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ABSTRACT: Emulsion-polymerized poly(styrene-rand-
butyl acrylate) (St–BA) copolymers exhibit damping capabil-
ities over a wide temperature range with changes in the
monomer ratio. Blending copolymers of different composi-
tions results in a multidamping peak, further widening the
effective damping temperature range. Adding carbon black
(CB) reduces the peak damping intensity but enhances
damping at higher temperatures. The addition of dodecyl
benzene sulfonic acid to an St–BA/CB aqueous dispersion

improves the dispersion of CB in the polymer, reducing the
percolation threshold and improving the conductivity while
slightly affecting the mechanical behavior. The electrical
properties of the St–BA/CB system are affected by the copol-
ymer composition, influencing the polymer surface tension.
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INTRODUCTION

Most geometric structures, from the world’s largest
bridges and aircraft to the smallest printed circuits
in a computer, experience vibratory motions. These
undesired vibrations waste energy and create noise.
Therefore, vibration control is an important engi-
neering challenge. Passive damping is the main
method for controlling the vibrations in a structure;
it refers to a structure’s ability to dampen its own
oscillations. The damping of vibrations in metal
sheets can be achieved through the construction of
metal sheet laminates, which contain a core layer of
a viscoelastic material and exhibit an energy loss
within the desired temperature and frequency
ranges. In certain applications, the laminates are
required to also be electrically conductive.

Polymers, because of their viscoelastic properties,
are generally suitable for vibration-damping applica-
tions. When polymers are externally vibrated at the
proper temperature and frequency, molecular vibra-
tional energy is converted into heat. Usually, homo-
polymers possess efficient damping in a temperature

range of only 20–30�C around their glass-transition
temperature (Tg);

1 however, desired damping mate-
rials should exhibit a wider temperature range.2

Using copolymerization is one of the conventional
ways of broadening the Tg range. The dynamic me-
chanical properties of random copolymers are
strongly influenced by the characteristics of the
monomers as well as the copolymer composition
and its heterogeneity.3,4

The properties of filled polymers are determined
by the properties of the components, the morphol-
ogy of the system, the shape of the filler phase, and
the nature of the polymer/filler interface. Rigid fill-
ers make a polymer stiffer, and this is reflected in an
increase in the storage modulus of the material and,
in most cases, in a decrease in the damping. How-
ever, in some cases, the damping peak is increased
with the addition of filler particles because of parti-
cle–particle or particle–polymer friction.5,6 Fillers
have a larger effect on the modulus above Tg than
below it because of the larger modulus ratio of the
components when the polymer is in the rubbery
state in comparison with the rigid filler.7 If the poly-
mer binds to the filler, the molecular motion of the
polymer is restricted, and the Tg value of the portion
of the polymer in the vicinity of the filler may
increase. This effect changes with the distance from
the filler particle surface. The total effect is to
broaden the transition and raise its peak tempera-
ture. The effect should increase with the filler con-
tent and surface area.8 In the case of phase-separated
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polymers, the filler may be located in either phase,
in both, or at their interface.9

The electrical conductivity of polymer composites
containing conductive fillers is based on the princi-
ples of percolation. Carbon black (CB) filled poly-
mers have been extensively studied and used when
moderate conductivity is required.10,11 Recent stud-
ies have focused on reducing the CB content while
maintaining relatively high conductivity, processabil-
ity, and desired mechanical properties. This can be
achieved in several ways, such as the addition of CB
to immiscible polymer blends or two-phase block
copolymers.12,13 The preferential location of the CB
within one of the phases or at their interface reduces
the percolation content and increases the conductiv-
ity.14,15 Another way of reducing the percolation
threshold is blending the CB into an aqueous poly-
mer latex.16

Grunlan and coworkers17–19 compared the electri-
cal conductivity of a CB-containing poly(vinyl ace-
tate) latex and a poly(N-vinylpyrrolidone) aqueous
solution as composite starting materials. A dramatic
difference between the percolation threshold values
was obtained: 2.5 vol % for the latex and 15 vol %
for the latter. When polymer latex composites
undergo drying, the CB particles are located in a
nonrandom manner, creating a connected network
at very low filler contents. During the composite la-
tex drying period, a sample goes through the follow-
ing sequence of stages. Initially, the water suspends
the latex particles and the filler particles in a random
arrangement. After water evaporation, the filler is
forced into the interstitial spaces between the latex
particles. Finally, the latex particles coalesce, forming
a continuous phase, and this allows the conductive
filler to percolate through the system.

