JOURNAL OF TEXTILES AND POLYMERS, VOL. 7, NO. 2, JUNE 2019

Flame-Retardant Cellulosic Fiber Nanocomposite Based on

Aluminum Tetraborate and Aluminum Tungstate

Shohreh Fakouri Nav and Hadi Fallah Moafi”*

Abstract- Nanoaluminum tetraborate (AL(B,0,),) and
nanoaluminum tungstate (AL(WO,),) were prepared by
in situ precipitation method on the surface of cellulosic
fibers to achieve flame retardant nanocomposite fibers. The
prepared nanocomposite fibers were characterized by several
techniques such as XRD, SEM, TEM, EDS, and FTIR.
AL(B,0,), and AL(WO,), with less than 100 nm in size were
dispersed throughout on the surface of the fibers without
the formation of large aggregates which showed effective
flame retardancy properties. It was found that loading
2.60% AL(B,O,), and 4.95% AL(WO,), onto the cellulosic
fibers improved greatly the flame retardancy behavior of
nanocomposite fibers which was approved by vertical flame
test and limiting oxygen index (LOI) values. The thermal
stability and amount of heat release of untreated and flame
retardant fibers were evaluated by thermogravimetric (TGA)
and differential scanning calorimetry (DSC) analyses. The
results showed that the flame retardancy mechanism of the
obtained flame retardant nanocomposite fibers probably is
a condensed-phase phenomenon due to the formation of a
protective char layer that acts as a mass transport barrier and
a thermal insulator.
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[. INTRODUCTION

he development of polymer nanocomposites using

nanomaterials is one of the most important applications
of nanotechnology. Polymeric materials have a variety
of applications because of their exclusive properties.
Polymeric materials are widely used in everyday life and
so flame retardant material is often incorporated into them
to diminish their flammability. The preparation of polymer
nanocomposites has developed an effective solution for
improving the fire retardancy of polymers using an additive
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approach [1-3]. Nanomaterials with different shapes and
sizes have been widely used to improve polymer composites
[4]. The utilization of polymer nanocomposites with well-
dispersed nanoscale particles has effectively achieved
improvements in fire resistance and thermal stability of the
nanocomposites [1,5,6].

Cotton fiber is the most widely used natural polymer in
the field of polymer nanocomposites. Cotton fiber is one
of the outstanding natural fibers utilized in the textile
industry. However, cotton is flammable and has limiting
oxygen index (LOI) of about 18.4%. To overcome the
thermal instability and reduce the flammability of cotton,
surface treatments of the fiber with durable and non-
durable flame retardants are performed. The common flame
retardants used for cotton fabric are mostly phosphorus-
and halogen-containing flame retardant agents. The use of
halogen-based flame retardants for cotton fiber is one of the
most effective ways of reducing the fire hazard. However,
it was recognized that the halogen-based flame retardants
are not environmentally friendly, because they produce
toxic and corrosive gases during thermal degradation [7,8].
In recent years, halogen-free compounds have gained
much attention as flame retardant [7-9]. Some compounds,
containing aluminum, silicon, magnesium, phosphorus,
boron, nitrogen, and other miscellaneous elements as
flame retardant in the polymer materials, have been used
in replacement of halogen-based flame retardants [7-12].

Mineral filler retardants, such as metal hydroxides and
metal carbonates filler retardants, have been broadly used
in different polymers as halogen-free flame retardants.
These flame retardant materials have an endothermic
cooling mechanism and show a unique vapor/condensed
phase behavior upon exposure to heat [5]. Further, the
decomposition products of mineral filler flame retardants
are non-flammable and their solid residues dilute the total
amount of polymer fuel during the thermal decomposition.
Inorganic flame retardants such as various metal oxides,
metal complexes, borates, stannates, and silicates cover a
wide range of mineral flame retardants that can act in both
vapor and condensed phases. The main advantage of using



