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Abstract
The comparative study of rigid polyurethane foam (RPUF) nanocomposites based on graphene nanosheets (GNSs) and carbon
nanotubes (CNTs) has been reported. A GNS content of 0.3 wt% in polyol turns to be optimal for its foamability with
the isocyanate component, as verified by rheology measurements. Scanning electron microscopy and transmission electron
microscopy observations reveal a homogeneous dispersion of GNSs and CNTs in the RPUF nanocomposites. Only 0.3 wt% loading
of GNSs and CNTs led to 36% and 25% improvement respectively in the compressive modulus of the RPUF nanocomposites.
Meanwhile, 16 ◦ C and 14 ◦ C improvements in the glass transition temperature confirm the important role of both the nanofillers
in the heat resistance of RPUF nanocomposites. These results additionally indicate that GNSs work more effectively than CNTs
in mechanical property and heat resistance enhancement of the RPUF nanocomposites. The superiority of GNSs over CNTs can
be attributed to their wrinkled surface structure, unique two-dimensional geometrical morphology and higher specific surface
area, which results in stronger interaction and restriction of segmental motion at the interface between the GNSs and the RPUF
matrix. In addition, changes in the thermal conductivity of the nanocomposites are negligible, indicating that incorporation of
GNSs and CNTs will not hinder the application of RPUF nanocomposites as thermal insulators. On the contrary, the enhancement
in mechanical properties and heat resistance will undoubtedly expand the application range of polyurethane foam materials.
c 2012 Society of Chemical Industry
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INTRODUCTION
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the inclusion of various nanoparticles such as silicon carbide and
titanium dioxide.7
Graphene nanosheets (GNSs), as a carbon allotrope a single
atom or several atoms thick, have been demonstrated to have
outstanding mechanical, electrical and thermal properties.12 Due
to these unique properties, GNSs were reported to have potential applications in the preparation of nano-modified materials
with excellent overall performance.13 – 15 Since the pioneering research on conductive-graphene-filled polystyrene,16 considerable
attention has been paid to GNS-based polymer nanocomposites
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Rigid polyurethane foam (RPUF), with excellent thermal insulation,
electrical insulation and chemical resistance, is extensively used
for insulation in refrigerators, construction materials and chemical
pipelines.1,2 As one of the most popular polyurethane products,
another advantage of RPUF is its low density owing to its porous
structure, which makes it possible to economize in raw material.
However, the mechanical properties and heat resistance of pristine
RPUF are usually unsatisfactory due to the sandwich structure
with a weak core, especially for structural and semi-structural
applications.3,4 Therefore, a great deal of effort has been devoted
to improving the physical properties and heat resistance of
RPUF, and for this the manufacture of nanofiller-modified RPUF
nanocomposites works effectively.5 – 10
Nanofillers, with enormous specific surface area and outstanding physical properties, have stronger interfacial adhesion with
the polymer matrix compared with conventional fillers. Therefore
they are usually expected to functionalize RPUF materials, aiming
to achieve excellent performance.11 For instance, addition of 1.0
wt% nanoclay into RPUF increased its compressive modulus and
strength by 20% and 38%; moreover, the same loading of carbon nanofibers led to an increase of 40% and 57%, respectively.4
Improvements in heat resistance have also been achieved with
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with the purpose of obtaining functional materials of high
performance.17 – 19 Recently, Vadukumpully et al.20 reported a
significant enhancement in the mechanical properties of pure
poly(vinyl chloride) films with 2.0 wt% loading of graphene, such
as a 58% and 130% increase in Young’s modulus and tensile
strength, respectively. In addition, a 20 ◦ C increase in the glass
transition temperature served as evidence for the enhanced heat
resistance with the introduction of graphene. A similar enhancement effect also existed in silicone foam nanocomposites.21 As
reported, 0.25 wt% functionalized graphene sheet increased the
normalized modulus of filled foam by over 200% compared with
the control silicone foam sample.21
Another type of carbonous nanofiller, carbon nanotubes (CNTs),
have been proved to be superb reinforcement nanofillers for
various polymer nanocomposites in improving their mechanical,
electrical and thermal properties.22 CNTs and GNSs are both
made up of graphite monolayers, i.e. they have the same
fundamental structural unit. The most distinct difference lies in
their geometrical morphology, e.g. several graphite monolayers
stack into two-dimensional nanoplate-like GNSs or roll into
one-dimensional nanoline-like CNTs.23 Generally, physical and
mechanical properties of polymer nanocomposites are greatly
influenced by the geometrical morphology of the nanofillers.24 – 28
For instance, at a nanofiller weight fraction of 0.1% ±0.002%,
the Young’s modulus of a graphene platelet nanocomposite
was ca 31% greater than that of the pristine epoxy, compared
with an improvement of ca 3% for a single-walled CNT-based
nanocomposite. The superiority of graphene platelets over CNTs
