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An organophosphorus silica filler was generated in situ the molten PA66 copolymer (Cop-PA) during
extrusion process without adding solvents. Nanocomposites synthesis is based on hydrolysiseconden-

sation reactions of diethylphosphatoethyltriethoxysilane precursor (SiP). The thermal stability of Cop-PA/

SiP nanocomposites and the major degradation products were studied by thermogravimetric analysis
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1. Introduction

The development of environmentally friendly flame retardants
has become amajor challenge in the modern polymer industry. The
halogenated compounds have been proved to reduce hazard during
polymer combustion and pyrolysis, but may present health and
ecological issues [1]. Phosphorous flame retardants, which repre-
sented 20% of the flame retardant consumption in 2006 in Europe
[2], are often proposed as alternatives for halogenated compounds.
Polyamide 66 (PA66), as an engineering thermoplastic, is playing an
important role in modern industry due to its high tensile strength,
good chemical resistance, low friction coefficient and easy pro-
cessing properties. However, PA66 has some disadvantages, such as
high moisture absorptivity and easy flammability [3]. Therefore,
PA66 needs to be flame retarded. In this paper, the most attention
will be paid to the phosphorous flame-retardant additive approach.
The range of phosphorous flame retardants is very broad, including
organic and inorganic compounds: red phosphorus, organic and
inorganic phosphates, phosphonates and phosphinates [4]. Phos-
phorous compounds are known to act in both, the condensed phase
by creating a charred layer due to dehydration and further
crosslinking reactions or in the gaseous phase by releasing radicals
such as PO�, PO2

� and HPO� which scavenge free radicals OH� and
H� responsible for the spread of the flame [5e7]. The activity of
phosphorus depends on the nature of the used flame retardant, the
chemical structure of the matrix as well as the interaction with
other additives.

A typical example is glass- (GF) reinforced PA66 containing
6e8wt% of red phosphorus, which achieves V-0 classification in the
UL 94 test [8]. The thermal and thermo-oxidative decomposition of
reinforced PA66 containing red phosphorus in comparison to PA66/
GF, is characterized by at least three different steps, which strongly
overlap for PA66/GF and are clearly separated for PA66/GF/red P [9].
The cone calorimeter test showed that PA66/GF/red P is an effective
charring material, resulting in a clear reduction in Total Heat
Evolved (THE) and HRR values, and achieving V-0 classification in
the UL 94, thus a mainly solid-phase mechanism was reported.

An intumescent coating is observed with the addition of
ammonium polyphosphate (APP) to the PA66 [10]. APP decreases
the onset degradation temperature of the polyamide and creates a
protective layer made of polyphosphoric acids, thermally stable on
the surface of the material, which can be expanded to a cellular
structure by gaseous degradation products. This reactivity is also
established for polyamide 6 [11]. For PA66, the effect was most
evident in terms of oxygen index which increased with APP
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Table 1
Composition of the materials prepared through the extrusion process.

Materials Measured SiP
content (wt%)

Measured
wt% of Sia

Measured
wt% of Pa

Ratio P/Si

Cop-PA e e e e

C8SiP 8 0.72 0.74 1.03
C11SiP 11 0.91 0.96 1.05
C13SiP 13 1.14 1.25 1.09

a Determined by elemental analysis.
concentration in the composites (10, 20, 30 and 40wt%). The
addition of 25wt% of melamine polyphosphate (MPP) to a glass
fibre reinforced PA66 [12] leads to a V-0 classification. MPP system
acts as a char-forming (intumescent) flame retardant in both PA66
and PA6 [13]. It releases phosphorus based acids, which accelerate
the decomposition reaction and the crosslinking of PA66. Mean-
while, the nitrogen compounds released contribute to the expan-
sion of the molten phase, the formation of the intumescent layer as
well as the dilution of the fuel gas [12,13].

Another phosphorus compound, aluminium tris(diethylphos-
phinate) also referred as AlPi, is one of the most used phosphinates
in glass-fibre reinforced polyamides [14]. AlPi is usually used in the
presence of melamine polyphosphate [15] or melamine cyanurate
(20wt% of FR) [16,17]. The effect of the addition of AlPi with MPP
and zinc borate (18wt% of FR) in PA66 containing 30wt% of glass
fibre was also studied [18]. In fact, AlPi acts as a flame inhibitor in
the gas phase, while MPP leads to a fuel dilution and a phosphate
barrier formation. The addition of AlPi to MPP results in an
aluminium phosphate barrier formation while the fuel dilution
effect became less effective. Combining, AlPi, MPP and zinc borate
shows amuchmore improved barrier effect with the formation of a
boronealuminium phosphate layer. In a recent study [19] based on
the combination of AlPi, zinc borate and melamine salts (Safire®) in
a glass reinforced (30wt%) PA66, it was found that all formulations
containing 15, 18 and 20wt% of flame retardants have been classi-
fied V-0 in the UL 94 test. These composites also pass the glowwire
test at 960 �C and finally a significant decrease in HRR values was
also observed in cone calorimeter test.

