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Abstract

Thermal steadiness and flame-resistant characteristics of PP/GO nanocomposites were explored. Inclusion of graphene
oxide nanosheets (GOs) increased thermal steadiness of the nanocomposites by at least 50 °C through nano-confinement
of PP connections and restriction of release of gaseous molecules during degradation. Pyrolysis showed that process of the
degradation of PP was not changed in the presence of nanofillers and alkenes consisting of carbon particles that were dete-
rioration products. With addition of GOs to PP, cone calorimetry experiments exposed a substantial deviation in ignition
under irradiation. In addition, inclusion of GOs reduced PP’s rate of combustion owing to the creation of a carbon shield-
ing sheet acting as the heat and mass transfer barrier. Uniformly dispersed GOs shifted the decomposing onset temperature
(Typse) Of PP to around 40 °C higher which induced a great melt flow rate in the composites and dramatically changed
their fire behavior. Delayed dripping resulted in considerably enhanced heat absorption and reduced time for ignition. As
a result of development of a shielding film in combustion, under flaming conditions, the highest thermal discharge level of
78% was accomplished. The most prominent features that made PP to prefer carbon nanoparticles were demonstrated by
the well-exfoliated GO nanosheets in the PP matrix which was evidenced by TEM images. Findings of TGA indicated that
the GO’s addition enhanced the thermal steadiness and PP’s char yields. The nanocomposites of PP/GO 5.0 wt% attained
UL-94 with a grade of no dripping and grade V-1. Cone calorimeter test results showed that the PP’s burning performance,
peak heat release rate (PHRR) and average specific extinction area decreased noticeably when the GOs’ combination effects
was intervened. PHRR showed a decrease of 46% compared to the neat PP for the PP/GO 5.0 wt% nanocomposite. This role
offered a new modified approach to enhance the GO’s flame-resistant effectiveness.
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Introduction

P< Maziyar Sabet
maziyar.sabet @utb.edu.bn Polypropylene (PP) is one of the widely used polyolefins

which quickly catches fire and melts when exposed to
fire. Therefore, improving its thermal stability and flame-
retardant properties are of the first-rate importance [1-3].
Halogenated flame-resistant materials are no longer permit-
ted to be utilized due to environmental and health issues
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environmental concerns attributable to the benefits of low
toxicity and elevated flame-retardant effectiveness [7]. The
prominent flame-resistant mechanism of intumescent flame-
resistant is the formation of a swollen multicellular charred
layer on the surface, producing a physical protective barrier
[8]. It is noticeable to know that the loading of regular macro
flame-retardants such as magnesium or aluminum hydrox-
ides is extensively huge and may reach 40-65 wt% of the
whole compound content and even higher which weakens
the mechanical properties of the polymers [9-11].

By comparison with the other halogen-free flame-retard-
ants, such as carbon nanotubes or layered hydroxides, gra-
phene oxide (GO) can cover the exterior surface of the poly-
mer with a strong sticky intumescent char, that has a lower
density but the more efficient protection [12-14].

Nanotechnology’s aim in the production of the polymer
flame-resistance is recognized as a revolutionary approach.
By adding a tiny quantity of nanofiller, the flame-retardants
of the polymer can be considerably improved. Low loading
of graphene oxide (GO) resulted in the significant improve-
ment in the thermal steadiness, mechanical characteristics,
and thermal and electrical conductivities of the polymer
nanocomposites [15].

Moreover, GO is used as a promising flame-resistant
polymer nanofiller, including charring and non-charring
materials. The mode of action of GO for increasing the
flame retardancy of PP has been usually recognized by the
hindrance impact of the carbon nanomaterial residue that
results in a restriction of the heat and mass transfers between
gas and condensed phases [16]. Furthermore, the char’s bar-
rier efficiency was strengthened and thermal conductivity
and diffusivity were altered by incorporation of the reduced
graphene oxide (RGO) [17]. The GO inclusion would be
expected to show a desirable impact on the values of the
limiting oxygen index (LOI) and UL-94 compared to the
halogenated flame-resistant PP composites [18].

GO operates as a flame-resistant nano-filler for polymers
because of its two-dimensional morphology, high aspect
ratio, and specific surface area [19, 20]. GO functioned to
prevent the producing of the polymer pyrolysis gasses and
as a physical hindrance for the transport of the heat and
mass [21-23].

The LOI and UL-94 tests match the burning situation,
and the experiment with cone calorimetry demonstrated
combustion under the fire stage [24, 25]. The specimen was
put horizontally in a sample holder for cone calorimetry,
removing any physical impacts of the polymer burning, for
example dripping [26-28]. Then, the impact of the protec-
tive layer was tested to identify the effectiveness of the GO
flame-retardant properties [29].

Intumescent char formation took place through a semi-
liquid stage coinciding with the gas discharge and char
expansion [30-32]. Modifying physical and chemical
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characteristics could optimize flamed-resistant effectiveness
[33-35]. The system’s melt viscosity played a vital role in
the effective intumescent char development [36—38]. When
the viscosity was not very thick or very thin during poly-
mer degradation, intumescent char formation was expedited
[39—41]. If the viscosity of the degraded polymer be very
small, gasses have not been detained, but rather spread to
feed the flames [42—44], leading to bad intumescence. If vis-
cosity be sufficient, the formation of an expanded structure
would result in a slow diffusion [45, 46]. When the viscosity
of carbonizing material be very high, the gasses were heavily
detained and diffusion would be significantly suppressed,
thus inhibiting the intumescence of the char [47, 48].

