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Kinetic and thermodynamic parameters guiding the localization of
regioselectively modified kaolin platelets into a PS/PA6

co-continuous blend
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Polymers Composites and Hybrids (PCH), IMT Mines Ales, Ales, France

ABSTRACT

This article highlights the role of kinetic and thermodynamic parameters on the localization of modified kaolin platelets into a high interfacial tension co-continuous
PS/PA6 blend after extrusion, injection molding and annealing. Three kinds of copolymers were synthesized and grafted on kaolin: poly(styrene-co-
(methacryloyloxy)methyl phosphonic acid) copolymer (P(S-co-MAPC;(OH)2)), polystyrene terminated 3-(mercaptopropyl)triethoxysilane, (ETS-PS) and poly
(styrene-co-3-methacryloxypropyltrimethoxysilane) copolymer, (P(S-co-MPS)). Those copolymers were distinguished by (1) the nature of their functional groups
(phosphonic acid that reacts only with aluminol groups or alkoxysilane that reacts with both silanol and aluminol groups), (2) the amount of functional groups and
(3) their molecular weights. After functionalization the kaolin samples (K1, K2 and K3, respectively) were analyzed by FTIR, TGA and Py-GC/MS to evaluate the
grafting. It was shown that P(S-co-MAPC;(OH)2) and P(S-co-MPS) copolymers grafted on kaolin led to highly anisotropic K1 and K3 kaolin platelets, respectively.
Then, 50/50/5 PS/PA6/K; samples (i = 0 to 3) were processed as follows: (1) kaolin platelets were dispersed (via solvent cast) into the PS phase. Then, (2) PS +
kaolin were melt mixed by microcompounder with PA6, then (3) the PS/PA6/K; were injection molded into disks and finally (4) they were annealed (via dynamic or
quiescent annealing). Thanks to the high shear rate and longtime of mixing during extrusion (microcompounder), all the kaolin platelets (unmodified K, K1, K2 and
K3) crossed the interface and were localized in the PA6 phase. All K; kaolin stayed in the PA6 phase during injection. However, after annealing (quiescent or dy-
namic), the localization of the nanoplatelets was guided by thermodynamic parameters, and SEM analysis revealed the segregation of K1 and K3 kaolin platelets at
the polymers interface, with a high tendency to impede polymer phases coalescence. Hence, modified K1 and K3 kaolin are promising compatibilizing agents for a co-

continuous PS/PA6 blend.

1. Introduction

Co-continuous polymer structures are one of the four basic mor-
phologies of polymer blends with matrix-dispersed particle, matrix-fiber
and lamellar structures [1]. Co-continuous polymer blends have wide
applications, such as electrical conductive plastics [2,3], scaffolds for
drug delivery or tissue engineering [4], filters or membrane supports
[5]. Co-continuous morphologies are not stable, due to a highly curved
interface, leading to coarsening during annealing. The domain of
co-continuity in unfilled blends is dictated by different semi-empirical
theories that consider not only volume fraction of each phase but also
polymer-polymer interfacial tension and viscosity ratio [6]. For
example, polymer blends with high interfacial tension, such as PS/PA6
(ops/pas~ 8 mN/m [7]), have a narrower region of full co-continuity
than polymer blends with low interfacial tension because their elon-
gated threads break easily [1,8-10]. Compatibilizers are currently
added to stabilize polymer co-continuous morphologies regarding
coarsening. Compatibilizers may also modify each polymer proportion
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to reach the co-continuity zone. Compatibilization can be performed by
copolymers using non reactive or reactive routes. As a general tendency,
non-reactive compatibilization has a high tendency to reduce the
co-continuous region. This tendency of narrowing co-continuous zone
has also been evidenced for reactive compatibilizer which also induces a
shift in the co-continuous range due to the reaction-induced viscosity
changes in one or both phases [9,11,12]. The most commonly used co-
polymers as compatibilizers for the PS/PA6 blend are: diblock poly
(styrene-b-ethylene oxide) [13], random copolymer of styrene and 3-iso-
propenyl-a,a-dimethylbenzene isocyanate (TMI) [14], PS-grafted-PA6
[14-17]1, and copolymers based on maleic anhydride and styrene [8,
15,18-21]. It must be noted that only copolymers based on maleic an-
hydride are commercially available.