These flame retardants are usually added in the polymer matrix
as preformed fillers. Few years ago, a new approach was developed
as an alternative to this path of dispersion [20e22] and lately for
improving the flame retardancy of thermoplastic polymers such as
PA6 [23]. The syntheses are based on hydrolysisecondensation
reactions of alkoxysilanes precursors during extrusion process
without adding solvents. Besides creating the inorganic phase in
polymer matrix, this strategy also offers an innovative way for
tailoring material properties with the use of functionalized alkox-
ysilane precursor such as silicophosphorylated ones.

Theil-Van Nieuwenhuyse et al. [23] showed that in situ genera-
tion of phosphorylated silica by solegelmethodwithin a PA6matrix
in the molten state during extrusion is a very novel route for
obtaining flame retarded nanocomposites. Results have shown a
significant decrease about 50% of the heat of release rate and the
formation of an important residue during cone calorimeter testwith
the addition of only 2.51wt% of silicon and 2.46wt% of phosphorus.

The aim of the present work was to develop this synthetic route,
using the same precursor (diethylphosphatoethyltriethoxysilane)
for enhancing the fire performance of a PA66/PA6 copolymer ma-
trix using different loadings. More specifically, we focused on the
degradation mechanisms of the nanocomposites as well as the
mode of action of the in situ generated silicophosphorylated filler
was deduced. Fire performance was based on cone calorimeter and
pyrolysis combustion flow calorimeter tests.

2. Experimental

2.1. Materials/preparation of compounds

PA66/PA6 (90:10 wt%) copolymer used in this study was kindly
provided by Solvay group under the trade name STABAMID 25 RS 5
S2 and will be denoted Cop-PA. The organophosphorous alkox-
ysilane precursor (Diethylphosphatoethyltriethoxysilane, 92%)
denoted as SiP was purchased from ABCR Gelest (Germany).

Cop-PA pellets were dried 48 h at 80 �C under vacuum prior to
use. The nanocomposites were prepared by melt blending in a
corotating twin screw extruder (Leistriz LSM model, diameter
30 mm, L/D 34) at 250 �C. The organophosphorous inorganic pre-
cursor was added into the matrix in the molten state at a constant
flow rate using an external liquid pump. The special design of the
screw, the processing temperature and the screw speed were
adapted to the experiment in a manner to prevent the degradation
of the matrix and to allow a continuous injection. Viscosimetry was
performed to check if the hydrolysisecondensation reactions
impact the copolymer molar mass. Values of average viscosimetric
molar mass (Mv) were calculated from the intrinsic viscosity in
aqueous HCOOH (90 vol%) at 25 �C by applying the Mark-Houwink
equationwith K¼ 0.061 mL/g and a¼ 0.71 [24]. Results (not shown
here) have evidenced that the extrusion conditions and the intro-
duction of alkoxysilane precursor during the process did not
modify the molecular characteristics of Cop-PA.

A summary of the prepared nanocomposites is shown in Table 1.
In order to make an accurate study in TGA coupled infrared

spectroscopy, a gel of the inorganic precursor (Dieth-
ylphosphatoethyltriethoxysilane) was prepared. In greater detail,
1.10 g of SiP were hydrolyzed with 3.3 mL of HCl (0.1 M) and 8.7 mL
of distilled water [25]. The solution was stirred for 24 h at 80 �C,
under nitrogen flow. In order to eliminate any trace of solvent the
solution was exposed to air. Once gelled, the sample was air dried
for 4 days and then dried at 80 �C in an oven for around 14 h.

2.2. Characterization of thermal decomposition

2.2.1. Thermogravimetric analysis (TGA)
Thermogravimetric experiments were performed using an SDT

Q600 TGA from TA Instruments. The samples were heated in open
alumina pans from room temperature up to about 750 �C at a
heating rate of 10 �C/min under nitrogen or synthetic air flow of
25 mL/min. Reported data are Tonset at which the formulation dis-
plays 5 wt% weight loss, Tm at which the decomposition rate is the
highest and the amount of residue at 700 �C.

2.2.2. TGA coupled gas chromatography and mass spectroscopy
(TGA-GC/MS)

Measurements were carried out on an SDT Q600 TGA coupled
with a 6890N GC system/5973N MS detector from Agilent In-
struments. For this purpose, a gas storage interface IST16 developed
by SRA Instruments was connected to the thermogravimetric bal-
ance and the GC network throughout two heated transfer lines,
thus allowing us to retrieve and isolate gas fractions from thermal
analysis. These fractions are then injected into the GC/MS system.
The GC column, HP-5MS (20 m � 0.18 mm � 0.18 mm), was held at
60 �C, and then heated up to 280 �C at a heating rate of 40 �C/min.
The inlet and the detector temperatures were maintained at 280 �C.
MS spectra were obtained as a function of elution time with a mass
range of 10e700 amu.

2.2.3. TGA coupled with Fourier transform infrared spectroscopy
(TGA-FTIR)

In order to identify evolved decomposition products a Q50
thermogravimetric analyzer (TA Instruments) was coupled to a



Fig. 1. TG curves of Cop-PA under helium and air (heating rate ¼ 10 �C/min).
Nicolet Nexus spectrometer with an MCT detector. The tempera-
tures of the transfer line and the gas cell weremaintained at 240 �C.
The infrared spectrometer was operated at an optical resolution of
4 cm�1. Experiments were performed under nitrogen or air with a
gas flow rate of 90mL/min. The samples (about 10mg) were heated
in open alumina pans, from 30 �C up to about 700 �C at a heating
rate of 5 �C/min. Components identification was based on charac-
teristic peaks and by subtraction of recognizable products (such as
water, …), evolution profiles were also plotted in terms of time or
temperature.

