3D printed elastomer ternary composites
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This paper describes the 3D printing of a ternary composite of poly-
dimethylsiloxane (PDMS) and nanoparticles of iron oxide and barium
titanate. The composite was printed using a commercially available
3D printer. Thermal curing of the composite during printing allowed
for overall low process times of a few minutes. Scanning electron mi-
croscopy indicated uniform composite layers. The resulting composite
films showed ferromagnetic behaviour, and applicability in magnetic
actuation and piezoelectric energy harvesting.

Introduction: The emergence of flexible electronics in recent years has
generated interest in composites of polymers and inorganic nano-scale
materials or fillers. In this context, there has been great interest in com-
posites of nano-materials and polydimethylsiloxane (PDMS), a flexible,
transparent, chemically stable silicone elastomer useful for flexible elec-
tronics [1]. More recently, ternary composites of PDMS and two distinct
nano-fillers are being investigated to create new materials/applications
that exploit the characteristics of the individual components. Most of the
prior related work has focused on ternary composites of PDMS, carbon,
graphene-based materials for applications in sensing of strain, pressure
and temperature, among others [1-3]. There have been a few efforts on
other ternary material systems, such as those involving PDMS/barium
titanate/carbon nanotubes, and PDMS/calcium copper titanate/carbon
nanotubes as high dielectric constant and low dielectric loss materials
[4, 5]. Considering their applicability, there is clearly a need and scope
for further development of new PDMS-based ternary composites. An-
other important aspect to consider is the fabrication of these ternary
composites. Till date, these composites have been made by conventional
methods such as screen-printing, solution casting and moulding, among
others [2—4, 6, 7]. The recent emergence of 3D printing has provided
an economical and sustainable way to make polymer composites. Com-
pared to most conventional fabrication methods, 3D printing techniques
allow for increased levels of rapid prototyping, patterning and dimen-
sional control. However, to the best of our knowledge, there have been
no reports on 3D-printed ternary PDMS composites till date.

To summarize the present state of art, there is a need to develop
new PDMS-based ternary composites using methods like 3D printing.
This paper reports the development of a novel 3D-printed composite
of PDMS and nanoparticles of barium titanate (BTO or BaTiO3) and
iron oxide (IO or Fe;03). The inclusion of a piezoelectric nano-filler
(BaTiO3) and a magnetic nano-filler (Fe,Os) is designed to impart multi-
functionality to the resulting composite. The 3D printing of the compos-
ite is done using a commercially available 3D printer. The resulting com-
posite has been characterized for its properties and some potential appli-
cations are demonstrated in magnetic actuation and piezoelectric energy
generation.

Experimental: Nanoparticles of BaTiO; and Fe,O3 were obtained from
Nanostructured & Amorphous Material Inc., USA. PDMS (Sylgard
184, Corning) was acquired from Ellsworth Adhesives, USA. The
BaTiO; and Fe,O;3 nanoparticles were taken in 1:1 ratio by weight
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Fig. 1 (a) Bright-field TEM image of BaTiO3 and Fe, O3 nanoparticle mix-
ture. (b) Photograph of 3D-printed PDMS/BTO/IO composite. SEM images
of 3D-printed composite showing (c) surface, (d) cross-section. BaTiO3, bar-
ium titanate; Fe;Oj3, iron oxide; PDMS, polydimethylsiloxane; TEM, trans-
mission electron microscope.