Another way to compatibilize polymer blends is to selectively
disperse (nano)particles to stabilize the blend. In the case of the PS/PA6
blend, different types of nanoparticles (NPs) were incorporated: mont-
morillonite [22], silica [23-26], TiOy [27], carbon nanotubes (CNT)
[28]. However, it is well known that selectively dispersing micro or
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nano-particles at the interface of a high interfacial tension blend is hard,
especially for NPs witha high aspect ratio [29,30]. Moreover, also due to
their high interfacial tension, polystyrene/polyamide 6 blends have a
small range of composition for the co-continuous morphology. Hence,
adding (nano)particles will help increasing the domain range of
co-continuity. Janus silica nanoparticles were already synthesized and
added to be selectively dispersed at the interface and to compatibilize a
80/20 PS/PA6 blend [31]. An amount of 10 phr was needed to fully
compatibilize the blend. Even if the synthesis described previously only
needed two steps [31], the quantity that can be synthesized, even at an
industrial scale is limited. Hence, another way to compatibilize PS/PA6
blends, especially co-continuous ones, and by using low rate of com-
patibilizers, is to functionalize and disperse commercially available
particles bearing anisotropic surface chemistry and relatively high
aspect ratio. One particle bringing together these two properties is
kaolin.

Hence, in this article, it is proposed to add kaolin particles with a
higher aspect ratio than micro-silica and at a lower rate than 10 phr. It is
proposed to modify their surface chemistry in order to localize those
“intermediate aspect ratio” particles at the interface of a co-continuous
50/50 PS/PA6 blend. Moreover, the two opposing external basal planes
of the kaolinite platelets consist of an AlI02(OH)4 octahedral layer and a
SiO4 tetrahedral layer. This natural asymmetric structure involves a
difference of reactivity which allows a selective modification of
kaolinite with appropriate molecules or polymers [32]. The anisotropic
chemical functionalization of kaolin (due to natural asymmetric struc-
ture) will allow segregating the platelets at the interface [33]. Three
kinds of structures for the grafting agent were tested: a structure bearing
several phosphonic acid functions along the polymer chain, a poly-
styrene structure with only one trialkoxysilane function at the end of the
chain and a structure bearing several trialkoxysilane functions along the
polymer chain. The localization will be investigated at each step of the
processing (after extrusion, after injection and after annealing).

2. Experimental part
2.1. Materials

The amorphous CRISTAL 1340 polystyrene (PS) purchased from
Total Petrochemicals (Feluy, Belgium) was reported to have a high
molecular weight, a melt flow index (MFI) of 4 g.10 min~ ! (with 5 kg at
200 °C) and a density of 1.05 g/cm®. The Aquamid AQL40 polyamide-6
(PA6) supplied by Aquafil Technopolymers (Arco, Italy) was reported to
have a melting point temperature of 220 °C (ISO Test Method 3146), a
MFI of 160 g.10 min~ ! (with 5 kg at 275 °C) and a density of 1.14 g/cm°.
Kaolinite (kaolin Paralux) was purchased from Imerys and came from
Brazilian deposits. Its specific surface area was 14.2 + 0.3 m? g~ L. The
average particle length (dso) of kaolinite was estimated around 0.8 pm
[34]. The thickness of a kaolin Paralux platelet varies between 30 and
100 nm. Nanoplatelets are difficult to exfoliate and it will be shown later
that they form “stacks” of thickness of about 300 nm. Those “stacks” are
called below (micro)particles. Hence, thereafter, we will speak about
microparticles of kaolin. PA6 and kaolin were dried during 24 h under
vacuum at 80 °C before being processed. Styrene, was purchased from
Sigma Aldrich, 3-methacryloxypropyltrimethoxysilane (MPS) and
3-(mercaptopropyDtriethoxysilane (ETS) from ABCR, azobisisobutyr-
onitrile (AIBN) from Fluka, and dimethyl(methacryloxy)methyl phos-
phonate (MAPC;) from Specific Polymers (Castries, France).