The main goal of this research was to investigate
the vibrational damping abilities and electrical con-
ductivity of CB-filled poly(styrene-rand-butyl acry-
late) (St–BA) copolymers. Furthermore, we sought
ways to reduce the percolation threshold and
increase the efficient damping temperature range.

EXPERIMENTAL

St–BA copolymers, prepared by emulsion polymer-
ization, were supplied by BG Polymers (Beit-Gour-
ing, Israel) as emulsions containing 50 wt % solids.
Four copolymers were used, differing in their sty-
rene/butyl acrylate (BA) ratios (30/70, 50/50, 70/30,
and 90/10).

The CB used in this project was Ketjenblack EC-
600, an electrically conductive CB available from
Akzo Noble, Inc. (Amsterdam, The Netherlands).
The highly branched, high-surface-area CB structure
allows it to form continuous networks, which result

in enhanced electrical conductivity at low CB
contents.
Before the polymer was blended with CB, the

desired amount of CB was dispersed in water contain-
ing a small amount of a dispersant [dodecyl benzene
sulfonic acid (DBSA)]. To well disperse the CB, ultra-
sonication was used. The so-prepared water/CB dis-
persion was added to a desired amount of the copoly-
mer emulsion and then well blended. The emulsion
was then destabilized, and the solids (copolymer/CB)
were separated from the aqueous medium and dried
in vacuo. The dry blends were compression-molded at
70–90�C, forming 3-mm-thick plaques. Samples were
cut from the plaques for characterization.
To quantify the effect of DBSA on the dispersion of

CB in water, a burette with a scale was used. First,
water with different amounts of DBSA and CB was
mixed with ultrasonication, and this resulted in homo-
geneous dispersions. Then, the mixtures were placed
in the burette, and the height of the black color, indi-
cating the stability of the dispersion, was followed.
Room-temperature direct-current resistance meas-

urements were carried out. The conductivity was
measured through the thickness for samples (2 � 2
cm2) cut from the compression-molded plaques. Sil-
ver paint was applied to minimize contact resistance
between the sample and electrodes. The conductivity
was measured with a Keithley Multimeter 2000
(Cleveland, OH); a constant direct-current voltage
(10 V) was applied.
A Mettler–Toledo (Columbia, OH) DSC821 differ-

ential scanning calorimeter was employed to study
the thermal behavior of all blends. Samples of
approximately 6–9 mg were placed in a standard
aluminum crucible and heated under an inert nitro-
gen atmosphere at a rate of 10�C/min from �100 to
150�C (first run) to erase the thermal history. The
samples were then cooled and reheated (second run)
at the same rate and in the same temperature range.
The blend’s dynamic mechanical behavior in the

bending-shear, single-cantilever mode was investi-
gated with a Rheometrics MK3 dynamic mechanical
thermal analyzer (Ithaca, NY). Samples (3 � 0.5 �
0.3 cm3) were subjected to a sinusoidal bending
strain at a frequency of 1 Hz while being heated at a
rate of 3�C/min. The dynamic mechanical thermal
analysis (DMTA) measurements provided the mate-
rial’s storage modulus, loss modulus, and internal
friction [damping factor (tan d)] as functions of the
temperature and frequency.

RESULTS AND DISCUSSION

The suitability of an St–BA copolymer containing CB
as a vibration-damping material was studied
through an examination of the electrical and
dynamic mechanical properties of St–BA filled with
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CB. The advantages of mixing the conducting par-
ticles with the polymer particles dispersed in an
aqueous medium over mixing the conducting par-
ticles in the molten polymer matrix were examined.

The first step in the preparation of the St–BA/CB
blends was to uniformly disperse the CB in the
aqueous latex. Table I depicts the effect of the pres-
ence of DBSA on the CB dispersion in water. When
the CB was dispersed in water without DBSA, sedi-
mentation was observed after a very short time. The
addition of DBSA to the water/CB dispersion clearly
improved the homogeneity and stability of the dis-
persion; CB sedimentation was not observed even
after a week. Slight instability appeared after a week
in the samples with low DBSA contents and high CB
contents. This improvement was observed also with
the naked eye; the blend without DBSA appeared
heterogeneous, containing relatively large black
agglomerates, whereas the black blends with DBSA
appeared homogeneous.

