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Abstract Graphite nanoplatelets (GNPs) are a type of

graphitic nanofillers composed of stacked 2D graphene

sheets, having outstanding electrical, thermal, and mechan-

ical properties. Furthermore, owing to the abundance of

naturally existing graphite as the source material for GNPs, it

is considered an ideal reinforcing component to modify the

properties of polymers. The 2D confinement of GNPs to the

polymer matrix and the high surface area make the GNP a

distinctive nanofiller, showing superiorities in modification

of most properties, compared with other carbon nanofillers.

This review will summarize the development of polymer/

GNP nanocomposites in recent years, including the fabri-

cation of GNPs and its nanocomposites, processing issues,

viscoelastic properties, mechanical properties, electrical and

dielectric properties, thermal conductivity and thermal sta-

bility. The discussion of reinforcing effect will be based on

dispersion, particle geometry, concentrations, as well as the

2D structures and exfoliation of GNPs. The synergy of GNPs

with other types of carbon nanofillers used as hybrid rein-

forcing systems shows great potential and could significantly

broaden the application of GNPs. The relevant research will

also be included in this review.

Introduction

As one of the most important branches of current nano-

technology and composite science, the fabrication of

polymer nanocomposites is critical to realizing the

new generation materials with high performances and

multifunctionalities. By incorporating nanofillers in a

polymer matrix, we can combine the light weight, flexi-

bility, and transparency of polymers with the excellent

mechanical, physical, and other properties of nanomaterials

[1–10]. Great research efforts on polymer nanocomposites

in past decades have shown fruitful achievements in

improving mechanical properties, thermal stability, elec-

trical and thermal conductivities, dielectric performances,

gas barrier property, and other attributes [11–16].

Graphite nanoplatelets (GNPs), also called graphite

nanosheet (GN) and graphite nanoflake (GNF), or just

simply exfoliated or expanded graphite (EG), is a type of

2D graphitic nanofiller consisting of stacked graphene

layers. The stacked layers are bonded to each other by

weak Van der Waals forces with a constant interlayer

distance of ca. 0.34 nm [3]. The thickness of GNPs varies

from several to dozens of nanometers, as compared to their

diameter, usually in the microscale, which leads to the high

specific surface area of GNPs (with a theoretical value of

2630–2965 m2/g [1]) and high aspect ratios. The thickness

and diameter of GNPs could be tuned by a variety of

techniques, such as intercalation, oxidization, heat treat-

ment, microwave irradiation, and ultrasonic treatment, etc.

[17–20]. Compared with other classic 2D nanofillers, such

as nanoclays, GNPs have lower mass density, and are

highly electrically and thermally conductive, due to the sp2

hybridized carbons in the monolayer graphenes within the

GNPs. The graphene also possesses superior mechanical

properties with a reported modulus of 1100 GPa and

strength of 125 GPa [21]. Therefore, GNPs are truly ideal

for improving the properties of polymers and realizing

multifunctionalities for practical applications. Furthermore,

unlike other graphitic carbon nanofillers, such as carbon

nanotubes and carbon nanofibers, the production of which

usually requires expensive and intricate apparatus, as well
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as high energy consumption (chemical vapor decomposi-

tion, arc-discharging, laser ablation, etc. [22–24]), high-

purity GNPs can also be derived from the plentiful resource

of natural graphite by relatively convenient approaches

[1, 8]. This makes the GNPs a type of cost-effective nano-

filler to potentially replace high-priced carbon nanotubes in

many key applications.

The development of polymer/GNP nanocomposites has

been an ardent research subject in past years [25–29].

Especially, after the monolayer graphene with unique and

extraordinary electronic structures and superior mechanical

properties was successfully fabricated in 2004 [30], the

relevant research has boomed. Tremendous amounts of

work have been carried out on the preparation of mono-

layer graphene sheets, GNPs containing only very few

sheets, or corresponding oxides [21, 31–36], to fully

explore the potential of these 2D graphitic nanofillers in

advanced polymer nanocomposites. However, because of

the big challenges of manufacturing monolayer graphenes

(or only very few layers) without compromising their

properties, the practical applications of graphene-modified

polymer nanocomposites still need more effort. The current

status of polymer/graphene composites has recently been

reviewed in [31]. Polymer/GNP nanocomposites are

showing more practical applications today, due to both the

extraordinary properties and the ease of fabrication of GNPs

as mentioned above. This review will aim at providing a

comprehensive understanding of recent research on poly-

mer/GNP composites since 2004, including fabrication of

GNPs, fabrication of polymer/GNP nanocomposites,

various properties, among which, the latter two will be

discussed in detail.

Approaches to GNPs

Although GNPs can be synthesized through chemical vapor

deposition [31] and arc discharging methods [19], among

others (just as other graphitic carbon nanofillers, owing to

the plentiful graphite in nature), two fabrication approaches

are most preferred: mechanical milling and graphite-

intercalation chemistry approaches. Mechanical milling [8]

is a top-down process by breaking up bulk graphite,

especially breaking the Van de Waals force. The resulting

GNPs have the disadvantages of large particle size and a

broad particle size distribution. These problems could be

readily improved by the graphite-intercalation approach,

which starts from the intercalation of graphite to obtain

graphite intercalate compound (GIC). The basis of inter-

calation is to ‘‘place’’ some chemicals within the natural

graphite layers. These chemicals are able to react and yield

either a large volume of gas or enormous heat to force the

separation of adjacent graphene layers. Acid intercalation

(Fig. 1) is the most mature and commonly used technique

for this purpose [37]. It is usually done by immersing

natural graphite in concentrated/fumed sulfuric acid

(H2SO4) solution containing various oxidizers such as

concentrated nitric acid (HNO3), KMnO4, H2O2, O3, etc.

The acid intercalation can also be carried out by vapor

Fig. 1 Scheme of the graphite

structure modification after

different treatments [3]
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phase reaction and electrochemical methods. The interca-

lation is accomplished by following model equations [17]:

pCþ Ox½ � ! Cþp þ Ox½ ��; ð1Þ

Cþp þ A� þ mHA! Cþp A� � mHA: ð2Þ

where p represents the numbers of carbon atoms needed to

form macrocations (Cp
?) in carbon layers, and m represents

the number of acid molecules needed to form GIC. Fol-

lowed by the rapid heating of GIC to above 1000 �C, the

GIC will dramatically expand due to the generation of a

great amount of gases including SO2 and H2O. Usually,

this process only lasts for about 20–30 s. The product of

expanded graphite typically has a worm-like morphology

[20]. The heat expansion could be carried out in both air

and nitrogen atmosphere. The latter condition will partially

reduce the graphite oxide formed during acid intercalation.

Besides heat expansion, microwave irradiation is also

believed to provide sufficient energy to promote the

expansion of GIC, with larger volume exfoliation ratio and

less sulfur residue, compared with heat expansion [38, 39].

Lastly, to obtain GNPs, high intensity ultrasonication will

be applied for a sufficiently long time to break down the

expanded graphite (Fig. 1). The ultrasonication power and

duration have significant impact on the size of GNPs.

The alkali metals and compounds are another good

choice to be used as an intercalant to prepare the GIC

[1, 40]. Typically, by heating the graphite powder and

potassium (K), the intercalant compound, KC8, appears as

shown in Fig. 2. The expansion of GIC could be done using

aqueous exfoliating agents, such as water and alcohol.

