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This work aims to clarify the mechanism of nanoparticle-induced co-continuity in immiscible polymer
blends. An industrially relevant system, carbon black (CB)-filled acrylonitrile-butadiene-styrene (ABS)/
polyamide 6 (PAG6) blends, is investigated via scanning electron microscopy, selective extraction tests,
dynamic mechanical analysis, and electrical conductivity measurements. The CB particles are found to be
preferentially localized in the PA6 phase, and with an increase in CB loading (®cg), the critical volume
fraction of PAG6 (®pag) that is essential for building the co-continuous structure decreases. The product of
®pps and Pcp, n, remains constant for the given system, suggesting that there exists an intrinsic coop-
erative effect between the CB and the CB-localized polymer phase. A further decrease in ®@pag is achieved
either by loading CB with a higher self-networking capability or by isothermal post-treatments for
sufficient self-agglomeration of the CB clusters. It is demonstrated that, under the direction of CB self-
networking, the CB-localized polymer domains tend to fuse together into co-continuous organization
with little phase coarsening. Therefore, CB self-assembly not only plays a key role in extending phase co-
continuity over a much larger composition range but also acts on stabilizing the co-continuous polymer
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domains during the melt processing.
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1. Introduction

The performance of polymer blends is determined not only by
the properties of the component polymers, but also by the
morphology formed [1—4]. Generally, one polymer is dispersed in
another polymer, and the blend forms a sea-island microstructure.
As the content of the minor component increases to a critical value,
the morphology of polymer blends changes into a co-continuous
structure. In recent years, much effort has been devoted to polymer
blends with a co-continuous structure due to their substantially
improved properties, including elastic modulus, heat resistance,
and electrical and thermal conductivity [5—8]. The remaining
challenge is how to reduce the critical content of the minor poly-
mer and how to minimize and stabilize the co-continuous polymer
domains during the melt processing.

The addition of nanoparticles into immiscible polymer blends
has been found effective in extending phase co-continuity over
a much larger composition range [8—14]. Gubbels et al. [15] care-
fully studied the morphology and electrical properties of carbon
black (CB)-filled polystyrene (PS)/polyethylene (PE) blends. They
found that CB was selectively located in the PE phase, and by adding
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4 wt% of CB, the critical PE concentration for maintaining the co-
continuous structure was reduced abruptly from 40 wt% to 10 wt%.
Li and Shimizu [16] revealed that adding a small amount of nano-
clay changes the morphology of polyamide 6 (PAG)/poly(phenylene
oxide) (PPO) blends from a sea-island structure to a co-continuous
structure. Similar effects were also reported for immiscible polymer
blends filled with carbon nanotube [17] or nano-sized silica [18,19].

At present, the underlying mechanism of nanoparticle-induced
co-continuity is unclear. According to Paul and Barlow [20], the
condition for phase inversion from a sea-island structure to a co-
continuous one is expressed as

D1/ = m/m (1)

where ®; and 7; is the volume fraction and melt viscosity of
component i, respectively. That is, an increase in the volume frac-
tion or a decrease in the viscosity of the minor polymer would
enhance its continuity in the matrix. The nanoparticle's selective
location will indeed give additional volume to the minor polymer.
However, in the case of the CB-filled PS/PE system [15], the CB
loading is too low (about 4 wt%) to reduce the phase inversion point
of PE from 40% to 10 wt%. Furthermore, the selective location of CB
will inevitably increase the PE melt viscosity, which will in turn
conversely degenerate the co-continuity of the polymer blends
according to Eq. (1).
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A good interfacial compatibility between the immiscible poly-
mers may broaden the composition range of co-continuity [1]. Lin
et al. [21] demonstrated that nanoparticles could behave like
surfactants. Furthermore, Ginzburg [22] and He et al. [23] recently
carried out thermodynamic calculations to determine the influence
of nanoparticles on the miscibility of homopolymers blends. Both
studies found that by decreasing nanoparticle size, a phase-sepa-
rating system becomes thermodynamically miscible. It should be
noted that the nanoparticles used as a compatibilizer in these
studies have been carefully modified in order to endow almost the
same affinity to both polymers, so that these nanoparticles are
preferentially localized at the interface between the immiscible
polymers [8]. However, this is not the general case. At least, little
evidence supports the improvement of the interfacial compatibility
between two immiscible polymers by the aggregated CB clusters.

