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Abstract
Nano-silica had been used as a synergistic agent for the preparation of aluminum diethylphosphinate (AlPi) flame retardant
polyamide 66 (PA66/AlPi) and PA66/AlPi/nano-silica composites through twin-screw extrusion. The limiting oxygen index
(LOI), used to characterize the minimum amount of oxygen needed to sustain a candle-like flame, revealed that the PA66/
10%AlPi/1%nano-silica composites exhibited an excellent flame retardant efficiency with a high LOI value of 32.3%. The
vertical flame test (UL-94) revealed that the PA66/10%AlPi/1%nano-silica composites passed the V-0 rating without drop
melting. Cone calorimeter test revealed that the heat release rate and total heat rate for the PA66/10%AlPi/1%nano-silica
composites were significantly decreased by 51.1 and 16.8%, respectively, compared with those of pure PA66. The
thermogravimetric analysis showed that the PA66/10%AlPi/1%nano-silica composites had vast chars of 8.1% even at
800 C, indicating that nano-silica could promote the char formation of the PA66 composites. Scanning electron microscopy indicated a solid and tough residue of the burned PA66/10%AlPi/1%nano-silica composites as compared with the
very loose and brickle residue of the burned pure PA66, indicating that a suitable amount of nano-silica played a synergistic
effect in the flame retardancy.
Keywords
Polyamide 66, flame retardancy, aluminum diethylphosphinate, nano-silica

Introduction
Polyamide 66 (PA66) serving as a kind of engineering thermoplastic plays an important role in modern industrial
fields.1–4 PA66 is endowed with unique properties such
as high tensile strength, high ductility, good chemical resistance, good abrasion, low friction coefficient, good electrical insulating, and easy processing.5–9 However, some
disadvantages of PA66 limiting its applications include
poor dimensional stability, high moisture absorption, low
heat-deflection temperature, and easy flammability.10–14
Among all these disadvantages, the vital drawback of
PA66 is its high flammability. Among many researched
flame retardants on PA66, the halogen-containing flame
retardants have been limited in the polymeric materials due
to the release of corrosive and toxic products during the
combustion process.15–17
Nowadays, advanced halogen-free flame retarded systems have attracted increasing attention in the flame retardation of materials.18 The most promising halogen-free
flame retardants are phosphorus-based organic or inorganic
compounds. The developed and commercialized metal

phosphinates19,20 belong to a novel class of phosphorous
flame retardants, such as aluminum diethylphosphinate
(AlPi).21,22 However, AlPi causes some processing problems and decreases the intrinsic properties of the polymers,
since the required AlPi loading is usually very high (typically more than 15 wt%). For example, Braun et al.23 have
reported that AlPi (18 wt%) was incorporated into PA66 to
manufacture the glass fiber-reinforced PA66 composites
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and the thermal stability was increased. Ramani et al.24
have reported the excellent flame retardancy in the polyamide composites with the combination of AlPi (18 wt%)
and the melamine polyphosphate. The loading of AlPi was
pretty high. In order to reduce the dosage and to enhance
the fire retardation of AlPi, some synergistic nanoparticles
have been incorporated into polyamide together with
AlPi.25–31 However, there is no report about the AlPi with
the combination of nano-silica to enhance the flame retardancy of PA66 and to reduce the loading of AlPi.
In this work, nano-silica32–35 was used as the synergistic
agent36,37 and combined with AlPi to modify PA66. The
flame retardancy of the composites was characterized by
the limiting oxygen index (LOI) and vertical flammability
test. The oxidative thermal degradation was studied by
thermogravimetric analysis (TGA). The burning behavior
was evaluated by a cone calorimeter (CONE). The evolution of surface morphologies of pure PA66 and its nanocomposites with optimal combination after CONE test
were studied using a field emission scanning electron
microscope (SEM).

