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Abstract
The dispersion state and aggregate structure of carbon black in polystyrene composites prepared by solvent casting
suspensions in different dispersion media, i.e., chloroform, tetrahydrofuran, and toluene, with different particle contents and
their effects on the bulk rheological properties of the composites were investigated by transmission electron microscopy,
ultrasmall-angle and small-angle X-ray scattering, and dynamic viscoelasticity measurements. The macroscopic dispersion
state of carbon black in the solvent-cast films was largely affected by the dispersion medium, reflecting the stability of the
suspension in the polystyrene solution. The mass fractal dimension of carbon black in the polymeric matrix, which was
evaluated by X-ray scattering techniques with a resolution of nanometers, tended to exhibit a higher value for the dispersion
media with less carbon black dispersibility. The surface fractal dimension of carbon black in the polymer was independent of
the dispersion medium and exhibited a lower value than carbon black powder due to physical adsorption of the polymer on
the particle surface. The viscoelastic moduli for the melt polymer composites below and above the percolation limit varied
according to the dispersion media, reflecting the difference in the macroscopic dispersion state and aggregate structure of
carbon black in polystyrene.

Introduction

Recently, a polymer composite with solid particles has
attracted attention as a promising material due to its high
mechanical strength and high functionality, and its utili-
zation has been extended to a variety of applications such
as tire materials [1, 2]. The physical properties and
functions of a polymer composite are influenced not only
by the respective constituent materials but also by the
dispersion state and aggregate structure of the particles in
the polymeric matrix. Therefore, to control the physical
properties and functions of these composites, the

structure and physical properties of a polymer composite
must be understood.

The small-angle scattering techniques of light, X-ray,
and neutrons are very powerful tools for the structural
analysis of particles dispersed in a solvent or polymer on a
nanometer scale [3, 4]. One of the advantages of small-
angle scattering techniques is that they are nondestructive,
so in situ and time-resolved measurements are applicable.
Particles such as fumed silica and carbon black (CB)
possess hierarchical structures with aggregates composed
of primary particles with sizes of a few tens of nan-
ometers. The mass and surface fractal dimensions of these
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particles have been evaluated in suspensions and polymer
composites by using small-angle scattering techniques
[5–13]. As a more advanced method, Qiu et al. [14–17],
Takenaka et al. [18], and Song et al. [19] extracted
structural information on polymer chains bound to parti-
cles in suspensions and composites by neutron small-
angle scattering with contrast variation.

To date, there have been several studies on the rheo-
logical properties and particle dispersibility of suspen-
sions [20–23] and polymer composites [24–33] with
various combinations of dispersion media and particles.
Filippone et al. [29] investigated the relationships
between structure and linear viscoelasticity for poly-
styrene (PS)/fumed silica composites with different
particle contents, and the critical particle volume frac-
tion, ϕc, for percolation was evaluated to be ∼2%. Above
ϕc, the elasticity of the space-filling network of the
particles dominates the storage modulus at a low angular
frequency. The value of ϕc varies according to the par-
ticle and its interaction with the matrix polymer [30].
Capuano et al. [31] examined the linear viscoelasticity of
a composite of poly(ethylene oxide) (PEO) and fumed
silica with respect to the difference in the dispersion state
of the particles in a polymer matrix produced by melt
compounding and freeze drying. They indicated that the
viscoelasticity was higher for the composite prepared by
freeze drying than the composite prepared by melt
compounding.

In general, a polymer composite is fabricated by
mechanical compounding at high temperatures above the
melting point of the polymer in practical use, and the
dispersion state of particles in a polymer matrix is
determined by the mechanical conditions of the com-
pounding. On the other hand, the stability of a suspen-
sion in a polymer solution acting as a dispersion medium
is controllable by various colloidal interactions such as
van der Waals interactions, steric interactions of the
adsorbed polymer, depletion interactions, etc. [34].
Different dispersion states of particles in a composite can
be easily produced by solvent casting a suspension in a
polymer solution [35].

