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Most commonly polydimethylsiloxane (PDMS) elastomer (silicone) is obtained from prepolymer liquid by cross-linking
reaction (curing) at room temperature or assisted by external heating. However, in special cases, such as medical applications,
it could be useful to cure the elastomeric material selectively and/or without external heat. An ability for customized curing
can be controlled by selection of special type of fillers, such as metal particles or carbon nanotubes for curing routed via
Joule heat, magnetic induction or electromagnetic microwave radiation. There are number of reasons for microwave curing
to be preferred: microwave curing does not require heat conductivity of the surrounding medium, microwave energy can be
directly delivered to select part of the material, this also allows for energy saving. Dielectric (internal) heating by microwave
radiation is not efficient for pristine PDMS due to non-polar nature of this substance. Higher chemical polarity additives to
PDMS could facilitate internal heating. We test silver nanoparticles (Ag NPs) for using as internal heating agent for PDMS
elastomer kit (Sylgard 184). A set of general properties of the resultant PDMS/AgNPs composite material, including dynamic
mechanical analysis (DMA), water wetting contact angle, adhesion to glass and optical spectroscopy of the filled PDMS
are evaluated herein. The obtained composite materials exhibit a significantly higher work of adhesion, a lower viscoelastic
modulus and slightly higher wettability. With time of microwave treatment and consequently cross-linking of the material
those parameters head towards or approach those of the stock PDMS material.
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Momupumernncunokcanosbii (IIIMC) amacromep (CMIMKOH) OOBIYHO IONYYAIOT M3 XKUJAKOTO IpeHoluMepa IyTeM
peakuy CuMBaHuA (OTBEP)KEHNA) IpU KOMHATHON TeMIlepaType WM ¢ IIOMOIIbI0 BHeIIHero Harpesa. OJHAKO B 0COOBIX
CTy4asx, TAKUX KaK MeAMIHCKYe IPUMeHeH s, MOXKeT OBbITh IT0Ie3HO OTBEepP>KeHIIe 9IaCTOMEPHOT0O MaTepyaa BHIOOPOYHO
u/mwim 6e3 BHEIIHEro HarpeBa. BO3MOXKHOCTb TaKOTO aipeCHOr0 OTBEpP>KAEHMS MOYXHO KOHTPOJIMPOBATh IIyTeM BbIOOpa
CIIeMa/IbHOTO TUIIA HAIIOJIHUTENel, TaKMX KaK YaCTUIBl MeTa/Ula VUM YIJIEPORHBbIe HAHOTPYOKM, JUIA OTBEpXKICHMA,
HaIlpaBjIsIeMOTO IIOCPEACTBOM IDKOY/IeBa TeIUId, MAarHMTHOM MHAYKLIMYU JIM 9T€KTPOMArHUTHOTO MUKPOBOIHOBOIO
uanydenys. CymecTByeT psj NMPUYMH, IO KOTOPBIM MMKPOBOJIHOBOE OTBEPXJiCHUE MOXKET OBITh IPENIOYTUTETbHBIM:
IJIs1 MYIKPOBOJIHOBOTO OTBEP)KJEHVS He TpeOyeTcs TEIUIONPOBOJHOCTb OKPY>KAalolljeil Cpefbl, MMKPOBOIHOBAs SHEpPriusd
MOXKET ITOJABATbCsl HEIIOCPEACTBEHHO Ha BHIOPAHHYIO YacTh MaTepuasa, KpoMe TOr0, 3TO I03BOJIACT 9KOHOMUTD SHEPIMIO.
HuanexTpudecknii (BHYTpPEeHHMII) HAarpeB MUKPOBOJHOBBIM N3TydeHMeM HeadeKkTuBeH it craHmaptHbix IIJIMC
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KOMIIAyHJIOB 13-3a HEIIO/IIPHOII IIPYPO/BI 9TOTO BeliecTBa. JJo6aBKy ¢ 60/1ee BHICOKOI XMMIYIECKOIt HO/sIpHOCTBI0 K [TIMC
MOTYT CIoco6CcTBOBaTh Gormee 3 eKTBHOMY BHYTPEHHEMY HarpeBy. Mbl MCIIbITamu HaHOYacTHUIBI cepebpa (Ag NPs)
IUIsI UCIIONb30BAaHNsI B KadeCTBe BHYTPEHHErO HarpeBarens /It anactoMepHoro Habopa ITJIMC Sylgard 184. B craTne
OLIeHMBAETCsI HAOOp 06X CBOVCTB MOMTYYEHHOTO KOMIOSUTHOrO Marepumama PDMS/AgNPs, Bxodas fUHAMUYECKUIT
MexaHndeckuil anamms (DMA), kpaeBoil yrojn cMaduuBaHMA BOROM, afife3UI0 K CTEKIy U ONTUYECKYIO CIIeKTPOCKOIIUIO
HanonHenHoro IIJIMC. ITorydyeHHble KOMIIOSUTHBIE MaTe€pUasbl AEMOHCTPUPYIOT 3HAYUTEIBHO 60jiee BBICOKYIO paboTy
apresnu, 6osee HU3KMIT MOAY/Ib BSI3BKOYIPYTOCTU U HEMHOTO 60jiee BBICOKYIO cMadnBaeMocTb. Co BpemeHeM 06paboTKm
MUKPOBO/IHAMI U, KaK C/IE[ICTBUE, CUIMBKY MaTepuasa, 3TU MapaMeTpbl IPpUOIIDKAIOTC K mapaMeTpaM MaTtepuana [IITMC