The most convincing argument at present is that CB increases the
viscosity of the CB-localized phase, therefore slowing down the
phase coalescence and coarsening process [8,15,17]. It is true that
the addition of nanoparticles can reduce the domain size. Further-
more, with an increase in nanoparticle loading, the coarsening of
the polymer domains can be suppressed effectively despite a long
period of thermal post-treatments above the melting temperature.
This leads to a delay in the coarsening-driven break-up of the co-
continuous structure. However, new evidence revealed in this work
shows an opposite tendency, that is, the degree of co-continuity of
the CB-filled immiscible polymer blends increases with an increase
in annealing time and temperature. The annealing-induced
enhancement of co-continuity is unusual since phase coalescence
and coarsening in a binary system are thermodynamically driven by
the requirement of minimizing the interfacial free energy.

This work aims to clarify quantitatively the relation between CB
loading and the critical concentration of the minor polymer for
building the co-continuity, as well as to further elucidate the
mechanism of CB-induced co-continuity in immiscible polymer
blends. An industrially relevant system, CB-filled acrylonitrile-
butadiene-styrene (ABS)/PA6 blends, was studied. ABS consists of
a butadiene rubber dispersed in a matrix of styrene-acrylonitrile
copolymer, and is generally noted for its excellent toughness,
dimensional stability, and relatively low cost. A substantial
improvement in the stiffness and heat resistance of ABS/PA6 can be
achieved only when the minor PA6 phase is continuous [24]. CB
was incorporated not only to serve as a conductive additive but also
to act as a modifier to mediate the co-continuity of the ABS/PA6
blends.

2. Experimental section
2.1. Raw materials and sample preparation

ABS (HI-140, LG Chemical) and PA6 (CM 1017, Toray) were used in
this study. Two kinds of CB, Vulcan XC-72R (Vxc-72R, Cabot) and
N326 (Cabot), with different aggregate structures (as listed in Table 1)
were selected. ABS/PA6 blends with different compositions were
compounded with CB by Haake Rheomixer (Rheotress 600, Haake) at
240 °C and 100 rpm for 10 min. Before mixing, all the resins and CB
were dried in a vacuum oven at 80 °C for at least 12 h. The mixtures
were compression-molded into sheets with a thickness of about
1.0 mm at 240 °C for 10 min under a pressure of 10 MPa.

2.2. Characterization

Morphology observation was carried out via scanning electron
microscope (SEM) (JSM-6360, JEOL) at an accelerating voltage of
15 kV. The specimens were fractured in liquid nitrogen. The fracture
surface was then etched using one of the following two methods.

Table 1

Characteristics of CB-filled in polymer blends and the parameter n.
Polymer Blends Carbon black n

Grade name Diameter N, Surface DBP adsorption
(nm) Area (m?/g) number (ml/100 g)

ABS/PA6 N326 30 80 72 98.7
NR/PE? Seast 300 28 86 120 65.6
ABS/PA6 Vxc-72R 30 254 178 45.1
PMMA/PEb VGCF 200 12.5 L/D =50 18.2
PS/PE® Printex XE-2 35 1000 420 9.1

2 Natural rubber (NR)/PE, data from Ref. [26].
b poly(methyl methacrylate) (PMMA)/PE, data from Ref. [25].
¢ PS/PE, data from Ref. [15].

For the ABS/PA6 blend without CB, formic acid was used as an
etching agent to dissolve the PA6 phase; for the CB-filled
composite, the surface was etched with tetrahydrofuran (THF) to
dissolve the ABS phase. The etched surface was then coated with
gold for SEM observation. For polarizing optical microscope (POM,
Nikon) observation, thin films about 10 um in thickness were
obtained by compression-molding the mixture at 240 °C for 5 min.

The three-dimensional (3D) co-continuity of the ABS/PA6/CB
mixtures in bulk was measured by selective extraction tests. The
samples were cut into 10 x 10 x 1 mm?> sheets and were placed in
THF for 3 days at room temperature to extract the ABS phase. As
long as the extraction left the sample compact (no fragmentation
into smaller pieces), PA6 was considered 100% continuous. In
contrast, when the sample fell apart, PA6 continuity was estimated
as the weight fraction of the large compact piece of PA6 after
extraction over the total weight of PAG6 added to the blend.

