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a b s t r a c t

The controlled dispersion of Stöber silica nanoparticles (SiNPs) at the interface of a PS/PA6 (80/20 wt%)
blend was achieved by means of surface modifications using 3-methacryloxypropyltrimethoxysilane
(MPS). The final localization of SiNPs in the blend was predicted using wetting parameter calculation
and confirmed by scanning electronic microscopy (SEM) observations. Stability of blends during
annealing was evaluated qualitatively by laser diffraction particle size analyzer. Morphologies of the
blends in the molten state were observed using optical microscopy. Flammability of blends was inves-
tigated using pyrolysis-combustion flow calorimeter (PCFC). Results showed that both microstructure
stability during annealing and thermal degradation of the blend, were improved when MPS-modified
SiNPs are located at the interface. SEM pictures revealed that the MPS-modified SiNPs form a solid
barrier between PS and PA6 phases which inhibits coalescence process and modifies the thermal
degradation mechanisms.

1. Introduction

The improvement of polymer properties by blending is a widely
used and well-known technique. However immiscibility of poly-
mers is a recurring issue of most polymer blends due to the high
interfacial tension of these systems. To decrease interfacial ten-
sions, a wide range of interfacial agents [1,2] such as block [3] or
grafted [4] copolymers or reactive compatibilizers [5,6] could be
used. Properties of the resulting compatibilized blends depend on
the molecular architecture of the organic compatibilizers [7,8]. For
example, residual presence of low molecular weight stabilizers in
thematrix due tomicellization [9,10] or interface desorption during
high shear process [11,12] degrades mechanical properties [13,14].
To overcome these drawbacks, intense research efforts to find novel
and better kinds of compatibilizers are still investigated. One of the
possible alternative routes is to selectively disperse solid nano-
particles (NPs) at the interface to stabilize the blend. Indeed,
Lipatov and Nesterov [15] showed that solid fillers can play the role
of stabilizer for immiscible polymer mixtures. Since this pioneering
work, the number of studies dealing with compatibilizing effect of

solid fillers in polymer blends has increased dramatically. However,
the understanding of the different mechanisms of stabilization is
still an intensive topic of research.

Recently, Fenouillot et al. [16] published an interesting review
discussing similarities and differences between mechanisms
involved in the stabilization of low and high viscous polymer
emulsions containing solid particles. For low viscosity emulsion
systems the “Pickering effect” [17] is commonly recognized as the
main mechanism to explain the stabilization. This effect corre-
sponds to the inhibition of the coalescence between dispersed
liquid drops due to the presence of a mechanical barrier of solid
particles at the interface. In these liquid emulsions, the thermo-
dynamic equilibrium is easily reached and drives the localization of
fillers in the blend. However final localization of solid fillers into
viscous polymers blend is a complex balance between thermody-
namic driving forces and kinetic considerations. From a thermo-
dynamic point of view, the localization of the NPs in such ternary
system depends on the values of surface tension of blend compo-
nents (i.e. two polymers and one solid filler) [16,18]. But, due to the
high viscosity of a molten polymer matrix, thermodynamic equi-
librium may be reached only for long times. Hence, kinetic factors
must be considered. They can be due to (i) the process, such as the
mixing sequences [19e22], the shear forces [21,23] and time of
mixing [24,25], to (ii) the specific parameters of the polymers blend* Corresponding author.
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such as the viscosity ratio [25e27], or to (iii) the specific parameters
of the fillers such as the size [16,28e30], the shape [31,32], and the
surface chemistry [33e36]. The effect of viscosity ratio governs the
particle distribution when the interfacial tension between the two
polymers is not too high. Otherwise, the thermodynamic in-
teractions are predominant [37].

When localized at the interface between two immiscible poly-
mers, fillers can play the role of compatibilizer. Organoclays [38e
43] and fumed silica [44e47] are the most commonly used nano-
particles to compatibilize polymer blends. Most frequently, pres-
ence of solid fillers at the interface of a blend induces a reduction of
the size distribution of the dispersed phase [48e50]. The ability of
silica nanoparticles (SiNPs) to significantly decrease the apparent
interfacial tension has been clearly reported [19] whereas the high
aspect ratio of organoclays is more favorable to inhibit coalescence
by creating a physical barrier against coalescence [39,42,48].
Indeed, as platelets exhibit a higher aspect ratio, they are most
likely to cover the interface between two immiscible polymers than
spherical shape fillers. It must be noted that in the case of a blend
where solid particles are not only distributed at the interface, i.e.
some NPs are present in the dispersed phases and/or in the matrix,
the morphology refinement observed can also be due to the
modification of the viscosity ratio between both polymers.

