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Abstract. Natural rubber (NR) and butyl rubber (IIR) blends were compatibilized by isobutylene-isoprene block copolymer
(IIBC) which was specifically synthesized with a relatively high content of isoprene (14.5% mole fraction). Aiming at high
damping elastomers, the IIR acts as the high damping phase dispersed in the natural rubber (NR) matrix in this blend. The
morphology and microstructure was characterized by atomic force microscope (AFM) and transmission electron microscope
(TEM). The results indicated that the IIBC as a compatibilizer could greatly increase the interfacial thickness. Damping
property was studied by dynamic mechanical thermal analyzer (DMTA) and rubber processing analyzer (RPA). The results
showed that the loss factor greatly increased with adding IIBC, and this may be due to the improved stress transfer promoting
the IIR phase to deform and then dissipate energy. The tensile test demonstrated that the tensile strength and modulus increased when 4 parts per hundred rubber [phr] of IIBC was added. Finally, the NR and new NR/IIR isolation bearing samples
were prepared and tested on a pressure shear testing machine that could simulate the actual situation during an earthquake.
The results showed that hysteretic loss (for one cycle) of the new NR/IIR sample is 83% higher than that of the NR sample,
rendering the compatibilized blends potential in isolation rubber bearings application.
Keywords: polymer blends and alloys, natural rubber, butyl rubber, damping property, isobutylene-isoprene block copolymer

1. Introduction

and reducing economic loss [1–3]. Excellent damping performance is a prerequisite for the isolation
bearing materials. In addition, the materials used for
isolation bearings must have a good overall performance, such as high strength to resist damage [4, 5].
Natural rubber (NR) is known to exhibit numerous
outstanding properties such as desirable physical and
mechanical properties, good processing properties,
and excellent flexibility, and is an indispensable material for industrial applications. Especially, the crystallization of NR can increase its tensile strength and
ability to resist damage [6–9]. However, because of

As a highly unexpected and unpredictable natural disaster, earthquakes seriously did damage to human
lives and properties. Destruction of the buildings is
the most direct cause of casualties and economic losses during the earthquake. Isolation bearing is an important device to reduce the seismic force transmitted
to buildings with functions of restoring force and energy dissipation. Usually the isolation bearings are
set between the foundation and the building structure
to increases the structure deformability and hysteretic
damping ability of buildings thereby protecting life
*
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2. Experimental
2.1. Materials

the flexible and nonpolar macromolecular chains of
NR, internal friction among the NR chains is very
weak. Therefore, NR has a quite poor damping performance, which greatly limits its application in the
field of anti-seismic materials [10, 11]. Thus, improving the damping property of natural rubber is of
significance.
Butyl rubber (IIR) is a linear copolymer of isoprene
(mole fraction typically less than 3%) and isobutylene. Comparing to any other polymers, IIR, due to
the chain backbone densely distributed with a large
number of methyl side groups, shows a relatively high
damping peak height and broad damping temperature
range [12, 13]. Generally, the blending of two or more
types of rubbers is a useful and important way for
the preparation and development of rubber blends
with properties superior to those of individual constituents [14–16]. Considering the large loss factor
of IIR, the introduction of IIR into NR should be an
effective way to improve the damping property of NR.
In this blends, the IIR is acting as damping phase to
provide the damping property needed in dissipating
seismic energy, while the NR matrix is to provide the
high strength needed in large deformations. However, NR/IIR blends are immiscible and usually exhibit
phase separated morphology and poor interfacial adhesion between the phases. Therefore, it is necessary
to introduce an interfacial compatibilizer to the binary system to improve the total performance.
In this study, NR/IIR blends were prepared for high
damping applications. We specially synthesized an
isobutylene-isoprene block copolymer (IIBC) with
relatively high content of isoprene (14.5% mole fraction) to act as the compatibilizer of NR/IIR blends.
The morphological, structural, and mechanical properties of the NR/IIR blends were systematically investigated. The results indicated that the IIBC as a
compatibilizer could greatly increase the interfacial
thickness. Compared with NR/IIR blend, the compatibilized NR/IIR blends exhibited higher performance, especially a higher damping factor. Finally, the
NR and new NR/IIR isolation bearing samples were
prepared and tested on a pressure shear testing machine that could simulate the actual situation during
an earthquake. All properties of the new NR/IIR
sample meet the requirements of the standard (Chinese Standard JG-118-2019). The hysteretic loss (for
one cycle) of the new NR/IIR sample is 83% higher
than that of the NR sample.

