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Abstract: Flexible n-type tungsten carbide/polylactic acid (WC/PLA) composites were fabricated by
additive manufacturing and their thermoelectric properties were investigated. The preparation of an
n-type polymer-based thermoelectric composite with good stability in air atmosphere via additive
manufacturing holds promise for application in flexible thermoelectric devices. For WC/PLA volume
ratios varying from ~33% to 60%, the electrical conductivity of the composites increased from 10.6
to 42.2 S/cm, while the Seebeck coefficients were in the range —11 to —12.3 uV/K. The thermal
conductivities of the composites varied from ~0.2 to ~0.28 W-m~1.K~! at ~300 K.
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1. Introduction

Thermoelectric (TE) power generators or refrigerators are based on the Seebeck effect or Peltier
effect, respectively, and have the ability to convert heat into electrical power and vice versa. They also
have high reliability, do not require maintenance, and are environmentally friendly [1]. The efficiency
of TE devices depends on the dimensionless figure of merit, ZT = ST/« (where S is the Seebeck
coefficient, o is the electrical conductivity, T is the absolute temperature, and « is the thermal
conductivity) [2].

Polymers typically have about one order of magnitude lower thermal conductivity than traditional
inorganic TE materials, e.g., Bi-Te-, Ge-Si-, and Pb-Te-based alloys [3]. Furthermore, polymers
have low density, cost little, and are easy to fabricate [4], and are interesting for thermoelectrics in
themselves [5-8], but are also suitable matrices for fabrication of inorganic-polymer TE composites.
Both conducting and non-conducting polymers have been used for TE materials. Attention has
also been paid to polymer-based TE composites, such as Te/poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) [9], Bi;Tez/PEDOT:PSS [10], SnSe/PEDOT:PSS [11], carbon
nanotube/poly(vinyl acetate) [12], and single-walled carbon nanotubes/polyaniline [13]. Using
traditional methods, e.g., physical mixing [14], solution mixing [15], and in situ polymerization [16,17],
the preparation of polymer-based TE composites tends to cause oxidation and uneven dispersion
in the polymer matrices [3], which influences the TE properties of the polymer-based composites.
The TE properties of polymers and polymer-based TE composites have been greatly enhanced [9-11],
with ZT values up to 0.42 having been achieved [18]. However, these polymer-based TE materials
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and composites are mainly p-type. n-type polymer-based TE composites have issues with stability
in air [19], because reduced polymer chains and countercations (e.g., alkaline metal ions) are
easily oxidized [20], resulting in instability in the atmospheric environment [21]. Fabricating TE
devices require both p-type and n-type materials, placing a severe restriction on the application of
polymer-based composites in TE devices [22]. Therefore, it is important to develop a new approach for
fabricating n-type polymer-based TE composites.

Additive manufacturing (3D printing), first described by Hull in 1986 [23], has revolutionized
materials technology, yielding large savings in both materials and time, and an ability to design
complex geometric configurations [24]. However, few researchers have used additive manufacturing
for TE materials. He et al. [25] fabricated Bips5SbisTe; alloys via sterolithography additive
manufacturing combined with thermal annealing at 350 °C under Ar gas to remove photoresins.
Most recently, Shishkovsky et al. [26] prepared porous gradient polymer nanocomposite materials
consisting of a polyetheretherketone matrix doped with alternating layers of Ni and Cu nanoparticles
via selective laser sintering additive manufacturing. To some extent, additive manufacturing may be
an alternative to hot-pressing and spark plasma sintering methods for the preparation of inorganic
TE materials [25]. However, it is a challenge to prepare conducting polymer-based TE composites
using additive manufacturing, since most conducting polymers are infusible and insoluble because
of the presence of the extended conjugation along the polymer backbone [27,28]. Compared to
conducting polymers, polylactic acid (PLA) have better processability [29], which is suitable for
additive manufacturing. However, no research on the preparation and TE properties of PLA-based
composites has been reported.

In this work, flexible n-type tungsten carbide/polylactic acid (WC/PLA) TE composites were
prepared by additive manufacturing, which holds promise for application in flexible TE devices.
The influence of WC content on the morphology and TE properties of WC/PLA composites
is investigated.

2. Materials and Methods

2.1. Materials

Tungsten carbide (WC, 200 mesh) and chloroform were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). PLA (1.75 mm 3D filament) was obtained from Shenyang Gein
Technology Co., Ltd. (Shenyang, China). All the materials were used without further treatment
or purification.