Experimental
Materials
PA66 (101L) was supplied by DuPont Company Ltd.
(Wilimington, Del., USA). AlPi was offered by Tianjin
Zhenxing Chemicals Company, China, and nano-silica
(200 nm) was supplied by Jinan Denuo Chemical Material
Co., Ltd, China.

Preparation of PA66/AlPi/nano-silica composites
The PA66 composites with 14.0, 10.0 wt% AlPi, and 10
wt% AlPi plus 1.0, 3.0 and 5.0 wt% nano-silica were
prepared by a twin-screw extruder (diameter (D): 20 mm,
L/D: 32, Model: SLJ-20, Nanjing Jieya Chemical Engineering Equipment company, China). The temperatures from
the hopper to the die at six different zones were 265, 270,
280, 280, 270, and 265 C to obtain different PA66/AlPi/
nano-silica composites with a speed of 140 r min1. The
extrudate was cut into pellets and dried in an oven at
80 C for 6 h. Injection molding (SJ-20  25, Harbin Special Plastic Product Company Ltd, China) at 280 C was
used to make various specimens for testing and characterization. The ratios (w/w) of the flame retardants to PA66
are listed in Table 1.

Characterizations
The LOI values were measured on a JF-3 oxygen index
meter (Jiangning Analysis Instrument Company, China)
with sheet dimensions of 130  6.5  3 mm3 according
to American Society for Testing and Materials (ASTM)
D2863-97. The vertical burning tests (UL-94) were carried

Table 1. The composition and flame retardancy data of the PA66
system.
UL-94
Samples

Nano-silica
(wt%)

LOI
(%)

Dripping

UL-94
rating

0
0
0
1
3
5

21.5
33.4
30.5
32.3
35.1
37.3

Yes
No
Yes
No
No
No

–
V-0
–
V-0
V-0
V-0

Pure PA66
PA66/14%AlPi
PA66/10%AlPi
PA66/10%AlPi
PA66/10%AlPi
PA66/10%AlPi

AlPi: aluminum diethylphosphinate; PA66: polyamide 66; LOI: limiting
oxygen index.

out on a CZF-3 instrument (Jiangning Analysis Instrument
Company) with sheet dimensions of 130  13  3 mm3
according to ASTM D3801.
TGA was carried out on a Perkin-Elmer Pyris 1 Thermal
Analyzer (Waltham, Massachusetts, USA)under nitrogen
atmosphere using a platinum pan containing samples of
approximately 4 mg and a temperature range between
50 C and 800 C with a heating rate of 10 C min1 and a
gas flow of 60 mL min1.
The SEM images were observed by using a scanning
electron microscop, which was provided by the Quanta
200 of FEI company. The morphological structures of the
exterior layer of the char residues from CONE tests were
obtained. The specimens were previously coated with a
conductive layer of gold for better imaging.
A Fourier transform infrared spectrometer (FTIR) was
provided by the Avatar360 of Nicolet company to examine
the surface char residue after CONE test. The X-ray photoelectron spectroscopy (XPS) was carried out in an ultrahigh
vacuum system equipped with a K hemispherical electron
analyzer (Thermofisher Scienticfic Company, Waltham,
Massachusetts, USA), using a monochromated aluminum
K source, at a base pressure of 1.0  108 mbar. The carbon (C), phosphorus (P), oxygen (O), and silicon (Si) elements were analyzed.

Results and discussion
Flame retardancy of PA66/AlPi/nano-silica composites
Pure PA66 is easy to be ignited and has a low LOI value of
21.5% with no burning level in UL-94 test (Table 1). After
incorporated with 14% AlPi, the LOI of PA66 was significantly increased to 33.4% and the burning level reached
V-0 (short burning time and no dripping) in UL-94. With
further reducing the amount of AlPi from 14 wt% to 10
wt%, the flame retardancy of PA66 was decreased obviously. The experimental results in Table 1 demonstrate that
PA66 composites with AlPi could achieve higher flame
retarding levels. The LOI of all the samples passed 30%
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Figure 1. (a) TGA and (b) DTG curves of the PA66 system, (a0 ) pure PA66, (b0 ) PA66/14%AlPi composites, and (c0 ) PA66/10%AlPi/
1%nano-silica composites. TGA: thermogravimetric analysis; AlPi: aluminum diethylphosphinate; PA66: polyamide 66; DTG: derivative
thermogravimetry.