NR (ribbed smoked sheet No.1) was supplied by
Nanjing Shengdong Chemical Co., Ltd. (Nanjing,
China). IIR (301) was purchased from Polysar Co.,
Ltd. (Canada). IIBC was synthesized with a relatively high content of isoprene (14.5% mole fraction) by
cationic polymerization. Other chemicals and ingredients were standard industrial grades used for rubber compounding and purchased in China. All materials were used without further purification.

2.2. Sample preparation
1. Synthesis of IIBC: Polymerizations were carried
out in reaction bottles under dry nitrogen at –80 °C.
n-hexane-dichloromethane mixture (60:40 v/v),
isobutene (IB) and initiator were transferred to
pre-chilled reaction bottle. Then the reaction was
started by the addition of the chilled solution of
ferric trichloride-isopropanol mixture (1.4:1 molar
ratio) in CH2Cl2 with syringes. After stirring for
10min, isoprene (IP) was added. The reactions
were quenched by the injection of ethyl alcohol–
water mixtures (1:1 v/v). The reaction mixtures
were repeatedly diluted and washed with n-hexane and ethyl alcohol. The polymers were dried in
vacuum at 40 °C until constant weight was obtained.
2. IIR compound: The as-received IIR and IIBC were
mixed and kneaded with mass ratios of 10/0, 10/2,
10/4, 10/6 on a Φ 152.4 mm two-roll mill at room
temperature for 3 min. Then each compound was
blended with compounding and crosslinking additives, including 4.0 parts per hundred rubber
[phr] of zinc oxide, 2.0 phr of stearic acid, 1.0 phr
of accelerant TMTD (Tetra-methylthiuram disulfide), 0.6 phr of accelerant M (2-Mercaptobenzothiazole), 2.0 phr of sulfur, and 8.0 phr of naphthenic oil. Each compound was then kneaded on
the two-roll mill at room temperature for 5 min to
form the IIR compound.
3. NR compound: The as-received NR was kneaded
on a two-roll mill at room temperature for 3 min
and then blended with compounding and crosslinking additives, including 3.0 phr of zinc oxide,
1.0 phr of stearic acid, 1.2 phr of accelerant CZ (Ncyclohexyl-2-benzothiazole sulfonamide), 0.2 phr
of accelerant TMTD, 1 phr of sulfur, 2 phr of antioxidant 4010NA (1, 4-Benzenediamine). The
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Table 1. Recipes of NR/IIR composites (Unit: Parts per hundred rubber [phr]).
Components
[phr]

1#

2#

NR

Zinc oxide

4#

8

12

80

IIR
IIBC

3#

the solvent was recorded on a Bruker AV400 spectrometer at room temperature.
Fourier transforms infrared spectroscopy (FTIR) absorption spectra of IIBC was acquired with a Tensor
27 IR spectrometer (Bruker Optics, Germany) in the
wave-number range 4000–400 cm–1 (KBr pellet
technique) at a resolution of 4 cm–1.
Transmission electron microscopy (TEM, Tecnai G2
20 S-TWIN, FEI Co., Hong Kong) was employed to
examine the morphology of the NR/IIR/IIBC composites. The samples for TEM observations were
cryogenically cut with a glass knife on a ReichertJung Ultracut microtome (Leica Camera AG, Germany) and then stained by OsO4 for 10 min.
The interphase structure and properties were studied
using a nanomechanical mapping technique operated
in PF-QNM mode on a Bruker Multi Mode AFM
(Nanoscope IV Controller, Veeco Metrology). Before the observations, the samples were polished at
–130 °C by using a cryo-ultramicrotome (Leica EM
UC7, Germany).
The cure characteristics of the rubber compounds
were studied with the help of a P3555B2 Disc Vulkameter (Beijing Huanfeng Chemical Machinery Trial
Plant, Beijing, China) at 145 °C
The rubber process analyzer (RPA 2000, Alpha Technologies, USA) was employed to study the damping
performance of the NR/IIR/IIBC composites. Dynamic strain sweeps were conducted by varying the
strain ranges from 1 to 300% at a constant frequency
of 1 Hz at 30 °C. Dynamic frequency sweeps were
carried out from 0.1 to 7 Hz at a constant strain of
100% at 30 °C.
The dynamic loss factor (tan δ) as a function of temperature were acquired with a VA3000 dynamic thermomechanical analysis (01 dB-Metravib, France) in
the tension mode. The temperature was from –80 to
50 °C, the heating rate was 3 °C/min, the frequency
was 10 Hz, and the strain amplitude was 0.3%.
The static mechanical properties of the NR/IIR/IIBC
composites were conducted according to ASTM
(D638: Dumbbell-shaped) with a CMT4104 electronic tensile tester (Shenzhen SANS Test Machine Co.,
China) at a tensile rate of 500 mm/min. The dumbbell shaped samples (25 mm×6 mm×2 mm) were prepared according to ISO/DIS 37-1990.
The isolation bearings samples were tested on a pressure shear testing machine GX-235 (YJZ-30000,
Petroleum and Chemical Industry General Quality