In cone calorimetry experiment, a slightly augmented
viscosity produced by the low GO load was the reason for
the extremely extended char. The impact of GO inclusion in
the melt viscosity enhancement was recognized as a mecha-
nism of anti-dripping [49-51]. However, the UL-94 test still
identifies melt dripping of a polymer matrix, likely due to
the retardation of the discharge of incombustible gases and
formation of low-quality char [52-54].

Understanding the mechanism of thermal decomposi-
tion helps to improve the thermal steadiness of the poly-
mer nanocomposites. Carbon-based nanomaterials such as
carbon nanotube and C60 are generally considered to be
eco-friendly materials with remarkable thermal characteris-
tics, mechanical properties, and flame retardancy. The use of
carbon family materials and their effectiveness as barriers in
promoting the thermal stability of the polymers and inhibit-
ing fire of flame-retardants has not been widely studied. In
fact, C60 not only acts as the fortifiers for graphene and
barriers, but also has a free radical trapping effect in poly-
meric matrices. As a result, the interaction of nano-filler and
polymer matrices was effectively improved and mechanical
properties of the PP-based composite were enhanced due to
the free radical-trapping effect of the C60 and the thermal
barrier effect of the graphene layers [55].

In the present work, the effects of inclusion of GO
nanosheets on the behavior of burning and heat charac-
teristics of PP were explored, which showed how GO can
be used as a flame-resistant. Its incorporation resulted in
various PP/GO nanocomposites that were responded to the
small flame experiments and ignition under fire conditions.
The intumescent flame-resistant comprised of PP and GO
acted as carbonization. In the PP/GO flame-resistant materi-
als, GO nanosheets were inserted and their impacts on the
combustibility and heat discharge of the fire-resistant PP/
GO nanocomposites were studied. The findings showed that
GO inclusion could further decrease the PHRR value of the
flame-resistant PP/GO materials. The charred composition,
melt viscosity and hindrance impact of GO were contrib-
uted to various functions in improving LOI levels, UL-94
grading, and decrease of heat discharge. This work offered a
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solution for the comprehensive assessment of the synergy or
antagonism impacts of GO which benefits the development
of its flame-resistant system as a reinforcement of the fire
prevention and flame retarded polymer composite materials.
The superiority of the GO is its shape, two dimensional and
flat structure. The significance of this study for readers is
the role of GO (up to 5.0 wt%) in boosting the fire security
properties of the PP martials. The digital photo and cone
calorimetry test of the fired PP/GO nanocomposite showed
the development of the charred, cohesive and sticky intu-
mescent that augmented the melt viscosity and performed
as a barrier to protect people against toxic fumes and fire.

Experimental
Materials

Graphite flakes was acquired from Kropfmiihl AG (RFL
99.5, Germany) and polypropylene (PP) homopolymer
(Moplen HP501L) was supplied from LyondellBasell (Ger-
many) with a flow index of 6.0 g/10 min and a melt density
of 900 kg/m>. All commercial chemicals were used as they
were obtained without further purification.

Material processing

Single layer of graphene oxide (GO) was generated from
extended graphite employing an improved method of Hum-
mers and vacuum-dried under P,O5 at room temperature
for a week [1-6]. PP was dried in vacuum oven at 80 °C
overnight before use. PP/GO composites were prepared as
follows: 3 g of GO powders was spread in 350 mL of tolu-
ene with the assistance of sonication for 35 min at room
temperature. Afterward, 20 g of PP was added to the GO/
toluene suspension and dissolved after mechanical mixing at
100 °C for 2 h. All PP/GO compounds were processed under
the same scenarios. Typically, GO was distributed in acetone
and combined with PP pellets; afterward vacuum removal
and acetone elimination before melting. There were no addi-
tional compatibilizer. A co-rotating twin-screw extruder was
utilized to inject resulting PP/GO powder blends at 210 °C.
TEM was used to determine the morphology of the PP
nanocomposites. Despite huge specific surface regions, the
graphene-based products were distributed evenly.

Characterization

LOI was evaluated using an ASTM D2863-97 standard by a
Jiangning (HC-2, China) oxygen index meter. Sample dimen-
sions were 100x 6.7 x3 mm?>. To achieve an average value,
five samples were screened. The vertical burning experiment
of UL-94 was performed using horizontal and vertical burning

equipment, Jiangning (CZF-II, China) as per ASTM D3801.
Sample sizes were 127 x 12.7 x 3 mm?. At least five times the
experiments were repeated.

Scanning electron microscopy (SEM) micrographs were
obtained at an acceleration voltage of 5 kV by a FEI Sirion
200 scanning electron microscope (The Netherlands). Trans-
mission electron microscopy (TEM) was utilized to assess
GO morphology in the PP polymeric structure. A drop of
graphene ethanol distribution was dehydrated on the copper
grid. Nanocomposite sheet was microtomed with a Cambridge
ultratome to 20—100 nm thickness slices and then transmitted
to the copper grid. TEM images were developed on a JEOL
(JEM-2100F, Japan) microscope at 200 kV.

Experiments for thermogravimetric analysis (TGA) were
conducted using an instrument (Setaram Setsys TG-DTA,
France) 16/18, 5+0.5 mg of the specimen was subjected into
an alumina vessel and an empty vessel of alumina applied
as a reference. Specimens were heated at 10 °C/min under a
50 mL/min flow of N, from room temperature up to 600 °C.
To assess thermal steadiness of materials, sample mass, tem-
perature, and heat flow were constantly documented. Onset
temperature was described from 2% mass loss.