in terms of mechanical property enhancement can be related
to their high specific surface area, enhanced nanofiller–matrix
adhesion/interlocking arising from their wrinkled (rough) surface
as well as the two-dimensional (planar) geometry of graphene
platelets.24 Moreover, graphene-based nanocomposites were
also found to be more efficient thermal conductors than CNT
nanocomposites owing to smaller Kapitza resistance and the
geometry of the graphene sheet.27 In our recent work, polystyrene
containing GNSs were more effective in the formation of
conductive networks in the polystyrene melt than CNTs.29 In
the current work, the aim was to obtain high-performance RPUF
nanocomposites filled with GNSs and CNTs. Compared with solid
materials, the marked characteristics of foam materials are their
porous structure. The addition of nanofillers and their dispersion
(in the cell walls or cell struts) both have an influence on
the foam process, impacting on the formation of the porous
structure and thus the final performance of the foam materials.
Because of the distinct difference existing in their geometrical
morphology, it is of great importance to comparatively study
the foamability and porous structure–performance relationship
of RPUF nanocomposites with two-dimensional GNSs and onedimensional CNTs. Therefore, mechanical and dynamic mechanical
thermal analyses were introduced to elucidate the effect of the
geometry of the nanofillers on the mechanical and thermal
properties of the nanocomposites. Results demonstrate that GNSs
are superior nanofillers to CNTs for improving both the mechanical
and thermal properties of RPUF, highlighting the application of
graphene in polymer foam nanocomposites. Furthermore, this
work is expected to help us further understand the performance
of polymer nanocomposites reinforced with different dimensional
carbon nanofillers.
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EXPERIMENTAL
Materials
Graphene oxide (GO) was synthesized from expanded graphite
by the modified ‘Hummers’ method, with a thickness of 1–2 nm
and an average calculated length of 0.87 µm, as described in our
previous work.25,30 CNTs used here were carboxyl multiwall CNTs
with a purity of > 95 wt% and were produced by the Nano Harbor
Co. Ltd (Chengdu, China) via the chemical vapour deposition
method, with a diameter of 30–50 nm and a length of about
20 µm. The polyether polyol, Model GR-4110, originating from
polypropylene oxide and sucrose/glycerin base, was obtained
from HongQiao Petro. Co. (Shanghai, China) and the isocyanate
N200 was purchased from ChangFeng Petro. Co. (Chongqing,
China). Silicone glycol copolymer Niax L-580 was used as a
surfactant, and the catalyst used contained triethylene diamine
and stannous octoate. The blowing agent was distilled water.
Preparation of GNS- and CNT-filled RPUF nanocomposites
GO was suspended in distilled water (1 mg mL−1 ) with strong
stirring and ultrasonication (400 W power and 40 kHz frequency) to
create a homogeneous dispersion, and the dehydrated polyether
polyol was added to the dispersion. The mixture was subsequently
sonicated at 30 ◦ C for 1 h to reach a uniform dispersion of GO
in the polyol. Then the temperature was increased to 95 ◦ C for
3 h in the presence of hydrazine hydrate. The hydrazine hydrate
was an effective reducing agent which converted GO to GNS; the
weight ratio of hydrazine hydrate to GO was 1. With the aid of
ultrasonication and stirring, a homogeneous GNS/polyol/distilled
water dispersion was obtained. Subsequently, the distilled water
was evaporated to constant weight and the additive (0.2 wt%
surfactant and 0.1 wt% catalyst) was added to the GNS/polyol
mixture, which was then stirred until a uniform mixture was
obtained. Finally, the isocyanate (weight ratio of polyol/isocyanate
100/180) was added and stirred for an additional 15 s. The foams
were then transferred to a mould with a lid, expanded to fill the
entity and post-cured in an oven at 100 ◦ C for 4 h. In this work, the
density of all RPUF nanocomposites was fixed at about 200 kg m−3 .
Foams containing 0.1, 0.2 and 0.3 wt% of GNSs were produced. For
comparison, CNTs were also introduced to the same content. The
procedure for processing pure RUPF was started from the addition
of the additive into dehydrated polyether polyol and the following
procedure was the same as with the preparation of GNS-filled
RPUF nanocomposites.
Characterization
Rheological behaviours of dispersions were evaluated at 20 ◦ C
using a rotating rheometer AR 2000ex from TA Instruments (USA)
with parallel plate geometry (with strains of 1% and gap of
1000 µm).
The morphology of the samples was observed in a JSM9600 (JEOL, Japan) scanning electron microscope with an
accelerating voltage of 20 kV. Transmission electron microscopy
(TEM) images were obtained with a Philips T20ST electron
microscope (Amsterdam, Netherland) at an acceleration voltage
of 200 kV. The nanocomposite samples were prepared with a
thickness of 50–60 nm via a microtome.
The compressive strength and the compressive modulus were
measured with a universal electronic tensile machine (Shimadzu,
Japan) with compression rate of 2 mm min−1 according to ASTM
D 1621-94. The specimens for measurement were machined into
dimensions of 50 × 50 mm3 . To eliminate the discrepancies
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aroused by the foam density, the compressive strength and
modulus values were normalized to a density of 200 kg m−1 using
the following equations, which are derived from the geometric
model of closed-cell foam proposed by Gibson and Ashby.31