these flame retardants is that they are well-documented as
nontoxic flame-retardant and smoke suppressant materials
for a wide range of polymers and because of their mineral
structure, they have little impact on the environment [5]. As
mentioned above, fire retardant polymer nanocomposites
have attracted considerable interest during the past few
years. Polymer nanocomposites are condensed-phase
flame retardants that slow the mass loss rate of the polymer
through the formation of nanoparticles playing the role
of thermal insulator and fire protection barrier. Scientific
research has shown that the presence of nanodispersed
materials, such as MnO, nanosheets, montmorillonite
(MMT) clay, titania, silica, molybdenum disulfide, layered
double hydroxides, carbon nanotubes, and nanozinc
carbonate in polymeric matrices produces a substantial
improvement in fire retardancy performance [13,14-20]. A
large number of researches have been done on enhancing
the flame retardant behavior of cotton nanocomposite using
nanomaterials [21-24]. For example, Yuyang Liu et al. [22]
fabricated the carbon nanotubes (CNTs) on the surface of
cotton fibers using a simple coating method and Li et al.
[24] reported the flame retardancy of polyelectrolyte/clay
thin film assemblies on cotton fabric via layer-by-layer
(LbL) assembly. The proposed mechanism for this flame-
retardant behavior is an aggregation of nanoparticles on
the surface of nanocomposites that forms a continuous
protective solid layer on the burning surface. On the other
hand, extended island structures composed of nanoparticles
and carbonaceous char during burning limit the heat
transfer [21,25]. However, the formation of the protective
char layer as thermal insulator is clearly important in the
flammability reduction by these materials. The objective
of this work is to explore the flame retardancy ability of
cellulose fiber treated with nanoaluminum tetraborate and
nanoaluminum tungstate, prepared via in sifu precipitation
method. The treatment procedure generated an inorganic
protective layer onto the cellulosic fiber to impart flame-
retardant behavior.

II. EXPERIMENTAL
A. Materials
The cotton fabric with fibers of about 10-15 pm in diameter
was used for the entire process. All chemicals used in this
work were purchased from Merck (Germany) and used
without further purification. Water used in our experiments
was triply distilled.

B. Preparation of Flame-Retardant Nanocomposite Fibers
All cellulosic fabrics were a plain construction, yarns
21/10 mm, weighing 164 g.m2, unfinished 100% cotton,
laundered, and dried. They were 22 by 8 cm strips cut along
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the warp direction and pre-washed in hot distilled water for
removal of impurities such as fat, wax, etc. The specimens
were dried at 110 °C for 30 min in an oven, cooled in
a desiccator and weighed with an analytical balance.
in situ precipitation method was used for coating of flame
retardant onto the cellulosic fabric. For the preparation of
flame-retardant nanocomposite fiber, the cotton fabrics
were first dipped separately into the suitable concentrations
of sodium tetraborate decahydrate and sodium tungstate
dihydrate solution for half an hour at 25 °C and then an
aqueous solution of aluminum sulfate was added into
the mixture dropwise under constant stirring for half an
hour. Subsequently, white precipitates were formed onto
the fabric. Afterward, the treated fabrics were squeeze-
rolled, washed and dried horizontally in an oven at 110 °C
for 30 min to ensure that the Al(B,0,), and AL (WO,),
nanoparticles were adhered to the surface of fibers. They
were then cooled in a desiccator and re-weighed with an
analytical balance so that the suitable add-on presented
onto the samples was obtained. Subsequently, the treated
samples were placed overnight in an average of relative
humidity ranged between 65 and 67% and an average
temperature ranged between 20 and 22 °C before the
performance of the vertical flame test. Nanoparticles of
AL(B,0,), and AL(WO,), were synthesized during the
in situ precipitation reaction. After that, the coated samples
were separated from the reaction mixture, the white
precipitate was filtered and washed and then dried at 110 °C.
As a result, nanoparticles of AL(B,0.), and AL(WO,),
were obtained.

C. Flammability Test and Limiting Oxygen Index (LOI)
Flammability of the flame retardant fabric was evaluated
with a vertical flame test to study the flame retardancy
performance of nanocomposite fabric. A vertical
flammability test method similar to the procedure described
in DOC FF3-77 (U.S. Department of Commerce Standard)
was used. The full description of flammability test has been
demonstrated in the previous investigations [26-29].

