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ABSTRACT: For many applications of conductive rubbers, it is desirable to endow the conductive rubber with high conductivity at
low conductive filler loading. In this work, composites based on ethylene-propylene-diene monomer (EPDM) rubber and nitrile-
butadiene rubber (NBR) were prepared using carbon blacks, carbon fibers, and silver powders as fillers. As the weight fraction of sil-
ver powder increased, the hardness of composites increased gradually while the tensile strength and elongation at break decreased.
SEM revealed that the EPDM/NBR blends exhibited a relatively co-continuous morphology. The differential scanning calorimetry
(DSC) curves reported the EPDM/NBR rubber blends were incompatibility. The thermogravimetry (TG) studies showed that adding
a small amount of silver powder could improve the thermal stability of composites. These conductive composites exhibited good elec-
trical property. At room temperature, when the total volume fraction of fillers was 15.20%, the volume resistivity of EPDM/NBR

blend was only 0.0058 Q cm. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41357.
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INTRODUCTION

Electrically conductive rubbers have attracted a great deal of sci-
entific and commercial interest. The electrical insulating behav-
ior of rubber materials is well known. The conductivity of
rubber is imparted by incorporation of conductive fillers, which
possess the ability to conduct electricity. According to the con-
centrations of fillers, conductive rubber can be formulated over
a broad range of conductivity. These materials are distinguished
by having good flexibility, processability, and their easily con-
trolled volume resistivity. They are commonly used in electronic
applications for thermistors, chemical sensors, and touch con-
trol switches.' Besides, these conductive composites have also
been used as electromagnetic interference (EMI) shielding mate-
rials.” All kinds of rubbers have been used for preparation of
these composites, such as natural rubber,’ styrene-butadiene
rubber,™” ethylene-propylene-diene rubber,®’ silicone rub-
ber®™'!, nitrile rubber,'> or rubber-rubber blends.'*™'> The com-
mon fillers that used for conductive rubbers were carbon
black,"*>” graphite,'® carbon fiber,”!” carbon nanotube,'® pure
metal,"’ inorganic  particles,?
powders.

metal-coated and metal

21-23
For the past few years, most research interest is focused on the

problem of the relationship between the conductivity of the
conductive rubber, the weight fraction of the conductive fillers
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and percolation threshold in the study of conductive rubber. In
reducing the amounts of conductive fillers to improve the
mechanical properties of the conductive rubbers, how to main-
tain or even increase the conductivity of conductive rubbers
and electrical stability at the same time is the key point. Many
researchers have a number of outstanding works in this respect.
Selective distribution of the conductive fillers in a continuous
phase of a multiphase polymer, even polymer phase interface
and using the conductive fillers having a large aspect ratio are
two common methods. In many applications, high conductivity
is the primary requirement and the mechanical properties may
come to be the secondary consideration. To achieve a higher
conductivity at low loading, the selective distribution of several
different dimensions of conductive fillers in two different polar
rubbers was used to construct the conductive network to
achieve collaborative conductive effect.

The blending of immiscible polymers offers attractive opportu-
nity for developing new materials with helpful combinations of
properties. Rubber blends are frequently used in the rubber
industry to obtain their well-balanced physical and mechanical
properties, facile processability with relatively low production
cost.?* Blending of two or more types of polymers is a very val-
uable technique for the preparation and development of materi-
als with properties superior to those of individual constituents.
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Scheme 1. Schematic presentation the crosslinking of the polymer chains
of EPDM and NBR rubbers.

It has been reported in the literature that rubber blends having
differences in polarity are very useful in achieving a high degree
of conductivity because of their well-defined interface.*>*® The
selective localization of conductive fillers in multiphase poly-
meric materials is a favorable condition for obtaining heteroge-
neous microdispersion of conductive fillers. Two types of
distribution of conductive fillers in the immiscible polymer
blend were observed; first, conductive particles were distributed
predominantly in one phase of the blend homogeneously. Sec-
ond, the conductive particles concentrated at the interface of
the two phases. The conductivity of these composites was deter-
mined by two factors: the preferential concentration of conduc-
tive particles in one phase, and the structural continuity of this
phase.”””® The distribution of conductive fillers at the interface
of two rubbers gives rise to high conductivity. Accumulation of
conductive fillers at the interface has the effect of increasing the
number of contact points or decreasing the gap width. The het-
erogeneous microdispersion explains the higher conductivity of
blends compared with the single polymer.*®

