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Abstract

A novel flame retardant, silicone elastomeric nanoparticle (S-ENP) with Tg of �120 �C and particle size of w100 nm has been developed and
used as a modifier for polyamide 6 (nylon-6). It has been found that S-ENP can not only increase the toughness and improve the flame retardancy
of nylon-6 but also helps unmodified clay exfoliate in nylon-6 matrix. It has been also found that the S-ENP and exfoliated clay platelet in nylon-
6 have a synergistic flame retardant effect on nylon-6. A novel flame retardant nanocomposite of nylon-6/unmodified clay/S-ENP with high
toughness, high heat resistance, high stiffness and good flowability has been prepared and a mechanism of synergistic flame retardancy has
also been proposed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, more and more environmental legislations
have limited or prohibited the application of halogen-containing
flame retardants in polymer materials. Considerable research
has been focused on inorganic fillers and organosilicones as
halogen-free flame retardants [1e5]. However, inorganic flame
retardants are usually less effective and the addition level of up
to 60 wt% is normally required in order to achieve acceptable
resistance to combustion [3]. Such high level addition will in
turn lead to deteriorated toughness and processability [3,6].
Some elastomers could be used to improve the toughness of
flame retardant plastics [6,7], but makes the processability
even worse. Recently, a new flame retardant approach via
polymer/clay nanocomposites has attracted a great deal of inter-
est, because the addition of small amount clay brings out a large
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reduction in the peak heat release rate (PHRR) using a cone cal-
orimeter [8e15]. The PHRR is vital to the evaluation of the fire
safety of material [16], because this give a measure of the size of
fire. However, the polymer/clay nanocomposites are usually
more brittle than pure polymer and organic modification of
clay makes the manufacturing process of polymer/clay nano-
composites costly [17e26]. The organosilicone can only be
used in aromatic thermoplastics, such as polycarbonate,
polystyrene and acrylonitrileebutadieneestyrene copolymer
(ABS), and also decreases the toughness and stiffness of
thermoplastics [4,5]. Needless to say that a composite with
good flame retardancy, balanced mechanical properties and
good processability is much desired, but extremely hard to
achieve.

In this study, based on a novel elastomeric flame retardant,
the silicone elastomeric nanoparticle (S-ENP) with Tg of
�120 �C [27,28], a flame retardant polyamide 6 (nylon-6)
nanocomposite with high toughness, high heat resistant, high
stiffness and good flowability has been prepared. It was found
that the S-ENP with average particle size of 100 nm was
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effective in improving flame retardancy and toughness of
nylon-6 and can also help unmodified clay to be exfoliated
in nylon-6 matrix. On the basis of clay slurry and S-ENP latex,
another novel elastomeric flame retardant of S-ENP/clay
(S-ENPC) was produced. It was found that the S-ENP and
clay platelets in S-ENPC had a synergistic flame retardant
effect on nylon-6, which resulted in the further enhancement
of flame retardancy of the nylon-6. Furthermore, nylon-6/
S-ENPC nanocomposites exhibited not only high toughness,
stiffness and heat distortion temperature but also low melt
viscosity.

2. Experimental section

2.1. Materials and sample preparation

The nylon-6 used in this study is commercially available
from BASF (Ultramid B4) with Mn ¼ 33,000. Silicone latex
(KH-L10, solid content: 30 wt%; average single latex particle
size, ca 100 nm) was produced by Beijing Kehua Inc. S-ENP
was prepared by spray drying the irradiated silicone latex
according to patent technology [27,28]. POE-g-MAH (493D)
was purchased from Dupont Corporation. Sodium mont-
morillonite (Na-MMT), with cation exchange capacity (CEC)
of 90 meq/100 g was purchased from Zhangjiakou Qinghe
Chemical Plant, China.