20
0

4
3.2

Stearic acid

1.2

4010NA

1.6

CZ

0.96

TMTD

0.36

M

0.12

Sulfur

1.2

Naphthenic oil

1.6

mixture was then kneaded on the two-roll mill at
room temperature for 5 min to form the NR compound.
4. NR/IIR/IIBC composites: The NR compound and
IIR compound were kneaded with mass ratios of
80/20, 80/24, 80/28, 80/32 to form the NR/IIR/
IIBC (80/20/0), NR/IIR/IIBC (80/20/4), NR/IIR/
IIBC (80/20/8), NR/IIR/IIBC (80/20/12), composites on a two-roll mill at room temperature for
5 min (The specific ingredients of the recipes are
shown in Table 1). These mixtures were then hot
pressed and vulcanized at 145 °C under a pressure
of 15 MPa for varied periods of time as determined by a disc rheometer. The NR/IIR/IIBC composites were obtained by naturally cooling the vulcanizates down to room temperature.
5. Iisolation bearings samples: NR/IIR compound
was prepared by the above method. Then the rubber compound sheets and the steel plate are overlapped in the mold for vulcanization. The size of
the rubber bearing is 320×420×177 mm. The curing temperature is 145 °C and the curing time was
determined by optimum cure time of 2 mm sheet.

2.3. Characterization
Molecular weight of IIBC was measured by gel permeation chromatography (GPC) on a Waters Breeze
instrument equipped with three water columns (Steerage HT3_HT5_HT6E) by using tetrahydrofuran as
the eluent (1 ml/min) and a Waters 2410 refractive
index detector. A polystyrene standard was used for
calibration.
Proton nuclear magnetic resonance (1H NMR) spectra of IIBC with deuterated chloroform (CDCl3) as
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existence of the isoprene segments [17]. In addition,
the absorption zone at 1230~1469 cm–1 results from
the stretching of benzene which introduced by the
initiator. The FTIR results are well in agreement with
NMR results mentioned later.
Figure 2 shows the molecular formula and the H NMR
nuclear spectra of IIBC. We can quantitatively analyze the relative content of different components in
the block copolymers by NMR. The highest peak at
1.1 ppm can be assigned to the methyl protons (–CH3)
of the polyisobutylene units of IIBC. The peak at
1.41 ppm is assigned to the hydrogen of methylene
(–CH2–) of polyisobutylene segments, and every two
moles of hydrogen correspond to one mole of isobutylene. The peak at 5.12 ppm corresponds to the
hydrogen attached to the allyl carbon in isoprene
segment, and every one mole of the hydrogen corresponds to one mole of isoprene [18]. We set the peak
intensity at 5.12 to 1 (S5.12 = 1), and the corresponding peak intensity at 1.41 is 11.78 (S1.41 = 11.78).
Therefore, we can get the content of isoprene in IIBC
by Equation (1):

Supervision Center for Rubber and Chemicals, China)
that could simulate the actual situation during an
earthquake (The machine photos are shown in Figure 6a–6c). The temperature was 23 °C, the humidity
was 22, the loading waveform was sine wave, and
the loading frequency was 0.01 Hz. The machine first
did the vertical compression test and then did the
shear test which are both qualified.