Ethylene-propylene-diene monomer (EPDM) and nitrile-
butadiene rubber (NBR) have been chosen in this study because
of their distinguished physical properties and their incompati-
bility. EPDM is a saturated, nonpolar rubber (very low —-C=C-
content). NBR, however, contains polar CN groups, which
improve the cohesive energy density between the chains. Such
groups are absent in EPDM. The selective distribution of con-
ductive fillers in the blend of such two polymers was used to
prepare high conductive rubber. It is worth mentioning that
both EPDM and NBR could be vulcanized by peroxide. Cross-
linking between the EPDM and NBR rubber was possible dur-
ing the co-crosslinking process (Scheme 1).

In recent years, electrically conductive rubbers have drawn con-
siderable interest. Zou prepared the conductive silicone rubber
composites filled with nickel-coated graphite (NCG). When the
volume fraction of NCG was 33.1%, the volume resistivity of
the composites was about 0.01 Q cm.”® Mahmoud investigated
conductive acrylonitrile butadiene rubber compounds filled
with different concentrations of fast extrusion furnace black
(FEF).The volume resistivity of composites was ~10> Q cm
with 80% volume fraction of FEE* This article is concerned
with detailed studies on a 50/50 blend of nonpolar ethylene-
propylene-diene monomer rubber (EPDM) and polar nitrile-
butadiene rubber (NBR) that was prepared and loaded together
with different amounts of carbon black particles, carbon fibers,
and silver powders. Electrical properties have been studied in an
attempt to understand the mechanism of conduction in such
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systems. Some mechanical properties such as tensile strength,
elongation at break, and hardness of the blends were also stud-
ied in order to evaluate their potential in industrial applica-
tions. When 30 phr CB, 10 phr CF together with 10 phr Ag
were added into the rubber blend, high conductive rubber was
prepared successfully with a electrical resistivity of 0.0058 Q cm.
For this composite, the total volume fraction of fillers was
15.20%, lower than that reported in the literature.

EXPERIMENTAL

Materials

Liquid ethylene-propylene-diene monomer (Trilene 65, DCPD-
EPDM) with 44.7% ethylene was supplied by Lion Copolymer
Company. Liquid nitrile-butadiene rubber (NBR-40) with 30—
34% acrylonitrile was provided by Lanzhou Petrochemical
Company, China. Carbon black (HK-T120) and carbon fiber
(Kajet CF) were obtained from Shanghai Kajet Chemical Tech-
nology Co., China. Silver powder (PA301) was obtained from
Shenzhen Xinshengfeng Technology Co., China. Carbon black
and carbon fiber were treated with silane coupling agent in
order to improve their dispersity in the matrixes. Silver powder
was treated with malonic acid before use to remove the organic
lubricating layer that existed on the silver powder surface. The
physical characteristics of carbon black, short carbon fiber, and
silver powder was presented in Table I. Dicumyl peroxide (DCP,
melting point 41-42°C, purity of 98%) was procured from
Sinopharm Chemical Reagent Co., China. Triallyl isocyanurate
(TAIC, melting point 26-28°C, purity of 98%) and poly(1,2-
dihydro-2,2,4-trimethyl-quinoline) (antioxidant RD, melting
point 72-94°C) were supplied by Jiangsu Huada Chemical
Group Co., China.

