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ABSTRACT: Novel room-temperature vulcanized sili-
cone rubber (RTV)/organic montmorillonite (OMMT) com-
posites have been prepared. Di(2-oxyethyl)-12 alkane-3
methyl-amine chloride and hydrogen silicone oil were
used as intercalation agents to treat Naþ-montmorillonite
and form two kinds of OMMTs. The structure and proper-
ties of OMMT were characterized by Fourier transform
infrared spectroscopy and X-ray diffraction (XRD). The
intercalation mechanism of different types of intercalation
agents was proposed. RTV/OMMT composites were pre-

pared using these OMMTs. Properties such as viscosity,
hardness, tensile strength, elongation at break, and ther-
mal stability were researched and compared. A combina-
tion of swelling test, XRD and transmission electronic
microscopy studies was used to characterize the structure
and reinforcing mechanism of these OMMTs. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 123: 1293–1301, 2012

Key words: intercalation agent; OMMT; RTV; structure;
properties

INTRODUCTION

Room-temperature vulcanized silicone rubber (RTV)
is one of the most important multifunctional syn-
thetic rubbers with excellent waterproof, moisture-
proof, electrical insulation resistance, impact resist-
ance, physical inertia, and permeability properties. It
is mainly used in seal, instruments, electronic appli-
ances, marine, metallurgy, and automobile, as well
as in rubber molds and so on.1,2

To meet the rising demands of applications,
hybrids of inorganic ‘‘functional fillers’’ and poly-
meric materials are being continuously developed to
combine their constituents’ beneficial properties or
to induce new ones.3 Montmorillonite (MMT), one of
the layered clay minerals, is a hydrated alumina-sili-
cate clay composed of units of two silicate tetrahe-
dral sheets with a certain alumina octahedral sheet.

The silicate layers of MMT are planar, stiff and
about 10 Å in thickness, 1000–2000 Å in length and
width, and do not occur as isolated individual units
but aggregate to form crystalline structures.4

The efficiency of MMT in improving the proper-
ties of polymer materials is primarily determined by
the degree of its dispersion in the polymer matrix,
which in turn depends on the compatibility of the
MMT and the matrix. However, the hydrophilic na-
ture of the MMT surface impedes its homogeneous
dispersion in the organic polymer phase. To over-
come this problem, it is often necessary to make the
surface organophilic before use.5 Some researchers
have prepared different intercalated silicate layers
using different intercalation agents and examined
their physical properties.6–10

The reinforcement of rubbers is expressed by
enhancement of tensile strength, modulus, and abra-
sion resistance. The main aim for the addition of fill-
ers such as organic montmorillonite (OMMT) is to
improve certain properties or cheapen the com-
pounds.11–13

In this article, two novel kinds of OMMT were
prepared and applied to prepare RTV/OMMT com-
posites. A combination of Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), ther-
mogravimetric analysis (TGA), and transmission
electronic microscopy (TEM) studies were used to
characterize the structure and properties of OMMT
and RTV/OMMT composites. Results showed that
different intercalation agents had different effect on
the structure and properties of OMMT, which led to
different properties of RTV/OMMT composites.
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EXPERIMENTAL

Materials

Naþ-MMT, industrial grade, was obtained from Zhe-
jiang Fenghong Clay Company (China). Di(2-oxyethyl)-
12 alkane-3 methyl-amine chloride,

chemical pure, was received from Zhejiang Chemical
Agent Company (China). Hydrogen silicone oil, indus-
trial grade, was supplied by Bluestar Silicones Shanghai
Company (China). Anhydrous ethanol and glacial acetic
acidwereprovidedbyShanghaiGuoyaoChemicalAgent
Company (China). The formulation, shown in Table I, is
used for the application of OMMT into RTV composites.

Preparation of OMMT

A 500-mL round-bottomed, three-necked flask with a
mechanical stirrer, thermometer, and condenser with
drying tube was used as a reactor. MMT (10 g) was
gradually added to a prior prepared solution of dihy-
droxethyl-12 alkane-3 methyl-amine chloride (3.52 g),
which was dissolved of 120 mL ethanol and water
mixture (weight ratio, 1 : 1), and the resultant suspen-
sion was vigorously stirred for 2 h. The treated MMT
was repeatedly washed by deionized water. The fil-
trate was titrated with 0.1N AgNO3 until no precipi-
tate of AgCl was formed to ensure the complete
removal of chloride ions. The filter cake was then
placed in a vacuum oven at 80�C for 12 h for drying.
The dried cake was ground to obtain OMMT-1.

