen
that it does not significantly differ from
the commercial sample (FIG. 12B). 3D
printing of this material was carried out
without major complications (FIG. 13).

The results of the tensile test of
the dogbone shape samples are
shown in TABLE 9. The highest ten-
sile strength was observed for PLA/
CNT. Relative strain and destructive
work are also the highest in this case.
Slightly worse of these parameters,
although the higher Young’s modulus
was observed for PLA/SCF_R sam-
ple. For the nanocomposite PLA/GO,
relatively low mechanical parameters
were noted, which was also found in
the study of PLA/GO filament. This
is another confirmation of the lack of
sufficient homogenization of the GO in
polymers matrix. High relative strain
value indicates that tensile stresses
were mainly transmitted through the
polymer matrix.
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R, *SD Modulus + SD Strain € + SD Rupture work * SD
[MPa] [GPa] [%] [N-mm]

PLA 36.30 + 3.63 1.23+£0.12 3.93+0.39 698.94 + 69.90
PLA/SCF_C 39.00 £ 0.57 2.10+£0.06 3.17+£0.15 648.61 + 24.66
PLA/SCF_R 38.47 £6.21 2.02+0.26 3.04 £0.21 633.75 + 158.96

PLA/GO 31.68 +2.33 1.23+0.07 3.62 +0.31 604.74 + 101.19
PLA/CNT 38.98 + 2.07 1.32+0.08 4.07 £0.13 814.54 + 80.01
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FIG. 14. Digital models and printed scaffolds: A) ring model, B) PLA ring scaffold, C) PLA/
SCF_Rring scaffold, D) linear model, E) PLA linear scaffold, F) PLA/SCF_R linear scaffold.

1000.00

FIG. 15. 3D images of microstructure of printed scaffolds: A) ring, B) linear.

3D printing of scaffolds

After optimizing the printing process, 3D prints of the
pure PLA scaffolds and composites scaffolds obtained
from PLA/SCF_R filament were made. The choice of this
composite material for printing of the scaffolds resulted from
the analysis of results for all filaments and dogbone shape
samples. Filament PLA/SCF_R was characterized by the
highest quality as well as optimal mechanical parameters.
Also, the PLA/SCF_R dogbone shape samples showed the
most favorable properties. FIG. 14 presents photographs of
3D scaffolds printed from PLA and PLA/SCF_R filaments
with images of digital models of individual designs. The
obtained scaffolds retain their designed shape, however,
greater dimensional stability is shown by the linear structure
than the ring structure. The dimensional analysis made on
digital microscope allowed to obtain 3D images of printed
scaffolds (FIG. 15). The calculations based on digital visuali-
zation show that the real height of the PLA/SCF_R ring and
linear structures is smaller than the assumed by 30% and
17%, respectively (FIG. 16). The lower value of the height
of the printed paths in scaffolds results most probably from
the spreading of the melted polymer bundle of due to the
action of gravity. This effect should be taken into account
when designing further scaffolds.
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FIG. 16. Results of the analysis of topography
changes in PLA/SCF_R scaffolds - average values,
standard deviations and outliers; bar charts show
the expected values in accordance with the project.
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Conclusions

This paper presents the 3D printing process using the
FDM method, starting from the selection of materials,
through the complicated filament production procedure, to its
use in a 3D printer, as well as optimizing the printing process
and obtaining the desired objects. Based on the conducted
experiments, it can be concluded that the whole process is
quite complex, requires knowledge and experience demand-
ing experience without which it is practically impossible to
obtain high-quality materials. Despite numerous difficulties
during filament production and 3D printing, composite print-
ing is possible, and if the filament formation process will be
optimized and the materials will be properly homogenized,
the entire technology of self-generation of composite and
nanocomposite objects with a polymer matrix using the 3D
printing method can be fast and very effective. In addition,
itis highly desirable to use recycled materials, so the method
has both economic and ecological benefits. Moreover,
the possibility of using biodegradable and biocompatible
with the human body materials makes this technology has
potential and can be an alternative in producing prototypes
and forming scaffolds for tissue engineering.
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