As mentioned previously, the surface chemistry of NPs has a
dramatic influence on their localization in the blend and hence on
the compatibilizing role and on the final properties. In most cases,
the localization of NPs at the interface is not really accurate and the
size and surface chemistry are not well-controlled parameters. This
is only in the past few years, that authors started to develop new
NPs with desired surface properties in order to control their
localization and dispersion in polymer blends [33e36]. Very
recently, Huang et al. [51] clearly identified that silica nanoparticles
(SiNPs) grafted with low molecular weight PS macromolecules
migrated at the interface of a PMMA/SAN blend, whereas SiNPs
modified with high molecular weight PS chains migrated to the
PMMA phase due to a lower interfacial tension. In the same
manner, Chung et al. [33] incorporated SiNPs modified with PMMA
chains in poly(methylmethacrylate)/poly(styrene-ran-acryloni-
trile) 50/50 blends. They demonstrated that, when the PMMA
brush length increased the SiNPs migrated from the interface to the
PMMA phase. Contact angles measurements showed that SiNPs
became more hydrophilic as the grafted PMMA brush length
increased. All these relatively recent articles do not mention any
measurement of the final performances of the synthesizedmaterial
such as thermal, mechanical or fire properties.

The main objective of the present work is to highlight the effect
of the selective dispersion of mesoporous SiNPs on final properties
of immiscible PS/PA6 blend. Therefore, the use of tailored home-
made SiNPs was motivated in order to have a full control on the
properties of the incorporated SiNPs from synthesis to surface
modifications. Their final localization at the interface was achieved
with the help of thermodynamic predictions and was clearly
confirmed by SEM observations. Finally, mechanisms involved in
the improvement of thermal stability of microstructure and ther-
mal degradation behavior are discussed.

2. Materials and methods

2.1. Materials

CRISTAL 1340 polystyrene (PS) was purchased from Total Pet-
rochemicals (Feluy, Belgium). It is a crystal PS with a highmolecular
weight and a melt flow index (MFI) of 4 g 10 min�1 (with 5 kg at
200 �C). Ultramid B3K polyamide-6 (PA6) was supplied by BASF
(Wyandotte, USA). Its melting point temperature is 220 �C (ISO Test

Method 3146) and its MFI is 160 g 10 min�1 (with 5 kg at 275 �C).
Polymer pellets were dried under vacuum at 80 �C for 12 h before
processing.

Tetraethoxysilane (TEOS, 99.9%), ethanol (EtOH, 96%), ammonia
(NH3, 28%) and 3-methacryloxypropyltrimethoxysilane (MPS,
99.9%) were used as purchased from Rectapur, SigmaeAldrich,
Merck and, Wackers Silicon, respectively.

2.2. Synthesis of monodisperse silica nanoparticles via Stöber
method

Silica nanoparticles (SiNPs) were prepared using a modified
Stöber method [52]. Into a 100 ml glass reactor were introduced
41.09 g of ethanol solution 96% ([EtOH] ¼ 1.1 M), 1.77 g of aqueous
ammonia solution 28% wt ([NH3] ¼ 0.8 M) and 0.05 g of water
([H2O]total ¼ 3.3 M). The reactor was then placed under magnetic
stirring of 500 rpm and heated at 55 �C. After 10 min, 1.65 g of TEOS
([TEOS] ¼ 0.17 M) as silica precursor was quickly added to the
mixture. Reaction took place in 2 h keeping the same conditions
(55 �C, 500 rpm) to complete the hydrolysis-condensation of all
TEOS molecules into mesoporous SiNPs. Ethanol was removed and
replaced by water using successive evaporations of ethanol under
vacuum. Finally the aqueous solution was lyophilized and the ob-
tained particles were called bare silica nanoparticles (bare-SiNPs).

2.3. Surface modification of silica nanoparticles

At the end of synthesis of SiNPs by Stöber method (before pu-
rification), the obtained suspension was treated using MPS silane
coupling agent. The mixture was cooled at room temperature and
the silane coupling agent (10% of the total weight of SiNPs) and
water (the ethanol/water ratio was modified to 9/1) were added.
The solution was kept under magnetic stirring (500 rpm) 1 h at
room temperature and then heated at ethanol reflux overnight.
Finally, ethanol was removed and replaced by water using succes-
sive evaporations of ethanol under vacuum. The aqueous solution
was lyophilized and the modified particles obtained were called
grafted silica nanoparticles (grafted-SiNPs).

