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A B S T R A C T

The interactions between kaolinite and a commercially available phosphinate-based flame retardant (Exolit®
OP1311) were evaluated as flame retardant systems in Polyamide 6 (PA6). The thermal degradation and
flammability of PA6 composites were studied by TGA and cone calorimeter tests. Characterizations were con-
ducted using FTIR, EDX and XRD. Cone calorimeter results showed a reduction in peak heat release rate (pHRR)
as a function of filler loading and type with a greater reduction for OP1311 containing composites. Interestingly,
OP1311 can be partially substituted by kaolinite without detrimental effect on peak of release rate (pHRR)
measured by cone calorimeter. FTIR, EDX and XRD analysis of cone calorimeter residues showed that kaolinite
may trap some phosphorous compounds in condensed phase leading to the formation of a glassy structure on
sample residue. To assess possible interactions between kaolinite and phosphinate, a controlled thermal de-
gradation was carried out on kaolinite, OP1311 and kaolinite/OP1311 (50:50) blends. The residues were ana-
lyzed by EDX and XRD. Results showed that almost all phosphorous present in the initial sample remains in
residue for Kaolinite/OP1311 blend versus only about 60% for OP1311 alone. Also, XRD results showed that
during combustion, new crystalline phases can be formed in the sample when kaolinite is combined with
OP1311. These results suggest that some interactions between both components may occur and could explain the
observed fire behavior of the composites containing kaolinite and phosphinate.

1. Introduction

Polyamide 6 (PA6) is an important engineering polymer for electrical
and electronic applications when flame retardancy is a major con-
cern. Since it is quite often necessary to add flame retardant agents,
they act, depending on their nature, chemically and/or physically in
the solid or gaseous phase during the different stages of combustion.
Hence, various flame retardant systems were proposed to improve
polyamide fire retardancy, in particular nanoparticles (Pramoda
et al., 2003; Samyn and Bourbigot, 2012; Weil and Levchik, 2004),
mineral fillers (Batistella et al., 2015; Clerc et al., 2005) and phos-
phorous compounds (Braun et al., 2007; Braun and Schartel, 2004;
Levchik et al., 1996a,b,c; Samyn and Bourbigot, 2012). Different
mineral fillers at micronic and nanometric scale have attracted at-
tention since they can impart advantageous mechanical (Batistella
et al., 2015; Chow et al., 2003; Norris, 1990) and barrier properties
(Alexandre and Dubois, 2000; Cabedo et al., 2004) as well as fire
behavior (Beyer, 2006; Braun et al., 2007; Clerc et al., 2005; Vahabi
et al., 2012). Generally, the addition of these mineral fillers reduces

the total amount of fuel and the rate of diffusion of oxygen into the
polymer. Also, the mineral fillers may accumulate on the surface of
the decomposing polymer, shielding it from incoming radiation.
Moreover, the addition of mineral fillers in the polymers can sig-
nificantly change their combustion and thermal degradation
pathway. The presence of these fillers will affect certain properties
such as the heat capacity and the thermal conductivity of the mate-
rial. Various mineral fillers received particular attention in literature
such as hydrated mineral fillers and clay minerals. Hydrated fillers
decompose at high temperature through endothermic release of
water, slowing down the heating of the material. Considering the use
of natural mineral-based nanoparticles, the use of clay minerals as
components of flame retardant systems is being increasingly studied
and many works have dealt with the use of organomodified mon-
tmorillonites (o-Mt) (Ramani et al., 2010; Sanchez-Olivares et al.,
2008; Zhang et al., 2008), talcs (Clerc et al., 2005; Durin-France et al.,
2000; Leong et al., 2004), halloysites (Hedicke-Höchstötter et al.,
2009), sepiolites (Huang, 2010; Laoutid et al., 2013) or kaolinites
(Batistella et al., 2016, 2014) as flame retardants.
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Generally speaking, the use of clay minerals alone is not enough to
achieve acceptable levels of fire retardancy. Therefore, different
compositions containing mineral fillers and phosphorous com-
pounds were found to be efficient to reduce the heat release rate due
to the formation of a protective surface barrier (Samyn and
Bourbigot, 2012; Vahabi et al., 2013; Weil and Levchik, 2004).
Consequently, efforts have been done to study the influence of
phosphorous based additives in polyamide 6 and possibly synergies
between phosphorous and mineral fillers (Braun et al., 2007; Braun
et al., 2006; Levchik et al., 1996a,b,c). Inorganic and organic
phosphorous compounds are extensively used to improve the fire
behavior of many polymers. The range of phosphorous products is
extremely broad and includes compounds of varied structure:
phosphates, phosphonates, phosphinates and red phosphorus. The
modes-of-action of these phosphorous compounds include flame
inhibition in gas phase and char formation in condensed phase. The
formation of a char layer during the fire test may protect the ma-
terial and acts as a barrier to oxygen and heat of the flame. The
flame retardant mechanism of the phosphorous compounds will
depend on the type of compound used and the chemical structure of
the polymer matrix to be flame retarded. The use of phosphinates
has increased in the last years. Their beneficial impact on the fire
performances has been studied either when used alone or in sy-
nergism with other components in various compounds as glass fibers
reinforced polyamide 6 and 6,6 (Braun et al., 2007; Schartel et al.,
2003), poly(methyl methacrylate) (Laachachi et al., 2007), poly
(ethylene terephthalate) (Alongi, 2011), among others. Zhan et al.
studied the synergistic effects of sepiolite and aluminum diethyl-
phosphinate (AlPi) in PA66 (Zhan et al., 2015). Authors showed that
the addition of 0.3 wt% of sepiolite allows reducing the amount of
AlPi while maintaining a V-0 rating on UL-94 test and the same
reduction in pHRR. Also, authors analyzed the char residues and
showed that the incorporation of sepiolite changed the degradation
process of the PA66/AlPi system and possibly formed diethylpho-
sphinic acid, silicon-phosphate and magnesium-phosphate products
in condensed phase, which enhanced the thermal stability and char
yield of PA66 materials at high temperature.