Rheology and foamability of polyol nanodispersions
Figure 1 shows the steady shear behaviours of GNS- and CNTfilled polyol nanodispersions. It can be seen that the pristine
polyol flows in a Newtonian manner, the CNT nanodispersion
shows moderate shear thinning, while the GNS nanodispersion
exhibits distinct shear thinning. The physical restraints of polyol
chains resulting from the interaction between polyol chains and
GNSs or CNTs in the nanodispersions are assumed to be the
key points for shear thinning.21,32 At the same loading (0.3
wt%), the GNS nanodispersion displays stronger shear thinning
than the CNT nanodispersion, indicating that two-dimensional
GNSs have a stronger restriction effect on polyol molecular
chains than one-dimensional CNTs, which can be attributed to

Cell morphology of RPUF nanocomposites
Figure 3 shows the typical closed cellular structure of RPUF. The
cell size and cell density for pristine RPUF are 165 µm and 3.6 × 105
cells cm−3 . Addition of 0.3 wt% GNSs decreases the cell size
to 145 µm and increases the cell density to 5.3 × 105 cells
cm−3 , while the same loading of CNTs results in 161 µm and
3.8 × 105 cells cm−3 , respectively. These results are indicative of
a moderate heterogeneous nucleation effect of GNSs on foaming
while the heterogeneous nucleation effect of CNTs is negligible in
comparison with the nucleation of common ultra-fine particles for
RPUF.38 With high specific surface area and strong interfacial
interaction as confirmed by the rheological properties, GNSs

Figure 1. Steady shear viscosities of GNS- and CNT-filled polyol nanodispersions.

