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Halloysite nanotubes (HNTs) were successfully incorpo-
rated as flame retardants in polyamide-11 (PA11) after their 
modification with methyl phosphonic acid. Fourier trans-
form infrared spectroscopy, thermal gravimetric analysis 
(TGA) and pyrolysis–gas chromatography–mass spectrom-
etry were used to evidence the functionalization of the clay. 
Raw and modified HNTs were then incorporated by melt 
mixing in PA11 at 20 wt%. Compositions containing both 
ammonium polyphosphate (APP) and HNTs were also pre-
pared. TGA and pyrolysis combustion flow calorimeter 
exhibited enhancement in thermal stability upon incorpora-
tion of both raw and modified halloysite nanotubes while 
APP causes degradation at lower temperature. Cone calo-
rimeter data showed that modified halloysite acts by form-
ing an insulating barrier during the combustion, which 
limits heat and mass transfers. Moreover, elemental analy-
sis of sample residues after cone test evidenced that a part 
of the phosphorus of the modified halloysite was trans-
ferred to the gaseous phase. These results suggest the full 
potential of halloysite as fire retardant agent for polyam-ides. 

INTRODUCTION
Polyamide-11 (PA11) is a biocompatible commercial aliphatic 

polymer with excellent characteristics such as good oil resistance or 
low coefficient of friction and has the advantage to be less hydro-philic 
than the commonly used polyamide-6 and 6,6 [1,2]. Therefore, PA11 is 
widely used as an engineering polymer in a large range of industrial 
fields from automotive to offshore applications including food 
packaging and sport equipments. Unfortunately, like all the 
polyamides, the fire behavior of PA11 is limited and applications in 
electric industries or in the building sector require the use of fire 
retardants. Several approaches to improve fire retardancy of polyam-
ides can be envisaged, including the use of flame retardants additives 
[3,4], grafting fire retardant groups on the polymer chain [5] or copo-
lymerization with fire retardant monomers [6]. Nevertheless, most of 
current fire retardants cause destabilization of polyamides (discolor-
ation and reduction in melt viscosity) because of sensitivity to acids, 
even at low concentrations [3]. Moreover, phenomena of migration of 
the additives during processing, water conditioning or ageing of the 
polymer are liable to entail loss of fire retardancy because of the 
undergone hydrolysis. Hence, nanocomposites technology has emerged 
as a route to improve the flammability of polyamides, not only with the 
use of nanoparticles alone, such as nanoclays [7–9], but more 
efficiently through synergies with flame retardants [10–13].