Ramani et al. also studied synergistic effects of organomodified
montmorillonite (Cloisite 30B) and OP1311 in PA6 by thermogravi-
metric analysis (TGA) and differential scanning calorimetry (DSC)
(Ramani and Dahoe, 2014). In their study, the weight of final residue of
o-Mt and OP1311 containing composites was higher compared to a
simple mixture rule of additives. Using TGA coupled with FTIR ana-
lyses, the authors showed that, at higher temperatures (above 400 °C), a
water release is produced by the degradation of hydroxyl groups of the
clay mineral layers, leading to a collapse of the crystal structure of
melamine polyphosphate and the formation of an amorphous phase
composed of metal oxides. Samyn et al. studied interactions between
aluminum phosphinate, melamine polyphosphate and o-Mt in PA6 and
PA66 (Samyn and Bourbigot, 2012). Authors showed that, under ni-
trogen, the presence of o-Mt decreases the initial decomposition tem-
perature of aluminum phosphinate/melamine polyphosphate but the
decomposition products are the same indicating that no interaction
takes place between the additives. However, under air, the combined
action of o-Mt and oxygen converts all the phosphinates into alumi-
nophosphate species which contribute to an improvement in fire be-
havior measured by cone calorimeter for PA66 composites.

Braun et al. studied the effect of addition of a zinc borate in com-
bination with aluminum phosphinate and melamine polyphosphate in
glass fiber reinforced PA66 (Braun et al., 2007). The authors showed
that the reactivity of the phosphorous additive with the polymer matrix
influences not only the gas or condensed phase, but also the interaction
with other additives. Also, the authors showed that the main flame-
inhibition effect of the phosphinates in glass fiber PA66 is replaced by a

strong barrier effect when the zinc borate is added to the formulation
with a reduction in the flame inhibition effect.

Other layered silicates than o-Mt, which can be combined with
phosphorous FRs, like kaolinite, have received less attention. Kaolinite
is an aluminosilicate with theoretical formula Al2Si2O5(OH)4 and basal
interlayer space of 7.1 Å. Kaolinite is a 1:1 or tetrahedral/octahedral
(TO) type clay mineral, since it is formed by combining clay mineral
layers of Si tetrahedra (T) and Al octahedra (O), in 1:1 proportion. The
layers remain attached to each other because they share common
oxygen atoms, giving rise to the structure of the clay mineral (Brindley,
1986; Giese Jr. and Giese, 1973). In a previous work, our group studied
the influence of surface treatment of kaolinite in mechanical and fire
properties of PA6 compounds. It was shown that surface treatment
leads to different microstructures that influence fire properties mea-
sured by cone calorimeter. Kaolinite with surface modified with (3-
glycidoxypropyl)trimetoxysilane decreased pHRR by about 70% com-
pared to neat polymer and about 40% compared to PA6 filled with
untreated kaolinite (Batistella et al., 2015).

