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Abstract

We report the transport and thermoelectric properties of three-dimensional printed samples, which are composed by poly-
mer nanocomposites. For the purposes of the current study, the well-known fused deposition modeling three-dimensional
printing method was employed. Commercially available PLA-based nanocomposite filaments, such as PLA—graphite and
PLA-graphene, are used to produce mm-scale samples. Electrical conductivity and Seebeck coefficient were investigated,
as a function of temperature. PLA—graphene samples exhibit effective thermoelectric performance, comparable to the other
state-of-the art polymer nanocomposites, indicating that commercial polymer nanocomposites can be promising candidates

for 3D printed thermoelectric devices.

1 Introduction

Thermoelectric (TE) materials have attracted a lot of inter-
est, since they can directly convert heat to electricity through
Seebeck effect. Such TE devices possess significant advan-
tages, since they do not pollute, they do not have moving
parts, and thus, they do not produce vibrations, and they
have already been widely used in waste heat recovery as well
as in solid-state cooling [1-5].

The efficiency of a thermoelectric material is determined
through the dimensionless thermoelectric figure of merit
ZT = 6 X §? x T /x, where ¢ is the electrical conductivity,
S is the Seebeck coefficient, x is the thermal conductivity,
and T is the absolute temperature. Hence, an efficient ther-
moelectric material should exhibit high ZT values, i.e., high
electrical conductivity and Seebeck coefficient along with
low thermal conductivity. For thermoelectric applications,
ZT > 1 is required. Furthermore, the P = ¢ X 52 is known as
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thermoelectric power factor and determines the ability of a
TE material to convert heat to electricity.

Today, the commercial TE devices are based on inor-
ganic chalcogenides such as BiTe, SbTe, and BiSe alloys
[6-12], skutterodites, and transition metal oxides [13].
Thermoelectric performance of such devices is significant,
although the TE materials used are expensive and difficult
to be produced. Especially, for the chalcogenides, Te is very
toxic and rear, they cannot be used in corrosive and highly
oxidizing environments, since they are easily oxidized, and
chemically metastable. In this regard, it is important to seek
for new types of materials which can be produced through
simple routes, they will be cost-effective and environmental
friendly.

To this point of view, polymer nanocomposites could
exploit the next generation of thermoelectric materials
because of their low-cost production, their light weight, their
easy processability, and their environmental friendly nature.
Usually, state-of-the-art polymer composites consist of a
conjugated polymer matrix such as polyaniline (PANI) and
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS), and a conductive nanofiller, which can be
inorganic (such as PbTe, MoS,, Te, etc.) [14-16] or car-
bon nanostructures such as carbon nanotubes, fullerenes,
graphene, and graphite [17-21]. The nanofiller introduction
results in the fine-tuning of the transport properties, i.e., S
and o, towards the enhancement of the TE performance of
the polymer composite.
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Another advantage that polymer nanocomposites exhibit,
in comparison to the other inorganic materials, is that many
of them can be relatively easily used to produce three-dimen-
sional (3D) printed structures. In general, 3D printing tech-
nology has gained exploding attention recently, since it can
be used to construct low-cost complex structures. Various
methods of 3D printing have been developed, such as ste-
reolithography (SLA), selective laser sintering (SLS) digi-
tal light processing (DLP), binder printing, inkjet printing,
laminate object manufacturing, etc. [22—-24]. Among them,
however, the fused deposition modeling (FDM) is an effec-
tive 3D printing method using thermoplastic materials (in
the form of long wires, called filaments), which are heated
above their melting point, while they are pushed through a
narrow nozzle. This nozzle is computer-controlled, as well
as it moves along all xyz directions. Nozzle movements are
determined through computer-assisted design (CAD) files;
thus, by designing the appropriate structure in a CAD pro-
gram, nozzle starts to draw the desired pattern, layer by
layer, by extruding the molten thermoplastic, and the final
structure is build up in such way. FDM process is advanta-
geous, since it is a relatively quick process, while high preci-
sion can be achieved, i.e., the resolution of a moderate com-
mercial 3D FDM printer is 50-100 pm, depending on the
chosen filament. Considering the above, the idea of printing
thermoelectric devices using FDM becomes interesting.