2.2. Synthesis of the grafting agents

2.2.1. Synthesis of the poly(styrene-co-(methacryloyloxy)methyl
phosphonic acid) copolymer, P(S-co-MAPC;(OH)2)

The synthesis was performed in several steps and was reported in a
previous work [35]. The first step consisted in a radical copolymeriza-
tion of styrene and dimethyl(methacryloyloxy)-methyl phosphonate

(MAPC;) under argon atmosphere. Into a 100 mL flask fitted with a
condenser, 15 g (1.4 x 107! mol) of styrene, 1.6 g (7.7 x 1072 mol) of
MAPCy, 0.25 g (1.5 x 102 mol) of AIBN and 20 g of acetonitrile were
introduced. Argon was bubbled through the mixture for 15 min. The
mixture was then stirred and heated at 80 °C for 15 h. After reaction, the
polymer (P(S-co-MAPC;)) was purified by precipitation in methanol.

The second step consisted of a hydrolysis of the phosphonate groups
of the copolymer obtained from the first step. Into a 100 mL two-necked
flask equipped with a Dean Stark apparatus, 10 g of copolymer P(S-co-
MAPC;) (90/10 mol%) and 40 mL of dichloromethane were introduced
under inert atmosphere. The mixture was degassed by bubbling argon
for 15 min, stirred and heated at dichloromethane reflux for 1 h (water
was eliminated by the Dean Stark apparatus). The mixture was then
cooled at room temperature and 2.7 g (1.8 x 102 mol) of bromo-
trimethylsilane was added dropwise. After 15 h, the solvent was
partially eliminated under vacuum, before precipitation of the copol-
ymer P(S-co-MAPC;(0OH),) in methanol. A schematic representation of
the grafting agent synthesis process is described in Fig. 1a.

2.2.2. Synthesis of ETS-PS

This grafting agent corresponding to polystyrene chains bearing one
trialkoxysilane groups was obtained by free radical telomerization of
styrene in presence of 3-(mercaptopropyl)triethoxysilane (ETS). Into a
100 mL flask fitted with a condenser, 15 g (1.4 x 10~ mol) of styrene,
1.37 g (5.7 x 10~ mol) of ETS, 0.24 g (1.4 x 10> mol) of AIBN and 20 g
of acetonitrile were introduced. Argon was bubbled through the mixture
for 15 min. The mixture was then stirred and heated at 60 °C for 15 h.
After reaction, the polymer ETS-PS was purified by precipitation in
methanol. A schematic representation of the grafting agent synthesis
process is described in Fig. 1b.

2.2.3. Synthesis of poly(styrene-co-3-methacryloxypropyltrimethoxysilane)
copolymer, P(S-co-MPS)

This grafting agent was obtained by copolymerization of a styrene/
MPS 95/5 mol.% mixture. Into a 100 mL flask fitted with a condenser,
15g(1.4 x 10! mol) of styrene, 1.88 g (7.6 x 1072 mol) of MPS, 0.25 g
(1.5 x 10~2 mol) of AIBN and 20 g of acetonitrile were introduced.
Argon was bubbled through the mixture for 15 min. The mixture was
then stirred and heated at 60 °C for 15 h. After reaction, the polymer P(S-
co-MPS) was purified by precipitation in methanol. A schematic repre-
sentation of the grafting agent synthesis process is described in Fig. 1c.