Therefore, in this study, the effect of incorporation of kaolinite and
a phosphinate-based flame retardant (Exolit® OP1311) on the fire re-
action of PA6 is studied and interactions between components were
evaluated in order to understand the mechanisms of fire retardancy and
to establish possible synergistic effects.

2. Materials and methods

Commercial polyamide (PA6, Technyl® C206-Rhodia), phosphinate-
based flame retardant (Exolit® OP1311-Clariant) and kaolinite (Paralux
– Vale with a mean diameter of 0.8 μm and a surface specific area of
12.2 m2·g−1 measured by B.E.T.) were used as received. Characteristic
dimensions of kaolinite layers are showed in Fig. 1. Prior to com-
pounding, neat PA6 and PA6 composites were dried under vacuum at
80 °C. Previous studies showed that OP1311 is an aluminum diethyl-
phosphinate enriched with nitrogenous compounds such as melamine
polyphosphate, acting as synergistic agents. The elementary analysis
showed that phosphorus is about 20 wt% and nitrogen about 14 wt%
(Laachachi et al., 2007).

2.1. Compounds preparation

Blends of fillers and polymers were prepared by melt compounding
in a twin screw extruder (Clextral, Firminy-France). The rotation speed
was kept at 150 rpm, temperature ranged between 200 and 240 °C and
polymer output was 4.5 kg/h. Square sheets specimens were prepared
with dimensions of 100×100×4mm3 by injection molding using a
50 ton Krauss-Maffei equipment (Munich, Germany) and temperature
range from 200 to 260 °C. The formulations are showed in Table 1.

2.2. Characterization

XRD patterns were obtained using a Bruker AXS D8 Advance dif-
fractometer with CuKα radiation and a Vantec detector. The scanning

Fig. 1. Characteristic dimensions of kaolinite used in this study.



range was from 5° to 30° with a step size of 0.007°. TGA measurements
were carried out in a Perkin-Elmer Pyris-1 TGA under air or nitrogen
(20ml·min−1) from 50 to 800 °C at 10 °C·min−1 on a 10 ± 2mg
sample. FTIR analyses were conducted in a Bruker IF66 equipment from
4000 to 400 cm−1 using a resolution of 4 cm−1. KBr pellets were pre-
pared using 2 to 4mg of sample with 200mg of KBr. The samples were
observed using a FEI Quanta 200 scanning electron microscope and
their elemental compositions were determined by Energy Dispersive X-
ray spectroscopy (EDX) using Oxford INCA Energy 300 system and a
detector of 133 eV (at Mn).

Cone calorimeter tests were carried out in an FTT apparatus ac-
cording to ISO 5660-1 using an external heat flux of 50 kW·m−2. Three
samples were tested and mean values were reported. Pyrolysis
Combustion Flow Calorimeter (PCFC) analysis was carried out ac-
cording to the method A (anaerobic pyrolysis) of the ASTM D7309
using a FTT apparatus with a heating rate of 1 °C·s−1, the maximum
pyrolysis temperature was 750 °C and the combustion temperature was
900 °C (corresponding to complete combustion). The flow in combustor
was a mixture of O2/N2 20/80 at 100 cm3·min−1 and the sample weight
was 2 ± 0.5mg.

According to the TGA curves of the composites, four temperatures
characteristic of the different steps of decomposition have been chosen
(350, 450, 600 and 800 °C). Thermal treatments have been carried out
at these temperatures in order to simulate the decomposition process
and to investigate the chemical species formed in the condensed phase
at these different steps. For these treatments, about 10 g of the sample
were put in a furnace with an increase of 30 °C/min up to the defined
temperature (350, 450, 600 or 800 °C) and underwent the thermal
degradation for 2 h under air. After thermal treatment, these samples
were kept in a desiccator in vacuum until further analyses.

