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A B S T R A C T

Polyurea elastomers have attracted increasingly more attention due to excellent mechanical performance,
and their wide industrial applications are in need of multifunctionality such as thermal conductivity. We
herein prepared polyaspartic polyurea elastomers with optimal tensile strength and fracture strain by adjusting
the isocyanate index and free isocyanate content. As a class of nanofiller, isocyanate-modified graphene
nanoplatelets (IP-GNPs) were developed and they formed a stable, robust interface with the polyurea
matrix, resulting in mechanical reinforcement and multifunctionality. The nanocomposite at 0.05 vol% of
IP-GNPs revealed a tensile strength of 15.72 ± 0.67 MPa, representing an increment of 108.21% over pure
polyurea, with excellent resistance to acidic and alkali corrosion. After 9 h of post-maintenance at 60 ◦C,
the nanocomposite reached a healing efficiency up to 80.10% as driven by hydrogen bonds. An electrical
percolation threshold was observed at 3.61 vol% of IP-GNP for the nanocomposites. The thermal conductivity
reached 38.49 W/m K at 7.00 vol% due to the formation of the IP-GNP network in polyurea, where the
electron thermal conductivity plays a dominant role. In comparison with those high thermal conductivity
values obtained by back-filling polymers into a network established beforehand, this facile approach would be
highly favored in industry for the development of elastomer nanocomposites with multifunctionality for many
applications, e.g. smart sensors, protective coatings, energy harvesting, etc.
1. Introduction

Polyurea elastomers are a class of emerging macromolecules, each
of which is composed of an isocyanate component (–NCO) and an
amino component (–NH2); these two components react to produce
a urea group [1]. A polyurea macromolecule consists of soft and
hard segments. The soft segments consisting of amino compounds
can readily change their conformations, to provide polyurea not only
with high elasticity and ductility but also lower glass transition tem-
peratures than room temperature. The hard segment, isocyanate, has
high glass transition temperature and is rigid, providing polyurea with
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high modulus and strength. The micro-phase separation in polyurea
is caused by (i) the thermodynamic incompatibility between soft and
hard segments and (ii) the strong hydrogen bonding between hard
segments [2,3]. This morphology endows polyurea with a variety of
excellent physicochemical properties. Since the extremely fast reaction
rate limits the application of polyurea materials, it is of significance to
improve polyurea formulations to reduce the reaction rate and make
the reaction time controllable.

To improve the mechanical and functional performance of polyurea
materials, a variety of fillers have been developed for polyurea
nanocomposites [4–6]. Zhang et al. [7] compounded hydroxyapatite
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as the reinforcing phase with polyurea, and the formation of hydrogen
bonds between hydroxyapatite nanorods and polyurea enhanced the
mechanical properties. Bordbar et al. [8] incorporated silver nanopar-
ticles into polyurea coatings, and the resultant nanocomposite ex-
hibited higher heat transfer rate and better corrosion resistance. Yu
et al. [9] prepared a new silicone-modified polyurea coating for as-
phalt pavements to improve anti-icing performance. The average ice
strength was reduced by 61.2%, and the coating showed good anti-
icing performance even after 10 freezing-thawing cycles. Although the
above efforts have improved the mechanical properties of materials
or provided certain functions, multifunctional, mechanically resilient
polyurea nanocomposites are in high demand in industry.

Since carbon-based materials feature exceptional mechanical ro-
bustness and electrical and thermal conductivities, these have been pro-
posed as an ideal reinforcing phase for multifunctional composites [10–
15]. Yang et al. [16] reported a low-cost, biodegradable starch/graphite
composite by exploiting the cation-𝜋 interactions between ammonium
ions and graphite to improve the degree of delamination as well as
the dispersion of graphite in a starch matrix. Li et al. [17] used
miscible poly(L-lactide) as an adjuvant and prepared polyoxymethy-
lene (POM)/multi-walled carbon nanotube (MWCNT) composites and
POM/graphene nanoplatelet (GNP) composites. MWCNTs and GNPs
provided the matrices with excellent thermal conductivity, electro-
magnetic interference shielding, Joule heating, and anti-dripping prop-
erties. Guo et al. [18] used graphene oxide (GO) to enhance the
flame retardancy of polydimethylsiloxane(PDMS) foam materials, and
GO/PDMS foam composites added at only 0.04 wt% exhibited excellent
flame retardancy (40.6% reduction in heat release rate and 27.1% of
limit oxygen index) without affecting the low density and mechanical
flexibility. Hernández et al. [19] prepared a rubber nanocomposite
with excellent self-healing and electrically and thermally conductive
properties by adding graphene, and investigated in-depth the effect
of graphene loading on the recovery of mechanical and thermal and
electrical properties.

Graphene, as the ‘‘ super star ’’ in engineering materials, has at-
tracted intensive attention from scholars and industry. However, un-
treated graphene and graphene oxide (GO) are not ideal [20–23],
because the former cannot uniformly disperse in the polymer, and
the latter is limited by low structural integrity and the need for re-
duction to obtain desirable electrical and thermal conductivities [24,
25]. Graphene nanoplatelets (GNPs) each are composed of few-layer
graphene and their mechanical properties and electrical and thermal
conductivities are close to single-layer graphene. More importantly,
GNPs contain a low proportion of oxygen-containing groups such as
epoxide groups which can be used to form a strong interface with
polymer matrices. However, the current preparation methods for many
polymer/GNP nanocomposites are in need of organic solvents, which
are not environmentally friendly. The mechanochemical treatments for
polymer nanocomposites has recently attracted more attention as it
involves no or less organic solvent [26]. The use of mechanochemical
energy often results in oxygen-containing groups on the GNP surface.