Limiting oxygen index (LOI) was utilized to evaluate
the relative flammability behavior of flame retardant
nanocomposite fabric. Limiting oxygen index (LOI) values
of untreated and coated fabrics were assessed according to
ASTM D2863 standard method. In this order, 7 specimens
of each sample were selected in 5 cmx15 ¢cm and a mixture
of oxygen and nitrogen was passed up through a cylinder
containing the samples supported vertically. The minimum
amount of oxygen required to support complete combustion
of the fabric samples was determined and reported as the
LOI value.
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D. Characterization Techniques

X-ray diffraction pattern of samples was recorded using
a Philips PW1820 X-ray diffractometer with Cupper-Ka
radiation operated at 40 kV-30 mA within a range of 20
of 10-70° with a step size of 0.02° at room temperature.
Sample morphology was investigated by a scanning electron
microscope (SEM, KYKY EM-3200, 25 kV) equipped
with an EDS attachment for compositional analysis.
The exact particle size of the Al(B,0,), and AL(WO,),
nanoparticles were obtained by transmission electron
microscopy (TEM) using a Philips CM 10 instrument with
an accelerating voltage of 100 kV. Infrared spectra were
obtained on a Vertex70, Bruker spectrometer. To investigate
the thermal behavior of samples, DSC, and TGA analyses
were performed under air atmosphere at a heating rate of
10 °C.min! using a thermogravimetric analyzer (TGA
V5.1A DuPont 2000). LOI values were determined by
means of an oxygen indexer (F30 Toyoseiki).

III. RESULTS AND DISCUSSION
A. Morphological and Compositional Analysis
The surface morphology and chemical composition of the
untreated and flame retarded samples were determined by
SEM equipped with an EDS analyzer. Fig. 1 shows SEM
micrographs of untreated, flame retardant fibers, AL(B,0.),
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and AL(WO,), nanoparticles. Fig. 1a is the SEM image of
untreated cellulosic fiber. Fig. la shows that the surface
of the pristine fiber is clean and grooves on the surface of
the fibers are displayed. In contrast, the SEM micrograph
of the treated cellulosic fibers shows that Al(B,0,), and
AL(WO,), nanoparticles are deposited on the surface
of fibers. On the other hand, Figs. 1b and lc show that
treated fibers are covered by dispersed nanoparticles that
are unevenly distributed over the surface of fibers. Some
part of samples consisted of agglomerated particles with
an approximately spherical shape and dimensions less than
100 nm (Figs. 1b and 1c). Fig. 1d is a SEM micrograph of
AL(B,0,), nanoparticles deposited on the fiber. The most
of the nanoparticles have an approximately spherical shape
with particle size ranging about 50 nm to 70 nm (Fig. 1d).
Fig. le shows that surface morphology of AL(WO,), onto
the fiber is similar to that of the AL(B,0,), nanoparticles
and nanoparticles were constructed of agglomerates of fine
particles ranging from 50 nm to 70 nm (Fig. le).

To investigate the exact particle size of Al(B,0,), and
AL(WO,), nanoparticles forming on the fibers surface, the
size of the particles was recorded by TEM, as shown in
Fig. 2. TEM images show that the deposited nanoparticles
consist of uniform spherical particles of average diameter of
20-60 nm. It is noticeable that the spherical AL(B,0,), and

26 KV 40.0 KX 1um KYKY-EM3200 SN:0692

KYKY-EM3200 SN:0692

Fig. 1. SEM images of: (a) pure cellulosic fiber, (b) AL(B,0,),-coated fiber, (c) AL(WO,),-coated fiber, (d) Al,(B,O,), nanoparticles, and (¢) AL(WO,),

nanoparticles.
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Fig. 2. TEM images of: (a) AL(B 407)3and (b) AL(WO,)

AlL(WO,), nanoparticles are distributed homogeneously on
the surface of the fibers.

To check the chemical composition of the flame retardant
nanocomposite fibers, EDS analysis was performed. Fig. 3
shows the EDS analysis of Al (B,0.,), and AL(WO,), coated
fibers. The existence of the elements of the synthesized
flame retardants can be clearly observed in the spectra. It
was found that the achieved flame retardant nanocomposite
fibers are consisted of C, O, Al, B, W, and no other peak is
observed, which demonstrated the high purity of the flame
retardant nanocomposite fibers.
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Fig. 3. EDS analysis of: (a) AL(B,0,),-coated fiber and (b) AL(WO,),-
coated fiber.
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. nanoparticles forming on the surface of the fibers.