3. Results and discussion

3.1. Thermal degradation of PA6 composites

Various studies of Levchik (Levchik et al., 1999) focused on the
thermal degradation of polyamide 6. Many thermal degradation pro-
ducts were identified and it was noticed that their quantity and nature

depend on the environment during the test (air or nitrogen). Mass loss
obtained by TGA for polyamide 6 in oxidant and non-oxidant atmo-
sphere is plotted in Fig. 2 and compared to PA-Kaol-20, PA-OP-20 and
PA-Kaol-10/OP-10. In addition, complete results are presented in
Table 2. Thermal degradation of neat polymer takes place in the range
330–490 °C in two steps with a maximum rate at ≈460 °C under ni-
trogen or air and a shoulder at ≈600 °C, which is ascribed to the de-
gradation of a charred structure formed at lower temperatures. The
incorporation of kaolinite leads to a different behavior depending on
the atmosphere. Under nitrogen, a slight reduction in onset temperature
is observed, depending on filler loading. However, temperature of peak
does not change significantly compared to neat polymer. Also, the
quantity of residue at 750 °C corresponds to the amount of filler added
with no char formation (confirming cone calorimeter results, see infra).
Moreover, under air, the addition of kaolinite leads to an increase both
in onset and peak temperature of about 15–20 °C depending on filler
loading.

In the presence of OP1311, the thermal decomposition starts at
lower temperature. The decomposition of PA-OP-20 starts at a tem-
perature about 50 °C under nitrogen and about 70 °C lower under air
than for pure polymer and the mass loss takes place in three steps, in
agreement with the literature (Braun et al., 2007; Samyn and
Bourbigot, 2012). Aluminum phosphinate (which is one of the com-
ponents of OP1311 (Laachachi et al., 2007; Samyn and Bourbigot,
2012)) releases polyphosphoric acid, which reacts with PA6 producing
phosphoric esters and primary amide chain ends (Levchik et al.,
1996a,b,c).

Decomposition of PA-Kaol-10/OP-10 also takes place in three steeps
and starts at lower temperature than neat polymer, due to the presence
of OP1311. Comparing experimental and theoretical curves of the
ternary blend, a slight increase in onset temperature under air was
observed for experimental data, indicating that some interactions be-
tween additives or between additives and polymer could occur. The
residue at 750 °C is about 11%, slightly greater than mixture rule.

Table 1
Formulations studied.

Sample PA6 (wt%) Kaolinite (wt%) OP1311 (wt%)

PA 100 – –
PA-Kaol-10 90 10 –
PA-Kaol-20 80 20 –
PA-OP-10 90 – 10
PA-OP-20 80 – 20
PA-Kaol-10/OP-10 80 10 10

Fig. 2. TGA of Polyamide 6, PA-Kaol-20 PA-OP-20 and PA-Kaol-10/OP-l-10 composites under nitrogen (A) and air (B) at 10 °C·min-1.

Table 2
Caracterisitc temperatures under N2 and air.

Sample T onset
N2 (°C)

T peak
N2 (°C)

Mass
residue N2

(%)

T onset
air (°C)

T peak
air (°C)

Mass
residue
air (%)

PA 348 463 – 357 456 –
PA-Kaol-10 341 461 9 369 464 9.3
PA-Kaol-20 348 463 17.6 374 477 16.1
PA-OP-10 300 459 2.7 284 455 2.3
PA-OP-20 294 458 6.2 286 457 4.1
PA-Kaol-10/OP-10 308 470 11 303 468 10.1



3.2. Pyrolysis combustion Flow Calorimeter tests

Pyrolysis combustion flow calorimeter (PCFC) has been used to
study the fire behavior of mg-sized samples (Lyon et al., 2007; Lyon and
Walters, 2004; Schartel et al., 2007; Sonnier et al., 2011). The PCFC
results are presented in Fig. 3. A decrease of HRC for both additives is
observed, being slightly greater for OP composites. It is well accepted
that mineral fillers impart an improvement in fire behavior by a surface
protective layer which insulates the polymer and decreases mass
transfer to gas phase and heat transfer to condensed phase. For PCFC
analysis, this effect plays a negligible role since physical effects are not
taken into account. In the case of kaolinite containing composites, for
PA-Kaol-10 a slightly greater value of pHRR was observed which in-
dicates that kaolinite could catalyze thermal degradation of PA6. As
expected, in the case of OP containing composites, a greater reduction
in pHRR was observed. Moreover a first small peak is observed at low
temperature (about 350 °C) confirming the lower thermal stability of
composites containing OP1311, in agreement with TGA analysis. In the
case of PA-Kaol-10/OP-10, a further decrease was observed compared
to composite containing only OP indicating that some interactions be-
tween filler and additives may occur.

