
ORIGINAL PAPER

The preparation and properties study
of polydimethylsiloxane-based coatings modified
by epoxy resin

Cheng Zhou1
& Rui Li1 & Wei Luo1 & Yang Chen1

& Huawei Zou1
& Mei Liang1 & Yi Li2

Received: 8 August 2015 /Accepted: 28 December 2015 /Published online: 5 January 2016
# Springer Science+Business Media Dordrecht 2016

Abstract In this research, a hydroxyl-terminated polydi-
methylsiloxane (HTPDMS) was modified by the incor-
poration of siliconized epoxy resin (SER) containing a
segment of siloxane on the side chain of epoxy resin.
The chemical structure of the SER was studied by FT-
IR, GPC and NMR techniques. Adhesion test showed
that the adhesion strength of silicone rubber systems
improved markedly after modification. Contact angle
(CA) measurements showed the presence of the epoxy
block at the surface, which improved adhesion proper-
ties of the modified HTPDMS. Morphology studies
(SEM) displayed that enhancement in the mechanical
properties of the silicone rubber systems due to good
compatibility between SER and silicone rubber matrix.
Thermogravimetric analysis (TGA) indicated that the re-
sidual yield at 800 °C of modified HTPDMS increased
compared with that of the neat HTPDMS, but the onset
decomposition temperature was reduced with the in-
crease in SER content. These observations highlight
the significant role of SER in the modification of
HTPDMS.
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Introduction

Polydimethylsiloxane (PDMS) has been one of the most
explored materials for the fabrication of adhesive struc-
tures among all polymers [1, 2]. The interest in this
polymer is owing to its superior thermal and thermo-
oxidative stability, excellent moisture resistance, partial
ionic nature, low surface energy, good flame retardancy
and free rotation of chains about Si-O bonds, good hy-
drophobicity, compressivity and doping action [3–10].
These are all important requirements for its possible
use as anti-corrosion coatings and structure bonding
materials.

However, this potential application is limited by the
risk of adhesion failure due to its low surface free en-
ergy (19.9 mJ/m) and extremely low chemical reactivity
[11, 12]. In addition, the poor mechanical properties of
silicone also make it easy to be destroyed in the process
of application. In light of these problems, researchers
have increased the PDMS surface energy and reactivity
via the introduction of reactive functional groups onto
the polymer surface [13–24]. The functionalization of
polymer surfaces is usually achieved by plasma treat-
ment. For instance, Karkhaneh et al. [23] successfully
grafted Acrylic acid (AAc) and 2-hydroxyethyl methac-
rylate (HEMA) mixtures onto the surfaces of polydi-
methylsiloxane (PDMS) films using a two-step oxygen
plasma treatment (TSPT). The effects of pretreatment
and polymerization time length, monomer concentration,
and ratio on peroxide formation and graft amount were
studied. However, a major drawback of plasma is that
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the PDMS surface can be transformed into a brittle
silica-like layer and the modified PDMS will lose its
hydrophilicity in a very short time after such treatments
[12, 18, 21]. Polymer brushes synthesized on the sili-
cone rubber that is also an effective method to modify
the polymer surface [25–27]. The stimuli responsive
ultra-thin diblock copolymer brushes were developed
on the surface of silicone rubber by Jalili et al. [25].
The authors used temperature dependent two-
dimensional correlation spectroscopy to study the
thermally-induced evolution mechanism of various inter-
actions. But polymer brushes can only change surface
properties of PDMS without improving the mechanical
properties.

In contrast, the modification of PDMS with epoxy
resins as a second component can improve the mechan-
ical and adhesion properties without damaging its sur-
face. Epoxy resin has excellent mechanical, electrical,
and bonding properties. This resin is widely utilized as
a high performance thermosetting resin in many indus-
trial fields [28–30]. The good mechanical, chemical
property and versatility in formulation made epoxy
resins widely used in industry for surface coating and
paint formulations [31]. The incorporation of epoxy in
polydimethylsiloxane will result in the enhancement of
mechanical and adhesion properties. However, the solu-
bility parameter of polydimethylsiloxane: 7.4–7.8, is
much lower than that of the epoxy resin, which is about
10.9 [32]. Polydimethylsiloxane is therefore not compat-
ible with epoxy resin. More recently, the addition of
copolymers to PDMS has been proved to be a valuable
pathway to tune the properties of silicone coatings
[33–37]. So far there have few reports focused on the
mechanical and adhesion properties of epoxy modified
silicone-based coatings.