3. Results and discussion
3.1. Characterization of isobutylene-isoprene
block copolymer
FTIR spectrum was obtained to characterize the molecular structure of the IIBC, as shown in Figure 1.
The absorption peak at 3185 cm–1 may be attributed
to the vibration of unsaturated hydrogen. The peaks
at 2953 and 2924 cm–1 are assigned to the asymmetric stretching vibration of –CH3 and –CH2 group
which comes from the isobutylene and isoprene segments and the peak at 2851 cm–1 is assigned to the
symmetric stretching vibration of –CH3 and –CH
group. The peak at 1633 cm–1 is assigned to the
stretching vibration of –C=C- group, indicating the

IP
XIP = IB + IP =

S5.12

S1.41
2

+ S5.12

=

1

11.78
2

+1

= 14.5% (1)

where XIP means the content of isoprene in IIBC, IP
and IB mean isoprene and isobutylene respectively.
Compared with IIR, the content of isoprene in IIBC
has been increased by more than 10%. This is expected to make IIBC a promising compatibilizer for
the NR/IIR blend.
Molecular weights of the IIBC were measured by gel
permeation chromatography (GPC), and the measured curve is shown in Figure 3. As can be seen, the
Figure 1. FTIR spectra of IIBC.

Figure 2. Molecular formula and H NMR nuclear spectra of
IIBC.

Figure 3. GPC curve of IIBC.
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simultaneously has good affinity with NR and IIR;
therefore, it can infiltrate and then attach the two
phase at the interface during the blending procedure.
Particularly worth mentioning is the shape change of
the IIR phases. Without IIBC, the IIR phases are mostly of ball shape. When adding 4phr of IIBC, we can
see the IIR phase exhibit irregular structure. It is mainly because of the improved stress transfer at the interface. The strong interfacial bonding enables the shear
force applied on the continuous phase to be effectively transferred to the dispersed phase, causing it
to become an irregular shape during the manufacturing process.
In recent years, the peak force quantitative nanomechanical mapping (PF-QNM) technique, based on the
principle of AFM peak force tapping mode, was developed to characterize the interphase of polymer
composites [19–21]. Compared with conventional
tapping mode, PF-QNM mode is able to detect more
accurately the mechanical interaction and thickness
of the interface [22]. Based on this efficient technique, AFM was used to analyze the modulus change
of rubber blends with respect to the distance along

number-average molecular weight (Mn) of the IIBC
is 1.6·104 and the weight-average molecular weight
(Mw) is 1.8·104. The molecular weight is low. Therefore, to prevent the reduction of mechanical properties, it is not suitable to add too much IIBC to the
rubber blend.

3.2. Microscopic phase morphology of NR/IIR
blends
The effects of IIBC as a compatibilizer on the phase
morphology of NR/IIR blend were characterized by
TEM and AFM. TEM images (Figure 4) show that
NR/IIR blends has a typical sea island morphology,
where IIR spherical island (lighter regions) with several micron sizes are dispersed in the NR continuous
phase (darker regions). In addition, a clear and sharp
boundary between the two phases in NR/IIR (80/20)
blend indicates that NR and IIR are highly immiscible. By adding 4 phr of IIBC, interface between NR
and IIR becomes fuzzy, indicating an improved interfacial bonding. This is ascribed to the compatibilizing effect of IIBC. Due to containing the polyisoprene
segment and the polyisobutylene segment, IIBC

Figure 4. Comparison between morphology of NR/IIR blend compatibilized by IIBC and non-compatibilized one. TEM micrographs at different magnification of (a), (c) NR/IIR (80/20) blend and (b), (d) NR/IIR/IIBC (80/20/4) blend.
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Figure 5. Representative AFM Young’s modulus images of (a) NR/IIR (80/20), (b) NR/IIR/IIBC (80/20/4) blends and their
corresponding modulus-scanning location curve to represent the interfacial thickness between NR and IIR.

the interface to quantitatively reflect the interfacial
thickness as shown in Figure 5. The similar grossphase separated morphology was clearly seen through
the AFM modulus images, and we also note that the
modulus of non-compatibilizd NR/IIR blends changes
abruptly at the interface, revealing an extremely
weak interfacial adhesion. By adding 4 phr of IIBC,
the change of interface modulus becomes smooth,
and the blend presents a substantial increase of interfacial thickness (from 183 to 547 nm). This further
confirms IIBC is an excellent compatilizer to improve the interfacial bonding strength of NR/NBR
blend.