In this study, the relationships between the dispersion
state of carbon black (CB) in PS and the rheological
properties of the melt polymer composite with CB were
examined on composite films prepared by solvent casting
suspensions in different dispersion media. The disper-
sion state and aggregate structure of CB in PS were
observed by transmission electron microscopy (TEM)
and a combination of ultrasmall-angle and small-angle
X-ray scattering (USAXS and SAXS), and the rheolo-
gical properties of the composites were investigated by
dynamic viscoelasticity measurements at a temperature
above the glass transition temperature.

Materials and methods

Materials

The CB used in this study was kindly supplied by Mitsu-
bishi Chemical Corporation, and its primary particle dia-
meter and specific surface area are 16 nm and 260 m2/g,
respectively. The matrix polymer for the composite was
atactic polystyrene with a number-averaged molecular
weight of 100 × 103 and polydispersity of 1.06, and was
purchased from Polymer Source, Inc. Chloroform, THF,
and toluene with a grade of ∞ pure from FUJIFILM Wako
Pure Chemical Corporation were used as the dispersion
media without further purification.

The CB was dispersed in each dispersion medium by
ultrasonication at 420W for 1 h using an ultrasonic dis-
persion apparatus (UH-600S of SMT Co., Ltd.), and then
was mixed with the separately prepared PS solution to make
a CB suspension in a 0.02 g/mL PS solution. This con-
centration roughly corresponds to the critical overlap con-
centration of the polymer. The added amounts of CB were
2.7 and 10% volume relative to the matrix PS. The film
specimens of the composite were prepared by solvent
casting the suspensions described above using a small
Teflon beaker and annealing at 150 °C under vacuum for
one day.

Methods

TEM observation of the CB dispersion state in a PS matrix on
a micrometer scale was carried out by a JEOL101 instrument
from JEOL Ltd. with an accelerating voltage of 80 kV at the
Ultrastructural Research Center, Mie University. The 70-nm-
thick specimens of the composite for TEM were fabricated by
microtoming the solvent-cast films using an ULTRACUT E
(Nisshin EM Co., Ltd.) with a glass knife. No additional
staining was performed for the sample specimens.

USAXS and SAXS measurements were performed on
the frontier soft-material beamline (FSBL) located at
BL03XU [36], SPring-8, Hyogo, Japan. The camera length
and wavelength, λ, of the X-ray were approximately 8 m
and 0.2 nm for USAXS and approximately 2 m and 0.1 nm
for SAXS. A PILUTUS 1M detector was used as a two-
dimensional detector. The scattering intensity was measured
by irradiating the X-ray beam along the direction perpen-
dicular to the film surface. The CB powder sample was
prepared for X-ray scattering by sandwiching sparse powder
between Kapton tape. The isotropic scattering pattern was
circularly averaged to obtain a scattering intensity, I(q),
profile as a function of the scattering vector, q, defined as
(4π/λ)sinθ, where 2θ is the scattering angle. The USAXS
and SAXS intensity profiles were combined by only scaling
the scattering intensity.
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The dynamic viscoelasticity measurements were con-
ducted on a MCR302 (Anton Paar) instrument at the
National Institute for Materials Science (NIMS), Tsukuba,
Japan. The solvent-cast films were broken into small pieces,
and then 1-mm-thick disk specimens with 8 mm ϕ were
prepared for the rheology measurements by molding the
film fragments at 170 °C under ∼200MPa for ∼10 s. A
parallel-plate with 8 mm ϕ was used, and the measurement
was conducted at 150 °C with flowing dry nitrogen gas. The
linear region at low strain was confirmed by strain sweep
measurements at a low angular frequency, ω, of 0.01 rad/s.
The ω dependence of the storage, G′, and loss, G″, moduli
was measured in a range of ω from 0.01 to 100 rad/s at a
constant strain of 0.1%, which corresponds to the linear
viscoelastic region.

