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Abstract Intumescent flame retardant polyurethane (IF-
RPU) composites were prepared in the presence of reduced
graphene oxide (rGO) as synergism, melamine, and mi-
croencapsulated ammonium polyphosphate. The compos-
ites were examined in terms of thermal stability (both
under nitrogen and air), electrical conductivity, gas barrier,
flammability, mechanical, and rheological properties.
Wide-angle X-ray scattering and scanning electron
microscopy indicated that rGO are well-dispersed and
exfoliated in the IFRPU composites. The limiting oxygen
index values increased from 22.0 to 34.0 with the addition
of 18 wt% IFR along with 2 wt% rGO. Moreover, the
incorporation of rGO into IFRPU composites exhibited
excellent antidripping properties as well as UL-94 VO
rating. The thermal stability of the composites enhanced.
This was attributed to high surface area and good disper-
sion of rGO sheets induced by strong interactions between
PU and rGO. The oxygen permeability, electrical, and
viscoelasticity measurements, respectively, demonstrated
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that rGO lead to much more reduction in the gas perme-
ability (by ~90 %), high electrical conductivity, and
higher storage modulus of IFRPU composites. The tensile
strength, modulus, and shore A remarkably improved by
the incorporation of 2.0 wt% of rGO as well.

Introduction

Polyurethanes (PU) are an important class of thermosets for
a variety of applications such as coating, foaming, adhe-
sives, sealants, biomimetic materials, and synthetic leathers
due to their useful properties such as excellent flexibility,
elasticity, and damping ability [1]. Though PU possess
good deformability, their high flammability, low stiffness,
and tensile strength limit their use in numerous structural
applications [2].

In recent years, the demand for flame retardant has
substantially altered and environmental protection and
legislation have become key factors in selection of flame
retardant. Since halogenated flame retardant(s) release
ambiguous, corrosive, and toxic smoke while performing
fire retardant action [3-5], the focus has recently been on
extending halogen-free flame retardants, especially intu-
mescent flame retardant (IFR). However, high loading of
IFR (in some cases, more than 30 wt% [6]) is required to
obtain an efficient flame retardant material. Moreover, its
high loading is associated with reduced mechanical prop-
erties [7]. Thus, establishment of synergistic effect between
ingredients is extremely vital to lower its content.

Polymer composites based on nanofiller is a popular
solution in order to improve fire resistance, mechanical,
thermal, electrical, and gas barrier properties of polymers
[8-10]. For example, carbon nanotube and expandable
graphite are greatly used as carbonization agents and
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suppressors for flammability of polymers, which are asso-
ciated with a “liquid like” (G’ ~ (1)2) or “solid-like”
(G’ ~ ) behavior in storage modulus vis frequency during
viscoelastic measurements [11-14]. In the case of layered
fillers, well-accepted mechanisms for fire retardancy and gas
barrier are the formation of thermal barrier [8, 15, 16] and
extended paths for gas molecules permeation [17], respec-
tively. Moreover, the properties of the former and the latter
are strictly correlated with each other. In other words, the
higher the performance of the nanocomposite, the better the
fire retardancy along with gas barrier will be as a conse-
quence. On the other hand, efficiency of nanofiller in com-
posites strongly depends on its geometric structure.

Graphene nanosheets consisting of thin two-dimensional
sheets of carbon are a promising choice among nanofillers
due to making flame retardant, electrically conductive,
moisture barrier, and enhanced tensile strength nanocom-
posites materials. Graphene oxide (GO) and its’ derivatives
have attracted much more attention in this regards, as it is
straightforward to synthesize them in large scale. Intense
oxidation of graphene sheets during production of GO dis-
turbs the original honeycomb network of sp® carbon atoms,
and even makes some oxidative debris due to oxidation of
carbon network, making it an insulation materials. In order to
retain the conductivity of graphenic sheets, at least partially,
chemical reduction of GO has been widely used. Reduced
graphene oxide (rGo) is also a layered form of carbon and
oxygen [18-21]. Oxygenated functional groups of rGO are
able to react with active sites of some polymer matrices
resulting in an ideal interface between the rGO and matrix.
As an example, the formation of chemical bonds between
isocyanate groups of PU and hydroxyl groups of unmodified
rGO contribute to a higher degree of exfoliation [22, 23]
which eventually leads to better nanocomposite properties.