2.4. Nanocomposite compounding procedure

Bare and grafted SiNPs were incorporated into a PS/PA6
immiscible polymer blend by using a DSM twin-screw mini-
extruder. The total mass of polymer used for each blend was 12 g.
The weight ratio between PS and PA6 was 80/20 (wt%) and SiNPs
content was fixed at 3 wt%. In the following, the PS/PA6 80/20 blend
without SiNPs is noted unfilled blend, whereas PS/PA6 blends filled
with 3 wt% of bare and grafted SiNPs are noted bare-SiNPs blend
and grafted-SiNPs blend, respectively.

To avoid handling of dry nanoparticles powders, we used in a
first step a solvent casting method to embed SiNPs into PS film. A
small fraction of PS matrix (1 g) was dissolved in 10 ml of THF and
mixed with SiNPs at room temperature during 12 h under magnetic
stirring. The solvent was then evaporated and the obtained filmwas
dried under vacuum at 80 �C for 24 h (Supporting information).

The second step was the extrusion of the nanocomposites.
Concerning the order of mixing steps, the PS film containing the
SiNPs was first pre-compounded with the rest of PS pellets for
1 min, and then PA6 dispersed phase was added and mixed for
4 min. Screw speed and temperature were kept constant at 40 rpm
and 250 �C, respectively. At the beginning of the mixing process the
SiNPs are present only into the PS matrix, so the migration process
of the SiNPs can be easily highlighted. The screw speed was also
varied from 40 to 120 rpm for the preparation of the unfilled blend



in order to evidence the influence of the shear forces during
extrusion on the morphology of the system.

2.5. Annealing and selective extraction

After extrusion, annealing was performed using TGA. Around
20 mg of blend was annealed at process temperature (250 �C) for
10 min under nitrogen flow. Then the annealed materials were
immersed into 10 ml of THF at room temperature without stirring
overnight to remove PS. Finally, PA6 nodules were purified by three
washing/centrifugation cycles using THF solvent and then collected
for analysis.

2.6. Characterizations

2.6.1. Thermogravimetric analysis (TGA)
The thermal decomposition curves of polymers and SiNPs were

obtained using a Perkin Elmer Pyris-1 instrument. Weight loss (%)
and mass loss rate (MLR) of sample were plotted as a function of
degradation temperature. For SiNPs, an isothermal step (1 h,
100 �C) was carried out before starting the analysis in order to
remove physisorbed water then, measurements were performed
under air flow with a heating rate of 10 �C min�1. For polymer
materials both, air and nitrogen atmospheres were used with a
heating rate of 60 �C min�1 in order to be comparable to PCFC test
conditions. All measurements were performed in the range 100e
700 �C. Total mass loss of sample at 700 �C and peak of MLR were
recorded and noted TML and pMLR, respectively. The sample
weight was 10 � 1 mg.

2.6.2. Scanning electron microscopy
A Scanning Electron Microscopy (FEI Quanta 200 ESEM) was

used to observe SiNPs with or without surface modification and to
evaluate the final localization of these fillers in the blends. All mi-
crographs were recorded under high vacuum. SiNPs were directly
observed from diluted latex at the end of synthesis (Supporting
information) or at the dry state (powders) after purification. Poly-
mer blend samples were prepared using cryo-fractured or polished
cross-section.

2.6.3. Dynamic light scattering (DLS)
A Malvern Nano ZS DLS apparatus was used to determine hy-

drodynamic diameter (Z-average) and polydispersity index (PDI) of
SiNPs. Water was used as dispersant, temperature of measurement
was 25 �C, and equilibration time was 120 s. Common values of
refractive and absorption indices for silica (1.45 and 0.01, respec-
tively) were used. At least, threemeasurements were performed for
each sample to ensure repeatability.

2.6.4. Laser diffraction particle size analyzer
A Coulter LS 13230 (Coulter Beckmann Co.) laser diffraction

particle size analyzer instrument was used to determine the size
distribution of extracted PA6 nodules. The PA6 nodules were
collected after dissolving the PS matrix using THF solvent. Size
measurements were performed using the micro liquid module
(MLM, 15 ml) in THF, obscuration was 10 � 2%. At least, three
measurements were performed for each sample. Laser diffraction
particle size analyzer is an interesting alternative method to char-
acterize dispersed phases in immiscible polymer blends. In fact, the
number of dispersed phases analyzed is much larger than with
conventional images analysis from electron microscopy observa-
tions (SEM or TEM).

2.6.5. Optical microscopy observations in the molten state
Morphologies of blends in the molten state were observed by

optical microscopy with a Laborlux 11 pol S apparatus (Leitz)
equipped with a Mettler FP82HT hot stage. Thin cut sections of
blends were melted at 250 �C during 10 min and then investigated
in transmission mode at room temperature. Images were recorded
using a 3-CDD camera (768 � 576 pixels) JVC KY-F55B.