Equation 3 gives the reaction happening between KC8 and

alcohol. Obviously, the yielded H2 gas could break the

weak Van der Waals force bonding within the graphite and

lead to the exfoliation of graphite. Owing to the formation

of potassium ethoxide, the exfoliated graphite is usually

washed several times until the pH value is neutral. Other

alkali metals involved for this purpose include Cesium (Cs)

and sodium-potassium compound (NaK2) [1]. The alkali

metals can also be used in graphite already intercalated and

exfoliated by acids for a double intercalation/exfoliation, to

produce much thinner GNPs. After expansion, the resulting

GNPs particles could have a length of 2–20,000 lm,

compared with 0.4–60 lm for micro-graphite sheets [41].

KC8 þ CH3CH2OH! 8Cþ KOCH2CH3 þ 1=2H2 ð3Þ

Fabrication of polymer/GNP nanocomposites

Just like all other types of polymer nanocomposites, the

main issue in the fabrication of polymer/GNP nanocom-

posites is still the dispersion and distribution of GNPs in the

polymer matrix. Conventional techniques including in situ

polymerization, solution mixing, and melt mixing are

notably suitable for GNP-filled polymer nanocomposites. In

particular, the porous nature of GNPs [42] allows the pen-

etration of monomers and polymer chains into GNPs

(Fig. 3), thus, the in situ polymerization and solution mix-

ing with assistance of ultrasonication have shown great

superiority in achieving highly homogeneous dispersion of

GNPs, and full intercalation by polymer matrix (more

interaction among GNPs and polymer matrix) [2, 38, 43–

45]. They also appear ideal to process thermosetting poly-

mer/GNP nanocomposites [7, 46–48]. Specifically, the

fabrication of thermosetting polymers/GNPs starts from

dispersing GNPs in liquid monomers of thermosetting

polymer via solution mixing, followed by in situ polymer-

ization to obtain crosslinked thermosetting polymer/GNPs

composites. This often leads to polymer/GNP nanocom-

posites fabricated by these two approaches showing very

low percolation thresholds of electrical conductivity and

high electrical conductivity post percolation. The details are

provided in Table 1 in ‘‘Electrical conductivity’’ of the

electrical properties of polymer/GNP nanocomposites. A

comprehensive improvement of mechanical and physical

properties (electrical and thermal) of elastomer/GNP

nanocomposites by latex compounding techniques was also

observed, compared with direct melt mixing approach [39].

However, these two approaches also face some critical

problems: (1) hazardous chemicals are necessarily

involved, either monomers for polymerization or organic

Fig. 2 Schematic diagram showing the intercalation and exfoliation

process to produce graphite nanoplatelets (GNP). Graphite is

intercalated with potassium metal to form the first stage compound

KC8. Exfoliation in ethanol produces potassium ethoxide and

hydrogen gas which aid in separating the graphitic sheets to form

graphite nanoplatelets [1]
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solvent as processing medium; (2) they are not ideal for

industry production, owing to the low yield and high pro-

duction cost. Thus, there is still a huge demand for fabri-

cation techniques based on melt mixing. Much research has

proved that the direct melt mixing is not sufficient for a

satisfactory dispersion quality and properties of resultant

polymer/GNP nanocomposites. A series of modified melt-

ing compounding techniques have been developed, which

have shown remarkable improvement compared with direct

mixing [49–53]

Two-step melt mixing techniques with various premix

procedures (first step) before melt mixing (second step)

have been developed to overcome the shortcomings of the

direct melt mixing. The premix procedure can be accom-

plished in solution, melt, and solid. Drzal and co-workers

[4] developed a novel coating approach, in which, the

GNPs and polypropylene (PP) powder are premixed in the

isopropyl alcohol with sonication to disperse GNPs by

coating individual PP particles, prior to any melt com-

pounding (injection molding, compression molding, etc.).

The nanocomposites fabricated by this coating approach

had much better flexural properties compared with those

fabricated by direct melt mixing method. As for the elec-

trical properties, the coating approach was even superior to

the solution method, showing high electrical conductivity

at same loading. A master batch filling technique also

proved effective in improving the dispersion of GNPs and

properties of nanocomposites. In this technique, a polymer

master batch containing high content of GNPs (60 wt%)

was first prepared, followed by diluting the master batch in

the polymer matrix via melt mixing method. The high

density polyethylene (HDPE)/GNP composites and Acry-

lonitrile-Styrene copolymer (AS)/GNP composites have

been successfully fabricated by this method [54, 55]. A

solid-state shear pulverization (SSSP) [56–59], originally

used to improve the compatibility of polymer blends, also

has been successful in polymer nanocomposites. The

manually blended polymer pellets and nanofiller powders

undergo compression and high shear/extensional condi-

tions in a pulverizer at a temperature below melting tem-

perature (semi-crystalline polymer) or glass transition

temperature (amorphous polymer), resulting in a fine

powder output without melting. The resultant fine powder

of the mixture is further mixed and molded into desired

polymer nanocomposites with improved dispersion quality

and properties. PP/GNP nanocomposites fabricated by this

SSSP method enormously surpass the same nanocompos-

ites fabricated by direct mixing in tensile properties, impact

toughness, and the ability to crystallize [56]. Furthermore,

a harsh SSSP processing is more effective to exfoliate and

Fig. 3 Formation process

diagram of PMMA/GNP

composite. a The section

diagram of an GNP particle;

b the section diagram of a

PMMA/GNP composite particle

[42]

Table 1 Mechanical properties of pure epoxy and GNP/epoxy composites [68]

Properties Epoxy GP/epoxy composites

0.5 wt%GP 1 wt%GP 2 wt%GP 5 wt%GP

Flexural modulus (GPa) 2.48 ± 0.19 2.51 ± 0.15 2.66 ± 0.23 2.70 ± 0.03 2.80 ± 0.07

Increment (%) 1.2 7.3 8.9 13.0

Flexural strength (MPa) 92.90 ± 17.20 110.68 ± 14.19 114.33 ± 9.71 127.55 ± 11.34 134.93 ± 7.05

Increment (%) 19.1 23.0 37.3 45.2

Strain to failure (%) 0.049 ± 0.007 0.053 ± 0.009 0.052 ± 0.010 0.062 ± 0.006 0.063 ± 0.007

Increment (%) 8.2 6.1 6.5 28.6

Toughness (MPam1/2) 1.26 ± 0.03 1.49 ± 0.02 1.52 ± 0.07 1.51 ± 0.04 1.61 ± 0.04

Increment (%) 18.3 20.6 19.8 27.8
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disperse GNP particles in PP matrix, compared with a mild

one, achieving a GNP network structure at a low loading,

better thermal stability as well as higher crystallization

speed [59].