In this work, we synthesized grafted copolymers contain-
ing a segment of siloxane on the side chain of epoxy resin.

Then, the copolymers were dispersed into a HTPDMS,
followed by matrix cross-linking at room temperature. The
effects of the copolymer on the mechanical, thermal and mor-
phology properties of the silicone rubber systems were ana-
lyzed in detail.

Experimental section

Materials

Bisphenol-A type epoxy resins (DGEBA) with the epoxide
equivalent weight of 220–230, was supplied by Jiangsu
Wuxi Resin Plant, China. A methoxy group-containing
methyl phenyl silicone intermediate (PMPS) was synthe-
sized by our lab, with the methoxy content of 18 wt %
and a 50/50 ratio of Si-phenyl/Si-CH3. The hydroxyl ter-
minated polydimethylsiloxane (HTPDMS) (viscosity is
about 10000cst) which was a kind of room temperature
vulcanized silicone rubber (RTVSR) was purchased from
China BlueStar Chengrand Research Institute of Chemical
Industry. Tetraisopropyl titanate (TPT) obtained from J &K
Scientific Ltd. was used as catalyst directly. The curing
agent, 3-Triethoxysilylpropylamine (APTES) was supplied
kindly by China BlueStar Chengrand Research Institute of
Chemical Industry. Dibutyltindiaurate (DTBDL), which
was used as catalyst during the vulcanization, was pur-
chased from Chengdu Chemical Reagent Company,
China. All of the materials utilized in this study were used
directly without further purification.

Synthesis of siliconized Epoxy Resin (SER)

DGEBA (200 g) was firstly fed into a three-necked round-
bottom flask equipped with reflux condenser, mechanical stir-
rer, and thermometer and heated until the DGEBA melted.
Then, 33 g of PMPS with 0.5 wt % of TPT was added. The

Scheme 1 Schematic
representation of the preparation
of siliconized epoxy resins (SER)

14 Page 2 of 10 J Polym Res (2016) 23: 14



blends were heated to 130 °C and carried out for 7 h under N2

atmosphere. The crude product named was then washed twice
with toluene to remove the unreacted PMPS. The reaction
process was illustrated in Scheme 1.

Preparing procedure of SER filled silicone rubber systems

HTPDMS, SER were mixed together in a beaker at
100 °C under mechanical stirring for 15 min. After
the mixture was cooled to room temperature, a mixture
of curing agent (APTES) and catalyst (DTBDL) were
added into it. The liquid compounds were completely
mixed by a mechanical stirrer and degassed with a vac-
uum pump to eliminate air bubbles. The bubble-free
mixtures were then poured into a polytetrafluoroethylene
(PTFE) mold to fabricate samples. The curing reaction
was conducted at room temperature for 7 days. The
process of preparing the silicone rubber materials can
be seen in Scheme 2. The cured samples were carefully
removed from the mold and used for various tests. The
additive amounts of SER, APTES, and DTBDL used to
prepare the silicone rubber systems in this study are
presented in Table 1. For simplicity, silicone rubber

systems containing SER were designated as S0, S10,
S20, S30, S40, and S50.

Characterization

FTIR spectroscopy Infrared spectra of monomer and
polymer (liquid sample as well as film) were recorded
in the range of 4000–400 cm−1 with a resolution of
1 cm−1 with a Nicolet 570 FTIR spectrophotometer
(Nicolet, USA). The liquid samples were directly
dropped on KBr pellets, and the samples were scanned
from 4000 to 500 cm−1.

NMR measurements The NMR measurements were carried
out on a DRX-400 (Bruker Company, Germany) 400 MHz
NMR spectrometer to obtain 1H-NMR spectra at 25 °C. The
samples were dissolved in CDCl3.

