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Due to growing popularity of composites, modification methods to obtain the best properties are searched for.The aim of the study
is to reduce the flammability of textile materials using nanocomposite polymer back-coating. Different types of carbon nanotubes
(single- and multiwalled) and different phosphorus flame retardants (ammonium polyphosphates and melamine polyphosphate)
were introduced into the resin and then the fabrics were covered by the obtained composites. Homogeneous dispersion of
multiwalled carbon nanotubes in the polyurethane resin was obtained by sonification, which was confirmed by scanning electron
microscopy. Flammability tests of fabrics coated by modified polyurethane resin were carried out using pyrolysis combustion
flow calorimeter (PCFC) and thermal stability of textiles was evaluated. Also, organoleptic estimation of coatings was conducted
(flexibility and fragility). The use of polymer nanocomposites with phophorus flame retardants as a back-coating for textiles
effectively reduces flammability and improves thermal stability of the fabric. Furthermore, the synergistic effect beetwen carbon
nanotubes and phosphorous compound occurs. The resulting coatings are flexible and do not crack or change the feel of fabrics.

1. Introduction

Rapid development of the economy increases demand for
new engineering materials. Traditional materials and textiles
are increasingly often being replaced by modern composites
and modified textiles showing improved useful properties.
Improvement of existing and creation of new material prop-
erties are the most important reasons for functionalization
of textiles. Many studies have investigated thermal stability
and flammability of materials with addition of different types
of flame retardants [1, 2]. Enhancement of thermal stability
and fire resistance based on the use of polymer composites
filledwith various types of nanoadditives has been extensively
developed in the recent years [2–4]. Many other materials
besides polymer composites must fulfill requirements for
flammability. More and more studies are being conducted to
reduce the flammability of textiles [5, 6], as these materials
are used in furniture, interior finishing, and the transport
industry (seat fabrics) and in the production of clothing.
Polymer nanocomposites offer possibility of developing a
new class of back-coating for textiles.

Carbon nanotubes (CNT) are allotropes of carbon with
a cylindrical nanostructure. The CNT walls resemble rolled-
up graphite-like sheets with strong covalent sp2 bonds.These
cylindrical carbon molecules have unusual properties, which
are valuable for nanotechnology, electronics, optics, and
other fields of materials science and technology [7].

There are a number of studies investigating these mate-
rials as a flame suppressing additive. Researchers such as
Beyer [8, 9] Rahatekar et al. [10], Hapuarachchi and Peijs [11],
Kashiwagi et al. [12–14], Schartel et al. [15, 16], and Bourbigot
et al. [17] have been investigating flammability of various sets
of polymeric composites together with multiwalled nanotu-
bes composition.

Our previous studies on flammability of epoxy and poly-
urethane composites with nanoparticles brought interesting
results of the flammability properties of nanocomposites [18,
19]. Also our studies on flammability of epoxy/CNTs com-
posites with different fillers [20] such as expandable graphite,
montmorillonite, or intumescent compositions showed that
the addition of those fillers to epoxy/CNT composites had
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a considerable effect on reduction of heat release rate and also
on delaying time to ignition. Our latest studies on reduction
of flammability in polyurethane resins with montmorillonite
and carbon nanotubes as fillers [21] indicated that the use
of the nanoscale particles in a polymer matrix can give
satisfactory results in flammability tests.

The aim of this work is reducing flammability of textiles
by using a polymer nanocomposite back-coating with addi-
tion of conventional phosphorus flame retardants. Different
types of carbon nanotubes (single-walled—SWCNT, multi-
walled—MWCNT) were added to polyurethane (PU) resin.
When the dispersion of nanotubes was homogenous, then
different flame retardants (melamine polyphosphate—MPP,
ammonium polyphosphates APP423 and APP750) were
added. After that the fabrics were coated by those composites.

2. Materials and Methods

2.1. Materials. The following materials were used:
(i) polyurethane resin Edolan UH (PU) supplied by Tan-

atex Chemicals;
(ii) two types of carbonnanotubes—single-walled carbon

nanotubes (SWCNT) and multiwalled carbon nan-
otubes (MWCNT) supplied by a Belgian company
Nanocyl S.A.;

(iii) two types of ammonium polyphosphate: APP423 and
APP750—supplied by Clariant;

(iv) melamine polyphosphate (MPP) supplied by a Polish
company Ciech;

(v) fabrics made of natural fibers (f)—45% cotton/55%
flax, surface mass 310 g/m2.