and the UL-94 rating achieved V-0 for pure PA66. Specially, the LOI of the PA66/10%AlPi/1%nano-silica composites reached 32.3%, indicating that AlPi could
obviously increase the LOI of PA66 when it was combined
with nano-silica in proper proportion (nano-silica is one
percent of AlPi weight). It is observed that the LOI values
were increased with increasing the loading of nano-silica at
first until a maximum value of 37.3% at a loading of 5 wt%
in the flame retardant. When nano-silica was used alone,
the PA66 system had no UL-94 rating. After the LOI test,
there was a small amount of wafery char residue of the
PA66/14%AlPi composites. But combined with nanosilica, the char residue became indurative, meaning that
there is a synergy between AlPi and nano-silica. Adding
nano-silica as in the PA66/10%AlPi/1%nano-silica composites, the PA66 system showed the best flame retardancy
and its LOI was 32.3% and its UL-94 achieved V-0 rating,
meaning that AlPi has a synergy with nano-silica as well.
The results show that AlPi is an excellent flame retardant
for PA66 when combined with nano-silica.

TGA of the PA66/AlPi/nano-silica composites
The thermal decomposition of pure PA66 was characterized by a single decomposition step with a maximum mass
loss rate at 443 C. The resulting residue was about 1.7 wt%
(Figure 1, Table 2). When AlPi was added, the decomposition behavior was changed significantly. The first decomposition process was shifted to a temperature, about 28 C
lower with a maximum mass loss rate at 415 C. In addition,
the second part of the decomposition appeared at about
463 C. The residue at the end of the test was increased to
2.5 wt%. Similar results were described in the literature for
PA66 and polyphosphate formulations in different kinds of
polyamides.23 When nano-silica and AlPi were combined
in PA66, the maximal mass loss rate temperatures of the

Table 2. The TGA data of the PA66 system.
Sample

T5%
( C)

Tmax1
( C)

Tmax2
( C)

Char yield
(%)

Pure PA66
PA66/14%AlPi
PA66/%10AlPi/1%nano-silica

361
377
376

443
415
437

–
463
478

1.7
2.5
8.1

T5%: temperature at 5% weight loss; Tmax1: the first maximum rate
degradation temperature; Tmax2: the second maximum rate degradation
temperature; AlPi: aluminum diethylphosphinate; PA66: polyamide 66;
TGA: thermogravimetric analysis.

main decomposition processes of the PA66/AlPi/nanosilica composites (437 and 478 C) were higher than the
ones of the PA66/AlPi composites (415 and 463 C). However, for the PA66/AlPi/nano-silica composites, no distinct
separation of the decomposition processes was observed.
Compared to PA66, the residue at the end of TGA experiment was clearly increased to about 8.1 wt%. The TGA
results indicate a strong interaction between the additives
containing phosphorus and the polymer.38 When nanosilica and AlPi were combined, an additional preceding
decomposition step was observed. The AlPi rather than
nano-silica was observed to dominate the polymer decomposition. The stronger shift in the decomposition temperature typical for polyphosphate39 did occur in the
composites with combined nano-silica and AlPi.

CONE test of PA66/AlPi/nano-silica
CONE has been widely used to evaluate the flammability
of materials. It can provide a wealth of information on the
combustion behavior and give a measure of the size of the
fire. The heat release rate (HRR) is a very important parameter and can be used to express the intensity of a fire. An
effective flame retardant system normally shows a low
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Table 3. The CONE data of the PA66 system.