Among other polymers, polylactic acid (PLA) is widely
used in FDM printing, due to its effective mechanical, chem-
ical, and thermal properties [25, 26]. Furthermore, polymer
nanocomposites with PLA polymer matrix have been pro-
duced, which exhibit remarkably promising transport and TE
properties [27, 28]. On the other hand, there are PLA-based
filaments, already commercially available, which possess
good electrical conductivity at room temperature and could
be possible candidates for developing TE devices, employ-
ing the FDM method. Therefore, it is prudent to investigate
them, regarding their TE behavior, i.e., to study the electrical
conductivity and Seebeck coefficient of samples, which they
have been produced by the FDM process, using such com-
mercially available nanocomposite filaments.

To this point of view, we report the electrical con-
ductivity and Seebeck coefficient of PLA-based poly-
mer nanocomposite samples, which have been produced,
using FDM 3D printer. Two different PLA-based filaments
were used, i.e., the first includes graphite, while the other
includes graphene nanofillers. Both of them are commer-
cially available as conductive PLA filaments, suitable for
printing electronic circuits. Extensive characterization
regarding their structural, thermal, transport, and thermo-
electric properties has been performed. Furthermore, the
influence of the FDM process itself is investigated, with
respect to the above-mentioned properties. Experimental
evidence shows that the studied 3D printed samples and
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the corresponding filaments exhibit interesting transport
and thermoelectric features, which are related to the ther-
mal behavior of the polymer matrix of the nanocompos-
ites. Furthermore, low Seebeck coefficient in combination
with relatively low electrical conductivity results in the
reduced thermoelectric performance of both nanocompos-
ites. Moreover, FDM process seems to slightly suppress
the overall performance of the nanocomposites.

2 Experimental details
2.1 Sample preparation

Commercially purchased, PLA-based filaments, compat-
ible with FDM 3D printers, were chosen for this study.
In particular, PLA—graphite (Proto-Pasta by ProtoPlant)
and PLA-graphene (by BlackMagic3D) nanocomposites
are investigated. All the investigated nanocomposites, are
conductive; thus, they can be subjected to standard electri-
cal characterization, as described in next sections. From
each filament, a cylindrical part has been extracted and
studied regarding its structural, thermal, transport, and
thermoelectric properties. Furthermore, each filament has
been used to produce 3D printed samples. In particular, a
dual-extrusion FDM-type 3D printer (Makerbot Replica-
tor 2X) was used for the direct fabrication of 3D printed
parallelepiped (approx. 10 mm X4 mm X 0.5 mm) samples.
As described in the introduction, in the FMD 3D printing
process, the used filament is heated above its melting point
and pushed through a moving nozzle. As the nozzle moves
in all xyz directions, a 3D object is formatted on a surface.
In our case, the nozzle has a diameter of 0.6 mm; the fila-
ment is heated at 240 °C, while the surface, in which the
object is formatted, is kept at 100 °C. 3D printing param-
eters, such as nozzle speed, extrusion velocity, layer thick-
ness, etc., have been optimized in each case, so as all the
produced samples are uniformly printed. Furthermore, for
all 3D printed samples, the same printing path is kept,
while the 3D printing filling ratio was 100%, and thus, all
samples were fully packed.

2.2 Characterization
2.2.1 X-ray diffraction experiments

The crystal structures of all the samples were determined by
X-ray diffraction (XRD) experiments, using a Rigaku (RINT
2000) diffractometer with Cu Ka (4=1.5406 10\) X-rays
for 28 =10°-60°, and a step time of 60°/s, employing the
Bragg—Bretano geometry.
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2.2.2 Thermal properties experiments

Differential scanning calorimetry (DCS) experiments were
performed using a Perkin Elmer Diamond differential scan-
ning calorimeter, in the temperature range 20-180 °C, with
a temperature ramp rate of 10 K/min, in both warming and
cooling ramps. Furthermore, thermogravimetric analysis
(TGA) experiments were performed, using a Perkin Elmer
Pyris Diamond TGA unit, for all the samples. The purpose
of the latter experiments is to confirm the % w/w loading
of the nanofiller into the nanocomposite, given by filament
manufacturers. Thus, the temperature during the TGA exper-
iments was increased up to 600 °C, to decompose the PLA
without affecting the nanofiller nature. Temperature ramp
rate was kept at 10 K/min, while the whole process was
done in the air.

