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ABSTRACT: A novel process was developed to prepare
electrically conducting maleic anhydride grafted polypro-
pylene (gPP)/expanded graphite (EG) nanocomposites by
solution intercalation. The conducting percolation threshold
at room temperature (®_.) of the nanocomposites was 0.67
vol %, much lower than that of the conventional conducting
composites prepared by melt mixing (®. = 2.96 vol %).
When the EG content was 3.90 vol %, the electrical conduc-
tivity (o) of the former reached 2.49 X 10~% S/cm, whereas
the o of the latter was only 6.85 X 10~° S/cm. The TEM,
SEM, and optical microscopy observations confirmed that
the significant decrease of ®. and the striking increase of o

might be attributable to the formation of an EG/gPP con-
ducting multiple network in the nanocomposites, involving
the network composed of particles with a large surface-to-
volume ratio and several hundred micrometers in size, and
the networks composed of the boards or sheets of graphite
with high width-to-thickness ratio and particles of fine mi-
croscale or nanoscale sizes. © 2003 Wiley Periodicals, Inc. ] Appl
Polym Sci 88: 1864-1869, 2003
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INTRODUCTION

Electrically conductive polymer composites are of spe-
cial interest in the realm of functional materials. Ad-
dition of diverse conducting fillers such as carbon
black,'? graphite,®> and metal fiber or powder* into
thermoplastic polymers (TP) through melt mixing is
an effective approach to fabricate the composites. Be-
cause greater amounts of the fillers, generally >15 wt
%,” were required for the host polymer to become
conductive, which resulted in both poor processability
and bad mechanical properties, the application of
these conventional composites was largely restricted.

Because the nylon 6/layered silicate (LS) nanocom-
posites were first prepared by intercalation polymer-
ization in 1987, the research and applications of TP /LS
nanocomposites have made striking progress, and
have offered new insight and an innovative route in
the preparation of highly conductive composites with
excellent integrative properties. In the meantime, the
techniques of graphite intercalation compound (GIC)
developed very quickly,® providing a favorable
premise for the research and advancement of TP/
graphite conducting composites. Recently, Pan et al.”
prepared nylon 6/expanded graphite (EG) conducting
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nanocomposites by intercalation polymerization,
which had a percolation threshold (®.) of 0.75 vol %
and an electrical conductivity (o) of 107*S/cm at 2.0
vol % EG. This showed the tremendous potential and
value of TP/EG conducting nanocomposites.

In view of the successful preparation of TP/LS
nanocomposites by solution or melt intercalation, we
attempted in this study to prepare maleic anhydride
grafted polypropylene (gPP)/EG conducting nano-
composites by solution intercalation, in contrast to the
conducting composites prepared by normal melt mix-
ing.

EXPERIMENTAL
Materials

The graphite used in this study was an expandable
graphite (LX-2053) with an average diameter of 300
pm and an expanded volume of 250 mL/g, supplied
from Baoding Lianxing Carbide Company (China).
The maleic anhydride grafted polypropylene with a
grafted ratio of 0.7-0.8 wt % and a melt index of 12
g/10 min was supplied from Nanjing Julong Chemical
Company (China).

Sample preparation

The expandable graphite was placed in an oven at
950°C for rapid expansion and exfoliation to obtain
the expanded graphite (EG).
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Melt mixing (MM) method

The mixtures of gPP and EG were put into a mixing
chamber of a Haake System-40 torque rheometer
(Haake Buchler Co., USA) and mixed at 190°C and 30
rpm for 8 min, followed by compression molding at
190°C and 5 MPa for 2 min, with a YX-50 press (Shang-
hai Weili Rubber & Plastics Machine Co., China) to
obtain plates with dimensions of 100 X 100 X 2 mm?.

Solution intercalation (SI) method

The EG was dispersed in xylene to prepare a suspend-
ing dispersion with certain EG content. The gPP was
dissolved in xylene by heating to a backflow temper-
ature of xylene (about 130°C). The EG suspending
dispersion was added drop by drop into the gPP so-
lution at the backflow state. After a backflow of 1.5 h,
on cessation of heating, a portion of xylene was ex-
tracted under vacuum during the cooling process.
When the temperature decreased to about 70°C, the
resultant mixture was precipitated by adding acetone,
and then filtered and dried under vacuum. The result-
ing loose powder was pressed under the same condi-
tions to obtain plates of the same size as in the MM
method.