In an ISO 5660 FTT cone calorimeter (UK), the burning
behavior under forced-flamming circumstances was explored.
The rate of 35 kW/m? irradiation in the horizontal setup was
employed for 100x 100x 3 mm? specimens. Flame-out was
defined as a visible yellow flame extinguishing. Total heat
values (THE) evolved and the residue amount was drawn at
flame-out, described as flaming burning prior residues were
burned in the following afterglow.

Furthermore, fire residues at flame-out were separated
from cone calorimeter and cooled with liquid nitrogen to
prevent subsequent afterglow thermo-oxidation and thus resi-
due structures produced throughout the combustion process.
The residues of the chars were analyzed by SEM. A Nicolet
spectrophotometer (6700, USA) in the wavenumber range of
4000-400 cm™! was used to obtain Fourier transform infra-
red (FTIR) spectra. A LABRAM-HR laser confocal micro
Raman spectrometer (France) provided with a laser source of
514.5 nm was used to measure the Raman spectra. A smoke
density tester apparatus (Jiangning JSC-2, China) was used to
explore the characteristics of smoke evolution in the scenario
of flaming combustion according to ISO 5659-2.

Specimens with the 75X 75x 1 mm? sizes were subjected
to an outer flow of heat (35 kW/m?) for pilot burner purposes.
Melt flow index (MFI) was determined with a heavy weight of
2.16 kg at varying temperatures via a melt flow stream appa-
ratus (GB3682-2000 SRZ-400C, China).
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Table 1 LOI and UL-94 test

Tests Specimen code
results for neat PP and PP/GO
nanocomposites PP PP/GO 0.5 (wt%) PP/GO 1.0 (wt%) PP/GO 2.0 (wt%) PP/GO 5.0 (wt%)
UL-94UL-94
Rating NR V-0 V-0 V-0 V-1
Dripping  Yes No No No No
LOI (%) 18.7+1.0 185+1.0 18.1+1.0 18.0+1.0 17.7+1.0
Results and discussion 120
Vertical flammability experiments assessed the flammabil- 100
ity of the nanocomposites and compared the outcomes with
those of the pristine PP. As anticipated, there was fast and . 80
complete combustion in the PP matrix, along with rigorous & —PP
dripping from the samples. The inclusion of GO did not 33, 60 ——PP/GO 0.5 wi%
lead to a significant decrease in the flammability of PP as no g —— PP/GO 1.0 wt%
self-extinguishment was detected for nanocomposites and all 40 — PP/GO 2.0 wt%
PP/GO specimens stopped dripping, proposing a substantial —— PP/GO 5.0 wt%
decrease in burning level and existence of nanoparticles. 20
Table 1 presents the flammability characteristics of PP
and PP/GO specimens with different proportions of GO 0

in regards of LOI and UL-94 tests. In the UL-94 experi-
ment, PP received an 18.7 + 1.0 vol% LOI with no rating
(NR) grade. The addition of different carbon nanomateri-
als, respectively, resulted in no or only slight improvement
in the response of the polymers to the small flame. Pristine
PP is highly flammable and has an LOI rating of 18.7+1.0
vol%, and failes the UL-94 experiment. The findings of LOI
and UL-94 tests examined the influence of GO content on
the nanocomposites flame-retardancy. In other words, in
the case of the LOI test, GO’s incorporation in the PP/GO
nanocomposites did not influence on the LOI values and did
not support flame-retardant enhancement and statistically
remained unchanged.

The LOI results showed that the surface of PP/GO nano-
compounds is not protected by GO inclusion before the
intumescent barrier layer formation. However, the UL-94
experiment findings supported the outcomes of cone calo-
rimeter tests, indicating that the addition of GO developed
flame-retardancy of the PP/GO nanocomposites. The UL-94
rating of the PP/GO specimens was promoted to V-1 com-
pared to that of the pristine PP, which showed that the gra-
phene mixture played a significant role in improving the
PP system’s flame-retardants. The flame-retardant results
showed that GO can improve the UL-94 level, but it has no
remarkable effect on the LOI value. To date, there has been
a lack of systematic research on the impacts of GO on the
combustion, expansion behavior, structure and decomposi-
tion processes.

TGA-DTG tests under nitrogen (Figs. 1, 2) assessed
the thermal steadiness of the nanocomposite specimens.
The presence of GOs significantly delayed the thermal
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Fig.1 TGA curves of neat PP and PP/GO nanocomposites
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Fig.2 DTG curves of neat PP and PP/GO nanocomposites

degradation for all GO loadings, while maximum improve-
ment in thermal steadiness happened once the matrix was
strengthened with 5.0 wt% GO, increasing the onset deg-
radation by 150 °C. GO is a thermally unstable material
corresponding to the elimination of functional labile oxygen
groups [25], but the impact of GO resulted in postponing of
the thermal degradation of PP/GO nanocomposites.

The geometric characteristics of GOs (with an enormous
aspect ratio and surface area) considerably improved thermal
steadiness for all samples and recognized that GO addition
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developed interactions, tortuous path formation and restric-
tion of gaseous molecules release throughout the thermal
breakdown. The findings can be regarded in relation to the
notion of nano-confinement [31], according to which the
presence of GO produced regions, where the matrix’s mac-
romolecular connections were restricted, disturbing their
periodic coil conformation and limiting their motion.

This experience proved the elevated thermal steadiness
of the samples as GO nanosheets occupied a wide range
of regions in the sample volume, formed a well-dispersed
filler network that confined the PP macromolecules motion
even more. The results showed that the highest increase in
the PP’s thermal steadiness happened at the first level of
GO inclusion (0.5 wt%) compared to the higher GO inclu-
sions (1.0-5.0 wt%). Under an inert atmosphere, the thermal
decomposition of the polymer was strongly correlated to its
retardant flame. Within 360495 °C pristine PP was decom-
posed and no apparent residual mass was remained.