2.3. Kaolinite modification

Kaolinite functionalization was performed with the same procedure
for the three grafting agent. Into a 250 mL flask fitted with a condenser,
10 g of kaolinite, 0.5 g of grafting agent and 100 mL of toluene solution
were introduced. The mixture was then stirred and heated at solvent
reflux for 15 h. The mixture was next centrifuged (speed: 5000 rpm) to
eliminate the liquid phase and washed three times with THF. Finally, the
obtained kaolinite was dried under vacuum.

2.4. Ternary (micro)composite preparation and annealing

Ternary (micro)composites based on 50 wt% of PS, 50 wt% of PA6
and 5 per hundred rates (phr) of kaolin were prepared. In a first step,
pure or modified kaolin microparticles (MPs) were embedded into PS
film by a solvent cast method. Details are explained elsewhere [24]. In a
second step, kaolin MPs embedded in PS were melt mixed under nitro-
gen in a mini-extruder DSM (Xplore) with a screw length of 135 mm and
a chamber volume of 15 cm®. The temperature was set at 240 °C and the
screw speeds used were 60, 120 and 40 rpm during incorporation
(1min), mixing (4min) and extrusion (almost 2 min), respectively. After
pelletizing, the granules were dried under vacuum at 80 °C overnight
and then injection-molded onto discs (diameter of 25 mm, thickness of
1.5 mm) for rheological analyses using a mini injection-molding
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Fig. 1. Schematic representation of the synthesis of the three polymer grafting agents: (a) P(S-co-MAPC;(OH),), (b) ETS-PS and (c) P(S-co-MPS).

machine (MERCATOR, Zamak). The barrel temperature was set at 240
°C.

Quiescent annealing was performed at 230 °C under nitrogen for 30
min on the thread after mini-extruder. Dynamic annealing was per-
formed on discs under rheological tests (see § 3.5.8).

2.5. Characterization

2.5.1. 'HNMR

NMR spectra were recorded on Bruker AC 400 instruments, using
deuterated chloroform as the solvent and tetramethylsilane as the ref-
erences for 'H nuclei. Chemical shifts are given in part per million
(ppm). The experimental conditions for recording 'H NMR spectra were
as follows: flip angle 90°, acquisition time 4.5 s, pulse delay 2 s and
number of scans 16.

2.5.2. Size exclusion chromatography (SEC)

SEC was performed on a Varian apparatus equipped with a RI Shodex
refractive index detector, two PL gel Mix C columns at 35 °C with a 1 mL
min~! flow rate of tetrahydrofuran (THF), and calibrated using poly-
styrene standards.

2.5.3. TGA

The grafting of kaolinite was studied by thermal gravimetric analysis
(TGA). Thermal characterization was carried out with a PerkinElmer
Pyris-1 instrument on 10 mg of samples, under nitrogen. Samples were
first heated at 10 °C/min from 25 to 110 °C, followed by an isotherm at
110 °C for 10 min to remove all the physisorbed water of the kaolinite.
They were then heated again from 110 to 900 °C, at 10 °C/min, in order
to eliminate the grafted groups.

2.5.4. Py-GC/MS

A Pyroprobe 5000 pyrolyzer (CDS analytical) was used to flash py-
rolyze the samples in a helium environment. This pyrolyzer is supplied
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 chromato-
graph for 5 min. The pyroprobe 5000 is interfaced to a 450-GC chro-
matograph (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 V{-5 ms capillary column (30 m x 0.25 mm;
thickness = 0.25 pm) and helium (1 1/min) was used as 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.

2.5.5. Contact angle measurement

Contact angle measurements were carried out by depositing a liquid
drop with controlled volume on the sample surface. The contact angle 6
between the liquid and the substrate was measured using a KRUSS Drop
Shape Analyzer DSA30 goniometer apparatus. Thin flat disks of kaolin
were prepared using a compression molded laboratory press. Then,
contact angle measurements between sample surface and water were
performed ten times.