Figure 2. Linear viscoelastic properties of GNS- and CNT-filled polyol
nanodispersions.
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where σ n and En are the normal compressive strength and
modulus; σ m and Em are the measured compressive strength
and modulus; ρ is the observed density of the RPUF in kg m−3 ; ρ s
is the density of solid polyurethane with a value of 1200 kg m−1 ;
and φ is the fraction of polymer contained in the cell struts with
a value of 0.9. X-ray photoelectron spectroscopy (XPS) analyses
were performed with an XSAM800 (Kratos Company, UK) using Al
Kα radiation (hν = 1486.6 eV).
Dynamical mechanical analysis (DMA) was carried out using a
Q800 DMA instrument (TA Instruments) with a heating rate of
3 ◦ C min−1 from 50 to 250 ◦ C. The dimensions of the samples were
35 × 10 × 4 mm3 .
Thermal conductivity was measured by the transient plane
source technique using a hot disc 2500-OT equipment at room
temperature according to ASTM C518-91.
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RESULTS AND DISCUSSION

the wrinkled surface structure of GNSs and their unique twodimensional geometrical morphology with higher specific surface
area than that of CNTs.24 Moreover, compared with pristine polyol,
for example, at a shear rate of 10 s−1 the relative viscosities
of 0.3 wt% GNS/polyol and CNT/polyol nanodispersions are
approximately 3.1 and 1.4, respectively. These moderate increases
in viscosity would not hinder the foamability of polyol with
the isocyanate component.33 However, the relative viscosity of
0.5 wt% GNS/polyol nanodispersion increases to 15.4 and the
nanodispersion might be difficult to process into foam.6
Figure 2 shows the linear viscoelastic properties of GNS- and
CNT-filled polyol nanodispersions to further reveal the effect of
GNSs and CNTs on the foamability of polyol with isocyanate.
Apparently, the storage modulus G of both the nanodispersions
continuously increases with frequency, indicating that 0.3 wt%
of GNSs and CNTs are not enough to construct a complete
network structure. Moreover, the storage modulus G of 0.3
wt% GNS nanodispersion is significantly higher than that of CNT
nanodispersion, which also testifies to the stronger interaction
between polyol and GNSs. When the GNS content increases
to 0.5 wt%, the storage modulus becomes independent of
frequency and the nanodispersion exhibits a solid-like linear
viscoelastic behaviour, suggesting development of a highly
crosslinked three-dimensional network structure,34,35 which is
supposed to hinder the foaming process. The above results
suggest that the geometrical morphology of carbon nanofillers
has a significant effect on the rheology and foamability of polyol
nanodispersions.36,37 GNSs with a two-dimensional structure cause
higher steady viscosity and storage modulus than CNTs with a onedimensional structure, resulting in a difficult foaming process, and
thus the loading of GNSs should not be higher than 0.3 wt% in
RPUF.
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(c)

Figure 3. SEM micrographs of (a) pristine RPUF, (b) GNS/RPUF nanocomposite with 0.3 wt% GNSs and (c) CNT/RPUF nanocomposite with 0.3 wt% CNTs.

(a)

(b)

Figure 4. Representative TEM micrographs of (a) GNS/RPUF nanocomposite with 0.3 wt% GNSs and (b) CNT/RPUF nanocomposite with 0.3 wt% CNTs.

1110

should be more conducive to reducing the nucleation free energy
to create effective nucleation sites than CNTs.38,39 Nevertheless,
due to the drastic rise in flow viscosity at a higher GNS loading, the
GNS loading is not allowed to be more than 0.3 wt%; hence, the
effective nucleation sites are not enough to decrease the cell size
significantly.
Figure 4 shows TEM micrographs of the GNS and CNT
nanocomposites. A desirable dispersion is obtained for the two
nanofillers, where hardly any aggregates are observed. Thanks
to oxygen functional groups (e.g. hydroxyl, epoxide, carboxyl
and carbonyl groups) on the basal planes and edges, GO is
strongly hydrophilic and easy to homogeneously disperse in
distilled water in the form of individual or multiple layers,
with the aid of ultrasonication. During the reduction process,
GO is converted to GNSs, which are then wrapped with the
aid of ultrasonication to prevent aggregation upon evaporation
of water.40 In the following in situ polymerization, a desirable