The nanocomposites of PP/GO displayed a comparable
behavior of decomposition with the neat sample. The addi-
tion of GO had a negligible impact on the PP nanocompos-
ites heat of decomposition, including the weight loss phase
and remained chars. The inclusion of GOs changed the shape
of the shoulder from peak to weak. This can be ascribed to
GO nanosheets barrier efficiency, reduced the propagation
of the degradation products. The temperature of weight loss
of 5 wt% was the temperature at which the nanocomposites
begun to break down (7., and the temperature at which
the weight loss reached its limit was set to 7,,,,. Primary
degradation temperature (7, described as the 5 wt%
weight loss temperature and the highest degradation tem-
perature (7,,,,) were obtained from DTG curves.

In the N, atmosphere, the T, for the nanocompos-
ites was higher than the pristine PP. For instance, with 2
wt% GO, the highest enhancement in T, was achieved at
385 °C. This increase in thermal steadiness can be ascribed
mainly to the GO physical barrier that efficiently stopped
releasing of the volatile degradation products [36].

Under the N, condition, however, there is little increase
in T,,,, for the nanocomposites. In addition, the remaining
mass of PP/GO nanocomposites in the N, atmosphere was
significantly enhanced by the inclusion of GO compared
with the pristine PP. PP and its nanocomposites displayed

one-step pyrolysis under N, atmosphere, corresponding to
polymer backbone thermal degradation.

The thermal steadiness of PP/GO nanocomposites was
comparable to that of the pristine PP from the nitrogen-
based TGA analysis. In addition, PP/GO nanocomposites
remaining weights were higher than that of the pristine PP.
However, PP/GO’s thermal steadiness was significantly
improved. For instance, PP/GO’s T,,,, was 150 °C higher
than that of the pristine PP. Powerful interfacial interac-
tions among nanofillers and polymer matrix improved the
nanocomposites’ heat degradation activation energy by
limiting the thermal movement of the polymer connections
[40]. GO’s charring impact was accountable for the PP/GO
nanocomposites reduced thermal steadiness and increased
char yield [11].

Amazingly, the 5.0 wt% GO inclusion in PP raised the
remaining char from 0.55 to 12.56 wt%. Nanocomposites’
enhanced char yield means that part of the polymer matrix
was not fully combusted, resulting in increased flame retar-
dation. Due to the physical barrier impact of well-spread
GO on the release of volatile decomposition products; it is
evident from the DTG analysis that the maximum mass-loss
rate of the nanocomposites were reduced with GO addition.

Pristine PP breaks down at 260-350 °C quickly and is
exhausted at higher than 495 °C without any remaining
chars. However, nanocomposite PP/GO 5.0 wt% postponed
the T, by 150 °C (Table 2). These findings are due to the
impacts of GO platelet structures on the thermal insulator.

Under these experimental circumstances, intumescent
flame-retardant PP/GO nanocomposites had comparable heat
oxidative behavior. Though, it was noted that the remaining
weights of PP/GO nanocomposites were higher than those
of the pristine PP which means that for intumescent flame-
retardant PP/GO nanocomposites more residual chars were
acquired than for the pristine PP (Fig. 2). In the meantime,
Tyser and T, of the PP/GO specimens were increased by
150 °C and 180 °C compared to those of the pristine PP,
respectively. It shows that the mixing of PP/GO 5.0 wt%
increased its thermal steadiness. On the other hand, the addi-
tion of 5.0 wt% graphene increased the PP T,,,, by 180 °C,
indicating that the GO mixture has a strong thermal-increas-
ing impact on the PP/GO structure in a high-temperature
area. Enhanced char yield of nanocomposites means that

Table2 TGA data of PP

N . Parameter ~ Specimen code
and its composites under N,
atmosphere PP PP/GO 0.5 (wt%) PP/GO 1.0 (wt%) PP/GO 2.0 (wt%) PP/GO 5.0 (wt%)
Tonset O 260+£5.0  355+5.0 370+5.0 385+5.0 435+£5.0
Tnax CO) 460+5.0 503+5.0 518+5.0 606+5.0 649+5.0
Residue % 0.0+1.0 53+1.0 11.5+1.0 125+1.0 13.3+1.0
T, Onset degradation temperature (temperature at 5% weight loss), T,,,, maximum weight loss tempera-

ture
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part of the polymer matrix was not fully combusted, which
resulted in an increased flame-retardancy.

Table 2 shows the onset degradation temperature, max-
imum weight loss temperature and the percentage of the
residue specimen after burning. A closed and stable resi-
due surface on top of the burning specimen is necessary for
the function and effectiveness of the carbon nanomaterial
residue to serve as a heat shield and barrier against mass
transport. This protective layer can postpone the heat trans-
port from the flame into the materials, resulting in a slower
increase of temperature in the nanocomposite [44]. Table 2
displays that the percentage of residues, the values of T,
and the T, increased with GO inclusion. Consequently,
GO inclusion has an effective role in boosting the thermal
stability of the PP/GO nanocomposites.

The cone calorimetry is commonly utilized for studying
materials’ fire behavior in a laboratory scale. Cone calorim-
eter is planned to derive oxygen usage level into the heat
release rate (HRR) throughout the burning of polymers
according to the well-known concept of oxygen intake. To
quantitatively assess fire behavior, many significant param-
eters, for example, peak heat release rate (PHRR), total heat
release (THR) and ignition time (TTI) are reported.

