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Monolithic growth of partly cured polydimethylsiloxane

thin film layers

Liyun Yu and Anne Ladegaard Skov

The demand for monolithic structures in many applications has increased to enable more reliable and optimized performances
such as for dielectric electroactive polymers (DEAPs). For the layers of the elements to grow efficiently together, it is first of all
required that the layers adhere together to enable interlayer crosslinking reactions either by application of an adhesion promoter
or by ensuring that there are reactive, complementary sites available on the two surfaces. Polydimethylsiloxane (PDMS) is a
widely used polymer for DEAPs. In this work, two-layered PDMS films are adhered together at different curing times. The
monolithic films are investigated by rheology, scanning electron microscope, mechanical testing, dielectric relaxation
spectroscopy, thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). The morphology, mechanical and
dielectric properties, as well as thermal stabilities of the bilayer elastomer films are observed to change with the curing time of
the monolayers before lamination. The objective of this work is to create adhesion of two layers without destroying the original
viscoelastic properties of the PDMS films, and hence enable, for example, adhesion of two microstructured films which is

currently a crucial step in the large-scale production of DEAPs.
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INTRODUCTION

Modern engineering systems are increasingly being produced from
components that combine two or more materials for enhanced
performance.? A complete monolithic structure is made of one
single part and has been used so far for multiple layer elastomeric
valves, pumps, actuators, etc.3* Recent investigations from both a
technological and a fundamental point of view show that the
interfacial bonding strength has a profound influence on the failure
of dissimilar or composite materials.’> Adhesion is the interatomic and
intermolecular interaction at the interface of two surfaces.® The use of
adhesion science and technology provides many attractive solutions to
the problems in contemporary industrial culture.” The many well-
known advantages of adhesion over other joining technologies are
better stress distribution over the joint area,®° the ability to join
dissimilar materials,'® the ability to join thin materials,!! ease of
manufacture,'> reduction in weight,)”> and often an improved
esthetical appearance.'*

Adhesion may be altered using specific physic-chemical properties
of the corresponding surface material.'> It is a complex and multi-
faceted phenomenon, which is controlled by various factors such as
the loading rate, interface toughness, temperature and geometric
and molecular properties.'® The recent adhesion literature contains
studies of three main adhesion mechanisms: mechanical coupling,
molecular bonding and thermodynamic adhesion.!” Molecular

bonding (for example, crosslinking) is the most widely accepted
mechanism for explaining adhesion between two surfaces in close
contact.!®1

Silicones (polydimethylsiloxane (PDMS)) are widely used in
electroactive polymer (EAP) formulations due to their favorable
electro-mechanical properties. Dielectric electroactive polymers
(DEAPs) that consist of an elastomer film with deposited electrodes
on both sides have lately gained increased interest as materials for
actuators, generators and sensors.”” Most attempts to improve their
electro-mechanical properties so far are based on blending or mixing
of large particles or molecules into the matrix. This has the
disadvantage that agglomeration between particles can occur, thus
leading to local regions with different properties compared with the
remaining composite.

The hydrosilylation reaction is the addition of a hydridosiloxane or
a hydridosilane group to an unsaturated end-capped vinyl group in
siloxane elastomers or alternatively polypropylene oxide networks,?!
catalyzed by a transition metal catalyst such as Speier’s catalyst or
Karstedt’s catalyst in commercially available liquid silicone rubbers or
room temperature vulcanizing silicones.”> The two components
are Part A: vinyl end-capped PDMS and crosslinker and Part B:
PDMS and catalyst. The position and concentration of both vinyl
(-CH=CH,;) and hydride (-Si-H) groups along the siloxane
backbone decide the nature of the elastomeric network.??
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An important signature during the crosslinking is the so-called gel
point. It characterizes the state when a 3-dimensional network of
crosslinked molecules is formed.2* Therefore, it characterizes the
transition from a viscoelastic liquid to a viscoelastic solid. It is well
known that the crosslinking adhesion between two elastomeric sheets
can be controlled by the crosslinking density in the interface.?> In this
work, monolithic PDMS films were synthesized by adhering two
partly cured films together. The interfacial crosslinking density of
the double-layered films was evaluated by means of rheology. This
method gives information not only on the time-dependent cross-
linking, but also on the development of the viscoelastic properties
with time. Such results are of great advantage as the processing of the
elastomer requires detailed knowledge of the viscoelastic behavior and
the crosslinking kinetics because shaping and crosslinking are often
intended to be carried out in one step.”® This means that shaping is
limited by the material attaining a gel-like state. The objective of the
present work is to study the effect of the time, at which the actively
curing films are laminated, on the interface structure, the viscoelastic
properties, tensile forces, elongation rates, dielectric performances and
thermal stabilities of the resulting bilayers.