Based on these literature studies, we have found the following
knowledge gaps for polyurea nanocomposites: (i) design and prepara-
tion of polyurea matrices with tunable reaction rates, (ii) preparation
of GNPs by environmentally friendly means, (iii) formation of a stable,
strong interface between GNPs and polyurea through modification
and (iv) addressing lack of multifunctionality, i.e. self-healing, elec-
trical conductivity, thermal conductivity, corrosion resistance, impact
resistance, etc. In this work, GNPs are exfoliated by mechanochemi-
cal treatment and then modified by isocyanate to create IP-GNPs for
olyurea nanocomposites. Experiments are carried out to investigate
he multifunctionality of the nanocomposites.
2

2. Experimental section

2.1. Materials

The graphite intercalation compound (GIC) was kindly provided by
Asbury Carbons, Asbury, NJ, USA. Anhydrous ethanol and dimethyl-
formamide (DMF) were purchased from Shanghai Sinopharm Chemical
Reagent Company. Isophorone diisocyanate (IPDI) and polyaspartic
acid ester (Desmophen NH 1420) were purchased from Costron, Ger-
many. A long-chain diamine with a molecular weight of ∼2000 (JEF-
AMINE D-2000) and a long-chain triamine with a molecular weight of
5000 (JEFFAMINE T-5000) were purchased from Huntsman, USA. All
f the above materials and solvents were used directly without further
urification.

.2. Preparation of graphene nanoplatelets by mechanochemical treatment
nd their surface modification

Fig. S1a in the Supporting Information shows a schematic for prepa-
ation of graphene nanoplatelets (GNPs) by the mechanochemical treat-
ent. A specific process is as follows: take 1 g of GIC and pour it into
crucible preheated at 700 ◦C in a muffle furnace, followed by 1-min
eat treatment, to obtain worm-like expanded graphite. Then 1 g of the
xpanded graphite was transferred into a zirconia jar, into which 50 ml
f ethanol, 10 g of zirconia balls of 6 mm in diameter, and 50 g of balls
f 3 mm in diameter were added. The jar (cylindrical structure: 5 cm
n diameter and 5 cm in height) was sealed and purged with nitrogen,
ollowed by ball milling of 500 rpm for 12 h, resulting in a GNP
uspension. The suspension was transferred to a beaker and sonicated
n a water bath for 2 h under 20 ◦C. Finally, the GNP suspension was
ried to obtain ball-milled GNPs.

In the next step, GNPs were modified with IPDI, and the preparation
chematic and reaction scheme are shown in Fig. S1b and S1c of the
upporting Information, respectively. 0.1 g of ball-milled GNPs were
laced into an agate mortar with 50 ml of DMF, followed by grinding
or 10 min. The obtained mixture was transferred to a beaker and
onicated for 20 min under 20 ◦C to obtain a homogeneously dispersed
NP suspension. The GNP suspension was transferred to a three-neck

lask, into which 2 ml IPDI was added; the reaction was carried out
ith magnetic stirring in an oil bath at 80 ◦C for 24 h. The mixture was

iltered and repeatedly washed at least three times with DMF to remove
xcessive IPDI, and the product obtained after filtering was dried in an
ven at 60 ◦C to obtain IPDI-modified GNPs (IP-GNPs).

In Fig. S1c of the Supporting Information, each IPDI molecule
contains two isocyanate groups and these two groups have differ-
ent activity. Because the quantity of isocyanate groups is obviously
excessive in comparison with the surface groups of GNPs, most of
the more active isocyanate groups would interact with the hydroxyl
and carboxyl groups on the surface of GNPs, respectively generating
carbamate bonds and amide bonds. As a result, the surface of IPDI-GNPs
should still retain active isocyanate groups for the subsequent reactions
with amino components in the polyurea system, to establish a robust
bridge between GNPs and the matrix.

2.3. Preparation of polyaspartic polyurea/graphene nanocomposites

Fig. 1a–c illustrates the preparation of IP-GNP suspension, polyas-
partic polyurea prepolymer/IP-GNP, and polyaspartic polyurea/IP-GNP
nanocomposites, respectively. A typical preparation process is as fol-
lows. 0.1 g of IP-GNPs was charged into an agate mortar with 1 mL of
DMF as the solvent, followed by grinding of 5 min. The mixture was
transferred into a beaker and treated by an ultrasonication bath for
20 min at below 20 ◦C to obtain a homogeneously dispersed IP-GNP
suspension.

As shown in Fig. 1b, 8 g of D2000 and 1.1 g of T5000 were
transferred to a three-neck flask and mixed thoroughly, which was
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Fig. 1. Illustration for preparation of (a) IP-GNPs suspension, (b) polyaspartic polyurea/IP-GNP prepolymer, and (c) polyaspartic polyurea/IP-GNP nanocomposites, and (d) synthesis
f polyaspartic polyurea/IP-GNP nanocomposites.
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hen placed in a thermostatic magnetic stirring oil bath, where the
emperature was controlled at ∼10 ◦C by using a liquid nitrogen cooling
ystem. Subsequently, 4.1 g of IPDI was added slowly drop by drop
ith a low speed of stirring (30 rpm) for 30 min; when the temperature
as raised to 85 ◦C, the reaction proceeded for another 30 min. After

he stirring rate was increased to 120 rpm, the pre-prepared IP-GNP
uspension was slowly added to the flask, followed by reaction of 3 h
o obtain polyaspartic polyurea prepolymer/IP-GNP.

In Fig. 1c, 7.5 g of NH1420 was added to polyaspartic polyurea
repolymer/IP-GNP and stirred at low speed of 30 rpm for 5 min,
ollowed by degassing in a vacuum oven at 60 ◦C for 10 min. The
ixture was then poured into a PTFE mold and heated in an oven

t 90 ◦C for 12 h to evaporate the remaining solvent. Finally, the
aterial was cured in an oven at 60 ◦C for 24 h to obtain polyaspartic
olyurea/IP-GNP nanocomposites. Fig. 1d shows the reaction scheme
f polyaspartic polyurea/IP-GNP nanocomposites. The preparation of
nmodified polyaspartic polyurea/GNP nanocomposites only requires
 p

3

eplacing the IP-GNP suspension with a GNP suspension in the above
rocess.