B. FTIR Study

Chemical structure of the untreated and flame retardant
fibers was studied by FTIR spectroscopy. Fig. 4 shows
the FTIR spectra of the untreated, treated cellulosic fibers,
AL(B,0)), and AL(WO,), nanoparticles measured by
transmission mode. FTIR spectra of untreated fiber show
the characteristic peaks of cellulose which is the main
component of cotton fiber. It was observed a broad peak
centered at 3416 cm! corresponding to O-H stretching.
Also, a broad peak at 3000-2800 cm™ region for C-H
stretching was observed. The peak around 1639 cm™ is due
to the adsorbed water molecules. Other peaks of untreated
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Fig. 4. FTIR spectra of: (a) pure cellulosic fiber and flame retardant coated
fiber and (b) AL(B,0,), and AL,(WO,), nanoparticles.
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TABLE I

BAND ASSIGNATIONS FOR THE INFRARED SPECTRUM OF PURE CELLULOSIC FABRIC AND FLAME RETARDANT FABRIC

Peak characteristics
fabric (cm™)

Pure cellulosic

Al(B,0,),-coated fabric (cm™)  AL(WO,)-coated fabric (cm™)

H-bonded OH stretching 3650-3100
CH stretching 3000-2800
Adsorbed H,0 1652
CH wagging 1432
In-plane bending

CH bending (deformation stretch) 1376
OH in-plane bending 1240, 1337

CH deformation stretch 1275
Asym. bridge C-O-C 1168, 1120
Asym. in-plane ring stretch 1058

3650-3100 3650-3100
3000-2800 3000-2800
1656 1654
1438 1436
1385 1385
1240, 1340 1240, 1340
1272 1273
1170, 1120 1172, 1122
1062 1062

fiber and flame retardant fibers are assigned in Table I, as
described elsewhere [30,31]. The main functional group
peaks in FTIR spectra of the flame retardant fibers are
entirely unchanged and structure of cellulosic fibers was
not changed extensively in the flame retardant fibers, as
shown in Table I. For comparison, IR spectra of Al,(B,0.),
and AL(WO,), nanoparticles are shown in Fig. 4b. It is
obvious that the increasing of flame retardants decreases
the peak intensity of cellulosic fiber.

C. X-ray Diffraction (XRD) Analysis

The XRD patterns of pure and flame retardant coated
fibers are shown in Fig. 5. The typical XRD reflections of
the pure cellulosic fiber were identified. XRD pattern of
pure fiber shows two broad peaks at 13.16, 15.12, and one
intense peak at 21.4°, which consist of the typical XRD
pattern of cellulosic fibers [32,33]. Peaks at 13.16 and
15.12° are related to the amorphous phase of cotton fiber,
while the peak at 21.4° is due to the crystalline phase. Since
the amount of AL(B,0.), and AL (WO,), nanoparticles
were low on the surface of the fibers, the XRD patterns of
flame retardant coated fibers did not show the reflections
of AL(B,0,), and AL(WO,), phase. Meanwhile, the
nanoparticles synthesized at the temperature of 110 °C on
the fibers have an amorphous nature, so that they did not
show the reflections in XRD pattern.

D. Flame-Retardancy Analysis

The burning characteristics of the flame retardant
nanocomposite fabric obtained from the experimental tests
are summarized in Tables II and III. A vertical flame test
was carefully conducted to determine the add-on values
on the burning time of three seconds shown in column 4

of Tables Il and IIIl. The burning rates in cm/s were
calculated and shown in column 5 of Tables II and III.
In the untreated sample, burning time is lower than that
of the flame-retardant coated fabric. It is observed that
increasing of AL(B,0,), and AL(WO,), leads to increase
the burning time. Char length of samples was measured
and reported in column 6 of Tables II and III. The results
showed that the performed treatment procedure decreased
the flammability of the flame-retardant coated samples. In
the flame retardant-coated samples, the flame extinguished
immediately, thus the char length is significantly decreased.
The LOI values of the untreated and flame retardant-
coated fabric are shown in column 7 of Tables II and III.
From Tables II and III, it is evident that the LOI value
for flame retardant coated fabrics is more than that of the
untreated fabrics. The LOI value of the flame retardant-
treated cellulosic fabric containing 2.60% of Al(B,0,),
and 4.95% of A1 (WO,), was obtained 24.3% and 25.8%,
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3000 1 — Cotton fabric+Al(WO,),