3.3. Cone calorimeter

Heat release rate (HRR) plots of neat PA6 and composites filled with
kaolinite, OP1311 and both additives are shown in Fig. 4 and
complete results are presented in Table 3. The incorporation of
kaolinite leads to a reduction in pHRR as a function of filler loading.
For 10 wt% only a small reduction was observed, whereas for 20 wt
% a reduction of about 50% was achieved. In the case of OP1311,

reductions of about 60% for PA-OP-10 and about 80% for PA-OP-20
were observed in agreement with literature (Ramani and Dahoe,
2014; Samyn and Bourbigot, 2012). The ternary blend (PA-Kaol-10/
OP-10) showed the same behavior of PA-OP-20, with a reduction of
about 80% in pHRR. For these two last composites, the curve shape
is indicative of a thick charring behavior, i.e. an effective barrier
effect (Schartel and Hull, 2007). Effective Heat of Combustion
(EHC) of composites shows different behavior in function of additive
type (Table 2). In the case of PA-Kaol-10 and PA-Kaol-20, a very
limited decrease of EHC was observed which is consistent with a
main action in condensed phase. As kaolinite releases only 14% of
its weight as water vapor, it is reasonable to assume that the main
action is the formation of a surface protective layer which decreases
the mass transfer from condensed to gas phase and the heat transfer
from the flame to underlying polymer (Batistella et al., 2016, 2014).
In the case of PA-OP-10 and PA-OP-20, a greater decrease of EHC
and an increase in char residue were observed, indicating that
OP1311 acts both in condensed and gas phase. Braun et al. have
shown that aluminum phosphinate in polyamide acts as flame in-
hibitor and releases phosphoric acid which can promote the for-
mation of a char (Braun et al., 2007). Also, melamine polyphosphate
releases ammonia, which acts in gaseous phase leading to a dilution
of volatiles and to a reduction in EHC.
Time to ignition (TTI) of composites showed a different behavior.
For composite containing kaolinite, the observed decrease in com-
parison to pristine polymer may be assigned to an increase of heat
absorption on the sample surface (Delichatsios and Zhang, 2012;
Fina et al., 2013). Another explanation proposed in the literature for
the decrease of TTI for composites containing mineral fillers is the
increase of the viscosity of the molten polymer (Kashiwagi et al.,
2008). However, the incorporation of 20 wt% of kaolinite leads to
an increase in TTI compared to PA-Kaol-10, possibly because the
particles slow down the release of the volatiles and thus prevent the
critical ignition concentration from being reached.
TTI of PA-OP composites showed a greater reduction compared to
neat polymer. Levchik et al. have shown that melamine facilitates
thermal degradation of PA6 interfering with the network of hy-
drogen bonds which leads to a decrease in TTI (Levchik et al., 1997).
For the composite containing the mixture of kaolinite and OP1311, a
decrease was also observed, possibly due to a combination of kao-
linite in surface sample and the specific effect of OP311 which fa-
cilitates thermal degradation of PA6. All these results are in agree-
ment with TGA, where a decrease in onset temperature was
observed for the composites containing OP1311.
TSR values increased as a function of filler loading and filler type.
It's accepted that carbon monoxide and smoke production corre-
spond to incomplete combustion. In the present study, the smoke
production is several times higher than that of neat PA6 as function
of filler type and loading, in agreement with some results in litera-
ture (Braun et al., 2007, 2006). Also, the lower EHC and higher
smoke production indicate that unburnt gases are present in gas
phase. Braun et al. had studied the influence of addition of

Fig. 3. PCFC results of composites.

Fig. 4. HRR plots of the composites. Irradiance: 50 kW·m-2.

Table 3
Cone calorimeter results of PA6/Kaolinite and PA6/OP1311 composites.

Sample pHRR
(kW/m2)

TTI (s) THR
(MJ/m2)

EHC
(kJ/g)

TSR
(m2/
m2)

Mass residue
(%)

PA 1352 79 150 28.4 455 0
PA-Kaol-10 1163 58 140 27.1 708 9
PA-Kaol-20 779 70 126 26.1 965 18.7
PA-OP-10 551 49 128 25.5 1470 2.6
PA-OP-20 320 45 124 23.5 2600 5.4
PA-Kaol-10/