S-ENP and S-ENPC were prepared by the method schemat-
ically shown in Fig. 1. The raw material for producing S-ENP
was common silicone latex. After premixed with cross-linking
agent, the silicone latex was irradiated with g ray and changed
into highly cross-linked rubber particle with much higher
cross-linking degree on the particle surface [29,30]. S-ENP
was finally produced by spray drying the highly cross-linked
rubber latex. The preparation of S-ENPC is similar to that of
S-ENP. Firstly, clay powder was dispersed into water by using
an emulsifier for 30 min to form a clay slurry containing
2 wt% of clay. The highly cross-linked silicone rubber latex
was added into the clay slurry at a dry weight ratio of 4/1
and stirred for 60 min to form a uniform mixture, in which
the clay platelets and the cross-linked silicone rubber particles
were interpenetrated. S-ENPC can be obtained after spray dry-
ing the mixture. After spray drying, the special microstructure
that S-ENP particles and exfoliated clay platelets partitioned
each other was retained in S-ENPC. The nylon-6/S-ENPC
nanocomposites were prepared by using a conventional
co-rotating twin-screw extruder. During melt blending, the
exfoliated clay platelets are hardly aggregated due to the par-
titioning effect of S-ENP. Two nylon-6 nanocomposites with
S-ENP and S-ENPC were prepared (see Table 1 for their
specific compositions).

Nylon-6 nanocomposites were compounded according to
the following process: nylon-6, S-ENPC (S-ENP or POE-g-
MAH) and Irganox 1010 (0.3 wt%, as stabilizer) were mixed
in a high-speed mixer at a certain weight ratio. The mixture
was then fed into a co-rotating twin-screw extruder (ZSK-
25, Werner and Pleiderer, L/D¼ 30) at a barrel temperature
of 250 �C, a screw speed of 300 rpm, and a feed rate of
10 kg/h. In addition, prior to mixing, PA6 and S-ENPC (or
S-ENP) were dried at 100 �C and 80 �C, respectively for 6 h
in an air oven.

The extruded composite pellets were injection molded to
obtain specimens for various mechanical tests with the follow-
ing specifications: tensile strength test (ASTMD-638, Type I),
impact strength test (ASTMD-256, 127� 12.7� 6.4 mm3),
flexural strength test (ASTMD-790, 127� 12.7� 3.2 mm3),
and heat distortion temperature (HDT) test (ASTMD-648,
127� 12.7� 6.4 mm3). Test specimens were prepared by in-
jection molding with a barrel temperature of 250 �C, molding
temperature of 80 �C, injection pressure of 4.5 MPa, and
a holding pressure of 4.0 MPa.

2.2. Measurements and characterization

Mechanical properties. Tensile and flexural tests were
conducted by using an Instron model 4466 testing machine
according to ASTMD-638 and ASTMD-790, respectively.
Notched Izod impact test was performed by using a CEAST
impact machine according to ASTMD-256. HDT was tested

Table 1

The composition of nylon-6 composites

Sample code Composition (wt)

Nylon-6 S-ENP S-ENPC

(S-ENP/clay¼ 4/1, wt/wt)

POE-g-MAH

PA-1 100 10 e e

PA-2 100 e 10 e
PA-3 100 e e 10
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Fig. 1. Schematic diagram of the preparation of S-ENP and nylon-6/S-ENPC nanocomposites. The solid gray and black circles represent the silicone latex particle

and S-ENP. The black lines correspond to exfoliated clay platelets.
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with an HD-PC Heat Distortion Tester according to ASTMD-
648.

Morphology observation. The morphology of silicate layers
in nylon-6 composites was observed by using transmission
electron microscopy (TEM) (Philips TECNAI 20). The ultra-
thin sections, 50e100 nm in thickness, were cryotomed from
injection molded specimens at �80 �C.

X-ray diffraction (XRD). XRD was conducted by using
a SHIMADZU D/Max 2500VB2þ/PC diffractometer. XRD
scans were obtained in reflection mode by using an incident
X-ray wavelength of 0.1542 nm at a scan rate of 1.0 deg/min.

Thermogravimetric analysis (TGA). TGA was carried out at
a heating rate of 10 �C/min under nitrogen flow of 50 ml/min
by a thermogravimetric analyzer TGA 7 (Perkin Elmer, US).

Cone calorimeter testing. The samples were exposed to
a Fire Test Technology Cone Calorimeter according to
ISO5660 at an external heat flux of 35 kW/m2. The specimens
prepared by compression molding were plates of 100�
100� 4 mm3. Heat release rate (HRR), peak heat release
rate (PHRR), effective heat combustion (EHC), and other
quantifiable parameters including carbon dioxide, carbon
monoxide and specific extinction area (SEA) were recorded.

Energy-dispersive spectrometer (EDS ). Si, O, Al, C, and
other element content in the collected sample residues were
measured by EDS instrument (Thermo NORAN, US).