To the best of our knowledge, no work has been per-
formed regarding the incorporation of rGO as carbonization
agent into IFR to enhance the properties of PU composites.
In the current work, the IFR system including microencap-
sulated ammonium polyphosphate (MCAPP) and melamine
(MA) was blended with PU to obtain flame retardant and
environmentally friendly composites, with rGO as a syner-
gistic agent. We mainly focused on the morphology, ther-
mal, flame retardancy, permeability, mechanical, electrical,
viscoelasticity, and physical properties of the prepared IFR
polyurethane (IFRPU)/rGO composites.

Experimental section
Materials

PU (Desmopan 5377 A) was purchased from Bayer Co.,
Ltd. (Germany). MCAPP (average size 10 um) was
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provided from Hefei Keyan Co. (China). MA was supplied
from Sigma-Aldrich Co. The IFR was composed of
MCAPP and MA (the weight ratio was 2:1).

GO was synthesized based on the modified Hummers
method [24] using expanded graphite (supplied by Asbury
Graphite Mills, USA). The obtained GO particles were
diluted using DI water (~ 1 mg/ml) and mildly sonicated
for 20 min in a bath sonicator, followed by probe sonica-
tion for 10 min. Ultralarge GO sheets with a mean lateral
size of more than 10 um were obtained. To reduce GO,
hydrazine solution was added to the mixture in the weight
ratio of 3:1 while stirring at 80 °C for 24 h. The mixture
was poured into flat molds and dried in an oven at 50 °C
for 6 h to produce rGO sheet [25]. Details of synthesis and
characterization of rGO are given in previous works of one
of us [26, 27].

Preparation of samples

PU, MCAPP, and MA granules were dried in a vacuum
oven at 80 °C for 24 h prior to melt processing. They were
fed into a twin-screw extruder (FEDDEM GmbH & Co.
KG, Germany) at the screw speed of 60 rpm at 140 °C.
The IFR was then poured and mixed at the same speed for
2 min. rGO was gradually added into the twin-screw
extruder, while blending. The mixture was blended for
15 min and was allowed to cool at room temperature. After
mixing, the samples were hot-pressed at about 150 °C
under 10 MPa for 10 min into sheets with the thickness of
3.0 £ 0.1 mm for UL-94 and limiting oxygen index (LOI)
test and 2.0 & 0.1 mm for DIN 4102 standard test method.
The formulation of prepared samples is presented in
Table 1.

Measurements
Wide-angle X-ray scattering (WXRD) of the samples was
recorded on an X-ray diffractometer [EQUINOX3000, Inel

Co., Ltd (French)], using Cu Ka radiation (A = 0.15418 nm)
at 40 kV and 20 mA.

Table 1 Formulations of Pure PU and IFRPU/rGO composites (by

wt%)

Samples PU IFR* rGO
Pure PU 100 0 0
PU-0 80 20 0
PU-0.5 80 19.5 0.5
PU-1 80 19

PU-2 80 18 2

# TFR contains MCAPP/MA blend at a weight ratio of 2:1
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The morphology of the fracture surface and char resi-
dues after LOI test was studied by Philips XI30E scanning
electron microscope (SEM) at acceleration voltage of
20 kV. First, the specimens of IFRPU/rGO composites
were fractured in liquid nitrogen, and then sputter-coated
with a conductive layer of gold.

LOI was measured according to ASTM D 2863. The
used apparatus was an HC-2 oxygen index meter (Dynisco,
USA). The vertical test was carried out on a UL-94
chamber (Concept Fire Testing, UK) according to the UL-
94 test standard. The dimensions of used specimens for the
UL-94 and LOI tests were 130 x 13 x 3 and 100 x
6.5 x 3 mm>. To measure burning times of various sam-
ples, 40 x 10 x 2 mm? bars were prepared and burning
time to 2-cm-mark lines was measured according to Clause
6.2.5 of DIN 4102 standard.

Fourier transform infrared spectra (FTIR) of the samples
were obtained using Equinox 25 Bruker (Canada). Typi-
cally, 1-2 mg samples were mixed with 100 mg of KBr
powder and pressed into pellets. All the spectra are the
average of 32 scans taken in the wavenumber range of
4000400 cm ™"

Thermogravimetric analysis (TGA) was carried out
using a thermoanalyzer instrument (Mettler Toledo, SDTA
851) at a linear heating rate of 10 °C/min under a nitrogen
and air flow. Samples have been tested in an alumina
crucible with a mass of about 10.0 mg (apart from rGO:
5 mg). The temperature reproducibility of the instrument
was £1 °C, while the mass reproducibility was 0.2 %.