IT (s)
Peak HRR (kW m2)
THR (MJ m2)
Peak MLR (g s1)
Peak SPR (m2 s1)

Pure
PA66

PA66/
14%AlPi

PA66/10%AlPi/
1%nano-silica

63
1157
113
0.38
0.80

49
688
95
0.33
0.76

65
565
94
0.27
0.49

CONE: cone calorimeter; AlPi: aluminum diethylphosphinate; PA66:
polyamide 66; HRR: heat release rate; THR: total heat rate; IT: ignition
time; SPR: surface plasmon resonance; MLR: mass loss rate.

HRR value. Table 3 and Figure 2 show the data and plots of
pure PA66 and its composites with and without nano-silica
obtained from the CONE test at an incident heat flux of
50 kW m2. Figure 2 shows the HRR. The pure PA66 resin
burns very fast after ignition and one sharp HRR peak
appears with a HRR peak (peak-HRR) of 1157 kW m2. The
largest amount of total heat release (THR), 113 MJ m2, was
obtained (see in Figure 2). In contrast, the curves of the

PA66/AlPi composites show much lower peaks and values in
HRR (688 kW m2) and THR (95 MJ m2) plots; the PA66/
AlPi composites with 1.0 wt% nano-silica (PA66/10%AlPi/
1%nano-silica) could effectively delay the peak of HRR as the
one without any nano-silica (PA66/14%AlPi). The peak-HRR
(565 kW m2) was observed to appear earlier (see Figure 2). It
was found that the AlPi and nano-silica obviously rendered the
ignition time (IT) shortened (see Table 3), arising from the
char layer formation on the surface of the PA66/AlPi composites. The char layer prevented the heat and oxygen from
transferring into the matrix interior and the flammable
volatiles into the flame zone. At the initial stage of heating,
the surface temperature of the composite increased quickly
due to the char layer formation. The increased surface
temperature resulted in the fast decomposition of PA66
on the surface of the composites. Therefore, this shortened the IT. The addition of nano-silica could make this
phenomenon more obvious due to the increase of the
strength and stability of the char layer (shown in Figure
4). Nano-silica can also enhance the strength of char
layer, prevent the char layer from cracking, enhance the

Figure 2. (a) HRR curves, (b) THR curves of (a0 ) pure PA66, (b0 ) PA66/14%AlPi composites, and (c0 ) PA66/10%AlPi/1%nano-silica
composites, and (c), (d), and (e) digital photos of the residues after CONE test for pure PA66, PA66/14%AlPi composites and PA66/
10%AlPi/1%nano-silica composites. AlPi: aluminum diethylphosphinate; PA66: polyamide 66; HRR: heat release rate; CONE: cone
calorimeter; THR: total heat release.
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Figure 3. The FTIR spectrum of (a) the PA66/14%AlPi composites and (b) the PA66/10%AlPi/1%nano-silica composites after
CONE test. AlPi: aluminum diethylphosphinate; PA66: polyamide
66; CONE: cone calorimeter; FTIR: Fourier transform infrared
spectrometer.

char residue, and give a low HRR and THR. This decomposition behavior is in agreement with the TGA results as
discussed above. In other words, nano-silica performed an
important function as the flame retardant. This result is
also attributed to the stable char layer formed.

FTIR of the PA66/AlPi/nano-silica composites
char residues
In order to illustrate how the formed char affected the combustion of the PA66/AlPi/nano-silica composites, the structure of the char residues after combustion was examined by
FTIR.40 Figure 3(a) shows the FTIR spectrum of the residual for the PA66/14%AlPi composites after CONE test.
The broad peaks at 3400 and 1635 cm1 were attributed