Dynamic mechanical analysis (DMA) was performed using
Rheogel-E-4000 (UBM, Japan) in a stretching mode in order to
precisely determine the continuity of PA6 in the ABS matrix. The
dynamic storage and loss modulus were measured at a frequency of
10 Hz and a heating rate of 5 °C/min in a temperature range from
0 °C to 250 °C.

CB network formation in the polymer phase was investigated by
electrical resistivity measurements. Experiments were carried out
in the perpendicular direction of the molded sheets using a Keith-
ley 6487 picoammeter equipped with a direct current voltage
source. Silver paste was used to ensure good contact of the sample
surface with the copper electrodes. No observable deviation from
the four-terminal measurements was found. Thus, DC resistivity in
this work was measured using a two-terminal technique. The
measurements were carried out at room temperature after stabi-
lizing for 2 min in order to obtain a stationary value.

3. Results and discussion
3.1. Morphology observation

Fig. 1 shows the POM and SEM photographs of the ABS/PA6
blend (80/20, in wt/wt) and its CB-filled composite. The ABS/PA6
blend without CB (Fig. 1a and a’) shows typical sea-island
morphology, in which PA6 domains several micrometers in size are
dispersed in the ABS matrix. PA6 domains were selectively
extracted by formic acid in Fig. 1a’. Fig. 1b and b’ show the
morphology of the ABS/PA6 blend containing 2 phr (per hundred of
resin) CB. The dispersed PA6 domains turn black (Fig. 1b), and CB is
selectively located in the PA6 phase (Fig. 1b’). The addition of 2 phr
CB makes the PA6 domains stick together to some extent in Fig. 1b
as compared to that in Fig. 1a.

Fig. 2a and b show the morphology of the ABS/PA6 blend (80/20)
filled with 15 phr CB. The ABS matrix was selectively extracted by
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Fig. 1. POM and SEM images of the ABS/PA6 (80/20) blends prepared without CB (a and a’) and with 2 phr CB (b and b’). CB is selectively located in PA6 domains as shown by the

dashed circle.

THF to clarify the morphology. The sample was observed to have
kept its shape even when the ABS matrix was completely dissolved
during the extraction process, indicating the formation of self-
supported continuous PA6 networks in the ABS matrix. The SEM
micrograph at a higher magnification (Fig. 2b) displays the
continuous structure of the PA6 phase clearly. Note that CB-local-
ized in the PA6 phase may be covered by PA6 chains during the
selective extraction. With an increasing CB content, more and more
separate PA6 domains fuse together, and the morphology of the
ABS/PA6 blend (80/20) is finally transformed from a sea-island
structure into a co-continuous one. A similar transition was also
observed in CB-filled ABS/PA6 blends with PA6 content as high as
40 wt% (Fig. 3).

3.2. Degree of co-continuity

Fig. 4 shows the influence of CB loading on the continuity
fraction of the PA6 phase for composites with proportions of ABS
and PA6 at 60/40, 70/30, and 80/20. Note that these values are
estimated by the selective extraction tests. With an increasing CB
loading, the continuity fraction of the PA6 phase increases gradu-
ally from 0 to 1, demonstrating that the dispersed PA6 domains fuse
together to form a completely continuous phase in the ABS matrix.
This change should originate from the selective location of CB in the
PA6 domains. On the other hand, a higher CB loading is required if
the PA6 content is lower. As shown in Fig. 4, for the ABS/PA6 blend
with a 60/40 composition, only 2 phr CB is needed to form

Fig. 2. SEM micrographs of the ABS/PA6 blends (80/20) filled with 15 phr CB. ABS was selectively extracted by THF. (a)x400; (b)x10,000.
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Fig. 3. SEM micrographs of the ABS/PA6 blends (60/40) prepared (a) without CB; PA6 was extracted by formic acid; (b) 7.5 phr CB, ABS was extracted by THF.

a continuous PA6 phase, while for 80/20, the CB content increases
to more than 10 phr.