2.2.3 FT-IR spectroscopy

FT-IR (absorbance) experiments were carried out with a
Bruker Vertex 70v FT-IR vacuum spectrometer equipped
with a A225/Q Platinum ATR unit with single reflection
diamond crystal which allows the infrared analysis of une-
venly shaped solid samples and liquids through total reflec-
tion measurements, in a spectral range of 3500-500 cm™".
A broadband KBr detector and a room-temperature broad-
band triglycine sulfate (DTGS) detector were used, while
interferograms were collected at 4 cm™! resolution (8 scans),
apodized with a Blackman—Harris function, and Fourier
transformed with two levels of zero filling to yield spectra
encoded at 2 cm™! intervals. Before scanning the samples, a
background diamond crystal was recorded, and each sample
spectrum was obtained by automatic subtraction of it.

2.2.4 DCelectrical conductivity

Four-probe resistivity measurements were performed in all
the samples (see drawing in Fig. 5). Metallic contacts were
being developed on the samples, using conducting silver
paste. Copper wires were attached on the silver paste con-
tacts, the other end of which were connected on a Keithley
2400 Source Measure Unit (SMU). Constant current is
induced through the sample and the voltage across the leads
is measured, so as the resistance R of the sample is calcu-
lated using the Ohm’s law, i.e., R=V/I. Then, the electrical
conductivity o is extracted using the formula ¢ = R L/wt,
where L is the distance between the voltage contacts, and w
and ¢ is the width and the thickness of the sample, respec-
tively. Electrical conductivity has been measured for all the
samples in a temperature range from room temperature, up
to 180 °C.

2.2.5 Seebeck coefficient

Seebeck coefficient measurements were performed for all
samples, employing the standard steady-state technique (see
drawing in Fig. 6). According to this technique, the sample
is attached on a rigid surface, with constant temperature. A
heater is also attached on the other end of the sample and it
is supplied with a current, causing its heating due to joule
effect. The upper end of the sample is heated, and a heat
flow is established towards the cold end of the sample. After
some time, this heat flow becomes constant, and thus, the
temperature difference between the two ends of the sample
is constant. This temperature gradient AT can be measured
using two type-E thermocouples. Nevertheless, such gradi-
ent produces a voltage drop AV across the samples, which
is also measured using a sensitive voltmeter. Consequently,
the Seebeck coefficient S, of the sample can be defined as
S, =S,.s— AV/AT, where S, is the absolute Seebeck coeffi-
cient value of the leads, which are used for the measurement
of the voltage drop.

It must be noted that the Seebeck coefficient sign is
characteristic for the majority of the charge carriers in the
sample, i.e., negative S, means that electrons dominate the
system, while positive S, indicates the existence of holes
into the system. Seebeck coefficient is also measured in the
temperature range up to 180 °C.

3 Results and discussion

Figure 1 depicts typical XRD patterns for all the investigated
samples. For PLA—graphite samples (black curve), only PLA
diffraction peaks are observed [29, 30], while there is not
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Fig.1 XRD pattern for PLA—graphite (black curve) and PLA-gra-
phene (red curve), 3D printed samples. All peaks are assigned
according to the literature
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any peak observed for graphite [31-33] (main diffraction
peak of graphite appears at 29 ~27°). On the other hand,
PLA-—graphene samples (red curve) exhibit a broad shoulder
at 28 ~27° [33-35], which can be indexed to graphene hon-
eycomb structure. Nevertheless, although the large nanofiller
was loading for both polymer nanocomposites, nanofiller
structure cannot be evidently shown by XRD spectra. In
contrast, the semi-crystalline nature of the PLA matrix is
clearly observed in all samples, either in filaments, or in
3D-printed samples.