OP-10
348 48 128 24.1 2300 11.4



aluminum diethylphosphinate in glass fiber reinforced poly(1,4-
butylene terephthalate) and showed that the release of phosphinate
compounds was observed in the gas phase of the flame retarded
composites (Braun et al., 2008). They also reported that a strong
increase in TSR (by a factor more than two) could be caused by a
suppressed total oxidation process indicating a radical trapping
mechanism (Braun et al., 2008).
The behavior and the visual appearance of composites under cone
calorimeter test were also different from the neat polymer. For the
PA-Kaol-20 sample, small bubbles burst at the surface of the sample
during the cone calorimeter test, followed by the ignition. After
100 s, the surface was covered by large bursting bubbles with vig-
orous bubbling and a low viscous behavior. At the end of the test, a
thin, grey and non-cohesive residue was observed. The residue
content corresponds only to mineral residue from kaolinite decom-
position.
The incorporation of 10 or 20 wt% of OP1311 (PA-OP-20) leads to a
different behavior. Before ignition, small bubbles burst at the sur-
face of the sample, followed by ignition. After 100 s, sample surface
was covered with a thin char layer. At the end of the test, a thin,
black residue was found.
For PA-Kaol-10/OP-10, in the pre-ignition period a black, protective
and cohesive layer was observed which remained until the end of
the test. It seems that the combination of kaolinite with OP1311
limits bubbling and mass transfer from the pyrolysis front to the
flame. Moreover the formation of a slightly rigid layer allows lim-
iting heat transfer from the flame to the underlying material. This
barrier effect is well documented in literature for various nano-
composites systems, reducing the mass loss rate and the HRR values
(Cárdenas et al., 2008; Durin-France et al., 2000; Kashiwagi et al.,
2004; Samyn and Bourbigot, 2012).

The reduction in pHRR for all composites observed in cone calori-
meter test is less marked compared to PCFC results. Since it is known
that PCFC test does not take into account physical effects like barrier
effect, this one can be observed only for relatively thick samples, but
not for 2–5mg-scale sample (Schartel et al., 2007; Sonnier et al., 2011).
Using this assumption, we proposed in a previous study (Sonnier et al.,
2011) a new method to evaluate the barrier effect by comparing the
results of cone and PCFC tests. In this method, two parameters are
calculated: the ratio R1 between pHRR of the composite and of the neat
polymer obtained by PCFC and the ratio R2 between pHRR of the
composite and of the neat polymer obtained by cone calorimeter. Then
R1 is plotted according to R2 for different wt% of mineral filler. The gap
between the plotted points and the curve X=Y depends on the barrier
effect. Indeed an important shift (R1> > R2) corresponds to an ef-
fective barrier effect.

=R
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cone calorimeter( )composite

PA
1

6 (1)
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pHRR
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PA
2

6 (2)

Fig. 5 plots R2 vs R1 for the different samples. All composites are
shifted from the straight line X=Y. This deviation confirms our hy-
pothesis for kaolinite composites: the heat and/or gas barrier effect is
an important mode-of-action for the improvement of flame retardancy.
Furthermore, for the composite containing kaolinite and OP, it appears
that its behavior is very close to this of the composite containing 20wt

% of OP (PA-OP-20). For PA-OP-10 and 20, the shift from the straight
line is due both to barrier effect and flame inhibition. Indeed, com-
bustion is complete in standard conditions in PCFC and flame inhibition
does not occur.

On the whole, the fire performance of PA-Kaol-10/OP-10 and PA-
OP-20 seems very similar. In order to point out possible interactions
with fillers and matrix, XRD, EDX and FTIR analysis were carried
out on cone calorimeter residues.

3.3.1. Analysis of cone calorimeter residues
XRD spectra of cone calorimeter residues are presented in Fig. 6.

The spectra of the composites before the fire test show intense char-
acteristic reflections of kaolinite and phosphinate (composites PA-Kaol
and PA-OP). The spectrum of PA-Kaol-20 residue obtained after cone
calorimeter test still exhibits the characteristic reflections of kaolinite
(12 degrees (2θ)), with a lower intensity. Also, the formation of a poorly
crystallized compound (shoulder reflection between 15 and 30 degrees

Fig. 5. R1 vs R2 plots for all studied composites.

Fig. 6. XRD of cone calorimeter residues.



(2θ)) which may be attributed to the partial formation of metakaolinite
is observed (Ptáček et al., 2014). PA-OP residue exhibits a crystalline
phase which may be assigned to the formation of aluminophosphates
(AlPO4). The spectrum of the residue of the composite PA-Kaol-10/OP-
10 seems to be the sum of the spectra of PA-Kaol and PA-OP composites
with the formation of a glassy phase (shoulder reflection between 20
and 30°) as observed in PA-Kaol-20 residue.