Halloysite nanotubes (HNTs) are minerals of kaolinite group
with the chemical composition Al2Si2O5(OH)4.nH2O, which
exhibit many advantages such as biocompatibility, thermal sta-
bility and reinforcing effect [14]. The literature reports numer-
ous polymer/halloysite nanocomposite systems, leading to
enhancements in mechanical properties, improvement of ther-
mal stability, nucleating effect and also flame retardancy
[15–18]. Indeed, it has been reported that halloysite, alone or
in synergy with usual fire retardant, can enhance fire behavior
of various polymers such as polypropylene [19–21],
polyamide-6 [22], polylactic acid (PLA) [23], poly(butylene
succinate) [24] or linear low-density polyethylene [25] through
thermal insulation barriers that can be developed at the surface
of the composite during the burning. It has been shown that
this barrier reduces the mass loss rate, limits the heat release
rate (HRR) and extends the time to flameout [22]. The encapsu-
lation into the HNTs lumen of products resulting from the ther-
mal degradation of the polymer is also known to contribute to
the fire behavior enhancement of the nanocomposites [26].
Many factors have to be examined while considering nanoparti-
cles as fire retardant, such as aspect ratio, shape or amount that
can influence the barrier effect. To improve the flame retardant
effect of halloysite, some authors have retained the strategy of
chemical modification of the clay. For example, Li et al. [27]
grafted maleic anhydride and 9,10-dihydro-9-oxa-10-phospha-
phenanthrene-10-oxide (DOPO) at the surface of HNTs before
adding it at 5 wt% in PLA. They reported that the improved
fire retardancy was due to a slow release of DOPO derivations
and a subsequent flame inhibition, together with secondary bar-
rier effect. Marney et al. [28] intercalated halloysite with phe-
nyl phosphonic acid, leading to an enhanced fire behavior of
PA6/halloysite nanocomposites. Halloysite has unique tubular
structure with aluminol groups at the inner surface and silanol
ones at the outer. This difference of composition was used in
this study to modify selectively inner surface of halloysite with
methyl phosphonic acid (MPA). Indeed, the reactivity between
HNTs aluminol groups and phosphonic functions allows the
selective grafting of inner surface of HNTs [29,30]. In a recent
article [31], organophosphorous flame retardant dimethyl
methylphosphonate (DMMP) was loaded into HNTs lumen
using vacuum (leading to HNT-D). A 20 wt% of HNT-D was
added into UV-curable epoxy resin and a better flame retar-
dancy was measured. The authors revealed that the flame retar-
dant mechanism consisted in two steps: a first DMMP
gasification followed by a polyphosphoric-HNTs carbon layer
generation on the condensed phase. To the best of our knowl-
edge, there are no other articles dealing with the effect of the
chemical modification of HNTs on the flame retardancy of
polymers, especially polyamides.
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Therefore, the main objective of this paper is to investigate the
potential of halloysite, after its functionalization with MPA, as a
fire retardant agent for PA11. Halloysite was used alone or in
combination with a standard phosphorous fire retardant. The
incorporation of the clay in PA11 was performed by melt com-
pounding at 20 wt%. Moreover, the results with the modified hal-
loysite were compared to those of neat PA11 and PA11
containing raw halloysite and ammonium polyphosphate (APP).

EXPERIMENTAL
Materials

PA11 (Rilsan® LMNO) was kindly supplied by Arkema. This
grade is free of any stabilizers or additives. Its mean molecular
weight Mn = 22,000 g/mol and average molar weight = 51,000
g/mol with a density of 1.02 g/cm3. Raw halloysite (referenced as
Hal) derived from Djebel Debbagh deposit (Guelma, eastern
region of Algeria). Halloysite particles having an average diame-
ter of 25 μm and a surface area of 51.4 m2/g. This halloysite was
characterized in details previously in [32]. MPA was purchased
from ABCR. Less-hygroscopic APP Exolit 423 was kindly sup-
plied from Clariant. Ethanol and acetone were purchased from
Sigma Aldrich and Panreac, respectively. Before using, HNTs and
polymer pellets were dried under vacuum at 80�C for 24 h and
overnight, respectively, to remove moisture traces.

Halloysite Functionalization

The halloysite functionalization consisted of a reaction between
halloysite and MPA. A 10 g of halloysite, 1 g of MPA and
100 ml of an ethanol/water (90/10 w/w) solution were introduced
into a 250 mL flask fitted with a condenser. The mixture was then
stirred and heated at solvent reflux for 15 h. The mixture was next
centrifuged (speed: 5,000 rpm) to eliminate the liquid phase and
washed three times with acetone. Finally, the obtained halloysite
(referenced as Hal-P) was dried under vacuum.

Samples Preparation

Various compositions containing 20 wt% of Hal, Hal-P, APP, or
a mixture of APP and Hal or Hal-P were prepared and Table 1 sum-
marizes the studied compositions. The samples were prepared by
melt mixing under vacuum in a semi-industrial twin screw extruder
(BC 21 Clextral) at a screw speed of 250 rpm with a screw diameter
(D) of 25 mm and length to diameter ratio (L/D) of 48. The tempera-
ture profile was 140�C/250�C/245�C/235�C/230�C from hopper to
die. After pelletizing, the nanocomposites granules were dried under
vacuum at 80�C overnight and then injection molded into standard
test specimens for fire testing (plates of 100 × 100 × 4 mm3) using
an injection molding machine KM50-180X (Krauss Maffei). The
temperature profile setting ranged from 220�C to 225�C and the

mold temperature was kept at 40�C. Holding pressure and screw
rotation speed were 135 bar and 100 rpm, respectively, with a
throughput of 50 cm3/s.