In the fabrication of polymer nanocomposites, the sur-

face modification of nanofillers is also an important issue to

strengthen the interaction between polymer matrix and

nanofillers and resulting in better dispersion quality and

high performances. By acid intercalant-assisted exfoliation,

currently the most productive and commercially favorable

approach is to produce high-quality GNPs, the oxidization

of GNPs produced is unavoidable, leading to graphite

oxide products with GNPs attached to many hydroxyl,

epoxides, and carbonyl groups. These functional groups, on

one hand, could form some strong interaction with polymer

matrix containing polar groups; on the other hand, they

provide reactive sites for further surface modification. So

far, a great amount of various chemicals have been used for

surface modification of GNPs, including octadecylamine

(ODA) [2], maleated ethylene-propylene copolymer (EP-g-

MA) [50], PP-g-MAH [51], unsaturated polyester resin

[60], among others. However, the surface modification

based on the graphite oxide is usually deleterious to the

physical properties of GNPs, due to the transformation

from sp2 to sp3 carbons during acid oxidization, the latter

of which is far less conductive. The approach used for

fabricating poly(arylene disulfide) (PAD)/graphite nano-

composite by Meng and co-workers [61] seems to be an

ideal alternative to combine the good dispersive ability of

GNP oxide and good physical properties of GNPs. In this

approach, they produced PAD/GNP oxide nanocomposites

first, and then the corresponding PAD/GNP nanocompos-

ites could be obtained by heat treatment under dynamic

vacuum at 473 K to reduce the oxide to graphene struc-

tures. The electrical conductivity showed a dramatic

increase from 10-7 S/cm to 0.51 S/cm after the heat

treatment reduction.

Properties of polymer/GNP nanocomposites

Melt viscosity/processibility

The melt viscosity of polymers and their composites is a

critical property essentially impacting the processibility

and production costs, as well as the microstructural char-

acteristics and properties of polymer composites. Like all

rigid fillers, the addition of GNPs in a polymer matrix will

increase the melt viscosity, and correspondingly the diffi-

culty of fabricating polymer/GNP nanocomposites. The

increasing viscosity with GNP concentration is related to

the formation of the GNP network in the polymer melt

which strongly depends on the aspect ratio and the degree

of exfoliation of GNP [5, 16, 44, 49–53]. Figure 4 sche-

matically illustrates the structural evolution of GNPs dur-

ing fabrication of TPV/PP-g-MA/GNP nanocomposites

[51], which could represent most delamination processes of

GNPs during processing. The high aspect ratio delaminated

GNPs in polymer melt causes the formation of a GNP

network at a very low loading level, compared with micro-

graphite/polymer composites, leading to the much higher

melt viscosity of polymer/GNP nanocomposites. The for-

mation of GNP networks in polymer melt at low loading

levels also affects the rheological properties which will be

discussed in the next section of the viscoelastic behavior.

Although all the carbon nanofillers show great

mechanical and physical properties, due to their different

micro-/nano-structures, their impact on the melt viscosity/

processibility is distinctly different. Some research [16, 62]

has already found out that, compared with carbon black,

carbon nanofibers and carbon nanotubes, GNP-filled

polymer nanocomposites have the lowest melt viscosity in

a certain range of filler loadings, indicating better pro-

cessibility. This associates with the ability of different

nanostructures in various polymers to form network

structures that could constrain the motions of polymer

chains. A possible reason for the lower viscosity is that 2D

graphitic structure might also act as a solid lubricant [50].

Viscoelastic properties

Rheological behavior (complex viscosity, storage, and loss

modulus) of polymer composites strongly depends on the

formation and evolution of network structures of fillers in

Fig. 4 Model showing the morphology development during melt

mixing of g-PP/GNP (EG nanoparticles) master batch (ME) and

santoprene thermoplastic vulcanizate (TPV) [51]
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polymer melt with strain, time, and temperature. Normally,

the increasing loading of GNPs in polymer melts could

gradually lead to a liquid–solid transformation, due to the

mechanically stable network formed by GNPs interacting

with polymer chains. Specifically, at low loading, the

storage modulus of the composite melt is frequency

dependent at low frequencies, the same as pure polymer

melt. As the loading goes up, the network of GNPs will

form step by step, and the frequency dependence of storage

modulus at low frequency will finally diminish, indicating

a typical solid-like behavior, as shown in Fig. 5 [53]. At the

same time the complex viscosity starts to show shear

thinning behavior [53]. The critical concentration for this

transition is directly related with the aspect ratio of GNPs

by equation [26, 53, 63]:

Af ¼
2r

h
¼

3/sphere

2/per

ð4Þ

where Af is the aspect ratio, r and h are the radius and

thickness of GNP, respectively; /sphere = 0.29 is the onset

of the percolation of interpenetrating, randomly packed

spheres; /per is the percolation threshold of GNPs (rheo-

logical percolation). The high degree of exfoliation usually

leads to high aspect ratio and a greater number of GNPs in

a polymer melt, both of which could accelerate the for-

mation of GNP networks. Consequently, the high modulus

and viscosity, as well as low percolation threshold of

liquid–solid transition is not unexpected [59]. This is why

much more micro-graphite fillers are needed in a polymer

melt to reach the similar modulus and viscosity levels

of GNP-filled polymer nanocomposites with low loading

[31, 53]. Besides processing parameters, the degree of

exfoliation of GNPs also strongly depends on GNP-polymer

interactions, thus, different polymer/GNP nanocomposite

systems have shown different rheological percolation

threshold [31, 51, 53, 59].

Dynamic mechanical analysis (DMA) is used to evaluate

the viscoelastic properties of polymer nanocomposites

below and around the glass transition. Generally, for poly-

mer nanocomposites, dispersion, interface bonding between

polymer and nanofillers, and concentration are fundamental

aspects impacting the dynamic mechanical properties,

similar to all other types of nanofillers. At the same time,

owing to the 2D nature and multiple layer structure of

GNPs, additional structural factors also account for the

variations of dynamic mechanical properties.

Both storage modulus and loss modulus increase with

the loading of GNPs [7, 8, 10, 20, 64, 65]. The contribution

of the addition of GNPs to the increase of storage modulus

is due to two primary reasons. First, the interaction

between polymer matrix and nanofillers could restrict the

mobility of polymer chains around or absorbed on the

surface of GNPs, leading to the formation of a stiffened

interphase. In particular, the 2D GNPs have a relatively

large surface area which could facilitate the absorption of

polymers (Fig. 6). Secondly, at higher loading, owing to

the formation of GNP networks inside the polymer matrix,

the high storage modulus of GNPs is also be involved

in the increased modulus of polymer/GNPs nanocompos-

ites [20]. Both reasons are affected by dispersion, con-

centration, size, and degree of exfoliation of GNPs. Better

dispersion, smaller particle size, and higher degree of

exfoliation benefit the formation of stronger interfacial

bonding (more stiffened interface area) as well as effective

GNP networks, and correspondingly higher modulus.

Especially noteworthy, improving the degree of exfoliation

Fig. 5 Dynamic frequency sweeps of functionalized GNP/polycar-

bonate (PC) melts after annealing for 10,000 at 230 �C [53]

Fig. 6 TEM microphotographs showing adherence of polymer chains

to nanographite surfaces [66]
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can increase the number of GNP particles at a given

loading, and consequently increase the surface area and

effective interfacial bonding, while the GNP networks

build up at a low loading level. Thus, it is believed that

homogeneously dispersed and highly exfoliated GNPs will

always lead to an impressive increase in storage modulus

of polymer/GNP nanocomposites. In a similar way, these

factors also lead to an increase in loss modulus as well as

glass transition temperature (Tg).