2.5.6. Solvents dispersion test

A dispersion test in a water/toluene mixture was also completed on
kaolinites before and after modification. 5 mg of clay was introduced in
2 mL of water and ultrasonically dispersed for 5 min. 2 mL of toluene
was then added and the whole was mixed ultrasonically for another 5
min. The mixtures were left for 1 week and pictures were taken at
different times.

2.5.7. Morphology characterization

Scanning Electron Microscope (SEM) was used to evaluate the
morphology of the ternary microcomposites and especially the locali-
zation of pure and modified kaolin, before and after annealing. An
environmental SEM Quanta 200 FEG (FEI Company) was operated
under high vacuum at 10 kV. All the samples were prepared by cryo-
fracture and coated with a thin carbon layer. Before annealing, the im-
ages were collected either on threads after melt mixing or on discs
samples after injection molding. After annealing, the images were
collected either after heating (quiescent annealing) or after rheological



test (dynamic annealing), as mentioned previously. For some micro-
graphs, one of the two co-continuous phases was extracted in an
appropriate solvent: PA6 and PS were dissolved in formic acid and THF,
respectively.

2.5.8. Rheological tests

Oscillatory shear measurements were performed using an advanced
rheometric expansion system (ARES, TA Instruments). All the tests were
carried out under nitrogen atmosphere on sample discs, which were
dried under vacuum at 80 °C for 24 h. The measurements were per-
formed at 240 °C using the plate-plate geometry. The plate diameter
was 25 mm and the gap between the two plates was set to 1 mm. A shear
strain of 3% was chosen for all subsequent frequency sweep tests. The
frequency was varied from 100 to 0.1 rad s~ L. Discs were collected after
rheological tests to evaluate the evolution of their microstructure after
dynamic annealing.

3. Results

3.1. Synthesis of the copolymers

It is well known that kaolin platelets as all the silicates will prefer to
localize in PA6 when melt mixed into a PS/PA6 blend. Hence, to
improve affinity with the PS phase in the PS/PA6 blend, kaolinite sur-
face was functionalized with copolymers bearing PS chains. So, in a first
step of this article, we have developed synthesis procedures to obtain
polystyrene chains bearing chemical functional groups: alkoxysilane
and phosphonic acid groups, allowing the formation of a covalent bond
with functional groups at the kaolinite surface. Kaolin exhibits an
asymmetric surface chemistry that can lead to dual modification
showing interfacial activity in immiscible blends such as in solvent-cast
PS/PMMA blend film [32]. Indeed the structure of kaolinite contains

Table 1

aluminosilicate layers comprised of a tetrahedral SiO4 sheet and an
octahedral AlOg sheet. The alumina surface is covered with AlI-OH
groups, whereas the silica surface is mainly composed of siloxane
Si-O-Si groups. Nevertheless, some Si-OH hydroxyl groups are present
at the silica surface. AI-OH or Si-OH groups are also present on the
edges and in defects of the aluminosilicate layers. Because hydroxyl
groups are rare at the silica surface and edge, the kaolinite surface
chemical reactivity is predominantly related to that of AI-OH groups at
the alumina surfaces. Hence, we assume that the grafting of kaolinite
with alkoxysilane grafting agents will give heterogeneity of surface
functionalization. Moreover, the grafting of kaolinite with phosphonic
acid groups (which are known to react only with aluminol groups) will
also lead to asymmetric surface functionalization.

PS based copolymer grafting agents were synthesized by radical
polymerization to obtain polymer chains bearing phosphonic acid or
alkoxysilane groups. The structures of the different grafting agents are
represented in Table 1. Phosphonic acid functions are known to react
only with aluminols [35] and the copolymer P(S-co-MAPC;(OH);) was
synthesized for the selective modification of alumina faces. Its synthesis
and characterization were described in a previous work about selective
modification of halloysite [35]. PS chains bearing alkoxysilanes func-
tions were used to modify silica and alumina faces of kaolinite particles
because these functions are reactive with silanols and aluminols [36].
Two kinds of structure where obtained for the PS chains bearing
alkoxysilane groups: a structure with only one trialkoxysilane function
at the end of the chain (ETS-PS) and a structure bearing several tri-
alkoxysilane functions along the polymer chain (P(S-co-MPS)). ETS-PS
was obtained by radical telomerization of styrene in presence of ETS
as transfer agent. P(S-co-MPS) was obtained by radical copolymerization
of styrene with MPS.