Measurement of electrical conductivity

The volume conductivity (o) of the plate samples was
measured at room temperature by a ZC36 high-resis-
tance meter (Shanghai Precise Instrument & Meter
Co., China) when the o was less than 107®S/cm, or by
a DT9025 numeric multimeter (Shenzhen Zhongjia In-
strument & Meter Co., China) when the o was greater
than 10~® S/cm. In the latter case, pieces of copper foil
fastened with a conducting paste were used as the
electrodes.

TEM observation

A transmission electron microscope (JEM-100CX II,
Kyoto, Japan) was used to observe the microstructure
of the composites prepared by solution intercalation.
Ultrathin samples were obtained by microtoming the
frozen plates using an LKB ultramicrotome (LKB Ul-
trascan XL, Bromma, Sweden), equipped with a freez-
ing chamber.

SEM observation

Two scanning electron microscopes (Hitachi X-650
and Philips XL-30, Japan) were used to observe the
morphology of EG and gPP/EG composites prepared
by the MM and SI methods. The plate samples were
freeze-fractured, and the fractured surfaces were
etched with xylene vapor and then sputtered with
gold.
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Figure 1 Electrical conductivity (o) versus volume fraction
of expanded graphite (f,) for gPP/EG composites prepared
by two methods: melt mixing (A); solution intercalation (H);
solution intercalation, repeated experiment (@).

Optical microscopy (om) observation

An optical microscope (Leitz Diaplan, Wetzlar, Ger-
many) was used to observe the dispersed morphology
of EG particles in the composites prepared by the two
methods. Thin samples (1 mm thickness) were ob-
tained by slicing the plates along the direction of
thickness using a microtome. During observation, re-
flected polarizing light was used and the contrast ratio
of visual field was adjusted by regulating the rotation
angle of the polarizing prism to gain clear pictures,
which were recorded by a microcomputer numeric
picture-processing system.

RESULTS AND DISCUSSION
Conductibility

Figure 1 represents the volume conductivity (o) of
gPP/EG composites, prepared by the MM and SI meth-
ods, as a function of EG volume fraction (f,). The f, was
calculated from the EG weight fraction, and the solid
densities of EG and gPP were taken as 2.26° and 0.92
g/cm’, respectively. The percolation threshold (®.) of
the composites prepared by the SI and MM methods
were 0.67 and 2.96 vol %, respectively, and the ®_ of the
former was less than a quarter that of the latter. When
the EG content was 3.90 vol %, the o of the Sl-prepared
composite was 2.49 X 10~° S/cm, which was 6 orders of
magnitude higher than that of the MM-prepared com-
posite (o = 6.85 X 10~ S/cm). Moreover, the percola-
tion region width of the SI-prepared composite ranged
from 0.67 to 3.90 vol % EG, which was remarkably
broader than that of the MM-prepared composite (f,
= 2.96-4.83 vol % EG). It is also worth noting that the o
f,, relation of the composites prepared by solution inter-
calation showed good repeatability.

Morphology and internal microstructure

The expandable graphite used was a kind of graphite
intercalation compound (GIC), fabricated from natural
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Figure 2 SEM micrographs of expanded graphite showing (a) particle shape and (b) microstructure. Magnifications and

scales: (a) X40, 750 um; (b) X2.0K, 15 um.

flaky graphite (NFG) through chemical oxidation in
the presence of concentrated sulfuric acid and nitric
acid. The NFG is composed of layered, but compactly
fastened nanosheets of graphite and is itself a good
conductor, with ¢ = 10* S/cm.? The GIC differs from
the NFG and is itself a nanocomposite, containing
intercalating agents and characterized by increased
interplanar spacing. The EG obtained by rapid heating
of the GIC had much greater interplanar spacing than
that of GIC, and thus emerged in a loose and porous
vermicular shape [Fig. 2(a)]. Its structure is basically
parallel boards and sheets, which deform and collapse
in an irregular pattern'® and then form a networklike
structure with many pores of varied sizes, ranging
from nanoscale to microscale [Fig. 2(b)]. Thus, the
galleries between the nanosheets of EG and pores in
the EG network provide a larger space and can be
easily intercalated by suitable monomers, catalysts,
and even macromolecules.