wileyonlinelibrary.com/journal/pi

dispersion of GNSs in the RPUF can be achieved and the wrinkled
structure is generated via covalent bond interaction between
isocyanate and residual oxygen functional groups in the GNSs.41,42
A homogeneous dispersion of CNTs in RPUF is also obtained under
continuous ultrasonication, as described in our previous work.9,43
The favourable dispersion of GNSs and CNTs in RPUF is particularly
crucial for enhancement of the mechanical and thermal properties
of RPUF, which will be discussed in the following sections.
Mechanical properties of RPUF nanocomposites
Given their significant application as foam materials, the compressive property of RPUF is a critical property, which is shown in
Fig. 5. The compressive strength and modulus increase reasonably
with the amount of GNSs and CNTs. For example, the compressive
strength and modulus increase by 32% and 36% respectively from
3.1 MPa and 73.8 MPa for pristine RPUF to 4.1 MPa and 100.1 MPa
for 0.3 wt% GNS nanocomposite, while the values for 0.3 wt% CNT
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(a)

(b)

Figure 5. Compressive strength (a) and compressive modulus (b) of various GNS- and CNT-filled RPUF nanocomposites.

nanocomposite are 16% and 25%. Compared with other nanofiller
(such as nanoclay or carbon nanofibre) RPUF composites,4,6 e.g.
RPUF nanocomposite based on 0.43 wt% carbon nanofibres exhibited only 16% improvement in normalized compressive modulus,6
GNSs and CNTs are undoubtedly more efficient.
The Halpin–Tsai model, which is widely used for predicting the
modulus of distributed filler-reinforced solid composites,44,45 in
conjunction with the Gibson–Ashby model for the modulus of
closed-cell foams, is introduced to estimate the modulus of the
GNS- and CNT-filled RPUF composites.

EFC = EPU
ηL =

1 + ηL ξ Vfiller
1 − ηL Vfiller




φ2

ρn
ρs

2


+ (1 − φ)

(Efiller /EPU ) − 1
(Efiller /EPU ) + ξ

ρn
ρs


(3)
(4)

where EFC and EPU are the modulus of the RPUF composite and
solid polyurethane, respectively. Efiller represents the modulus of
GNSs or CNTs. Vfiller is the volume fraction of GNSs or CNTs in the
solid part of the RPUF. ρ n and ρ s are the normal density of RPUF
and solid which are 200 and 1200 kg m−3 , respectively. For the
GNS composite, ξ = (2/3)(l/t)GNS , where l and t refer to the length
and thickness of the GNSs and are about 500 nm and 0.34 nm.46
For the CNT composite, ξ = 2(l/d)CNT, where l and d refer to the
length and diameter of the CNTs and are about 20 µm and 40 nm,
respectively. The moduli of the GNSs and CNTs used here are about
750 and 400 GPa.47 – 49 The modulus of pure solid polyurethane
is 1.88 GPa from the experimental data, falling in the range of
reported values for EPU of 1.6 to 2.7 GPa.50 The densities of GNSs
and CNTs are 2200 and 2100 kg m−3 . The volume fractions of GNSs
or CNTs in the solid part of the RPUF can be expressed as follows:
Vfiller =

ωfiller
ωfiller + (ρ filler /ρ s )(1 − ωfiller )

(5)

Scheme 1. Proposed reaction of hydroxyl and carboxyl with isocyanate to
generate carbamate ester and amide.

Table 1. C/O atomic ratio and contents of oxygen-containing groups
on GNSs and CNTs demonstrated by XPS measurements
Samples
GNSs
CNTs