to the stretching of N–H groups and the peak at 1131 cm1
was attributed to P¼O. The broad peaks at 1400 cm1 were
due to the stretching of Si–-O groups. The spectrum for
the PA66/10%AlPi/1%nano-silica composites given in
Figure 3(b) is similar to that of the PA66/14%AlPi composites. The FTIR analysis provided positive evidence that
the PA66/14%AlPi composites and the PA66/10%AlPi/
1%nano-silica composites produced phosphoric and polyphosphoric acids during the thermal degradation, which
served as the dehydration agents and driving force for the
formation of the char layer by carbonization.
The major characteristic of a flame retardant is its ability
to swell and form a strong charred layer. Figure 2 displays
the digital photos of pure PA66, PA66/14%AlPi, and
PA66/10%AlPi/1%nano-silica composite samples after
CONE tests. The results showed that the char layer of
PA66 was not formed (as shown in Figure 2(c)). But for the
PA66/14%AlPi composites and the PA66/10%AlPi/
1%nano-silica composite samples, a thick char layer was
formed (as shown in Figure 2(d) and (e)).

SEM photographs of the PA66/AlPi/nano-silica
composites char residues
Figure 4 shows the SEM micrographs of the char residue of
the PA66/AlPi composites versus the loading of nano-silica.
In order to elucidate the relationship between the microstructure of protective char and the flame retardancy,41 three
different kinds of char residues were collected from the
CONE experiment. The char residue containing AlPi and
nano-silica (Figure 4, micrographs (b) and (c)) displayed
more compact structure than the one without any flame
retardant (Figure 4, micrographs (a)). There were many crevasses and holes on the surface of char residue without
nano-silica. Therefore, the heat and flammable volatiles
could easily penetrate the char layer into the flame zone

Figure 4. The SEM photographs of (a) pure PA66, (b) the PA66/14%AlPi composites, and (c) the PA66/10%AlPi/1%nano-silica composites after CONE test (5000). AlPi: aluminum diethylphosphinate; PA66: polyamide 66; CONE: cone calorimeter; SEM: scanning
electron microscopy.
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optimum flame retardant formulation, PA66 has the lowest
peak-HRR, THR, surface plasmon resonance values, and the
most char residue in all the selected samples. Moreover, the
char surface properties characterized by SEM micrograph
prove that not only quantity but also quality of the char
formed during the burning are crucial to the flame retardancy
and anti-dripping ability of the PA66 system.
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Figure 5. The XPS of (a) pure PA66, (b) the PA66/14%AlPi
composites, and (c) the PA66/10%AlPi/1%nano-silica composites
char residue after CONE test. AlPi: aluminum diethylphosphinate;
PA66: polyamide 66; CONE: cone calorimeter; XPS: X-ray
photoelectron spectroscopy.

during burning. On the contrary, the char residue surface
containing nano-silica almost had no flaw, and the char
layer seemed thicker and more solid than the former, which
might effectively stop the transfer of the heat and flammable
volatiles to give a better flame retardancy.

XPS of the PA66/AlPi/nano-silica composites
char residues
XPS is an effective measurement technique to study the surface chemical structure of the samples without destruction.
The chemical compositions of the outer residual char surface
of pure PA66, PA66/14%AlPi, and PA66/10%AlPi/
1%nano-silica composites after CONE testing were analyzed by XPS. Figure 5 shows the XPS spectra and the relative content of the outer residual char surface for pure PA66,
PA66/14%AlPi, and PA66/10%AlPi/1%nano-silica composites. The peaks at 134.08, 190.90, 284.56, 400.22, and
532.71 eV can be assigned to P2p, P2s, C1s, N1s, and O1s
of chars, respectively. The relative content of C, Si, and P for
the outer char surface of the PA66/10%AlPi/1%nano-silica
composites is much higher than those of the PA66/14%AlPi
composites. The change of the above relative content is due
to the presence of 1.0 wt% nano-silica, indicating that nanosilica can retain more O, N, and P in the outer and inner char
surfaces to improve the strength of char.

Conclusions
The PA66/AlPi/nano-silica composites show excellent
flame retardancy and anti-dripping resistance for the PA66
composites with combined AlPi and nano-silica. There is a
synergistic effect between AlPi and nano-silica that gives
PA66 a LOI value of 31.9% and UL-94 V-0 rating. With the
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