EXPERIMENTAL PROCEDURE

Materials

PDMS (DMS-V35) (M,,=49500gmol ~!) and tetrakis(dimethylsiloxy)silane
(4-functional (4f) crosslinker) (M,,=328gmol ') were purchased from
Gelest Inc., Frankfunt am Main, Germany. The catalyst platinum cyclovinyl-
methyl-siloxane complex (511) was supplied by Hanse Chemie AG,
Geesthacht, Germany. FEP fluorocarbon film was obtained from DuPont,
Wilmington, DE, USA.

Preparation of films

The films to be adhered together were prepared by a hydrosilylation reaction,
where the linear vinyl-terminated PDMS chains were crosslinked with the 4f
hydride crosslinker, and the reaction was catalyzed by a platinum catalyst.
PDMS, 4f crosslinker and catalyst were mixed uniformly using a Speed Mixer
(DAC 150 FVZ; Hauschild Co., Hamm, Germany) at 2000 r.p.m. for 2 min.
The homogeneity of the samples was ensured by taking out three samples from
the bottom, top and middle of the reaction mixture and running infrared
spectroscopy on the samples. The uniform mixture was cast on the FEP foil
using a casting knife with a gap of 0.5 or 1 mm. The stoichiometric imbalance
(r) of the films was 1. The crosslinking reaction taking place between the
reactive groups of 4f crosslinker and PDMS (that is, hydride (-Si-H) and vinyl
(-CH=CH,)) is presented in Figure 1. The stoichiometric imbalance r is given
by Equation (1), which is the ratio between the reactive groups of the
crosslinker and PDMS:?°

 [hydride] _ % st "
[vinyl] 2% ;\'/'[‘;[[’)‘\:2

where f is the functionality of the crosslinker (f=4), Msslinker 15 the
molecular weight of crosslinker (328 gmol~!), Mppys is the molecular
weight of PDMS (49 500 gmol ~1), #osslinker i the mass of crosslinker in
the mixture and mppyg is the mass of PDMS polymer in the mixture.

The uncured PDMS films with the thickness of 0.5mm were used for the
adhesion at different curing times according to the rheological curing profile.
Figure 2 illustrates where the samples for the adhesion procedure were
laminated. The films were left in air to cure for 24 h without any force applied
to the two films. After 24 h, the films were fully cured according to rheological
curing profile.

Characterization

Rheological measurements. The rheological measurements on the crosslinking
behavior were carried out in an inert nitrogen atmosphere using a strain-
controlled shear rheometer (AR2000; TA instruments Rheology Division, New
Castle, DE, USA) set to a controlled strain mode with 2% strain, which was
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Figure 1 Schematic  of the  crosslinking  reaction between

polydimethylsiloxane (PDMS) and 4f crosslinker.
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Figure 2 Adhesion procedure of the double-layered polydimethylsiloxane
(PDMS) films.

ensured to be within the linear regime of the material based on an initial strain
sweep test. Time-resolved dynamic-mechanical experiments of the PDMS
mixture were performed at a constant frequency of 1 Hz applying parallel-plate
geometry of 25mm in diameter and a gap of 0.5mm at 23 °C. The linear
viscoelastic data of the PDMS films were measured with parallel-plate
geometry of 25mm in diameter at 23 °C. The linear viscoelastic diagrams
were obtained from frequency sweeps from 100 to 0.01 Hz.

Morphology observation. The morphology of the films was examined by a
scanning electron microscopy (FEI Inspect S, Hillsboro, OR, USA). The films
were initially immersed into liquid nitrogen for a few minutes, then broken
and deposited on a copper holder. All samples were coated with gold under
vacuum before testing.

Mechanical tests.  180° peel tests were done for all the double-layered films on
a material test machine (Zwick Z010, Ulm Germany) at a strain rate of
50 mmmin ! at 23°C and 60% relative humidity. All the joints were tested
three times and then averaged.

Tensile strength and elongations were also measured by the material test
machine (Zwick Z010) at a loading velocity of 50 mmmin ~! at 23 °C and 60%
RH. The reported values are the average value of at least three samples.



Dielectric characterization. Dielectric relaxation spectroscopy was performed
on a Novocontrol Alpha-A high performance frequency analyzer (Novocontrol
Technologies GmbH & Co. KG, Hundsangen, Germany) operating in the
frequency range of 10 ~'-10° Hz at 23°C. The diameter of the samples was 25 mm.