The theoretical TGA curve was computed by linear
combination between the TGA curves of Pure PU, IFR, and
rGO. The formula is as follows [7]:

Wi (Tiereuigo = X X Wexp(Tpyrepy T ¥ X Wexp(T) e
+ 22X Wep(TMygo X +y+2z=1

where Wy, (T)igrpunco: theoretical TGA curve of the IF-
RPU/rGO composites; Wexp(T)pyre pu: experimental TGA
curve of the Pure PU; We,,(T)pr: experimental TG curve
of IFR; Wexp(T)igo: experimental TGA curve of 1GO; x, y,
and z are the weight percentages of the Pure PU, IFR, and
rGO in the composites, respectively.

The real-time FTIR (RTFTIR) were recorded using a
Nicolet MAGNA-IR 750 spectrophotometer equipped with
a heating device and a temperature controller. Powders of
samples were mixed with KBr powders, and the mixture
was pressed into a tablet, which was then placed in a
ventilated oven. The temperature of the oven was raised at
a heating rate of 10 °C/min.

Water swell (i.e., the degree of water absorption) was
measured by preserving a film in water. The water swell
(%) was calculated by the following equation, where W, is

the original film weight and W is the film weight after water
absorption:

W — Wo
Yoswell = o X 100. (1)

Gas permeability tests were carried out using a constant
volume-variable pressure apparatus at 35 °C on disks
(diameter: 4.2 cm) cut from composite films. O, flow was
fed to one side of the specimen at 1 atm and temporal pressure
change in the opposite, evacuated side was recorded.

The surface electrical conductivity at room temperature
was measured with a ZC36 high resistance meter. Mea-
surements were repeated on three different areas of the
composite films to ensure sample uniformity and their
averages are reported.

Mechanical properties of the samples were tested with a
Galdabini Sun-2500 Universal Testing machine according
to ASTM D 683. At least three samples were tested to
obtain average values. Shore A hardness was measured
using an indentation hardness tester according to ASTM
D2240-75.

Rheological properties were evaluated using an ARES
(Anton Paar, Germany) with parallel plate geometry of
25 mm in diameter. The linear viscoelastic region was
determined by monitoring storage modulus in dynamic
strain amplitude sweep experiment. Dynamic frequency
sweeping tests were measured with the frequency (w) from
0/01 to 1000 rad/s.

Results and discussion
Dispersion of rGO and composites morphology

WAXS was performed to analyze the state of dispersion of
rGO in the matrix (Fig. 1). After incorporation of IFR into
PU, the main diffraction peaks were observed at 20 values
of 12.79, 14.8, 21.8, 27.7, 29, 30 (assigned to MCAPP) and
15.7, 26, 30.7 (assigned to MA) [7].

The absence of any diffraction peaks corresponding to
the interlayer spacing of rGO suggests an exfoliated mor-
phology of rGO platelets in IFRPU.

SEM images of the fractured surfaces of the composites
are shown in Fig. 2. As it can be seen, there is no obvious
agglomeration of additives and rGO with layered structure
is uniformly dispersed in PU matrix. It has recently been
implied that the presence of filler pull-out is an indication
for better matrix—filler interfacial adhesion [28, 29]. The
extremely small thickness of single layer (~0.34 nm) and
surface functional groups of rGO lead to strong interfacial
interaction with PU chains, illustrated by circles as adhered
PU to the pulled-out rGO in Fig. 2 [28, 29]. Additionally,
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Fig. 1 WXRD scattering patterns for the Pure PU and IFRPU/rGO
composites

apart from rGO content (i.e., whether 1 or 2 %), the mor-
phologies of the fracture surfaces are pretty identical in
both cases, indicating that rGO is uniformly dispersed
without discernable sign of filler—matrix debonding or
aggregation [30-32]. Indeed, these observations along with
WAXS results demonstrate that even without surface
modification of rGO, interfacial interactions had been
strong enough to make dispersion level excellent [33-35].