Results and discussion

The TEM images for solvent-cast films of PS composites
with 2.7 vol% of CB from suspensions in different dis-
persion media are shown in Fig. 1. The dark regions in
these images correspond to CB dispersed in the brighter
regions of PS. CB is darker because the electron density
of CB is higher than that of the matrix PS. Among the
three dispersion media used here, CB was most uni-
formly dispersed in the composite prepared using THF.
CB aggregates with relatively large sizes formed in the
composites created from chloroform and toluene sus-
pensions, and most of the added CB was localized in the
lower part of the solvent-cast films. It should also be
noted that the amount of CB in the composites from
chloroform and toluene appeared to more than that from
THF in the TEM images reflecting the suspension sta-
bility. The TEM images of the composites with 10 vol%
CB content are not shown here, because the CB amount
in the lower part of the films was too large to identify
differences in the aggregate structure of CB produced by
the dispersion medium. Bergin et al. [37] evaluated the
dispersibility of single-walled carbon nanotubes in a
range of dispersion media using the Hansen solubility
parameter. The square of the Hildebrand solubility
parameter, δT, is equalized to the sum of the squares of

dispersive, δd, polar, δp, and hydrogen bonding, δh,
solubility parameters.

δ2T¼δ2dþδ2pþδ2h ð1Þ

The solubility of a polymer or dispersibility of particles can
be quantitatively evaluated by the distance in the Hansen
space between the points of the polymer or particles (A) and
the solvent (B),

RA;B¼ fðδd;A�δd;BÞ2þðδp;A�δp;BÞ2þðδh;A�δh;BÞ2g1=2
ð2Þ

Generally, polymer solubility or particle dispersibility is
higher for a solvent with a lower RA,B. The Hansen
solubility parameters, δd, δp, and δh, for all components [38],
and RA,B between PS or CB and the solvent calculated
according to Eq. 2, are summarized in Table 1. It was found
that the value of RPS is the highest for THF among the three
solvents, implying that the solubility of PS is the lowest in
THF; PS tends to adsorb physically on CB in a THF
suspension. The RCB value is the lowest for THF, implying
that its CB dispersibility is the highest among the three
media. Thus, CB is expected to be most uniformly dispersed
in the composite solvent cast from the THF suspension,
since the CB dispersibility in the solvent is high and the
physically adsorbed PS on CB prevents CB particles from
flocculating in THF. The saturated adsorption amount of PS
on CB in THF was evaluated to be ∼0.09 g/g by a
gravitational method and was the larger than that of the
other two: ∼0.05 g/g for both chloroform and toluene. In the
other two dispersion media, CB dispersibility is low, and
CB particles easily flocculate and settle in an early stage of
solvent casting. The dispersion state of CB in the polymer
reflects the suspension stability in the dispersion medium.

Figure 2 shows the combined USAXS and SAXS
intensity profile, I(q), for CB powder as a function of q. The
I(q) profile had a deflection point at ∼0.2 nm−1 in q, which
corresponds to the size of the CB primary particle. The
USAXS and SAXS profiles for the CB powder, which was
sparsely sandwiched between Kapton tape, were well
combined by simply adjusting a factor in the scattering
intensities. Koga et al. [11] quantitatively analyzed the

Fig. 1 TEM images of PS
composites with 2.7 vol% CB
prepared by solvent casting
suspensions in a chloroform,
b THF, and c toluene. The
length of the white bar in each
image corresponds to 5 μm

Dispersion of carbon black and polymer composite rheology 277



aggregate structure of CB in rubber by using combined
ultrasmall-angle and small-angle X-ray and neutron scat-
tering techniques. The I(q) profiles were analyzed by using
a unified equation of Beaucage [11, 39]

I qð Þ ¼ A exp �q2R2=3
� �

q�Dm þ G exp �q2R2=3
� �

þB erf qR=61=2
� �h i3 6�Dsð Þ

q� 6�Dsð Þ ð3Þ

where R, Dm, and Ds are the lower cutoff length of the mass
fractal structure, and the mass and surface fractal dimen-
sions, respectively, and A, G, and B are proportional
constants for each term in the equation. In principle, these
proportional constants also reflect structural information.
However, they were not utilized for the structural analysis
in this study because the scattering intensity was not
calibrated to an absolute scale. The solid line in the figure is
the fitted curve using Eq. 3. The low q upturn of the
scattering intensities could be attributed to larger agglom-
erates of CB powder. The values of R, Dm, and Ds for
the CB powder were evaluated to be 10.05±0.12 nm,
2.437±0.043, and 2.651±0.014, respectively. The value of R

estimated by X-ray scattering was slightly lower than the
primary particle diameter, 16 nm.