This result is also confirmed by the FTIR analyses on residues
(Fig. 7). In the case of PA-Kaol residue it can be noted the absence of
bands at 913 cm−1 (Al-OH) and in the region between 3700 and
3620 cm−1 corresponding to kaolinite hydroxyl groups which are pre-
sent in the initial sample (Fig. 7A). The absence of bands at 539 and
913 cm−1 and the appearance of a new band at 800 cm−1 may be re-
lated to dehydroxylation of kaolinite (Ptáček et al., 2014). The band at
1054 cm−1 is attributed to the presence of amorphous silica which is
present in kaolinite structure. The composite PA-OP has a band at
1600 cm−1 due to polyaromatic structures or CO bonds and a band at
1105 cm−1 assigned to aluminum phosphate products (aluminum
polyphosphate, aluminum orthophosphate or aluminum pyrophosphate
(Braun et al., 2007)).

Interestingly, comparing the ratio between initial and final phos-
phorus content (as showed in Table 4) and calculated as explained in
Eq. (3), in the case of PA-OP-20 composite, near of 70 wt% of phos-
phorus content is released in gas phase indicating that in this case the
mode of action may be flame inhibition. For PA-Kaol-10/OP-10, a
slightly higher phosphorus content was observed. This result suggests
that kaolinite may trap phosphorous compounds in condensed phase or
some interaction between kaolinite and OP1311 may occur.

=

−

×P
P P

P
(%) 100initial final

Initial (3)

Braun et al. analyzed the surface of residues obtained in cone ca-
lorimeter of glass fiber reinforced PA6 fire retarded with diethyl
aluminum phosphate and melamine polyphosphate and showed that
the surface is dominated by low carbon contents and high contents

of heteroatoms (nitrogen, oxygen, phosphorus) with a higher ni-
trogen concentration for the composite containing flame retardants
(Braun et al., 2007).
In order to assess the interactions that may occur between kaolinite
and OP in cone calorimeter test, XRD, FTIR and EDX analysis of
residues of Kaolinite/OP1311 blends were performed.

3.4. Thermal analysis of kaolinite/phosphinate mixture

TGA thermograms of kaolinite, OP1311 and a blend of Kaolinite/
OP1311 1:1 are presented in Fig. 8. Kaolinite degrades thermally in one
step in agreement with the literature (Ptáček et al., 2014). Under ni-
trogen or air, kaolinite loses 14 wt% corresponding to dehydroxylation.
OP1311 degrades in a three steps process. Between 350 and 410 °C, a
slow decomposition is observed with a maximum of the decomposition
rate around 403 °C and corresponding to a loss of 5 wt%. The second
step occurs between 450 and 550 °C and corresponds to a mass loss of
73%. Between 550 and 650 °C, a last step of decomposition can be
noticed, corresponding to a mass loss of 11% and leading to a stable
residue of about 11 wt%.

Comparing experimental and theoretical curves, the addition of
kaolinite to OP leads to a slightly lower onset degradation temperature
of OP (Fig. 8). The experimental and the theoretical curves of Kaol/OP
are not superimposed, suggesting that interactions between OP and
kaolinite occur and may lead to a destabilization of OP, even if the
experimental and theoretical residues are similar. Moreover, tempera-
ture peak is shifted to lower values comparing theoretical and experi-
mental data (from 468 to 450 °C, respectively). According to the TGA
curves of the compounds, four characteristic temperatures have been
determined in air: 350, 450, 600 and 800 °C. Hence, thermal treatments
have been carried out at these temperatures in order to simulate the
decomposition process and to investigate the chemical species formed
at these different temperatures. At the selected temperatures, the
sample is heated in a furnace for 2 h with a ramp of 30 °C·min−1. XRD,
FTIR and EDX analysis were carried out to characterize the treated
samples.

XRD patterns of kaolinite, OP and Kaol/OP (50/50) blend are pre-
sented in Fig. 9. Kaolinite is thermally stable until 450 °C. At this
temperature, it starts to decompose and loses its structural water.
Therefore, as kaolinite contains traces of anatase, at 600 °C, only ana-
tase and an amorphous broad band due to the transformation of kao-
linite to metakaolinite are observed. These results are in agreement
with the literature (Paper et al., 2010).

From room temperature to 350 °C, OP1311 presents partially crys-
talline structures characterized by the patterns displayed on Fig. 9.
Between 350 and 450 °C, OP1311 degrades, resulting in the formation
of an amorphous phase and remains amorphous until 800 °C.