CTAaHJAPTHON KOMIIO3ULIAML.

KnroueBbie cntoBa: TIONMNAVMETUICUIIOKCAaH, CIIMBaHIE, OTBEPXKAEHNE, cepe6po, HaHOYaCTUIIbI, MI/[KpOBO)'IHOBbe/I, U3Ty4eHune.

1. Introduction

Design of flexible electronics devices requires a very
rigorous selection of materials. The basic factors used
for evaluating materials for flexible electronics include
mechanical (flexibility, adhesion, stretchability), and
electrical (conductivity) properties. In addition to the named
basic factors, more properties are often required, such as:
chemical (stability, chemical activity), biocompatibility,
thermal (stability, conductivity), optical (transparency).
Polydimethylsiloxane (PDMS) appears to be one of the most
common choices as a base polymer for flexible electronics, in
particular due the ease of production and bio-compatibility.
Silver nanoparticles (Ag NPs) and nanowires (Ag NWs) are
often combined with PDMS [1] as a filler for wearable [2 - 4],
sensorics [5,6], biological [7] and medical [8] applications.
It is generally known that PDMS-based materials offer high
flexibility and stretchability, and their surface is expected
to be hydrophobic, but the exact functional properties can
strongly depend on the material content and processing.

Adhesion and wetting phenomena play a crucial role in
manufacturing and exploitation of the flexible PDMS/AgNP
based devices. Multilayer flexible devices must be designed
with adhesion in mind to withstand large deformation
without delamination. Wearable devices need to be washable,
whether it is smart clothes, or skin-attached sensors for
medical applications.

PDMS-based materials are produced from liquid
prepolymer by cross-linking, also called “curing”. Curing of
PDMS-based materials can be realized at room temperature
or assisted by external heat. Several alternative technologies
had been already proposed for curing of PDMS-based
materials that might be useful in special environments like
biological tissues or vacuum. An ability for custom curing is
controlled by the special type of fillers, such as iron particles
for magnetic induction curing [9], carbon nanotubes for
Joule heat curing [10] and for electromagnetic microwave
radiation curing [11]. There are several reasons that make
the microwave curing the most preferred one. First, it does
not require heat conductivity of the surrounding medium,
thus can be used in vacuum. Second, microwave energy can
be directly delivered to a selected part of the cured material.
Finally, microwave curing allows to save energy.

In spite of the high interest to Ag NPs as a filler for
PDMS from the scientific community, the possibility for
microwave curing of PDMS/AgNP has been unexplored so
far. In this paper, we will evaluate a set of basic properties of
electromagnetic microwave cured PDMS/AgNP compound.
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This work contains the first experimental data on the
electromagnetic microwave radiation treated PDMS/AgNP,
including its viscoelastic moduli, surface (contact) properties
and optical spectroscopy.