Table 1 Components of the silicone rubber systems

Sample SER(phra) APTES(phr) DTBDL(phr)

S0 0 3 0.2

S10 10 3 0.2

S20 20 3 0.2

S30 30 3 0.2

S40 40 3 0.2

S50 50 3 0.2

a phr, parts per hundred of silicone rubber by weight Fig. 1 FTIR spectra of DGEBA, PMPS and SER

Scheme 2 Schematic
representation showing:
preparation of the silicone rubber
systems
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Gel permeation chromatography (GPC) Polymer molecu-
lar weight (Mw) was measured using a gel permeation chro-
matography (GPC), which consists of a HLC-8320 chromato-
graph (Tosoh, Japan) equipped with two columns (TSK gel
super HZM-H 6.0×150 mm) in serials. The samples were
analyzed at 40 °C with THF as an eluent and the flow rate
was set at 0.6 mL/min. Polystyrene (PS) was used as calibra-
tion standards.

Mechanical properties The tensile properties of the cured
specimens were measured with an Instron (Instron 5567,
Instron, USA) universal testing instrument at a rate of
500 mm/min according to ISO 37:2005. The cured films were
cut into strips of 100 mm×5 mm in size. Test specimens were
examined for each composition and the average result of five
highest readings at peak load was reported as tensile strength.
The strain values at the breaking point were used to obtain %
elongation. All mechanical values were taken from an average
of five samples.

Morphology of cured blends The morphology of the fracture
surfaces was observed using a scanning electron microscope
(SEM: JSM-5900, JEOL, Japan) at an accelerating voltage of
10 kV. Prior to the observation, the surfaces of all the samples
were coated with gold to enhance conductivity and prevent
charging.

Contact angle Contact angle was measured by the sessile
drop method using a DSA30 contact angle analyzer
(KRUS3, Germany). In this method the contact angle is
formed between the liquid/solid interface and liquid/air inter-
face. A micrometric syringe was used to dispense a 10 μL
droplet of deionized water on the surfaces. The contact angles
of five different points on the samples were measured (25 °C)
and their averages were reported. The surface energies of dif-
ferent samples were calculated using equation of state (EOS)
method by the contact angle instrumental. The equations are
as follows:

σs ¼ γsl þ σl ⋅cosθ ð1Þ
γsl ¼ σl þ σs−2

ffiffiffiffiffiffiffiffiffiffi

σl⋅σs
p

⋅e−β σl−σsð Þ2 ð2Þ

cosθ ¼ −1þ 2

ffiffiffiffiffi

σs

σl

r

⋅ e−β σl−σsð Þ2 ð3Þ

Where σs is the surface energy of the solid, σl is the surface
energy of the liquid, γsl is the interfacial tension solid/liquid
and θ is the contact angle.

Adhesion properties The shearing strength the cured speci-
mens were conducted with the help of Universal tensile instru-
ment (Instron 5567) according to ISO 4587:2003. The test
was performed under a rate of 5 mm/min at room temperature.
All adhesion values were taken from an average of five sam-
ples. The substrate used in this method is aluminum sheet.

Thermogravimetric analysis (TGA) TGAwas conducted on
a thermogravimetric analyzer (TG 209F1 Iris, Netzsch,
Germany) to investigate the thermal stability of the samples
under dry nitrogen gas with a flow rate of 60 mL/min. The
samples were heated at a rate of 10 °C/min, and the relative
mass loss of the samples was recorded from 50 to 800 °C.

Dynamic mechanical analysis (DMA) The conversion and
glass transition temperature of the cured samples were detect-
ed by DMA on TA Instruments (TA Instruments Q800 appa-
ratus, USA). The experiment was performed in tensile mode at
a heating rate of 3 °C/min from −150 to 150 °C and with a
frequency of 1Hz and 0.2 % strain. The temperature

Fig. 3 Photographs of two cured
silicone rubber systems modified
by a DGEBA, b SER

Fig. 2 1H-NMR spectra of SER
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corresponding to the peak in the loss tangent (tan δ) versus
temperature plot was taken as the glass transition temperature
(Tg).

Results and discussion

Characterization of siliconized Epoxy Resins (SER)

The FTIR spectra of DGEBA, PMPS, and SER are shown in
Fig. 1. The disappearance of characteristic peak for –OCH3 of
PMPS, which is located at 2845 cm−1, can be deduced from
the spectra. In the meanwhile, the weakened signal for –OH
groups at 3479 cm−1 was noted and the stretching vibration of
Si-O-Si and Si-O-C bonds is overlapped at the range from
1184 to 1036 cm−1 in the FTIR spectrum of SER. These all
results indicate that DGEBA was successfully reacted with
PMPS. Moreover, The infrared spectrum of SER exhibits ma-
jor absorptions at 3494 cm−1 (OH), 2967 cm−1, 1259 cm−1,
805 cm−1 (Si-CH3), 1607 cm−1, 1459 cm−1, 489 cm−1 (Si-
phenyl), 1360 cm−1 [(CH3)2C], and 913 cm−1 (oxirane).