2500
2000
1500
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1000 -
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Fig. 5. XRD patterns of pure cellulosic fibers and flame retardant

nanocomposite fibers.
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TABLE II
THE EFFECT OF DEPOSITED ALUMINUM TETRABORATE ON THE FLAME-RETARDANCY IMPARTED TO
CELLULOSIC FABRIC
Set No* Samples Molarity of Percent (add-on) of Burning Char length LOI State®*
Sodium tetraborate Al(B,O,), time (s) (cm) (%) of the fabric
1 Untreated - - 24 - 18.5 CB
2 Treated 0.025 1.15 45 - - CB
(as glow)
3 Treated 0.050 2.60 - 1.0 243 FR
4 Treated 0.100 4.73 - 0.5 - FR***
5 Treated 0.200 16.94 - 0.5 - FR***
TABLE III
THE EFFECT OF DEPOSITED ALUMINUM TUNGSTATE ON THE FLAME-RETARDANCY IMPARTED TO CELLULOSIC FABRIC
Set No* Samples Molarity of Percent (add-on) of Burning Char length LOI State®*
sodium tungstate AL(WO), time (s) (cm) (%) of the fabric
1 Untreated - - 24 - 18.5 CB
2 Treated 0.025 1.95 30 - - CB
3 Treated 0.050 4.95 - 2 25.8 FR
4 Treated 0.100 10.30 - 1 - FR***
5 Treated 0.200 22.90 - 1 - FR***

*Average of 5 tests for each set

** CB stands for completely burnt. FR means flame-retarded

*** Confirmatory tests applying excessive quantizes of flame retardant
Note 1: For flame-retardancy (FRs) samples the char length <2.0 cm

Note 2: Percent (add-on) means, the mass of addition for impregnated dry fabricsx100

respectively. The higher the LOI value shows the better
the flame retardant property. It can be deduced from the
column 4 that the optimal loading of nano Al(B,0,), and
nano AL(WO,), for achieving flame-retardancy is about
2.60% and 4.95%, respectively.

E. Thermal Analysis

Thermogravimetric analysis (TGA) is widely used to
explore the thermal decomposition of polymers to assess
their relative thermal stabilities and the pathway of
combustion and pyrolysis. The TGA/DTG and DSC curves
of the samples under air atmospheres are given in Figs. 6,
7, and 8. The TGA and DSC curves of untreated cellulosic
fibers (Fig. 6) reveals that the pyrolysis process of cellulosic
fibers includes three mass loss stages: initial, main, and
char decomposition steps [34,35]. In the first stage (around
100 °C), mass loss mainly corresponds to the release of
physically adsorbed water. The second stage (main pyrolysis
stage) occurs in the temperature range of 250-350 °C.
In this step, the mass loss is fast and significant. Most of
the pyrolysis products are formed in this stage. The char
pyrolysis (third stage) occurs at the temperature above

350 °C. During this process, dehydration and charring
reactions are completed with the production of glucose.
The carbon content in the decomposed products becomes
higher and higher and charred residues are formed
[34-36]. However, DSC analysis could be provided
changes of temperatures of the material and the changes
of the heat releasing in the pyrolysis process. DSC curve
of untreated cellulosic fibers (Fig. 6) reveal that a large
amount of heat is released in the second and third stages
during the pyrolysis pathway (3018.13 and 5109.13 J.g’!
for the second and third stage, respectively).

The TGA/DTG and DSC curves of the flame retardant
coated fibers (Figs. 7 and 8) show the similar three
stages as the pristine fiber and the main di-erence is their
degradation temperatures. As expected, incorporating of
AL(B,0,), and Al(WO,), coating onto fibers decreases
the initial thermo-oxidative decomposition temperature
compared with that of untreated sample (Figs. 7 and 8),
because of the catalytic degradation effect of AL(B,0,),
and AL(WO,),, which is indicated the influence of
AL(B,0,), and AL(WO,), as a flame-retardant. Untreated
fiber started rapid thermo-oxidative decomposition at 250 °C
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Fig. 6. TGA/DTG and DSC curves of untreated cellulosic fiber.

and lost about 99.2% of mass at 600 °C. For Al(B,O,),-
coated fiber and Al (WO,),-coated fiber, at the optimum
level of loading (2.6%) of AL(B,0.), and 4.95% AL(WO,),,
thermo-oxidative decomposition temperature decreased
to 200 and 220 °C and 88.1 and 66.9% mass loss were
observed at 600 °C, respectively. It is mentioned that for
untreated fiber the major mass loss at 350 °C is 66.5%,
whereas for the AlL(B,0.), and AL(WO,), treated fibers
they are 50.3 and 33%, respectively. Therefore it can be
deduced that by using AL(B,0,), and AL(WO,), as flame-
retardant, the formation of volatile pyrolysis products has
been postponed, when the polymer is subjected to the
thermo-oxidative decomposition.