.4. Characterization

Atomic Force Microscopy (AFM) was employed to investigate the
urface morphology and the thickness of expanded graphite sheets, ball-
illed graphene nanoplatelets (GNPs), ball-milled and ultrasonicated
NPs, and IP-GNPs, by using an AutoProbe CP/MT scanning probe
icroscope (Veeco Instruments) with a V-shaped ‘‘super-lever’’ probe
in a non-contact mode for imaging. All images were collected at a

elative humidity of 50% and 23 ◦C with a scanning grating rate of
1 Hz.

The organic groups on the surface of ball-milled GNPs and IP-
NPs were analyzed by a Fourier Transform Infrared Spectrometer

FT-IR), a Bruker TENSOR II, by using a KBr method for sample

reparation. Other testing parameters include a wave number range
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of 500–4000 cm−1, a characteristic incidence angle of 450◦, and a
esolution of 4 cm−1.

The grafting ratio of IP-GNPs was studied using a TGA instrument
nder an inert (nitrogen) atmosphere. For thermogravimetric analysis,
mg of GNPs/IP-GNPs powders was placed in a 40 μl aluminum tray

nd sealed with a lid. The samples were heated from 28 to 640 ◦C at
0 ◦C min−1 while maintaining a constant nitrogen flow rate of 50 mL
in−1.

Transmission electron microscopy (TEM) was used to investigate
he exfoliation and dispersion of GNPs and IP-GNPs in polyurea. The
anocomposites were cryo-microtomed to produce sections of 50-
70 nm in thickness using a diamond knife. These sections were

ransferred to copper grids for TEM observation.
Scanning electron microscopy (SEM) was used to study the mor-

hology of polyaspartic polyurea/IP-GNP nanocomposites. The tensile-
ractured samples were glued onto a conductive substrate with con-
uctive adhesive and then sprayed with gold at 10 mA for 45 s
sing an Oxford Quorum SC7620 sputter coater. Each sample was
bserved using a ZEISS Sigma 300 scanning electron microscope with
n accelerating voltage of 3 kV.

The tensile properties and tear strength of polyaspartic polyurea
anocomposites were measured by a universal testing machine accord-
ng to ISO 37-2005 and ISO 34-1:2004. The tensile specimens were
5 mm long, 4 mm wide, and 2.5 mm thick, with a gauge length of
5 mm. The pant-tear specimens were 150 mm long and 50 mm wide,
ith a pre-crack of 75 mm in length. For each component, at least five

dentical samples were tested and the average values were derived.
A Charpy impact tester was used to test the impact resistance. The

amples were prepared according to ISO 179-1 and coated with 2 mm
f polyaspartic polyurea or its nanocomposites. A pendulum with an
mpact energy of 15 J was selected, and the initial impact test speed
as 3.8 m/s. Prior to testing, the machine was calibrated for energy
issipation due to air resistance and bearing friction.

The conductivity of polyaspartic polyurea/IP-GNP nanocomposites
as measured at room temperature using an Agilent 4339B high resis-

ivity meter equipped with a 16008B resistivity cell (two-point probe).
easurements were performed on samples with a thickness of 6.8 mm

nd a diameter of 24 mm according to ASTM D257-99. The data shown
s the average of at least three measurements.

The thermal conductivity of polyaspartic polyurea and its nanocom-
osites was measured using a Hot Disk TPS 2500S instrument. Its
esting principle is based on the transient planar heat source method,
hich allows the direct measurement of thermal conductivity in a range
f 0.005–500 W/m K at −40 to 600 ◦C.

The swelling of a polymer is the phenomenon of mass increase
ue to the penetration of corrosive medium into the interior of the
olymer. Being immersed in acid/alkali/salt solutions, polyurea and its
anocomposites were weighed every 2 days. The data were processed
y Eq. (1):

1 =
𝑚2 − 𝑚1

𝑚1
× 100% (1)

Where 𝑤1 is the polyurea dissolution rate, 𝑚1 is the mass of polyurea
before immersion, and 𝑚2 is the mass after immersion for 𝑁 days.

Corrosion of a polymer in a medium refers to a phenomenon where
a fraction of macromolecules migrates by diffusion out to the medium,
reducing the polymer mass. Being immersed in acid/alkali/salt solu-
tions, polyurea and its nanocomposites were weighed every 2 days. To
ensure a sample was dry and clean, each sample was carefully wiped
and placed in an oven at 65 ◦C for 3 h before weighing. We processed
the data by Eq. (2):

w2 =
𝑚3
𝑚1

× 100% (2)

where 𝑤2 is the corrosion rate of the polyurea, 𝑚1 is the mass of the
polyurea before immersion, and 𝑚3 is the mass of the polyurea after
immersion for 𝑁 days.
4

3. Results and discussion

3.1. Mechanochemically exfoliated graphene nanoplatelets and surface
modification

As a green and efficient method, the mechanochemical treatment
was used herein to prepare graphene nanoplatelets (GNPs) whose thick-
ness was examined by atomic force microscopy (AFM). Fig. 2a shows
a typical expanded graphite sheet, and the thickness was measured
to be 119.2 ± 1.3 nm by examining 10 sheets. After 12 h of ball
milling, the average thickness was reduced to 4.6 ± 0.3 nm in Fig. 2b.
The mechanochemical energy generated during planetary ball milling
is mainly contributed by shearing and impact force. The shearing
force can effectively overcome the intermolecular van der Waals bonds
and open the gap between the nanoplatelets, thereby reducing the
thickness of GNPs [27]. At the same time, GNPs are crushed under
the action of the impact force, leading to the reduction of the lateral
dimensions [28].

Fig. 2c displays an AFM micrograph of GNPs obtained by combi-
nation of ball milling and ultrasonic treatment. Due to the ultrasonic
cavitation effect [29–31], the GNP interlayer distance is further ex-
panded and the layers are exfoliated, giving rise to lower average
thickness, e.g. 3.4 ± 0.2 nm. Fig. 2d shows an AFM image of IP-GNPs
modified by isocyanate (IPDI); the average thickness was measured to
be 4.2 ± 0.1 nm, which is slightly thicker than the unmodified GNPs.