Sample Preparation
Formulation of the composites was given in Table II. The com-
pounds were prepared by solution blending. Styrene was used

Table I. Physical Characteristics of Conductive Carbon Black, Carbon
Fiber, and Silver Powder

Carbon black

310-345 mL/100 g
740-840 mg/g

DBP absorption number
| absorption number

Ash, weight 0.05%
PH value 8-10
Specific gravity 1.78-1.82g/cm®
Electrical resistivity ~0.8Q cm
Carbon fiber
Precursor PAN
Average length 3 mm
Diameter 7 um
Density 1.82 glem®
Electrical resistivity <0.0014 Q cm
Silver powder
Partical size 2 um
Specific surface area 0.4-0.6 m?/g
Ag/Cu >99.9%
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Table II. Formulation of the Composites Based on EPDM/NBR Rubber
Blends

Compouds(phr?)
Sample EPDM/NBR DCP® TAIC® RD® CB SCF Ag
1 50/50 4 8 1 30 10 0
2 50/50 4 8 1 30 10 2
8 50/50 4 8 1 30 10 4
4 50/50 4 8 1 30 10 6
5 50/50 4 8 1 30 10 8
6 50/50 4 8 1 30 10 10

2Phr, parts per hundred.
® Curing agent (Dicumyl peroxide -DCP; Triallyl isocyanurate-TAIC).
¢ Antioxidant (Poly(1,2-dihydro-2,2,4-trimethyl-quinoline)).

as solvent to mix the fillers with the rubbers. After the homoge-
nization of the rubber blend, the other additives were added.
Mechanical stirring was also used for better particle dispersion.
After 2 h of vigorous mixing, the solvent was evaporated in a
vacuum oven at 80°C for 24 h. The compound blends were
cured using Rubber Flat Vulcanizing Machine (QLB-D/Q, Nanj-
ing, China) under a pressure of 15 MPa at 170°C to optimum
cure times that had been previously determined. These cured
sheets were conditioned before testing (24 h maturation at
room temperature).

Characterization

Mechanical properties such as tensile strength and elongation at
break were measured using a universal testing machine (Model
CMT-5105) as per ASTM standard testing method with a cross-
head speed of 50 mm/min at room temperature. For the tensile
experiment, dumbbell samples were cut from 2 mm thick
molded sheet. Five samples from each formulation were tested.
The hardness of the composites was measured using a shore A
durometer according to the standard ASTM D2240 testing
method. For hardness measurement, the sheets having an effec-
tive thickness of 6 mm were used. Five measurements were
recoded and the average value was reported. The samples of
SEM analysis were immersed in liquid nitrogen for more than
10 min. to cool down and then fractured immediately. The
SEM observation of fracture surface of the dried samples was
made using a scanning electron microscope (Model Hitachi S-
4800). Differential scanning calorimetry (DSC) was carried out
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with a Netzsch DSC 200F3 calorimeter. The predried samples
ranging from 2 to 5 mg were hermetically sealed in an alumi-
num pans. DSC analysis of the samples was performed under a
liquid nitrogen atmosphere using a flow of 50 cm’/min. in tem-
peratures ranging from —100°C to 100°C at a heating rate of
10°C/min. The thermal stability of samples was determined by
nonisothermal thermogravimetry (TG) using a NETZSCH
STA409 PC instrument. The measurements were conducted at a
heating rates of 10°C/min in a nitrogen atmosphere (flow rate
was 25 cm’/min.). The examined samples weight about 15 mg.
Samples were heated from the room temperature to 700°C. The
volume resistivity for all composites was measured by four-
point probe method so that it was free from the resistance of
the sample/electrode contacts. The volume resistivity data
reported here was the average of three samples.

RESULTS AND DISCUSSIONS

Mechanical Properties of Composites

There was a balance problem between mechanical properties
and electrical properties of high conductive rubber. The effect
of filler content on the performance of high conductive rubber
was shown in Table III. It can be seen from the table that con-
ductive filler contents had great effect on the mechanical prop-
erties of conductive rubber. In the experimental range, the
hardness of composites increased gradually while the tensile
strength and elongation at break decreased as the weight frac-
tion of silver powder increased. The bonding force between sil-
ver powder and rubber matrix deteriorated, rather than
reinforcing the rubber matrix but making the mechanical prop-
erties of conductive rubber worse. As the weight fraction of sil-
ver powder increased, the average distance between silver
powders that were in the dispersed state was shorter and shorter
and the conductive channels formed by silver particles contact-
ing each other increased gradually, so that the rubber matrix
coated silver powder was markedly thinned. Therefore, the com-
pound was more easily destroyed resulting decrements in the
tensile strength and elongation at break of composites. At the
same time, with the increase of silver powder content, the
motion of molecular chains was restricted due to the interaction
between conductive fillers and rubber molecular chains, which
also led to the decrease in elongation at break. For the compo-
sites loaded together with 30 phr CB, 10 phr CF, and 10 phr sil-
ver powder, the electrical resistivity of this blend was 0.0058
cm, but the Shore A hardness was up to 78. The tensile strength
and elongation at break were 1.89% and 120%, respectively.

