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Abstract: Nanostructures are more and more evolved through extensive research on their function-
alities; thus, the aim of this study was to obtain layered clay–graphene oxide nanohybrids with
application as reinforcing agents in polyurea nanocomposites with enhanced thermal–mechanical
and fire-retardant properties. Montmorillonite (MMT) was combined with graphene oxide (GO) and
amine functionalized graphene oxide (GOD) through a new cation exchange method; the complex
nanostructures were analyzed through FTIR and XPS to assess ionic interactions between clay layers
and GO sheets by C1s deconvolution and specific C sp3, respective/ly, C-O secondary peaks appear-
ance. The thermal decomposition of nanohybrids showed a great influence of MMT layers in TGA,
while the XRD patterns highlighted mutual MMT and GO sheets crystalline-structure disruption by
the d (002) shift 2θ = 6.29◦ to lower values. Furthermore, the nanohybrids were embedded in the
polyurea matrix, and the thermo-mechanical analysis gave information about the stiffness of MMT–
GO nanocomposites, while GOD insertion within the MMT layers resulted in a 30 ◦C improvement
in the Tg of hard domains, as shown in the DSC study. The micro CT analysis show good dispersion
of inorganic structures within the polyurea, while the SEM fracture images revealed smooth surfaces.
Cone calorimetry was used to evaluate fire-retardant properties through limiting the oxygen index,
and MMT–GOD based nanocomposites showed a 35.4% value.

Keywords: nanohybrids; polyurea nanocomposites; thermal properties

1. Introduction

Polyurea is a synthetic versatile elastomer used for high-strength coatings to protect
different substrates from corrosion, temperature and weathering conditions. Polyureas,
synthesized by rapid step-growth polymerization of isocyanates and polyether amines,
have proved to be microphase-separated block copolymers with hard high-Tg domains
represented by the rigid aromatic moieties embedded in relatively soft low-Tg matrix that
come from the aliphatic polyamine [1–3].

The viscoelastic character of polyurea is a determining parameter and represents the
topic of numerous studies in order to determine and understand their behavior and per-
formances. A very important particularity for this material comes from the hard domains.
Qiao et al. concluded in their study that the dynamic mechanical properties of polyurea
can be enhanced by controlling the size, properties and distribution of hard domains [2].
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The formation of numerous hydrogen bonds between urea polymeric chains, along with
complementary interactions between adjacent aromatic structures from the hard domains
endow this elastomer with superior mechanical resistance and rigidity (Scheme 1) [4].
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Due to its rapid polymerization and moisture stability, polyurea offers a wide range
of mechanical and chemical properties, from soft rubber to hard plastic, along with fire,
abrasion, and corrosion resistance. Consequently, it has numerous applications in the
coating industry, vehicles, pipelines, steel buildings and marine constructions [5].

One of the key findings of the study conducted by S.N. Raman was that the elastic
modulus of polyurea was observed to be enhanced with the amplification of strain rates [6].
The high strain rates and the tensile behavior of this elastomeric material make it appropri-
ate for strengthening structures and use as energy-absorbing materials in structural and
ballistic systems.

Despite all of the abovementioned advantages, the applications for this polymeric ma-
terial are quite limited due to the reduced fire-resistant capacity. The inherent flammability
of polyurea emerges from the chemical structures and organic compositions and restricts
the practical uses of this elastomer in the fields of electronics, construction and building,
automobile and aerospace [7].

This shortcoming can be fixed by adding fire-resistant additives from the class of
phosphorus compounds [8,9], but due to the high toxicity of resulting volatile compounds,
researchers are looking for harmless alternatives. A feasible option would be the use of
reinforcing agents, which have the ability to protect the material from heat by creating a
physical barrier that can obstruct the permeation of free radicals, which are generated from
combustion, within the material structure [10]. Recent advances in the development of
functional nanocomposite materials indicate that nanofillers, such as carbon nanotubes
(CNTs) [11], nanoclays [12] and graphene oxide (GO) [13], greatly improve the overall
performance of polymers in a wide range of applications, among which fire-retardant
effects are of great interest [14]. Layered silicates such as montmorillonite (MMT) bring
stiffness to the nanocomposite, along with fire retardancy. At the same time, GO is known
to be an important heat dissipater [15], although stacked GO nanosheets could suffer from
low cross-plane thermal conductivity due to inter-sheet gaps, which is an obstacle for
implementing effective heat dissipation. Thus, the paper offers two viable approaches: the
synthesis of hybrid nanostructures between the two nanoreinforcing agents, together with
the amine functionalization of GO.