Figure 6. Rheographs of NR/IIR blends at 145 °C with various contents (0, 4, 8 and 12 phr) of IIBC.

3.3. Cure characteristics and mechanical
properties of NR/IIR blends
The curing curves and characteristics of the NR/IIR
blends compatibilized by different contents of IIBC
are shown in Figure 6 and Table 2, respectively. The
minimum torques ML decreases with the increase of
IIBC content, and this may be due to the plasticization of low molecular weight IIBC. Additionally, the

maximum torque MH as well as a torque difference
(ΔM) slightly increase with adding 4 phr of IIBC,
which may be attributed to the improved interface
bonding. However, further addition of IIBC decreases the MH and ΔM, indicating a decrease in crosslink
density of the blends. That might be because the ratios of NR to whole rubber compound decreased with
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Table 2. Cure characteristics of NR/IIR composites.
Content of IIBC

Maximum torque, MH
[dN·m]

Minimum torque, ML ΔM = MH – ML Scorch time, T10 Optimum cure time, T90
[dN·m]
[dN·m]
[min]
[min]

0 phr

16.83

4.57

12.26

4.3

6.6

4 phr

17.17

4.44

12.73

4.4

6.8

8 phr

16.27

4.37

11.90

4.4

6.8

12 phr

15.63

4.21

11.42

4.3

6.6

the modulus. The appropriately increased modulus
will benefit the improvement of stiffness and ability
to resist damage of the final isolation bearing products [23].

adding too much IIBC, leading to a decrease in vulcanization efficiency. The Table 2 also shows that
the addition of IIBC has no significant effect on the
scorch and cure times.
The effect of IIBC as a compatibilizer on the mechanical performance of the NR/IIR blends is presented through stress-strain curves in Figure 7. The
tensile strength and the modulus (50–400%) both increase with addition of 4phr of IIBC owing to its remarkable compatibilizing effect. However, the tensile
strength decreases with adding more compatibilizer,
which may be caused by the decreased crosslink
density. Table 3 shows the data of static mechanical
properties of NR/IIR blends. As can be seen, the tensile strength increased from 19.1 to 21.6 MPa when
adding 4 phr of IIBC. The Shore A hardness increased first and then decreased with further increase
content of IIBC, which is consistent with trends of

3.4. Dynamic properties of NR/IIR blends
Tan δ values of isolation rubber bearings are required
to be higher than 0.1 (equivalent damping ratio of
10%) in 0.2~5 Hz frequency range and 10~200%
strain range, according to the ISO standard [24]. The
tan δ reflects the internal friction; the stronger the internal friction, the higher the tan δ value and the better the damping performance [25]. RPA tests were
conducted to investigate the tan δ variation of NR/IIR
blends under dynamic shear strain and frequency
condition. Figures 8a, 8b shows the loss factor (tan δ)
as a function of strain and frequency for NR/IIR
blends with different IIBC contents. The tan δ values
are higher than 0.1 in the frequency range 0.2~5 Hz
and the strain range 10~200% for the NR/IIR blends
compatibilized by 8 or 12 phr of IIBC, which far exceed ISO standards. But the non-compatibilized one
cannot meet the standards in the whole frequency
range and almost the whole strain range. For the
NR/IIR blends compatibilized by 4 phr of IIBC, its
tan δ value is higher than 0.1 in the whole frequency
range and the strain range 50–200%, while the value
is less than 0.1 in the strain range 10~50%. The tan δ
values of both strain sweep and frequency sweep
greatly increase with increasing content of IIBC.
This result can be explained by a model illustrated
in Figure 8d. When subjected to the external shear
forces, compared to the NR/IIR blend, compatibilized NR/IIR/IIBC blends could very easily transfer

Figure 7. Stress-strain curves of NR/IIR blends compatibilized by different contents of IIBC.
Table 3. Static mechanical properties of NR/IIR composites.
Tensile strength
[MPa]

Shore A hardness

100% modulus
[MPa]

300% modulus
[MPa]

Elongation at break
[%]