Flame retardancy of Pure PU and IFRPU/rGO
composites

Table 2 and Fig. 3 present the results of LOI values and
UL-94 of the IFRPU/rGO composites. Despite the fact that
flame retardancy is notably enhanced by the introduction of
MCAPP and MA, it is not still categorized in UL-94 VO
rating. Moreover, it can be seen that LOI values of the
composites enhance with rGO increment. LOI was
increased from 22.0 to 34.0 by addition of 2 wt% rGO and
18 wt% IFR. The results of DIN 4102 standard support
LOI values as well. Utilizing high amount of MCAPP
(30 wt%), Ni et al. [36] could prepare PU composites

possessing UL-94 VO rating. In another study, Duquesne
et al. [6] reached LOI value of 34 by incorporation of
27 wt% APP. As compared to the results of abovemen-
tioned studies, one can infer that this IFR mixture along
with rGO effectively ameliorates flame retardancy of PU.
In fact, it is deemed that rGO has acted as effective car-
bonization agents for PU, which not only assists the for-
mation of a superior protective char layer but also results in
self-extinguishing phenomenon. Moreover, rGO apparently
has had a synergism effect with other components which
will be discussed in the following sections of this paper.

Figure 4 shows the SEM images of chars from PU-1 and
PU-2. The chars swell beside the flame and expand in a
leaf-like overlapped morphology. Additionally, chars are
very compact that not only reduce the heat transfer between
the heat source and the composite surface, but also limit the
diffusion of oxygen into PU bulk.

FTIR analysis

On one hand, mechanical properties of polymer composites
containing nanofiller are greatly influenced by its disper-
sion. On the other hand, uniform dispersion of nanofiller in
the host polymer strongly depends on interfacial interac-
tions [28]. Hence, FTIR spectroscopy was used to assess
the presence of such interactions (shown in Fig. 5). Inter-
pretation of interaction between ammonium polyphosphate
and other components was ignored owning to its encap-
sulation by PU. Therefore, comparing the spectra of Pure
PU with PU-0 reveals interaction between MA and PU,
whereas comparing the spectra of PU-0 and PU-2 clarifies
the hydrogen bonding between PU and rGO. Compared
with the spectra of Pure PU, three sharp peaks (1652, 1556,
and 1438 cm™') have disappeared while two new peaks
(1757 and 1593 cm™") have appeared in PU-0. This can be
attributed to the absorption of urethane linkages between
MA component and PU resulting in miscibility of PU-MA
[37]. On the other hand, when the spectra of PU-0 and PU-
2 are compared, one can observe an intense shift in

Fig. 2 SEM images of PU-1 (a) and PU-2 (b); circles stand for regions where PU chains adhered to the pulled-out rGO due to strong interactions
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Table 2 The flame retardancy of IFRPU/rGO composites

Samples LOI (%) UL-94 rating Dripping Time of burning (s)
Pure PU 22.0 Burning Yes 42
PU-0 29.0 A Yes 78
PU-0.5 31 \'A No Self-extinguished
PU-1 32 A\ No Self-extinguished
PU-2 34 Vo No Self-extinguished
36
vo
32 4
Vi
o Vi Vi
£
5 28
=
24 -
Burning
»
Pure PU PU-0 PU-0.5 PU-1 PU-2

Fig. 3 Effect of rGO on the LOI values and UL-94 results of the Pure
PU and IFRPU composites

carbonyl group of PU. Carbonyl group of PU shows
absorption peaks ranging from 1750 to 1650 cm™" and it is
widely reported that if this group participates in hydrogen
bonding, its peak will shift to the lower value [1]. After
introduction of 2 wt% of rGO, carbonyl peak shifted from
1757 to 1707 cm™' indicating that a strong hydrogen
bonding exists between rGO and PU which not only pro-
motes the level of rGO dispersion but also results in
improved properties of composite.

Thermal stability of Pure PU and IFRPU/rGO
composites

The typical TGA and DTG traces for Pure PU and IFRPU/
rGO composites under nitrogen atmosphere are given in

Fig. 6. The initial decomposition temperature (74 _s¢,) can
be considered as the temperature at which the weight loss is
5 %. The relative thermal stability of samples was com-
pared by the temperatures of 5 % (T4_s4) and 75 %
(Ty4,—759%) weight loss, the temperature of maximum rate of
weight loss (Tax), and the percent of char yield at 600 °C.
These data are listed in Table 3.

Pure PU had a three-step degradation process at
320-380, 380-420, and 500-600 °C. The first step is
ascribed to the dimerization and trimerization reaction of
isocyanates [38]; the second stage is mainly attributed to
de-polymerization of PU to form isocyanate, polyol, the
primary or secondary amine, olefin, and carbon dioxide;
and finally the last degradation stage is assigned to the
decomposition of hard segment [39].