This paper presents a series of new elastomeric nanocomposites based on the polyurea
matrix and reinforced with different nanostructures based on montmorillonite and function-
alized graphene oxide with enhanced mechanical and thermal properties. The materials
were synthesized by sol–gel chemistry through a method that reduces the reactivity of



Polymers 2022, 14, 66 3 of 17

the amino-terminated polymer. This increases the pot life of the mixture, with possible
applications in protective coatings.

2. Materials and Methods
2.1. Materials

Jeffamine D230, which was used as a functionalization agent for the filler modification,
was kindly supplied by Huntsman (Everberg, Belgium). Desmodur 44V20L (Covestro,
Fribourg, Switzerland), a liquid dark brown polymeric diphenylmethane-4,4’-diisocyanate
(MDI) which contains isomers and oligomers with NCO content between 30.5 and 32.5%
wt., was used as an isocyanic component. O,O’-Bis (2-aminopropyl) polypropylene glycol-
block-polyethylene glycol-block-polypropylene glycol (Jeffamine ED-900) (APE) with an
amine index 1.80–2.25 and an approximate molecular weight of 900, purchased from Sigma
Aldrich (Sigma-Aldrich Co., Steinheim, Germany), was used as amine component. Acetone
(Aldrich, Steinheim, Germany) was used without further purification. Graphene oxide
(GO) was synthesized, using a modified Hummers method described elsewhere [16], and
fully characterized. Nanofil 116 montmorillonite (MMT), a natural layered silicate with
a cation exchange capacity (CEC) of 116 mEq/100 g clay, was supplied by Southern Clay
Products (Austin, TX, USA).

2.2. Methods

The synthesis of polyurea was carried out according to the approach proposed by
Sanchez-Ferrer et al. [17] by using acetone as a solvent to reduce the reactivity of amine
groups. A weight ratio of diisocyanate to amine of 1:2.7 at room temperature was consid-
ered. In two separate 10 mL flasks, the polyether amine (APE) (1.35 g in 3.5 mL of acetone)
and the crosslinker (MDI) (0.5 in 1 mL of acetone) were dissolved. After 2 h, the contents of
the two flasks were mixed in an ice bath and poured into the mold. The mixture was left for
24 h at room temperature for acetone evaporation and to make sure that the crosslinking
process was completed.

GO functionalization with polyether diamine D230 was performed through a physical
adsorption method by using the energy generated through ultrasonication. An amount
of 1 mg/mL suspension of GO in ethanol was obtained, and then a 1% solution of D230
in ethanol was added. At the end, the suspension was washed with water, filtered and
freeze-dried. MMT–GO nanohybrids were synthesized through a simple coupling reaction
as follows: MMT was subjected to a swelling process in water at 80 ◦C for one hour,
and then a 1 mg/mL GO suspension, namely HCl protonated GO functionalized with
D230 suspension, was added. The structure of the synthesized hybrid nanocomposites is
depicted in Scheme 2.

Polyurea/GO/MMT nanocomposites were obtained by dispersing 0.25 wt.% nanofiller
in the diamine acetone solution, using a tip ultrasonicator for 1 h. After that, the resulting
dispersion was mixed with the diisocyanate in acetone solution. The samples obtained
through the dispersion of different types of reinforcing agents are presented in Table 1.

Table 1. Abbreviations used for polyurea formulations prepared.

No. Sample Name

1 PU–APE PU
2 PU–APE–GO PUG
3 PU–APE–GOD PUGD
4 PU–APE–MMT PUM
5 PU–APE–MMT–GO PUMG
6 PU–APE–MMT–GOD PUMGD
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2.3. Characterization

The Fourier Transform Infrared Spectrometry (FTIR) was performed on Bruker VER-
TEX 70 equipment (Bruker, Billerica, MA, USA), using 32 scans in the 400–4000 cm−1 range,
equipped with attenuated total reflection (ATR), using a Ge crystal.

X-ray Photoelectron Spectrometry (XPS) measurements were performed on a K-Alpha
spectrometer (Thermo Scientific, East Grinstead, UK) with a monochromatic Al Kα source
(1486.6 eV) and working in a vacuum base pressure of 2 × 10−9 mbar. Charging effects
were compensated by a flood gun, and binding energy was calibrated by placing the C1s
peak at 284.8 eV as internal standard. Deconvolution of C1s peaks was performed after
Shirley background substraction. The pass energy for the survey spectra was 200 eV, and it
was 20 eV for the high-resolution spectra.