2. Fabrication of silicone compounds

A set of silicone elastomer samples were produced for this
study according to Table 1. All samples were prepared
using Sylgard 184 (Dow Corning, USA) elastomer kit in a
base/crosslinker mass ratio of 10:1. This stock compound
cures in 48 hours at room temperature; at the same time, this
process can be accelerated by heat treatment at 100-150°C
for up to 35-10 minutes according to the manufacturer’s
documentation. The Ag NPs used in the present study
were synthesized using a modified method of reducing the
metal ions to their atomic state followed by crystallization
and had a diameter of 35-120 nm [12]. To make easy a
uniform distribution of Ag NPs in the PDMS precursor,
the nanoparticles were prepared in the form of an ethanol
suspension. The total mass of each silicone prepolymer liquid
was 5 g. In all samples the amount of ethanol was 1.577 g.
The content of silver in the PDMS/AgNP liquid prepolymer
was 0.01% by mass of the final compound.

Mixing was carried out using a SpeedMixer (TM) DAC
150.1 FVZ (Hauschild Eng., Germany) at 3500 rpm for 40 s.
The samples were exposed to microwave irradiation at a
power of 700 V and a frequency of 2450 MHz for 0 to 4 hours

(Fig. 1).

3. Properties of the silicone
compounds and discussion

3.1. DMA measurements of viscoelasitc properties

To understand how the microwave cured PDMS/AgNP
materials compare with the stock PDMS material in terms of
viscoelastic properties, dynamic mechanical analysis (DMA)
was performed on the solidified materials containing silver
nanoparticles and/or irradiated with microwave radiation
(Fig. 2a). A Q800 dynamic mechanical analysis (DMA)
instrument (TA Instruments, USA) was used for the
measurements operated in tension mode by an applied
sinusoidal stress in high-strain and low-strain conditions.

Strain sweep experiments were performed using dynamic
mechanical analysis (DMA) with strain amplitudes up to 50%
at constant temperature (20°C) and constant low frequency
(1 Hz) for all samples listed in the Table 1.
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Fig. 1. (Color online) Schematics of the physical principles
underlying electromagnetic microwave radiation assisted curing
of silver nanoparticle (Ag NP) filled polydimethylsiloxane
(PDMS) prepolymer liquid. Ag NPs act as antennas by absorbing
electromagnetic energy and releasing a part of this energy as heat.

o
# Vheat
dissipation

The complex viscoelastic modulus was also obtained for
PDMS/AgNP@4hMW. It is measured in constant-amplitude
low-strain deformation mode with a deformation amplitude
of 0.04% and at different frequencies (“frequency sweep”),
starting from 28 Hz, and changes stepwise until reaching
0.25 Hz (10 frequency points: 28.0, 25.0, 14.0, 7.9, 4.4,2.5, 1.4,
0.79,0.44 and 0.25 Hz) [14]. The experiment began with rapid
cooling of the sample to —140°C, then measuring viscoelastic
modulus at a given temperature on all frequency listed above,
and later the temperature was gradually increased by 5°C in a
loop. The procedure was repeated until 120°C was reached, so
viscoelastic module Re (E) from temperature were obtained.

To obtain the function of the real part of the viscoelasticity
modulus Re (E) of the angular frequency w, the frequency-
temperature shift method based on the time-temperature
superposition (TTS) principle was used, which is described
in details in [15]. As a result, the experimental data were
converted into a dependence of viscoelasticity on wide range
of frequencies (Fig. 2b). It is worth noting the dashed line in
the plot, which arises from the hysteresis of DM A response of
the material in variable temperature conditions, and could be
attributed to crystallization in the material [13].

DMA literature data on Sylgard 184 PDMS elastomer
material 1:10, 1:20, 1: 30 without fillers are known from the
article [13]. In general, the viscoelasticity master-curve and
the strain sweep curves of fabricated material has a typical
shape for PDMS elastomer materials.