Thermal analyses. The thermal stability of films was evaluated by thermal
gravimetric analysis (TGA Q500; TA Instruments, USA). The TGA measure-
ments were carried out under a nitrogen atmosphere at a heating rate of
10°Cmin~! from 23 to 800°C. Differential scanning calorimetry (DSC
Q1000; TA Instruments) measurements were performed on the films from
—90 to 200 °C at a heating rate of 10°Cmin ~! under nitrogen atmosphere.

RESULTS AND DISCUSSION

Curing profiles

The dynamic moduli G’ and G” during the isothermal curing at 23 °C
are shown in Figure 3. The final value of the storage modulus was
labeled as G't. The points (0.1G'g, 0.2G'g, 0.3G' 0.4G/g, 0.5G'¢, 0.6G'y,
0.7G'5 0.8G', 0.9G¢ and G'y) at the G curve correspond to the
corresponding values of the time. The partly cured PDMS films with
the thickness of 0.5mm were folded at these different curing times
into bilayer laminates, and the samples were labeled as 0.1G'g, and so
forth. This nomenclature was used to indicate that for 0.1G'f 10% of
the final elastic properties were developed at the lamination point.

Elasticity

For any material, the elastic modulus (G’) may be defined as the ratio
of stress to strain wherein the strain produced by the stress is
vanishingly small. Therefore, the ‘softer’ the material is, the smaller
the modulus will be. For crosslinkable materials, an increase in the
modulus is also a measure of the increased crosslinking of the
materials.?” Figure 4 shows the elastic modulus (G') of the PDMS
films as a function of the applied frequency at 23 °C.

The storage modulus G’ of the thin single layer PDMS film
(0.5mm) is the lowest and the highest for the thick single layer
(1mm). This can be explained by the findings of Torres et al.?® who
found that the elastic modulus of a rigid polymer was thickness
independent, whereas G’ of a more flexible polymer decreased with
decreasing thickness. Fedorchenko et al.?® suggested that the surface
energy became comparable or even larger than the volumetric energy
in the thin film. Diaconu et al.*° reported that Young’s modulus of the
polyurethane elastomers increased with thickness from 15 to 110 pm,
indicating that in thicker films the phase segregation process into soft
and hard domains was more pronounced.
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Figure 3 Storage modulus (G’) and loss modulus (G”) of the poly-
dimethylsiloxane (PDMS) mixture versus curing time at 23°C. The points
indicate where the different samples are laminated.
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Also in Figure 4, the elastic moduli, which are determined from G’
at the frequency of 0.01 Hz, are shown as a function of G’ at the
adhesion time (insert). 0G'¢ corresponds to the 1 mm single film that
would resemble a double-layered film laminated at time 0, which is a
sample that cannot be made authentically due to the liquid behavior
of the silicones. Before the curing the silicones are liquid and the films
are not easily turned upside down and laminated without introduc-
tion of significant defects. The influence of interfacial curing time on
the elastic modulus of the bilayer films is clear. G’ was observed to
reach a minimum of 0.3G’; double-layered films. At short interfacial
curing times (0.1G'rand 0.2G'¢), the G curves are similar to the thick
film (1 mm), which fit the curing profile as shown in Figure 3. The
laminating times of 0.1G'¢ and 0.2G/; are in the proximity of the gel
point. At the gel point, the molecular weight distribution is infinitely
broad with molecules ranging from the smallest unreacted chain to
the infinite continuous structure. The integrated network structures of
films (0.1G', 0.2G’y and 1 mm) are homogeneous, thereby demon-
strating that there is no obvious change in their elastic moduli. In
other words, the samples laminated around the gel point clearly
become monolithic, even at times slightly exceeding the gelation
threshold. Interestingly, G of the two-layered films gradually
increased with the decreasing reaction time at the interface (0.4G ¢~
0.7G't in Figure 4). This could be ascribed to the slow diffusion or
reptation of the inreacted groups to and on the surface such that only
the shortest chains will migrate to the surface and cause a shorter
distance between crosslinking sites at the surface. However, the
unfavorable dynamics for the reaction to proceed at the interface
will probably leave a fair amount of inreactive species such that the
overall crosslink density of the surface does not exceed the bulk
crosslinking density.