2.2.4. Pyrolysis-combustion flow calorimeter (PCFC)
Pyrolysis combustion flow calorimeter (PCFC) analyses were

performed on a Fire Testing Technology (FTT) apparatus. Samples
around 2e3 mg were heated from 85 �C up to 750 �C at a heating
rate of 1 �C/s under nitrogen flow. The degradation products are
then collected in a second chamber (combustor) maintained at
900 �C in the presence of oxygen (N2/O2 mixture 80/20). In these
conditions, the complete combustion of the pyrolysis gases takes
place. The HRR value is calculated from oxygen consumption
according to the principle of Huggett [26], which explains that for
organic compounds, the heat of combustion is proportional to the
amount of oxygen required for combustion; i.e. 13.1 kJ/g of oxy-
gen consumed. In this work, we focus only on the total heat
release (THR) which corresponds to the area under the heat
release rate curve. The uncertainties in THR for the apparatus are
about 5%.

The ratio between the total heat release and the mass loss
(measured in thermogravimetric analysis) allows calculating the
effective heat of complete combustion (called EHCPCFC). Combus-
tion efficiency in cone calorimeter is then calculated as the ratio
between the EHC in cone calorimeter (EHCcone) and EHCPCFC.

2.3. Characterization of fire behaviour

2.3.1. Cone calorimeter (CC)
The cone calorimeter is the most suitable apparatus to simulate

a fire scenario at bench scale. Therefore, the combustion behaviour
of materials was investigated using a cone calorimeter (CC) sup-
plied by FTT company. Experiments were carried out at an irra-
diance of 50 kW/m2 according to ISO 5660 standard. The distance
between the cone heater and the sample (100 � 100 � 4 mm3)
was 25 mm. Time to ignition (TTI, s), Time to flame out (TTF, s),
Total Heat Release (THR, kW/m2), Heat Release Rate (HRR, kW/
m2), and peak of heat release rate (PHRR, kW/m2) were measured.
The value of HRR is also calculated from the oxygen consumption
according to the principle of Huggett [26]. To ensure significant
and reproducible data, experiments were repeated several times.
The uncertainties in measurements for the apparatus are about
15%.

2.3.2. CC coupled Fourier transform infrared spectroscopy
During each experiment, the main gaseous species emissions

from the combustion of the materials were continuously and
simultaneously recorded. The Gram-Schmidt is the infrared
chromatogram of the gases from the compound which has un-
dergone the temperature rise. For this purpose, the cone calo-
rimeter apparatus was coupled to an Antaris IGS analyser with an
MCT detector (recommended for its high performance) from
Thermo Scientific Company. Optical resolution for exhaust gas
measurements was set at 0.5 cm�1 to avoid interference prob-
lems potentially caused by water's absorbance bands at lower
resolutions. Both the IR spectrometer and the transfer line are
heated to 160 �C to minimize condensation of high boiling point
effluents.
2.3.3. Residues morphology
The morphological study of the residual layer formed during

sample combustion in cone calorimeter test was performed using a
scanning electron microscope FEI Quanta 200 SEM equipped with
an energy dispersive X-ray (EDX) spectrometer. Images were ob-
tained under high vacuum at a voltage of 12.5 kV. For sample
preparation, the residue was stuck to a sample holder with a thin
silver layer.

2.4. Elemental analysis

Elemental analysis was conducted at the Service Central
d'Analyse (SCA, CNRS, 5 Rue de la Doua, F-69100, Villeurbanne,
France). Silicon and Phosphorus contents were determined by
ICPeAES (inductively coupled plasmaeatomic emission spectrom-
eter). Carbon content was determined by either catharometry or
specific infrared detectors and Nitrogen content by catharometry.

3. Results and discussion

3.1. Thermal decomposition

3.1.1. Thermal stability and residue
3.1.1.1. Thermal degradation of Cop-PA. The TG curves for the pure
copolymer measured under helium and air flow are shown in Fig. 1.
A minor weight loss (<1 wt%) is observed between 100 and 200 �C
corresponding to the residual water in the samples. Under inert
atmosphere, one major degradation event was present with an
onset decomposition temperature of 394 �C yielding an overall
mass loss of 98 wt%. Under synthetic air flow, Cop-PA undergoes
two main degradation steps. The first important degradation step
occurs between 350 and 480 �C and a second one appears between
480 and 600 �C. This thermal degradation behaviour of polyamides,
under air, was described in the literature [27] by the formation of a
carbonaceous layer that remains stable until 500 �C and then oxi-
dizes to volatiles at higher temperatures.