Figure 3 shows the TEM photographs of the
gPP/EG (1.99 vol %) composite prepared by solution
intercalation, taken from different sites of the same
ultrathin sample. The TEM observations were repeat-
able and representative. The black lines and the white
domains are referred to as the exfoliated graphite
sheets and the ¢gPP matrix, respectively. Apparently,
the graphite nanosheets with high aspect (width-to-

Figure 3 TEM micrographs of gPP/EG (1.99 vol %) nano-
composite prepared by solution intercalation, taken from
different sites of the same ultrathin sample.

thickness) ratio paralleled each other and possibly
along different directions, and they had a thickness of
about 10 nm and an interlayer spacing of about 30 nm.
The microstructure formed here is similar to that ob-
served by Pan et al.” in nylon 6/EG conducting nano-
composites prepared by intercalation polymerization.
This indicates that the TP/EG conducting nanocom-
posites can be prepared not only by intercalation po-
lymerization but also by solution intercalation.

Figure 4 shows the SEM photographs of gPP/EG
(1.99 vol %) composites prepared by the two methods.
It can be seen by comparison of Figure 4(a), (b) with
Figure 2(b) that the internal structure of EG in the
nanocomposite prepared by the SI method was
roughly identical to that of the original EG (i.e., they
both emerged in a network structure), but the pore
size and the board thickness in the former were larger
and thinner than those in the latter, respectively. This
suggests that, although EG itself cannot bear a net
charge because of its loose, porous and breakable fea-
tures, it becomes solid after intercalating the gPP in it
and then can basically maintain its original network
structure during compression molding. Moreover, be-
cause the intercalation of gPP can promote the delami-
nation and exfoliation of graphite boards and sheets as
well as enlarge the space between them, the EG/gPP
network formed had a larger size and finer structure
than those of the original EG network, characterized
by a greater aspect ratio of the sheets and boards.
However, pronounced changes in the internal struc-
ture of EG took place in the composite prepared by the
MM method [Fig. 4(c)]. The boards and sheets of
graphite were severely bent and bundled and both the
interplanar space and the pore sizes obviously dimin-
ished. This means that the original EG network was
largely destroyed under stress because of the absence
of gPP.

Figure 5 shows the OM photographs of gPP/EG
(1.99 vol %) composites prepared by the two methods.
It can be seen that the two preparation methods led to
very different morphologies of the EG dispersed
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Figure 4 SEM micrographs of gPP/EG (1.99 vol %) composites prepared by solution intercalation (a, b) and melt mixing (c).
Magnifications and scales: (a) X1.0K, 30 um; (b) X1.0K, 2 um; (c) X1.0K, 30 um.

phase in the composites. In the nanocomposite [Fig.
5(a), (b)], the EG particles were characterized by a very
large surface-to-volume ratio because of the presence

Figure 5 OM photographs of gPP/EG (1.99 vol %) com-
posites prepared by solution intercalation (a, b) and melt
mixing (c, d), showing the morphological differences of the
dispersed phase of EG.

of ¢PP, such that they can abut and contact each other
and then form a network. Contrarily, in the normal
composite [Fig. 5(c), (d)], the EG particles with a small
surface-to-volume ratio existed in the form of rela-
tively isolated “islands” because of the absence of gPP
and the breakable nature of EG itself.

The TEM, SEM, and OM observations mentioned
earlier revealed the differences in the morphology and
internal microstructure of the ¢gPP/EG composites
prepared by two methods from different structure
levels. It can be concluded that the nanocomposites
prepared by solution intercalation had an EG/gPP
multiple network structure, which was composed of
the particles, the boards or sheets, and the nanosheets
with different scales. On the contrary, there was no
such multiple network existing in the normal compos-
ites prepared by melt mixing. This can be attributed to
the fact that during solution intercalation, the gPP
molecules can more sufficiently intercalate the pores
and galleries of EG through the solvation effect of
xylene, the physical absorption of EG pores, and the
polar interaction between the MAH groups of gPP and
the -OH and -COOH groups on the EG sheets (result-
ing from chemical oxidation during the preparation of
the GIC and EG'?), driven by the solution flow at the
boiling state and the extraction under vacuum. More-
over, as the intercalation process proceeded, the
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Figure 6 Structural model of gPP/EG (1.0-2.96 vol %)
composites prepared by solution intercalation (a) and melt
mixing (b), showing the formation of conducting paths.