The I(q) profiles for the PS composites with the addition
of 2.7 and 10 vol% CB solvent-cast from suspensions in
different dispersion media, i.e., chloroform, THF, and
toluene, are shown in Figs 3 and 4, respectively. Each
profile in the figures is shifted vertically for clarity. The
USAXS and SAXS profiles for all the composites were well
combined by simply adjusting a factor in the scattering
intensities, as the CB powder shown above was. All the I(q)
profiles represented almost the same q dependence irre-
spective of the dispersion medium. There is a deflection
point of ∼0.2 nm−1 in q, and the scattering intensities are
scaled with q to the power of ∼−2 and ∼−3.7 below and
above the deflection point, respectively. The scattering data
for the composite films were analyzed by fitting with Eq. 3
and assuming that the heterogeneous dispersion of CB in
the solvent-cast films along the depth direction, as observed
in TEM images, does not affect the results since the het-
erogeneous distribution of CB could be averaged out in the
scattering volume. The values of the structural parameters
R, Dm, and Ds, evaluated using Eq. 3 are tabulated in
Table 2. The size of the CB primary particle was evaluated
to be 10–11 nm for the composites with 2.7 and 10 vol%
CB, and this size is almost the same as that estimated for the
CB powder. The R value of CB in toluene or rubber eval-
uated by Koga et al. [11] was higher than that of a primary
particle and corresponded to the aggregates composed of
nine primary particles. The Dm value for all the composites
was lower than that for the CB powder; CB was well-
dispersed by ultrasonication in the suspension. The Dm

value for the composites prepared using toluene was higher
than that using chloroform irrespective of the CB content,
but the difference in Dm between 2.7 and 10 vol% CB was

Table 1 The Hansen solubility parameters for the dispersive, polar and
hydrogen-bonding components and the distance in the Hansen space
between the points representing the solvent and PS or CB

Materials δd
(MPa1/2)

δp
(MPa1/2)

δh
(MPa1/2)

δT
(MPa1/2)

RPS
(MPa1/2)

RCB
(MPa1/2)

PS 18.5 4.5 2.9 19.3 – –

CB 21.1 12.3 11.3 26.9 – –

Chloroform 17.8 3.1 5.7 18.9 3.2 11.3

THF 16.8 5.7 8.0 19.5 5.5 8.5

Toluene 18.0 1.4 2.0 18.2 3.3 14.7

Fig. 2 The combined USAXS and SAXS intensity profile for neat CB
powder as a function of q. The solid line is the calculated profile using
a unified Beaucage equation

Fig. 3 The combined USAXS and SAXS intensity profile for PS
composites with 2.7 vol% CB content solvent cast from suspensions in
chloroform, THF, and toluene
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relatively large in the composites prepared using THF. A
dispersion medium with a higher RCB, which implies lower
CB dispersibility in suspension, could lead to CB aggre-
gates with a higher Dm value. However, the Ds value was
independent of the dispersion medium, but a higher CB
content exhibited a higher Ds value. The Ds values eval-
uated for the composites were clearly lower than those for
the CB powder. This could be ascribed to the effects of
physical adsorption of the polymer on the CB surface.

Figure 5a, b show the ω dependence of G′ and G″,
respectively, at 150 °C for the composites with 2.7 vol% CB
content prepared using different dispersion media for a ω
range from 0.01 to 100 rad/s. The viscoelastic moduli of the
composites with 2.7 vol% CB exhibited almost the same
frequency dependence irrespective of the dispersion med-
ium used for preparing the suspension. The moduli of
matrix PS without CB prepared by the same procedure used
for the composites followed typical Maxwellian behavior,
in which G′ and G″ scale with ω2 and ω1, respectively, in a
low ω region. The elastic moduli of the composites had a