DBSA provided quite efficient breakup of the CB
agglomerates during composite mixing. The effect of
DBSA on conductivity was examined with the poly-
mer containing 50% BA. The conductivity of the St–
BA/CB blends was measured for blends with differ-
ent CB/DBSA ratios (see Fig. 1). The percolation
threshold was affected by the presence of the dis-
persant. In blends containing equal amounts of
DBSA and CB, a drastic change in resistivity
appeared with the lowest CB content. As the DBSA
content decreased, the percolation threshold in-
creased. The percolation threshold changed from
about 1.2 to 2.2 phr CB for samples containing 1 : 1
CB/DBSA and no DBSA, respectively. The final re-
sistivity was also influenced by DBSA, albeit to a
lesser extent. The presence of DBSA reduced the re-
sistivity at 6 phr CB, and as the DBSA content
increased, the resistivity at 6 phr CB decreased. The
sample containing 1 : 0.5 CB/DBSA exhibited un-
usual behavior: its resistivity at 6 phr CB was lower
than that of the 1 : 1 CB: DBSA sample.

These results are in disagreement with the results
of Grunlan et al.20 They used poly(vinyl acetate)

latex as a matrix starting material and alkanol ammo-
nium salt of a poly(carboxylic acid) as a dispersing
aide added during composite mixing. They found
that the percolation threshold increased and the final
conductivity slightly decreased with an increasing
amount of the dispersing agent. The researchers
claimed that the reason for this behavior was the
decrease in the CB aggregate size and the prevention
of reagglomeration during drying. The dispersing
agents used presently and by Grunlan et al. help to
disperse CB particles in a similar manner; breaking
up CB agglomerates and stabilizing their dispersion
in water. There are two competing mechanisms with
respect to the effect of a dispersant on conductivity.
The good dispersion of CB particles in the initial
stages of sample preparation promotes efficient con-
ductive path creation and, therefore, is important for
reducing the percolation threshold. On the other
hand, the long dispersing agent molecules, adsorbed
onto the CB particles, interfere with the electronic
conductivity. The reason for the difference between
the results obtained in the two studies could be the
dispersant molecule length; DBSA has significantly

TABLE I
Normalized Black Height for Different Mixtures of Water, CB, and DBSA at Several Times

CB
content (%)

DBSA
content (%)

Black height (normalized)

Initial 15 min 30 min 45 min 60 min 75 min 1 week

0.13 0 1 0.47 0.38 0.35 0.32 0.32 0.29
0.25 0 1 0.94 0.82 0.78 0.75 0.72 0.63
0.13 0.1 1 1 1 1 1 1 1
0.25 0.1 1 1 1 1 1 1 0.95
0.13 0.2 1 1 1 1 1 1 1
0.25 0.2 1 1 1 1 1 1 1

The data for this table were taken from a private communication from M. Narkis that was based on a project carried
out by R. Rahman, H. Shitrit, and Y. Saar (Department of Chemical Engineering, Technion) in 2007.

Figure 1 Effect of DBSA on the conductivity of the St–BA
copolymer (50% BA).
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fewer carbon atoms in its backbone than the poly
(carboxylic acid) salt. There might be an optimal
number of backbone carbon atoms for a dispersant
that minimizes its negative effect on conductivity.

The effect of the copolymer composition on con-
ductivity was studied. Figure 2 shows a substantial
effect of the composition on the percolation thresh-
old and on the conductivity level. The copolymer
containing 10% BA had the lowest percolation
threshold (�0.5 phr CB) and the lowest resistivity at
6 phr CB. As the content of BA in the copolymer
increased, the percolation threshold increased, and
the resistivity at 6 phr CB increased as well. This
may have been a result of the surface properties of
the CB and polymer. Better wetting of the CB by
the polymer, due to similar surface tensions,
could improve the CB dispersion within the matrix.
Polystyrene (PS) has greater surface tension (39.3
dyn/cm) than poly(butyl acrylate) (33.7 dyn/cm).
Figure 3 shows qualitatively the percolation thresh-
old versus the copolymer composition. It is clear that
as the PS content increased, the threshold decreased.

Dispersing the CB within a polymer latex resulted
in systems with low percolation thresholds. The sys-
tem based on the copolymer containing 10% BA
exhibited a percolation threshold of just 0.5 phr CB.
Blending the conducting CB particles with polymer
emulsion particles decreased the resistivity of the
polymer with a high BA content. The CB particles
were located in the interstices between the polymer
particles and created a stable continuous network.