Anhydrous ethanol (100 mL) was added with 10
mL glacial acetic acid. The pH value was adjusted to
5. Then, 2 g hydrogen silicone oil was added into 98
g above solution. The mixture was placed for 10 min
to allow it to dissolve. MMT (10 g) was added into
this liquid mixture, and was then stirred and reacted
for 30 min. Finally, the product was washed by an-
hydrous ethanol and dried at 70�C. The dried cake
was ground to obtain OMMT-2.

Preparation of RTV/OMMT composites

Different amounts of OMMT-1,2 (1, 3, 5, 7, 9 wt %)
were mixed with 10 g of Part B, ethylene-termi-

nated polysiloxane, one component of RTV. After
vigorous stirring at room temperature for 3 h, the
mixture was blended with 10 g of Part A, hydroge-
nous silicane, the other component of RTV, and
was stirred for 30 s. Then, the mixture was molded
in a Teflon mould. Curing was conducted at room
temperature 20�C for 24 h or at 80�C in a vacuum
oven for 1 h, after which an elastic film was
obtained.

Characterization

Infrared transmission spectra of MMT and OMMT
were obtained using a FTIR spectrometer, model Ava-
tar 370 from Nicolet Corporation. The scan range was
from 4000 to 700 cm�1 with a resolution of 2 cm�1.
To measure the change of gallery distance of OMMT
and RTV/OMMT before and after intercalation, XRD
was performed at room temperature with a Rigaka
D-Max/400 (Japan) X-ray diffractometer. The X-ray
beam was nickel-filtrated Cuka (k ¼ 0.154 nm) radia-
tion operated at 50 kV and 150 mA. XRD data were
obtained from 1� to 10� (2y) at a rate of 2� min�1. The
samples for TEM were first prepared by microtoming
the composites into 80–100-nm thick slices at �100�C.
The graphs were obtained with JEM-2010 instrument
using an acceleration voltage of 200 kV.
Viscosity of RTV/OMMT composites was meas-

ured by NDJ-1 apparatus. About 100 mL RTV (Part
A: Part B ¼ 1 : 1, weight ratio, uncured) or RTV/
OMMT solution (Part A: Part B ¼ 1 : 1, weight ratio,
uncured, together with different amounts of OMMT-
1 or 2) was used in the measurements. The measure-
ments were carried out at 25�C in the rotational
mode using concentric cylinder, type Z3 (according
to the viscosity of the system).
Hardness test was conducted using a XY-1 rubber

hardness instrument. Tensile test was carried out
using a TCR-2000 instrument at room temperature
with a crosshead speed of 500 mm min�1. The sam-
ples were manufactured in a standard dumbbell-
shape, and all measurements were repeated five
times and a medium data was got. TGA of RTV/
OMMT composites was carried out at 10�C min�1

under air (flow rate 5 � 10�7 m3 s�1, air liquid
grade) using a Linseis equipment. In each case, the
mass of the sample used was fixed at 10 mg and the
samples (powder mixtures) were positioned in open
vitreous silica pans. The precision of the temperature
measurements was 1�C over the whole range of tem-
peratures. Swelling test was conducted by using vul-
canized 5.0 � 2.5 � 0.2 cm3 samples. They were
weighed and allowed to swell in an excess of tolu-
ene at room temperature, in the dark, until equilib-
rium was achieved. The swollen samples were then
weighed, and the solvent was removed under vac-
uum, and was then weighed again.