C/O

–OH

O–C=O

C=O

C–O–C

93.8/6.2
97.6/2.4

4.28%
1.56%

0.79%
0.35%

0.55%
0.22%

0.30%
0.13%

chains and favour the efficient load transfer from the nanofillers
to the matrix. The strong interfacial interaction is mainly aroused
by the chemical reactions of the hydroxyl and carboxyl groups
contained in GNSs and CNTs with isocyanate, which generate
carbamate ester and amide,42,51 as expressed in Scheme 1.
Additionally, Fig. 6 displays more effective reinforcement of
GNSs than CNTs. The reasons may be as follows.24 The wrinkled
surface structure of GNSs is beneficial to their interfacial bonding
with the matrix. The oxygen functional groups of GNSs are
more than those of CNTs. More oxygen functional groups on
the basal planes and edges of GNSs as demonstrated by XPS
measurement (Table 1) bring out stronger chemical and hydrogen
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where ωfiller is the weight fraction of GNSs or CNTs in the solid part
of the RPUF composites. Substituting appropriate parameters into
Eqns (3)–(5), the theoretical modulus of the RPUF composites can
be estimated, as shown in Fig. 6.
It is found from Fig. 6 that the theoretical results are in good
agreement with the experimental data, revealing outstanding
enhancement effects of GNSs and CNTs on RPUF. The origin of
the GNS and CNT reinforcement can be attributed to their ultrahigh aspect ratio and powerful interfacial adhesion, which provide
additional constraints to the segmental movement of the polymer
Polym Int 2012; 61: 1107–1114

Figure 6. Normal experimental data of various GNS- and CNT-filled RPUF
nanocomposites and calculated theoretical results derived from the
Halpin–Tsai model in conjunction with the Gibson–Ashby model.
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(b)

Figure 7. Temperature dependence of storage modulus (a) and relative storage modulus (b) for pristine RPUF and GNS- and CNT-filled RPUF
nanocomposites with 0.3 wt% content.

Figure 8. Temperature dependence of the loss factor (tan δ) for GNS- and
CNT-filled RPUF nanocomposites with 0.3 wt% content.

bonding interactions between GNSs and the RPUF matrix; thus the
interfacial interaction is more intense and the load transfers more
easily. GNSs act as a more effective heterogeneous nucleating
agent than CNTs, leading to a decrease in cell size. Finally, the
unique two-dimensional geometrical morphology with a higher
specific surface area of GNSs also contributes to the superior
enhancement effect.
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Dynamic
mechanical
thermal
analysis
of
RPUF
nanocomposites
Figure 7(a) shows the temperature dependence of the storage
modulus (E  ) for pristine RPUF and GNS- and CNT-filled RPUF
composites. E  for all samples decreases slowly and progressively
with temperature in the initial stage and then shows a very
strong decay between 180 and 210 ◦ C, which correlates with the
transition from the glassy to the rubbery state. In contrast to
pristine RPUF, the improvement in E  for the GNS nanocomposite
is more significant than that of the CNT nanocomposite. To better
understand the effect of GNSs and CNTs on the storage modulus
of the nanocomposites, the relative storage modulus is plotted
as a function of temperature, as shown in Fig. 7(b). In the glassy
region, 0.3 wt% GNSs or CNTs cause a minor rise in E  , e.g. 54%
and 48% improvement respectively at a temperature of 40 ◦ C.
In the glass transition region, the values increase sharply to
900% and 800% at about 190 ◦ C. The marked improvement in
storage modulus also suggests a favourable interfacial interaction
between the nanofillers and the RPUF matrix.20,52 In particular, the
mobility of the polymer molecule chains near the glass transition