2.6.6. Contact angle measurement
Contact angle measurements were carried out by depositing a

liquid drop with controlled volume on the sample surface. The
contact angle q between the liquid and the substrate was measured
using a Digidrop GBX goniometer apparatus equipped with a CDD
camera. Thin flat disks of 25 mm of pure polymers and SiNPs were
prepared using a compression molded laboratory press at 250 �C
for 3 min with a constant pressure of 10 bars [53]. Then, contact
angle measurements between sample flat surface (polymers or
compacted SiNPs) and three solvents (water, formamide and diio-
domethane) with different dispersive
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where gd
L and gp

L are known for the three different liquids used.

2.6.7. Pyrolysis combustion flow calorimeter (PCFC)
Flammability of samples was investigated using a pyrolysis-

combustion flow calorimeter (Fire Testing Technology). This tech-
niquewas developed by Lyon andWalters [55] in order to study the
thermal degradation of samples at the microscale. Sample weights
are around 2 � 0.5 mg. Samples are first pyrolyzed at 1 �C s�1 and
the degradation products are sent into a combustor at 900 �Cwhere
the products are completely oxidized. The estimation of rate of heat
release is performed by means of oxygen consumption measure-
ments according to Huggett’s relation [56]. In the case of oxidative
pyrolysis, inert gas flow in pyrolysis chamber is replaced by air flow.
Typical PCFC analysis plots the heat release rate (HRR) as a function
of pyrolysis temperature. The values of peak of Heat Release Rate
(pHRR), temperature at pHRR (Tpeak), Total Heat Released (THR)
which is the integral of the heat release rate over the duration of the
experiment, were also measured. Using peak of mass loss rate

Fig. 1. Size distribution by DLS of bare and grafted SiNPs.



(pMLR) and total mass loss (TML) measured by TGA the instanta-
neous effective heat of combustion (noted EHCi) can be calculated
and the mean effective heat of combustion (noted EHCm) according
the following Equations (2) and (3):

pHRR ¼ pMLR � EHCi (2)

THR ¼ TML � EHCm (3)

3. Results and discussion

3.1. Silica nanoparticles: size distribution and amount of grafting

At the end of the Stöber procedure, milky latex was obtained.
Size distributions of bare-SiNPs and grafted-SiNPs are plotted in
Fig. 1. The hydrodynamic radius (Z-Ave) of the SiNPs increases from
96 to 106 nm after grafting process due to the presence of MPS
molecules onto the surface (Fig. 2). This slight increase of the
measured DLS diameter is characteristic of the presence of polymer
coating onto the SiNPs [57]. Values of polydispersity index of bare-
SiNPs and grafted-SiNPs equal to 0.087 and 0.131, respectively
(Fig. 1) reveal the monodispersity of produced samples.

TGA measurements were performed to estimate the quantity of
silane coupling agent covalently anchored onto the surface of
grafted-SiNPs. Fig. 3 displays the weight loss (%) and the associated
derivate weight (%/min) for bare and grafted SiNPs as a function of
temperature. The residue at 700 �C of bare-SiNPs is 93.3%. This
weight loss corresponds to the slow condensation of silanol groups
(SieOH). According to the literature, this mass loss could be
decomposed in two steps [58,59]. The mass loss observed in the
temperature range 200e400 �C is assigned to the condensation of
surface hydroxyl groups whereas isolated hydroxyl groups (inside
the mesoporous structure) are decomposed at higher temperatures
(up to 450 �C). In the case of grafted-SiNPs, residue at 700 �C is
88.7%. This additional weight loss of 4.9% for grafted-SiNPs
compared to the bare ones is related to the presence of MPS. The
thermal degradation behavior of MPS was also studied in the
literature [60,61]. First, cleavage of CeO bonds occurs in the tem-
perature range 150e400 �C (methacrylate acid mass loss) followed
by the cleavage of SieC bonds (allylic radical mass loss). Finally, up
to 500 �C, complete oxidation of silane groups of MPS molecules
and condensation of isolated hydroxyl groups of SiNPs happen
simultaneously. This amount of organic compound corresponds to
a multilayer grafting (see Fig. 2) because of the hydroxylation and
condensation of MPS molecules in the presence of water during
grafting process [62].

