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Abstract In this work, highly electrically and thermally con-
ductive biopolymer composites were prepared by low-
temperature expandable graphite (EG) filling Poly(L-lactic
acid) (PLLA) via an in situ exfoliation melt blending process.
The electrical conductivity of the composites with various
graphite contents was measured by a four-point probe resis-
tivity determiner and a high value of 0.37 S/cm was obtained
at 70 wt.% EG content. A hot-disk method was used to eval-
uate the thermal conductivity of the composites. At EG load-
ing fraction of 70%, thermal conductivity of PLLA/EG com-
posites reached to the highest 26.87 W/mK, which is 100
times higher than neat PLLA. The electrical percolation was
observed in the vicinity of the thermal percolation threshold
concentration. The expansion of EG was crucial to the overall
conductivity of the blends, which was confirmed by X-ray
diffraction (XRD) analysis and scanning electron microscope
(SEM). Dynamic rheology analysis was applied to study the
structural change by the interconnection of the exfoliated
graphite flakes and the formation of the networks in the
blends. Thermogravimetric analysis (TGA) was employed to
determine the thermal properties of the investigated PLLA/EG
composites.
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Introduction

Recently, conductive polymeric composites which can be
prepared by filling a polymer matrix with conductive fillers
such as graphite, carbon black, graphene, carbon nano-
tubes, metal powers, etc. have been attracted a consider-
able research interest due to their superior properties such
as highly electrical and thermal conductivity, good pro-
cessing ability, weight advantage, low lost, and excellent
resistance to corrosive environment [1–7]. Conductive
polymer composites have a wide variety of industrial ap-
plication such as positive temperature coefficient mate-
rials, corrosion-resistant materials, electromagnetic
shielding, antistatic media, heat exchangers as well as en-
vironmentally sensitive membranes [4, 8–10].

Carbonaceous fillers appear to be the best promising fillers
which are incorporated into polymers to improve the thermal
and electrical conduction ability of the matrices.
Carbonaceous fillers, like carbon fiber (CF) [11–13], carbon
black (CB) [14, 15], graphite [16–18], and carbon nanotube
[19, 20]; have ubiquitous advantages, such as light weight,
intrinsic high conductivity, and most importantly cost-
effective [6]. In recent years, many researchers have conduct-
ed to the processing of conductive polymer composites with
graphitic fillers. Fina et al. [21] introduced graphite into im-
miscible polyvinylidene fluoride/maleated polypropylene
blends to illustrate the current–voltage behavior of the com-
posites and reached the conclusion that the composites with
double-percolation structure showed enhanced conductivity
compared with single-polymer composites containing the
same graphite content. Nagata et al. [17] applied the percola-
tion theory to investigate the influence of graphite shape and
size on the electrical conductive properties of the blends which
were obtained by incorporating polyethylene (PE) with both
plate-like and spherical graphite.
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Graphite, a naturally abundant material which consists of a
layered structure with a c-axis lattice constant of 0.66 nm [17],
is the most widely used conductive filler for the polymeric
composites that maintain excellent corrosion resistance and
hold highly electrical and thermal conductivity. The stacks
of graphite flakes, known as graphene, are weakly bonded to
each other by van der waals forces, which makes the interca-
lation of inserting agents possible [22, 23]. The superior prop-
erties such as excellent conductivity (106 S/m at ambient tem-
perature [24]), generated from the natural graphite flakes,
make graphite widely used in thermal and electrical manage-
ment systems. Since there are no reactive ion groups on the
graphite layers, the natural graphite must undergo the chemi-
cal intercalation to allow the polymer chains entering into the
layers [25]. Graphite intercalation compound, known as ex-
pandable graphite (EG), can be rapidly expanded, to some
extent, hundreds of times over its initial volume to form a
wormlike morphology when subject to high temperature.
Therefore, EG is widely used as a conductive additive in poly-
meric composites because of its intumescent property. The
schematic illustrating the preparation of expanded graphite
from natural graphite is shown in Fig. 1.