In order to further verify the existence of isocyanate functional
groups on the surface of GNPs, we performed FT-IR tests before and
after the modification. In Fig. 2e, GNPs reveal distinct characteristic
absorption peaks at 3446 and 1382 cm−1, indicating that the GNP
surface contains a large amount of –OH groups [32,33]. The peak at
1729 cm−1 is attributed to the stretching vibration peak of the C=O
group [24,33,34], indicating the existence of carboxyl groups on the
surface. The absorption peaks at 1601 cm−1 and 1043 cm−1 correspond
to the stretching vibrations of –OH (H2O) and –C–O–C– groups [24,32],
respectively. These characteristic peaks confirm the presence of a large
number of oxygen-containing groups on the GNP surface which were
introduced through the high-energy ball milling. During the process of
planetary ball milling, shear strain energy accumulated within the GNP
structures. When the accumulated energy reached a limit, the GNP edge
would form partial local disintegration to absorb and release energy.
Evidence shows that during milling the local temperature can reach
∼1500 K [35]. Under the joint action of a local high temperature and
strong mechanical force, the anhydrous ethanol in the ball-milling jar
would rearrange the chemical bond network in the carbon skeleton,
thereby generating hydroxyl, carboxyl, and other oxygen-containing
functional groups on the surface of GNPs. These groups provide binding
sites for the subsequent modification by IPDI.

In the FT-IR spectrum of IP-GNPs, the absorption peak at 1672 cm−1

corresponds to the C=O stretching in the CONH group. In comparison
with those unmodified GNPs, the absorption peaks at 3446 cm−1 and
1382 cm−1 are significantly wider and stronger, corresponding to the
NH stretching and bending (in-plane) and C–N stretching in the CONH
group, respectively, indicating the formation of amide groups [24,33,
36]. We observed the disappearance of the stretching vibration peaks
of the carboxyl group at 1729 cm−1 and the oxygen-containing group
at 1043 cm−1 in GNPs as well as the appearance of the stretching
vibration peak of the methyl group at 2921 cm−1 in IP-GNPs, all of
which indicate the generation of the carbamate group [36,37]. The
appearance of a new absorption peak at 2363 cm−1 corresponds to
the stretching vibration of the –NCO group [34,36,37], inferring the
successful grafting of the isocyanate groups on GNPs. This is due to the
large difference in activity of the two –NCO bonds in IPDI. The one with
higher activity reacts with the hydroxyl and carboxyl groups on the
surface of GNPs to form carbamate and amide bonds, while the other
–NCO bond is retained due to its lower activity, providing conditions
for the subsequent reaction of IP-GNPs with the polyetheramine in

polyurea, as supported by a previous work [38].



Q. Meng, P. Wang, Y. Yu et al. Thin-Walled Structures 189 (2023) 110853

m
s
8

Fig. 2. AFM images and corresponding height profiles of (a) expanded graphite, (b) ball-milled GNPs, (c) GNPs exfoliated by ball milling and sonication treatment, and (d)
IP-GNPs; (e) FT-IR spectra and (f) TGA curves of GNPs and IP-GNPs.
The amount of IPDI grafted onto GNPs was investigated by ther-
ogravimetric analysis. In Fig. 2f, two similar weight loss peaks are

een for GNPs and IP-GNPs. The first weight loss phase is from 40 to
0 ◦C, corresponding to the loss of free water from GNPs and IP-GNPs.

The second weight loss phase occurs from 200 to 230 ◦C, due to the
pyrolysis of oxygen-containing groups present in GNPs and IP-GNPs.
In comparison with GNPs, IP-GNPs exhibit one more obvious weight
loss peak at 280–360 ◦C, which corresponds to the pyrolytic shedding
5

of IPDI grafted on the surface of IP-GNPs. At 640 ◦C, the residue
weight percentages of GNPs and IP-GNPs are 97.76% and 94.45%,
respectively, with a 3.31% difference.

3.2. Variables for the synthesis of polyaspartic polyurea

As the typical feature of polyurea, its hardness and softness can be
readily manipulated in a proper range by adjusting the isocyanate index
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Fig. 3. TEM images: (a) and (b) for a polyaspartic polyurea/GNP nanocomposite and (c) and (d) for a polyaspartic polyurea/IP-GNP nanocomposite, both at 1.25 vol%.
and the free isocyanate content [39,40]. In this study, we attempted
to obtain a polyaspartic polyurea elastomer with high tensile strength
and excellent elongation at break. Detailed experimental procedures
and discussions are given in Section 1 and Fig. S2 of the Supporting
Information.

3.3. Morphology of polyaspartic polyurea/graphene nanocomposites

The filler dispersion in the matrix and the interfacial effect pose
a significant effect on the performance of nanocomposites [20]. TEM
was used to investigate the dispersion of GNPs and IP-GNPs in the
polyaspartic polyurea matrix as well as the interfacial effect [32,41].
Since thin GNPs possess light transmission of up to 97.73% [28], it is
a challenge to use TEM to characterize the morphology at low filler
fractions (less than 0.25 vol%). It is a daunting challenge to make
sections of a nanocomposite which contains high fractions of GNPs,
due to the striking contrast in modulus between GNPs and polyurea.
Therefore, we have selected the 1.25 vol% sample.

In Fig. 3a, we found serious stacking of GNPs in polyurea, indicating
that unmodified GNPs cannot readily exfoliate and disperse in the
matrix due to the strong interlayer van der Waals interactions. At a
higher magnification in Fig. 3b, a clear interface between GNPs and
polyurea is observed as shown by black arrows. By contrast, we can see
an obviously lower degree of stacking of IP-GNPs in Fig. 3c. Red arrows
pointed bout blurred interface area between IP-GNPs and polyurea at a
higher magnification in Fig. 3d. The improved exfoliation and interface
are attributed to the presence of isocyanate groups on the surface
of IP-GNPs. As discussed in Section 3.1, these groups provide GNPs
opportunities to participate in the polyurea synthesis, by bridging IP-
GNPs with polyurea macromolecules through chemical bonding. This
will likely result in not only improvement of the mechanical properties
but new functionalities as to be reported later in this work. The dark-
color structures (as marked by the yellow dashed circles) in Fig. 3d are
actually folded graphene [32].