The 1H-NMR of SER is shown in Fig. 2. The 1H-
NMR of pure epoxy resin (δ, ppm) is: 7.12–6.83 (aro-
matic ring protons), 4.17 (−CH2-O-Ar), 3.33 (−CH, ox-
irane), 2.9–2.75 (−CH2, oxirane), 1.63 (−CH3). The
presence of characteristics peaks in 1H-NMR spectra
(δ, ppm, 2.17 (CH-O-Si)) of SER attributed to the re-
action between Si-OCH3 and CH-OH of PMPS and ep-
oxy resin (Scheme 1). These results further support the
formation of the SER copolymer.

GPC test shows that the weight average molecular weight
(Mw) of epoxy resin is 393 g/mol and the Mw of SER is
816 g/mol, which verify that the reaction between PMPS and
epoxy occurred.

Figure 3 shows the photographs of two cured silicone
rubber systems added by 30 phr DGEBA and 30 phr
SER, respectively. As seen in Fig. 3a, it is obvious that
HTPDMS modified with epoxy resin directly could not
be cured owing to the big difference in solubility pa-
rameter of them, and it is not suit for using as adhesive
materials. However, HTPDMS modified by SER
(Fig. 3b) not only can be completely cured but also

Fig. 5 Water contact angles of the silicone rubber systems
Fig. 6 Effects of weight fraction of SER on adhesion properties of the
silicone rubber systems

Fig. 4 Tensile strength (a) and
elongation at break (b) of the
silicone rubber systems as a
function of SER content
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possesses good performance. This means that SER has
been successfully prepared and shows good compatibil-
ity with HTPDMS.

Mechanical properties

To investigate the mechanical properties of the SER mod-
ified silicone rubber samples, tensile measurements were
carried out and the results were presented in Fig. 4a and
b. Figure 4a shows that SER modification leads to the
growth of tensile strength as well as modulus of the sili-
cone rubber systems when the content of SER increased
from 0 to 30 phr. This was mainly ascribed to the higher
amount of stress withstood by the rigid epoxy chain. In
this circumstance, SER modification essentially has an ef-
fect equivalent to that of internal reinforcing filler.
However, when the content of SER was increased further,
the tensile strength did not fulfill the expectation. This
was attributed to that high content of SER is easy to
cause stress concentration and advanced damage.

As shown in Fig. 4b, the elongation at break of silicone
rubber systems reaches 337 % at the SER content of 40 phr,
increasing almost 2-folds compared with the unmodified sili-
cone rubber systems. By contrast, when SER is added from 0
to 40 phr, the entanglements of molecular chain in the silicone
rubber systems increased rapidly owing to the rigid molecular
chain and strong interaction between molecular chains of ep-
oxy. Therefore, the elongation of silicone rubber systems

improved markedly. With further increasing SER to 50 phr,
the reduction of the elongation can be ascribed to that too
much rigid epoxy molecular chain is easy to cause the stress
concentration.

Surface properties

Figure 5 demonstrates how the water contact angles of
silicone rubber systems change after the silicone rubber
was modified by SER. The water contact angles of pure
RTV silicone rubber is 115°. The value is consistent
with the value reported by J. Li et al. [38]. They re-
ported that the water contact angles of current RTV
silicone rubber coatings are smaller than 120°. Then,
we observe a steady decrease in the contact angles as
the weight fraction of SER increased. This could be
attributed to that the epoxy chains can improve the hy-
drophilic properties of the RTV silicone rubber systems
via oxygen containing groups such as hydroxyl and ox-
irane [39–41]. However, the slope of the decrease was
very small. On one hand, the contact angles will de-
crease after SER was incorporated. On the other hand,
the rearrangement of silicone segments outward the sur-
face that increases hydrophobicity [2] leading the in-
crease of contact angle.