These grafting agents were characterized by "H NMR to validate their
structure and by Size-Exclusion Chromatography (SEC). Fig. 2 shows the

Characteristics of the PS based grafting agents and schematic representations of the obtained kaolinite

platelets functionalization.
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NMR spectra of the three synthesized grafting agents. The NMR spec-
trum of ETS-PS (Fig. 2b) shows a large signal centered at 3.8 ppm cor-
responding to the protons of the methylene group in a-position of the
oxygen of the ethoxysilane groups. A comparison between the intensity
of this signal characteristic of the alkoxysilane end chains and the in-
tensity of the signal centered at 6.9 ppm characteristic of the aromatic
protons of styrene units allows to determine a molecular weight (M) of
about 5300 g/mol whereas the SEC analysis of this sample gives M,, of
about 2800 g/mol. This difference is due to an incomplete functional-
ization of the PS chains obtained by the radical telomerization. Indeed
only one part of the obtained polymer chains bears an ethoxysilane
group. Hydrolysis of one part of the ethoxysilane functions could also
explain the difference between the NMR and SEC analyses. However,
this explanation is unlikely due to the stability of these functions and the
use of anhydrous conditions for the preparation of this grafting agent.
The NMR spectrum of P(S-co-MPS) (Fig. 2c) shows a large signal
centered at 3.6 ppm corresponding to the protons of the methyl groups
of the alkoxysilane functions carried by MPS units. This signal also ex-
hibits a peak corresponding to the protons of the methylene group in
a-position of the oxygen of the ester functions. A comparison between
the intensity of this signal characteristic of MPS units and the intensity of
the signal centered at 6.9 ppm characteristic of the aromatic protons of
styrene units gives a molar percentage of about 6.3 for the MPS units.
For this grafting agent, the SEC analysis gives a molar weight of about
10100 g/mol. The calculation from these NMR and SEC results gives
polymer chains of about 89 units with about 5-6 silane units per chain.

a,b,d, g h

ppm

Fig. 2. '"H NMR spectra of synthesized grafting agents: (a) P(S-co-MAPC1
(OH)5), (b) ETS-PS and (c) P(S-co-MPS).

3.2. Kaolinite grafting with PS based copolymers

Kaolinite was functionalized by the three PS based grafting agent
using the same procedure. The modification was performed with a filler/
grafting agent rate equal to 100/5 (weight equivalent). Py-GC/MS was
used to characterize the modification of kaolinite. Total ion chromato-
grams (TIC) of kaolinite modified with P(S-co-MAPC;(OH),) (noted K1),
with ETS-PS (noted K2) and with P(S-co-MPS) (noted K3) predominantly
show the formation of styrene after pyrolysis due to the degradation of
the PS chains (Fig. 3a, b and c). These results confirm the presence of the
grafting agent after surface modification of kaolinite. Moreover, the
extracted ion chromatograms (EIC) at m/z 86 of K1 and K3 (Fig. 3d and
e) show the presence at 3.7 min of a peak characteristic of methacrylic
acid. The presence of this compound is due to the decomposition during
the pyrolysis step of the methacrylate units of the polymer grafting
agents: MAPC;(OH), for K1 and MPS for K3.