However, unlike the monotonic increase of storage

modulus with the addition of GNPs, the dynamic loss and

Tg determined by the relaxation peak on tan (d) curve (or,

sometimes, loss modulus curve) show a more complex

dependence on loadings of GNPs. In a study of phenyl-

ethynyl-terminated polyimide (PETI)/GNP nanocompos-

ites, three types of GNPs were fabricated to reinforce PETI

by ball milling, ultrasonication, and vibratory ball milling,

named after EGB, EGU, and EGV, in turn. The size of

these GNPs follows the order: EGV \ EGU \ EGB. The

results revealed that PETI reinforced with EGV with

smallest particle size and best dispersion show the most

dramatic improvement in storage modulus. While, as for

Tg, in PETI/EGU nanocomposites, it did not always

increase with the filler loading. The Tg decreased with the

increasing loading of EGU from 5 to 10 wt%, due to a

reduced dispersion at high loading of relatively large

graphite particles, according to Cho et al. [8]. In another

study of PMMA filled with as-received graphite (ARG),

expanded graphite (EG) and graphite nanoplatelets (GNP),

respectively, the highest reinforcing efficiency was found

in GNP-filled PMMA composites, with GNP having a

smallest size and largest surface area among three nanof-

illers. The decrease of Tg at higher loading (5 wt%) was

observed in ARG and EG-filled PMMA composites, as a

result of poor dispersion, large particle size, small surface

area, and weak interface, which did not exist in PMMA/

GNP composites [20]. As an indicator of damping

properties of polymer nanocomposites, on the tan (d)

curve, the area under the relaxation peak of glass transition

usually decreases with the addition of GNPs, owing to the

2D confinement of polymer chain mobility, such as nitrile-

butadiene rubber (NBR)-graphite nanocomposites [39] and

fluoroelastomer-graphite nanocomposites [67], however,

increasing this area has also been observed in epoxy [7,

68]- and vinyl ester [69]-based graphite nanocomposites,

reflecting more energy consumption introduced by GNPs.

The contribution of GNPs network to the storage mod-

ulus can be verified by measuring the storage modulus as a

function of strain amplitude, as shown in Fig. 7. With an

increasing strain, the storage modulus goes down slightly

for pure polymer and composites at low loading levels;

while at high loading level, the amplitude of decreasing of

storage modulus becomes larger, especially, at high strains.

This can be explained as follows: first, the low concen-

tration of GNPs in polymer matrix could not form an

effective network through the composites; second, high

strain could significantly change/damage the continuous

network structures of GNPs, leading to the decreased

storage modulus, while at low strain, the mechanically

stable network could exist and bear the strain [64, 70].

Mechanical properties

Strength, modulus, and toughness of polymer nanocom-

posites are vitally related to the dispersion quality and

interface bonding between polymer matrix and nanofillers.

A uniform dispersion and strong interface bonding can

benefit the load transfer within the composites. However,

in multiple phase composites, the heterogeneity of micro-

structures of polymer composites also creates many struc-

tural flaws (stress concentrations) which are harmful to the

mechanical performance. These two competitive aspects

lead to different concentration dependencies of mechanical

properties. Most studies revealed that the modulus of

Fig. 7 Effect of dynamic strain

amplitude on storage modulus

as a function of filler loading

in GNP reinforced

flouroelastomers at 50 �C [66]
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polymers could increase with the addition of GNPs, which

could be well understood in ‘‘Viscoelastic properties.’’ For

the strength (tensile strength, flexural strength, tear

strength, and compressive strength) and elastic modulus,

three types of reinforcing effects by GNPs have been fre-

quently observed: (1) strength goes down with increasing

loading [39, 43, 44, 67, 68, 71–75]; (2) strength goes up

with increasing loading [44, 54]; (3) strength goes up to a

peak value at a critical concentration, and then goes down

with further loading [5, 10, 69, 76]. The third situation is

usually considered as the ineffective dispersion at higher

loading of GNPs, which causes more stress concentration

sites and weak interface. On the other hand, the toughness

of polymer/GNP nanocomposites seems to be a more

challenging task. So far, very little work has succeeded in

improving the impact toughness of polymer/GNP nano-

composites at certain loading levels [2, 5, 7, 77], while the

deterioration of impact toughness of pure polymer matrix is

more frequently reported [54, 56, 59, 73, 78] with the

addition of GNPs, although the increasing loading some-

times could improve the toughness (still lower than pure

polymer) [78]. Another indicator of the toughness and

ductility of polymeric materials, the strain at break, also

commonly decreases with the addition of GNPs in polymer

matrix [39, 76, 78].

In order to improve the mechanical performance of

polymer/GNP composites, great efforts have been made

by developing more efficient fabrication methods to

improve the dispersion and intercalation of polymer

chains into multilayer structures [79], both of which are

well-accepted as the most critical factors impacting on the

mechanical performances of polymer/2D nanofillers with

multilayer structures. For example, it was revealed that

the solid-state shear pulverization approach could effec-

tively improve the dispersion and exfoliation of GNPs in

polypropylene, which led to the remarkable improvement

of Young’s modulus (*44%) and elongation at break

(*70 times) [56], compared with direct mixing, while a

latex compounding technique [34] showed the obvious

reinforcement effect on both tensile strength (*103%)

and modulus (*6 times)of nitrile-butadiene rubber/GNP

composites as a result of improved dispersion. Via a

master batch filling technique [54], the tensile strength of

HDPE/GNP composites also increased (*14%), due to

better dispersion quality. However, similar to direct

mixing, all these approaches failed in improving tough-

ness, which was still lower than pure polymers. The

effect of different screw systems on microstructures and

mechanical properties of LLDPE/GNPs nanocomposites

has also been studied [74], revealing the best efficiency of

counter-rotation two screw on the tensile strength. UV

treatment also proved to be effective in improving the

flexural strength of Epoxy/GNP composites [64].

It is not surprising that GNPs have much better rein-

forcing effect than natural graphite and other larger graphite

fillers [2, 6], due to the better dispersion aptitude, more

intercalation, and stronger interface bonding. It has been

suggested that the deformability or flexibility of the sheet

nanoparticles contributes to nanocomposite strength and

toughness by reducing the relative value of the Poisson ratio

of the composite [80]. A recent study conducted by our

group [68] showed a comprehensive improvement in flex-

ural strength, modulus, and fracture toughness of epoxy/

GNP composites, in which GNPs were obtained by ball

milling, as given in Table 1. Thus, it is reasonable to expect

better mechanical properties of GNP-modified polymer

nanocomposite, compared with other fillers. Figure 8 gives

the flexural modulus of PP/GNP nanocomposites [71].

Obviously, the xGnP-1 (GNP with diameter of 1 lm)-filled

PP composites have the highest modulus, indicating the best

reinforcement, compared with other fillers. However, for

tensile modulus, the PAN-based carbon fiber showed better

reinforcement effect than GNP, due to higher degree of fiber

orientation along flow direction in the tensile specimen. At

the same time, the large GNPs (xGnP-15) with the diameter

around 15 lm did not do as well as xGnP-1, reflecting the

size dependence. This size dependence resulted from the

fact of greater aggregation of larger GNPs (xGnP-15) in

the PP matrix, which were more flexible and tended to

bend/buckle or become rolled-up, compared with smaller

GNPs(xGnP-1). The similar size dependence of flexural

strength and impact strength has also been observed in

HDPE/GNP composites [73]. In comparative studies of

mechanical properties of polyetherimide (PEI)/graphitic

nanofillers (MWCNT, CNF, and GNP) revealed that GNP

reinforced PEI nanocomposites had the highest strength and

modulus compared with the other two. However, the elon-

gation at break of PEI/EG(GNP) nanocomposite was the

worst among three types of nanocomposites [72]. Figure 9

presents the comparison of the impact toughness (strength)