3.3. Dynamic mechanical analysis

To precisely check the continuity of the PA6 phase in the ABS
matrix, DMA was carried out for the ABS, PA6, ABS/PA6 blends, and
their composites containing various amounts of CB. Fig. 5 shows the
temperature dependence of the storage modulus, E’, for ABS, PA6,
and their composites filled with 10 phr CB. Obviously, the E’ for PA6
at room temperature is higher than that for ABS. With an increasing
temperature, several transitions can be observed. A slight decrease
in E’ at about 50 °C corresponds to the glass transition temperature,
T,, of PAG, while the large decrease in E’ at about 106 °C and 220 °C
corresponds to Ty of ABS and melting temperature, Ty, of PAG,
respectively. The addition of 10 phr CB does not cause a remarkable
change in E’ for ABS and PAG6.

Due to its high stiffness and heat resistance, PA6 was com-
pounded with ABS to enhance the comprehensive properties.
However, as shown in Fig. 6, even the content of PA6 is increased up
to 40 wt%, the E’ for the ABS/PAG6 blend is almost the same as that
for pure ABS in the whole temperature range, indicating that the
PA6 domains are separated in the ABS matrix. This is in agreement
with SEM observation and selective extraction tests.

A significant change occurs when the ABS/PA6 blend is filled
with CB. As shown in Fig. 6a, with the addition of only 2 phr CB,
a relatively high E’ remains until the melting temperature of PAG is

reached (about 220 °C), suggesting that the sample should be self-
supporting in the high-temperature region. This should be ascribed
to the continuity of the PA6 domains in the ABS matrix via the
incorporation of 2 phr CB. Although the ABS matrix is very soft and
starts to flow in the high-temperature region, the three-dimen-
sional (3D) continuous PA6 phase serves as a mechanical scaffold
until it melts above 220 °C. This is consistent with the extraction
results shown in Fig. 4. From Fig. 63, one can also observe that with
the increase in CB loadings, the E’ in the high-temperature region
increases. The reinforcement should come from either the high
strength or the high density of the PA6 networks due to the
selective location of more CB particles in PA6 domains.

DMA measurements were systematically carried out for the CB-
filled ABS/PA6 blends with various PA6 concentrations. Although
the E’ in the high-temperature range decreases with decreasing
PA6 content (see Fig. 6b), the morphology transition from a sea-
island structure to a co-continuous one is still distinguishable. The
transition for ABS/PA6 blends with proportions of 70/30, 80/20, and
90/10 occurs when the CB loading is 3 phr, 5 phr, and 7.5 phr,
respectively. It should be noted that these values are lower than
those roughly estimated by the selective extraction test because the
latter approach cannot detect the weak and brittle PA6 networks.

3.4. A comparison of electrical properties with the DMA results

Fig. 7 shows the dependence of electrical resistivity on the CB
loading for the ABS, PA6, and ABS/PA6 blend systems. There is
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Fig. 4. Dependence of the PA6 continuity fraction on the CB loading with ABS/PA6 at
different proportions.

Fig. 5. Temperature dependence of storage modulus for ABS, PA6, and their compos-
ites filled with 10 phr CB.
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Fig. 6. Temperature dependence of the storage modulus for ABS/PA6 blends containing various amounts of CB. The composition of ABS/PA6 is (a) 60/40; (b) 80/20.

a critical CB loading, called percolation concentration, for each
system where the first 3D continuous CB network is built
throughout the polymer matrix, and the resistivity of the material
begins to decrease abruptly. The percolation concentration in pure
ABS and PA6 matrix is observed at 8 phr and 25 phr, respectively.
Remarkable improvement in the electrical conductivity of the ABS/
CB composites was achieved by adding PA6. As shown in Fig. 7a and
b, critical CB loading decreases with the increase in PA6 content.
When 40 wt% PA6 is blended with ABS, the percolation concen-
tration can be greatly reduced to 2 phr.

From Fig. 7, the electrical percolation concentration of CB for ABS/
PA6 blends with proportions of 90/10, 80/20, 70/30, and 60/40 is
7.5 phr, 4.8 phr, 3.1 phr, and 2 phr, respectively. These values are
almost the same as the critical CB loading determined by DMA, at
which a mechanical scaffold (which is the continuity of the PA6
phase) forms in the ABS matrix. Since the CB particles are selectively
localized in the PA6 domains, the continuity of the PA6 phase is
essential for maintaining a conductive network through the
composites. It is the double percolation effect that causes the
remarkable improvement of electrical conductivity for the ABS/CB
composites with addition of PA6. The comparison of electrical prop-
erties with the DMA results lets us notice that: (1) measurements of
electrical conductivity are effective in checking the co-continuity of
the CB-filled immiscible polymer blends; (2) the CB network
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formation within the PA6 phase may be a prerequisite for driving the
minor PA6 phase to fuse together into a continuous structure.