Similarly, though with some variations, thermal degra-
dation of IFRPU/GO composites had three stages at
250-310, 310-380, and 500-600 °C which are, respec-
tively, assigned to the weight loss of MA and MCAPP [39,
40], dimerization and trimerization reaction of isocyanates
[38], and decomposition of hard segment.

As compared to the Pure PU, the Ty, s¢ and Tpax
(related to the first stage of degradation) of IFRPU/rGO
composites are lower. This is because of the breakage of
weak P—C bond of MA and formation of polyphosphoric
acid (as strong Lewis acid catalyst) which accelerates the
decomposition [41] not because of rGO incorporation. In
fact, besides the fact that IFR systems have detrimental
effect on mechanical properties [7], they also have cata-
lyzing effect on the decomposition of PU matrix in lower
temperatures.

However, as the content of rGO increases from 1 to
2 wt%, Ty_s9 and Ty, of IFRPU/rGO composites
increase from 276 to 284 and 327 to 333 °C, respectively.
The improvement of thermal stability is attributed to the
high surface area and good dispersion of rGO sheets
induced by strong interactions between PU and rGO [28,
42, 43] as well as tortuous path effect of rGO which delays
the escape of volatile degradation products and promotes

Fig. 4 SEM images of the char residues of PU-1 and PU-2
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Fig. 5 FTIR spectra of Pure PU (a), PU-0 (b), and PU-2 (c¢)

char formation [44]. Another reason for this improvement
is that the absorbed thermal energy first raises the internal
temperature, then melts the strain-induced PU crystallites
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(act as physical crosslinks), and finally reduces the per-
meation of flammable gases [23, 45-47].

Figure 7 shows the TGA curves of Pure PU and PU-2
under air and nitrogen flow. In contrast to the nitrogen
flow, weight loss of Pure PU under air atmosphere showed
one broad peak ranging from 300 to 410 °C. More
importantly, 7T,,x of Pure PU under air atmosphere
(360 °C) was higher than its corresponding value under
nitrogen flow (339 °C). Correspondingly, Tp,.x of PU-2
under air atmosphere was greater than its value under
nitrogen flow.

For a better understanding of the oxidation phenomenon,
TGA curves of Pure PU and PU-2 (Fig. 7a, b) under
nitrogen and air atmosphere were compared. Regarding the
Pure PU, the amount of the residue between 270 and
410 °C in thermo-oxidative conditions is higher than that
under inert gas. In fact, the oxygen contributes to the sta-
bilization of the material in 300-540 °C and its degradation
in 410-600 °C [2]. In both cases, the competition between
oxidation of the material (which leads to a decrease in the
mass) and reaction with oxygen (which increases the
weight retardation of mass loss) may be considered under
air in 270-400 °C. Additionally, it was found that the char
residue at 600 °C was increased from 6.5 to 14.5 with
addition of IFR and rGO. While it raised from 14.5 to 19.5,
as the rGO content increased from 1 to 2 wt% (Table 3).
These prove that the IFR and rGO may have a synergistic

100 150 200 250 300 350 400 450
Tempreture (°C)

500 550 600

0.008

0.006

0.004

Derivative (mg/min)

0.002

1}
100 1450 200 250 300 350 400 450

Tempreture (°C)

500 550 600

Fig. 6 a TG and b DTG traces for Pure PU and PU-2 in air flow, ¢ TG and d DTG thermograms for Pure PU and IFRPU/rGO composites in

nitrogen atmosphere
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Table 3 TGA data of Pure PU and IFRPU/rGO composites in
nitrogen atmosphere

Samples Ty _sq (°C) Tq.—75% (°C) Tmax (°C) Char residue (%)

at 600 °C
Pure PU 301 420 339 6.5
PU-1 276 517 327 14.5
PU-2 284 534 333 19.25

effect on char formation, which can help to improve the
flame retardancy of PU.

For further investigation of IFR/rGO synergistic effect,
weight difference between the experimental and theoretical
TG curves of PU-2 was compared (Fig. 8). It was found
that both Ty _s4 and residue at 600 °C are higher than
those in the calculated ones suggesting the improvement of
thermal stability. However, at the temperatures of 280 to
430 °C, the experimental curves showed fast thermal
degradation with respect to the calculated ones. MA can
form phosphoric anhydrides or the related acids at higher
decomposition temperature, and these resultants also pro-
mote the char formation [7]. This char with phosphor-
carbonaceous structure is more stable than that with car-
bonaceous structure obtained from Pure PU without IFR
particles. Since the calculated curves are obtained by linear
combination among the non-interacting individual com-
ponents in the system [7], the catalyzing effect of IFR on
the decomposition of PU indeed occurred. Besides, at
higher temperature (>410 °C), the experimental curves
exhibited higher thermal stability and char yield as com-
pared with the calculated ones, which confirm the presence
of a synergism between IFR and rGO on flame retardancy.