Generally, rather high fraction of the conductive filler within
the polymers is needed to impart the resultant composites rel-
atively high conductivity. The improvement in the electrical
conductive abilities of the polymer composites increasing with
an incremental fraction of conductive filler is observed in most
composite systems. High stacking density of conductive filler
within the matrices and then the formation of conductive net-
works lead to a significant increasement in electrical conduc-
tivity, which is explained by the percolation transition [26, 27].
However, the exfoliation of expandable graphite makes it easier
to build 3 D-conductive networks that drastically increase the
conductive properties of EG-containing blends, which demon-
strates that markedly lower content of EG is able to reach the

percolation threshold of conductivity in the EG-containing
composites. Expanded graphite has a much higher volume ex-
pansion ratio than that of common graphite and exhibits a lay-
ered structure like layered silicates. The multi-pores, functional
acids and the OH groups in the expanded graphite facilitate the
affinity between the expanded graphite and the polymer matrix.
Therefore, EG or expanded graphite is able to be incorporated
into a variety of polymer matrices such as polyolefins, poly(-
carbonate), polystyrene, polyurethane, poly(L-lactic acid), and
so on, to enhance the electric and thermal conductivity and
many other properties [28].

Poly(L-lactic acid) (PLLA) is one of the most extensively
studied biodegradable polymers derived from annually renew-
able resources, and appears to be a promising material to alle-
viate the dependence on fossil fuels and to relieve solid waste
disposal problems [29–32]. PLLA is a linear aliphatic thermo-
plastic polyester synthesized by the ring-opening polymeriza-
tion of lactide and lactic acid which are prepared by the fer-
mentation of sugar feed stocks [33, 34]. PLLA is a well-known
bio-based material for its ideal combination of attractive prop-
erties such as good mechanical processability, renewability,
biocompatibility, barrier, and transparency. A shortage of pe-
troleum resources and environmental protection concerns open
a brighter perspective for PLLA. It can be processed by a num-
ber of methods such as extrusion, compression molding, blow
molding, injection molding, foaming, and fiber spinning, to
yield articles to be applied in industrial packaging, drug deliv-
ery systems, surgical implants, and agricultural fields [35–38].
Moreover, PLA can be also used as the polymer matrix of the
conductive polymer composites. To the best of our knowledge,
the introduction of expandable graphite which ownsmuch low-
er exfoliation temperature into the biodegradable PLLA matrix
is rarely reported. It is believed that low-temperature EG can be
fully exfoliated during the melt blending process of PLA/EG
composites, which is crucial to the overall electrical and ther-
mal conductivity of the composites.

In this article, a commercial grade low-temperature EGwas
incorporated into PLLA to prepare highly electrical and ther-
mal conductive polymer composites. The conductivity of the
composites increased with an incremental dosage of low-
temperature EG and the percolation concentration was ob-
served in the vicinity of 10 wt.%. The morphology and prop-
erties, such as crystalline, thermal stability properties, and rhe-
ological behavior of the composites were investigated.

Experimental

Materials

The PLLA (4032D) with a density of 1.24 g/cm3 and molec-
ular mass Mw≈207 kDa was purchased from Nature Works
LLC (USA). PLLA presents a pellet form and consists of

Fig. 1 A schematic showing the formation of expanded graphite from
natural flake graphite
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about 2% D-lactide units. The commercial grade low-
temperature expandable graphite (EG) with the trademark
ADT KP251 and a size of about 300 μm was obtained from
Shijiazhuang ADT Carbonic Material Factory (China). The
sulfur-free EG with an initial expansion temperature in the
vicinity of 150 °C is a kind of graphite intercalation compound
which is obtained by the intercalation of acetic acid as the
inserting agent. EG exhibits a density of 2.20 g/cm3 and the
expansion ratio of 230 ml/g. It is used as the conductive filler
as-received.

Sample preparation

Prior to blending, PLLA pellets were dried at 85 °C for at least
8 h in oven to remove eventual traces of moisture. And EG
was also dried at 110 °C for at least 6 h. The PLLA/EG com-
posites were obtained by simple mechanical blending. A com-
posite system containing different fractions of EG was fabri-
cated using Brabebder (Duisburg Germany) internal mixer at a
screw speed of 30 rpm and at 180 °C for 8 min. Then, the
samples used for measurements were compression-molded
(HP-63D, Shanghai Zimmerli Weili Rubber & Plastic
Machinery Co., Ltd, China) under the conditions of 10 MPa
and at 185 °C and then cooled instantly under pressure to
ambient temperature. Thus, a series PLLA/EG composites
containing 0, 5, 10, 20, 30, 50, and 70 wt.% were obtained.