TABLE I
Formulation of RTV Vulcanizates

Components Weight %

Part A, ethylene-terminated polysiloxane 35
Part A, aerosilica 15
Part B, hydrogenous silicane 49.8
Part B, Pt catalyst 0.2
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RESULTS AND DISCUSSION

Analysis of OMMT

FTIR

The FTIR spectra of original MMT and OMMT are
shown in Figure 1. The 3620–3650 cm�1 peak was
caused by the stretching of AOH, which was due to
the physical and chemical water existed in the Naþ-
MMT. The peaks at 1030 and 700 cm�1 resulted
from the stretching vibration of SiAO and AlAO
bonds in the MMT structure. In the spectrum of
OMMT-1, except for the peaks existed in the MMT,
there showed the presence of new peaks at 2800–
3000 cm�1 and 1469 cm�1, which were caused by
CAH stretching and bending absorptions in the

organic intercalation agent. The disappearance of
peaks at 1640 cm�1 illustrated the exchanging of
Naþ cations in the MMT and Nþ cations in the inter-
calation agents.14,15 In the spectrum of OMMT-2, in
addition to the peaks that existed in the MMT spec-
tra, new peaks also appeared at 2250 and 1300 cm�1.
The shape changes of peaks at 1030 cm�1 were due
to stretching and bending absorptions of CAH,
SiAO in the organic intercalation agent.

XRD

The XRD patterns of original MMT and OMMT are
shown in Figure 2. Curve a, XRD of original MMT,
showed a characteristic peak at 6� of 2y, which was
assigned to the 001 basal reflection. In curve b, there
were three peaks in the XRD spectrum of OMMT-1.
This indicated the different expansion degree of or-
ganic silicate layers. This trimodal distribution in d-
spacing was due to the special structure of the interca-
lation agent. In curve c, XRD of OMMT-2, the shifting
of peaks from 6� to 5.4� and 1.9� resulted from the
expansion of basal spacing of silicate layers by hydro-
gen silicone oil.16,17 The intensity of these peaks was
very unobvious, which was ascribed to the small ratio
of intercalated OMMT in the whole powder. That is,
most part of OMMT-2 was exfoliated due to the active
hydrogen existed in the intercalation agent.18

The data of MMT and OMMT calculated by Bragg
formula: 2d sin y ¼ nk are summarized in Table II.

Intercalation mechanism

The MMT clay is a phyllosilicate mineral. Cations
such as Naþ, Kþ, and Ca2þ compensate the negative
charge that exists in the crystal lattice of each silicate
layer in MMT. Polar molecules such as dihydrox-
ethyl-12 alkane-3 methyl-amine chloride and hydro-
gen silicone oil, which can make MMT more organo-
philic, can penetrate between the layers and
swell.19,20

The schematic depicting of the intercalation pro-
cess between original MMT and the intercalation
agents are illustrated in Figure 3. The underlying
mechanism of intercalation process of OMMT-1, as
shown in Figure 3(a), may be related to the branch-
ing chains of dihydroxethyl, the strong polarity of

Figure 1 FTIR spectra of (a) MMT, (b) OMMT-1, and (c)
OMMT-2.

Figure 2 XRD spectra of (a) MMT, (b) OMMT-1, and (c)
OMMT-2.

TABLE II
XRD Data of MMT and OMMT

Serial number k (Å) 2y (�) d (nm)

A 1.54056 6.036 1.46303
b-1 1.54056 1.680 5.25419
b-2 1.54056 3.172 2.78303
b-3 1.54056 4.540 1.94473
C 1.54056 1.890 4.92544
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AOH, and space distributing morphology of the
whole molecular chains of this intercalation agent.
As shown in Figure 3(b), OMMT-2 is mixed with
exfoliated and intercalated silicate layers. The inter-
calation mechanism of OMMT-2 is ascribed to the
reaction activity of AH bond. It may react with
AOH in the silicate layers, and the heat produced
by this reaction may have great effect on the exfolia-
tion of silicate layers.21

Properties analysis of RTV/OMMT composites

Viscosity

Viscosity of silicone rubber is very important for its
application in different fields. It was shown in Fig-
ure 4 that the addition of OMMT in RTV had
obvious influence on its viscosity. With the increase
of OMMT content, the viscosity of RTV was
increased from 42,000 to 100,000 cps. The relation-
ship between filler content and the viscosity can be
deduced from following formula.

lng ¼ lngc þ
KEVi

1� Vi

U

where gc, viscosity of RTV; KE, shape parameters of
OMMT; Vi, volume ratio of fillers; U, accumulation
coefficient. In this experiment, U is about 0.5–1.0.
The increase of OMMT content can increase Vi and
thus may increase g.