Table III. Effect of Conductive Filler Content on the Properties of Rubber Blends

Properties

Sample Tensile strength (MPa) Elongation at break (%) Shore A hardness (HA) Electrical resistivity (Q-cm)
1 2.56+0.03 2604 65+2 0.28

2 2.42+0.02 2206 67*2 0.19

3 2.29+0.05 190=3 703 0.12

4 2.06+0.03 1735 721 0.0552

5 1.94 +0.03 165+3 762 0.0152

6 1.89+0.02 120=3 781 0.0058
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Figure 1. SEM micrographs and EDS analysis of the fractured surface of the EPDM/NBR rubber blends with different content of conductive fillers: (a)

(b) 30 phr CB + 10 phr CF; (c) (d) (f) 30 phr CB + 10 phr CF + 10 phr Ag.

Despite increasing the weight fraction of conductive fillers can
reduce the volume electrical resistivity of composites, the proc-
essability, and mechanical properties of the composites get
worse and the costs increase. Therefore, on the premise of meet-
ing the electrical properties, conductive filler contents should be
limited as low as possible.

SEM Analysis of Composites

Morphology is a major factor of rubber blends. It is well known
that the phase structure of the blend is influenced by several
factors, including the blend ratio, viscosity of each component,
surface characteristics, and compounding process. The primary
factor that determines the final morphology of the blends is
their composition. NBR has strong molecular polarity and
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surface tension higher than that of EPDM, which results in their
incompatibility. SEM was employed to study the fractured com-
posites based on the EPDM/NBR rubber blends and confirmed
that certain features of the fracture can be correlated with the
electrical properties.

There are lots of functional groups such as hydroxyl, carboxyl,
pyrone, lactone, quinone, ketone, and phenol on the carbon
black surface. The fact that the carboxylic, phenolic, lactonic on
the surface of CB is a factor affecting the selective distribution
of CB particles.®® If the interactions between CB particles and
one polar polymer component are strong enough, they will
influence the dispersion of CB particles. As for CB/EPDM/NBR
composite, NBR had a very high surface tension and polarity,
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Figure 2. DSC thermograms of the rubber blend loaded with CB/CF and b 2 — filler content:30phrCB+10phrCF 5
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Figure 1(a—f) presented SEM micrographs and EDS analysis of Temperature(°C)

the EPDM/NBR = 50/50 rubber composites. As shown in fig-
ures, CB particles were selectively distributed in the NBR phase,
whereas the Ag particles were mainly located in the EPDM
phase and CFs were uniformly distributed in the matrix and
through multiple phase zone, which played a collaborative con-
ductive effect. In our experiments, the ratio of EPDM and NBR
was 50/50. At this point, both EPDM and NBR formed continu-
ous phases in three-dimensional space; Such structures are
known as co-continuous phase structures [see Figure 1(a,c)].
Because of the uneven dispersion of CB, more carbon black dis-
persed in NBR phase thereby increasing the concentration of
CB in NBR under the condition of the overall content of CB
uncharged and decreased the electrical resistivity of conductive
rubber. From Figure 1(f), the EDS analysis showed that the
phase that the Ag particles located was EPDM phase, because
nitrogen was not found, which indicated that this phase did not
contain -CN groups. So this phase was EPDM phase and
another phase was NBR phase. When the selected region in Fig-
urel(c) was amplified to specify multiple, it got Figure 1(d). It
could be seen from Figure 1(d) that CB particles were mainly
distributed in this phase. It also proved that this phase was
NBR phase. Ag particles had excellent conductivity. Adding a
small amount of silver powder simultaneously in the rubber
blend can largely reduce the electrical resistivity of the compo-
sites. CFs had large dimensions and high aspect ratios which
belonged to the two-dimensional conductive filler. For the
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Figure 3. a: TG curves of the CB/CF/EPDM/NBR composites and the CB/
CF/Ag/EPDM/NBR composites. b: DTG curves of the CB/CF/EPDM/NBR
composites and the CB/CF/Ag/EPDM/NBR composites.