Characterization

Fourier Transform Infrared Spectroscopy. The surface modi-
fication of halloysite after functionalization was investigated by
Fourier transform infrared (FTIR) spectroscopy. FTIR was per-
formed on a spectrometer IFS 66 (Bruker) on KBr pellets (1:99
ratio) and spectra were obtained by collecting 64 scans between
400 and 4,000 cm−1 with a resolution of 2 cm−1.

Pyrolysis–Gas Chromatography–Mass Spectrometry. A Pyr-
oprobe 5000 pyrolyzer (CDS analytical) was used to flash pyro-
lyze the samples in a helium environment. This pyrolyzer is
equipped with an electrically heated platinum filament. One coil
probe enables the pyrolysis of samples (<1 mg) placed in a quartz
tube between two pieces of rockwool. The sample was heated at
900�C. The temperature was held for 15 s, and then the gases
were drawn to the gas chromatograph for 5 min. The pyroprobe
5000 is interfaced to a 450-GC chromatograph (Varian) by means
of a chamber heated at 270�C. In the oven, the initial temperature
of 70�C was raised to 250�C at 10�C/min. The column is a Varian
Vf-5 ms capillary column (30 m × 0.25 mm; thickness = 0.25
μm) and helium (1 L/min) was used as the carrier gas, a split ratio
was set to 1:50. The gases were introduced from the GC transfer
line to the ion trap analyzer of the 240-MS mass spectrometer
(Varian) through the direct-coupled capillary column.

X-Ray Diffraction. The crystalline structure of the specimens
was examined using wide angle XRD measurements. An X-ray
diffractometer (XRD) Bruker D8 (Bruker, USA) equipped with a
Cu-Kα radiation source (λ = 1.5418 A�) and operated at 30 kV
and 40 mA, was used for the investigations in the interval range
2ϑ from 5� to 70� with a scanning step of 0.007�.

Thermogravimetric Analysis. The thermal stability of the hal-
loysites and the nanocomposite samples was studied by thermal
gravimetric analysis (TGA). The analyses were performed by a
thermogravimetric analyzer (Setsys Evolution, Setaram). In order
to remove all the physisorbed water of the halloysites, an isother-
mal step (10 min, 110�C) was performed before starting the anal-
ysis and then the samples were heated to 900�C at a heating rate
of 10�C/min, while the nanocomposite samples were heated to
600�C at 10�C/min. Measurements were carried out under air or
nitrogen atmospheres with a flow rate of 20 mL/min on samples
of ~20 mg.

Transmission Electron Microscopy. Transmission electron
microscopy (TEM) was conducted to evaluate the degree of dis-
persion of both raw and modified HNTs in the PA11 matrix.
Micrographs were obtained with a JEOL 1200EX TEM (JEOL)
operating at an accelerating voltage of 100 kV. The TEM samples
were embedded in a LR white resin and ultrathin-sectioned at
70 nm using a Leica EM UC7 ultra-microtome with a diatome
diamond knife Ultra 45 (Nissei Sangyo). Sections were collected
on 300 mesh copper grids coated with carbon film.

TABLE 1. Code and composition of the samples

Samples PA11 (wt%) APP (wt%) Hal (wt%) Hal-P (wt%)

PA11 100 0 0 0
PA11/AP 80 20 0 0
PA11/H 80 0 20 0
PA11/HP 80 0 0 20
PA11/AP/H 80 15 5 0
PA11/AP/HP 80 15 0 5



vibration of alkyl groups inside the confined spaces of halloysite
lumen [29,30].

Pyrolysis–gas chromatography–mass spectrometry (Py-GC/
MS) was also used to evidence the functionalization and the
obtained results are presented in Fig. 2. The first observation after
halloysite modification concerns the main observed peak at
1.5 min in Hal that is assigned to a sulfonate fraction resulting
from a pollution due to the raw nature of the used HNTs. We

FIG. 1. FTIR spectra of Hal, Hal-P and MPA (a). The region between 1,300
and 1,330 cm−1 (b).

FIG. 2. Py-GC/MS chromatograms of Hal and Hal-P.