3.1.1.2. Thermal degradation of Cop/SiP nanocomposites. TG and
DTG curves of Cop-PA and Cop/SiP nanocomposites under helium
are shown in Fig. 2. All the nanocomposites exhibit lower
decomposition temperatures and higher amount of residues than
the neat Cop-PA. More precisely, Tonset decreases with the amount



Fig. 2. TG and DTG curves of Cop-PA and Cop/SiP nanocomposites under helium
(heating rate 10 �C/min).
of SiP introduced (Table 2). A minor mass loss is also observed
between 100 and 200 �C corresponding to the residual water and
ethanol (as evidenced in Section 3.1.2) released due to hydro-
lysisecondensation reactions (ethanol probably trapped on the
surface of the material). Furthermore, the thermal degradation of
all Cop/SiP samples consists of two main degradation steps whose
maximum rates are between 375 �C and 460 �C. The main dif-
ference observed concerns the first step of degradation, which
takes place at temperatures lower than for the Cop-PA. In fact, the
weight loss temperature in the first step decreases with increasing
SiP content, while the position of the maximum rate of the second
step is slightly shifted from 428 �C to about 460 �C. The decrease
of the initial degradation temperature is consistent with the ob-
servations reported in the literature explaining that the phos-
phorus based flame retardants can accelerate the thermal
decomposition of the polyamide matrix. For example, the DTG
curves of PA66/Red Phosphorus materials had shown a second
degradation step following the main one. The onset temperature
of decomposition was also decreased by about 40 �C, whereas the
end-set temperature was increased about 15 �C [9]. Such behav-
iour was also found in PA66/APP (ammonium polyphosphate)
systems. DTG curves had shown that these materials exhibit a
two-step process of degradation. The position of the maximum
rate of weight loss in the first step of degradation was about
85e95 �C lower than the position of the single maximum for the
thermal decomposition of pure PA66 [10]. The composite con-
taining 8wt% of SiP presents a shoulder rather than a peak; this is
probably due to the lower concentration of SiP compared with
other compounds.

The origin of the small mass loss observed around 315 �C will be
discussed later. TGA and DTG curves under air for mixtures con-
taining SiP will be discussed later in the section referring to TGA
coupled IR.
Table 2
Thermogravimetric analysis results under helium.

Sample TOnset (�C) Tm (�C) Residue (wt%)

Cop-PA 394 440 2
Cop-8SiP 353 389e428a 2.8
Cop-11SiP 332 387e458b 4.2
Cop-13SiP 281 375e460b 6.1

a Shoulder.
b Second peak.
3.1.2. Evolved gas analysis and decomposition mechanisms
The major degradation products and the various decomposi-

tion steps were studied under both inert and oxidative atmo-
spheres, thus allowing us to separate the spectra of different
effluents and to plot their evolution profile as a function of time
or temperature.

3.1.2.1. TGAeGC/MS results. In order to identify the major degra-
dation products, extracted ion chromatograms collected at different
m/z did not reveal the presence of caprolactam as a major degra-
dation product of PA6, thus allowing us to consider that the low
mass contribution of PA6 (10wt%) does not significantly influence
the degradation of the copolymer matrix.

Under inert atmosphere, the gases detected consist mainly of
water vapour, ammonia, carbon dioxide, hydrocarbons, amines and
cyclopentanone. The formation of cyclopentanone and its de-
rivatives as major degradation products for PA 66 were discussed in
the literature [28e30] and several possible mechanisms of cyclo-
pentanone formation were also suggested [30].

Taking into consideration the time of gas storage and injection,
we managed to plot the evolution of cyclopentanone throughout
the test. The spectral signature of this gas was detected between
360 and 500 �C under inert atmosphere but not under air, leading
us to consider that, under air, cyclopentanone probably un-
dergoes several decompositions into products of lower molar
mass.

With the addition of SiP, except the presence of ethanol as a by-
product of the hydrolysisecondensation reactions, the analysis
revealed the emission of the same gases but not necessarily at the
same temperatures and in the same proportions for the nano-
composites as for the copolymer. The evolution of cyclopentanone
as a function of time for Cop-PA and C11SiP under helium is shown
in Fig. 3.

3.1.2.2. TGAeFTIR results
3.1.2.2.1. Products in relation with Cop-PA composition. As dis-

cussed in Section 3.1.1, under inert atmosphere, the Cop-PA displays
one mass loss between 350 and 480 �C. In this range of tempera-
ture, infrared analysis shows the emission of the following gases:
carbon dioxide (CO2), ammonia (NH3), water vapour, hydrocarbons,
as well as various carbonyl compounds. From 440 up to 500 �C, a
band at 1666 cm�1 assigned to an amide carbonyl is observed.
Another carbonyl vibration at 1766 cm�1 related to a cyclic ketone
appears between 350 and 465 �C. It was attributed to
Fig. 3. Spectral signature of cyclopentanone under helium for Cop-PA and C11SiP.



cyclopentanone [18,29]. Finally, another carbonyl band located at
1702 cm�1 is observed between 395 and 480 �C also assigned to an
amide carbonyl. Methane (CH4) was also released around 480 �C.

The thermogram recorded for Cop-PA under air showed two
mass losses. The first mass loss occurs from 300 to 470 �C, followed
by the second one from 470 to 700 �C. Analysis showed the emis-
sion of the same gases found under inert atmosphere, except for
carbon monoxide, isocyanic acid (HNCO), hydrogen cyanide (HCN)
and some aliphatic ketones with maximum emission intensity
around 440 and 455 �C. Aldehydes like acetaldehyde appear be-
tween 380 and 470 �C. From 490 �C, unassigned carbonyl functions
were also observed.