2.2. Preparation of n-Type WC/PLA Composites

Exactly 0.8 g of PLA was dissolved in 12 mL of chloroform (Solution I). An appropriate amount
of WC (to obtain WC/PLA mass ratios of 5:0.8, 10:0.8, 15:0.8, and 20:0.8, corresponding to nominal
volume ratios of ~33%, 50%, 60%, and 67%, respectively) was added to Solution I and stirred for 2 h to
produce Solution II. Solution II was inhaled in the 10 mL syringes and then printed using a 3D solution
printer (Shenzhen Polymer Science & Technology Ltd., Model: PLM-I, Shenzhen, China) with a nozzle
diameter of 0.5 mm and a print speed of 300 mm/min (fixed parameter). After being dried at 60 °C
for 12 h, the chloroform was evaporated from the mixed solution, and the WC/PLA composites were
then formed. Figure 1a shows the 3D fabrication process of the WC/PLA composites. The WC/PLA
composites with the WC/PLA mass ratios of 5:0.8, 10:0.8, 15:0.8, and 20:0.8 (corresponding to nominal
volume ratios of ~33%, 50%, 60%, and 67%, respectively) are denoted as WP5, WP10, WP15, and
WP20, respectively.

2.3. Characterization

The samples were characterized using scanning electron microscopy (SEM) (Philips XL 30
FEG, Eindhoven, The Netherlands) and X-ray diffraction (XRD) (Bruker D8 Advance, Karlsruhe,
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Germany), respectively. Seebeck coefficients and electrical conductivities of the WC/PLA composites
were measured simultaneously in an MRS-3L thin-film thermoelectric test system in a low-vacuum
atmosphere (<40 Pa) from 150 to 375 K with instrument test errors of 6% and 5% for the Seebeck
coefficient and electrical conductivity, respectively (Wuhan Giant Instrument Technology Co., Ltd.,
Wuhan, China). Thermal conductivities of the samples were measured by a transient hot-wire method
from 300 to 375 K with a TC3000E thermal conductivity meter (Xiatech Electronics Co., Ltd., Xi’an,
China), and three measurements were performed for each sample. The average value is reported.

3. Results and Discussion

Figure 1b shows an SEM image of the as-received WC particles. The size of WC particles is in the
range of ~1 to ~5 um, and the WC particles are aggregated together. Figure 1c shows XRD patterns
of WC/PLA composites with different amounts of WC. All peaks in Figure 1c can be indexed to
WC (JCPDE, No. 51-0939), mainly because of the amorphous character of PLA. There is no change
in the position of the diffraction peaks with the addition of WC to the PLA matrix, which indicates
that no other phase was formed. EDS analysis showed that the material contains C, O, and W,
as expected. Figure 1d shows the flexibility of the sample WP5, which can be easily bent in an almost
fully reversible manner.
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Figure 1. Schematic of the fabrication process of the WC/PLA thermoelectric composites (a), SEM
image of tungsten carbide (WC) (b), XRD patterns of tungsten carbide/polylactic acid (WC/PLA)
composites with different WC loadings (c), and the flexible display digital photo of the WP5 (d).

Figure 2a-h show SEM surface images of the WC/PLA composites with different amounts of WC.
The WC particles have been well dispersed in the PLA matrices. Figure 2i,j show the SEM images of a
fracture surface of the WP20 composite. The thickness measured in Figure 2i is ~170 um. Figure 2k,1
show SEM-EDS maps of the fracture cross-section and the top-view surface of the WP20 composite,
respectively. W is evenly distributed in the EDS maps of both the fracture cross-section and the
top-view surface of the composites, which indicates that WC is evenly distributed in the PLA matrices.

The electrical conductivity, Seebeck coefficient, power factor (S§%0), thermal conductivity, and
ZT of the WC/PLA composites with different amounts of WC are shown in Figure 3. Note that
the volume fraction of WC in the sample WP20 is 67%. As a result, this sample is not as flexible
as the others. For this reason, only the TE properties of samples WP5, WP10, and WP15 are
reported here. The electrical conductivity of all the composites decreases with increasing temperature
from 150 to 375 K. For increasing WC content (WP5, WP10, and WP15), the electrical conductivity
increased from 16.7 to 51.1 S/cm at ~150 K, mainly because WC has a relatively high electrical
conductivity. This conductivity is much higher than that of most reported n-type conducting
polymers and corresponding composites, such as the conjugated polymer CIBDPPV combined
with 25 mol % tetrabutylammonium fluoride (0.62 S/cm) [30], the al-ethyl-3-methylimidazolium
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ethyl-sulfate-doped polyaniline (0.23 S/cm) [31], the poly[Kx(Ni-ett)] blended with poly(vinylidene
fluoride) (PVDF)/DMSO on paper (0.5 S/cm) [32]. However, this value is smaller than that of Ni
nanowire/PVDF nanocomposites (4701 S/cm), due to the much higher electrical conductivity of Ni
nanowires (2.98 x 10* S/cm) [33].