and the combined mixture was sintered at 600°C for 3 h, followed
by ball milling. The morphology of the nanoparticle mixture was
studied using transmission electron microscope (TEM JEOL 2010).
The nanoparticle mixture was combined with PDMS pre-polymer in
50:50 ratio by weight. The blend was sonicated and the curing agent for
PDMS was added to it. The composite mixture was fed into a disposable
printing syringe which had a Luer-Lok tip with 1.5-mm diameter
nozzle. The syringe was incorporated into an extrusion printing head
of a 3D printer (Hydra 16A, Hyrel USA). The 3D models of test
samples were designed using computer-aided design (CAD) software
and supplied to the 3D printer. The printing was done using rectilinear
fill patterns with 100% fill density, print speed of 10 mm/s, flow rate of
0.5 mL/min. The base plate temperature was maintained at 85°C during
the printing. The printed composite is referred to as PDMS/BTO/IO.
Surface and cross-sections of the 3D-printed PDMS/BTO/IO composite
were studied using a scanning electron microscope (SEM, JEOL JSM
7200F). The 3D-printed PDMS/BTO/IO composite was also studied
by x-ray diffraction (XRD, Rigaku D/MAX 2200 diffractometer),
superconducting quantum interference device (SQUID) magnetometer
(Quantum Design MPMS XL), polarization-electric field hysteresis
measurements (Precision RT66C Ferroelectric Tester).

Results and discussion: The TEM images (Figure la) of the Fe,O3
and BaTiO; nanoparticle mixture indicated that the Fe,O3; nanoparti-
cles were in the 30 to 50 nm size range, while the BaTiO3 nanoparticles
were larger, around 100 to 200 nm. The particles were mostly spheri-
cal in shape. The printed PDMS/BTO/IO composite films visually ap-
peared smooth and uniform, without obvious defects such as bubbles
or voids (Figure 1b). SEM imaging performed on the surface of printed
composites confirmed their uniformity (Figure 1¢). SEM imaging of the
cross-section of composite films indicated the mostly uniform dispersion
of the nanoparticles in the polymer matrix (Figure 1d). However, there
were a few areas of nanoparticle agglomeration observable in the PDMS
matrix.

The structure of the PDMS/BTO/IO composite was studied using the
XRD technique. The XRD spectrum of the PDMS/BTO/IO composite
(Figure 2a) showed the characteristic spectral peaks of PDMS, BaTiO;
(circle markers) and Fe,O; (triangle markers). A broad peak at a 20
value of 12.1° is from the PDMS due to its partly crystalline nature. The
reflections at 260 values of 44° and 46° correspond to the (002) and (200)
planes of BaTiOs3, indicative of its tetragonal nature [8]. The peaks of
Fe, 05 are typical of a-Fe, 03 [9]. SQUID magnetometer measurements
on the PDMS/BTO/IO composite yielded hysteresis loop of magnetic
moment versus magnetic field at 300 K, as shown in Figure 2b. The
printed composite showed ferromagnetic behaviour (Figure 2b) with a
coercivity of 191 Oe and remanence of 2.4 emu/g. The ferromagnetic
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Fig. 2 (a) XRD spectrum of 3D-printed PDMS/BTO/IO composite showing
the representative peaks of barium titanate (circle markers) and iron oxide
(triangle markers). (b) Magnetic moment as a function of magnetic field for
the PDMS/BTO/IO composite. (inset) Actuation of a composite strip under
magnetic field. The scale is in mm. PDMS, polydimethylsiloxane.

property is attributed to the Fe,O; nanoparticles. The PDMS/BTO/IO
composite was evaluated for magnetic actuation. A strip of composite
(15mm x 2 mm x 0.05 mm) was suspended from a non-magnetic sup-
port such that the other end of the strip was free. When a cylindrical
magnet (1.2 T, NdFeB) was brought towards the free end of the compos-
ite strip, the free end underwent a deflection of a few mm, as shown in
Figure 2b (inset). These preliminary observations suggest the composite
can have applications in magnetic actuation.

Polarization (P) versus electric field (E) hysteresis loops obtained at
1 Hz from PDMS/BTO/IO composite and neat PDMS are shown in Fig-
ure 3a. The extracted maximal polarization values are 0.008, and 0.011
uC/em? for neat PDMS, and the PDMS/BTO/IO composite respectively.
The P-E loops obtained from the PDMS/BTO/IO composite show linear
capacitor characteristics, similar to P-E loops reported elsewhere from
PDMS/BaTiO3 composites [10].