3.4. Mechanical properties

In Fig. 4a, tensile strength increases with GNPs and reaches a
maximum of 12.41 ± 0.22 MPa at 0.05 vol%. At higher fractions, tensile
strength decreases likely because GNPs were locally agglomerated in

polyurea resulting in stress concentration sites under loading. Although

6

polyaspartic polyurea/IP-GNP nanocomposites display a similar trend
at 0.05 vol%, the maximum tensile strength of 15.72 ± 0.67 MPa is
26.67% higher than the unmodified system.

In Fig. 4b, the elongation at break for polyaspartic polyurea/GNP
nanocomposites is found to decrease with GNPs, probably due to the
inert surface of GNPs [20]. As discussed in Fig. 3, GNPs form a sharp in-
terface with polyurea and thus they would cause a spacer effect, similar
to many physical inserts in the matrix, reducing the elongation at break.
In comparison, the elongation at break of polyaspartic polyurea/IP-
GNP nanocomposites increases with IP-GNPs until till 0.05 vol% and
then decreases. The maximum elongation at break 463.58 ± 9.33%
is seen at 0.05 vol% of IP-GNPs. The reason is attributed to a fact
that the isocyanate groups of IP-GNPs can produce chemical bonding
with the polyurea matrix, which in turn would distribute the stress
more uniformly throughout the polyurea matrix and transfer stress
more efficiently across the interface. Fig. 4c demonstrates the same
pattern as that in Fig. 4a, where the tear strength of polyaspartic
polyurea/GNP nanocomposites increases with GNPs; a maximum tear
strength 43.19 ± 1.31 kN/m is seen at 0.05 vol%. Similarly, a polyas-
partic polyurea/IP-GNP nanocomposite at 0.05 vol% has the maximum
tear strength of 46.71 ± 0.66 kN/m, representing an increment of
8.15% over the unmodified nanocomposite.

To further investigate the dispersion of GNPs and the improve-
ment of the interface on the morphological properties of polyaspartic
polyurea nanocomposites, we investigated their tensile-fractured sur-
face by SEM. In the Supporting Information Fig. S3 for pure polyas-
partic polyurea, the fracture surface has no obvious features at low
magnifications. At a high magnification, many microcracks are found to
extend randomly. By contrast, less cracks and a lower degree of rupture
are seen on the fracture surface of the polyaspartic polyurea/IP-GNP
nanocomposite at 0.05 vol% in Fig. 4d. This indicates that the incor-
poration of the modified GNPs into the polyurea matrix has reduced
the crack generation through the crack deflection mechanism [42],
resulting in smoother fractured surfaces. In Fig. 4e, IP-GNPs appear to
be well embedded in the polyurea matrix as no obvious filler particles
can be seen except the one in the middle. This is because the isocyanate
groups grafted on GNPs would bond with the terminal amine groups of
polyether to form urea bonds as shown in Fig. 1d, intimately integrating
GNPs with the matrix. An enlarged image in Fig. 4f clearly shows that
the surface of IP-GNPs contains a large number of folds and fracture

occurs at the tips of the folds (marked by the red dashed circles). It



Q. Meng, P. Wang, Y. Yu et al. Thin-Walled Structures 189 (2023) 110853
Fig. 4. Mechanical properties of nanocomposites: (a) tensile strength, (b) elongation at break, and (c) tear strength; SEM images of tensile-fractured nanocomposites with IP-GNPs:
(d), (e), and (f) at 0.05 vol% and (g), (h), and (i) at 0.25 vol%.
implies effective load transfer from the matrix to IP-GNPs, enhancing
the mechanical properties [43].

Fig. 4g shows the tensile-fractured surface of a polyaspartic
polyurea/IP-GNP nanocomposite at 0.25 vol%. The surface is rough
and uneven in comparison with Fig. 4d. This indicates that adding
higher fractions of IP-GNPs has caused agglomeration, which would not
only weaken the stress transfer from the matrix to the sheets but cause
stress concentration. A large amount of agglomeration can be seen in
Fig. 4h and i (as marked by the yellow dashed circles), which leads
to micro-pores and gaps around the agglomeration site. This results in
the weakened of the interface bonding strength between the IP-GNPs
and the polyurea matrix. Under loading, fracture always initiates from
these defects. This explains the reduction of the mechanical properties
at higher fractions.

3.5. Self-healing properties

An intrinsically self-healing material relies on its own internal dy-
namic covalent or non-covalent bonding to generate a healing drive
upon external stimuli such as light and heat, to repair spontaneously
the damaged or fractured parts [44–46]. The theoretical foundation
of self-healing in this study is the large number of reversible dynamic
hydrogen bonds in the polyaspartic polyurea molecular chain as per
the discussion in Fig. 1d [47]. We selected pure polyurea and its
nanocomposites containing either GNPs or IP-GNPs at 0.05 vol% to
investigate the healing efficacy.

Three groups of dumbbell-shaped tensile specimens refer to samples
made of pure polyurea, polyaspartic polyurea/GNP nanocomposite and
polyaspartic polyurea/IP-GNP nanocomposites, respectively. In a typi-
cal experiment, a specimen was incised along the midline by a scalpel

◦
at 45 , to produce two separate pieces. The pieces were then aligned

7

along the midline and heated in an oven at 60 ◦C for certain time. In the
enlarged images in Fig. 5a, the pieces were joined afterwards. To prove
that the polyaspartic polyurea nanocomposites prepared in this work
have excellent self-healing properties, we joined a half piece of pure
polyurea specimen with a half piece of the modified nanocomposite
specimen, to create a hybrid specimen. All healed specimens were
tested with mechanical loading of a 4 LB dumbbell plate. In Fig. 5b, the
plate is readily lifted by the hybrid specimen, highlighting the superior
self-healing functionality of the nanocomposites.