Measurements

Electrical and thermal conductivity measurement

The electrical conductivity of the PLLA/EG composites was
measured by the four-point probe resistivity determiner
(SIGNATONE, America) at room temperature. The hot
pressed specimens were cut into dimensions of 40×40×
4 mm3 for testing. The electrical conductivity (σ) was obtain-
ed from the following equation:

σ ¼ 1

ρ
¼ L

RS
ð1Þ

Where ρ is the volume resistivity, R is the electrical resis-
tance, S is the cross-sectional area, and L is the distance be-
tween clumps. Five tests were taken for the average value.

The thermal conductivity of the composites was deter-
mined using a thermal constant analyzer (Hot Disk TPS
2500, Sweden). The hot disk sensor with a radius of
3.189 mm was placed between two pieces of the obtained
samples with a thickness of 4 mm. The whole unit of the
sensor was clamped tightly and no silicone grease was used
during the measurements. The thermal conductive value ob-
tained in this measurement is a comprehensive value of all

directions. Each sample was tested 3 times and the average
value was obtained.

X-ray diffraction analysis

To investigate the exfoliation of EG and the crystalline struc-
ture of the composites, X-ray diffraction (XRD) scans of the
EG, expanded graphite, pure PLLA and PLLA/EG compos-
ites were carried out on a D/MAX-III X-ray diffractometer
(DY1291, Philips, Holland) with Cu Ka radiation (K=
0.1542 nm, 40 kV, 35 mA) in the scattering angle range of
2θ=5–40° at a scan speed of 0.06°/s.

Morphology of PLLA/EG composites

The morphology of EG and PLLA/EG composites was ob-
served by a scanning electron microscope (SEM; JSM-5900,
JEOL, Japan) with an acceleration voltage of 20 kV. All the
fractured surfaces of the samples which were cryogenically
fractured in the liquid nitrogen were coated with gold to prevent
electrostatic charging and to enhance the image resolution.

Dynamic rheological tests

Viscoelastic behavior of the composites was analyzed with the
help of a dynamic rheometer (Bohlin Gemini 20,000, Malvern
Instruments Ltd, UK) in the melt state. The samples were mea-
sured under a constant-strain mode. To keep the response in the
linear viscoelastic region, the applied strain was set at 1% [39].
The samples in a parallel-plate form with a diameter of 25 mm
and thickness of 1 mm were prepared by hot compression
molding. All the specimens were test at 185 °C in a frequency
sweep range from 0.01 to 100 HZ under nitrogen atmosphere.
Elastic modulus (G’) and loss modulus (G^) of all of the sam-
ples were recorded as a function of angular frequency (ω).

Fig. 2 Electrical conductivity of PLLA/EG composites as a function of
expanded graphite content
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Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted on a TGA
analyzer (TA Q600, America) under a dry nitrogen atmo-
sphere at a purge rate of 100 ml/min. The samples were heated
from 30 °C to 600 °C at a heating rate of 10 °C/min. Both the
residual weight and derived weight of the materials were re-
corded as a function of temperature in the heating process.

Results and discussion

Electrical and thermal conductivity

The effect of the loading fraction of expandable graphite
(EG) on the electrical conductivity of the PLLA/EG
blends is shown in Fig. 2. Like most polymers, PLLA is
not an electrically conductive polymer. It is apparent that
the electrical conductivity of the composites increases
with the increasing EG content. The addition of EG dras-
tically increases the conductivity of PLLA, with a sharp
transition from an electrical insulator to a semiconductor.

At the EG loading content of 15 wt.%, the conductivity of
the composite is almost 10 orders of magnitudes higher
than that of pure PLLA, which is attributed to the good
dispersion of EG into the polymer matrix and the forma-
tion of conductive networks by graphite flakes exfoliated
during the blending process. After EG loading fraction
greater than 15 wt.%, the electrical conductivity of the
composites augments slowly. Moreover, the electrical per-
colation threshold is clearly observed between 10 wt.%
and 15 wt.%, or more specifically, at the graphite concen-
tration of 11.9 wt.% in Fig. 2. The exfoliated graphite
flakes could more easily form the connected networks in
the composites than that of common graphite [3, 4]. The
slow increase in the conductivity of PLLA/EG composites
above 15 wt.% is mainly ascribed to the incremental num-
ber of interconnecting pathways built by the in situ exfo-
liated graphite flakes and the more compact structures
rendered by the conductive filler.