3.1.2.2.2. Decomposition products of SiP-based nanocomposites.
Under inert atmosphere, the TGA curve of C13SiP (Fig. 4) shows four
mass losses. The first one about 5.5wt% takes place between room
temperature and 270 �C, followed by a minor mass loss of 3wt%
between 270 and 320 �C. A significant weight loss about 46.2wt%
occurs in a range of temperature between 320 and 420 �C and the
latter is of 39.3wt% between 400 and 700 �C, with a final residue of
6wt% at 700 �C.

Infrared analysis showed the emission of various volatile prod-
ucts. The evolution profile of each detected gas was plotted as a
function of time (Fig. 5). This led us to determine the nature of the
gases emitted during the various weight losses. Water vapour was
found between 115 and 220 �C corresponding to the residual water
in the sample. Another amount of water was also detected between
330 and 400 �C with maximum emission intensity at 375 �C,
regarded as a volatile of the polyamide degradation or poly-
condensation of some silanols. Ethanol was also identified in a
range of temperature between 95 and 325 �C, with a maximum
intensity at 315 �C. As we discussed earlier, ethanol trapped on the
surface of the sample is released around 100 �C. At higher tem-
peratures the amount released is likely due to ethanol trapped in
the core of the sample. It is also to be mentioned that ethanol
yielded between 280 and 325 �C is probably due to a new amount
of ethanol produced during further hydrolysisecondensation re-
action of unreacted SiP, or further condensation reaction of some
silanols with alkoxysilane groups. Results revealed also the pres-
ence of ethylene (C2H4) between 270 and 700 �C with a maximum
intensity around 315 �C, its formation will be discussed later. It was
also found that the major volatiles were carbon dioxide between
290 and 430 �C, and ammonia between 315 and 495 �C. The
maximum emission intensity for both gases was around 375 �C.
Furthermore, the analysis showed the presence of methane
Fig. 4. TG and DTG curves of C13SiP under nitrogen (heating rate 5 �C/min, flow rate
90 mL/min).
between 410 and 650 �C and also aliphatic hydrocarbons from
325 �C till the end of the test. A carbonyl vibration around
1705 cm�1 was observed in a range of temperature between 320
and 460 �C, corresponding probably to an amide or an aliphatic
ketone. Few vibration bands between 285 and 315 �C may indicate
the presence of phosphorous compounds.

The TGA thermogram recorded for C13SiP under air showed five
mass losses (Fig. 6). In similarity to the sample under nitrogen, two
mass losses are observed from room temperature to 320 �C, fol-
lowed by two significant weight losses of 40wt% between 315 and
400 �C and 33wt% between 400 and 470 �C. The final mass loss from
400 �C till the end of the test was about 14wt% yielding a final
residue of 4.8wt%.

Except for carbon monoxide, isocyanic acid and hydrogen cya-
nide released in a range of temperature between 375 up to about
650 �C with maximum emission intensities around 520 �C, the
analysis under air revealed the emission of the same gases found
under inert atmosphere (Fig. 7). Some differences were observed in
the maximum emission intensities for some gases; for example,
two maxima were detected for water vapour and hydrocarbons
around 375 and 515 �C. In similarity, carbon dioxide released from
290 �C till the end of the test, had two emission maxima at 375 and
515 �C. Between 285 and 375 �C, a carbonyl vibration at 1759 cm�1

was observed; this band is consistent with cyclic ketone com-
pounds such as cyclopentanone. In comparison with the analysis
under inert atmosphere, few bands were detected between 280
and 314 �C, indicating the presence of phosphorus compounds.

3.2. Fire behaviour

3.2.1. Cone calorimeter data
To complete the thermal properties, the fire behaviour of ma-

terials containing SiP was studied using a cone calorimeter with an
incident heat flux of 50 kW/m2. Heat release rate curves as a
function of time for all materials are presented in Fig. 8 and main
results are summarized in Table 3.

The ignition of SiP-based nanocomposites takes place earlier
than the neat polymer. It was also noted that the peak of heat
release rate (PHRR) decreased for all nanocomposites containing
SiP. The minimum peak of heat release rate was observed when
11 wt% of SiP was added, corresponding to 0.91 wt% of silicon and
0.96 wt% of phosphorus. The same tendency is observed while
adding 13 wt% of SiP with a decrease of the PHRR down to 410 kW/
m2. A slight decrease in the effective heat of combustion (EHC) was
also observed when SiP was incorporated into the Cop-PA.

Finally, the quantity of residue was increased with the addition
of SiP, resulting in a decrease of total heat release (THR) values
comparing to the neat polymer, due to higher residue yield.

Each of these parameters will be discussed in details later in the
following sections.

3.2.2. Analysis of the gases responsible for the ignition
3.2.2.1. Cone calorimeter/FTIR. In order to identify the gases
responsible for the ignition of the material, the cone calorimeter
was coupled to an infrared spectrometer. The test was conducted at
lower heat flux (20 kW/m2) in a way to delay the ignition as much
as possible and detect almost all of the released gases. The main
quantified volatiles for Cop-PA and C11SiP were: nitrogen oxide
(NOx), HCN, NH3, H2O, methane, some hydrocarbons, CO and CO2.
On the other hand, before the ignition of the C11SiP (around 4 min)
a significant amount of ethylene (ethene) with the presence of
alcohol (ethanol) was observed (Fig. 9). Both gases can promote the
ignition, however ethylene is a highly flammable gas with a net
heat of combustion of 44.6 kJ/g [31]. The origin of the early emis-
sion of ethylene may probably come from the phosphorous



Fig. 5. Gram-Schmidt and chemigrams of C13SiP under nitrogen.
compound, or may be obtained by dehydration of ethanol at high
temperatures.