Scanning Electron Microscopy. Scanning electron microscopy 
(SEM) was conducted under high vacuum with an environmental 
SEM Quanta 200 FEG (FEI Company) operating at 12.5 kV. It 
was first used to investigate the morphology of the PA11/HNTs 
samples. Injection molded test specimens were cryo-fractured and 
coated with a thin carbon layer. The fracture surfaces were 
observed in the back-scattered electrons mode. Moreover, SEM 
was used to observe the residues collected after cone calorimeter 
test for PA11/H and PA11/HP.

Pyrolysis Combustion Flow Calorimeter. Pyrolysis combus-

tion flow calorimeter (PCFC) has been used to study the fire 
behavior of mg-sized samples. PCFC analysis was carried out 
according to the method A (anaerobic pyrolysis) of the ASTM 
D7309 using a Fire Testing Technology (FTT) apparatus with a 
heating rate of 1�C/s, 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 
0.5–2 mg.

Cone Calorimeter. The fire behavior of the studied composi-
tions was mainly studied using a FTT cone calorimeter. The mea-
surements were carried out according to ISO 5660–1 test 
procedure at incident heat flux of 50 kW/m2 and the ignition of 
the flame was initiated using a spark igniter. The cone data 
reported here are averages of at least three replicates reproducible 
with variation <10%. The fire property parameters considered 
were HRR, peak of HRR (PHRR), total heat released (THR), 
maximum average rate of heat emission (MAHRE), and time to 
ignition (TTI).

Elemental Analysis. The phosphorus content was measured 
by inductively coupled plasma atomic emission spectroscopy 
(ICP-AES). Measurements were carried out by SGS Multilab. 
Modified halloysite (Hal-P) and the residue after cone calorimeter 
test of PA11/HP were analyzed. Hal-P contains 16 wt% of water 
whereas the residue of PA11/HP is in the dehydrated form. 
Hence, water was removed in the calculation of the final phospho-
rus content of Hal-P and the dry mass of phosphorus (wt% of P) 
is given in the Results and Discussion part.

RESULTS AND DISCUSSION
Characterization of the Functionalization

The purpose of the functionalization is to confer a better flame 
retardancy action through the modification of halloysite using a 
phosphorous compound, the MPA. The functionalization is 
assumed to be performed on the inner surface of HNTs, since 
phosphonic compounds can only react with aluminol groups pre-
sent at the inner surface [29]. Modified HNTs (Hal-P) were 
obtained after several steps of centrifugation and washing in order 
to eliminate all the MPA molecules that were not covalently 
attached to the aluminol groups of the HNTs. Figure 1 shows 
FTIR spectra of Hal, Hal-P and MPA. A weak band can be 
observed at 1,320 cm−1 for Hal-P (Fig. 1b). This additional band 
is attributed to the alkyl group of the MPA [33]. It is difficult to 
observe new bands, even in the transmission mode, because of 
the localization of the MPA at the inner surface. Indeed, the peak 
absorbance shifts toward lower values due to the more constricted



observe the appearance of a new peak at 2.1 min corresponding to
another sulfur species, which can be the result of a combination
between the decomposition products of MPA and the sulfur frac-
tion of raw halloysite during the pyrolysis step.

The XRD patterns of the samples (Fig. 3) confirm the presence
of halloysite (basal reflection at 2ϑ = 12�) in its tubular form (very
intense reflection at about 20�) with presence of some other min-
eral impurities like quartz and calcite [34]. As both XRD spectra
of Hal and Hal-P matches, it is shown that MPA does not change
the crystalline structure of the nanotubes, as the peaks remain
unchanged even after functionalization. This proves that MPA is
not intercalated but either encapsulated or grafted onto the lumen
surface or grafted at the edge of the nanotubes [28,35].

TGA curves of the clay samples are displayed in Fig. 4. Experi-
ments were conducted under air because halloysite modified with a
phosphonic acid molecule has a tendency to react with nitrogen. As
evidenced, both halloysites show a first step of thermal decomposi-
tion up to 230 �C due to the release of the remaining physisorbed
water (surface and interlayer) [36]. The main mass loss correspond-
ing to the structural dehydroxylation of the hydroxyl groups of the
surface of HNTs occurs between 400�C and 570�C [36]. Hal-P fea-
tures a slightly more pronounced loss, which was attributed to the
decomposition of the grafted organic part. This slight difference is
due to the non-complete degradation of the MPA molecules that
have lost only around 37% of their weight at 900�C, under air.