The thermal conductivity values of PLLA/EG composites
are plotted against the loading fraction of EG in Fig. 3. It is
clearly seen that the thermal conductivity increases with an
increasing weight fraction of EG up to 70 wt.%. The thermal
conductivity of the composites is lower and increases slowly
with the increasing EG loading content when less than
15 wt.%; the thermal conductivity begins to augment quickly
after EG loading fraction greater than 15 wt.%. Basically, the
conductivity increased slowly at low EG content is mainly due
to the inadequate formation of interconnected networks by
graphite flakes and high resistance generated from polymer
matrix. As the EG loading concentration increased to
15 wt.%, the high expansion ratio of EG during the in situ
expansion process leads to the formation of the heat conduc-
tion networks and the improvement of the effective volume of
graphite flakes [40]. It is another crucial factor to the thermally
conductive abilities of the PLLA/EG composites that a more
compact structure rendered by the conductive filler is
achieved with the increasing EG content.

A very highly thermal conductivity value of 26.87 W/mK
versus 0.26 W/mK for the pure PLLA matrix is obtained for
the PLLA/EG composite at the graphite loading of 70% by

Fig. 3 Thermal conductivity of PLLA/EG composites as a function of
expanded graphite content

Fig. 4 SEM images of EG at
different magnifications: a 50×
and b 3000 ×
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weight. Moreover, Fig. 3 also indicates that the thermal per-
colation threshold is observed at the graphite concentration of
11.5 wt.%, which is in the vicinity of the electrical percolation
threshold concentration.

Morphology of the PLLA/EG composites

The SEM images of EG at different magnification is shown in
Fig. 4. Representative micrograph Fig. 3a shows that almost
all the EG particles exhibit a size of 300–400 μm. From
Fig. 3b, it is clearly seen that EG consists of the stacking of
a number of layers of graphite flakes which can be exfoliated
during the blending process.

Figure 5 shows the morphology of the cryo-fractured sur-
face of the PLLA/EG blends. It is illustrated that EG was well
expanded during the melt blending process and the graphite
flakes exfoliated from EG were evenly dispersed in PLLA
matrix well. Specially, in Fig. 15 wt.%, the in situ exfoliated

graphite flakes begin to connect with each other and form the
conductive networks in the blend, which demonstrates that the

Fig. 5 SEM micrographs of
cryo-fractured surfaces of the
PLLA/EG composites

Fig. 6 The XRD comparison patterns of expandable graphite and low-
temperature expandable graphite
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electrical and thermal conductivity of the composite system
increases rapidly at the EG content of 15 wt.%. Moreover, a
rather highly electrical conductivity of 2.8×10−3 S/cm is
achieved at 15 wt.% EG content, which is nearly 1010 times
higher than neat PLLA. The exfoliated graphite flakes are
separated from each other and the conductive pathways are
obstructed by the polymer matrix when the EG fraction is less
than 15 wt.%. It is shown in Photo 20 wt.% that graphite
flakes have already formed perfect conductive networks, and
a more compact structure rendered by the conductive filler is
achieved with the increasing EG content. Both factors are
crucial to the electrical and thermal conductive abilities of
the PLLA/EG composites. This is even more apparent in
Fig. 30 wt.% and 70 wt.%. The electrical conductivity of the
blends increases rapidly with the incremental EG content and
its value reaches 0.37 S/cm at EG content of 70wt.%, which is
approximately 12 orders of magnitudes higher than that of
pure PLLA, because the conductive networks have been per-
fectly built.