3.5. Correlation of CB loading with critical volume fraction of PA6

Fig. 8 shows a reciprocal plot of PA6 content on critical CB
loading for CB (Vxc-72R)-filled ABS/PA6 blends. In the figure, the
critical volume fraction of CB, ®cg, which is the lowest concentra-
tion for maintaining the co-continuity of the ABS/PA6 blend at
a given volume fraction of PA6, ®pag, was determined from the DMA
results. It is observed for the first time that the CB-filled system
gives a linear plot of ®pag vs. 1/@cp. There exists a quantitative
relation between ®cg and ®Pppg as follows:

QDCB X (DPAG =n (2)

where the parameter n remains constant for the given system.
For comparison, another kind of CB (N326) with a different
aggregate structure was mixed with the ABS/PA6 blend, and the
results are also shown in Fig. 8. Note that all these specimens
were prepared under the same procedure and conditions as
mentioned above. A linear plot is also obtained though the
parameter n increases to a higher value.
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Fig. 7. Resistivity versus CB loadings for (a) the ABS, PA6, ABS/PA6 (60/40), and (b) ABS/PA6 (70/30, 80/20, 90/10) blends.
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Fig. 8. Reciprocal plots of critical volume fraction of PA6 versus CB loading for CB-filled
ABS/PAG6 blends.

To confirm the new finding, the reciprocal plots were also per-
formed by rearranging the data previously published by other
authors [15,25,26]. In all of those works, PE was the minor phase
and the carbon particles were selectively located in the PE phase,
despite the fact that the species of carbon particles and matrix
polymer were different and were compounded by different
conditions. Since the critical loading of carbon particles for elec-
trical percolation has been verified to be almost the same as that
from the DMA results, the electrical percolation concentration was
used here as ®¢g. As shown in Fig. 9, a family of linear plots between
®pg and 1/Pcp is observed. Furthermore, all of the linear plots can
be extended to the origin of coordinates, suggesting that there
exists an intrinsic cooperative effect between the carbon particle
and the carbon-localized polymer phase.

The influence of CB structure on the parameter n in various
polymer blend systems is summarized in Table 1. Note that all CB
particles have a diameter of about 30 nm. The DBP (n-dibutyl
phthalate) adsorption number, v, is a parameter often used for
characterizing the CB aggregate structure [27—29]. The vapor-
grown carbon fiber (VGCF) listed in Table 1 is a nano-filament,
which can be regarded as a CB cluster linearly aggregated with an
aspect ratio of about 50 [30]. From Table 1, we find that n
decreases with an increase in v, irrespective of the variety of blend
systems. A lower n value means a stronger CB effect on con-
structing the CB-located polymer's network. Therefore, at a given
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Fig. 9. Reciprocal plots of critical volume fraction of PE versus CB loading for various
carbon-filled polymer blends.

CB loading, a lower critical volume fraction of the polymer is
required by incorporating CB with a higher v.

Much has been reported [27] that the percolation concentration

in the CB-filled polymer composites depends on v. In a single
polymer matrix, Janzen equation [28] has been found adequate to
predict the percolation concentration, ¢.:
1 2
o3
where C is the coordination number of nearest neighbors in
a specific lattice, p the CB density. Eq. (3) shows a decrease of ¢
with an increase in v. This is reasonable because CB with a high v
exhibits a strong self-agglomeration capability to form a CB
network in a polymer matrix. Our experimental results listed in
Table 1, that is, n decreases with an increase in v, clearly demon-
strates that the self-networking of CB plays a dominant role in the
construction of the co-continuous structure in immiscible polymer
blends. A relatively low n of the VGCF-filled system can be ascribed
to the nano-filament nature of VGCF, which owns a high aspect
ratio and favors to form the conductive networks [31].