rubber blend, CFs were distributed throughout the entire matrix
and might pass through several nonadjacent phases. They trans-
ported electrons over long distances, acting as bridges between
conducting phase regions. The combined effect of CB, CF, and
Ag assisted the formation of three-dimensional conductive net-
works, thereby improving the conductivity of composites. It
could be seen from the Figure 1(b) that many CB particles
aggregated on the surface of CE, which promoted the formation
of conductive path. The collaborative conductive effect of con-
ductive fillers can effectively reduce the electrical resistivity of
rubber blend. Two phases with irregular shape can be observed
in Figure 1(c). This meant that EPDM/NBR rubber blends were
incompatible. EPDM was a nonpolar rubber, whereas NBR con-
taining polar -CN groups was a polar rubber. The incompatibil-
ity of the two kinds of rubber made composites existing
obvious interface. The interphase adhesion between EPDM and
NBR was very weak.

DSC Studies of Composites

The DSC thermogram of the rubber blend loaded with CB/CF
(30/10) and CB/CF/Ag (30/10/10) was given in Figure 2. Two
separate T, values of the EPDM/NBR rubber blend can be
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Table IV. TGA Data of EPDM/NBR Blends with Different Content of
Conductive Filler

Td, 5% Td, 10% Tmax W
Sample °C) (°C) °C)  (700°C/%)?
CB/CF/EPDM/NBR 339 400 466 35.87
CBJ/CF/Ag/EPDM/NBR 345 406 468 4424

2 700°C/% was the char residue of composites at 700°C.

observed. For the CB/CF/EPDM/NBR composites, the Ty was
found to be —48.7°C, which resulted from the EPDM rubber
and the Ty, was —23.3°C which was produced by the NBR rub-
ber. For the CB/CF/Ag/EPDM/NBR composites, the Ty was
—46.1°C and the Ty, was —20.7°C. The Ty of the blends was
seldom changed with the addition of Ag. The addition of Ag
restricted the mobility of the polymer chain through crosslink-
ing and polymer-filler networking. Therefore, as indicated by
the DSC curve of the EPDM/NBR rubber blend, the EPDM/
NBR polymer blends were incompatible.

TG Studies of Composites

Thermal stability of a material is stability against degradation
on exposure to elevated temperatures in an inert environment.
Rubbers are often exposed to high temperatures during process-
ing or use. Therefore, thermal stability is among the most
important properties of rubbers for a wide range of applica-
tions. The thermal stability of rubber materials is usually
defined as the beginning temperature of decomposition of the
sample at a programmed heating rate.*>

The TG and DTG curves of the CB/CF/EPDM/NBR composites
and the CB/CF/Ag/EPDM/NBR composites were shown in Fig-
ure 3(a,b). The relative thermal stability of the samples was
evaluated by the T,;s0,, Tia100 the temperature of maximum
rate of weight loss (T.x) and the percent char residue at
700°C. These data were listed in Table IV.

It was clearly seen that the decomposition temperature at 5%
weight loss (T,s0) of CB/CF/EPDM/NBR composites was
339°C. Its TGA trace showed only one weight-loss stage. The

454 iy o

4.0 - —&— 30phrCB+CF(2)

3.5-:
30
2.5—-
20
15

logp (Qecm)

1.0
0.5 4
0.0 -

-0.5

Conductive filler contents (phr)

Figure 4. Volume resistivity against filler loading for EPDM/NBR rubber
blend loaded together with CB and CE
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Figure 5. Volume resistivity against filler loading for EPDM/NBR rubber
blend loaded together with CB, CF, and Ag.

stage was in the temperature range of 310-500°C corresponding
to a single DTG peak at 466°C (T,.x) and the weight loss was
about 64.14%. When adding a small amount of Ag in the CB/
CF/EPDM/NBR composites, the decomposition temperature at
5% weight loss (71,50, the decomposition temperature at 10%
weight loss (T,100) and the temperature of maximum rate of
weight loss (Ti..) rose slightly. This indicated that adding a
small amount of Ag had favorable influence on the thermal sta-
bility of rubber blends. It could be that Ag itself had a good
heat-resistant stability.