Adhesion properties

Adhesion to the protected material is an important factor
because improper adhered coatings can peel off
protected material surfaces under strong mechanical
stress. As shown in Fig. 6, the unmodified silicone rub-
ber has an adhesion strength of 0.41 MPa. This could
be attributed to the non-polar nature and poor mechan-
ical properties of the RTV silicone rubber. We observe
that the adhesion strength of silicone rubber systems
increases significantly after filling the SER from 10 to
30 phr, but decreases with the weight fraction of SER
from 30 to 50 phr.

Fig. 7 Morphology of the
silicone rubber systems with
various loading fractions of SER
at 1000×: a S0, b S30

Table 2 Surface energy (δ), modulus (E), (δ · E)1/2 values and adhesion
strength of the silicone rubber systems

Sample Surface energy
(δ, mN/m)

Modulus
(E, MPa)

(δ · E)1/2 Shearing
strength(MPa)

S0 14.23 0.2 1.69 0.41

S10 15.18 0.45 2.61 0.86

S20 15.42 0.46 2.66 0.91

S30 16.78 0.49 2.87 1.10

S40 17.25 0.34 2.42 0.95

S50 18.14 0.34 2.48 0.83
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According to S.K. Rath [21], the relative adhesion of the
fouling organisms with the coating varies linearly with the (δ ·
E)1/2, where δ is the surface energy and E is the modulus of the
coatings. The surface energy (δ), modulus (E), the (δ · E)1/2

values and adhesion strength of the different silicone rubber
samples are is presented in Table 2.

The results are consistent with the results of the Adhesion
strength. Nicolas Amouroux et al. [42] reported that the peel
energy is dominated either by frictional losses associated with
slip on the interface or by viscous dissipation due to shear
deformations distributed in the volume of the adhesive. So,
the notable improvement of adhesion strength is mainly as-
cribed to two reasons. First, epoxy chains can interact with the
matrix via polar group such as hydrogen bond and epoxy
group [43] thus increasing frictional losses. Second, as ex-
plained in the mechanical analysis, the mechanical properties
would be enhanced by incorporating SER. This effect could
generate much more viscous dissipation than the pure silicone
rubber systems. These results clearly highlight that the SER
play a significant role in the attachment of silicone rubber
systems to the aluminum sheet. The supreme value of adhe-
sion was observed for the 30 phr SER modified silicone rub-
ber systems.

Morphology of the silicone rubber systems

The morphology of the fracture surface of the silicone
rubber systems with the contents of SER for 0 and

30 phr are shown in Fig. 7. The pictures indicated that
the pure silicone rubber has a smooth surface, while the
surface of SER filled silicone rubber systems become
rough and has some wrinkles. As it can be seen in
Fig. 7, it is obvious that SER filled silicone rubber
systems exhibit a typical sea-island structure. The aver-
age diameter of the dispersed phases of SER was
0.7 μm at the loading of 30 phr and the size distribu-
tion was narrow. The reasons for good compatibility
between SER and HTPDMS may be that 1) The silox-
ane part of siliconized epoxy (SER) acts as an effective
compatibilizer. 2) the vulcanizing agent (APTES) can
not only react with silicone rubber via alkoxy group
but also react with epoxy via amino group, thus further
improving the compatibility of the SER and HTPDMS
(Scheme 2). This morphological feature is conjectured
to be responsible for the observed increase in the me-
chanical properties.

Figure 8a and b show the morphology of the silicone
rubber systems with the contents of SER for 0 and
30 phr at low magnification, respectively. The pure sil-
icone rubber systems (blank sample) exhibited a smooth
microstructure without plastic deformation (Fig. 8a).
However, some cracks could be found in the blank sam-
ple, this is because that HTPDMS was easy to be
destroyed under the stress due to its poor mechanical
properties. By contrast, lots of wrinkles were obviously
observed in Fig. 8b. This means that SER enhanced the
mechanical properties of HTPDMS and the silicone

Fig. 9 TGA (a) and DTA (b)
curves of the silicone rubber
systems under nitrogen at the
indicated heating rates

Fig. 8 Fractured surfaces of the
silicone rubber systems at 25×: a
S0, b S30

J Polym Res (2016) 23: 14 Page 7 of 10 14



rubber systems have absorbed more energy during the
process of destruction.