slightly weaker ω dependence than that of PS in the low ω
region, implying that the CB content is still below the cri-
tical value of the percolation limit, while their loss moduli
had almost the same dependence on ω as that of PS.
Unfortunately, an absolute comparison of the composite
modulus with that of PS is not possible with the data
obtained here since the composite moduli were almost equal
to or lower than that of PS. These data are not shown here.
It has been reported that the viscoelastic moduli of com-
posites of PS or poly(ethylene oxide) with fumed silica are
higher than that of the neat polymer and that these values
increase with increasing silica content over the whole range
of angular frequencies [31]. This discrepancy could be
attributed to the heterogeneous dispersion of CB in the
composite film produced by the solvent-casting method
adopted in this study. As shown above, TEM observations
revealed that CB was heterogeneously distributed in the
lower part of the solvent-cast films. In this study, no further
annealing of the rheological-measurement disk specimens

Fig. 4 The combined USAXS and SAXS intensity profile for the PS
composites with 10 vol% CB content prepared using different dis-
persion media

Table 2 The structural parameters of CB dispersed in PS using
different dispersion media

2.7 vol% R (nm) Dm Ds

Chloroform 10.59 ± 0.04 1.993 ± 0.003 2.279 ± 0.004

THF 10.43 ± 0.05 2.117 ± 0.003 2.262 ± 0.004

Toluene 10.50 ± 0.03 2.049 ± 0.002 2.284 ± 0.003

10 vol% R (nm) Dm Ds

Chloroform 10.55 ± 0.03 1.969 ± 0.003 2.333 ± 0.002

THF 10.85 ± 0.02 1.880 ± 0.003 2.363 ± 0.001

Toluene 10.71 ± 0.03 2.117 ± 0.002 2.355 ± 0.002
Fig. 5 The angular frequency dependence of a storage and b loss
moduli of the PS composites with 2.7 vol% CB prepared using
chloroform, THF, and toluene as the dispersion medium for the
suspension

Dispersion of carbon black and polymer composite rheology 279



was conducted after molding at 170 °C, and the time evo-
lution of the modulus was not confirmed to investigate the
inherent effects of the CB dispersion state produced by the
difference in dispersion media. This heterogeneous disper-
sion of CB in the composite films may result in the dif-
ference between the composites and pure PS without
heterogeneity. Thus, we believe that a comparison of the
viscoelasticity among the composites could be meaningful
and may reflect the difference in the aggregate structure as
well as the dispersion state of CB. The modulus for the
composite prepared from toluene was the highest and that of
the composite prepared from THF was the lowest with the
same CB content. The rheological results for the composites
with 10 vol% CB are shown in Fig. 6. Both viscoelastic
moduli were higher than those for the composites with
lower CB content. The frequency dependence of G′ was
much weaker than that expected from Maxwellian behavior,

implying that the CB content exceeds the percolation limit.
For the composites with 10 vol% CB content, the viscoe-
lasticity also varied according to the dispersion medium, as
observed for the lower CB content. Zhao et al. reported that
the shape, connectivity, and structural openness of particles
affect the viscoelastic properties of a polymer composite
[40]. The viscoelasticity of a polymer composite is largely
influenced by the macroscopic dispersion state and aggre-
gate structure of CB induced by the dispersion medium.

Conclusion

The dispersion state and aggregate structure of CB in PS
composites prepared by solvent casting suspensions in dif-
ferent dispersion media were investigated using TEM and
small-angle X-ray scattering techniques. The macroscopic
dispersion state of CB in the polymer was affected by the
dispersion medium used for the sample preparation,
reflecting the suspension stability. CB was more or less
heterogeneously distributed in the solvent-cast films along
the depth direction. The mass fractal dimension of CB in the
composite films, which was evaluated by small-angle X-ray
scattering with a spatial resolution of nanometers, tended to
exhibit a higher value for a dispersion medium with less CB
dispersibility. The surface fractal dimension of CB in the
composites was lower than that of the CB powder due to the
effect of physical adsorption of the polymer on the CB
surface. Furthermore, the viscoelastic moduli of the melt
polymer composites below and above the percolation limit
varied with the dispersion medium, reflecting the difference
in the macroscopic dispersion state and aggregate structure
of CB in polystyrene.
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