The evaluation of the phase composition of the samples was performed by using
X-ray diffraction (XRD) analyses (Rigaku Corp., Tokyo, Japan), with a Rigaku SmartLab
equipment, operated at 45 kV and 200 mA, CuKα radiation (1.54059 Å), parallel beam
configuration (2θ/θ scan mode).

Dynamic Mechanical Analysis (DMA) curves were registered on a TRITEC 2000 B
device produced by Triton Technology, Ltd. Now Metler Toledo (Greifensee, Switzerland).
The samples were analyzed in single cantilever bending mode. The samples were subjected
to 1 Hz force and heated in a temperature range from −80 to 0 ◦C, with a heating rate of
4 ◦C/min.

Differential scanning calorimetry (DSC) analyses were performed on Netzsch 204 F1
Phoenix equipment (Selb, Germany) by heating the samples in aluminum crucibles from
room temperature to 300 ◦C, in a nitrogen flow rate of 20 mL/min, at a heating rate of
10 ◦C/min.

Thermogravimetric analysis (TGA) was performed on TA Instruments Q500 equip-
ment (Bellingham, WA, USA) as follows: a sample amount (about 3 mg) was heated in
the temperature range of 20–800 ◦C, with a heating rate of 10 ◦C/min, in air and nitrogen
atmosphere, using a platinum crucible.

Scanning electron microscopy (SEM) images were recorded on Quanta Inspect F (FEI,
Hillsboro, OR, USA) equipped with a field-emission electron beam gun with a resolution
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of 1.2 nm and an energy dispersive X-ray spectrometer with a resolution of 30 kV. For
optimum contrast, the surface was covered with a very thin gold conductor layer.

For micro-CT analysis, one composite specimen (approximately 1.5 × 1 × 1 mm) was
analyzed with a Bruker microCT 1172 high-resolution micro-computer tomography scanner
(Bruker, Kontich, Belgium), without further treatment. The sample was scanned with no
filter, at a source voltage of 50 kV and a current intensity set for 200 µA, respectively. Overall,
the scanned datasets were acquired during 180◦ rotations of the sample, with a rotation
step of 0.3◦ and frame exposure of 1100 ms. Each slice was averaged from 5 successive
acquisitions. Image pixel size—explicitly, the minimum resolution of the scanned dataset—
was fixed at 1.5 µm, while the resolution of the projections was 4904 × 3280. In order to
lessen the miscalculations, MMT–GO size distribution was performed on the majority
of the available volume. Raw data reconstructions were performed in Bruker NRecon
software. Reconstructed tomogram was depicted in Bruker CTVox, while quantitative
determinations were performed in Bruker CTAn software.

Limiting oxygen index test (LOI) was performed by using a Stanton Redcroft FTA
flammability instrument unit (Epsom, England), according to ISO 4589-2:2017 (E) standard.
The downward flame propagation tests were standard. Upward flame propagation tests
were conducted on vertical samples ignited at the bottom. Samples tested in flowing
environments were 1 cm wide by 15 cm long

Mechanical tests were performed by using a universal mechanical tester (Instron,
Model 3382, Norwood, MA, USA) at relative humidity of 45–50% and a speed of 1 mm/min.
The size of the samples was approximatively 10 × 1 cm. A minimum of three specimens
were tested for each polyurea samples, and the average values are reported. Tensile tests
were performed by following the European Standard, EN ISO 527-3.

3. Results and Discussions
3.1. Nanostructures Characterization

FTIR analysis is a valuable method to assess the structural modifications from the
nanohybrids structures after functionalization; thus, the characteristic features for all
the reinforcing agents were observed in the spectra depicted in Figure 1. All the MMT
nanostructures exhibit distinctive peaks around 3630 cm−1 (Si-OH stretching vibration) [18],
3449 cm−1 (OH stretching vibrations), 1033 cm−1 (assigned to Si-O stretching), 913 cm−1

for Al(Al)OH bending [19], 913 cm−1 corresponding to Si-O-Si [20] and Si-O-Al and Si-O-Si
at 520 respective 460 cm−1 stretching vibrations.
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Regarding the graphene oxide spectrum, the presence of functional groups on its
surface is supported by several peaks, including 3423 cm−1 for OH groups, 1716 cm−1
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assigned to C=O bond, 1572 cm−1 from C=C bond and 1212 cm−1 corresponding to C-O.
In the case of amine-functionalized graphene oxide (GOD), the peak that appeared around
2873 cm−1, confirms the presence of C-H stretching vibrations from the amine backbone.
Other characteristic signals which support the success of the functionalization reaction can
be found at 1218 and 1096 cm−1, referring to the C–O and C–N stretching vibrations of the
amide group [21].