Itcanbeclearly seen fromthe DSC curves thatthe addition
of AL(B,O,), and AL(WO,), decreases the heat released
during the combustion pathway (Figs. 7 and 8), implying
the influence of AL(B,0,), and AlL(WO,), as efficient
flame retardants. For Al (B,0,),-treated fiber, the values of
the heat released in the second and third stages of thermo-
oxidative decomposition were 2746.96 and 548.40 J.g!,
and for AL(WO,),-treated fiber they were 275.50 and
1967.90 J.g'. The lower pyrolysis heat observed for
flame retardant coated samples can be attributed to the
catalytic action of AL(B,0,), and AL(WO,), which enables
fibers to be dehydrated at a lower temperature and char
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Fig. 7. TGA/DTG and DSC curves of AL(B,0,),-treated cellulosic fiber.

1004 1-0.025

1 -0.000

90

1 -0.025
= 80 [-0.050 ~
S E
o 70 [00755
8 ] [0.100 &
= o

e
Mass variation: -66.91% [-0-125©

50 -0.150
] F-0.175
404
] -0.200
30

0 50 100 160 200 250 300 350 400 450 500 550 600
Temperature (°C)

(a)
30
T exo Peak: 490.85 °C
Onset Point: 449.91 °C
Enthalpy :-1967.9 J/g
25 (Exothermic Effect)
g
€ 20
= Peak: 335.38 °C
H Onset Point: 299.88 °C
= Enthalpy :-275.5 J/g
§ 15 (Exothermic Effect)
I
10
5

0 50 100 150 200 250 300 350 400 450 500 550 600 650
Temperature (°C)

(b)
Fig. 8. TGA/DTG and DSC curves of AL (WO,), treated cellulosic fiber.



to be formed faster. Also, the remaining residue of flame
retardant, i.e. AL(B,0.), and ALL(WO,), seems to play the
role of dust or wall in heat absorption and dissipation in the
combustion zone. On the other hand, the flame retardancy
action of AL(B,0.), and AL(WO,), can be attributed to
the dust or wall theory [28,29]. According to this theory,
“if a high enough concentration of dust is present in the
air, no flame can propagate”. This phenomenon occurs
by the absorption and dissipation of heat by the inert
dust which reduces the temperature and prevents further
burning of the polymer. Meanwhile, the flame retardancy
behavior of AL(B,O,), and AL (WO,), nanoparticles can
be attributed to their ability to form a protective char
layer that acts as a mass transport barrier and a thermal
insulator. This heat-shielding layer decelerates the escape
of volatile products generated from the degrading polymer
[3]. The reduction of the mass loss rate, and the increasing
in the char yield, suggested that the mechanism of flame
retardancy is likely a condensed-phase phenomenon
due to the formation of a thermal protection/mass
loss barrier, that leading to a retardation of the flame.

IV. CONCLUSION

This study focused on synthesis of AL(B,0,), and
AL(WO,), nanoparticles using in situ precipitation
method, with the goal of developing a flame-retardant
coating system for cellulosic fabrics. The morphology,
dispersion and particle size of Al,(B,0.), and AL(WO,),
nanoparticles on the fabric were studied by SEM and
TEM. The used AL(B,0O,), and AL(WO,), flame retardants
with 20-60 nm in size was found to be well-dispersed
throughout on the surface of fibers without the formation
of large aggregates. The optimum loadings to impart flame-
retardancy were about 2.60 and 4.95% for AL(B,0,), and
AlL(WO,),, respectively. Flame retardancy potential of the
nanocomposite fibers was tested by the vertical flame test,
limiting oxygen index and thermal analysis. TGA/DTG and
DSC analyses revealed that the addition of nano Al (B,0.),
and AL(WO,), reduced the mass loss rate, thermo-oxidative
decomposition temperature and heat releasing in flame
retardant nanocomposite fabric. The increases in the char
yield and a reduction in the mass loss rate supported by
TGA analysis suggest that the flame retardancy mechanism
of flame retardant nanocomposites is likely a condensed-
phase phenomenon due to the formation of a thermal
barrier coating which could improve the fire property of
flame retardant coated fiber.
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