graphite boards and sheets might be further delami-
nated and exfoliated, which would allow more gPP
molecules to intercalate and enlarge the space between
them. Thus, the intercalated gPP can support, im-
prove, and solidify the formed EG/gPP network, thus
preventing the network from destruction under stress.
Compared with the case mentioned above, the gPP
molecules that entangled each other in the highly vis-
cous melt cannot intercalate the spacing between the
sheets of EG under shear stress or compression; at
most, they can infiltrate only the larger pores of EG.
Consequently, the original EG network was destroyed
to a large extent under the stress.

Formation of conducting paths

The electrically conducting mechanism of polymer
composites is associated with two questions: (1) how
to form the conducting paths and (2) how to conduct
after the formation of the paths. Concerning the sec-
ond question, several theories exist, such as contact
conducting, the tunneling effect, dieletric breakdown,
and field emission. It is generally believed that con-
ductibility depends on their combined effect and
could be summarized by the general statement that
the microscopic migration of electrons might have
several mechanisms. With regard to the first question,
there are, for example, the percolation theory,'* the
effective medium theory,'® the microstructure theo-
ry,'* and the thermodynamic theory.'® These theories
all relate to the dispersed morphology and internal
microstructure of conducting fillers in polymer matri-
ces, which depend on geometrical, thermodynamic,
and dynamic factors such as the nature of filler and
polymer, formulation, preparation methods, and pro-
cessing conditions. Hence, the formation mechanism
of conducting paths is related to the fact that the
conducting filler particles with different morphologies
and internal microstructures can form the paths by
distinct ways or patterns.

For the gPP/EG conducting composites investi-
gated in this study, according to their o—f, relations as
shown in Figure 1, the percolation theory can be in-
troduced to focus on the formation mechanism of
conducting paths. As for the composites with lower
EG contents (f, = 1.0-2.96 vol %), the model illus-
trated in Figure 6 can be used to interpret it.

SHEN, CHEN, AND HUANG

For the nanocomposites prepared by solution inter-
calation [Fig. 6(a)], the EG particles with a large sur-
face-to-volume ratio can abut or contact and then form
a conducting path network at lower EG contents, re-
sulting from the intercalation of ¢gPP into them and
thus forming EG/gPP nanoscale and microscale net-
works, which protect the EG particles from destruc-
tion during compression. Therefore, the percolation
threshold (®,) of the nanocomposites was remarkably
low. Moreover, given that the formation of the EG/
PP multiple network including the particle network
was a process of gradual development with the in-
crease of EG contents, the percolation region was ac-
tually wider.

As to the normal composites prepared by melt mix-
ing [Fig. 6(b)], the EG particles were broken up during
processing and their sizes and the surface-to-volume
ratios decreased drastically. Consequently, only at
higher EG contents can they abut or contact and form
the conducting paths; thus the ®_ of the composites
was quite high. Simultaneously, the formation of the
conducting paths composed of small and compacted
EG particles must occur in a narrow range of EG
contents, so the percolation region was relatively nar-
row.

CONCLUSIONS

A new process was developed to prepare the gPP/EG
electrically conductive nanocomposites by solution in-
tercalation. In contrast with the conventional compos-
ites prepared by melt mixing, the percolation thresh-
old (®.) of the nanocomposite (®, = 0.67 vol %) was
less than a quarter that of the normal composites (P,
= 2.96 vol %), and when the EG content was 3.90 vol
%, the electrical conductivity (o) of the former (o
= 249 X 107° S/cm) was 6 orders of magnitude
higher than that of the latter (¢ = 6.85 X 107° S/cm).
The TEM, SEM, and OM observations confirmed that
an EG/gPP multiple network structure was formed in
the nanocomposites, including the network composed
of the particles with large surface-to-volume ratio and
several hundred micrometers in size, and the net-
works composed of the boards or sheets of graphite
with high width-to-thickness ratio and particles of fine
microscale or nanoscale sizes. Only the multiple net-
work played a deciding role in the great improvement
of electrical conductivity of the nanocomposites.
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