Hence, this additional mass loss for Hal-P compared with Hal does
not allow calculating accurately a grafting rate of MPA.

Morphology

The dispersion of both raw and modified HNTs was first evalu-
ated by TEM. The pictures (Fig. 5) reveal the individual disper-
sion of the two HNTs at the nanoscale in the PA11 matrix.
Furthermore, SEM micrographs of the fractured surface of
PA11/H and PA11/HP nanocomposites are presented in Fig. 6.
The images confirm the homogeneous and uniform dispersion of
both Hal and Hal-P in the PA11 matrix. However, some small
bundles of HNTs are also visible but they are less than 15 μm in
size. They correspond in fact to the micronic particles resulting
from the comminution process of halloysite, which does not allow
a complete release of nanotubes to be performed, especially at
high filler content that is 20 wt%.

The morphological investigations through TEM and SEM indi-
cate clearly that halloysite modification through MPA did not
influence the state of dispersion of the clay in the matrix when
incorporated at 20 wt%.

Thermal Stability of the Nanocomposites

The thermal and fire behavior of PA11 containing 20 wt% of
Hal and Hal-P was compared with those containing 20 wt% of
APP and a mixture between APP and Hal or Hal-P. The thermal
stability of the different compositions was investigated mainly by
TGA. TGA and differential thermogravimetric (DTG) curves
obtained under nitrogen and air atmospheres are shown in Figs. 7
and 8, respectively.

At first, in non-oxidant atmosphere a decrease in PA11 thermal
stability in presence of APP is noticed. Thus, the temperature of
the maximum rate of degradation, corresponding to the peak of
the DTG curves, is reduced by 60�C compared with neat PA11,
whereas halloysite improves thermal stability by 15�C. Intermedi-
ate results are observed when APP is partially substituted by
HNTs but with a better effect in the presence of modified
halloysite.

Under oxidative atmosphere, the same trends are observed as
APP causes earlier degradation (−72�C) while halloysite enhances
thermal stability of PA11 matrix. Nevertheless, the improvement
of thermal stability is only significant in presence of modified hal-
loysite (+14�C for the temperature of maximum degradation rate).

The early degradation of the systems containing APP (whatever
the atmosphere) is due to release of water from APP and to the
formation of phosphoric acid that causes PA11 hot hydrolysis and
advanced thermal decomposition [37]. Conversely, it is suggested
that the enhancement of the thermal stability in presence of hal-
loysite is due to its high specific surface area, which restricts the
motion of macromolecular species when the polymer decomposes.
Moreover, its tubular structure with large lumen volume may
entrap some degradation products, resulting in an effective delay
in mass transfer of volatile decomposition products [19].

PCFC measurements under inert and oxidative atmospheres are
shown in Fig. 9a and b, respectively.

Under anerobic atmosphere (nitrogen), a significant influence
on degradation in presence of APP is observed, as the temperature
of the pHRR decreases by 40 �C in comparison to neat PA11. In
addition, a higher value of pHRR is noticed (667 W/g for neat
PA11 to 1060 W/g for PA/AP), whereas, incorporation of raw orFIG. 4. TGA curves of Hal and Hal-P under air.

FIG. 3. XRD patterns of Hal and Hal-P. [Color figure can be viewed at
wileyonlinelibrary.com]
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modified halloysite, delays PA11 degradation (+33�C) but with
slightly higher values of pHRR. Under oxygen, a degradation at
lower temperature is also noticed when APP is present in the

compositions. Halloysite incorporation leads to better thermal sta-
bility but only Hal-P induces a significant reduction of pHRR
from 1255 W/g for virgin PA11 to 676 W/g for PA11/HP.

FIG. 6. SEM micrographs of fractured surfaces of PA11/H and PA11/HP under different magnifications.

FIG. 5. TEM pictures of PA11/H and PA11/HP.