between HDPE/GNP composites and HDPE/CB compos-

ites [5]. Undoubtedly, GNP has a much better toughening

effect than CB. In particular, when the concentration of

Fig. 8 Flexural modulus of various PP composites up to filler content

of 20 vol.% [71]
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GNP is smaller than 4% in this study, the impact toughness

is several times higher than pure HDPE (*90 kJ/m2) with a

peak value close to 200 kJ/m2

Another popular 2D nanofiller is nanoclay showing a

multilayer structure similar to GNPs. A study of epoxy/

GNP nanocomposites [48] showed that the GNP-filled

composites have higher elastic modulus than nanoclay

nanocomposites. The same results have also been found in

vinyl ester nanocomposites [7]. In the same study, the

toughness of two vinyl ester nanocomposites filled with

nanoclay and GNPs, respectively, has obviously different

notch sensitivity (Fig. 10). The notched specimens of

2.5 wt% nanoclay reinforced nanocomposites showed a

50% decrease in energy absorption, while 75 wt% decrease

for GNP reinforced vinyl ester nanocomposites, due to the

different interface conditions.

Electrical conductivity

As typical graphitic nanofiller with high electrical con-

ductivity, the application of GNPs in conductive polymer

nanocomposites has received extensive attention. A series

of thermoplastics and thermosets have been modified by

GNPs to improve the electrical properties (NB: electrical

conductivity (r) = 1/resistivity (q)), including low

electrical percolation threshold and high level-off electrical

conductivity after percolation, as summarized in Table 2.

Obviously, the polymer/GNP nanocomposites fabricated

by ‘‘wet’’ methods, such as in situ polymerization and

solution mixing with the assistance of ultrasonication,

usually have a lower percolation threshold, compared with

direct melt compounding. This should be ascribed to the

better dispersion quality and higher degree of exfoliation of

GNPs in polymer/GNP nanocomposites fabricated by these

‘‘wet’’ methods, as introduced in ‘‘Fabrication of polymer/

GNP nanocomposites.’’ However, the level-off electrical

conductivity after percolation does not show much differ-

ence. Most polymer/GNP nanocomposites level off around

10-4 to 10-3 S/cm, regardless of the concentrations of

GNPs. According to a recent review on polymer/vapor

grown carbon nanofiber composites, we notice the fact that

carbon nanotube (CNT) reinforced polymer nanocompos-

ites tend to have a dramatically lower electrical percolation

threshold. Currently, many polymer/CNT composites have

reported a percolation threshold far below 0.1 vol.% filler

loading [88]. This is a percolation level rarely found in

GNP/polymer nanocomposites.

High aspect ratio is considered an important structural

parameter of GNPs, which is also expected to lead to better

electrical properties of polymer/GNP nanocomposites,

because the fillers with high aspect ratio can rapidly form

conductive networks throughout the composites [89]. But

for 2D structured GNP, rather than the aspect ratio, the

number of GNP particles also plays a pronounced role in

the percolation behavior of polymer/GNP nanocomposites,

as revealed by the Drzal’s group, finding lower percolation

thresholds of polymer nanocomposites filled with GNPs

with low aspect ratio (more GNP particles) [4, 90]. The

significance of the number of GNP sheets could also be

used to explain the better electrical properties of polymer/

GNP nanocomposites fabricated by ‘‘wet’’ methods. In the

solution mixing method and in situ polymerization tech-

nique, the monomers and/polymer chains could get into the

porous GNPs easily, and results in higher exfoliation

degree. With the help of ultrasonication treatment, not only

Fig. 9 Impact strength:

a HDPE/graphite nanoplatelet

(GNP) nanocomposites;

b HDPE/carbon black (CB)

nanocomposites [5]

Fig. 10 Total energy for notched and un-notched pure vinyl ester and

nanoclay and graphite platelets reinforced nanocomposites [48]
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can the dispersion quality be improved, but also the num-

ber of exfoliated GNPs will increase. Consequently, the

conductive network can be formed at a lower loading level.

The further modification of electrical properties of poly-

mer/GNP nanocomposites can mainly be accomplished in

two ways: (1) improve the composites fabrication technique

to obtain a better dispersion and exfoliation degree; (2)

doping/modification of GNPs. Figure 11 compares the per-

colation behavior of HDPE/GNP nanocomposites fabricated

by direct melt mixing and master batch filling technique. In

the master batch filling technique, two master batches were

used: PE/GNP and PS/GNP master batches. The results show

that the master batch filling technique remarkably decreases

the percolation threshold. However, the level-off conduc-

tivity of the composites prepared by master batch filling

technique is 2–3 orders lower than the composites prepared

by direct mixing. It is believed that the encapsulation of GNP

sheets by PE and PS inhibited the effective contact among

GNP sheets and consequently weakened the tunneling con-

duction [54]. A coating method developed by Drazl’s group

[4] proved to be more effective in improving electrical

properties, showing the lowest percolation threshold and

highest level-off conductivity, compared with traditional

solution and melt processing techniques.

Doping modification of GNPs is another commonly used

approach to improve the electrical properties of polymer/

GNP nanocomposites, primarily via increasing the elec-

trical conductivity of GNP itself. By intercalating proper

dopants between graphene planes within the GNPs could

effectively increase the conductivity of GNPs, by adding

electrons to conduction band or holes to the valence band,

and forming charge–transfer complex [74, 83]. Bromine is

an ideal dopant of this kind with low toxicity, high stability

ease of intercalation, and intermediate chemistry activities.

The epoxy nanocomposites with 2 wt% loading GNP

showed an approximate two orders increment in electrical

conductivity from *10-6 to *10-4 S/cm. However, the

percolation threshold of the nanocomposites before and

after bromination did not show any changes [74]. The

similar results were also observed in polyacrylonitrile

(PAN)/GNP nanocomposites. With the bromine doping,

there was no obvious change of percolation threshold, but

ca. two orders improvement of level-off conductivity. In

the same study, conjugated-PAN was studied as an alter-

native matrix, due to the ability of conjugated structure to

form charge-transfer with sp2 carbons on GNP surfaces by

p–p interaction. The conjugated PAN accounts for an

impressive four orders increase of level-off conductivity,

while having little impact on the percolation threshold

(Fig. 12). This conduction mechanism of this composite

system combines percolation behavior of GNP and a semi-

conductive–conductive transition in the conjugated PAN

through the doping effect of GNP [83].T
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The charge–transfer complex formed by conjugated

PANI intercalating into GNPs also led to an increase of

electrical conductivity from 5 to 25 S/cm of PANI/GN

composites at a rather low loading level of GNP

(0.025 wt%) [91]. In another study of PANI/GNP nano-

composites, the conductivity goes up to *33 S/cm at

1.5 wt% nanographite loading [87]. Silver plating GNP

was synthesized to further improve the conductivity of

pristine GNP. The resulting conductivity of epoxy com-

posite adhesive is given in Fig. 13. Just like the bromine-

doped GNP composites, the silver plating does not change

the double percolation behavior of epoxy/pristine–GNP

composites, but could effectively increase the electrical

conductivity, especially at high loading levels after the

second percolation.