Figure 2 shows the FT-IR spectra for both PLA—graphite
(Fig. 2b) and PLA—graphene (Fig. 2¢) samples. Pure PLA
spectrum is also shown for comparison (Fig. 2a). All the
peaks (Table 1) presented here are consistently assigned to
the peaks of interest from PLA matrix [36-38]. Interest-
ingly, there are peaks, such as at 1011 cm™, which appear on
both the PLA—graphite and PLA—graphene samples, while
they do not appear to the pure PLA. This could correspond
to distinct C—O stretching vibrations, involving the forma-
tion of metal nanoparticles by binding C—O with different
metal ions [39], although further investigation is needed to

Absorption (a.u.)

3D PLA-graphene

DY

3000 2000 1000

wavenumber (cm'1)

Fig.2 FT-IR spectra for a pure PLA, b PLA—graphite, and ¢ PLA—
graphene 3D printed samples
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evidently prove such a scenario, which is out of the scope,
of the current study. Moreover, there are peaks appeared
to pure PLA and they do not appear to neither of the two
PLA-based nanocomposites (i.e., peak at 751 cm™), or they
appear to one of the two nanocomposites (i.e., 698 cm™!,
1042 cm™!, etc.). Extensive investigation is needed, to clar-
ify such changes; however, it is out of the scope of this study.

TGA analysis, of all the investigated samples, is shown
in Fig. 3. TGA curve for pure PLA (black solid line, Fig. 3)
is also shown for comparison. The steep 100% mass reduc-
tion in the range 300—400 °C corresponds to the oxidative
decomposition of the PLA, consistently to the previous TGA
reports [40, 41]. TGA curve for PLA—graphite (red dashed
line, Fig. 3) shows two distinctive degradations. The first one
occurs in the temperature range approx. 300—400 °C, which
is due to the decomposition of the PLA, while another one
occurs in the range approx. 400-500 °C. The total weight
loss is found to be 79%. Considering that graphite does not
exhibit any phase change at this temperature range, it can be
concluded that the remaining % weight is due to the graph-
ite, and thus, the investigated PLA—graphite nanocomposite
includes graphite fillers as high as 21% w/w. The existence
of the second degradation stage (400-500 °C) implies that
the other polymer compounds are included to the filament,
which they are also decomposed. Here, it must be noted
that, according to the filament manufacturer, plasticizer and
coupling agent are used in the filament production. Both of
them are polymeric compounds. The coupling agent not only
contributes to the homogeneous dispersion of the nanofiller,
but also improves the polymer/nanofiller interface, result-
ing in the optimization of the nanocomposite’s properties
[42-44]. Furthermore, the other plasticizers are included
into nanocomposite filaments to optimize their mechanical
(and other) properties [45, 46], so as to be suitable for FDM
3D printing. Although there is not any detailed information
about, it could be plausibly presumed that PLA compatible
plasticizer and coupling agent have been used to produce the
PLA—graphite nanocomposite filament used in this study, the
decomposition of which is demonstrated through the second
degradation, in the TGA curve.

For PLA—graphene sample (Fig. 3, red dashed-dot line),
the total mass loss is 85%, and thus, the %w/w concentration
of the graphene is 15%, consistently to the manufacturer’s
specs. Interestingly, another transition is seen in the range
~150-270 °C, prior to the PLA decomposition transition.
This transition cannot be plausibly interpreted. Such feature
could be attributed to a possible graphene oxide decompo-
sition [47-49], or to the existence of some kind of plasti-
cizers, used during the production of the filament. On the
other hand, similar TGA curve has been obtained for both
polystyrene (PS)/graphene nanoplatelets (GNPs) and PS/car-
bon nanotube composites [50, 51]. In such cases, polymer
molecules are attached to the graphene nanoplatelet, due
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Table 1 FT-IR peak position

. . Peak position
and corresponding assignments

Peak position

Peak position
(em™)
PLA-graphene

Assignment according to Refs. [37-40]