Different intercalation agents led to different interac-
tions and thus led to different viscosity. In the OMMT-

1 filled RTV, there were some reactions between the
intercalation agent and the RTV molecules. The hy-
drogenous silicane not only can react with ethylene-ter-
minated polysiloxane but also can react with AOH in
the intercalation agent in OMMT-1. These reactions
may have on important effect on the tangles between
intercalation agents and silicone molecules. This may
increase the viscosity of this composite. While in the
OMMT-2-filled RTV, although there was some interac-
tions between silicate layers and silicone molecules, sili-
cone oil had some lubricating effect, and this may lead
to lower viscosity of this composite.

Figure 3 Scheme of intercalation process of (a) OMMT-1 and (b) OMMT-2.

Figure 4 Viscosity of (a) RTV/OMMT-1 and (b) RTV/
OMMT-2.
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Hardness test

Figure 5 shows the hardness of RTV/OMMT compo-
sites. It can be seen that with the increasing amount
of OMMT, the hardness was increased. This may be
beneficial for the application of these composites in
some fields that need this property.

The hardness of OMMT-1-filled system was higher
compared to OMMT-2 filled system. The reason may
be resulted from the different initial interactions
existed between RTV matrix and the different interca-
lation agents, such as hydrogen silicone oil and the
ammonium salt. In addition, the hydrogen silicone oil
was a kind of oil and had some lubricating effect, and
this may decrease the hardness of this composite.

However, the hardness of OMMT-2-filled matrix
was higher compared to OMMT-1 for 3% loading.
This may be due to the stronger chemical bonds
developed from initial interactions in this composite.

Tensile properties

The tensile properties of RTV/OMMT are illustrated in
Figure 6. The tensile strength and elongation at break of
RTV/OMMT composites showed different trend com-
pared with that of original RTV. In conclusion, the
OMMT-2 reinforced RTV showed relatively better
properties than that of OMMT-1 filled composites.

These two kinds of composites all showed the high-
est tensile strength with the addition of 3% OMMT.
The tensile strength of RTV addition of 3% OMMT-2
was improved about 22%. When the amount of
OMMT was increased continuously to 5, 7, and 9%,
the tensile strength was decreased. This, in some
extent, was probably due to the aggregates of OMMT
in the composites.22 The elongation at break changed
irregularly indicating the addition of OMMT had no

obvious effect on the toughness of these composites.
However, different reinforcing effects were found in
our previous article that 1% OMMT was effective in
improving the tensile strength and elongation at break
of liquid silicone rubber. This may be due to the dif-
ferent interaction effect between aerosilica and OMMT
in the silicone rubber matrix.23

Thermal stability

The addition of 3% OMMT has two aspects on the
thermal stability of RTV. This is shown in Figure 7.
Some improvement can be seen between 250 and
450�C in TGA curves. This was beneficial for the
application of this composite in special fields. In the
temperature range 450–800�C, the thermal stability
showed some decrease. The residue mass was
decreased from 65 to 55%. As can be deduced from
differential thermogravimetric analysis (DTG)
curves, the centre temperature of thermal degrada-
tion was slightly improved from about 490 to 505�C.
In addition, the degradation degree of RTV added

Figure 6 Tensile properties of RTV/OMMT (a) tensile
strength and (b) elongation at break.

Figure 5 Hardness of (a) RTV/OMMT-1 and (b) RTV/
OMMT-2.
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with OMMT showed some improvement in the tem-
perature range 450–550�C.

It is noted from above that the thermal stability of
the composites decreased and seemed to have some-
thing to do with the OMMT types. In these hybrid
systems, thermal stability could be affected at least
by following three factors. First, there could be the
nanoreinforcement effect of OMMT layers together
with the intercalation agent, which were dispersed
in the continuous RTV matrix and restricted the
motion of polymer chains and thus gave rise to the
increase of thermal stability. Second, the dispersed
silicate layers in the matrix might serve as nuclea-
tion seeds that might induce some additional crystal-
linity. The thickness of these crystalline could be
improved by the silicate layers, which can make
thermal stability improved. Third, the thermal stabil-
ity could be affected by the crosslinking density of
RTV composites. In RTV/OMMT-1 composites, hy-
drogenous silicane, one component of RTV, can react
not only with ethylene-terminated polysiloxane, the