The limited polarization exhibited by the composite is attributed to
the large fraction of inactive polymer in it [10]. The dielectric constant
of the composite was 5.8, compared to 4.2 for neat PDMS. This is in line
with prior reports on PDMS/BaTiO; composites which showed dielec-
tric constant of 4.27 with a 23 wt% BaTiO; loading [11]. The limited
dielectric constant of the composite is attributed to the electrically insu-
lating nature of the PDMS [12].

A piezoelectric energy generator (PENG) device was made by plac-
ing electrodes on both sides of a composite layer (10 mm x 7 mm x
0.050 mm thick), as shown in Figure 3b (inset). A repeated finger tap-
ping force (0.1-0.2 N) was manually applied on the device surface. The
resulting characteristic voltage spikes are shown in Figure 3b. The max-
imum output voltage is 0.31 V (positive) and 0.09 V (negative), with
a maximum peak-to-peak voltage of 0.4 V. This output voltage though
modest is similar to that of other 3D-printed PDMS/BaTiO; compos-
ite piezoelectric generator devices (0.385 V peak-to-peak under >890
N force on a 3-mm-thick PDMS/BaTiOs composite layer with 50 wt%
BaTiO; nanoparticles) reported recently [13].
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Fig. 3 (a) P-E hysteresis loops of PDMS and PDMS/BTO/IO. (b) Output
performance of PDMS/BTO/IO piezoelectric energy generator. PDMS, poly-
dimethylsiloxane.

The preliminary observations described here indicate that the 3D-
printed PDMS/BTO/IO composite can be applied for piezoelectric en-
ergy generation. It should be noted that there may be a certain load-
ing level of BTO nanoparticles and optimal thickness of the composite
which will yield the best performance in piezoelectric energy generation.
Our ongoing and future studies are expected to determine these optimal
conditions, and help improve the overall properties of the material. Fur-
ther improvements in the material’s properties are possible. Overall, the
PDMS/BTO/IO composite described here shows potential as a multi-
functional material.

The 3D printing process used to make the PDMS/BTO/IO composite
offers good dimensional control, with printed patterns closely follow-
ing the set dimensions of the original pattern on the CAD software file.
The printing process itself typically takes a few minutes, from loading
the syringe into the printer, followed by the actual printing. The curing
is in-situ since the printer’s base plate temperature is maintained at a
higher temperature than the conventional curing temperature for PDMS.
There is no need to transport the printed patterns to any external curing
equipment. Prior reports employed post-printing curing of 3D-printed
PDMS/iron composites at room temperature for 48 h or at elevated tem-
peratures in external thermal ovens [14, 15]. Extensive curing times af-
ter printing add on to the overall fabrication duration, and may not be
suitable for rapid prototyping applications. More recently, researchers
have reported 3D-printed PDMS/BTO composites that were subjected
to post-printing curing at 70°C for 90 min in external curing chamber
under ultraviolet light [13]. Generally, there is a need to minimize any
post-printing processing or to avoid it altogether. This is because post-
processing has been identified as a major barrier in the industrial ad-
vancement of 3D printing [16]. The present work does not employ any
post-processing and therefore improves on the existing state of art.

Due to its ability to address customizability and application-specific
needs, 3D printing has emerged as a promising method to manufac-
ture flexible electronic devices [17]. This work demonstrates for the first
time the feasibility of making PDMS-based ternary composites using
3D printing, and therefore constitutes an advance in technology. Other
kinds of new ternary composites can also be printed in a similarly facile
manner, potentially enabling new application avenues including novel
flexible electronic devices.
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Conclusions: We have reported on a novel ternary composite of PDMS,
Fe,03 and BaTiO; nanoparticles fabricated by 3D printing. The com-
posite exhibited ferromagnetic behaviour. Composite strips showed
physical actuation under an applied magnetic field. The composite pro-
duced a modest voltage output under small finger tapping force, show-
ing applicability in piezoelectric energy generation. This work opens up
possibilities of making new multifunctional, multi-component silicone
elastomer composites by 3D printing.
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