698 C-0O-C deformation vibration
- C=O0 stretching
871 C-COO vibration
1011 c-0
1042 C—CHj; stretching
1080 CH; deformation
C-0O-C stretching
1133 CH; rocking vibration
1177 C-0-C symmetric stretching
1220 Phenolic C-OH stretching
1268 C-H bending
C—-O-C stretching
1355 C-H symmetric bending
1382 C-H symmetric bending
1453 CH; asymmetric bending
1748 C=0 stretching
2854 CH; symmetric and asymmetric
2924 stretching vibrations
2994

; (em™) (em™")
for pure PLA, PLA-graphite, PLA PLA-graphite
and PLA graphene 3D printed
samples 698 -

751
877 877
_ 1011
1042 -
1080 1080
1133 -
1177 177
1220 -
1268 1268
1355 -
1382 -
1453 -
1748 1748
2854 2854
2924 2924
2994 2994
00—
75} 1
S
» 50 F i
: T
z | \
pure PLA \ \\
25F - - - PLA-graphite \ S ]
—-—--PLA-graphene Nl
ol .

100 200 300 400 500 600
T (°C)

Fig.3 Thermogravimetric analysis curves for all the samples: pure
PLA, (black curve); PLA—graphite (red dashed line); PLA—graphene
(blue dashed-dot line) 3D printed samples

to milling, resulting in a functionalized graphene polymer.
Nonetheless, in our case, we cannot clarify the exact origin
of this low-temperature degradation, in the TGA curve of the
PLA—graphene. Finally, it must be noted that similar TGA
curves are obtained for both spool materials and 3D-printed
samples, indicating that the FDM process does not affect
neither the composition nor the thermal behavior of the
nanocomposites.

DSC results, for both spool and 3D printed samples, are
demonstrated in Fig. 4. In particular, panels a and b, in Fig. 4
show the temperature dependence of the heat flow, for the
pure PLA. Features, typical for semi-crystalline polymers,
such as PLA are observed, i.e., an endotherm maximum at
62 °C, which corresponds to the PLA glass transition tem-
perature (Tg), a broad exotherm minimum at 118 °C, related
to the cold crystallization temperature 7, and a sharp endo-
therm at 150 °C, associated with the melting point, 7, of the
material. It has to be noticed that all the above-mentioned
features were observed in DSC curve, during heating. Cor-
responding cooling curves show an endotherm peak at the
60 °C, thus, at Tg. Different Tg values between heating and
cooling are resulted most likely due to the experimental arti-
facts, rather than reflecting a physical explanation. In both
cases, the observed T, values are similar to values previously
reported [38, 52, 53]. A closer inspection PLA DSC heating
curve (especially to that of 3D printed sample) reveals two
more features; first, there is an endotherm peak at 65 °C,
and another short endotherm peak at ~ 160 °C. The exist-
ence of a double endotherm melting, along with the double
glass endotherm, suggests the existence of multiple crystal-
line states, which most likely are formatted during thermal
cycling [54]. Thus, PLA is probably affected by the FDM
process in which it is heated above its melting point, to be
printed, and then, it is cooled down again. Nonetheless,
there are not any noticeable differences between spool and
3D-printed samples.
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Fig.4 Differential scanning calorimetry curves for a spool PLA, b
3D-printed PLA, ¢ spool PLA-graphite, d 3D-printed PLA—graph-
ite, e spool PLA—graphene, and f PLA—graphene 3D printed samples.
Heat flow as a function of temperature, upon heating (red solid lines)
and cooling (black solid lines), is obtained for all samples
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Fig.5 Electrical conductivity with respect of the temperature for a
PLA-graphite (black circles) and b PLA—graphene (blue rectangu-
lars) 3D printed samples. Black and blue arrows show the evolution
of the conductivity, upon heating and cooling. The experimental tech-
nique, used for the electrical conductivity measurement, is shown in
the drawing included
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PLA-graphite DSC curves are shown in Fig. 4c, e (raw
and 3D-printed samples, respectively). Both heating curves
distinctly exhibit two double endotherms at 122—125 °C and
149-152 °C, respectively. The latter obviously corresponds
to the melting point of the PLA. The former melting point
could be possibly attributed to the dispersants and plasti-
cizers, used during filament production. However, further
experiments are needed to clarify this. Furthermore, cool-
ing curve shows a sharp exotherm at 112 °C, suggestive
for a fast cold crystallization process taking place at such
temperature. The fact that such exotherm is observed only
at cooling curve is notable; however, it has been reported
for the other polymer composites, containing various car-
bon structures [55-59]. Comparing DSC curves, between
spool and 3D-printed samples, several differences come
out. Double endotherms as well as the double peak at T,
are more pronounced for raw material. Furthermore, dur-
ing cooling process, 3D-printed sample curve shows endo-
therm at T,, whereas nothing is observed for the spool
material. The above-mentioned differences clearly indicate
that PLA—graphite raw material is less uniform than the
3D-printed one. For pure PLA, multiple crystalline states
have been identified, which are most likely formatted due to
thermal cycling. This is probably the case for PLA—graphite,
as well. Thermal cycling seems to affect the crystallinity of
the PLA—graphite nanocomposite, towards a single uniform
state.