Rheology measurements. Shear viscosities were measured
at 250 �C by using a Rheograph 2001 Capillary Rheometer
(GOETTFERT) equipped with a capillary die having a diame-
ter of 1 mm and a length of 10 mm. Capillary data were
corrected by using the RabinowitscheMooney relationship
in order to obtain true shear viscosities.

Glass transition temperature (Tg). The glass transition tem-
perature (Tg) was measured by means of differential scanning
calorimetry (DSC) (TA Q100) at a heating rate of 10 �C/min.

3. Results and discussion

The flammability properties of nylon-6 composites were
characterized by means of cone calorimetry. The heat release
rate (HRR) plots for pure nylon-6, PA-1 and PA-2 at 35 kW/
m2 heat flux are shown in Fig. 2 and some cone calorimetry
data are listed in Table 2. It can be seen that the PA-1 shows
a 60% lower peak heat release rate (PHRR) compared to
pure nylon-6, which indicates that the addition of S-ENP
can significantly decrease the flammability of nylon-6. Fur-
thermore, the PHRR of PA-2 is 68% lower than that of
nylon-6, even lower than that of PA-1. The similar trends
are seen for mean HRR. It is obvious that S-ENPs and
exfoliated clay platelets in S-ENPC exhibit a synergistic flame
retardant effect on nylon-6. Moreover, the shift of peak HRR
from 375 s for nylon-6 to 685 s PA-1 suggests the time to
reach the peak HRR is largely improved for PA-1. As for
PA-2, the time to peak HRR (380 s) is similar to that of
nylon-6. This behavior may be explained by TGA analysis.

The TGA curves of nylon-6, PA-1 and PA-2 in nitrogen are
shown in Fig. 3. We found that the decomposition temperature
of the nylon-6 composites does not vary significantly from that
of pure nylon-6, a small increase for PA-1 (425 �C) and
decrease for PA-2 (420 �C) compared to pure nylon-6
(424 �C). However, the TGA curve of PA-1 shifts to high
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Fig. 2. Heat release rate (HRR) plots for pure nylon-6, PA-1 and PA-2 at a heat

flux of 35 kW/m2.
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Fig. 3. TGA curves of nylon-6, PA-1 and PA-2 in N2 at 10 �C/min.
Table 2

Cone calorimeter data at a heat flux of 35 kW/m2

Samples Peak HRR

(kW/m2) (D%)

Mean HRR

(kW/m2) (D%)

Time to peak

HRR (s)

Mean EHC

(MJ/kg)

Mean SEA

(m2/kg)

Mean CO yield

(kg/kg)

Mean CO2 yield

(kg/kg)

Nylon-6 790 370 375 26 179 0.02 2

PA-1 317 (60) 129 (65) 685 25 275 0.02 2

PA-2 249 (68) 110 (70) 380 24 262 0.03 3
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temperature evidently compared to that of nylon-6 after the
beginning of decomposition, which is correlated to an im-
provement of the time to peak HRR of PA-1. And the close
TGA curves of PA-2 and nylon-6 relate their similar time to
peak HRR.

The mechanical properties of nylon-6 composites are
shown in Table 3. It can be seen that PA-2, a nylon-6/
S-ENPC nanocomposite, exhibits not only higher flexural
modulus and heat distortion temperature but also higher
impact strength and elongation compared with pure nylon-6
and PA-1.

PA-2 also has excellent flowability, as can be seen in Fig. 4.
It can be seen that the PA-2 shows a viscosity almost as same
as that of PA-1 and much lower than PA-3, nylon-6/POE-g-
MAH blends as control sample. Furthermore, PA-2 exhibits
a lower melt viscosity than pure nylon-6 at most shear rate
region. The results suggest that PA-2, a nylon-6/S-ENPC
nanocomposite, has better processability than pure nylon-6
in most of the applications.

It is obvious that the new nylon-6/S-ENPC nanocomposite
has good flame retardant property, high toughness and excel-
lent processability. It is interesting to know how the material
can achieve such comprehensive property.