Thermal degradation of Pure PU and IFRPU/rGO
composites

Dynamic FTIR was employed to investigate the thermal
degradation process of Pure PU and PU-2 composite. The

(a)100

——Pure PU, N2

80 ——Pure PU, Alr
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Fig. 8 Weight difference between the experimental and theoretical
TG curves for PU-2

FTIR spectra of Pure PU at different degradation temper-
atures are shown in Fig. 9. The characteristic absorption
bands of PU chains are at 1027, 1438, 1556, 1652, 2933,
3137, 3357, and 3467 cm~! which are, respectively,
assigned to the stretching vibration of C—O-C groups, the
stretching vibration of CH, groups, the stretching vibration
of the urethane amide bond, hydrogen-bonded urea car-
bonyl groups, the asymmetric stretching vibration of C-H
bond, the isocynate groups, the stretching N-H hydrogen-
bonded, and the free stretching N-H bond.

At 250 °C, the spectrum of the residue demonstrates
some changes. The band around 1730 cm ™' attributed to
the C=0 of the urethane function is no longer observed. It
can be proposed that the first step of the degradation con-
sists of the reverse reaction of polyaddition resulting in the
formation of alcohol and isocyanate groups which is in
agreement with the literature data [48]. On the other hand,
at 310 °C, a band around 1637 cm™! attributed to urea
function appeared. As a consequence, it may be suggested
that the isocyanate obtained from depolymerization and the
unreacted original isocyanate which are very reactive
dimerize. This fact is associated with the production of
carbodiimide and CO, [2]. Carbodiimide should further

(b) 100

80

60

40

Weight loss (%)

20

0
100 150 200 250 300 350 400 450 500 550 600

Temperature (°C)

Fig. 7 TGA thermograms of a Pure PU b PU-2 under nitrogen and air atmospheres
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Fig. 9 Dynamic FTIR spectra of a Pure PU, and b PU-2 composite at
different temperatures

react with alcohol to give substituted urea. In the last step
of degradation, when Pure PU degrades slowly, the inten-
sity of urea bands decreased, this fact may be leading to the
formation of a chars with carbonaceous structure.

In the case of PU-2, at 250 °C, the bands at 3472, 3425,
and 1652 cm™" corresponding to NH, group dramatically
decrease. This can be caused by the release of ammonia
from MA. While the temperature rises up to 310 °C, the
intensity of the absorption peaks at 2931, 1730, 1706,
1313, and 1078 cm ™' nearly decreases, indicating that the
main decomposition of Pure PU occurs around this tem-
perature. However, the absorption peaks at 2970, 2931,
1635, and 1027 cm ™! for Pure PU still exist at 390 °C. The
presence of IFR catalyzes the degradation of PU matrix,
which corresponds well with TGA results.

At higher temperature (>390 °C), four new peaks at
1406, 1267, 1171, and 880 cm™! appeared, while these
peaks are not visible in the spectra of Pure PU. The peaks
at 1406 and 1267 cm™" can be ascribed to the stretching
vibration of P=0O and PO,/PO;5 in phosphate—carbon com-
plexes [49]. The peaks at 1171 and 880 cm ™" belong to the
stretching vibrations of P-O-P bond, and this indicates the
formation of thermal stable polyphosphate, such as P,Os
and P4O;q [50]. The presence of polyphosphate catalyzes
the formation of char, which can prevent the materials from
further degradation during combustion.