Figures 3 and 4 display specimen heat release rate (HRR)
and THR graphs at a heat flux of 35 kW/m? and the related
data can be found in Table 3. Pristine PP burns heav-
ily with a severe HRR peak (1140 kW/m?) after ignition.
Impressively, the inclusion of 0.5 wt% GO resulted in more
decrease in PHRR, which for PP/GO sample, it lowered from
1140 kW/m? for PP to 970 kW/m?, showing the superior
hindrance efficiency of GO nanosheets for intumescent char.

It is evident that in PP/GO nanocomposites, combus-
tion time among two peaks slowly reduced as GO loading
increased. This is due to the improved thermal conductivity
of the PP through the superior thermal conductivity of the

1400
1200 -
—~1000 1
£
é 800 -
& 600 —PP
T ——PP/GO 0.5 wt%
4001 ——PP/GO 1.0 wt%
200 4 —— PP/GO 2.0 wt%
——PP/GO 5.0 wt%
0 T T T
0 500 1000 1500 2000

Temperature (°C)

Fig.3 Heat release rate variation of neat PP and PP/GO nanocompos-
ites vs. temperature

gslppl @ Springer

120
100
‘€ 80 -
E
= PP
= 60 1 .
o —— PP/GO 0.5 wt%
£ 404 — PPIGO 1.0 Wi%
20 | — PP/GO 2.0 wi%
—— PPIGO 5.0 wi%

600 800 1000 1200 1400 1600

Time (s)

0 T r
0 200 400

Fig.4 Total heat release variation of neat PP and PP/GO nanocom-
posites vs. time

filler. While the inclusion of GO was 1.0 and 2.0 wt%, PHRR
quantities of the relevant nanocompounds were reached to
936 and 880 kW m~2, correspondingly. This evidence sug-
gests that the flame-resistant efficiencies are not compatible
with the sum of the GO inclusion, and the rate of synergis-
tic effects at lower GO load was more effectively achieved;
however, at higher graphene incorporation, the trend of
un-flammability enhancement was still improved. Notice-
ably, the PP/GO 0.5 wt% THR value was further reduced to
86.0 MJ/m?, smaller than that of the pristine PP.

The derived factors, for example, a fire growth index
(FGI), delivered significant data about the fire hazards of
polymeric materials. FGI is a ratio of PHRR and time to
reach PHRR (TPHRR) [39]. Therefore, a greater FGI value
implies a faster time to reach PHRR and an extra severe fire
hazard [40]. A large reduction in FGI values was monitored
for the PP/GO nanocomposite with 0.5 wt% GO inclusion
compared to that of the pristine PP, which shows a great
fire safety.

Meanwhile, the reduction in FGI values was continued
with further GO incorporation. It can be concluded that
GO’s optimal load to enhance PP’s fire safety was 0.5 wt%
and further enhanced GO’s load was detrimental to flame-
resistant characteristics. Adding GO to PP significantly
reduced the FGI. The PP/GO nanocomposite has the small-
est FGI value, showing the highest performance among
flame-retardants. GO’s inclusion significantly improved PP’s
char yield. GO’s excellent distribution outcomes, together
with the marked flame-retardants, have an important barrier
effect on the transfer of mass and heat.

An interesting remark came from the research described
in Table 3 of the TTI attributed to PP and its nanocom-
posites. From all TTI results, as GO load increased, the
TTI value decreased, which means the time to ignition was
reduced when the GO load was high. This shows that GO
inclusion can reduce the ignition delay time before the pro-
tected intumescent layer forms. This reality is particularly
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Table 3 Cone calorimetry results of neat PP and PP/GO nanocomposites

Specimen TTI(S) PHRR (kW/ ASEA (m%¥  AMLR (g/s) THR (MJ/m?) TSR (m¥m?) FGI (kW/ Tpox (S) Residue (wt%)
code m?) kg) m?.s)
PP 49 1140 552 0.049 118.4 600 5.70 200 .
PP/GO 0.5 41 970 529 0.049 86.0 373 441 220 1.5+
wt%
PP/GO 1.0 39 936 511 0.048 90.4 375 3.90 240 2.1+0.5
wt%
PP/GO 2.0 36 880 474 0.048 94.4 377 3.20 275 3.14+0.5
wt%
PP/GO 5.0 30 620 357 0.046 96.0 380 2.10 295 39405
wt%
FGI=PHRR/z,, (fire growth index), ASEA average specific extinction area, AMLR average mass loss rate, TSR total smoke release, THR total

max

heat release, 771 time to ignite

interesting, since nanocomposites were stated to be ignited
sooner than the neat polymers [18, 38, 39]. The TTI of
polymers is based on a variety of activities, such as heat
transfer through monitoring the degradation responses of
the heated polymer, determining volatile fuel release, and
volatile mass transfer to the atmosphere. TTI test actually
reports the smallest concentration of volatile material that is
required, that a continuous flame can be established.

GO inclusion can obviously influence several ignitions
controlling chemical and physical parameters, such as
parameters of radiative absorption/release, thermal conduc-
tivity, heat capacity, and molten phase viscosity. In addition,
postpone towards greater TTI can be anticipated at com-
paratively elevated inorganic loadings, merely linked to the
reduced quantity of polymer available as the volatile fuel
supply. Moreover, in the pre-ignition stage that is beyond the
scope of this investigation a full description of the phenom-
enon explaining TTI interruption would involve the compre-
hensive characterization of these parameters.

The heat discharge level outline for pristine PP (Table 3)
is normal for an extremely flammable, non-charging mate-
rial, showing the full polymer volatilization and quick burn-
ing, yielding PHRR at 1140 kW/m? and flameout at about
200 s. Implementation of the GOs changed the phenom-
enology throughout the polymer combustion, resulting in
a strong char production that influenced the shape of HRR
analysis and decreased PHRR to nearly half of that, with GO
level of 5.0 wt%.