In the spectrum of MMT–GO and MMT–GOD nanohybrids, almost all the charac-
teristic peaks of GO and MMT functional groups can be found, except for the absorption
peak at 1723 cm−1, which is no longer present. The intensity of the OH absorption peaks at
3400–3600 cm−1 decreases as a consequence of the formation of hydrogen bonds between
the graphene oxide nanosheet and clay layers [22]. All of these findings denote the success
of the functionalization reaction between the two nanostructures.

X-ray photoelectron spectrometry is well-known to be among the most powerful tools
to determine the structures of carbon-based materials; thus, the C1s level was deconvoluted
into secondary peaks to assess structural modification of nanohybrids through functional-
ization. The high-resolution C1s spectrum registered for GO (Figure 2a) typically exhibits
the following bands: C=C (at 284.78 eV), C-O-C (at 286.11 eV) and O-C=O (at 288.82 eV)
and π–π* electronic transitions (at 291.43 eV). Meanwhile, in the case of GOD (Figure 2b),
although similar components are found, the peak corresponding to C-O-C (at 286.51 eV)
is observed to overlap with the one corresponding to the C-N species. When MMT- and
GO-based nanohybrids are analyzed, there are several differences: in the case of MMT–GO
(Figure 2c), the peak assigned to C- is more significantly related to the other secondary
peaks, and this is an indicator of the presence of GO at the MMT surface [23]; meanwhile,
for MMT–GOD (Figure 2d), besides the lower amount of carbon content (shown in Table 2),
it can be seen that the C-O/C-N secondary peak is less significant, proving that the cationic
exchange process occurred between MMT and GOD. Thus, most of the GOD molecules are
located now within the MMT layers.

Polymers 2021, 13, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 2. C1s high-resolution spectra for a) GO, b) GOD, c) MMT–GO and d) MMT–GOD  

When looking at the surface elemental composition extracted from the survey XPS 
spectra (Table 2), it can be observed that the C1s percent is an indicator of surface modifi-
cation. In comparison with GO, when functionalization was performed on GOD, the value 
of the C1s content is decreased, due to the presence of amine groups at the surface. Alt-
hough the MMT structure shows adventitious carbon content [24], for MMT–GO nanohy-
brids, a 14.87 at.% C suggests that a part of the GO exists on the MMT surface. However, 
in the case of MMT–GOD, the clay layers were intercalated with GOD, which manages to 
penetrate within the MMT layers due to the higher compatibility offered by GO function-
alization with D230; this hypothesis is sustained by the reduced C1s content at the surface 
compared with the MMT–GO nanohybrids. 

Table 2. Surface elemental composition from XPS for the nanoreinforcing agents. 

Atomic % GO GOD MMT MMT–GO MMT–GOD 
C1s 79.42 76.75 5.13 15.54 13.01 
O1s 20.58 18.75 55.94 53.35 53.77 
N1s - 4.50 - - 1.24 
Si2p - - 23.57 20.43 21.20 

Mg1s - - 2.74 3.33 2.76 
Al2p - - 7.36 6.34 6.86 
Ca2p - - 2.15 1.01 1.16 
Na1S - - 3.11 - - 

The thermal degradation of nanoreinforcing agents through TGA revealed an effi-
cient quantification for the functionalization stages starting with GO and MMT as raw 
materials: for the clay, we noticed its high thermal stability with a single-step degradation; 
meanwhile, for GO, the thermograms show a rapid degradation, which begins at 330 °C, 

Figure 2. C1s high-resolution spectra for (a) GO, (b) GOD, (c) MMT–GO and (d) MMT–GOD.



Polymers 2022, 14, 66 7 of 17

Table 2. Surface elemental composition from XPS for the nanoreinforcing agents.

Atomic % GO GOD MMT MMT–GO MMT–GOD

C1s 79.42 76.75 5.13 15.54 13.01
O1s 20.58 18.75 55.94 53.35 53.77
N1s - 4.50 - - 1.24
Si2p - - 23.57 20.43 21.20

Mg1s - - 2.74 3.33 2.76
Al2p - - 7.36 6.34 6.86
Ca2p - - 2.15 1.01 1.16
Na1S - - 3.11 - -

When looking at the surface elemental composition extracted from the survey XPS
spectra (Table 2), it can be observed that the C1s percent is an indicator of surface modifica-
tion. In comparison with GO, when functionalization was performed on GOD, the value of
the C1s content is decreased, due to the presence of amine groups at the surface. Although
the MMT structure shows adventitious carbon content [24], for MMT–GO nanohybrids, a
14.87 at.% C suggests that a part of the GO exists on the MMT surface. However, in the case
of MMT–GOD, the clay layers were intercalated with GOD, which manages to penetrate
within the MMT layers due to the higher compatibility offered by GO functionalization
with D230; this hypothesis is sustained by the reduced C1s content at the surface compared
with the MMT–GO nanohybrids.