wileyonlinelibrary.com/journal/pi

temperature (Tg ) is markedly confined, giving rise to an abrupt
increase in storage modulus.
In the glass transition region, energy dissipation increases
greatly as the loss factor (tan δ) peaks to a maximum, while
the corresponding temperature maximum is considered to be
Tg associated with α relaxation of the RPUF composites. Both
Tg and tan δ interpret the mobility and movement capacity of
polymer molecule chain segments. As presented in Figure 8, the
apparent Tg and tan δ of pristine RPUF are 185 ◦ C and 0.6, while
the Tg shifts to 201 and 199 ◦ C for GNS and CNT nanocomposites
and tan δ shifts to 0.4 and 0.5, respectively. Undoubtedly, GNS
and CNT loading induced an increase in Tg and a decrease in
tan δ, demonstrating the stiffening barrier effect of these carbon
nanofillers, i.e. the presence of GNSs and CNTs highly impedes
the polymer chain motion via strong interfacial interactions
and acts as a ‘physical crosslink’ during the glass transition,21,53
which evidently improves the stiffness and heat resistance of the
nanocomposites. Analogous to the compressive properties, the
observed amplitude of the variation in Tg and tan δ is high for
GNS nanocomposites compared with that of CNT nanocomposites,
which is also ascribed to the greater interfacial interaction between
the matrix RPUF and wrinkled GNSs with unique two-dimensional
geometrical morphology. Furthermore, although tan δ decreases
with addition of GNSs and CNTs, provided its value is larger than
0.3, damping effect should be considered to exist.
Thermal conductivity of RPUF nanocomposites
For application of foam nanocomposites as a thermal insulator
material, the thermal conductivity is a crucial parameter. The
thermal conductivity of pristine RPUF and 0.3 wt% GNS and CNT
nanocomposites is shown in Table 2. A loading of 0.3 wt% GNSs
slightly increases the thermal conductivity by 3% from 51.52×10−3
for pristine RPUF to 53.13 × 10−3 W m−1 K−1 , but only by 0.1% for
CNTs. Two opposing factors could affect the thermal conductivity
of RPUF nanocomposites.2,21,54 On the one hand, the average cell
size imposes a strong influence on the total thermal conductivity
of the nanocomposites. It has been well established that thermal
conductivity generally decreases with cell size. On the other
hand, the thermal conductivity increases with incorporation of
nanofillers with superior thermal conductivity. In this work, the
cell size reduces a little with the existence of GNSs and CNTs,
which is beneficial for the reduction of thermal conductivity. The
increased thermal conductivity in the nanocomposites should
therefore be ascribed to the superior thermal conductivity of GNSs
and CNTs. Nevertheless, the increase in thermal conductivity is
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Table 2. Thermal conductivity of GNS- and CNT-filled RPUF
nanocomposites
Samples

Thermal conductivity (×10−3 W m−1 K−1 )

RPUF
0.3 wt% GNS/RPUF
0.3 wt% CNT/RPUF

51.52
53.13
51.57

very limited, which indicates that such loading of GNSs and CNTs
would not hinder the application of RPUF nanocomposites as
thermal insulator materials.
The current results indicate that RPUF nanocomposites with a
very low loading of GNSs (0.3 wt%) could enhance the mechanical
properties and heat resistance more than the same loading of
CNTs. Due to the expensive manufacturing cost, impurities from
catalysts, bundling and aggregation, industrial applications of
CNTs are still limited.14 In contrast, inexpensive and abundant
raw materials along with a well-developed chemical oxidation
reduction process make it cost-effective to manufacture GNSs.
Because of the superiority of GNSs over CNTs in enhancing
the mechanical properties and heat resistance of polymer
nanocomposites, as observed by us and other researchers, GNSs
are destined to serve as an alternative to CNTs to prepare high
performance and multifunctional polymer nanocomposites.

CONCLUSIONS
RPUF nanocomposites containing satisfactorily dispersed GNSs
and CNTs with enhanced mechanical properties and heat resistance have been obtained. Rheology measurements state that
the preferable GNS content in polyol for its foamability with the
isocyanate component should be 0.3 wt%. The observed cell
morphology reveals that GNSs play a moderate role in the heterogeneous nucleation foaming process while the heterogeneous
nucleation effect of CNTs is negligible. With only 0.3 wt% GNSs
and CNTs, the improvements in compressive modulus are 36%
and 25%, which are quite consistent with the results obtained
from theoretical analysis by the Halpin–Tsai and Gibson–Ashby
model, implying an outstanding enhancement effect of GNSs and
CNTs. DMA results also reveal that the incorporation of GNSs improves the storage modulus and Tg more remarkably than that of
CNTs. The superiority of GNSs over CNTs in terms of mechanical
properties and heat resistance enhancement can be attributed to
their wrinkled surface structure, unique two-dimensional geometrical morphology and higher specific surface area which results in
stronger interface adhesion between the GNSs and RPUF.
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