Since combustion heat was discharged at a much-reduced
pace, the contribution of PP/GO nanocompounds to a grow-
ing fire’s development was considerably smaller than that
of the pure PP, with apparent advantages in the actual fire
situations. The total smoke produced after burning was not
substantially impacted via the existence of GOs, a signifi-
cant benefit, associated with a standard flame-resistant, that
boosted the optical smoke density, which represents a seri-
ous fire hazard.

In addition, it was shown that the inclusion of GO did
not impact on surface charring. Actually, the development
of a strong, compact and permanent char during combus-
tion of polymer nanocompounds is a well-known impact of
high-aspect nanoparticles that are well dispersed. The GO
loading enabled the development of a carbonaceous protec-
tive layer obtained as a result of the polymer ablation and
accumulation of GOs, acting as a heat and mass transfer bar-
rier layer [18] that decreased the overall combustion process.
The processes of fire-retardants occurred during combustion
in the condensed phase through the creation of a graphene
residue sheet.

A pronounced afterglow and residue thermo-oxidation
took place after flame-out. For PP and its nanocomposites
with graphene, the efficient heat of combustion was compa-
rable, showing the lack of any appropriate flame-retardant
mechanism in the gas phase. It had been previously noted
the beneficial impact of enhancing particles’ spread on the
quality of the residual protective layers for carbon nanotubes
[13] or epoxy/layered silicate [46].

It was found that both the macroscopic and the micro-
scopic scale required a closed charred layer to achieve effi-
cient flame-retardants by nanocomposites. For the function-
ing and effectiveness of GO residue as just a thermal barrier
and shield toward mass transport, a closed and safe residue
surface on top of the burning sample is crucial. It can post-
pone heat transport from the flame to the polymer nano-
compounds, resulting in a lower temperature rise within the
nanocomposite [43]. The barrier layers are functioned as the
thermal transport obstacles in the deeper areas of the sam-
ple. In the neat PP and PP/GO nanocomposites, degradation
of PP began at 428-450 °C. The capacity to create strong
protective sheets and to operate like efficient fire-retardant
fillers is regulated via dispersing nanoparticles in the poly-
mer matrix which were seen in various carbon nanotubes
and varying layered silicates on the surface of the particles
[51,52].
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Figure 5 displays the images of the char residues of PP
and its nanocompounds. After pristine PP burning, there was
no char remained in the aluminum foil. Char characteristics
with flame-resistant characteristics played important roles.
All specimens had a compact and cohesive function. The
white and black areas were detected in the PP char. Most
bubble-like chars were produced in the char residues of the
PP/GO 0.5 wt% and PP/GO 1.0 wt% nanocomposites.

Swelling degree of char for PP/GO 0.5 wt% and PP/GO
1.0 wt% was greater than that of the neat PP, indicating that
low GO loading facilitates char development. Moreover, PP/
GO 2.0 wt% and PP/GO 5.0 wt% nanocomposites did not
show any significant enhancement in expansion. The exte-
rior and inner parts of the char created a closed chamber. In
the PP/GO 1.0 wt% nanocomposite, the hollow structure was
more prominent and this type of char presented outstanding
hindrance efficiency.

The graphene-enhanced exterior char must have suffi-
cient thermal steadiness and mechanical strength to with-
stand combustion destruction and release gases. The com-
pact charred intumescent layers filled with graphene were
resulted for various chars of the PP/GO nanocompounds,
proving that the graphene nanosheets network structure
played a very significant role in the development of the
strong intumescent chars during the burning of the nano-
compounds which offered a great strength throughout the

pyrolysis and burning. Adding GO raised the PP/GO chars
carbon content. Moreover, the PP/GO char’s carbon con-
tent was massive. The carbon content indicated the degree
of accumulation and cross-linking: greater carbon content,
greater carbon atoms per unit region in the char layer, and
greater the cross-linking degree [37]. The degree of char
cross-linking and char strength of chars for PP/GO were,
therefore, high due to the impacts of GO nanosheets dur-
ing the development of chars, which was verified by SEM
analysis.

After studies with cone calorimetry, Raman spectroscopy
was utilized for analyzing the graphitization level of the
char residues. Char with a greater degree of graphitization
often has a higher resistance to thermal oxidation, useful to
improve the polymer’s flame-retardants [45]. Char’s Raman
spectra are shown in Fig. 6. There are two primary distinc-
tive bands of Raman spectra in Fig. 6 as D and G bands
at about 1370 and 1590 cm™!, correspondingly. G-band is
the first-order scattering of E2g vibration mode [41], and
D-bands are distorted graphite or glassy carbon [18]. The
degree of graphitization is determined by the proportion of
the D and G bands embedded intensity (ID/IG). Peak fitting
is performed with Lorentzian variety; the integrated D-to-
G-band intensity ratio (ID/IG) is an indication of the degree
of carbonaceous material graphitization. The greater ID/IG
ratio shows the reduced degree of graphitization.

Fig.5 Photos of deposit chars of flame-resistant PP/GO nanocomposites after cone calorimeter experiments of a neat PP, b PP/GO 0.5 wt%, ¢

PP/GO 1.0 wt%, d PP/GO 2.0 wt%, and e PP/GO 5.0 wt% samples
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Fig.6 Raman spectra of char layers of neat PP and PP/GO nanocom-
posites after cone calorimetry

As shown in Fig. 6, because of the existence of amor-
phous carbon in forming carbon nanofibers, the rate of
ID/IG for PP/GO samples was higher than that for the
pristine PP. The in-situ carbon nanofibers coating on GO
nanosheets improved hindrance role, leading into the more
marked fire-retardants. The reduced ID/IG ratio implies a
greater degree of graphitization for carbonaceous prod-
ucts. For greater graphitization degree of the char [42],
greater thermal steadiness and greater protection of the
char layer would be accomplished.