X-ray diffraction analysis

XRD experiments were applied to investigate exfoliation of
EG and crystal structure behavior of the PLLA/EG compos-
ites. Here, expanded graphite was prepared by rapidly heating
EG at 700 °C for 5 min in a muffle furnace. The XRD patterns
for expanded graphite and expandable graphite are shown in
Fig. 6. It is observed that both samples exhibit a main strong
characteristic peak at 2θ=26.5° which belongs to the crystal-
line form of the stacked graphite flakes [41]. An obvious
shoulder peak at 2θ=25.8° is observed for the EG, belonging
to a larger space between the graphite flakes which could be
attributed to the intercalation of the inserting agents like acetic
acid and concentrated sulfuric acid [42, 43]. The shoulder
peak at 2θ=28.2° is related to the phase of graphite interca-
lated compound (expandable graphite) not to the amount of
radicles in the gaps between graphite layers [43]. After heat
treatment at 700 °C, the disappearance of the shoulder peaks is
due to the escape of the inserting agents in EG, which is the
main force driving the exfoliation process. It could be deduced
from the variation of the intensity values that the crystalline
form of EG is greatly improved by the expansion process [44].

The XRD patterns for pure PLLA and PLLA/EG blends
are illustrated in Fig. 7. All the samples exhibited two typical
diffraction peaks at about 2θ=16.5° and 18.9°, assigned to the
(200)/(100) and (203) planes of the PLLA α crystal [45]. It is
clearly seen that the introduction of EG into PLLA matrix has
little effect on the crystalline forms of PLLA. However, the
characteristic peak at 2θ=26.5° appears in the PLLA/EG
composites, which is ascribed to the crystalline form deriving
from the in situ exfoliated flakes. It demonstrates that the in
situ exfoliated graphite flakes maintains well crystalline forms
in the PLLA/EG composites. Moreover, compared with ex-
pandable graphite, the shoulder peaks at 2θ=25.8° and 28.2°
related to the intercalation of the inserting agents is not ob-
served for the PLLA/EG composites, which illustrates that the
inserting agents have escaped from EG and graphite flakes

Fig. 8 a G’ and b G^ as a function of ω for different expanded graphite content for PLLA/EG composites

Fig. 7 The XRD comparison patterns of pure PLLA and PLLA/EG
composites
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have been fully exfoliated. In combination with the morphol-
ogy results, the exfoliation of EG is beneficial to the building
of the conductive networks which is the crucial factor to the
overall electrical and thermal conductivity of the composites.

Dynamic rheological tests

The dependence of elastic modulus (G’) and viscous modulus
(G^) on angular frequency (ω) for the PLLA/EG composites
is shown in log-log plots in Fig. 8, respectively. It is obvious
that both G’ and G^ values of the composites which are sen-
sitive to variations in composition and frequency increase with
an increasing weight fraction of graphite up to 50 wt.% in the
range of frequency employed. Magnitude of the modulus
values increases with the increasing EG fraction at the low
frequency regime and reaches the highest value at 50 wt.%
EG content which is about 104 times higher than that of pure
PLLA. However, the slopes of the curves decrease with the
increasing EG fraction. Specially, a plateau is observed at the
low frequencies after EG loading fraction greater than

10 wt.%. This is a famous phenomenon, known as the perco-
lation threshold, which indicates the formation of a mechani-
cally connected network by the fillers. The connected network
formation which is mainly responsible for enhancing the con-
ductivity of the composites is believed to result from the in situ
exfoliation of EG during the melt blending process.

The identification of the percolation concentration (θc) can
be carried out using the rheological data [4]. As shown in
Fig. 8a, the elastic modulus becomes insensitive to frequency
when the filler weight fraction reaches 15%. This indicates
that the rheological behavior of the PLLA/EG composites
changes from a viscous fluid to an elastic solid, which accom-
panies with the well formation of the conducting networks by
exfoliated graphite flakes. That could be referred to the perco-
lation threshold, which is the critical filler content when the
connected network in the composites is formed by the fillers.
In addition, the transition is observed exactly at the same com-
position in Fig. 8b which shows the plots of G^ versus
frequency.

The G’ at the lowest frequency applied (G’0.01) plotted
against the weight fractions of EG graphite is shown in
Fig. 9. Two distinct regions could be clearly seen on the curve
and the turning point observed at which weight fraction of EG
is defined as the percolation threshold for the blends [46]. It is
also a very effective way to determine the structural change in
the composition caused by the introduction of the organic
fillers [47]. In combination with the electrical and thermal
conductivity results, it could be concluded that the percolation
threshold of the blends is near the concentration of 15 wt.%
EG, or more specifically, between 10 and 15 wt.%.