The thermal degradation of nanoreinforcing agents through TGA revealed an efficient
quantification for the functionalization stages starting with GO and MMT as raw materials:
for the clay, we noticed its high thermal stability with a single-step degradation; meanwhile,
for GO, the thermograms show a rapid degradation, which begins at 330 ◦C, caused by the
decomposition of its surface oxygenated moieties, leading to a lower char amount. The
TGA curve for GOD presents a different trend, due to the newly attached functional groups,
leading also to an increase in the char content compared with neat GO (Table 3). In the case
of nanohybrid structures, the thermal behavior of GO and GOD layers was masked by the
good thermal stability of MMT. Their curves show similar shapes, as can be observed from
Figure 3.

Table 3. Thermal properties for the nanoreinforcing agents.

Sample
Thermal Decomposition Range

Char (%)
Td3%
(◦C)Stage I Stage II Stage III

GO 331–752 ◦C - - 4 125
GOD 96–238 ◦C 238–491 ◦C - 46 102
MMT 350–714 ◦C - - 92 493

MMT–GO 45–149 ◦C 149–263 ◦C 263–898 ◦C 83 94
MMT–GOD 36–140 ◦C 140–245 ◦C 491–899 ◦C 85 60

For a better understanding of the modification process regarding the displacement of
the sheets within nanohybrid formation, XRD analysis was performed on the GO, GOD,
MMT and resulting MMT–GO and MMT–GOD structures (Figure 4). In the Bragg equation
(2d sinθ = nλ), if 2θ is lower, the spacing of the nanosheets is larger.

For MMT nanohybrid structures, all the characteristic signals of MMT are present in
the X-ray diffraction patterns; however, there are two peaks that need to be considered.
It can be seen that there is a shift in the case of the first-order d-spacing peak d (001)
reflection that is characteristic for MMT from 2θ of 6.29◦ to a lower 2θ of 5.74◦ for MMT–
GO and 6.07◦ for MMT–GOD. When nanohybrids were analyzed, we noted that the
characteristic peak remained and only slightly shifted a to lower angle; in addition, its
shape became broader with decreased intensity, indicating that the effects between MMT
and GO did not change the original layered structure of MMT. Moreover, the shift indicates
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an increase in the interlayer distance within the crystalline structure of the clay lamellae
when functionalization with graphene oxide was realized [25,26]. This is an indicator that
the GO was successfully intercalated between MMT platelets [23].
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The diffraction peak at 2θ = 26.43◦ with an inter-planar distance of 3.6 nm in the
spectrum of graphene oxide indicates exfoliated graphene nanosheets separated in the
form of a few-layered structure [27]. The decrease of 2θ at 23.88◦ for GOD suggests a higher
distance between the graphene sheets after the amine functionalization reaction [28,29].

The characteristic 2θ peaks at 24.14◦ and 23.88◦ for the GO and GOD structure, respec-
tively, are not translated into the nanohybrid diffractograms, accordingly showing that
these structures are altered by the interaction with MMT. However, it can be seen that MMT–
GO and MMT–GOD nanohybrids are keeping, with lower intensity and slightly shifted,
the characteristic 002, 110 and 013 reflection features from the layered clay structure. This
is an indicator that MMT layers are connected with GO sheets through weak interactions.
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3.2. Composite Materials Characterization

The chemical structure of the polyurea was characterized and confirmed by using
FTIR analysis, and the spectra are shown in Figure 5.
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The isocyanate crosslinker showed a specific strong band at 2266 cm−1, correlated
with the N=C=O asymmetric stretch, which is consumed during the reaction of polyurea
formation, as it can be observed from the PU spectrum. The signal at 1521 cm−1 was
ascribed to the NO2 antisymmetric vibration, and the peak at 1718 cm−1 corresponds with
the carbonyl C=O group.

The functional groups in the final product were identified as follows: the urea func-
tional group was confirmed according to the peaks at 1600 cm−1 (C=O stretching vibration),
1511 cm−1 (N-H bending vibration), 2867 cm−1 (C-H stretching vibrations) and 3330 cm−1

(characteristic stretching vibration for N-H in the urea functional group) [30,31].
The peaks at 1662 cm−1 indicates the hydrogen bonding formed by one C=O of the

urea groups with two nearby N-H. This interaction is conventionally called “disordered”
bonding. The strong absorption peak at 1100 cm−1 is attributed to the isocyanate C-N
stretch, while the C-O stretching vibration is represented by the presence of the signals at
1304 cm−1, 1235 cm−1 and 945 cm−1. The spectra also show a sharp peak at 1540 cm−1,
revealing the presence of nitro compounds NO2 [32].