Besides traditional bulk polymer/GNP composites, the

GNPs potentially could also form many hierarchical

structures with various polymers, resulting in excellent

functionalities. In particular, owing to the 2D nature of

GNPs, they are especially well suited for forming multi-

layer (layer-by-layer) nanostructures. As shown in Fig. 14

[93], a highly conductive multilayer structure composed of

alternating poly(sodium styrenesulfonate) (PSS) and GNP

layers was fabricated to achieve an excellent electrical

conductivity in the range of 50–200 S/cm, with the bi-layer

number (n) more than 4.

The temperature, pressure, and chemical dependence of

electrical conductivity of polymer nanocomposites hold

great promise in fabricating smart materials and sensors

with sensitivity to variations of both parameters. Temper-

ature dependence of electrical resistance of carboxymethyl

polyvinyl alcohol (CMPVA)/GNP composites was given in

Fig. 15 [37]. Unlike traditional positive temperature coef-

ficient (PTC) effect, the peak resistance was observed

Fig. 12 The electrical conductivity of the nanocomposite systems as

a function of GNP content [83]

Fig. 11 Electrical properties of HDPE/GNP nanocomposites pre-

pared by direct melt-extrusion and master batch process [54]

Fig. 14 The self-assembly process of (PSS/G)n multilayer films. Step

A is the deposition of PSS layer; step B is the deposition of C16TAB

modified graphite nanoplatelets; by repeating A and B (PSS/G)n

multilayer films are obtained [93]

Fig. 13 Relationship between log resistivity (q) and the content of

conductive filler [92]
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around 70 �C, while after the peak, the resistivity goes

back to the original level, a typical negative temperature

coefficient (NTC) effect. Two reasons were given in this

study to explain this unusual phenomenon:

First, thermal expansion of CMPVA increased the dis-

tance among GNP particles and destroyed the conducting

network. Second, thermal disturbance of conducting char-

ges activated electron hopping and increased the electrical

conductivity [37]. Similar PTC and NTC effects have also

been observed in epoxy/GNP composites at percolation

threshold. Chen et al. [45, 94, 95] did comprehensive

studies on the piezoresistivity behavior of HDPE/GNP

nanocomposites and silicone rubber/GNP nanocomposites.

A typical pressure–resistivity relationship is shown in

Fig. 16. The variation of electrical resistivity reflects the

construction and deconstruction of conductive network

under different pressures. The initial decrease of electrical

resistivity indicates that a more effective conductive net-

work has been developed under low pressure. With further

increase of pressure, the deconstruction of conductive

network happens, leads to the rapid increase of resistivity.

The critical pressure as indicated in Fig. 16 increases with

graphite loading [94]. Owing to the large basal spacing,

more polar groups and porous structures of GNPs, the

diffusion and absorption of organic molecules will be

favored. Figure 17 shows resistance sensitivity of poly

(methyl acrylic acid) (PMAA)/GNP nanocomposites and

PMAA to the vapors of different organic solvents. In par-

ticular, PMAA/GNP nanocomposites have the strongest

sensitivity to chloroform vapor, with a huge increase of

resistance as a result of weaken mutual effects among

graphite nanosheets, indicating the destroyed conductive

network after absorption of chloroform, while the exposure

to acetone vapor has almost no effect on the electrical

properties of the nanocomposites [96].

Dielectric properties

Dielectric constant, or relative permittivity, reflects the

ability of materials to store electrical energy. For pure

polymers, the dielectric constant is usually between 2 and

10. Except for the applications in high-speed integrated

circuit and fast static dissipation, which calls for a low

dielectric constant, high dielectric constant is usually

Fig. 15 The relationship of electrical resistance versus temperature

for composites with 3% GNPs [37]
Fig. 16 Resistivity of HDPE/GNP composite perpendicular to the

oriented direction of GNPs as a function of applied pressure [94]

Fig. 17 Electrical resistance response intensities ((Rmax - R0)/R0) of

a PMAA/natural flake graphite composites and b PMAA/GNP (EG

nanoparticles) nanocomposites thin films to various solvent vapors

[96]
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expected. By introducing conductive fillers into a polymer

matrix, a high dielectric constant could be realized through

interfacial polarization mechanism (Maxwell–Wagner–

Sillars polarization (MWS)). As for GNPs, their high sur-

face area as a result of the 2D structure could create more

interface area compared with other nanofillers, and more

charges will be expected to be trapped at the interface, thus,

GNPs show great potential in fabricating polymer/GNP

nanocomposites with high dielectric constant, due to

stronger interfacial polarization. So far, the highest dielec-

tric constant reported for GNP-filled polymer nanocom-

posites was in poly(vinylidene fluoride) (PVDF)/GNP

composites fabricated by solution–cast method and com-

pression molding, as shown in Fig. 18 [97]. At 1000 Hz, the

dielectric constant of PVDF/GNP nanocomposites gets

close to 108 at a rather low loading level (2.34 vol.%), and

even at high frequencies, such as 1000 kHz, the dielectric

constant still remains high at around 1000. The homoge-

neous dispersion of GNPs in PVDF was considered the

main structural factors leading to such a high dielectric

level. Some other improvements of dielectric constant

caused by well-dispersed GNPs includes ca. 5000 at

1000 Hz in PVDF nanocomposites (4 wt%) [9]; ca. 500 at

1000 Hz in polystyrene nanocomposites (3.1 vol.%) [84],

ca. 250 at 1000 Hz in epoxy nanocomposites (5.0 wt%)

[64], 10 at 1 GHz (5 vol.%) in epoxy nanocomposites [81].

The dielectric constant usually exhibits a percolation

behavior in polymer/GNP nanocomposites, following the

same power law (Eq. 5) as electrical conductivity does [9].

In Fig. 18, the PVDF/GNP nanocomposites have a dielec-

tric percolation threshold around /c = 1.01 vol.%. Above

this threshold, the dielectric constant shows a significant

increase, especially at low frequencies. Furthermore, the

strong frequency dependence of the dielectric constant

reveals the fact of strengthened interface polarization.

e0 fð Þ / /c � /
/c

�
�
�
�

�
�
�
�

�s

ð5Þ

As discussed in previous sections, the degree of exfo-

liation of GNPs is critical to the properties of polymer

nanocomposites, generally in a good way. For the dielectric

constant, the same relationships also exist. To increase the

exfoliation degree is equivalent to increasing the effective

surfaces which could contact with polymer matrix and

create more interface area, thus, it is reasonable to expect

an extremely high dielectric constant in polymer/GNP

nanocomposites with high exfoliation degree, although

there are no comprehensive and comparative studies on this

subject. On the other hand, according to the ‘‘mini capac-

itor’’ concept, frequently used for explaining high dielectric

constant in polymer/graphitic nanofiller composites, the

high exfoliation degree, and more intercalation of polymers

into the GNPs leads to an increasing number of mini (nano)

capacitors, and consequently high dielectric constant.