0 phr

19.1±0.9

39±0.5

0.54±0.05

1.41±0.10

677±90

4 phr

21.6±0.6

41±0.7

0.65±0.04

1.57±0.07

690±70

8 phr

18.6±0.8

40±0.4

0.61±0.05

1.54±0.09

680±10

12 phr

16.7±1.1

37±0.7

0.52±0.08

1.40±0.12

669±11

Content of IIBC
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Figure 8. Comparison and analysis of the damping properties of NR/IIR blends with different content of IIBC. (a) Loss factor–dynamic strain curves, (b) loss factor–dynamic frequency curves, and (c) loss factor-temperature curves of
NR/IIR blends with different content of IIBC (d) design concept of high damping model.

the external forces to the IIR damping phase through
the strengthened interface, causing a larger deformation of the damping phase and more desirable energy
dissipation. Overall, the damping performance of
NR/IIR blends can be improved by adjusting the
IIBC contents, indicating the good damping performance of NR/IIR/IIBC blends for potential applications in isolation rubber bearings.
Figure 8c shows the temperature dependence of the
tan δ for the NR/IIR blends. For each curve, only one
tan δ peak is observed, which is ascribed to the similar glass transition temperature between NR and IIR.
With increasing IIBC content, the height of the tan δ
peak decreases, but the height of the curve in the
temperature range –30~40°C increases gradually. The
NR/IIR/IIBC blends show a broader efficient damping temperature range around room temperature than
the NR/IIR blend.

3.5. Test of isolation bearings samples on a
pressure shear testing machine
To further evaluate the properties of the blends, we
prepared bearings samples of NR compound and the
new NR/IIR compound, and test them on a pressure
shear testing machine GX-235 that could simulate
the actual situation during an earthquake. Figure 9a–
9c shows the machine, isolation bearings samples,
and the testing process. The test results are listed in
the Table 4. As we can see, the NR compound as a
control sample cannot meet the standard (required in
Chinese national standards GB20688.3-2006). Compared with the unqualified NR compound, the new
compound has improved horizontal equivalent stiffness and equivalent damping ratio which are both
qualified. Moreover, although the vertical stiffness of
the new compound is slightly lower than that of NR
compound, it is still within the standard range.
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Figure 9. (a) Picture of the pressure shear testing machine GX-235, (b) the NR and the new NR/IIR bearing samples we prepared, (c) the bearing sample shear tested on the machine, (d) hysteretic curves of the NR and the new NR/IIR
bearing samples, (e) area of hysteretic loop (for one cycle) of the NR and the new NR/IIR bearing samples.
Table 4. Test results of rubber isolation bearing samples.
Standard

NR compound

Vertical stiffness

Performances
[kN/mm]

875×(1±30%)

857

Horizontal equivalent stiffness

[kN/mm]

1.7×(1±15%)

1.4 (unqualified)

Equivalent damping ratio

[%]

≥15

13 (unqualified)

New NR/IIR compound
810
1.9
16

4. Conclusions

Figure 9d shows the shear force-deformation curves
of the bearing samples. The area of the hysteresis loop
can reflect the energy dissipation of the bearing samples during shear deformation [26]. The new bearing
sample obviously has a larger area of the hysteresis
loop. Figure 9e reveals that the energy loss (for one
cycle) of the new bearing sample is 83% higher than
that of the NR sample. This means that when the isolation bearings undergo the equivalent earthquake
energy, the new one is more effective in consuming
the earthquake energy.

The NR/IIR blends compatibilized by IIBC were successfully prepared in this study. The TEM and AFM
revealed that the NR/IIR blends have typical incompatible sea island biphase structure. The compatibility of NR/IIR blends were significantly improved with
the addition of IIBC. The tensile strength of blend increased from 19.1 to 21.6 MPa when 4phr of IIBC
was added. The IIBC could significantly improve the
damping factor and the dissipation efficiency of the
blends, which may be attributed to the improved stress
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[9] Toki S., Sics I., Ran S., Liu L., Hsiao B. S., Murakami
S., Senoo K., Kohjiya S.: New insights into structural
development in natural rubber during uniaxial deformation by in situ synchrotron X-ray diffraction. Macromolecules, 35, 67–77 (2002).

transfer at the interface. Therefore, the NR/IIR/IIBC
blends are expected to be potential materials for high
damping isolation rubber bearings.
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