Transition behavior of Pure PU and IFRPU/rGO
composites

The DSC analysis of Pure PU and IFRPU/rGO composites
are shown in Fig. 10 and Table 4. One glass transition ()
and three endothermic transition regions are shown at
90-140 °C (endothermic I), 180-210 °C (endothermic II),
and 230-270 °C (endothermic III). 7, was increased by
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Fig. 10 DSC curves of Pure PU, and IFRPU/rGO composites

addition of rGO thanks to the interaction of PU chains with
rGO. This shows that Pure PU was reinforced by rGO
while the chain mobility of the soft segment was reduced in
the presence of rGO [11]. Three endothermic peaks are
assigned to various morphologies of PU hard segment.
Incorporation of IFR components and rGO in PU led to
some variations in transition regions which are due to PU/
MA and PU/rGO interactions. Transition I can be assigned
to short-range hard segment morphology that shifted to the
lower temperature with IFR incorporation, while it disap-
peared by rGO increment. Transition II is attributed to
dissociation of long-range ordering in micro-phase hard
segment which increased by rGO and IFR incorporation.
Transition III is ascribed to the hard segment melting point
which rose by addition of rGO [51]. The reason for this is
strong interaction between PU/rGO which enhances hard
segment arrangements.

IFRPU/rGO composites properties

Water-resistant, electrical, gas barrier and mechanical
properties of polymers can dramatically be influenced by
rGO addition. In this section, we discuss improved physical
properties of IFRPU reinforced with rGO.

Table 5 shows that the presence of impermeable rGO in
composites reduces the water swell (i.e., improves the
resistance of composites to water). The increase of the
mean free path for water molecules to pass through the
matrix of IFRPU/rGO composites is responsible for
increment in resistance to water [52].

The surface resistance of IFRPU/rGO is shown in
Table 5. Incorporation of rGO could notably improve the
electrical conductivity of PU films (reduced resistance).
This reinforcement is attributed to the covalently hydrogen
bonding between PU chains and rGO surface.

O, permeability of IFRPU/rGO films at 35 °C is sum-
marized in Table 5. It was remarkably reduced in the
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Table 4 Glass transition,

melting point, heat of fusion, Samples T, O I (°O) AH; (7g) AHyrow (J/g)
and total heat of fusion of Pure 1 11 il 1 11 il
PU and IFRPU/rGO composites
Pure PU —40.05 120.07 197.70 235.07 8.98 0.86 2.47 12.31
PU-0 —37.83 118.19 198.86 256.21 7.56 1.65 8.42 17.63
PU-1 —32.26 - 202.58 260.68 - 2.09 8.67 10.76
PU-2 —28.85 - 206.12 269.41 - 2.24 8.96 11.2
Table 5 Physical properties of Pure PU and IFRPU/rGO composites
Samples Water swell (%) after Oxygen permeability Conductivity (Scm-1)
1 day 2 day 3 day 4 day 5 day [cm*(STP)/cm-s-cmHg]
Pure PU 9.6 18.2 24.3 30.1 36.5 431 x 10711 1.14 x 10711
PU-0 9.1 17.5 20.3 27.2 32.6 401 x 107! 1.18 x 107!
PU-0.5 6.3 10.2 13.5 15.1 17.1 225 x 1071 6.25 x 1071
PU-1 7.4 11.8 14.7 16.3 19.1 8.76 x 107'2 3.08 x 107°
PU-2 8.5 13.2 16.1 19.3 22.4 4.13 x 10712 2.19 x 1078

presence of rGO such that there was 90 % decrease in O,
permeability at 2 wt% rGO. Doubtless, exfoliated rGO
served as effective diffusion barriers in polymeric mem-
branes. Indeed, a percolating network of platelets provides
a “tortuous path” which inhibits molecular diffusion
through the matrix, thus resulting in reduced permeability.
Besides that, on one hand, orientation of the platelets may
further enhance barrier properties perpendicular to their
alignment; on the other hand, the high platelet aspect ratios
of rGO decline composite [53].

Data for the tensile strength, elongation at break, mod-
ulus, and shore A of Pure PU and IFRPU/rGO composites
are summarized in Table 6. It can be seen that tensile
strength become worse after addition of 20.0 wt% IFR. As
discussed before [54, 55], IFR additives at high loading
usually cause a negative impact on the mechanical prop-
erties of the composites. However, the incorporation of
rGO exhibits reinforcement effect. The main reason for this
is good level of dispersion which arises from the presence
of strong interaction between rGO and matrix (discussed in
“FTIR analysis” section). The folded and wrinkled struc-
ture of rGO might also be responsible for the better poly-
mer chains adhesion to the rGO. All of these lead to
superior load transfer from the matrix to rGO which finally
result in the improvement of mechanical properties. From
another point of view, since lack of agglomeration and
excellent dispersion of fillers in matrix have strong positive
impact on tensile strength, one can implicitly relate the
improvement of those results to the homogeneous disper-
sion of rGO in the PU matrix. In other words, improved
tensile strength can be indirectly considered as a useful
evidence for examining the filler dispersion. It should be
noted that, if the dispersion is good, rGO begin to

effectively affect the hard segment domains through
physical cross-linking, arising from hydrogen bonding
between hydroxyl groups of rGO and urethane groups of
PU [56]. The shore A hardness is also enhanced with rGO
increment as a consequence of reinforcement effect of
well-dispersed rGO (Table 6).