The diffractogram of Kaol/OP is slightly different from the simple

Fig. 7. FTIR of (A) composites and (B) cone calorimeter residues.

Table 4
Percentage of initial phosphorus remaining in the residue measured using X-micro-
analysis (EDX).

Sample P (%) N (%)

PA-Kaol-20 0 0
PA-OP-20 29 3
PA-Kaol-10/OP-10 35 8



mixture rule. At 450 °C, the Kaol/OP diffractogram shows only the
presence of kaolinite and anatase. At 600 °C, metakaolin is observed
with traces of anatase. At 800 °C, some peaks corresponding to poorly
crystallized phases are observed which may be attributed to the for-
mation of various aluminophosphorous (AlP) compounds. In principle,
AlP may be formed by OP alone, but these compounds were not ob-
served in the spectra of OP, indicating that an interaction between OP
and kaolinite occurred in the studied conditions.

The ratio between initial and final phosphorus and nitrogen con-
tents measured by EDX for the samples after treatment at 350 and
800 °C and results are presented in Table 5. It can be noticed that

phosphorus content changes according to the sample and the treatment
temperature. It is interesting to note that the phosphorus content of
Kaol/OP is much higher than for OP alone. This confirms that more
phosphorus remains in condensed phase in presence of kaolinite in-
dicating that the main mode of action of OP changes when associated
with the clay mineral. OP acts mainly in the condensed phase when
combining with kaolinite due to a synergistic effect. It should be noted
that the residence time of phosphorus degradation products could be
longer due to a barrier effect, leading to the formation of secondary
species. It is also interesting to note that nitrogen content was different
depending if OP is alone or in combination with kaolinite. At 350 °C a
difference of about 20% in nitrogen was observed. At 800 °C a lower
difference was observed. These results indicate that kaolinite could also
partially trap nitrogen compounds, which could come from the de-
gradation of melamine polyphosphate, possibly used as synergistic
agent of phosphinate, from the thermal degradation of OP.

4. Conclusions

The influence of the incorporation of kaolinite and a phosphinate
compound in PA6 matrix was evaluated in terms of fire retardancy.
Also, the interactions between these additives during a fire test were
analyzed. Cone calorimeter results showed that the addition of kaolinite
leads to an improved fire performance for 20 wt% compared to neat
polymer in terms of pHRR. As expected, the addition of OP leads to a
better improvement in fire behavior observed in cone calorimeter. For
kaolinite, only a condensed phase mode of action is observed as re-
ported in literature, whereas OP1311 acts both in gas phase by flame
inhibition as well as dilution of combustible gases (ammonia release)
and in condensed phase by charring promotion thanks to phosphinate
which may degrade into phosphoric acid.

The partial substitution of OP1311 by kaolinite is not detrimental
for fire retardancy as observed by cone calorimeter. HRR curves are
similar. Moreover, the presence of kaolinite changes the mode-of-action
of OP due to interactions between both additives. Kaolinite may trap
some phosphorus and nitrogen compounds, limiting the flame inhibi-
tion effect of OP and probably promotes the barrier effect protecting the
polymer matrix from the radiant heat and slowing down the mass
transfer from the gas phase.

Results of thermal degradation of these additives obtained in con-
trolled conditions show that some interactions between kaolinite and

Fig. 8. TGA of Kaolinite, OP1311 and a 50:50 Kaol/OP blend at 10 °C·min-1 under air.

Fig. 9. XRD of Kaolinite, OP1311 and a Kaol/OP mixture (50/50) after thermal treatment
at different temperatures (10 °C·min-1)

Table 5
Elementary analysis of OP and Kaol/OP at 350 and 800 °C.

Element OP Kaol/OP

P (%) (350 °C) 98 98
N (%) (350 °C) 26 49
P (%) (800 °C) 60 90
N (%) (800 °C) 5.3 8.2
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OP occur at higher temperatures. XRD analysis shows the formation of 
alumino-phosphorous compounds at high temperature which are not 
observed for OP alone. Also, elementary analysis evidence that phos-
phorus content remaining in the residue is higher in the presence of 
kaolinite.

Nevertheless, analyses carried out on cone calorimeter residues do 
not show the formation of new phases. Only an increase in phosphorus 
content is observed in the case of composites containing kaolinite and 
OP compared to the composite containing only OP.

These results indicate that kaolinite changes the mode-of-action of 
OP1311 to a certain extent, by trapping phosphorous in condensed 
phase, and may replace partially OP1311 without affecting negatively 
fire behavior.
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