The polyurea matrix exhibits a combination of elastic and viscous properties that can
be explained in standard engineering terms, using DMA methods. It can be seen from
Figure 6, that ε exhibited a quasilinear stability with the temperature in the glassy state and
dropped rapidly due to the changes which occur as a result of intramolecular friction when
passing to rubbery state [33].
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By analyzing the storage modulus curves, it can be noticed that the PUM, PUG and
PUGD samples have slightly lower values in the glassy state for ε’ when compared with
the PU matrix, due to the presence of the reinforcing agent that interfered and disrupted
the hard segment content that is responsible for the mechanical properties [34], inducing
rigidity throughout its inorganic structure. When PUMGD nanocomposites are analyzed,
only a slight increase is observed as compared with neat matrix.

In the case of the PUMG samples, the storage modulus curves indicate a superior
elastic response by increased values of ε’ when compared with the PU matrix within
the glassy state; this result may be a consequence of the synergistic interaction of the
nanostructures with the polymeric matrix, proving that a good dispersion and strong
interfacial interaction between the nanofiller and the polymeric matrix occurred. At the
same time, the functional groups from the GO surface can interact with the amide groups
from the polyurea molecules, playing a key role in the formation of nanoscale rigid domains,
thus leading to the formation of an ideal crystalline phase/amorphous phase ratio in the
final composite materials [35,36].

The DSC data revealed that the samples subjected to analysis had two characteristic
Tg temperatures (Table 4). The first corresponds to the soft areas and provides information
on the elasticity of the samples, and the second temperature corresponds to the hard areas
and is responsible for the stiffness of the synthesized material. The two values indicate the
micro-phase separation morphology of the material [37–39]. As shown in Table 4, the best
elastic behavior is represented by the PUG sample, due to the insertion of large flexible GO
sheets; meanwhile, in terms of rigidity, the PUGD sample is noted to have the highest Tg of
hard domains. In an overall look through the Tg values of nanocomposite samples, one
can observe that the values for soft domains are particularly influenced by the structure
of the reinforcing agents. Thus, a low Tg for PUG could have come from large GO sheets,
but, at the same time, a second hypothesis can be that the reactants were hindered to reach
active sites by aggregates; therefore, elastic behavior is enhanced by excess. However,
when functionalized GO is used as a reinforcing agent, the value of soft Tg is higher, due
to the fact that lower dimensions of GOD aggregates or functionalization of the GO can
possibly increase the crosslinking density through participation in the polyurea formation
of the amine groups from the D230 molecule. In the case of MMT nanostructures, the first
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pattern mentioned above is also observed. Possible agglomeration of MMT nanoclay lead
to decreased values for Tg. However, the addition of GO sheets to MMT clay modified
the nanostructures dimensions and, thus, their distribution within the polyurea network.
The soft regions of PUMG and PUMGD have similar values for Tg. The main difference
between these two samples resides in the hard region, where PUMGD shows a higher
value for Tg.

Table 4. Glass-transition temperature values obtained by DSC analysis for polyurea and its nanocom-
posites.

Sample Tg Soft (◦C) Tg Hard (◦C)

PU −30 32
PUG −47 37

PUGD −36 54
PUM −39 40

PUMG −32 44
PUMGD −32 65

The thermal properties were assessed by using thermogravimetric analysis (TGA) to
obtain the thermal stability of the newly synthesized materials in inert (N2) and oxidative
(Air) atmospheres (Figure 7 and Table 5). Upon exceeding a temperature threshold, a
thermo-oxidative process occurred between 290 and 330 ◦C. The result of this process, which
started with breaking the chemical bonds in the PU matrix chain, was the release of some
volatile products, thus leading to the decrease of the initial mass of the analyzed sample.
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Table 5. TGA data for polyurea nanocomposites.

Sample
Air Nitrogen

Td5%(◦) 1 Td10%(◦) 2 Tmax(◦) 3 Td5%(◦) Td10%(◦) Tmax(◦)

PU 296 329 406 304 340 404
PUG 296 325 391 304 345 400

PUGD 294 324 401 301 334 403
PUM 300 328 386 305 337 400

PUMG 299 326 395 305 335 400
PUMGD 283 321 392 297 337 399

1 Td5% = decomposition temperature at 5% mass loss; 2 Td10% = decomposition temperature at 10% mass loss;
3 Tmax = temperature associated with the maximum degradation rate.