The presence of an organic layer around grafted-SiNPs is also
confirmed by SEM analysis of SiNPs powders (Fig. 4). In fact,
monodisperse spherical SiNPs are known to be able to form well-
ordered arrangement upon solvent evaporation [63]. However,
the formation of this kind of ordered three-dimensional network

strongly depends on electrostatic and capillary interactions [64].
So, the well-ordered assembly observed in Fig. 4a is due to the Van
der Waals (VDW) interactions between surface silanol groups but
also confirms the goodmonodispersity of the bare-SiNPs produced.
On the contrary, the presence of MPS molecules onto the surface of
grafted-SiNPs inhibits the VDW interactions and generates steric
repulsion effects between terminal methacrylate groups of MPS
molecules. As a consequence, grafted-SiNPs appear less organized
compared to the bare ones. This disruption of organization proves
also the surface modification of the SiNPs.

3.2. Wetting parameter calculations

According to thermodynamics, the localization of solid fillers
into an immiscible polymer blend is governed by the surface ten-
sions of the different components of the blend. Considering a
spherical solid particle (S) at the interface of two immiscible media
(Fig. 5), A and B (liquid or polymer) it is possible to define a wetting
parameter, u, from the contact angle q as a function of interfacial
tensions of blend (Equation (4)) [16]. This model is based on the
hypothesis that free interfacial energy of the system DG is equal to
0 at thermodynamic equilibrium.

uAB ¼ cos q ¼ gSB � gSA
gAB

(4)

where gij is the interfacial tension between components i and j, A
and B are polymer materials, and S a solid filler.

Also, the wetting parameter of a solid particle S into a binary
immiscible polymer blend (A and B) expresses the most favorable
position of the solid filler in order to minimize the free interfacial
energy of the blend. Consequently, according to the value of u it is
possible to predict the final localization of S. If uAB > 1, solid fillers
are dispersed only in polymer A. On the contrary, if uAB < �1, solid
fillers are dispersed only in polymer B. Finally, when �1 < uAB < 1
solid fillers are supposed to be segregated at the interface.

However, if there are several experimental techniques to eval-
uate polymer/polymer interfacial tensions [65], determination of
filler/polymer interfacial tensions remains a challenge especially in
the case of nanofillers. Hence, theoretical models like Owense
Wendt model [54] (Equation (5)) are usually used for calculating
interfacial tensions.

gij ¼ gi þ gj � 2
ffiffiffiffiffiffiffiffiffiffiffi
gdi g

d
j

q
� 2

ffiffiffiffiffiffiffiffiffiffiffi
gpi g

p
j

q
(5)

where gd
i and gp

i are dispersive and polar contributions to the total
surface tension gi, respectively.

The values of surface tension used for wetting parameter cal-
culations are listed in Table 1. Because of the high polarity of bare-
SiNPs it was not possible to properly measure contact angle of this
sample due to strong adsorption of water during experiment.
Consequently, we used values from the literature [26]. Interestingly

Fig. 2. Schematic representation of the multilayer grafting process of MPS molecules onto silica surface in the presence of water.



enough, the surface tension valuemeasured for MPS grafted silica is
very close to the one found in the literature for MPS modified
cellulosic fiber with similar contact angle method [66] and noted
MPS grafted cellulose fibers in Table 1.

According to wetting parameter calculations reported in Table 1,
bare-SiNPs are supposed to be dispersed only in the PA6 phase
(uAB ¼�1.96) whereas the grafted ones should be segregated at the
interface (uAB ¼ 0.10). It is necessary to notice that these thermo-
dynamic predictions are only true if the system equilibrium can be
reachedwithout kinetic disturbance related tomixing procedure or
viscosity ratio between polymers [26].

3.3. Final localization of nanoparticles

Morphology of the unfilled PS/PA6 blend was observed by SEM.
PA6 nodules are well-dispersed in the PS matrix (Fig. 6).

In order to highlight migration process during mixing, SiNPs
were pre-compounded with the PS matrix. So we can assume that
all nanofillers are initially dispersed in the PS matrix.

SEMmicrographs in Fig. 7 clearly show that the final localization
of SiNPs depends on their surface chemistry. In fact, bare-SiNPs (left
column) have totally migrated from the PS matrix to the dispersed
PA6 nodules whereas grafted-SiNPs (right column) are located at
the interface. These microscopic observations are in good agree-
ment with the previous thermodynamic predictions obtained using

Fig. 3. TGA curves of bare (in red) and grafted (in blue) SiNPs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. Topographic micrographs of bare (a) and grafted (b) SiNPs powders.