Dielectric loss, as another important aspect, is gaining

increasing attention today, and materials with high

dielectric constant and low dielectric loss are in urgent

demand. Dielectric loss represents the energy consumption

during the alignment and orientation of dipoles with

external electric field. The more aligned and oriented

dipoles, on one hand, accounts for the improvement of

dielectric constant; on the other hand, also lead to higher

dielectric loss, as shown in Fig. 19. Thus, it is still a

challenging task to increase the dielectric constant while

maintaining the loss at a relatively low level. Although

some work has been done on metal nanofillers, carbon

nanofibers and carbon nanotubes-filled nanocomposites by

introducing multilayer structures and insulating gaps

between polymer matrix and conductive fillers [98–101],

Fig. 19 Dielectric constant and dielectric loss as a function of GNP

content for PVDF/GNP composites [9]

Fig. 18 Dependence of dielectric constants on the frequency for

PVDF/GNP nanocomposites at room temperature [97]
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there is no effort made to GNP-filled polymer nanocom-

posites system currently. The temperature dependence of

dielectric properties, particularly, dielectric loss, could be

used to study the relaxation mechanisms of composites

systems. With increasing temperature, the mobility of

polymer chains and dipoles will get easier. On one hand,

more dipoles could form and orient as a response to electric

field, on the other hand, owing to the high kinetic energy of

dipoles at high temperature, the alignment and orientation

of dipoles along the electric field become more difficult.

These two competing aspects make the temperature

dependence of polymer/GNP nanocomposite truly com-

plicated. Also, taking the relaxation of polymer matrix with

temperature into consideration (such as glass transition)

both dielectric constant and dielectric loss are possible to

go up, down, or keep constant over a wide temperature

range, revealing the multiple possible interactions among

polymer matrix and GNP particles. Therefore, similar to

DMA, dielectric relaxation is very useful in understanding

structures and properties of polymer/GNP nanocomposites

[9, 69, 102].

Thermal conductivity and thermal stability

Thermal conductivity is primarily determined by the

vibration of lattice phonons, and also by thermal motion of

electrons [64]. However, currently, the understanding on

the thermal conduction mechanisms of polymer nano-

composite is still insufficient, especially on the lattice

vibration behavior. Due to the high thermal conductivity of

GNPs, the incorporation of GNPs in a polymer matrix

generally leads to an increase in thermal conductivity [16,

50, 62, 103]. Factors including the aspect ratio of GNP,

interface, and contact resistance show significant influences

on the thermal conductivity, in addition to concentration.

Figure 20 shows the thermal conductivity of epoxy/

10 wt% GNP nanocomposites filled with three GNPs with

different aspect ratio. The highest aspect ratio leads to the

best thermal conductivity [104]. The same results have also

been observed in PP/GNP composites, in which the GNPs

with a diameter of 15 lm leads to higher thermal con-

ductivity of the nanocomposites, compared with GNPs

having a diameter of 1 lm, owing to a smaller contact

resistance of GNPs with high aspect ratio [16]. The study

of thermal conductivity of epoxy/GNP nanocomposites

suggested the importance of interface thermal resistance on

the thermal conductivity of composites. After the GNPs

were treated by nitric acid, the interfacial bonding was

improved due to the existence of polar groups on the GNPs,

so is the interface thermal resistance. Consequently, the

thermal conductivity of nitric acid treated GNP (1 vol.%)

has better modification efficiency, as given in Fig. 21

[105]. Lastly, dispersion of nanofillers is also important. In

ethylene-co-vinyl acetate (EVA)/graphite oxide (GO)

nanocomposites, the thermal conductivity decreased at

highest loading (4 phr), as a result of aggregation of fillers

[44].

The superiority of GNPs as a functional modifier is

further reflected by its high efficiency in improving the

thermal conductivity of PEI nanocomposites. Compared

with CNF and MWCNT, the GNP-filled PEI nanocom-

posites have the highest thermal conductivity along the

direction of nanofiller alignment in a wide loading range,

no matter whether solution or melt mixing was applied

to prepare the composites (Fig. 22). In the same study, the

un-oriented composites have also been prepared, still

Fig. 20 Thermal conductivity enhancement of GNP–epoxy compos-

ites at 10 wt% of GNP loading for GNP fillers produced by

commercial suppliers Angstron Materials LLC and XG Sciences,

Inc. in comparison with GNP-C filler [104]

Fig. 21 The thermal conductivity of polymer composites reinforced

with graphite nanoplatelets (GNPs) as a function of temperature [105]
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resulting in the highest thermal conductivity in GNP/PEI

nanocomposites.

Thermal stability covers two aspects of chemical sta-

bility evaluated by onset temperature (To) of thermal

degradation/decomposition, and physical stability evalu-

ated by the coefficient of thermal expansion (CTE). There

is some doubt that the addition of GNPs in polymer matrix

could improve both of them. Table 3 summarizes the

increasing amplitude of To of various polymer/GNP

nanocomposites systems.

From Table 2, we can tell that the properties of polymer

matrix and graphite fillers are really critical to the

improvement of thermal stability. Several mechanisms

have been proposed to explain the contribution of GNPs to

the improved the thermal stability, here, we list some of

them: (1) the homogeneously dispersed GNPs acts as

‘‘efficient heat sinks,’’ which extracted more heat than the

matrix and did not allow the accumulation of heat within

the latter, thereby preventing oxidation at the early stages

of degradation [10]; (2) the homogeneously dispersed

GNPs could serve as mass transfer barriers (shielding

effect) against the volatile pyrolized products [65, 76]; (3)

the interfacial polymer phases in the vicinity of the

graphite nanoparticle surfaces are restricted by the bonding

from GNPs, and the energy needed to decomposition

would increase, altering the ability of degraded molecules

to diffuse and evaporate [20, 91]. The interface area shows

significant importance to the thermal degradation behavior,

which could be further reflected by the fact that the thermal

stability of LLDPE nanocomposites filled with paraffin-oil-

coated GNPs increased with GNP loading. The paraffin oil

coating layer with very low thermal stability between

LLDPE and GNPs prevents the positive effect GNPs on the

thermal stability [72].

Thermal expansion is very common to polymeric

materials serving at high temperature. The addition of rigid

fillers to polymer matrix is a useful way to restrain the

thermal expansion, due to the confinement effect of rigid

fillers with low thermal expansion. The results listed in

Table 4 reveals that the CTE will increase with tempera-

ture, and decrease with higher loading. From the effect of

processing on CTE, the composites fabricated via counter

twin screw, which showed best dispersion quality and

mechanical performances [65] have the best dimension

stability, i.e., lowest CTE, indicating a uniform dispersion

of GNPs (xGnP) benefiting the dimension stability of

polymer nanocomposites. Compared with other 0D and 1D

nanofillers, the excellence of GNPs in improving the

dimensional stability is obvious, according to Figs. 23 and

24. At temperature below Tg, the injection molded sample

of PP/GNP composites shows lowest CTE along both

Table 3 Effect of GNPs on

thermal stability
Polymer Types of GNPs Concentration of GNP Increase of To (�C) References

PVA GNP 5 wt% 45 [10]

PMMA GNP 5 wt% 35 [20]

PMMA As-received graphite 5 wt% 20 [20]

PLA Exfoliated graphite 3.0 wt% 14 [76]

PANI GNP N/A 40 [91]

Flouroelastomer GNP 7 phr 7 [67]

PS GIC-220N 5 wt% 80 [106]

HIPS GIC-220N 5 wt% None [106]

ABS GIC-220 5 wt% 10 [106]

Nylon-6 Foliated graphite 5 wt% 24 [85]

Fig. 22 Thermal conductivity of molded PEI (UltemTM)/carbon

nanofiller samples-measurement along direction of alignment [62]
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longitudinal direction and transverse direction. When the

temperature is above Tg, except for the CTE along longi-

tudinal direction (PAN CF is the best), PP/GNP nano-

composites still possess the best dimensional stability

exhibiting a rather low CTE. It is believed that the

advantages of GNPs as dimensional stabilizers should be

owing also to the 2D multilayer structures of GNPs.