In order to monitor this gas emission over the time, the gel of
the hydrolyzed-condensed precursor (SiP) was analyzed with the
TGA coupled FTIR by comparing it to the C13SiP composite, taking
into consideration the release of ethanol, ethylene and any vol-
atile compound detected before the degradation of the matrix.
Ethanol was detected between 150 and 290 �C with maximum
emission intensity around 230 �C. Simultaneously, the appear-
ance of bands characteristic of diethylether and ethylene was
observed between 215 and 300 �C. This proves that the reactions
of dehydration and/or condensation of ethanol occur at elevated
temperatures and probably phosphorus acts as an acid catalyst.
Moreover, ethylene seems to be present in two stages: mainly
with maximum emission intensity around 285 �C, then between
440 and 495 �C. The release of ethylene at very high
Fig. 6. TG and DTG curves of C13SiP under air (heating rate 5 �C/min, flow rate 90 mL/
min).
temperatures (around 400 �C) has been described several times
in the literature about the decomposition of aluminium diethyl
phosphinate (AlPi) [15,16,18]. In fact, AlPi decomposes into
diethylphosphinic acid that decomposes releasing ethylene at
temperatures between 467 and 527 �C [15]. As discussed before,
the ethylene released before the matrix decomposition can also
be due to the phosphorous compound. As a matter of fact, the
formation of ethylene around 300 �C was described in the liter-
ature. The first suggested mechanism is the McLafferty rear-
rangement [32,33] (Fig. 10).

In another work, Gaan and Sun proposed two others
mechanisms [34] based on Cope elimination and/or reverse
Michael addition. They explained that such reactions could occur in
case of phosphonate structure like N-hydroxymethyl-3-
dimethylphosphonopropionamid (HDPP) because of the polar na-
ture of P]O bond and availability of b-hydrogen.

On the other hand, FTIR spectra of C11SiP revealed the presence
of the following bonds vibrations: P]O, OeC in PeOeC and OH in
PeOH with an agreement of about 50% in the library of Nicolet
vapour-phase. The phosphorous compound was predicted as an
ethylphosphate structure. On the basis of these observations, we
proposed a mechanism for the thermal degradation of the
organophosphorous alkoxysilane precursor in Fig. 11 similar to
Gaan and Sun's work [34]. Under thermal conditions, the polar
atom of P]O bond could abstract the b-hydrogen and form a five
member cyclic intermediate which could rearrange and form
diethylphosphite and vinyltriethoxysilane, this reaction is known
as Cope syn elimination. Reverse Michael addition requires acidic
conditions that can be initiated by the acidic character of the
phosphorus atom of SiP or by the decomposition of SiP precursor
into the intermediate diethylphosphite. This product could be
easily oxidized into diethylphosphate and could further undergo
complex reactions.

3.2.2.2. Fire behaviour: ignition delay. Lyon [35] explains that for a
constant ignition temperature, unsteady heat transfer gives the
time to ignition (TTI), for a thermally thick sample at a constant
external heat flux ð _q00

extÞ.



Fig. 7. Gram-Schmidt and chemigrams of C13SiP under air.

Fig. 8. HRR curves for pure Cop-PA and Cop/SiP nanocomposites versus time at 50 kW/
m2.
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In equation (1) TRP is the thermal response parameter, k, c and r are
respectively the thermal conductivity, the heat capacity and den-
sity, Tign and T0 are respectively the ignition and ambient temper-
ature, _q

00
critical is the minimum value of external heat flux causing

ignition. The plot of the reciprocal square root of the time to
Table 3
Combustion parameters from the cone calorimeter.

Sample TTI (s) PHRR
(kW/m2)

THR
(MJ/m2)

EHC
(kJ/g)

Residue
(wt%)

Cop-PA 77 886 140.1 29.57 0.63
Cop-8SiP 43 540 119.1 26.72 4.29
Cop-11SiP 34 385 111.5 25.80 8.17
Cop-13SiP 30 410 115.8 25.86 7.29
ignition versus the external heat flux has a slope proportional to the
reciprocal average value of the thermal response parameter 2(pkrc)�
1/2. krc is called the thermal inertia. Extrapolation of the line with
the x-axis gives the critical heat flux ð _q00

criticalÞ. Considering the
measurement uncertainties, Fig. 12 shows a critical heat flux of
about 15 kW/m2 for Cop-PA close to the one found in the literature
for the PA66 (15e20 kW/m2) [36] and 0.8 kW/m2 for C11SiP based
composite.

We can conclude that the nanocomposites have an ability to be
ignited earlier than the copolymer according to the very low critical
values of ignitability.
3.2.3. HRR curves and barrier effect study
Fig. 8 also shows that HRR curves are modified from the neat

Cop-PA to SiP based nanocomposites, indicating that the fire
behaviour of the polyamide has been changed. In the case of Cop-
PA, HRR increases continuously and the pHRR is reached just
before the end of the test when fuel depletion occurs. In the case of
SiP containingmaterials, PHRR is reached just after the ignition and
then HRR slowly decreases revealing a controlled release of fuel
that could be assigned to the formation of protective residue at the
sample surface.