Fig. 5. Wetting parameter of solid filler at the interface of immiscible polymers.



wetting parameter. Moreover, in the case of the blend filled with
bare-SiNPs, voids (white ellipse on Fig. 7aec) are formed, revealing
a poor interfacial adhesion between the two polymers. On the
contrary, when grafted-SiNPs are located at the interface (white
arrows on Fig. 7bed) no decohesion is observed. The same ten-
dency is noticed on cryo-fractured surfaces micrographs (Fig. 7e,f).
In fact, PA6 nodules covered by grafted-SiNPs seem embedded in
the PS matrix (Fig. 7b), whereas in the case of PA6 nodules con-
taining bare-SiNPs decohesion appears, numerous nodules have
been ejected during sample preparation (black holes indicated by
black arrows on Fig. 7e). Note that poor interfacial adhesion is also
observed for the unfilled blend (Fig. 6).

3.4. Morphology of the PA6 dispersed phase

Most frequently, the size distribution of the dispersed phase in
polymer blends is evaluated using microscopic analysis and image
analysis at the center of the extrudate in the perpendicular direc-
tion to polymer flow. In these conditions only spherical nodules are
observed (Fig. 8a). In fact, due to the fountain-flow process (Fig. 8c),
at the center of the polymer flow, shear rate is very low and
consequently dispersed phases are spherical. On the other hand,
shear rates are maximum in the skin region of the extrudate be-
tween the frozen layer and the core polymer flow. These important
shear rates produce elongated nodules parallel to the extrusion
direction (white arrows in Fig. 8b,c).

To characterize these two populations of nodules (spherical and
elongated), laser diffraction particle size analyzer was used as an
alternative technique to classical image analysis [8]. The PA6

nodules were collected after dissolving the PS matrix using THF
solvent and their size distribution was measured. Fig. 9 highlights
the sensitivity of the method to the aspect ratio of PA6 nodules.
Because the algorithm of calculation is based on the hypothesis of
perfect spheres (Mie theory), a well-defined Gaussian distribution
indicates the presence of monodisperse particles with a low aspect
ratio. On the contrary, a broad size distribution of spherical parti-
cles and/or presence of elongated particles can be noticed in the
10e100 mm range. Typical “M” shape curves for particles with a
very high aspect ratio can be obtained, lower and higher peaks
corresponding to the lower and higher diameters of particles with
high aspect ratio, respectively. Moreover, the aspect ratio of elon-
gated particles generated during extrusion in the skin polymer
layer (Fig. 8c) is shear rate dependent. That’s why the elongated PA6
nodules are mainly obtained for the higher screw speed also cor-
responding to the higher shear rate during extrusion process.

To conclude, two populations of nodules should be considered:
spherical PA6 nodules in the range 0e10 mm and elongated ones in
the range 10e100 mm. These statements are in concordance with
micrographs of cross polished section parallel to the extrusion di-
rection (Fig. 8b) and the corresponding extracted PA6 nodules
(Fig. 10a).

3.5. Thermal stability of microstructure

Usually, in the case of uncompatibilized polymer blends, a
quiescent annealing of 10 min around the temperature of process is
enough to observe a significant coalescence phenomenon [67].
Hence, the blends are thermally annealed in TGA oven for 10 min at
250 �C under nitrogen flow. Comparison of the size distribution of
dispersed PA6 nodules before and after annealing is an interesting
qualitative way to monitor the evolution of the microstructure. Left
column of Fig. 11 displays the size distributions of PA6 nodules
before (filled curves) and after (dotted curves) annealing for each
blends. As explained previously, two populations of nodules are
present in the extrudate. Consequently, two phenomena could
occur during annealing. First one is the coalescence process which
mainly concerns the small spherical nodules, second one is the
relaxation process of elongated nodules (filled white arrows in
Fig. 10a) in large spherical ones (dotted white arrows in Fig. 10b)
[45]. Both phenomena tend to decrease the free interfacial energy
of the system. For example, in the case of the unfilled blend both
relaxation and coalescence processes are observed (upper left in
Fig. 11). In fact, a decrease of the volume fraction of the small
spherical nodules (1e6 mm) is recorded. In the same time, an in-
crease of the volume fraction of biggest PA6 nodules (6e20 mm) is
observed. This decrease of the volume fraction of small PA6 nodules
combined with the apparition of bigger ones (vertical dashed ar-
rows in Fig. 11) is characteristic of the coalescence process. The
relaxation of the elongated nodules is observed from the shift and
refinement of the broad peak (20e50 mm) which is indicated by
horizontal filled arrow on the graphs of Fig. 11.
When SiNPs are added to the system, both the initial size distri-
bution and the evolution of the morphology during annealing are
affected. For the bare-SiNPs blend (middle row), the break-up/
coalescence mechanism is probably modified due to the total
migration of bare-SiNPs inside PA6 nodules which increases the
viscosity of the dispersed phase. Hence, the PA6 nodules are more
difficult to stretch. Consequently, no more elongated nodules are
observed. During annealing the coalescence process seems stron-
ger in the 20e30 mm range. Finally, in the case of grafted-SiNPs
blend (lower row) the volume fraction of small spherical nodules
(<10 mm) before and after annealing is unchanged. This means that
coalescence is prevented. The stabilization of the microstructure
against annealing is attributed to the formation of a solid barrier of

Table 1
Surface tension values of components of the blends.