Regarding this aspect, in a degradation study realized by Awad and Wilkie, carbon
dioxide was found to be preponderant in the first stage of degradation, while, in the second
stage, isocyanate end groups (i.e., HNCO and CH3NCO, respectively) and hydrocarbon
fragments CxHy were predominant [39]. In this study, this oxidative process was not
significantly influenced by the presence of the reinforcing agent, probably due to its low
amount. However, an increase in thermal stability was observed in the case of PUMGD,
and this outcome can be connected to the hypothesis of amine involvement in the PU-
formation reaction. In this case, a higher crosslinking density can hinder the bond scission
propagation throughout the sample network. At the same time, the lower Td5% values
obtained for the nanocomposites reinforced with nanohybrid structures can be explained
by the fact that a large number of centers that are susceptible to inducing accelerated
decomposition were introduced by the aggregates formed between the clay layers and GO
sheets. The presence of MMT does not influence the decomposition process, because the
inorganic material is highly thermally stable.

The thermal degradation of PU and its nanocomposites was evaluated by TGA, and
the results are shown in Figure 7 and Table 5, respectively. As it can be seen, under a
nitrogen atmosphere (Figure 7a,b), the PU and its nanocomposites present two degradation
stages at 280–330 ◦C and 330–453 ◦C. The first step of thermal degradation occurs due to
the degradation of the hard segments of urea groups which have lower thermal stability.
The second stage is assigned to the soft segments which are generated by the long polyether
amine chains and possess higher thermal stability [40]. However, in the case of TGA
analysis under air atmosphere (Figure 7c,d), one more decomposition peak occurs in the
temperature range of 480–600 ◦C, as compared with that under nitrogen atmosphere. This
step can be attributed to the thermo-oxidative degradation of the polymeric residue [41].

The fracture characteristic morphology shown by the SEM images (Figure 8) revealed
that the introduction of the nanoreinforcing agent disrupted the PU network arrangement.
This disruption can be better observed in the case of PUMG (Figure 8d), where a smooth
surface was obtained. At the same time, surface compatibility between nanoreinforcing
agent and polyurea matrix can be ascribed to the roughness of the fracture surface. Thus,
one can observe an efficient embedding of the reinforcing agent within the PU matrix.
However, PUG and PUM (Figure 8b,c) still have some wiggles, which can indicate GO and
MMT pull-out at fracture.

Micro-computed tomography (micro-CT) was used for the visualization and quantifi-
cation of the nanoreinforcing agent into the polyurea matrix. For the PUMGD composite
specimen (Figure 9), one rectangular volume of interest (VOI) dataset was extracted. The
VOI was constrained in terms of volume and height to a mass at a maximum of 99% of
the scanned specimen. In CTAn, the VOI was processed through a common procedure
consisting of thresholding, which was performed to clear-cut the sample’s inorganic phase
from the polymer matrix; despeckling, which was used for the removal of residual scan-
ning artefacts; and 3D analysis, which was conducted to quantify the specific surface (total
clay surface/volume ratio) of MMT–GOD agglomerates, total volume of the filler and
structure thickness, a granulometric measure of the clay distribution within the matrix.
Reconstructed tomograms are grayscale images, with a gray palette covering 0 (black) to
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255 (white). For organic matrices reinforced with inorganic nanoparticles, thresholding
was carried out with ease, as the difference in X-ray attenuation coefficient is high; hence,
the clays are depicted in light gray tones. Post-thresholding, the quantitative 3D analysis
was carried out.
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Some studies state that polyurea has an ideal morphology for mechanical proper-
ties [42]. Mott and et al. pointed out in their study that the response of polyurea to
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mechanical perturbation is strongly rate-dependent and associated with substantial energy
loss [43].

The mechanical properties of polyurea are also influenced by hydrogen bonds. High
mechanical toughness is a result of the extensive intermolecular hydrogen bonding in
polyurea hard domains [38]. Many studies have demonstrated the influence and behavior
of these bonds during stress and deformation. In the case of nanocomposites, the molecular
weights of polyurea, the dispersion of nanostructure and the hydrogen bonds formed with
the polyurea matrix are the three decisive factors for the mechanical strength. Qian et al.
reported that the low addition of graphene oxide (0.2 wt%) substantially increased the
tensile strength and elongation of polyurea, but the overloading of graphene oxide affected
the polymerization of polyurea [35].