Based on the classification of Schartel and Hull [37], these ob-
servations allow us to conclude that the burning behaviour of the
copolymer is characteristic of an “intermediate thick non-charring
material”, while C11SiP and C13SiP are a “thermally thick charring
samples” or residue forming materials. As the char layer thickens
with time, the value of HRR decreases until the extinction of the
sample. Residues images are shown in Fig. 13.

According to residues pictures, it was inferred that the Cop-PA
(a) forms a few residue after the cone calorimeter test. However,
with the incorporation of 8 wt% of SiP (b), the appearance of a
thin charred layer was observed, but not enough cohesive to
cover the entire surface of the sample. This is likely due to the
very small percentage of phosphorus (0.74 wt% P). By contrast,
with the C11SiP and C13SiP residues (c, d), the formation of a
compact and well expanded charred layer was highlighted,
covering the entire surface of the material and acting as a pro-
tective barrier effect. Hence this behaviour is characteristic of
charring materials.



Fig. 9. Gram-Schmidt and chemigrams of some quantified gases in IR for C11SiP.

Fig. 10. Formation of ethylene by McLafferty rearrangement [32].

Fig. 11. Proposed mechanism of thermal decomposition of SiP precursor.

Fig. 12. 1=
ffiffiffiffiffiffiffi
TTI

p ¼ f ðexternal heat fluxÞ for Cop-PA and C11SiP.



Fig. 13. Pictures of the residues obtained in the cone calorimeter of Cop-PA (a), C8SiP (b), C11SiP (c) and C13SiP (d).
In order to show that the charred layer formed on the surface of
the material is well compact, a microstructural analysis of C11SiP
residue by SEM was conducted.

3.2.3.1. Residue morphology. The morphology of the residue C11SiP
is shown in Fig. 14. The charred layer presents an expanded and
cohesive structure. At larger magnification, the residue consists of
small white spherical elementary agglomerated particles, thereby
forming a dense, homogeneous network, hence the cohesion (left
image) of the barrier layer that we obtained in the cone calorimeter
test.
Fig. 14. SEM photographs
3.2.3.2. Condensed phase study/barrier effect. The use of tempera-
ture measurements within burning polymer sample was investi-
gated by Schartel and Weiss [38] to obtain deeper information on
the actual pyrolysis conditions and flame retardancy mechanism.
On this basis, the temperature profiles of the exposed upper sur-
faces of specimens were measured during the cone calorimeter
test. For this purpose, the distance between the cone heater and the
sample was changed from 25 to 60 mm to allow a correct mea-
surement with the same external heat flux of 50 kW/m2. An
infrared camera (Optris) was placed in an inclined position above
the specimen in order to record the temperatures field of the upper
of the residue C11SiP.



Table 4
Data from elemental analysis for samples before and after cone calorimeter test.

Sample P/Si
sample

P/Si
residue

Calculated
% of Ca

Calculated
% of Sia

Calculated
% of Pa

Residue
(wt%)

C11SiP 1.05 0.37 2.34 1.61 0.60 8.39

a Elemental wt% based on the weight of the residue in the cone calorimeter test.
surface of the sample. The inclination of the infrared camera was of
few degrees relative to the perpendicular position, which limits the
error on measurements [39]. The infrared camera is calibrated to
measure temperatures in the range 125e900 �C.

The external heat flux ð _q00
extÞ heats the sample so that the surface

temperature increases with time, hence the heat flux reradiated
from the surface ð _q00

reradÞ increases and the heat flux remaining to
heat the sample decreases with time. The reradiation of a hot
surface is given in the following Equation (2):

_q
00
rerad ¼ s 3T4S (2)

s ¼ StefaneBoltzmann constant (W/m2 K), 3 ¼ emissivity,
TS ¼ surface temperature (K).

The pyrolysis behaviour of solid materials can be divided into
two types: non-charring and charring. For non-charring mate-
rials the surface temperature is supposed to be close to the py-
rolysis temperature as a pyrolysis zone moves through the
sample. Charring and residue-forming materials exhibit devel-
oping rather than quasi-stationary conditions, such as devel-
oping temperatures gradients in the condensed phase [38,40].
Fig. 15 shows the temperature profiles as a function of time
during the burning of the copolymer and the composite C11SiP
respectively. A much faster heating is observed for SiP composite
beyond 300 �C with a lower ignition temperature around 385 �C
against 496 �C for Cop-PA. For Cop-PA, the temperature after
ignition stabilizes around 595e600 �C and increases at the very
end (610 �C) leading to a little black residue of polyamide. On the
contrary, for the C11SiP, the formed residue is inert and can be
heated at much higher temperatures (around 750e770 �C).

Using the measured temperatures of 770 �C for C11SiP and
600 �C as surface temperatures for Cop-PA, the reradiation from the
hot surface of C11SiP is increased by a factor of around 2. Consid-
ering the same value of 3¼ 0.9 for the Cop-PA [41] and C11SiP, the
heat reradiated for Cop-PA is around 29e30 versus 60 kW/m2 for
C11SiP. A higher fraction of the absorbed heat can then be re-
radiated from the sample; this mechanism is well known as
shielding effect.