Material gi (mN/m) gdi (mN/m) gpi (mN/m) uAB

PS 31.9 11.3 20.7 e

PA6 41.2 8.8 32.4 e

Bare-SiNPsa 80.0 29.4 50.6 �1.96
Grafted-SiNPs 67.1 31.7 35.5 0.10
MPS grafted cellulose fiberb 69 32 37 e

a From Ref. [26].
b From Ref. [66].

Fig. 6. Micrograph of fractured surface of neat PS/PA6 80/20 blend, PA6 nodules (in
white) are well-dispersed in the PS matrix (in gray).



grafted-SiNPs at the interface which inhibits coalescence. Micro-
graphs in Fig. 12 illustrate such a solid layer whereas optical
microscopic observations of blends in the molten state in the right
column of Fig. 11 also confirm the ability of grafted-SiNPs to limit
the coalescence process resulting in smaller PA6 nodules.

3.6. Thermal degradation behavior

To investigate the influence of the localization of SiNPs on the
thermal degradation behavior of materials, PCFC analyses were
carried out. PCFC analyses could be performed according to
anaerobic pyrolysis method (method A) or under aerobic atmo-
sphere with 20 wt% of oxygen (method B). These methods are
described in the ASTM D7309. Most generally, anaerobic pyrolysis
is applied. Nevertheless, aerobic atmosphere could be used in order
to highlight some effects such as resistance to thermo-oxidation or
oxygen diffusion barrier. HRR of pure polymers and blends as a
function of pyrolysis temperature according to the two discussed
methods above are plotted in Fig. 13. TGA under nitrogen and air

flow are also performed and used for the determination of the EHCi
and EHCm parameters according to Equations (2) and (3), respec-
tively. Main thermal degradation values are displayed in Table 2 for
anaerobic pyrolysis method and Table 3 for the aerobic one.

HRR curves of pure PS and PA6 with corresponding linear rules
of mixture (LRM) (measured according to the methods A and B) are
shown in the upper row of Fig. 13 whereas the PS/PA6 blends are
plotted in the lower one. First, no great difference is observed be-
tween the blends when the pyrolysis is anaerobic (left column
of Fig. 13). Degradation starts around 350 �C and the peak of HRR
(pHRR) is observed at 430 � 5 �C. Despite the fact that PA6 and PS
degrade separately (pHRR are 430 and 467 �C for PA6 and PS,
respectively), only one peak is noticed for blends due to the over-
lapping of both steps of decomposition. All flammability charac-
teristics (pHRR, THR, EHC and TML at the end of the degradation e

see Table 2) are similar for the three blends and close to the values
calculated from a linear rule of mixture.

On the contrary, great differences can be noticed when pyrolysis
is aerobic (right column of Fig.13). The pHRR of the unfilled blend is

Fig. 7. SEM observations of bare-SiNPs blend (left column) and grafted-SiNPs blend (right column). From upper to lower row: cross polished-section, focus on the PS/PA6 interface
and cryo-fractured surface. SiNPs are indicating by white arrows.



very high (1140W/g e see Table 3) and much higher than the value
calculated from a linear rule of mixture (563W/g). It means that the
decompositions of both polymers are influenced by each other.
Interestingly, this phenomenon is observed only when pyrolysis is
aerobic, i.e. when oxygen can interfere in the degradation pathway.
The bare-SiNPs blend exhibits a similar behavior than the unfilled
one, with a slightly lower pHRR (983 W/g). In this case, bare-SiNPs
contained in PA6 nodules do not significantly modify the degra-
dation pathway of the polymer blend. But a strong modification of
the HRR curve is observed when the grafted-SiNPs are located at
the interface between both polymers. In that last case, pHRR is
much lower (564 W/g) than for unfilled and bare-SiNPs blends and
a small shoulder can be noticed at high temperature (above 450 �C).
The grafted-SiNPs blend HRR curve becomes similar to the calcu-
lated linear rule of mixing.

According to the above results, grafted-SiNPs can modify the
flammability of the blend in a large extent when they are located at
the interface and only when pyrolysis is carried out in presence of
oxygen. More specifically, the aerobic degradation of both polymers
seems to occur independently when grafted-SiNPs are present at

Fig. 8. Cross polished section of neat PS/PA6 blend in perpendicular (a) and parallel (b) directions to extrusion direction. Schematic illustrations of fountain-flow process and its
impact on the PA dispersed phases (c).