Inspired by the Wool and O’Connor’s healing model [48], we de-
veloped a self-healing mechanism model for our nanocomposites, as
shown in Fig. 5c. The microscopic self-healing process of polyurea
nanocomposites is described in three phases. In the first phase, the
polymer chains near the cross-section disentangle and diffuse into the
cut-off region under the stimulation of thermal energy. In the second
phase, the molecular chains at both specimen ends can further diffuse
beneath the interface, resulting in a strong interface. The motion of soft
segments can drive the motion of hard segments, creating a healing
force within the material matrix (as indicated by yellow arrows in
Fig. 5(c). In the third phase, when the cleaved hard segment domains
inter-diffuse and meet under the healing force, they form new intact
hard segments facilitated by the dynamic interactions of internal hy-
drogen bonds. With the deepening of the random interaction, the soft
and hard chain segments are re-entangled, enabling the nanocomposite
to accomplish self-healing.

To evaluate the healing efficiency of polyaspartic polyurea and its
nanocomposites, we tested tensile strength and elongation at break of
pristine polyurea/nanocomposite and the repaired polyurea/ nanocom-
posite, respectively. 𝑅𝑇 and 𝑅𝐵 in Eqs. (3) and (4) represent the tensile

strength healing efficiency and elongation at break healing efficiency of
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Fig. 5. (a) Healing effect graph of polyaspartic polyurea and its nanocomposites, (b) image of self-healed tensile samples subjected to 4LB weight dumbbell, (c) model graph of
polyurea self-healing mechanism, (d) tensile strength healing efficiency graph, and (e) elongation at break healing efficiency of polyaspartic polyurea and its nanocomposites.
polyurea and its nanocomposites, respectively.

𝑅𝑇 =
𝜎0
𝜎𝑏

× 100% (3)

𝑅𝐵 =
𝜀0
𝜀𝑏

× 100% (4)

Where 𝜎𝑏 and 𝜀b are the tensile strength and elongation at break of
polyurea and its nanocomposite before cutting, and 𝜎 and 𝜀 are tensile
0 0

8

strength and elongation at break of the polyurea and its nanocompos-
ites after cutting and healing. We have found that the healing efficiency
of the three groups increases with the heating time.

Since a high healing temperature might pose a negative effect on
the cost and thermal stability [49], we have selected 60 ◦C as the repair
temperature. Fig. 5d and e reveals the healing efficiency graphs with
heating time. With a short healing time of 3 h, 𝑅𝑇 of the polyurea and
nanocomposites can reach ∼50% but 𝑅 is ∼5% only. However, when
𝐵
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the heating time reaches 9 h, the healing efficiency seems to reach a
peak (∼72% for 𝑅𝑇 and ∼85% for 𝑅𝐵). After heating for 12 h, 𝑅𝑇 and
𝐵 only increase to ∼75% and ∼87%, respectively. This is because that

he dynamic interaction between hydrogen bonds and the randomized
ross-diffusion of chain segments needs time to reach saturation. In
iew of energy consumption and production efficiency, 9 h is an ideal
ealing time.

In order to investigate the effect of graphene surface modification on
he self-healing properties of polyurea, we employed the same heating
ime 9 h to compare the healing efficiency between pure polyurea
nd its nanocomposites at 0.05 vol% in terms of tensile strength. In
ig. 5d, the tensile strength of the unmodified nanocomposite is 7.6%
ower than polyurea, because the presence of graphene nanoplatelets
GNPs) likely hinders the random interaction and crosslinking of molec-
lar segments. The polyurea/IP-GNP nanocomposite exhibits a ten-
ile strength healing efficiency being 9.2% lower than polyurea. This
s likely because the covalent bonds between the IP-GNPs and the
olyurea molecular chains are broken, and they cannot be reconstituted
y thermal stimulation alone.

In Fig. 5e, the elongation at break healing efficiencies of the
anocomposites have been further improved by 0.1% and 2.1% over
olyurea. This is largely due to a fact that during the self-healing
rocess, the nanoplatelets as physical barriers would affect the re-
onstruction of hydrogen bonds between the hard segments of the
olecular chain, which reduces the crosslinking density of polyurea,

s supported by previous studies [50,51]. The interface modification
romoted the exfoliation and dispersion of the nanoplatelets. This
eans more platelets and their better dispersion in the modified
anocomposite, which would more effectively reduce the crosslinking
ensity of polyurea.

And we observed that the mechanical properties of all three groups
f polyurea after healing could not reach the level before cutting. This is
ikely due to the entanglement of molecular chains and the formation of
network of new hard chain segments that can impede the movement
f molecular chains, causing a decrease in the mechanical properties of
he healed polyurea [52]. Therefore, polyurea and its nanocomposites
howed a small decrease in mechanical properties after healing.

Furthermore, we explored the multiple cutting-healing properties of
olyaspartic polyurea and its nanocomposites, the results of which are
hown in the Supporting Information Section 2.

In addition to the above excellent mechanical and self-healing prop-
rties, the nanocomposites also have certain impact resistance proper-
ies as elaborated in the Supporting Information Section 3.

.6. Electrical conductivity

Fig. 6 demonstrates electrical conductivity of polyaspartic polyurea
anocomposites. At 3.82 vol%, the conductivity shows an abrupt
hange of seven orders of magnitude, which indicates that a conductive
etwork has been established by GNPs in the matrix. After the perco-
ation threshold is reached, further addition of IP-GNPs or GNPs does
ot contribute significantly to the conductivity. At the highest fraction
f IP-GNPs, 8.05 vol%, the electrical conductivity was measured as
.19 × 10−2 S/cm. At the same filler fraction, polyaspartic polyurea/IP-

GNP nanocomposites exhibit higher conductivity than the unmodified
nanocomposites, due to the interfacial modification which resulted in
more exfoliated and uniformly dispersed GNPs in the matrix. In order to
determine the percolation threshold for the polyaspartic polyurea/IP-
GNP (GNP) nanocomposites, we fitted the experimental data to the
power law Eq. (5) for further analysis:

𝜎𝑐 ∝ (𝜑 − 𝜑𝑡ℎ)𝑡 (5)

where 𝜎𝑐 is the nanocomposite conductivity, 𝜑 is the volume fraction of
GNPs, 𝜑𝑡ℎ is the permeation threshold expressed as a volume fraction,
and t is a generic critical exponent that depends on the size of the
formed network. By fitting the experimental data, we obtained 𝜑 =
𝑡ℎ

9

Fig. 6. Electrical conductivity of polyaspartic polyurea/GNP nanocomposites.