Viscoelasticity properties

Viscoelastic or rheological tests are widely used to study
microstructure of nanocomposites and quantify dispersion
of rGO [57, 58]. Figure 11a shows the shear storage
modulus, G/, from small strain oscillatory shear versus
frequency for IFRPU/rGO composites at 140 °C. At 1 and
2 wt% rGO, G’ becomes independent of frequency at low
frequency, which is a sign of solid-like network formation.
This demonstrates the reinforcement effect of rGO in PU
matrix and the presence of three-dimensional physical
network (i.e., percolation regime) in these composites. In
percolation regime, power law scaling describes depen-
dency of G’ to the concentration ¢ of the particles as fol-
lows: [59, 60]

Table 6 Mechanical properties of Pure PU and IFRPU/rGO

composites

Samples  Tensile Elongation Modulus ~ Shore A
strength (Mpa)  at break (%) hardness

Pure PU  6.45 385.34 5.46 75

PU-0 5.41 321.87 6.23 77

PU-0.5 5.75 288.24 8.53 80

PU-1 6.18 249.63 13.17 86

PU-2 6.51 21891 16.56 92

@ Springer
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Fig. 11 Frequency dependence of a G/, b damping factor, and ¢ 1* of
Pure PU and IFRPU/rGO composites performed at 140 °C

G/ S ((/) - querc)vv (2)

@perc and v stand for the percolation threshold and power law
exponent, respectively. @perc of rGO can be experimentally
determined from plot of low-frequency G’ versus ¢ — Pperc-
In extreme oblate/prolate limits, the percolation threshold is
inversely proportional to the particle aspect ratio. By arough
estimation (i.e., considering that particles are randomly

@ Springer

oriented, monodispersed, and disk-shaped), Ren et al. [61]
discovered a relationship between Ay and @ as follows:

3¢,
Af _ (Psphere , (3)
q)perc

where @phere = 0.29, the onset of interpenetrating perco-
lation, randomly packed spheres [62]. ¢per. Was determined
by using the results of Fig. 11a. Subsequently, Eq. 2 gives
Ar = 162, which is in good agreement with the gas per-
meability results. Another parameter derived by rheologi-
cal tests is relaxation time (7) of polymer chains which can
be severely affected by the addition of nanofiller [63]; it
can be determined by the reciprocal of frequency where G/
intersects with G” (i.e., where tand = 1) (Fig. 11b). t of
neat PU chains at 140 °C is about 0.068 s, while adding
rGO brought about an extended t value. These results also
suggest that the presence of rGO strongly limits the
relaxation of polymer chains due to a high aspect ratio.
Figure 11c presents frequency dependence of complex
viscosity (#*); the n* values display a similar trend to that
of G’ and are significantly increased by adding rGO espe-
cially in the low frequencies such as 0.01 rad/s. It is
noteworthy to point out that PU-2 which had improved
flame retardancy was accompanied with increased G’ or n*
at low frequencies; this suggest that flammability and linear
viscoelastic properties are closely related.

Conclusion

The IFR PU composites exhibited improved flame retar-
dancy, thermal stability, gas barrier, as well as mechanical
properties. It was found that both thermal stability and
mechanical properties become worse by the addition of
MA and MCAPP. However, introduction of rGO not only
compensated those, but also improved other properties.
Employing 18 wt% IFR along with 2 w% rGO, PU com-
posite reached LOI value of 34.0 and UL-94 VO grade.
FTIR results reflected that even without any surface mod-
ification, the level of rGO dispersion was well which
resulted in reduced electrical resistance and improved
properties. The TGA results indicated that the addition of
IFR along with rGO into PU dramatically improves the
char yields and the thermal stability of the char at high
temperatures due to synergistic effect of rGO, as well as
the presence of nitrogen and phosphorus in IFR system.
These results were consistent with the data of dynamic
FTIR. Incorporation of rGO also led to a higher storage
modulus (G’) and melt viscosity when compared with pure
PU at low frequencies, which demonstrates the reinforce-
ment effect of rGO in IFRPU composites.
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