other component of RTV, but also with the intercala-
tion agent, dihydroxethyl-12 alkane-3 methyl-amine
chloride. While in RTV/OMMT-2 composites, the
intercalation agent of OMMT-2, hydrogen silicone
oil, can react with ethylene-terminated polysiloxane.
These could lead to the incomplete curing of the
whole system, and thus introduce free volume and
decrease thermal stability of above two types of
composites. In the present case, the decrease of ther-
mal stability together with the residual mass by the
addition of different amounts and types of OMMT
can be related to the integrated effect of above three
factors. Furthermore, the relative increase of thermal
stability of RTV/OMMT-2, may be caused by the
higher thermal stability of hydrogen silicone oil.24,25

Figure 8 Swelling test curves of RTV/OMMT (a) original
RTV, (b) RTV/OMMT-1(3%), (c) RTV/OMMT-2(3%), (d)
RTV/OMMT-1(9%), and (e) RTV/OMMT-2(9%).

Figure 7 Thermal stability of RTV/OMMT(3%) (a) TGA
and (b) DTG.

Figure 9 XRD of RTV/OMMT (a) original RTV, (b) RTV/
OMMT-1(3%), (c) RTV/OMMT-2(3%), (d) RTV/OMMT-
1(9%), and (e) RTV/OMMT-2(9%).
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Microstructure analysis of RTV/OMMT composites

Swelling test

The swelling test, as shown in Figure 8, has some
relationship with the tensile properties of RTV
composites. The original RTV and RTV/OMMT-
1,2 (3%) had the obvious solvent absorption
behavior, while RTV/OMMT-1,2(9%) had lowest.
The more were the networks, the more was the
absorption capacity of the composites.26 The origi-
nal RTV and RTV/OMMT-1,2 (3%) composites
had absorbed more solvent. This can also illus-
trate that the existence of more networks in these
composites. However, RTV/OMMT-1,2 (9%) com-
posites absorbed less. This may be due to the
damage of crosslinking networks by the aggre-
gated OMMT fillers.27

Above phenomenon can be deduced from follow-
ing formula.28 Mc here can represent the crosslinking
degree of the composites. Increasing q2 can increase

Q, and thus increase Mc. The addition of more
OMMT in RTV, for example, 9%, can lead to aggre-
gated fillers and damaged networks in RTV and
thus decrease the density q2, Q and corresponding
Mc of composites. That is why the RTV/OMMT-1,2
(9%) had the lowest swelling quality.

Mc ¼ Q
5
3

1

2
� v1

� ��1

q2V1

Q ¼ v1 þ v2
v2

¼
w1

q1
þ w2

q2

� �
w2

q2

¼ 1þ w1q2
w2q1

In the above formula, Mc, average relative mole-
cule mass; v1, interaction parameter; q2, density of
RTV/OMMT composite before swelling; V1, molar
volume of toluene; w1, mass of toluene in swelling
composite; w2, mass of RTV/OMMT composite; q1,
density of toluene.

Figure 10 TEM of RTV/OMMT (a) RTV/OMMT-1(3%), (b) RTV/OMMT-1(9%), (c) RTV/OMMT-2(3%), and (d) RTV/
OMMT-2(9%).
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XRD test

An important measure of the degree of silicate inter-
calation and exfoliation can be obtained by XRD
measurements. A series of XRD patterns of compo-
sites containing different amounts of OMMT are
shown in Figure 9. Nearly no peaks were observed
in Figure 9(a), which was a result of the original
microstructure of RTV. When a small amount of
OMMT1,2 was incorporated [RTV/OMMT-1,2(3%)],
only very slight peaks appeared. These peaks corre-
sponded to the expansion of gallery space by inser-
tion of RTV polymer chains. The diffraction peaks
were almost absent in the scattering curve besides
the original peaks of RTV matrix. This was probably
ascribed to the loss of structure registry, indicating
the possibility of having exfoliated silicate layers dis-
persed in the polymer matrix. When 9% OMMT-1,2
was incorporated, The peaks at 2y ¼ 11.4� became
more obvious [shown in Fig. 9(d,e)]. However, the
peak at 11.4� was different from the characteristic
peak of OMMT-1,2 [shown in Fig. 2(b,c)]. These
peaks were broadened and shifted from 1.68, 3.17,
4.54, or 1.89 to 11.4� compared with the peaks of
OMMT-1,2. This phenomenon indicated that some
OMMT failed to form nanostructure in RTV matrix
and illustrated the existence of stacked and
repressed OMMT in the composites. Another possi-
ble reason may be obtained from what Yoon et al.23