3.61 vol% and 𝑡 = 1.97 for the polyaspartic polyurea/IP-GNP nanocom-
posites. The value t is very close to the theoretical critical exponent
value of 1.9 for the 3D conductive network [53]. This threshold value
implies that a complete 3D conductive network is constructed inside
the polyurea matrix at 3.61 vol% of IP-GNPs.

3.7. Thermal conductivity

Thermal conductivity consists of phonon (lattice) thermal conduc-
tivity and electronic thermal conductivity. For polymers, it often de-
pends on the phonon thermal motion, and it is challenging to transfer
phonon motion between polymer chains due to low crystallinity. Highly
thermally conductive fillers, such as graphene, carbon nanotubes and
hexagonal boron nitride, are often selected to enhance the thermal
conductivity of polymers [54–56]. It is thus anticipated that the in-
corporation of GNPs in the polyaspartic polyurea should result in high
thermal conductivity.

In Fig. 7a, pure polyaspartic polyurea has a thermal conductivity
of merely 0.09 W/m K, and it increases obviously with GNPs and
IP-GNPs. At a low fraction range (<4.76 vol%), the thermal con-
ductivity increases incrementally. A significant upward trend can be
seen at over 4.76 vol%. The nanocomposites containing 4.76 vol%
of either unmodified or modified GNPs were found to have thermal
conductivity of 1.25 and 1.67 W/m K, respectively, representing in-
crements of 1,288.89% and 1,755.56% over pure polyurea. At 7.00
vol%, the thermal conductivity reaches 21.44 W/m K for polyaspar-
tic polyurea/GNP nanocomposites and 38.49 W/m K for polyaspar-
tic polyurea/IP-GNP nanocomposites, corresponding to increments of
23,722.22% and 42,666.67%, respectively.

Fig. 7b illustrates SEM micrographs of a polyaspartic polyurea/IP-
GNP nanocomposite at 1.24 vol%. The samples were prepared by
fracturing after freezing in liquid nitrogen; such a low temperature was
used to ensure the matrix exerts no effect on the morphology of IP-GNPs
during sample preparation. IP-GNPs dispersed in the matrix are found
to have rare contact with each other, so the electron thermal overfil-
tration between IP-GNPs would remain low at this stage. Meanwhile,
the interface between IP-GNPs and polyurea may produce a certain
phonon scattering and thus reduce the thermal conductivity. Noted
that the main carriers of heat conduction in the polymer and GNPs
are phonons. Therefore, only incremental improvements of thermal
conductivity were seen at below 4.76 vol%.

Fig. 7c contains SEM images of polyaspartic polyurea nanocompos-
ites at 4.76 vol% of IP-GNPs. The distance between GNPs becomes
smaller and certain GNPs contact each other, gradually forming a ther-

mal conductivity pathway in the polyurea matrix. This macroscopically
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Fig. 7. Thermal conductivity of polyaspartic polyurea/graphene nanocomposites (a), SEM images of freeze-fractured surface of a polyaspartic polyurea/IP-GNP nanocomposite at
.2 vol% for (b), at 4.7 vol% for (c), and at 7.0 vol% for (d), prediction of thermal conductivity of polyaspartic polyurea/IP-GNP nanocomposites (e), and comparison of our
hermal conductivity with those reported (f).
mplies that the thermal conductivity of the nanocomposites starts to
ise significantly. Fig. 7d contains SEM images of polyaspartic polyurea
anocomposites at 7.00 vol% IP-GNPs. The distance between graphene
anoplatelets becomes narrow and more GNPs contact each other,
esulting in drastic increments of electrical and thermal conductivities.
t higher filler fractions, the electron thermal conductivity would play
dominant role for the nanocomposites whereas the adverse effect

f phonon scattering at the interface between GNPs and the polyurea
atrix would diminish.

In Fig. 7a, polyaspartic polyurea/IP-GNP nanocomposites have
igher thermal conductivity than unmodified nanocomposite systems.
his might be due to a fact that IP-GNPs due to surface modification
an disperse more uniformly in the polyurea matrix forming a stronger
nterface; These robust interfaces can effectively promote electron
ransfer and heat energy transfer. Both the unmodified and modified
anocomposites demonstrate drastic improvements of thermal con-
uctivity at high filler fractions, which is also known as the thermal
ermeability phenomenon. This phenomenon has been rarely reported
or polymer nanocomposites in comparison with the electrically con-
uctive percolation threshold [54,57]. In order to further investigate
10
the thermal permeability phenomenon of polyaspartic polyurea/IP-
GNP nanocomposites, we selected the thermal conductivity of the
nanocomposites of different fractions of IP-GNPs, fitted a curve of
thermal conductivity with the fractions (Fig. 7e), and used MATLAB
to derive and obtained the following equation (Eq. (6)):

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 0.13𝑒0.53𝑥 + 3.79 × 10−9𝑒3.28𝑥 (6)

Where x denotes the volume fraction of IP-GNPs in polyurea. The
error analysis of the thermal conductivity data obtained by fitting the
equation with the experimentally measured thermal conductivity data
was performed using MATLAB, and the results of the calculation are
shown in Fig. 7e. It can be found that the error bars are less than 0.05
W/m K, which means that the thermal conductivity equation model
established in this work can be used to predict the thermal conductivity
of polyurea nanocomposites at 0–7.00 vol% of IP-GNPs. Based on
the thermal conductivity equation model (Eq. (6)), we deduced that
the theoretical permeability threshold of polyaspartic polyurea/IP-GNP
nanocomposites is 6.30 vol%. Similarly, we performed the same analy-
sis for the unmodified polyaspartic polyurea/GNP nanocomposites, and
the results are shown in the Supporting Information Section 4.
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Fig. 8. Chemical resistance of polyaspartic polyurea and its nanocomposites in (a) H2SO4 solution, (b) NaOH, and (c) NaCl. (For interpretation of the references to colour in this
ig. legend, the reader is referred to the web version of this article.)
Fig. 7f reveals the thermal conductivity of our 7.00 vol% (15.00
t%) nanocomposite in comparison with the data reported in the

iterature [57–63]. It is worth to mention that the nanocomposite was
ound to have a tensile strength of 0.32 MPa and a fracture strain of
40%. The low strength would be caused by the thermally conductive
etwork formed by graphene. Hence, the fraction of graphene must
e carefully selected in practice to reach a balance between desirable
echanical strength and thermal conductivity. The nanocomposite has
igher conductivity than those literature values due to the following
actors:

(i) High filler fractions, if uniformly dispersed or forming con-
ducting network in the matrix, should promote the thermal
conductivity of polymers. Nanofillers have varying thermal con-
ductivities and there is always a large difference between the
theoretical values and the actual measured ones, as indicated
in Table 1 [54,64–70]. For example, the theoretical thermal
conductivity of graphene can reach 5300 W/m K. However,
the thermal conductivity of some GNPs and graphene oxides
reported in the literature is only 100–800 W/m K [54]. The
thermal conductivity of other typical 2D materials, such as boron
nitride, is found to be ∼200 W/m K, which is also much lower
than its theoretical value in the literature [64]. These created
a wide range of thermal conductivity of polymer nanocompos-
ites prepared using different thermally conductive fillers [61,
63,71] and it is a daunting challenge to achieve satisfactory
conductivity at a low filler fraction.

(ii) Building a thermally conductive network can effectively enhance
the thermal conductivity of polymeric materials [72]. Xiao et al.
built a thermally conductive network with aromatic polyamide
nanofibers containing 40–70 wt% oriented BN sheet crystals,
leading to a thermal conductivity of 47.4–122.5 W/m K [61].
However, the process of building thermally conductive skeletons
is often complicated and difficult to prepare in mass production,
making it challenging for industrial applications.

(iii) Finally and the most importantly, a well-constructed filler-matrix
interface is crucial for improving the thermal conductivity of
polymer nanocomposites, as a good interface would not only
promote the exfoliation of GNPs and create more uniformly dis-
persed nanoplatelets in the matrix but also effectively facilitate
electron transport and thermal energy transfer in the matrix.
In this study, the modification of GNPs with isocyanate has
provided a strong interfacial interaction between IP-GNPs and
the polyurea matrix, resulting in excellent thermal conductivity
at a high filler fraction.

.8. Chemical resistance

To investigate the chemical resistance of polyaspartic polyurea/
raphene nanocomposites, we immersed certain specimens in solutions
f acid (H SO , 5.00 wt%), base (NaOH, 5.00 wt%) or salt (NaCl, 5.00
2 4
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Table 1
Theoretical and those measured thermal conductivity of nanomaterials.

Nanofillers Theoretical thermal
conductivity (W/m K)

Actual measured thermal
conductivity (W/m K)

Graphene 5300 [54] ∼600 [65]
Boron nitride 2000 [66] ∼300 [64]
CNTs 3500 [67] ∼200 [68]
MXene 470 [69] ∼100 [70]

wt%) for 14 days and measured their swelling and corrosion rates
regularly. Since the nanocomposite at 0.05 vol% of GNPs showed the
best mechanical properties, it was selected in this Section.

We have processed the swelling test data, as detailed in Section 2.4.
The color curves at the bottom in Fig. 8a–c indicate that the swelling
(absorption) ratio of pure polyurea and its nanocomposites increases
significantly during the first few days, whilst the weight gain tends to
be level after Day 8. This may be due to the saturated absorption of
acid/base/salt solution medium by polyurea and its nanocomposites.
It is also evident that the addition of GNPs (IP-GNPs) improves the
swelling resistance of polyurea. This is mainly owing to the existence
of nanoplatelets in the polyurea matrix hindering the diffusion of
acid/base/salt medium in polyurea.

The upper color curves in Fig. 8a–c represent the corrosion ratios
(mass change rate). The mass does not change significantly within
the first 6 days, indicating that the polyurea and its nanocomposites
does not seriously corrode. After 6 days, the mass changes to vary-
ing degrees, indicating that they would have localized corrosion in
the acid/alkali/salt solution for a long time and begin to dissolve
in the acid/alkali/salt solution. Combining the dissolution and corro-
sion data of polyurea nanocomposites in acid/alkali/salt solutions, we
can see that the corrosion resistance of polyaspartic polyurea/IP-GNP
nanocomposites is better than the GNP system. This is because IP-GNPs
have a strong interface with polyurea and the good dispersion, resulting
in better corrosion resistance.

The results of tensile tests of polyaspartic polyurea and its nanocom-
posites after 14 days of corrosion are shown in Table S2 in the Support-
ing Information. Polyurea and its nanocomposites still maintain ideal
mechanical properties in salt solution, but their properties decrease
slightly in alkaline solution. The pure polyurea film in the alkali
solution reveals the most obvious reduction in performance, i.e. re-
duction of tensile strength by 5.70% and the elongation at break by
3.90%. Hence, polyaspartic polyurea nanocomposites possess excellent
chemical resistance and can be used as smart protective coatings.

Conclusion

(i) The mechanochemical treatment by ball milling not only re-
duced the thickness of graphene nanoplatelets (GNPs), but also
introduced oxygen-containing functional groups such as hy-
droxyl groups and carboxyl groups. The surface of GNPs was
covalently modified by isocyanate groups to establish a strong
interface with the polyurea matrix.
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(ii) Modulating the isocyanate index (1.05) and free isocyanate con-
tent (9.00%) resulted in desirable tensile strength and elongation
at break for polyaspartic polyurea. The addition of IP-GNPs to
polyurea significantly improved the mechanical properties.

(iii) The self-healing performance of polyaspartic polyurea was demo-

nstrated for the first time. Our nanocomposites exhibited excel-
lent resistance to acid, alkali and salt erosion.

(iv) The electrical percolation threshold of polyaspartic polyurea/IP-
GNP nanocomposites was observed at 3.61 vol%, and the ther-
mal conductivity reached 38.49 W/m K at 7.00 vol% of IP-GNPs.
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