Microstructure

The crosslinking reaction takes place between the reactive groups of
the linear vinyl-terminated PDMS and 4-functional crosslinkers (that
is, vinyl (-CH=CH,) and hydride (-Si-H)).?*> A possible structural
model of the double-layered films is shown in Figure 5. In Figure 5a,
the network structures of the interface and two bulks are alike, and
the crosslink density is uniform throughout the whole matrix. This is
in good agreement with the data showing that the elastic moduli of
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Figure 4 Elastic modulus (G') of polydimethylsiloxane (PDMS) films as a
function of applied frequency at 23°C. G’ at  =0.01 Hz is also shown as a
function of G’ at the adhesion time (insert), and OG’s corresponding to the
thick (1 mm) sample.
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0.1G', 0.2G/and 1 mm films are similar (Figure 4). After 0.3G/¢ linear
chain segments, partly or non-reacted, are most likely to move to the
surface. As seen in Figure 5b, when the interfacial reaction is
insufficient, the bonding junctions could not be covered well over
the film surfaces and the adhesion is weak, which is proven by the
following results of the adhesion strength test. Finally, the interfacial
bond failure occurs in the joints. The data fit very well with the data
from the rheological characterization. Figure 6 shows the cross-
section morphologies of double-layered PDMS films (0.2G’¢ and
0.3G’¢) in different magnifications. There is obvious difference
between 0.2G'r and 0.3G’¢ films. In Figures 6a and b, the interface
in the 0.2G/¢ film is very obscure and discontinuous, which indicates
its bulk structure and fits well with the elasticity results. Usually, the
existence of air bubbles and defects results in an insufficient
adhesion.! In Figures 6¢ and d the continuous and very thin vertical
midlines are the interfaces of the two-layered films (0.3G'f). The tight
junction interface is in agreement with the peeling test later, which
means that there exists sufficient crosslink bonding at the interface of
the 0.3G'¢ sample to make the joint mechanically invisible and hence
to make the bilayer a true monolithic structure.

a b
PDMS film PDMS film
c interface interface
PDMS film PDMS film

Figure 5 Schematic illustration of the polydimethylsiloxane (PDMS) films
with different interfacial structures: (a) interface and bulks with similar
network chains (0.1G’s, 0.2G’s and 1 mm films), and (b) interface consisting
of dangling short chains (0.8G'+-G's).

Adhesion strength

There are two reactions happening in the two-layered PDMS films.
One is that, the liquid PDMS transforms into the solid state. The
other is that there exists spontaneous adhesive connection between
the two partly cured PDMS layers resulting in an interfacial
connection of these two substrates. From experiments, it was found
that at a curing temperature of 23 °C, the liquid PDMS prepolymer
will become more and stickier with increasing curing time up to
148.8 min (the gel point as seen in Figure 3) which is slightly after
0.1G¢. During this stage, the bonding strength of the interface
becomes very close to that of the native interaction inside the PDMS
bulk, demonstrating near-complete monolithic growth between the
two parts. After that, PDMS prepolymer will gradually translate into
the solid state upon further curing. Once solidification happens, the
state transfer can be successfully achieved, but at the same time, the
adhesive interaction will become distinct. The adhesion strength of
double-layered films was measured by 180° peel test and the results
are given in Table 1. The peeling strength for samples (0.1G'¢
and 0.2G’s) is not reported because rupture during the peel test
was experienced which again confirms the monolithic structures of
the bilayers. Table 1 indicates that the adhesion force of the non-
permanently bonded interfaces increases with increasing curing time
at the interlayer. It can be seen that at G’y the peeling strength
between two PDMS strips is measured to be 1.04 N-mm !, which
is very close to that of the native interaction between PDMS and
glass.’? Prolonging the interfacial curing time increases the peeling
strength significantly. When the curing time reaches 0.3G/; a
maximum peeling strength of 347Nmm~! is obtained and
fracture is found in the PDMS strip rather than at the interface,
demonstrating near-complete fusion between the two parts (as shown
in Figure 6).

Figure 6 Cross-section morphologies of double-layered polydimethylsiloxane (PDMS) films in different magnifications: (a, b) 0.2G’s and (c, d) 0.3G's.

Polymer Journal



Table 1 Measurement results of the T-peeling test

No. 0.3G; 0.4G; 0.5G; 0.6G; 0.7G; 0.8G; 0.9G; G
Peeling strength 3.47 3.31 325 321 298 282 279 1.04
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Figure 7 Elongation at break and tensile strength of polydimethylsiloxane
(PDMS) films.

Mechanical properties

The results of mechanical strength test including elongation at break
and tensile strength are shown in Figure 7. After the tension tests, the
stress—strain curves of all the samples were calculated from
the automatically recorded raw data. The elongation results fit the
elasticity of the films (Figure 4) very well and the explanation has
been given before. Typically, reinforcement with soft polymeric chains
is accompanied by a decrease in tensile strength.?® This is not the case
with the 0.3G'y sample, which retains the high tensile strength
(0.428N'mm~2) and even exhibits the largest elongation of the
films (516%). The large size distribution of the soft segments at the
interface, which formed entanglements, led to the less free-moving
structures and thus improved the tensile strength.>* The 0.3G'f sample
was thus chosen in the following studies to compare the dielectric and
thermal properties with the single films as the film was recognized
both mechanically and morphologically to be very close to
monolithic.