Fig. 9. Size distribution of PA6 dispersed phases of the unfilled PS/PA6 blend as a
function of the screw speed of the mini-extruder.

Fig. 10. Micrographs of the PA6 extracted nodules of the unfilled blend before (a) and after (b) annealing. White arrows indicate elongated nodules before (filled) and after (dotted)
relaxation process.



the interface while strong interactions lead to a very high pHRR in
the unfilled blend or when bare-SiNPs are dispersed only in PA6.

Such results can be explained by amodification of gases released
at the peak of degradation. Mean EHCm is approximately similar for

the three blends in aerobic and anaerobic conditions because no
charring occurs (the entire polymer fraction is degraded). The
instantaneous EHCi changes according to the blend and the pyrol-
ysis. In particular, the value for the grafted-SiNPs blend tested in

Fig. 11. Left column displays size distribution curves of dispersed PA6 phases before (filled curves) and after (dotted curves) annealing using laser diffraction particle size analyzer
for unfilled, bare and grafted-SiNPs blends (from up to down, respectively). Corresponding morphology (after annealing) obtained by optical microscope for each blend is given in
the right column.

Fig. 12. SEM observations of the solid barrier of grafted-SiNPs at the interface (white arrows) inhibiting coalescence of big (a) and small (b) PA6 nodules.



aerobic conditions is much lower than that measured for the other
blends and close to the corresponding LRM (25.3 kJ/g versus
26.7 kJ/g, see Table 3). The combustion of the pyrolysis gases
released at the temperature corresponding to the pHRR generates
lower heat. It may be proposed that SiNPs at the interface prevent
interactions between degradation products of PS and PA6 phases.
Therefore, their degradation seems to occur separately and fit
correctly with the corresponding linear rule of mixing. This
assumption needs to be assessed by further analyses.

4. Conclusion

The incorporation of modified and unmodified SiNPs into
immiscible PS/PA6 80/20 blend was investigated. According to

wetting parameter calculations and SEM observations it can be
assumed that final localization of bare and grafted SiNPs are in
agreement with thermodynamic considerations. Indeed bare-SiNPs
totally migrate from PS matrix to dispersed PA6 phases whereas
grafted-SiNPs segregate at the interface. These modified SiNPs at
the interface not only seem to enhance the cohesion between both
polymer phases, but also limit the coalescence process of PA6
nodules, as demonstrated by annealing tests. Hence, these grafted
SiNPs at the interface act as a physical barrier layer.

Moreover, this solid barrier of SiNPs at the interface also mod-
ifies the aerobic thermal degradation pathway at PCFC tests. In the
presence of oxygen, the detrimental effect observed for unfilled and
bare-SiNPs blends disappears when the grafted-SiNPs are segre-
gated at the interface.

Fig. 13. HRR curves of pure polymers (up) and blends (down) under anaerobic (left) and aerobic (right) pyrolysis. Corresponding linear rules of mixture (LRM) are plotted in each
graph (dotted curves).

Table 2
Main thermal degradation values in anaerobic conditions.

Test Nitrogen atmosphere pHRR (W/g) Tpeak (�C) THR (kJ/g) HRC (J/g K) EHCm (kJ/g) EHCi (kJ/g) TML at 700 �C (%)

Polymers PS 937 430 38.8 934 38.9 39.7 99.8
PA6 597 467 29.2 595 29.4 30.9 99.2
LRM 869 437 36.9 866 37.0 38.2 99.7

Blends Unfilled 787 432 32.6 782 32.7 37.6 99.6
Bare-SiNPs 791 426 33.1 821 34.1 33.5 97.0
Grafted-SiNPs 833 433 34.4 786 35.3 39.3 97.4

Table 3
Main thermal degradation values in aerobic conditions.

Test Air atmosphere pHRR (W/g) Tpeak (�C) THR (kJ/g) HRC (J/g K) EHCm (kJ/g) EHCi (kJ/g) TML at 700 �C (%)

Polymers PS 604 410 33.0 589 33.1 28.2 99.8
PA6 398 447 24.1 390 24.2 20.1 99.6
LRM 563 418 31.2 549 31.3 26.7 99.8

Blends Unfilled 1140 433 30.4 1156 30.6 48.9 99.5
Bare-SiNPs 983 431 30.2 989 31.2 38.4 96.8
Grafted-SiNPs 564 420 31.4 581 32.8 25.3 95.6



As a perspective, the nature of the gases released but also the
impact of modified SiNPs at the interface on mechanical properties
should be scrutinized.
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