Thermal stability analysis

The thermal decomposition and stability of pure PLLA and
PLLA/EG composites were investigated by thermogravimet-
ric analysis (TGA) under nitrogen atmosphere. The residual
weight and derived weight thermograms as a function of

Fig. 10 TGA and DTG thermograms of the pure PLLA and PLLA/EG composites

Fig. 9 Dependence of G’ value at the ω of 0.01 HZ (G’0.01) on the
weight fraction of expanded graphite for estimating the critical weight
fraction defined as percolation threshold
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temperature for PLLA/EG composites are shown in Fig. 10.
The initial decomposition temperature (Td), the maximum
weight loss temperature (Tmax), and the eventual residual
weight percentage (Re) are collected in Table 1. Td is defined
as the temperature at 5% weight loss, whereas Tmax is taken
from the peak value of the derivative thermogravimetry
(DTG) thermograms. All of the TGA thermograms for the
materials exhibit similar tendency. Td slightly decreases with
the increasing EG content, which indicates that the thermal
stability of the blends deteriorates with the introduction of
EG into PLLA matrix. However, Tmax changes marginally
and a higher value is obtained for the PLA/EG composite at
the EG content of 5 wt.% than pure PLLA. This could be
ascribed to the barrier effect of the exfoliated graphite flakes
against the volatile pyrolyzed products [48]. Interestingly,
Tmax decreases with the incremental loading of EG in the
blends after 5 wt.% EG content; its value was about 16 °C
lower for 30 wt.% EG content than 5 wt.%. This phenomenon
can be conjectured that (1) the in situ exfoliation of EG intro-
duces a certain number of void defects, confirmed by the SEM
images, and thus accelerates the decomposition process, (2)
the inserting acid remained in the composites could catalyze
the degradation of PLLA, and (3) the highly thermal conduc-
tivity of the blends facilitates the heat conduction into the
interior of PLLA/EG blends, then degradation of the

composites could take place almost simultaneously inside
and outside the composites.

Mechanical properties

The tensile tests were carried out on selected samples at room
temperature, and the results are shown in Fig. 11. Both tensile
strength and elongation at break of the PLLA/EG composites
decrease with the increasing EG loading fraction. The most
probable reasons for this phenomenon are as follows: (1) the
inevitable aggregation of the filler results in more regions of
stress concentration that require less energy to propagate the
cracks, (2) the in situ exfoliation of expandable graphite intro-
duces some void and crack defects, which is observed in the
SEM images.

When added with 15 wt.% EG, higher than percolation
threshold concentration, the resulting PLLA-based compos-
ites could lead to specific properties such as highly thermal
and electrical conductivity while maintaining acceptable ten-
sile strength of about 41.5 MPa.

Conclusion

In this study, highly electrically and thermally conducting
Poly(L-lactic acid) (PLLA) composites with high loadings of
low-temperature expandable graphite (EG) were achieved by
an in situ exfoliation melt blending process. An electrical con-
ductivity of 0.37 S/cm was obtained for the biodegradable
PLLA/EG composites at its maximum filler content of
70 wt.%, which is about 1012 times higher than neat PLLA;
at this EG loading fraction, thermal conductivity of PLLA/EG
composites also reached to the highest 26.87 W/mK, which is
100 times higher than pure PLLA. In the present of EG, a
percolation threshold reduction for the PLLA/EG composites

Table 1 TGATd, Tmax,
and Re values of the neat
PLLA and PLLA/EG
composites

EG
content
(wt%)

Td(°C) Tmax(°C) Re (%)

0 332.3 354.6 0.65

5 330.3 358.0 5.56

10 318.7 349.8 10.00

20 313.8 342.1 16.44

30 306.1 342.6 23.22

Fig. 11 a Tensile strength and b Elongation at break for PLLA composites with different contents of expanded graphite
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was achieved, and the electrical percolation was observed in
the vicinity of the thermal percolation threshold concentration.
The in situ exfoliated graphite flakes could well form the
conductive networks in the PLLA/EG composites, which
was thought to be the main factor to the enhancement of con-
ductivity properties of the composites. X-ray diffraction anal-
yses confirmed the in situ exfoliation of EG during the melt
blending process. The network formation by the exfoliated
graphite flakes in the EG containing composites was con-
firmed by dynamic rheologymeasurements, which conformed
to the SEM observations.
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