Dielectric properties

The relative dielectric permittivity (¢,) indicates the ability of a
material to store electric potential energy under the influence of an
external electric field. It is known that the permittivity of elastomers
can be increased by decreasing the homogeneity of the molecular
structure.>* Dielectric spectra were recorded for both single and
double-layered films (0.5 mm, 1 mm and 0.3G’f) and they are shown
in Figure 8. No relaxation in the frequency regime of 0.1 Hz to 1 MHz
was recorded, that is, &’ <<¢&'. The relative dielectric permittivities of
the three samples were measured to be & =3.0 for the thick film,
&= 3.4 for the thin film and &, =3.7 for the bilayer. The significant
increase for the bilayer may be due to the inhomogeneous micro-
structure at the interface, which leads to the enhancement of
interfacial polarization, thus increasing the permittivity &. Since
Young’s modulus E and ¢, are closely interrelated, it is very important
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Figure 8 Frequency-dependent permittivity spectra of films.

to do a combined optimization between G’ and ¢, in the elastomers.
The lamination process proceeding around or slightly above the
gelation threshold seems to be very favorable in context of the desired
enhancement of the dielectric permittivity for EAP materials.

Thermal stabilities

Again three different films were investigated, namely the single films
of thicknesses 0.5 and 1 mm as well as the double-layered film 0.3G'¢.
As shown in Figure 9a, the 0.3G/; film has the highest thermal
decomposition temperature Ty, which is defined as the temperature at
which a weight loss of 3% is recorded,* compared with that of the
single PDMS films. The thermal degradation of the single films
started at above 410.2°C (0.5mm) and 417.5°C (1 mm), and the
complete decompositions for both these films are observed at around
565 °C (0.5mm) and 603 °C (1 mm). However, the degradation of the
0.3G'¢ sample began at around 426.8 °C, ~10 degrees later than for
the two monolayers, and ended at 610.2 °C again later than for the
monolayers. This indicates a slightly better thermal stability of the
laminated film, probably due to the strongly bonded three-
dimensional interfacial network that hindered the degradation of
molecular chains produced by the siloxane bond interchange
reaction.®® The TGA used in this study has previously proven to be
able to record the presence of components in even %o range and we
therefore believe that the measurements are not experimental artifacts
but rather very reliable measurements showing the presence of a
thermal stabilizing interface.

Figures 9b and c illustrate the DSC curves of the three different
films. In the cooling curves (Figure 9b) and heating curves
(Figure 9c), the exothermic peaks (crystallization point T,) and
endothermic peaks (melting point T},) were observed, respectively.>’
Both properties are very similar for the three films but there are,
however, slight changes confirming the previously discussed results
obtained from rheology. Both the crystallization and melting points of
thick film (1 mm) are lowest (T, —76.9 °C and T,, —44.4°C), which
is in agreement with the data from Figure 4 where it was concluded
that the 1 mm film was the film with the highest crosslink density.
Moreover, both the highest crystallization and melting points for the
samples (—75.1°C and —42.3 °C, respectively) were recorded for the
laminated film (0.3G’¢). This proves that there is good incorporation
of PDMS within the soft long chains at the interlayer, which
potentially could reinforce the crystallization and melting tempera-
tures of the elastomers.>
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Figure 9 Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) thermograms of films. (a) TGA: 0.5mm, T4 410.2°C; 1 mm,

Ty 417.5°C; 0.3G'y, Ty 426.8°C. (b) DSC: 0.5mm, T, —76.0°C; 1mm,
T —44.4°C; 0.3G';, T,y —42.3°C.

CONCLUSIONS

Double-layered PDMS films were prepared by lamination of two
partly cured films at different curing times. The viscoelastic behavior,
microstructure and mechanical strength, as well as dielectric permit-
tivity and thermal properties of the monolithic films were shown to
vary with the time of lamination. For growth of a true monolithic
structure, the lamination process had to be done before the gelation
threshold. However, for EAP uses the lamination performed slightly
above the gelation threshold, namely at the time where the monolayer
films had gained 30% of the final mechanical strength, was extremely
favorable, since the resulting bilayer was mechanically identified as
monolithic and the scanning electron microscopy pictures revealed a
very weak surface only, combined with a significant increase in the
dielectric permittivity due to this interface. In other words, it means
that the lamination process for EAP bilayers can actually be used as a
process to improve the overall performance of the EAP.
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