Based on the analysis of all DMA results (see Table 1), the
following conclusions can be drawn:

1. Materials with Ag NPs without microwave treatment
(PDMS/AgNP@OhMW) are the softest materials in the set
(Table 1). PDMS/AgNP@OhMW has a 19.2% lower elastic
modulus (low-strain) compared to the stock PDMS material;

2. Microwave irradiation tends to increase the elastic
modulus of the composite elastomers, both for stock PDMS
material (9.5% increase in 4 hours) and for PDMS/AgNP
composite material (19.7% increase in 4 hours).

3. Viscoelastic properties of composite material
microwave-treated for 4 hours (PDMS/AgNP@4hMW)
approach to the stock PDMS material — the difference is
2.3% for low-strain elastic modulus.

3.2. Adhesion properties and contact angle
3.2.1. Adhesion to glass

We have studied adhesive interaction between glass and the
fabricated elastomers in custom-made Johnson-Kendall-
Roberts (JKR) inspired adhesion testing setup described in
details in Ref. [13,14]. In each contact cycle, the loading force
is about 0.1 N, and the vertical speed 4.68-10~° m/s. During
retraction the interaction between the glass ball and the
PDMS sample is fully broken. Work of adhesion was found
using the JKR model [16] and presented in Table 1. Based on
Table 1, the following general conclusions can be drawn:

1. With the addition of silver NPs without microwave
treatment, the work of adhesion is increased (approximately
4 times compared to the stock PDMS).

2. After microwave treatment of the material with silver
NPs filler, the work of adhesion is decreased (1.86 times for
PDMS/AgNP@4hMW compared to PDMS/AgNP).

3. In composites containing silver nanoparticles under
microwave treatment, the work of adhesion decreases more

Table 1. Table of fabricated elastomer materials and the main measured properties. The sample label is encoded with the base material, the

additional component (if any, via/), as well as curing conditions.

Sample label Relative weight of silver Curing conditions (room Work of adhesion*, Storage modulus

nanoparticles, % temperature — RT) J/m? (low-strain), MPa
PDMS (stock) 0 Only RT 0.44 1.68
PDMS@1hMW 0 Microwave treated 60 min 0.41 1.73
PDMS@2hMW 0 Microwave treated 120 min 0.35 1.84
PDMS@3hMW 0 Microwave treated 180 min 0.34 1.69
PDMS@4hMW 0 Microwave treated 240 min 0.28 1.84
PDMS/AgNP@OhMW 0.01 Only RT 1.72 1.37
PDMS/AgNP@1hMW 0.01 Microwave treated 60 min >1.39%* 1.61
PDMS/AgNP@2hMW 0.01 Microwave treated 120 min 0.88 1.52
PDMS/AgNP@3hMW 0.01 Microwave treated 180 min 0.8 1.47
PDMS/AgNP@4hMW 0.01 Microwave treated 240 min 091 1.64

*Relative statistical error of the adhesion measurements from more than 10 repeated contacts is within 10%.

**Lower boundary indicated due to the adhesion of the sample being too strong for the used experimental conditions.
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Fig. 2. (Color online) Strain sweep via dynamic mechanical analysis (DMA) of standard and PDMS/AgNPs compounds. Results of
measurement of storage modulus (Re E) as a function of strain at constant ambient temperature (20°C) (a). Master curve via Dynamic
Mechanical Analysis (DMA) of standard and PDMS/AgNP compound (b). Results of measurements of the viscoelastic modulus (Re E) as
a function of the excitation frequency w at small deformations using DMA with temperature variation and subsequent reconstruction of
the data for one reference temperature (20°C) using time-tempereature superposition (T'TS). The dash line shows the linearly interpolated
behavior of Re E in the interval where the DMA measurement did not reveal unambiguous data for applying TTS (see the discussion on the

phase transition in PDMS [13]).

strongly than for the silver-free compounds (1.89 times
versus 1.57 times).

4. The work of adhesion of the sample with silver
nanoparticles after 4 hours of microwave treatment
(PDMS/AgNP@4hMW) is still about twice higher than that
of the stock PDMS material.