Cpv (3)

3.6. Effect of thermal treatment

Our previous studies [31—33] revealed that CB particles are
capable of self-assembly in polymer matrices, which can be
described in at least two aspects: (1) dynamic percolation and (2)
preferential adsorption of polymer chains leading to the selective
localization of CB in the polymer blends. CB has a strong tendency
to agglomerate in a self-similarity pattern and form 3D conductive
networks throughout a matrix. Dynamic percolation occurs [32,33]
when the mixture is annealed at temperatures higher than the
melting point of the matrix, accompanied by an abrupt reduction of
electrical resistivity at a critical annealing time. The percolation
time in a single polymer matrix decreases with increasing the
annealing temperature. If the continuity of the PA6 phase is driven
by the self-networking of CB particles, then the co-continuity in
ABS/PA6 blends should be enhanced by annealing at high
temperatures.

The effect of thermal treatment on the co-continuity of ABS/PA6
(90/10) filled with 5 phr CB (Vxc-72) was investigated by DMA
measurements. As shown in Fig. 10, the storage modulus for the as-
produced specimen (hot-pressed at 240 °C for 10 min) drops
abruptly and breaks near the T, of ABS. However, for the specimen
that further experienced thermal treatment at 310 °C for 30 min
(protected by nitrogen gas), the break point extends to the melting
temperature of PA6 at 220 °C, suggesting the existence of contin-
uous PA6 networks through the ABS matrix. This result clearly
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Fig. 10. Temperature dependence of storage modulus for the ABS/PA6/CB (90/10/5)
composite.



G. Wu et al. / Polymer 51 (2010) 2077—2083 2083

demonstrated that thermal annealing could give rise to the phase
transformation from a sea-island structure to a co-continuous one.
Considering that the PAG6 chains are preferentially adsorbed on the
carbon surface, the annealing-induced enhancement of the co-
continuity should arise from the CB self-assembly (i.e., self-
networking of the PA6-surrounding CB clusters).

Phase coalescence and coarsening generally take place during
the thermal treatment of binary polymer melts due to the
requirement of minimizing interfacial free energy. The anneal-
ing-induced enhancement of co-continuity in the CB-filled
polymer blends appears contrary to the thermodynamic expec-
tation. A reasonable explanation is that the dispersed PA6
domains tend to fuse together in order to minimize the interface
area; however, the coarsening of the domain size is greatly sup-
pressed because all of the fused PA6 domains participate in the
co-continuous organization under the driving force of the CB self-
networking among the PA6 domains. We indeed observed the
little change in PA6 domain size for the ABS/PA6 composites
highly filled with CB during the thermal annealing. Actually, this
phenomenon has already been noticed by Gubbels et al. [15].
They observed a large reduction in the specific interface area of
the CB-filled PS/PE blends, while the average size of the phases
remains constant with an increasing annealing time. Therefore,
CB self-assembly not only plays a key role in extending phase co-
continuity over a much larger composition range but also acts on
stabilizing the co-continuous polymer domains during the melt
processing.

4. Conclusions

Effect of CB on the morphology of ABS/PA6 blends was studied.
It was found that CB particles were selectively located in the PA6
phase. The addition of CB leads to a phase transition from a sea-
island structure to a co-continuous one. With an increase in CB
loading (®¢p), the PA6 content (®Ppag) required for the formation of
the co-continuous structure decreases. Further experimental
results verified that the formation of co-continuity in the immis-
cible blends was driven by an intrinsic cooperation effect between
the CB and the CB-localized PA6 phase. The self-networking of CB
plays a key role in extending the phase co-continuity over a much
larger composition range.

There exists a quantitative relation between ®cg and ®pp6. The
product of @pag and Pcp, n, remains constant for a given system, and
decreases with an increase in the DBP adsorption number of CB.
This relation appears universal for nanoparticle-filled immiscible
polymer blends and may be practically used as guide for designing
and controlling their co-continuous morphologies.

The CB self-assembly induced co-continuous structure could
significantly improve the mechanical properties of ABS/PA6 blends
in the high-temperature range, providing an important approach to
fabricate a polymer blend with a desired heat resistance. Mean-

while, due to the heterogeneous distribution of CB and the double
percolation effect, the electrical percolation concentration
decreased remarkably. Therefore, CB can be regarded as a conduc-
tive filler and as a modifier to mediate the morphology of immis-
cible polymer blends in order to endow composites with multiple
high performances.
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