Fig. 5 (a and b) shows X-ray diffraction (XRD) patterns of
clay and S-ENPC. The clay exhibits an apparent peak at
2q¼ 7.1� corresponding to 001 diffraction peak. The inter-
layer spacing of clay is 1.25 nm. On the other hand, there is

Table 3

Mechanical properties of pure nylon-6 and nylon-6 composites

Sample

code

Elongation

at break

(%)

Notched

Izod impact

strength

(J/m) 23 �C

Notched

Izod impact

strength

(J/m) �20 �C

Flexural

modulus

(GPa)

Heat

distortion

temperature

(�C)

Nylon-6 51 41.2 34.9 2.44 54.0

PA-1 55 71.9 54.4 2.27 54.1

PA-2 72 74.7 61.6 2.71 61.8
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Fig. 4. Shear viscosity versus shear rate from a capillary rheometer at 250 �C
for pure nylon-6, PA-1, PA-2 and PA-3.
no peak in XRD pattern of the S-ENPC, which indicates
that the silicate layers of clay in S-ENPC are stacked irregu-
larly. That is to say that the S-ENPs and exfoliated clay plate-
lets partition each other in S-ENPC. The silicate layers are
also exfoliated in nylon-6 matrix since no peak can be seen
in the XRD pattern of nylon-6/S-ENPC nanocomposites.
TEM micrographs conformed XRD result as shown in Fig. 6.

It is well known that exfoliated clay can increase the
polymer’s stiffness and heat resistance, and rubbers can raise
plastics’ toughness. Furthermore, the silicone rubber can
also be a flowability modifier for plastics since it contains
eSieOeRe group.

As for the mechanism of flame retardancy, it has been
found that the source of the improved flammability is due to
the differences in condensed-phase decomposition process
rather than a gas-phase [8]. We found that, the same as shown
in Table 2, the mean effective heat combustion (EHC), mean
carbon dioxide yield, mean carbon monoxide yield of compos-
ites are similar to pure nylon-6.
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Fig. 6. TEM image of PA-2 (nylon-6/S-ENPC).
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Fig. 7. Digital pictures of residue surface of pure nylon-6 (a), PA-1 (b), PA-2 (c) and island-like floccules of the PA-2 residues (d) at the end of the combustion.
The only difference was found in the process of cone calo-
rimetric measurement. While pure nylon-6 had a boiling
surface, a coat-like layer was formed on the surface of the
PA-1 and PA-2 before ignition. Whereas pure nylon-6 left
almost no residue at the end of combustion (Fig. 7a), PA-1
retained a white coat-layer (Fig. 7b) on the surface of the
residue and some white powder underneath. Besides a white
coat-layer, PA-2 (Fig. 7c) left some island-like floccules un-
derneath (Fig. 7d), which are similar to the floccules reported
by Kashiwagi et al. on nylon-6/clay nanocomposites [15].
Covering most sample surface, the coat-like layer composed
of silica as shown in Table 4 can insulate the underlying
material and delay the mass loss of decomposition; therefore,
the formation of coat-like layer leads to a significant reduction
in flammability, which is similar to the results from the
polycarbonate/silicone derivative blends [4]. The island-like
floccules in PA-2 composed of silica and clay as shown in

Table 4

Element contents in the portion of residues collected at the end of the cone

calorimeter test

Portions of

the residue

Si

(atom%)

O

(atom%)

Al

(atom%)

C

(atom%)

Na, Mg, Fe

(atom%)

Surface of coat-like

layer (PA-1)

37.27 62.73 e e e

Surface of coat-like

layer (PA-2)

36.93 63.07 e e e

Surface of island-like

floccules (PA-2)

40.67 59.16 0.17 e e

Bottom of island-like

floccules (PA-2)

26.74 56.07 1.97 13.89 1.33
Table 4 also play a role of insulation layer as existed in
nylon-6/clay nanocomposites [15]. It is obvious that the two
barrier layers result in a synergistic flame retardant effect on
nylon-6; therefore, PA-2 has an even better flame retardancy
than PA-1.

4. Conclusion

In conclusion, two novel halogen-free, elastomeric flame
retardants for polymer, S-ENP and S-ENPC, have been devel-
oped and used for nylon-6 modification. Besides good flame
retardancy, the nylon-6/S-ENPC nanocomposites exhibit high
toughness, stiffness and heat distortion temperature, as well as
low melt viscosity. It is found that the S-ENP and clay in
S-ENPC have a synergistic flame retardant effect on nylon-6
resulting from the formation of two barriers, coat-like layer
and island-like floccules, on the nanocomposite residue
surface at the end of combustion.
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