Figure 4e, f shows both the heating and cooling the
DSC curves, for the PLA—graphene samples (spool and
3D-printed, respectively). During heating, an exotherm is
seen at 72 °C and a broad endotherm is observed at 165 °C,
for the 3D-printed sample (no exotherm is shown for the
spool material). The latter is indicative for the melting tem-
perature of the polymer composite, while the former prob-
ably corresponds to a very-low-cold crystallization tem-
perature. Both the high w/w% nanofiller loading and the
high-temperature rate used for the DSC process could pos-
sibly result in such low crystallization temperatures [59, 60].
In addition, a sharp exotherm is obtained, for both raw and
3D-printed materials at ~ 120 K, during cooling.

DSC experiments reveal that thermal treatment could
possibly induce changes in the crystalline state of the nano-
composites; however, they do not affect overall nature of the
nanocomposite, in a significant manner. Furthermore, the
investigated materials can potentially be used for 3D printed
thermoelectric devices. Consequently, it is useful to concen-
trate to the thermoelectric performance of the 3D-printed
samples. Thus, Fig. 5 shows the temperature dependence
of the electrical conductivity, for both 3D-printed samples.
PLA-graphene sample shows larger conductivity com-
pared to the PLA—graphite one. Furthermore, both con-
ductivity curves show interesting features. In particular, for
PLA-graphite, conductivity decreases up to 120 °C; then, it
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remains almost constant up to 145 °C, and then, it increases
again up to the highest measured temperature. Both tem-
peratures mentioned above coincide with the correspond-
ing temperatures where endotherms are observed in DSC
experiments. Furthermore, during cooling resistivity exhib-
its a minimum at ~ 110 °C, agreeing with the corresponding
exotherm (Fig. 3d). Conductivity features, which are well
matched to the DSC results, are also obtained for PLA—gra-
phene samples. Therefore, transport properties are straightly
correlated to the thermal properties, indicating that thermal
cycling definitely affects the electrical performance of the
investigated nanocomposites. Extensive studies regarding
the rheological properties of the nanocomposites are needed,
to clarify the exact mechanism which correlates their ther-
mal and transport properties. Comparing to other thermoe-
lectric polymer nanocomposites and nanocomposites used in
3D-printing [14, 18-20, 27, 45, 61-63], PLA—graphite can-
not be considered as competitive, due to its low conductivity.
In contrast, PLA graphene’s conductivity is promising, i.e.,
it is higher than that of acrylonitrile butadiene styrene/zinc
oxide (CABS/ZnO) [64], it is comparable to that of PLA/
BST [27], but still inferior to the conductivity of PANI/GNs
[63], for example.