The stress–strain result shows that the polyurea samples have different behaviors,
ranging from a highly deformable soft rubber to a rigid, brittle material when subjected
to mechanical stress, as shown in Table 6. In comparison with the neat PU sample, the
most significant increase in the Young’s modulus values can be noticed for the PUMG
sample. The reduced values of the Young’s modulus of the PUMGD can be related to the
formation of complex networks between the nanostructures used as reinforcing agents
and the matrix, leading to the plasticization given by the unreacted amine. In the case
of PUM, structural compatibility issues could lead to agglomerated MMT layers, which
could hinder the mobility of polyurea reactants. The stiffest nanocomposite according to
the values for the Young’s modulus is the PUMG sample. This aspect confirms that the
reinforcing agent used in this case has a more agglomerated structure embedded within
the polymeric matrix, contributing to the mechanical properties of the final material, in
accordance with DMA storage modulus curves.

Table 6. Mechanical properties for the polyurea based nanocomposites.

Sample E (MPa) Tensile Stress (%)

PU 0.105 42.2
PUG 0.610 61.4

PUGD 0.555 47.3
PUM 0.268 44.5

PUMG 1.034 40.2
PUMGD 0.235 29.6

E—Young’s modulus calculated from tensile tests.

As overall mechanical properties, the MMT- and MMT–GOD-reinforcing agents in-
terfere in the structural organization of the polymeric matrix and lower the mechanical
properties. Meanwhile, for the GO-reinforced polyurea sample, the higher value for the
tensile stress comes from the ability of the graphene oxide nanosheet to provide flexibility
to the system by unfolding when nanocomposites are subjected to load [44].

The flame-retardancy behavior of polyurea samples was assessed by using limiting-
oxygen-index (LOI) experiments, and the results are summarized in Table 7. According to
the ASTMD 2863-97 standard, a material in which the LOI value is above 23 ± 2% is rated
as flame retardant. Compared with the neat polyurea sample, a slight increase in the value
of LOI can be seen in the case of nanocomposite samples reinforced with graphene and
montmorillonite. This may be due to the formation of a barrier at the material surface that
limits the oxygen permeability into the material and the evaporation of volatile compounds
and prevents the heat transfer. The most significant values for LOI can be noticed in the
case of PUMG and PUMGD samples for which GO and MMT may exhibit a synergistic
effect towards the flame retardancy of the nanocomposites [44]. This statement is also
supported by TGA results in which the value for the char residue is correlated with the LOI,
which assesses high thermal stability. The literature data for PU-based materials showed
that carbon dioxide is mainly released after decomposition [45].
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Table 7. Flammability tests for polyurea nanocomposite samples.

Sample Limiting Oxygen
Index (LOI) 1 (%)

Residual Mass 2

(%)—Air
Residual Mass 2

(%)—Nitrogen

PU 32.4 0.98 12.33
PUG 33.6 1.16 15.19

PUGD 33.8 0.92 13.22
PUM 33.8 1.98 13.31

PUMG 35.2 1.29 11.25
PUMGD 35.4 2.57 12.63

1 Data from flammability test; 2 data from thermogravimetric analysis.

4. Conclusions

Combined MMT and GO nanohybrid structures were synthesized through a novel
approach based on cationic exchange between layered clay and amine-functionalized GO
nanosheets in order to obtain a synergistic effect for both nanomaterials. The comprehensive
structural characterization given by FTIR, XPS and XRD techniques showed the success
of the concept. Thus, the intensity of OH characteristic bands from the FTIR spectra
of MMT–GO and MMT–GOD nanohybrids was decreased, while sp3 species from XPS
C1s secondary band deconvolution were no longer present in the MMT–GOD structure,
giving a vision about the cation exchange mechanism which permits the insertion of
amine-functionalized sheets within the MMT layers. These findings corroborated with the
slight shift of the characteristic MMT signal from 2θ = 6.29◦, confirming the synthesis of
MMT–GOD nanohybrids. Polyurea nanocomposites, a class of versatile coating materials,
were further synthesized to gain an advanced synergistic effect of MMT and GO in the
nanohybrids. The thermal properties were analyzed, and the results from DSC showed,
by an increased high domain Tg, that amine functional groups were embedded within
the polyurea matrix. Furthermore, the LOI of PUMG and PUMGD nanocomposites was
significantly improved, suggesting an efficient transfer of properties from the nanohybrids
based on GO and MMT in terms of the flame-retardant properties. Future work is planned
to consolidate the proposed nanohybrid synthesis mechanism, based on different types of
modifier amines, as well as the flame-retardant and energy-dispersive effects of polyurea
coatings on different substrates.
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