had demonstrated. Deduced from their similar phe-
nomenon, it may be explained that the peaks at 1.68,
3.17, 4.54, or 1.89� (OMMT-1, 2) corresponded to the
basal spacing for the bilayer arrangement of molecu-
lar chains of intercalation agents, while the peak at
11.4� might correspond to their monolayer arrange-
ment. This was also resulted from the aggregation of
OMMT in these composites.

TEM test

Further evidence of nanometer-scale dispersion of
silicate layers in the case of different RTV/OMMT
composites was supported by TEM photomicro-
graphs. Representatively shown in Figure 10 are the
TEM micrographs of the composite containing 3 and
9% OMMT-1, 2. Figure 10(a,c) showed that the
OMMT layers did not fill the full volume, suggest-
ing that the platelet tactoids of MMT were dispersed
in RTV matrix at sub-microsized scale. A close ob-
servation of an area of platelet tactoid of 3% OMMT-
2 filled composite revealed the individual platelets
of OMMT clearly separated by polymer matrix, that
is, some polymer had diffused between some of the
platelets. This was an evidence that these organo-
clays were mostly exfoliated in the RTV matrix.29 It
had been reported that the formation of intercalated
or exfoliated clay composites was dependent on the

Figure 11 Scheme of intercalation process between OMMT-1,2 and monomers of RTV.
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nature of the intercalation agents, and the ammo-
nium with long chains could allow more organic
species to diffuse into the layered silicates.30 The
subsequent polymerization could be a driving force
between the negatively charged silicate layers and
the gallery cations. From Figure 10(b,d), it can be
deduced that OMMT-1,2 were becoming agglomer-
ated in the composites as the amount was increased
to 9%.

Mechanism analysis of RTV/OMMT composites

The speculation of schematic development process
of intercalated or exfoliated RTV/OMMT-1,2 compo-
sites is shown in Figure 11. During the drying pro-
cess of RTV/OMMT-1 composite, hydrogenous sili-
cane probably not only can react with ethylene-
terminated polysiloxane but also can react with
AOH in the intercalation agent in OMMT-1. This
has an important effect on the intercalation and exfo-
liation of the organoclay. During the drying process
of RTV/OMMT-2 composite, the intercalation agent
of OMMT-2, hydrogenous silicone oil, not only may
react with AOH existed in MMT but also may react
with ethylene-terminated polysiloxane. This gives an
important attribution on the exfoliation of OMMT-2
in RTV matrix and is beneficial for the improvement
of crosslinking degree of these composites.23 More-
over, RTV is an important low polar polymer and
the MMT environment may be not compatible with
them. With the modification of low polar intercala-
tion agent such as hydrogen silicone oil, the compat-
ibility between OMMT and RTV matrix may be
improved. This is attributed to the improvement of
tensile properties for these composites.31

CONCLUSIONS

Organically modified MMT was successfully pre-
pared by two kinds of intercalation agents, dihy-
droxethyl-12 alkane-3 methyl-amine chloride and
hydrogen silicone oil. FTIR and XRD analysis dem-
onstrated that different intercalation agents had dif-
ferent effect on the intercalation or exfoliation of
OMMT.

Results of viscosity, hardness, tensile, and thermal
stability test verified the incorporation of OMMT
into RTV composites. The enhanced mechanical and
physical properties demonstrated the efficiently rein-
forcing ability of these OMMTs. Results showed that
hydrogen silicone oil-modified MMT had better

properties than that of dihydroxethyl-12 alkane-3
methyl-amine chloride modified ones. Swelling test,
XRD, and TEM revealed that the degree of basal-
spacing expansion was largely increased and an
intercalated or exfoliated structure was formed in
these two kinds of composites.
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