Effect of Conductive Filler Loading on Conductivity

The electrical resistivity of CB/CF/EPDM/NBR composites and
CB/CF/Ag/EPDM/NBR composites were represented in Figures
4 and 5. It was observed that the electrical resistivity decreased
with conductive filler loading. In our early studies, we prepared
the conductive rubber whose electrical resistivity was 0.28 Q cm
when 30 phr CB together with 10 phr CF were used to fill the
EPDM/NBR (50/50) rubber blend (Figure 4). In order to fur-
ther reduce the electrical resistivity of composites, a small
amount of silver powder was added into the composites. When
30 phr CB, 10 phr CF together with 10 phr Ag were added into
EPDM/NBR rubber blend, high conductive rubber was prepared
successfully. For this composite, the total volume fraction of fill-
ers was 15.20%, and the electrical resistivity was 0.0058 Q cm
(Figure 5). When 30 phr CB was added into rubber blend, the
continuous conductive networks had already been formed.
However, the change in conductivity with the carbon black
loading was only marginal; hence, this loading would be the
optimum choice for getting good conductivity from these com-
posites. At this time, the conductivity of the composites mainly
depended on the conductivity of filler particles rather than on
their ability to form a continuous conductive network through
aggregation. Conductive carbon fiber had good electrical con-
ductivity, large dimensions and high aspect ratios. Using carbon
black and carbon fiber simultaneously in the rubber blend, the
electrical resistivity of composites can be reduced to some
extent. As described earlier, when the CB content reached 30
phr, the CB particles formed continuous conductive networks.
The addition of CF increased the conductivity of the
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composites. The CFs transported electrons over long distances
with few barriers, whereas CB particles provided charge trans-
port over relatively short distances and produced improved
interfiber contact as a result of bridge formation.”> Additionally,
CFs were uniformly distributed in the matrix and through mul-
tiple phase zone which made CF function as bridges between
the nonadjacent conductive phases. On the basis of the afore-
mentioned details, a small amount of silver powder was added
into the rubber blend in order to prepare high conductive rub-
ber. Silver powders with laminate structure used in our studies
which belong to the two-dimensional conductive filler had
excellent conductivity. Adding a small amount of silver powders
simultaneously in the rubber blend can largely reduce the elec-
trical resistivity of the composites. In the rubber blend, the car-
bon fibers also functioned as bridges between CB particles or
silver powders. The conductive paths were increased and even-
tually built three-dimensional conductive networks. The com-
bined effects of CB, CF, and Ag can effectively reduce the
electrical resistivity so as to improve the conductivity of
composites.

CONCLUSIONS

In this study, the system of EPDM/NBR blends at a 50/50 ratio
with different content of conductive fillers was investigated. For
all EPDM/NBR rubber blends, the hardness of composites
increased while the tensile strength and elongation at break
decreased as the weight fraction of silver powder increased.
DSC analysis concluded that the EPDM/NBR rubber blends
were incompatible. SEM results showed that CB particles were
selectively distributed in the NBR phase, whereas the Ag par-
ticles were mainly located in the EPDM phase and CFs were
uniformly distributed in the matrix and through multiple phase
regions, which played a collaborative conductive effect. In addi-
tion, the TG studies showed that adding a small amount of sil-
ver powder can improve the thermal stability of composites.
When 30 phr CB, 10 phr CF together with 10 phr Ag (the total
volume fraction of fillers was 15.20%) were added into EPDM/
NBR rubber blend, high conductive rubber was prepared suc-
cessfully whose electrical resistivity was 0.0058 Q cm.
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