As the pHRR of PA11/HP is almost the same whatever the atmo-
sphere, it means that Hal-P may limit oxygen diffusion through the
nanocomposite during thermal degradation. Moreover, a reduction in
pHRR when 5 wt% of APP is substituted by Hal-P is also observed,
in comparison with APP alone. Since it has been shown that PCFC
test does not take into account physical effects [38,39], we can argue
that the decrease in pHRR with incorporation of Hal-P can be also
due to the substitution of a fraction of the organic polymer matrix by
halloysite or catalytic effects able to modify the degradation pathway
of the polymer [40].

Cone Calorimeter

Fire behavior of the different compositions was mainly studied
by cone calorimeter and the heat release curves at 50 kW/m2 heat
flux are illustrated in Fig. 10. The cone calorimeter collected data
are listed in Table 2.

From Fig. 10, it can be seen that most of the HRR curves are
very sharp, indicating intense burning and strong heat release,
except for PA11/HP, when the incorporation of 20 wt% of modi-
fied halloysite to the matrix leads to a flat HRR curve with a time
to flame out much longer than that of neat PA11. This plateau of
HRR, corresponding to a thick charring behavior [41], is ascribed
to the formation of a strong protective char layer that lasts longer
before breaking during the combustion. The presence of 20 wt%
of APP enhances pHRR by 9% while all the other compositions

lead to a decrease in pHRR in comparison to the neat PA11 with
the better results for PA11/HP (−57%).

The cone calorimetric data (Table 2) confirm that the flamma-
bility of PA11/HP was decreased in comparison to the other com-
positions, as both the time of flameout (TOF) and the MAHRE of
the formulation are all optimized compared to those of neat
PA11. The addition of any flame retardant systems (APP, HNTs
or both) decreases the TTI in Table 2 because the release of water
and phosphoric acid (in the case of APP) involves hydrolysis of
the PA11. The observation of a slightly lower char yield than the
original mass of HNTs incorporated into the composites is antici-
pated, as HNTs are expected to lose their associated water, and
undergo de-hydroxylation [42]. However, a higher amount of resi-
due is found for PA11/HP in comparison to PA11/H, which can
be ascribed to an incomplete pyrolysis due to char promotion
through catalytic effects in presence of Hal-P (images of the resi-
due are available in Supporting Information).

From the results, it can be considered that APP does not
improve fire retardancy of PA11. This is probably due, in our case
to the amount of APP that was not optimized to reach the best
flame retardant effect for PA11. Moreover, the stability of the pro-
tective char layer formed by APP is limited because of both PA11
hydrolysis due to water release and the formation of phosphoric
acid during APP degradation [11]. Indeed, it is known that APP
acts in the condensed phase via a protective char during combus-
tion [43]. In the case of Hal-P, a cohesive protective char layer is

FIG. 8. TGA (a) and DTG (b) curves of the different compositions obtained at 10 �C/min under air. [Color figure can
be viewed at wileyonlinelibrary.com]

FIG. 7. TGA (a) and DTG (b) curves of the different compositions obtained at 10 �C/min under nitrogen. [Color figure
can be viewed at wileyonlinelibrary.com]
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formed during the combustion, which does not break down and
forms an insulating layer between the melted polymer and the
flame zone. This acts to reduce the heat and mass transfer
between the gaseous (flame zone) and condensed phase (melted
polymer) [22], thereby slowing down the pyrolysis process and
consequently lowering the heat release rate (pHRR).

The substitution of 5 wt% of APP by HNTs, raw or modified,
results in an improvement of the fire reaction in comparison to
neat PA11 and PA11/AP due to an additive effect of halloysite.
It is particularly evident for PA11/AP/HP (containing 5 wt% of
Hal-P) in comparison with PA11/AP/H and PA11/AP. Hence, a
reinforcing effect of the charred structure promoted by APP
owing to the presence of HNTs could be considered. Moreover,
reactions between halloysite and APP degradation products to

form aluminophosphates that will stabilize the char layer at high
temperature can be assumed [24,44].

When analyzing the results it appears that the MPA functionali-
zation exerts a critical influence on the fire behavior. This is con-
sistent with the literature where it was found that phenyl
phosphonic acid modified halloysite can disrupt both the pyrolysis
and combustion process in PA6/halloysite nanocomposites [28].