2.2. Methods. The dispersion of nanofillers was studied by
scanning electron microscopy (SEM) on the Hitachi S-3400
N microscope.

Thermogravimetric analysis was carried out with a ther-
mal analyser Setaram Setsys 1200 at 10∘C/min under air
atmosphere. The weight of the samples was close to 30mg.
The temperatures of the 5% weight loss were determined.

The effect of the polymer nanocomposite back-coating
on the flammability of natural fibre fabric was analyzed by a
pyrolysis combustion flow calorimeter (PCFC). The heating
rate was 1∘C/s. Pyrolysis temperature ranged between 75
and 750∘C, and the combustion temperature was 900∘C.
The flow was a mixture of O

2
/N
2
20/80 cm3/min and the

sample weight at 5 (±0,01)mg. The specific heat release rate
(HRR) and maximum specific heat release rate (HRRmax)
were determined.

2.3. Sample Preparation. The composites were prepared from
polyurethane resin, single-walled nanotubes as well as multi-
walled carbon nanotubes. The mixtures were homogenized
for 2 hours by the ultrasonic processor. Conventional com-
pounds reducing flammability were used in addition to
CNT, including ammonium polyphosphates (APP 423 and
APP 750) and melamine polyphosphate (MPP). The above-
mentioned flame retardants were added with using a high

speed homogenizer (20000 RPM). Suchmodified resins were
applied on one side of the fabric surface in the form of a
coating of the fabric surface using Mathis Labcoater. The
coatings were dried at 80∘C and then crosslinked at 140∘C.

3. Results and Discussion

3.1. Dispersion of Carbon Nanotubes. The flammability of
PU/CNT composites depends strongly on the homogeneous
distribution of carbon nanotubes into the polymer matrix.
The ultrasonification process used in the preparation of the
composites ensures the proper distribution of multiwalled
carbon nanotubes in the entire volume of the sample and
prevents the formation of agglomerates (Figure 1(a)). How-
ever, in the case of SWNT, on the SEM pictures is visible that
dispersion is slightly worse. Besides individual nanotubes,
agglomerates can be observed in a few places (Figure 1(b)).

3.2. Microcalorimetric Analysis. Flammability studies with
the pyrolysis combustion flow calorimeter showed that
combustion of the fabrics coated by the composites with
carbon nanotubes only is much less intensive in comparison
with the pure fabric. After the addition of phosphorus
compounds the combustion is further reduced. (Figures 2(a)
and 2(b)) significant differences were not observed in the
maximum heat release rate between fabrics coated by single-
or multiwalled carbon nanotubes. Numerous reports in the
literature demonstrated the superiority of SWCNTbecause of
their better physical properties [22–25]. However, Kashiwagi
et al. showed in their report the importance of obtaining
adequate dispersion of this type of carbon nanotubes, in
order to obtain a significant improvement of the flammability
[12]. The result achieved in this study (a small difference
in reducing the flammability of fabric coated by polymer
nanocomposites with SWCNT and MWCNT) might also be
relatedwith insufficient dispersion, due to the fact that single-
walled nanotubes were harder to undergo uniformdispersion
in a polymer matrix. HRRmax reduction for fabrics coated
only by polyurethane/nanotubes was similar (regardless of
the type of nanotubes—SWCNT or MWCNT) and reached
approximately 20%. The addition of MPP to the compo-
sition caused large reduction of HRRmax—from 200W/g
(pure fabric) to approximately 120W/g. The addition of
ammonium polyphosphates, in turn, reduced further this
parameter, to approximately 90W/g. Changes in the HRRmax
for the addition of 5% of flame retardants proceeded in
a way comparable to that for 15% addition. So the 5%
weight fraction of flame retardants seemed to be the optimal
amount to reduce combustion of fabrics. The addition of
APP 423 to coating with multiwalled carbon nanotubes is
an exception with a significant reduction of heat release rate
from99 (5%) to 67W/g (15%). Polyurethanewith ammonium
polyphosphate 423 was the best coating in the amount of 15%
and multiwalled carbon nanotubes. The coating reduced the
maximum heat release rate by 66% as compared to the neat
fabric.

The curves of heat release rate (HRR) for selected samples
are presented in Figure 3. The curve shapes are visibly
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Figure 1: (a) SEM image of PU/MWCNT composite. (b) SEM image of PU/SWCNT composite.