Synergy of GNP with other carbon nanofillers

on polymer nanocomposites

Adding hybrid nanofiller systems containing two or three

types of nanofillers to a polymer matrix has proven to be a

favorable way to improve the properties of polymer

nanocomposites, in particular, the physical properties. The

resulting composites usually have much better perfor-

mances than the composites filled only with individual

nanofillers. In the epoxy nanocomposites [107, 108], the

synergetic effect of GNPs, with carbon black (CB) and

carbon nanotube (CNT) can lead to the formation of

excellent conductive networks as shown in Fig. 25(c),

which accounts for the highest electrical conductivity of

epoxy/GNP-CB-CNT hybrid filler nanocomposites. At the

same time, the binary filler system of GNP ? CB also

showed better reinforcement effects than individual GNPs.

The synergetic effect of CNTs and GNPs has also been

reported in epoxy nanocomposites [109] and polyethermide

(PEI) nanocomposites [110], revealing the dramatically

increased electrical conductivity at low loading levels

compared with GNP-filled nanocomposites and CNT-filled

nanocomposites. In the PEI nanocomposites [110], the

synergy of CNT and GNP has also been reflected by the

higher thermal conductivity of PEI/(CNT ? GNP) com-

posites, owing to the uniform dispersion and formation of

effective networks between CNTs and GNPs, as shown in

Fig. 26. In [109], the flexural properties of epxoy/CNT/

GNP (CNT ? GNP = 2.0 wt%) hybrid composites have

also been studied, however, there was no synergy effect

observed, unlike with the electrical properties. This is

probably because the electrical properties mainly rely on

the networks of nanofillers in the polymer matrix, which is

sensitive to the variation of the ratio of GNP and CNT,

while the mechanical properties are more dependent on the

dispersion and interfacial bonding between polymer and

nanofillers. Thus, at a fixed total amount of GNP and CNT,

the flexural properties did not show obvious changes,

assuming similar interfacial bonding between nanofillers

and polymers. However, due to the lack of studies of

hybrid nanocomposites containing GNPs, it is still too early

to conclude that there is no synergy effect of GNP and

other carbon nanofillers on mechanical properties without

comprehensive studies.

Conclusion and perspective

The graphite nanoplatelet (GNP) has already proven itself

to be a powerful solid modifier for improving the properties

of polymers and fabricating high-performance polymer

nanocomposites. Their 2D graphitic structures with high

surface area account for larger interface area and more

Fig. 24 CTE of 3 vol.% carbon reinforced PP composites for T [ Tg

[16]

Fig. 23 CTE of 3 vol.% carbon reinforced PP composites for T \ Tg

[16]

Table 4 The coefficient of thermal expansion (CTE) of GNP(xGnP)/

LLDPE nanocomposites by different rotating systems in melt mixing

as xGnP different loading contents in the range of 45–80 �C and

85–100 �C [65]

Temperature range 45–80 �C 85–100 �C

xGnP loading 5 wt% 12 wt% 5 wt% 12 wt%

Screw rotation

Co-rotating 253.4 174.8 373.1 337.9

Counter-rotating 245.7 173.1 340.1 285

Modified-Co-rotating 258.5 223.5 378.6 335

J Mater Sci (2011) 46:5595–5614 5611

123



interactions between polymers and GNP particles. Corre-

spondingly, they exhibit unique advantages compared with

other graphitic carbon nanofillers, thus, in many applica-

tions, GNPs have shown much better reinforcement effi-

ciency. Besides the aspect ratio, dispersion quality, the

exfoliation degree of GNP is a critical factor exerting

significant effects on the performance of polymer/GNP

nanocomposites. According to this review, we find that the

high exfoliation degree is good for most properties of

GNP-filled polymer nanocomposites, similar to other 2D

nanostructures, such as nano-clay and nano-silicate. But

GNPs are superior to these other 2D nanostructures, since

Fig. 26 FESEM images of

0.5 wt% GNP/MWCNT hybrid

composites with equal amounts

of GNPs (0.25 wt%) and

MWCNTs (0.25 wt%) [110]

Fig. 25 The variation of the electrical conductivity of the composite

as a function of weight ratios of CB/(GNP ? CB) and CNT/

(GNP ? CB ? CNT) (total filler content is 1 wt%) (a) and the

electrical conductivity of GNPs/EP, GNP0.9 CB0.1/EP, and GNP0.7

CB0.1 CNT0.2/EP as a function of the filler content (b). Schematic

illustrations for the synergistic effect among GNPs, CB, and CNTs

(c) [108]
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they not only have excellent mechanical properties, but

also have great wear resistance, high electrical, and thermal

conductivities. Thus, multifunctionalities can be readily

obtained by adding GNPs to a polymer matrix. Corre-

spondingly, to fabricate high-performance polymer/GNP

nanocomposites, the structure–property relationships of

polymer/GNP nanocomposites need to be fully understood,

especially the rheological properties which essentially

relate to the processing of polymer nanocomposites, in

particular, the dispersion and exfoliation of GNPs in a

polymer matrix. In contrast to the fruitful results on other

2D nanoparticle-filled polymer nanocomposites, the rele-

vant research on polymer/GNP nanocomposites is still

nascent. Moreover, its 2D nanostructure also makes GNPs

an ideal candidate to improve the gas barrier property of

polymeric materials, which has not obtained substantial

attention yet.

Owing to the extraordinary physical and mechanical

properties of monolayer graphene, since the monolayer

graphene sheet was successfully fabricated in 2004, studies

on manufacturing of fully exfoliated GNPs (i.e., monolayer

graphene sheet) have been exploding, especially after the

2010 Nobel Physics Prize was awarded for the fabrication

of graphene. Undoubtedly, the development of polymer/

monolayer graphene sheet composites is the future of high-

performance multifunctional polymer nancomposites, but

which is critically dependent on the production of graphene.

However, there are many challenges and difficulties in the

production of graphene, typically including the extremely

low yield and deteriorated properties by commonly used

oxidization procedures to fully exfoliate the graphite.

Although abundant work on polymer/graphene nanocom-

posite has been reported, most could not provide direct

proof of the monolayer graphene sheets in a polymer

matrix. In fact, what they obtained are usually GNPs con-

taining a few graphene layers, but not monolayer graphene

sheets. Due to the coupling effect among graphene sheets,

the graphite crystal with more than 10 graphene layers starts

to behave like bulk graphite. This is probably one reason

why the properties of these reported nanocomposites are not

as good as expected, and far below theoretical predictions.

On the other hand, besides the manufacturing of monolayer

graphene sheets, a new challenge to fabrication of polymer/

graphene nanocomposites is arising. Due to the extremely

high aspect ratio of monolayer graphene sheets, the current

processing techniques discussed above may not be capable

of avoiding aggregation. The demand for new dispersion

techniques is an imperative.

Finally, the favorable opinion of many that polymer/

graphene nanocomposites will enable a new generation of

high-performance composites is fundamentally based on

the extraordinary electronic structure and properties of

graphene, however, we cannot evade some exigencies for

successful implementation, for example, these attractive

properties are also essentially related to imperfections and

quality issues such as impurities, surface ripples (quasi-2D)

and damaged edges of graphene. Thus, the contributions

and limitations on the performance and functionalities of

polymer nanocomposites deserve substantial attention in

the immediate future.
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