Residue Analysis

Some analyses were undertaken on the cone calorimeter resi-
dues. First, elemental analysis was carried out to quantify both the
amount of phosphorus present on Hal-P and remaining in the resi-
due of the samples containing the modified halloysite. The results
(Table 3) indicate that Hal-P contains 2.06 wt% of phosphorus,
whereas the residue after cone calorimeter test of PA11/HP con-
tains 1.86 wt%. This difference can be due to the transfer of some
phosphorus content in the gaseous phase during the combustion,
which can suppose an effect of Hal-P in the gaseous phase.

The residues for PA11/H and PA11/HP were also collected
at the middle-time of the cone calorimeter test with degraded
and non-degraded parts. The SEM micrographs of these sam-
ples noted PA11/H-middle and PA11/HP-middle, respectively
are given in Fig. 11. For PA11/H-middle, a clearly straight
limit between the burned material (at the top) and the unspoiled

FIG. 9. PCFC curves under nitrogen (a) and air (b) of the different compositions. [Color figure can be viewed at
wileyonlinelibrary.com]

FIG. 10. HRR as function of time for the different compositions at a heat
flux of 50 kW/m2. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2. Cone calorimeter data at heat flux of 50 kW/m2

TTI (s) TOF (s) pHHR (kW/m2) Time pHRR (s) MAHRE (kW/m2) THR (MJ/m2) Residue (%)

PA11 88 � 2 440 � 29 977 � 30 190 � 5 440 � 10 152 � 2 0
PA11/AP 52 � 3 543 � 10 1067 � 65 195 � 5 452 � 21 138 � 2 15.9
PA11/H 65 � 7 543 � 57 816 � 90 255 � 10 365 � 33 139 � 3 15.2
PA11/HP 53 � 5 680 � 2 416 � 3 255 � 90 288 � 5 142 � 2 17.7
PA11/AP/H 44 � 12 609 � 48 825 � 23 130 � 5 411 � 21 135 � 1 17.4
PA11/AP/HP 48 � 7 550 � 21 726 � 32 152 � 8 404 � 4 132 � 2 14.8

TABLE 3. wt% of P obtained by elemental analysis (ICP-AES)

Samples Results from ICP-AES (mg/kg) wt% of P

Hal-P 20587 2.06
Residue of PA11/HP 18621 1.86

http://wileyonlinelibrary.com
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barrier. This strong barrier due to the formation of aluminum
phosphate does not break during the combustion and prevents
heat and mass transfer between gaseous and condensed phases.
These results suggest the full potential of halloysite after its func-
tionalization to become an effective and environment-friendly fire
retardant agent.
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FIG. 11. SEM micrographs of the residues collected at the middle-time of the cone calorimeter test for PA11/H and
PA11/HP. Low magnification (up) and high magnification (down).

one is visible, meaning that the pyrolysis front advances 
straight. For the PA11/HP-middle sample, the microstructure is 
highly different as different zones can be noticed (at least three 
zones pointed by three arrows). We assume that the phospho-
rous compound grafted on Hal-P reacts with the PA11 beside, 
to form a more cohesive residue that impedes the pyrolysis to 
progress straight ahead. As seen by the microstructure of the 
upper burned part of the PA11/HP-middle sample, it is consid-
ered that phosphorus also reacts with aluminum leading to an 
aluminum phosphate (AlPO3) [45].

CONCLUSIONS
Halloysite modification with methyl phosphonic acid was suc-

cessfully performed and FTIR, TGA, and Py-GC/MS analyses 
evidenced that functionalization. The influence of the halloysite 
modification on thermal stability and fire behavior of PA11 nano-
composites was then investigated in comparison to those of com-

posites filled with raw halloysite, APP and mixed compositions. 
Halloysite, especially the modified one, improves thermal stability 
of the PA11 in both inert and oxidative atmospheres while APP 
induces thermal degradation. Moreover, compared with APP that 
releases phosphoric acid at temperatures <300�C, the phosphonic 
acid grafted on the HNTs allows PA11 flammability to be 
improved by the formation of an insulating and cohesive char
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