93

205
185 174.5

123.5 120
99.5

67
90

0

50

100

150

200

250 multiwalled carbon nanotubes

Fa
br

ic

fP
U

fP
U

-M
W

CN
T 

(0
.5

%
)

fP
U

-M
W

CN
T 

(0
.5

%
)-

fP
U

-M
W

CN
T 

(0
.5

%
)-

fP
U

-M
W

CN
T 

(0
.5

%
)-

fP
U

-M
W

CN
T 

(0
.5

%
)-

fP
U

-M
W

CN
T 

(0
.5

%
)-

fP
U

-M
W

CN
T 

(0
.5

%
)-

M
PP

 (5
%

)

M
PP

 (1
5%

)

A
PP

42
3 

(5
%

)

A
PP

42
3 

(1
5%

)

A
PP

75
0 

(5
%

)

A
PP

75
0 

(1
5%

)

HRRmax for fabrics protected by compositions with

H
RR

m
ax

(W
/g

)

(a)

205
185

160

121 120.5

81.5 86.5 84 92.5

single-walled carbon nanotubes

0

50

100

150

200

250

Fa
br

ic

fP
U

fP
U

-S
W

CN
T 

(0
.5

%
)

fP
U

-S
W

CN
T 

(0
.5

%
)-

fP
U

-S
W

CN
T 

(0
.5

%
)-

fP
U

-S
W

CN
T 

(0
.5

%
)-

fP
U

-S
W

CN
T 

(0
.5

%
)-

fP
U

-S
W

CN
T 

(0
.5

%
)-

fP
U

-S
W

CN
T 

(0
.5

%
)-

M
PP

 (5
%

)

M
PP

 (1
5%

)

A
PP

42
3 

(5
%

)

A
PP

42
3 

(1
5%

)

A
PP

75
0.

5%

A
PP

75
0 

(1
5%

)

HRRmax for fabrics protected by compositions with

H
RR

m
ax

(W
/g

)

(b)

Figure 2: (a) HRRmax for fabrics protected by compositions with multiwalled carbon nanotubes. (b) HRRmax for fabrics protected by
compositions with single-walled carbon nanotubes.
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different for the fabrics with polyurethane coating in com-
parison to the pure fabric. The coating by neat polyurethane
resulted in forming of two HRR peaks, the first one was
reducedwith respect to the pure fabric by 30% and the second
peak was similar to the pure fabric peak, but it occurred
60 seconds later. Introducing of the carbon nanotubes into
the polyurethane, in turn, caused significant reduction in
the second peak of heat release rate (from 200W/g for
fPU to 50–70W/g for fPU-CNT depending on the type
of carbon nanotubes), and further delayed this peak. The
first peak increased in comparison to fPU but decreased in
comparison to pure fabric. The addition of ammonium pol-
yphopsphate to polyurethane coating (without CNT) led to
the reduction in the first peak by half in comparison to pure
fabric. Synergistic effect between nanofiller and ammonium
polyphosphates is visible when comparing HRR curves for
fabric coated by PU/APP423 and PU/CNT with the curve
for the fabric coated by PU/APP423/CNT. The addition of
carbon nanotubes and APP 423 together into the polymer
matrix reduced both peaks of heat release rate from 200W/g
(pure fabric) to 50W/g (first peak) and 70W/g (second peak)
and it constituted the largest reduction in those peaks of all
the samples.

During combustion, phosphorous flame retardants dilute
the amount of gaseous combustibles by releasing water in the
gas phase. Furthermore, APP is assumed to be an intumescent
flame retardant which forms an expanded and foamed char
layer. Thus, it can act a physical barrier to mass and heat
transfer between the polymer and the superficial zone where
the combustion of the polymer occurs. Presence of CNTs in
this char layer might have strengthened the char and led to a
synergistic effect. Observations of the residue recovered after
combustion were performed by numerous researchers [26,
27] and this hypothesis has been confirmed.The char formed
during combustion is much less cracked in the composites
with APP and MWCNT.

Time to ignition for the protected fabrics showed reduc-
tion with respect to neat polymer. This behaviour is in
agreement with the previously reported data [12, 28].