TGA analysis of the cured silicone rubber systems

The TGA and derivative thermograms (DTG) as a function of
temperature for different silicone rubber systems are presented
in Fig. 9a and b, respectively. It is shown in Fig. 8 that the
thermal degradation of silicone rubber systems takes a two
mass loss steps. The first step during the temperature range
from 300 to 440 °C was attributed to depolymerization of
HTPDMS caused by hydroxyl group, producing cyclic tri-
mers and higher cyclomers [44, 45]. The other might be as-
cribed to the random degradation along the HTPDMS chain
during 440–640 °C by producing cyclic trimers and higher
cyclomers [44–47]. Unlike the neat HTPDMS, the main de-
composition reaction and weight loss of the silicone rubber
systems mainly occurred in the second process. In addition, it
can be seen from Fig. 9a that most prat of TGA curve of SER
modified silicone rubber are located above the pure sample,
which revealed that thermal stability of the silicone rubber
systems were improved compared with that of the neat
HTPDMS.

The characteristic data of TGA and DTG curves are listed
in Table 3. The onset decomposition temperature (Tonset) is the
temperature at 5 % weight loss, and the residual yield at

800 °C is defined as R800. As shown in Table 3, the degrada-
tion of epoxy observed from 210 to 340 °C in the silicone
rubber systems was responsible for the decrease of Tonset.
However, R800 increased gradually with the increasing content
of SER which was mainly attributed to the dense residual
layer formed in the surface during the heat treatment process,
hindering the heat flux from penetrating into the internal
matrix.

DMA analysis of the cured silicone rubber systems

Effective information of the polymer blend can be observed
through the intermolecular interaction in the DMA [48, 49]. It
is well known that the peaks in the loss tangent (tan δ) versus
temperature curves are closely related to the glass transition.
Figure 10 shows the effect of SER content on the tan δ for the
silicone rubber systems. The variation in Tg for the silicone
rubber systems with respect to the SER content is given in
Table 4. It can be seen in S0 that Tg of pure HTPDMS is
−120.6 °C. As the content of SER increases, the Tg of the
silicone rubber systems increase from −120.6 to −117.4 °C,
the reasonmay be that the hard molecular chain of epoxy resin
can restrict molecular movement of silicone rubber. The new
Tgs which located at −77.5 and 98.1 °C (see S30) were
assigned to the glass transition temperature of PMPS and ep-
oxy resin, respectively. Especially, it should be noted that the
Tgs located at 17.4 (S10) and 31.8 °C (S30) were attributed to
the structure formed by the reaction in Scheme 2 [49]. What’s
more, since the molecular motion of the molecular chains
became more restricted by epoxy resin and the amino group
of APTES would be consumed completely as the proportion
of SER increases, the Tg in S30 (31.8 °C) was higher than in
S10 (17.4 °C).

Conclusion

To improve the mechanical and adhesion properties of the
HTPDMS, a siloxane/epoxy graft copolymer (SER) was syn-
thesized and added as a modifier. A superior adhesion strength
was obtained at 1.1 MPa in the 30 phr SER modified silicone
rubber systems, and this value was much higher than the
0.41 MPa of pure silicone rubber. The tensile strength of the
silicone rubber systems increased 3 times higher than that of

Table 4 DMA characteristics of cured silicone rubber systems

Sample Tg (°C)

S0 −120.6 / / /

S10 −119.0 / 17.4 /

S30 −117.4 −77.5 31.8 98.1

Fig. 10 Tan delta relaxations of the cured silicone rubber systems

Table 3 Thermal
stability factors of the
silicone rubber systems
in nitrogen

Sample Tonset (°C) R800 (%)

S0 348.3 6.28

S10 374.0 8.53

S20 344.1 10.44

S30 311.2 13.93

S40 298.0 14.16

S50 295.4 15.26

14 Page 8 of 10 J Polym Res (2016) 23: 14



the neat HTPDMS, and the elongation at break was nearly
double of the unmodified silicone rubber systems. These re-
sults showed that SER produced better enhancement of me-
chanical properties of HTPDMS owing to its good compati-
bility with the silicone rubber matrix. Besides, silicone rubber
systems showed good heat resistance. Therefore, it is believed
that the modified HTPDMSwill have potential applications in
anti-corrosion coatings and structure bonding materials.
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