3.2.4. Effective heat of combustion and combustion efficiency
Elemental analysis of C11SiP residue obtained from the cone

calorimeter test is shown in Table 4. As the results show, for similar
introduced quantities of silicon and phosphorus (ratio P/Si ¼ 1.05),
Si content is three times higher than P content in the residue
(ratio ¼ 0.37). This leads us to conclude that phosphorus in SiP is
Fig. 15. Temperature profiles of the exposed upper surface for Cop-PA and C11SiP.
partially evolved as decomposition gases during combustionwith a
possible flame retardant action in the vapour phase. Moreover it
can be concluded that SiP produces a double effect in the
condensed phase: on one side phosphorus promotes charring and
on the other side silicon participates to the formation of a stable
and cohesive residue.

With the aim to determine the action of SiP in the vapour phase,
effective heat of combustion (EHC) has been calculated. The release
of phosphorous species may affect EHC by three ways: (i) it could
reduce the combustion efficiency (c) due to flame inhibition effect,
(ii) their complete combustion may release less heat than that of
polymer degradation products, (iii) the char promoted by phos-
phorus “stores” carbon and then energy. If the “potential” EHC of
this char (released when oxidized) is high (>EHC of Cop-PA), the
EHC of C11SiP decreases. According to the low amount of phos-
phorus, the way (ii) is highly unlikely.

In order to understand if the phosphorous compounds released
into the gas phase have an influence as flame inhibitor, the com-
bustion efficiency (c) [42] was calculated from the equation
below (3):

c ¼ EHCCC
EHCPCFC

¼ EHCCC
THRPCFC=MLTGA

(3)

where EHCCC ¼ effective heat of combustion from the cone calo-
rimeter, EHCPCFC ¼ effective heat of combustion calculated from
THRPCFC ¼ total heat release from the pyrolysis combustion flow
calorimeter, and MLTGA ¼ mass loss from the TGA under He.

From the results shown in Table 5, the combustion efficiency
value in the cone calorimeter is close to 1, which means that the
combustion is almost complete. This proves that the decrease in
EHC values is not due to flame inhibition effect but more probably
to the formation of a char which “stores” a high amount of energy.
On the whole, the presence of SiP does not strongly affect the gas
phase during combustion.

3.2.5. Total heat release
Table 3 outlines that THR values for SiP based nanocomposites

are lower than that of pure Cop-PA of about 13e19%. Considering
the measurement uncertainties, no significant influence was
observed between 0.96 and 1.25 wt% of P in C11SiP and C13SiP
respectively. Finally, according to EHC values and c calculation, this
decrease in THR values is due to the higher amount of residues in
SiP based materials and to the decrease in EHC values.

4. Conclusion

The presence of the organophosphorous silica filler (SiP)
generated in situ the molten copolymer through hydro-
lysisecondensation reaction results in a decrease of the
Table 5
Combustion efficiency data.

Sample THRPCFC (kJ/g) MLTGA EHCPCFC (kJ/g) EHCCC (MJ/kg) c

Cop-PA 26.9 0.98 27.48 29.28 1.06
C11SiP 25 0.93 26.79 25.86 0.96



decomposition temperature (60 �C for C11SiP lower than the neat
Cop-PA). This effect is attributed to the release of ethanol and
ethylene and also to the decomposition of phosphorus compounds
to phosphoric acid which catalyzes the decomposition of the
polymer. DTG curves showed also that the degradation of the SiP
based nanocomposites takes place in two steps. Major degradation
products under air and helium were identified, thus showing that
the addition of the SiP does not disturb the mechanism of degra-
dation pathway of the copolymer.

The fire properties measured with a cone calorimeter showed a
faster ignition of the SiP based composite. This is due to the
presence of ethanol and ethylene before ignition, these gases can
cause ignition. Ethylene is a highly flammable gas, its emission
was monitored. Hence, we have shown that the release of this gas
is due on one hand to the dehydration of ethanol at high tem-
peratures and on the other hand to the rearrangement of the
phosphorus compound. The results of fire tests also showed a
reduction of about 57% of the peak HRR with the addition of only
0.91 wt% of Si and 0.96 wt% of P. Moreover we observed that the
phosphorus compounds upon degradation, release poly-
phosphoric acids that promote charring of the material. Therefore,
HRR curves were modified for all materials, evidencing that the
burning behaviour of the polyamide has been changed. These
observations allowed us to conclude that the copolymer is char-
acteristic of an “intermediate thick non charring material” while
the mixtures C11SiP and C13SiP are characteristic of “Thermally
thick charring materials.” Finally, the elemental analysis of the
residue, the combustion efficiency and the measured tempera-
tures of the exposed upper surface during the cone calorimeter
test allowed us to deduce that on one side phosphorus promotes
carbonization, and on the other side silicon improves stability,
both act in the condensed phase according to a mechanism called
“heat shielding effect”.

Our next purposewill be to study a new type of SieP systems, by
substituting the structure of the phosphorus group of SiP in order to
overcome the only problem, which is the early ignition of the SiP
based nanocomposites [43].
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