3.3. Thermogravimetric Analysis. Thermal stability of com-
posites was analyzed by thermogravimetric analysis (TGA).
In Figure 4 thermogravimetric curves in the range of 90–
100% weight loss, for samples with different phosphorous
compounds, are shown. The temperature of 5% weight loss
was determined in order to compare the initial step of sample
decomposition. Thermal decomposition of unprotected fab-
ric began at 𝑇

𝑑
= 297∘C (5% weight loss) and decomposition

of fabric coveredwith polyurethane at 319∘C.A slight increase
of the temperature to 323∘C was observed for the fabric with
the coating containing carbon nanotubes. In other cases, with
the addition of phosphorous compounds, the decomposition
of coated fabrics began at lower temperatures.

In Figure 5 selected thermogravimetric curves are shown
(unprotected fabric, fabric protected by PU, PU/MWCNT,
and PU/MWCNT/APP15%—the best composition). In nat-
ural fibres, the degradation involves two main steps (see the
thermogravimetric curve for pure fabric). The first one is

the thermal depolymerisation of the hemicellulose and the
cleavage of glycosidic linkages of cellulose (340–360∘C) and
the second one is related to the decomposition of the 𝛼-
cellulose (370–580∘C) [29, 30]. The decomposition of lignin
takes place in a broad range of temperature between 200 and
500 [31]. These two steps were also visible for fabrics coated
by composites with polyurethane and carbon nanotubes.
However, the second step begins at higher temperatures.
Three steps of the degradation were visible for the fabrics
coated by composites with carbon nanotubes and phospho-
rous additive. The first step started earlier and shifted to
lower temperatures, while the second one was characterized
by a very slow weight loss due to flame retardant action of
polyphosphate. The third step was also milder and slower.

Flame retardants have two opposing functions in the
thermal stability of the polymer nanocomposite, one is the
catalytic effect towards the degradation of the polymermatrix
which would accelerate thermal decomposition, and the
other is its barrier effect and formation of char, which should
improve the thermal stability by lowering the intensity of
the combustion process. This is clearly visible in our studies.
Thermal decomposition of fabrics protected by the polymer
nanocomposite starts earlier but the combustion is slower
and less intense.

Phosphorous compounds are intumescent flame retar-
dants which improve thermal stability by changing pyrolytic
path of the polymeric materials [32]. Under oxidative con-
ditions, at temperatures above 260∘C, APP starts to degrade
producing phosphoric acid, which then is converted to
polyphosphoric acid, which enhances cross-linking of poly-
mer fragments to form a carbonaceous char protecting the
underlying polymer fromdegradation [33].WhenCNTswere
incorporated to the mixture of PU/APP423 the intensity of
degradation was significantly lowered. That synergistic effect
was more pronounced at temperatures above 350∘C. This
can be attributed to efficient barrier effect of carbonaceous
char formed by the incorporation of CNTs and APP fillers.
The combination of CNTs and APP fillers leads to formation
of stronger and more cohesive char, which can reduce the
diffusion of volatile compounds [26].

3.4. The Appearance of Fabrics. It is important that the fabric
after coating remained soft and flexible and the protecting
coat itself was stable and did not crack. In order to evaluate
the prepared samples in this respect, the organoleptic analysis
of the coatings and fabrics wasmade. It was found that fabrics
after treatment did not change in terms of flexibility, softness,
and feel. The coatings did not crack.

4. Summary

The protection obtained in the form of coatings for natural
fabrics improves the flammability properties. The addition of
0,5% of carbon nanotubes to the polyurethane resin coating
decreases the value of maximum heat release rate by 20%.
Enriching the composite coating additionally with phospho-
rous flame retardants used in the study results in a further
reduction of HRRmax. Single-walled carbon nanotubes show
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Figure 4: Thermogravimetric curves in the range of 90–100% weight loss for the protected fabrics with coatings containing different
phosphorous compounds.
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Figure 5: Thermogravimetric curves for the selected fabrics.

similar properties in terms of reduction of heat release rate to
those of multiwalled carbon nanotubes. The thermal degra-
dation of fabrics coated by polymer nanocomposites (without
phosphorous compounds) starts at higher temperatures than
in case of pure fabric. After addition of phosphorous flame
retardants the temperatures of the 5%weight loss are reduced
but the decomposition is much slower and milder.

The most advantageous composition in reducing fabrics
flammability and in terms of the appearance of coating (flex-
ibility and elasticity) is the composition containing polyur-
ethane resin with ammonium polyphopsphate 423 in the
amount of 15% and 0,5% of multiwalled carbon nanotubes.
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