Figure 2. SEM images of WP5 (a,e), WP10 (b,f), WP15 (c,g), and WP20 (d,h), fracture surface of WP20 (ij).
(k1) are the corresponding SEM-EDS mapping (W element) images of the panel (j,d), respectively.
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Figure 3. Electrical conductivity (a), Seebeck coefficient (b), calculated power factor (c), thermal
conductivity (d), and ZT (e) of the WC/PLA thermoelectric composites.

The Seebeck coefficients of all the composites are negative, indicating n-type conduction.
The Seebeck coefficients of all composites are almost the same (between —10.3 and —12.5 uV/K)
in the measured temperature range from 150 to 375 K. The power factor follows essentially the same
trend as the electrical conductivity, given that the variations in the Seebeck coefficient are rather small.
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The electrical conductivity and Seebeck coefficient of the composites remained unchanged after storage
in air for one month, showing the long-term stability of the composites.

A maximum power factor of 0.64 pW-m~1-K=2 at 250 K was obtained from sample WP15.
This is a low value compared to inorganic materials (typically ranging from ~1 x 10~ to
~4 x 1073 W-m~1.K~2) [34,35] or the best organic thermoelectrics (~100-~500 pW-m~1.K~2) [18],
but still higher than, for example, that of the conjugated polymer CIBDPPV combined with
25 mol % tetrabutylammonium fluoride (0.63 uW-m~1.K~2) [30], 1-ethyl-3-methylimidazolium
ethyl-sulfate-doped polyaniline (4.43 x 1073 uW-m~—1.K=2) [31], or poly[Kx(Ni-ett)] blended with
poly(vinylidene fluoride) (PVDF)/DMSO on paper (4.1 x 1072 uW-m~1.K2) [32].

The thermal conductivities of the composites were measured three times at different temperatures
and the average values are reported in Figure 3d. The thermal conductivities at 300 K of the WC/PLA
composites vary from ~0.20 to ~0.28 W-m~!-K~!, which are slightly higher than that of the PLA
(~0.13 W-m~1.K~1 [36]), but two orders of magnitudes lower than that of WC (29-121 W-m~ LK1 [37]),
mainly because the surface of WC particles are coated by PLA (Figure 2a-h). The thermal conductivities
for all the samples increase slowly as temperatures increase from 300 to 375 K. Figure 4d shows the
corresponding ZT values of the samples. As the WC content increases, the electrical conductivities of
the composites increase, while the Seebeck coefficients and thermal conductivities of the composites
are not very sensitive; as a result, the ZT value of the composites increase, and the highest ZT value of
~6.7 x 10~* at 300 K is obtained for WP15. The average value of the three measurements of electrical
resistance for WP5 increased by 6.6% after being bent 300 times at different bending radii (100 times
at bending radii of 13 mm, 100 mm, and 8.1 mm, respectively), while the Seebeck coefficient almost
remain unchanged, which indicates that WP5 has good flexibility (Figure 1d). However, the increase in
WC in composite material deteriorated its flexibility. This is a relatively low ZT as a consequence of the
modest power factor. However, the purpose of the present work was to demonstrate a stable n-type
polymer/inorganic composite for thermoelectrics. To increase the ZT value, different inorganic fillers
can be used. Furthermore, the additive manufacturing process used in this work has many advantages,
as it is, e.g., convenient, cost-effective, maneuverable, and scalable. This preparation route can print
a wide range of desired shapes of WC/PLA composites (illustrated in Figure 4). This versatility
combined with the fact that the as-prepared WC/PLA composites are stable in air suggests that the
methodology can be extended to other polymer-based TE composites.

Figure 4. Photograph of the additive manufacturing process, showing the variation in shape of the
synthesized materials.
4. Conclusions

Flexible, n-type tungsten carbide/polylactic acid (WC/PLA) thermoelectric composites were
prepared by additive manufacturing. The highest ZT value (~6.7 x 10~* at 300 K) of the WC/PLA
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thermoelectric composites (the mass ratio of WC/PLA is 15:0.8) was achieved. This is the first
time n-type polymer-based composites prepared via additive manufacturing have been reported.
This process can print almost any designed shape of polymer-based thermoelectric composites,
and the as-prepared n-type polymer-based thermoelectric composites have good flexibility and stability,
and thus have great potential for flexible thermoelectric devices.
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