It is evident from Raman spectra that the graphitiza-
tion level of the char raised with a rise in graphene load-
ing. This can be clarified by the reality that the char layer
contained more graphene residues due to increase in the
GO load. Figure 6 indicates that the PP/GO 5.0 wt% speci-
men showed the highest and the PP/GO 0.5 wt% speci-
men displayed the lowest graphitization level. Graphene
nanosheets can serve as a template to enhance the char’s
graphical order [43]. It is remarkable that in the spectrum
of PP/GO 2.0 wt%, the change of D and G bands is noted,
indicating an appropriate graphical structure.

Graphene’s barrier impact can decrease the volatility
materials available for char development, which is useful
in developing a compact and thick char layer [44]. Some
marked variations were observed in the PP/GO spectra, as
compared the PP specimen with the one that had 1.0 wt%
GO. The graphene nanosheets in the PP/GO system can act
as a helpful barrier and stop volatile products from escap-
ing, making more compounds available for char formation.
The nanosheets of graphene can strengthen the layers of
the intumescent developed char. Compact, thick and ther-
mostable char has a great performance barrier and isolates
the underlying materials from the flame area.

Polymer’s fire hazard involves its flammability and fire
effluent toxicity. During combustion, the smoke release
makes extra injuries and visual obscuration, which is

Fig.7 Smoke densities of neat PP and PP/GO nanocomposites under
flaming combustion

dangerous to run away and save a life. Smoke suppression
of polymer is, therefore, of excellent importance.

The smoke density chamber was used for investigating the
behavior of smoke emission in this study. Under the flam-
ing combustion scenario, Fig. 7 displays, smoke emission
analysis of PP and its nanocomposites. The smoke was dis-
charged quickly after ignition during the burning of PP and
then the trend of Fig. 7 indicates a stable rate. The smoke
density rose slowly for PP and its smoke was reduced after
220 s. The intumescent char layer created can efficiently
prevent the emission of smoke. Remarkably, the incorpora-
tion of 0.5-5.0 wt% of GO for the prepared nanocompounds
was contributed to the further removal of the smoke. This is
clarified that GO nanosheets augmented the barrier impact
of the deposit char, examined by the char residue SEM
observation. The PP/GO 0.5 wt% nanocomposite showed
the highest efficiency in smoke removal. However, speci-
mens of PP/GO 1.0 wt% to 5.0 wt% had the greater smoke
density than the specimen PP/GO 0.5 wt%. These findings
may be due to the enhanced barrier impact relevant to the
elevated GO loading which led to a deficiency of oxygen,
incomplete combustion and more smoke generation [52].
The graphene, as a flame-resistant for PP, revealed suitably
as a smoke suppression factor.

One of the main variables influencing the growth of the
intumescent char layer is the melt viscosity of the polymer
components. Melt viscosity was evaluated by the MFI test,
which is indirectly relative to the polymer melt viscosity.
Figure 8 shows the MFI rates of the PP and its nanocom-
posites at different temperatures and varying GO content.
The rising temperature by heating resulted in the increase in
the MFI values, indicating enhanced mobility of the melted
liquid. A suddenly lowered MFI at 285 °C was noted for the
pristine PP specimen that is owing to the oxidation cross-
linking reaction that reduced the melt mobility [53]. Rigid
graphene nanofiller can enhance polymer matrix melt vis-
cosity by developing a network [54].

As shown in Fig. 8, further inclusion of GO from 0.5-5.0
wt% gradually reduced PP’s MFI values at each temperature.
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Fig.8 Variation of melt flow index of neat PP and PP/GO nanocom-
posites vs. temperature

In UL-94 and LOI experiments, the rise in melt viscosity
due to the addition of GO nanosheets caused the anti-drip
mechanism [21]. The impact of inclusion of nanomaterials
caused the viscosity of the polymer melt to grow at small
shear rates and this phenomenon was studied before [14,
49, 50].

The morphology of the carbon nanoparticles defined the
spread of these particles in PP, with a growing distribution
leading to a great melt flow alteration and rheological behav-
ior. For well-exfoliated sheets in PP/GO 5.0 wt% sample,
the impact was the most pronounced one. At the higher
GO loading, the nano dispersed carbon nanoparticles act as
an anti-dripping agent without significantly affecting pro-
cesses at higher shear rates (Fig. 8). The governing variables
influencing the extinction of polymers are the flammabil-
ity experiments with a small flame, melt viscosity, dripping
property, and incombustible gas discharge [54].

Analysis of PP and PP/GO nanocomposites condensed
and gaseous phase thermal degradation materials were
performed by FTIR. The emitted gas products of PP and
PP/GO nanocomposites showed characteristic bands of
saturated hydrocarbons (2964, 2919, 1468, 1379, 1148 and
969 cm™!), unsaturated alkane (3078, 1622 and 890 cm™')
and CO, (2366 and 2318 cm™') [11, 13]. It can be noted that
PP degradation products at the first peak level of decomposi-
tion are comparable to PP/GO nanocompounds with 1.0 wt%
GO content. This study showed that GO worked like inert
filler and did not affect PP’s path of thermal decomposition.
Though, at the second peak rate, CO, signals in the spectrum
of PP/GO 1.0 wt% was vanished. Graphene oxide nanosheets
delayed the release of volatile degradation materials because
of the spread and outstanding barrier structure.