Figure 4 depicts the Tg values of copolymers
(without CB) of various compositions as measured
by differential scanning calorimetry (DSC) and
DMTA (tan d). A single glass transition was

detected; this is characteristic of random copolymers.
The Tg values of the copolymer were between those
of the homopolymers as a function of the ratio of
the two monomers, as expected for random copoly-
mers. The Tg values were compared to values calcu-
lated with the Fox equation. The Tg values measured
by DMTA were higher than the calculated ones. The
deviation of the experimental values from the calcu-
lated ones increased with the BA content in the co-
polymer. The Fox equation calculates the Tg values
of random copolymers only by the proportion of the
monomers in the polymerization; it does not con-
sider the nature of the homopolymers and the

Figure 3 Effect of the PS content on the percolation
threshold.

Figure 4 Effect of the St–BA copolymer composition on Tg

as measured by DSC and DMTA (tan d) and calculated with
the Fox equation. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 2 Effect of the St–BA composition on the conduc-
tivity (1 : 1 CB/DBSA).
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interaction between the components in the random
copolymer. The Tg values measured by DSC were in
good agreement with the calculated ones, which
were based on the Tg values of the respective homo-
polymers. When comparing the DMTA and DSC Tg

values, we found that the transition temperature
measured by DMTA was, as expected, always higher
than the DSC Tg.

The presence of CB altered the copolymer’s transi-
tion temperature, as shown in Figure 5. For all four
studied compositions, Tg increased with the content
of CB increasing, albeit to a small extent. The influ-
ence of CB on Tg indicated some kind of interaction
between the CB particles and the polymer. When the
polymer segments were bound to the rigid CB par-
ticles, the molecular motion was restricted in the vi-
cinity of the particles, so Tg rose. When the BA
monomer content was greater in the copolymer
(which resulted in greater interaction with CB), the
phenomenon of Tg rising with the content of CB
increasing was more significant.

Figure 5 Influence of CB on the Tg values of St–BA copolymers measured by DSC: (a) 10, (b) 30, (c) 50, and (d) 70% BA.

Figure 6 Effect of the addition of CB on tan d of the St–
BA copolymer containing 50% BA. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 6 demonstrates the effect of CB on the
dynamic mechanical properties. Interestingly, the
damping levels of the St–BA copolymers were
extremely high (beyond tan d ¼ 2.2). The damping
temperature range was approximately 25–40�C. The
addition of CB reduced the damping peak, but still,
even with the highest content of CB studied, the
damping levels were beyond tan d ¼ 1, which may
be sufficient for practical damping. The damping
temperature range hardly changed with increasing
CB content. Interestingly, upon the addition of CB,
damping increased at temperatures beyond Tg.
Hence, the copolymer became a better vibration-
damping material, damping within a wider tempera-
ture range. The reason for the high damping level
above Tg could be CB particle–particle friction. As
expected, the damping decreased with increasing CB
content.

The influence of DBSA on the St–BA copolymer
was examined with a 50% BA copolymer with 6 phr
CB with different concentrations of DBSA. It was
found (not shown) that the influence of DBSA on
the dynamic mechanical properties of the St–BA co-
polymer was insignificant.

A blend of two copolymers of different composi-
tions was investigated. A copolymer with 30% BA
was blended with a copolymer containing 10% BA.
Equal amounts of the two copolymer emulsions
were mechanically mixed without any additives.
The tan d peak of the blended sample (see Fig. 7) is
composed of two peaks and, therefore, is wider and
spread over the temperature range of the two peaks

of its constituents. From a technical damping point
of view, the wide tan d peak is advantageous. It
means a wide range of temperatures in which the
polymer is capable of vibration damping. Even
though the tan d peak is lower than the two original
peaks, the peak height is still above 0.3 for a wide
temperature range of approximately 60�C, in con-
trast to approximately 25–40�C for the single copoly-
mer samples. Thus, the damping temperature range
can be varied through changes in the compositions
of the blended emulsion polymers.

CONCLUSIONS

Blending CB with St–BA polymer emulsions signifi-
cantly reduced the percolation threshold. The incor-
poration of CB within the emulsions was carried out
with the help of a dispersant (DBSA). DBSA further
decreased the percolation threshold because of the
better CB dispersion that it provided. On the other
hand, the small amount of added DBSA did not
influence the dynamic mechanical properties of the
St–BA random copolymer. The composition of the
random copolymer had a strong effect both on
the electrical conductivity and on Tg. As the content
of BA in the copolymer increased, the percolation
threshold increased. The damping levels of the St–
BA copolymers were extremely high, whereas the
damping range was quite wide (25–40�C). Through
the blending of two St–BA copolymers of different
compositions, the damping range could become
much wider. The addition of CB reduced the damp-
ing, but the tan d peaks were still significantly high
even at the highest CB content studied.
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