Seebeck coefficient as a function of temperature is shown
in Fig. 6. S values for PLA—graphite samples (Fig. 6) are
very low (i.e., 2-3 uV/K), although positive, indicating that
holes are the dominant charge carriers, into the system. Such
S are lower than others reported for polyaniline (PANI)/
graphite oxide nanocomposites [20]; however, they are com-
parable to those reported CABS/ZnO samples, fabricated by
the FDM technique [64]. Although their low values, See-
beck coefficient curve, show distinctive features, similar to
the others obtained from the conductivity curve. In particu-
lar, upon heating, S shows an abrupt increment at ~115 °C
(§~+70 uV/K), then it decreases down to ~20-25 uV/K, up
to 150-160 °C, and then it drops down to 2-3 uV/K. Upon
cooling, S remains almost constant, to 2-3 pV/K, while a
soft shoulder is observed at ~ 115 °C. These observed tem-
peratures exactly coincide with those in electrical conductiv-
ity curves, and, consequently, with endotherms observed on
the DCS curves. On the other hand, PLA—graphene samples
exhibit higher S values (Fig. 6). Such § values are compa-
rable (or sometimes superior) to the other values reported
for several nanocomposite-containing graphene nanosheets
(GNs) [62, 63, 65]. Furthermore, a linear response of the S
with respect to the temperature is obviously seen, upon both
warming and cooling. No peaks or shoulders are observed,
which can be related/correlated to the corresponding endo-
therms obtained from the DSC cures. It seems that the
appropriate choice of the nanofiller material could result to
the suppression or the elimination of the properties of the
polymer matrix, towards the enhancement of the thermoelec-
tric performance of the polymer nanocomposite.
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Fig.6 Seebeck coefficient as a function of temperature, for PLA—
graphite (black rectangulars) and PLA-graphene (blue circles).
Arrows show the S change upon heating and cooling. The black solid
line is guide to the eye. The steady-state technique used for the §
measurement is pictured in the included drawing
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Fig.7 Power factor values for a PLA—graphite and b PLA—graphene.
Arrows show the temperature evolution. Black and blue solid lines
are guide to the eyes

Power factor P, as a function of temperature, is dem-
onstrated in Fig. 7. For both 3D-printed samples. P values
obtained for PLA—graphite (Fig. 7a) are extremely low, thus
forbidding for potential applications. Low P values are mainly
resulted from the low S values. Nevertheless, P curve pos-
sesses a local peak at ~ 115 °C, mainly due to the correspond-
ing peak observed in S curve. However, even in its peak value,
P is almost three orders of magnitude lower than the other pol-
ymer nanocomposites, with graphite oxide nanofillers [20]. On
the other hand, PLA—graphene 3D samples exhibit much more
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improved power factor values, most likely due to both their
enhanced Seebeck coefficient and their high electrical conduc-
tivity, although the room-temperature P values obtained are
comparable to those reported for PANI/GNs thin films and pel-
lets [62, 63], which are not appropriate for FDM printing yet.
Compared to the other nanocomposite filaments, suitable for
FDM printing, such as polyetheretherketone (PEEK)/graphene
nanoplatelets (GNPs) [5], and CABS/ZnO 3D-printed nano-
composite samples [64], our PLA—graphene sample exhibits
significantly improved P values, indicating that PLA—graphene
nanocomposites are promising candidates for 3D printed ther-
moelectric applications. Furthermore, P values for PLA—gra-
phene are still lower than those obtained for PLA-Bi ;Sb, sTe
(BST) wires, appropriate for FDM printing [27]. However, in
the latter case, the produced filaments have not been used to
produce 3D printed samples yet.