Char residues were explored with FTIR, as shown in
Fig. 9, to determine functional groups. Two peaks ascrib-
ing to C—H for PP are noted at 2926 and 2858 cm™' for
the FTIR range of PP/GO 1.0 wt% specimen due to supe-
rior GO thermal-oxidative stability. Thermal degrada-
tion of PP happens within 360-495 °C in a single step,
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Fig.9 FTIR spectra of char residue of neat PP and PP/GO nanocom-
posites

which no residue is left after the experiment. Identified
signals of PP pyrolysis outcomes are C—H and C—C sin-
gle and double bonds of -CH;, -CH,— and CH, groups.
Signals associated with —CH, were noticed at 2960 cm™!,
2875cm™!, 2733 cm™, 1460 cm™, 1379 cm™', 1150 cm™,
969 cm™! and 806 cm™'. Signals associated with —~CH,
were at 2920 cm~! and 2850 cm™!: signals ascribed to
CH, were identified at 3079 cm~!, 1785 cm™!, 1645 cm™!
and 887 cm™!.

Structural classes identified as -CH;, -CH,— and CH,,
showed the degradation of typical PP via development of ali-
phatic and olefin degradations [44, 45]. The addition of 5.0
wt% GO to PP did not alter the type of pyrolysis outcomes
which resulted in detection of the same FTIR signals. GO’s
spectrum is shown in Fig. 9. GO displayed the characteris-
tic of CO, COC, and COH groups at about 1730, 1220 and
1048 cm™! [25, 26], correspondingly.

Figure 9 demonstrates remaining char FTIR spectra that
provide data about the residue chemical structure. The peaks
at about 1628 cm™! and 1581 cm™! are from the absorption
of moisture and/or characteristic peak of graphene [24]. The
presence of 1108 cm™! peak for CO bonds supported the
oxidation of graphene through combustion in a cone calo-
rimeter experiment. The reduction in the intensity of oxy-
gen functional groups of GO is indicative of its reduction
throughout preparation reaction. The existence of 1108 cm™
peak for CO bonds verified oxidation of graphene via com-
bustion in the cone calorimeter experiment. For GO, the
bands at 1719, 1225 and 1053 cm™! are the characteristic
peaks of COOH, COC, and COH, correspondingly [17, 22].

Figure 10a—e exhibits the spreading of GO in the polymer
matrix observed by SEM. They deliver micrometer-scale
graphene spreading information. The SEM micrographs of
the PP/GO nanocomposite show massive GO agglomerates.
The GO nanosheets were generally uniformly spread in the
matrix, although some of them were detected to be restacked.
Following combustion, morphology and char structure were
studied with SEM to explain how char formation would
impact on the PP/GO nanocomposite combustion.
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Fig. 10 SEM micrographs of char layers after cone calorimetry: a neat PP, b PP/GO 0.5 wt%, ¢ PP/GO 1.0 wt%, d PP/GO 2.0 wt%, and e PP/
GO 5.0 wt% samples

Figure 10a—e demonstrates the remaining char SEM  following previous findings on other polymers/graphene nano-
micrographs after combustion for PP/GO nanocomposites.  composites [2, 11, 15]. In high-magnification TEM image
Figure 10a—e reveals some exfoliated graphene nanosheets,  (Fig. 11c) aligned graphene nanosheets look as separate dark
enclosed with a small number of carbonaceous particles  lines. Due to structural defects, GO’s TEM images demon-
forming barriers and protective shields in PP/GO chars on  strated layered, crumpled, and wrinkled morphology (Fig. 11).
the residue surface of the samples that prevented heat diffu-  The GO was distributed as aggregates in the matrix. The distri-
sion and transmission, while they were subjected to flames  bution or agglomeration of the nanofillers relies on their length
or heat sources. within the polymer matrix [40].

Figure 11 shows the GO and PP/GO nanocomposites TEM
images. Figure 11a characterizes the dispersal status of the
GO nanosheets in the matrix. It provides micrometer-scale of ~ Conclusion
GO nanosheets data displaying their massive agglomerates in
the PP/GO nanocomposites. The PP/GO nanocomposite TEM ~ The PP/GO nanocomposites, filled with 0.5-5.0 wt% GO
images (Fig. 11b, c) indicate a principally exfoliated struc-  were able to achieve the UL-94 without dripping and V-1
ture with an amount of noticeable individual GO nanosheets, rate. In comparison with PP, the PHRR value of the PP/GO
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Fig. 11 TEM micrographs of a GO, b PP/GO 2.0 wt% and ¢ PP/GO 5.0 wt% samples

nanocompounds lowered to 78%. TGA test outcomes pre-
sented that inclusion of GO into PP enhanced meaningfully
the thermal steadiness due to the formation of compressed
intumescent char verified with SEM micrographs. GO load
(0.5-5.0 wt%) in PP decreased PHRR values from 1140 to
620 kW m~2. Graphene oxide loading maintained LOI val-
ues statistically unchanged, but promoted the UL-94 rating
at the same time. As a result of a well-dispersed GO in the
PP matrix, PP/GO nanocompounds showed a higher thermal
degradation point and large alterations in the rheological
behavior of the melting polymer. Owing to the increased
heat conductivity for PP/GO nanocomposites, the neat PP
showed a reduction in the time for ignition. During combus-
tion, the residue layer development shielded the underlying
polymer and decreased PHRR to 78%. The macroscopic and
microscopic constructions of the deposited char showed that
inclusion of GO reinforced the compactness of PP/GO nano-
composites which make them flame-resistant.
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