3.2.2. Water contact angle

We have also measured the adhesion (wetting) of elastomer
surface to water as one of the indicators of the polarity of
the surface. In a series of experiments advancing 6, and
receding 0, contact angles for water on the elastomer
surface were measured. The measurements were performed
by depositing a small water droplet (4-6 mm diameter)
on the elastomer surface. The advancing contact angle was
determined after waiting approximately 1 min at which
point no movement of the contact line could be detected.
The receding contact angle was determined by studying
the water droplet during evaporation of the water. When
enough water had evaporated the contact line started to
move inwards and at this point we measured the receding
contact angle (see also for details on the method [14]).
After that, according to Ref. [14], the equilibrium 6_ contact
angle was found for the stock PDMS, PDMS@4hMW,
PDMS/AgNP@OhMW and PDMS/AgNP@4hMW, and were
equal to 74.41° 117.77°; 82.38° and 56.76°, respectively, with
statistical error estimation of 10°. It should be noted that
the difference between advancing and receding angles was
less than 18°, a low figure which could indicate a smooth
and homogeneous surface. However, it is worth noting that
the sample containing no silver nanoparticles and treated
for 4 hours (PDMS@4hMW) had significantly reduced
wettability, while the material containing nanoparticles
of silver and treated for 4 hours (PDMS/AgNP@4hMW)
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significantly increased wettability compared to the stock
PDMS. The reason behind the first observation is not exactly
clear and might lay in the rearrangement or evaporation of
the minor chemical components on the surface. The second
observation, increased wettability could be explained by
migration of microwave radiation heated silver clusters
resulting in the increased polarity of the surface.

4. Optical spectroscopy

We also obtained optical spectra of the stock PDMS
materials, silver-containing PDMS material and silver-free
PDMS material treated with microwave radiation. A UV/VIS
absorption spectrometer instrument Ava-Absorbance
(Avantes, Netherlands) was used for measuring the UV/VIS
(200-1100 nm) absorption spectra of the PDMS-based
materials as depicted in Fig. 3b. The spectrum of samples
containing silver did not change noticeably with microwave
treatment, and the respective data were not plotted. It can
also be seen from the figure that microwave treatment had
no pronounced effect on the silver-free PDMS materials.

The addition of silver nanoparticles to PDMS, firstly,
reduced the overall transparency of the composite material,
and, secondly, added an absorption peak at 415 nm,
which corresponds to the absorption peak of silver [12].
Nevertheless, the low silver content made it possible to
retain the most of optical transparency of the PDMS/AgNP
composite material.

5. Conclusions

We tested silver nanoparticles (Ag NPs) for using as
internal heating agent for PDMS elastomers cured by
microwave radiation. General properties of the silver-filled
composite PDMS materials, including dynamic mechanical
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Fig. 3. (Color online) Silver nanoparticles (Ag NPs) filled polydimethylsiloxane (PDMS): photograph of the cured material with AgNP (a);
transmittance (absorption) optical spectra of the stock PDMS material, the sample with 4-hours treatment and PDMS material with

AgNP (b).

analysis, water wetting contact angle, adhesion to glass and
optical transmission of the filled PDMS were evaluated in
comparison with the silver-free stock PDMS material under
room-temperature and microwave curing conditions.

The silver-filled materials (PDMS/AgNP) appeared to
be generally softer (lower elastic modulus) and stronger
adhesion to glass compared to the silver-free PDMS materials.
The specimens containing silver and exposed to microwave
irradiation for 4 hours (PDMS/AgNP@4hMW) in terms of
their elastic properties approached the stock PDMS material
cured at room temperature. However, adding silver NPs
significantly altered surface properties of the elastomers as
observed before and after microwave treatment as well.

Thus, one can conclude, that silver NPs can serve as a heat-
cure agent in PDMS-based elastomers for electromagnetic
microwave curing conditions with the silver presence having
little effect on its viscoelastic properties and introducing large
change in surface properties, compared with the stock PDMS
material.
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