Regarding the ZT, we cannot determine it, since thermal
conductivity experimental results are required. Notably,
measurement of the thermal conductivity of bulk samples,
especially in temperatures above room temperature, is a
challenging procedure, utilizing complex methods. Regard-
ing the polymer nanocomposites, such as PLA—graphite and
PLA-—graphene, there are several reports on their thermal con-
ductivity. In general, pure PLA exhibits low thermal conduc-
tivity, i.e., k~0.1-0.2 W/m/K (room-temperature values) [66,
67]. Carbon inclusions (either graphite or graphene) increase
k, with respect to the kind of the nanofiller, as well as the
nanofiller loading [66, 68, 69]. Of course, the above thermal
conductivity behavior is considered for PLA-based nanocom-
posites, which they have not been used for the FDM process.
Extensive studies show that 3D printing factors (printing
speed, printing patterns, infill, printing orientations, etc.) have
a dramatic impact to the thermal conductivity of a 3D printed
sample [70-72]. Herein, though we could roughly estimate
the ZT, using « values, for the corresponding bulk materi-
als, reported in the literature. For the 20% wt. PLA—graphite
[67], k~3 W/m/K, which results in a ZT ~ 10~ at room tem-
perature, which is a considerably low ZT value. Considering
the 15% wt. PLA—graphene [73], k~0.8 W/m/K leading to
ZT~107>, which is also a very-low room-temperature value.
Thus, thermoelectric figure of merit, of the studied PLA nano-
composites, is a real obstacle, regarding their use in potential
thermoelectric applications, although improvement of their
electrical conductivity and Seebeck coefficient could effec-
tively combine with their low thermal conductivity, towards
their use in potential thermoelectric applications.

4 Summary and conclusions
In the current study, we investigated the thermoelectric per-

formance of 3D-printed nanocomposite polymeric samples,
i.e., PLA—graphite, and PLA—graphene, produced using

@ Springer

appropriate, commercially available filaments, employ-
ing the so-called FDM method. Both XRD and FT-IR
spectra reveal typical features of the PLA matrix, for both
PLA-graphite and PLA—graphene nanocomposites, consist-
ent with the literature. For both nanocomposites, the amount
of the nanofiller inclusion is extracted from the TGA curves,
which is consistent with the values given by the filament
manufacturers. Furthermore, TGA experiments reveal that
plasticizers and coupling agents have been used, by the man-
ufacturers, to improve the homogeneous distribution of the
nanofillers into the polymer matrix, as well as to enhance
their mechanical properties, making them appropriate for
FDM printing. Finally, DSC experiments show typical crys-
tallization/recrystallization process for PLA and T, values
obtained are consistent to the literature.

Electrical conductivity vs. temperature curves, for both
nanocomposites, roughly follow the corresponding DSC
ones, indicating the effect of the thermal properties to the
conduction of the nanocomposites. Thus, it becomes essen-
tial to extensively investigate the thermal and rheological
properties of both PLA nanocomposites, towards the opti-
mization of their conductivity. PLA—graphene 3D printed
samples exhibit an order of magnitude higher electrical con-
ductivity that the PLA—graphite ones. Compared to the other
conductive polymer composite materials, PLA—graphene
seems to be a promising candidate, while the PLA—graphite
has to be improved, regarding its electrical conductivity, to
be competitive.

Furthermore, Seebeck coefficient for PLA—graphite is
quite low, forbidding for thermoelectric applications. Nev-
ertheless, from both DSC and Seebeck coefficient curves,
it is revealed that Seebeck coefficient is directly related
to the thermal behavior of the polymer composite. For
PLA-—graphene, S exhibits higher values, compared to the
PLA-graphite; however, it is still inferior compared to state
of-the-art thermoelectric polymer nanocomposites, such as
PLA/BST. Increasing the nanofiller loading, or introduc-
ing another type of nanofiller along with the existed, could
possibly result in the improvement of the S, in both cases,
although great attention must be paid so as the nanocompos-
ite remains suitable for FDM printing.

As aresult, power factor values obtained for PLA—graph-
ite are realistically, not promising for thermoelectric appli-
cations. Instead, for PLA-—graphene, it shows a better
thermoelectric performance, but still lower than the other
thermoelectric polymer nanocomposites. In both cases, poor
electrical conductivity and relatively low S values result in
such thermoelectric performance.

Despite their substandard thermoelectric performance,
both PLA-based nanocomposites exhibit a large advantage,
which is that they both can be used in FDM printing. Thus,
the optimization of their thermoelectric performance (by
increasing the electrical conductivity in combination with
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increasing the Seebeck coefficient), along with their superior
FDM-compatible properties, would be beneficial, so as both
PLA-graphite and PLA—graphene nanocomposites would
become state-of-the-art materials for 3D printed thermoelec-
tric devices.
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