TGA was then used to quantify the grafting rate (Fig. 4). As
mentioned previously, P(S-co-MAPC;(OH),) is expected to react only
with the aluminol groups whereas ETS-PS and P(S-co-MPS) are expected
to react on both silanol and aluminol groups [37]. Moreover, it is known
that the alumina surface bears more free hydroxyl groups than the silica
one. The grafting rates obtained for the modification of K1, K2 and K3
kaolinite are about 2.0, 1.3 and 2.1 wt% respectively. These rates
correspond to grafting efficiencies of about 42, 27 and 44% for P
(S-co-MAPC;(OH),), ETS-PS and P(S-co-MPS), respectively.

A molar grafting rate for the modified kaolinite samples was ob-
tained by the comparison of the TGA results and the M, values obtained
by SEC for the three grafting agents. Rate values of about 4.3 x 10,
4.6 x 10°®and 2.1 x 10°° mol/g were calculated for K1, K2 and K3,
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Fig. 3. Py-GC/MS TIC of modified kaolinite samples (a) K1, (b) K2, (c) K3 and
EIC at m/z 86 of (d) K1 and (e) K3.
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Fig. 4. TGA under nitrogen, from 110 °C to 900 °C and after an isotherm at
110 °C for 10 min, of pristine and modified kaolinite.

respectively (Table 1). So the less molar grafting rate was obtained with
the grafting agent having the highest M, value and bearing the most
grafting functions by chains.

To evaluate the effect of the grafting on the free surface energy of
kaolinite, contact angle measurements were carried out by putting water
drops on the surface of flat discs of kaolinite obtained by compression
molding of the clay powder. For pristine kaolinite and K2 the water drop
is instantly absorbed and no measurement can be done. Whereas for K1
and K3 the water drop is not absorbed by the kaolinite disc and contact
angles of about 95 + 4° and 104 + 3°, respectively can be measured
(Table S1). This modification of affinity proves the presence of chains
with low polarity on the platelet surfaces for K1 and K3. We assume that
the high affinity with water for K2 is due to an insufficient coverage of
the kaolinite surface by the PS grafting agent. We assume that the dif-
ference of structure for the three PS grafting agents must involve dif-
ferences of surface coverage. Indeed chains bearing several grafting
functions (allowing the formation of a covalent bond with the kaolinite
surface), such as for K1 and K3, combined with high molecular weights
must allow a high coverage of the surface with polymer forming brushes.
Whereas, chains bearing only one grafting function at the chain end and
having a low molecular weight (this is the case of K2) must lead to a low
coverage of the kaolinite surface. A schematic representation of the final
grafting morphology is shown in Table 1.

The unmodified (K) and the three modified (K1, K2 and K3) kaolins
were dispersed in an immiscible toluene/water mixture to evaluate their
capacity to stabilize a water-oil Pickering emulsion. Fig. 5 clearly es-
tablishes that all modified kaolins promote the long-term stability of the
Pickering emulsion, whereas the unmodified kaolin K do not stabilize
the W/0 emulsion.

The shape and size of the water droplets in the toluene media are
very different depending on the kaolin functionalization (Fig. 6). P(S-co-
MAPC;(0H),) grafted kaolin platelets (K1) exhibit the best emulsifica-
tion capability (Fig. 6b). K1 leads to the finest water droplets, probably
due to the regioselective grafting on aluminol groups leading to a
perfectly anisotropic NP. Then, P(S-co-MPS) grafted kaolin platelets
(K3) lead to a stable emulsion with larger droplet size (Fig. 6d). This
copolymer exhibits a high molecular weight but not a fully anisotropic
grafting on kaolin as it reacts with both silanols and aluminols of the
platelets. Finally, ETP-PS grafted kaolin platelets (K2) allow to stabilize
the emulsion but the water droplets are very heterogeneous with
different shapes and sizes (Fig. 6¢). This highlights the poor emulsifi-
cation capability of the K2 kaolin.

Fig. 5. Dispersion stability of pristine and grafted kaolinites in water—toluene
mixture. Images were saved at initial time (after stirring), after 24 h and one
week: (a) K; (b) K1; (¢) K2; (d) K3.

3.3. Morphology and rheological behavior of ternary microcomposites
before annealing

The unfilled PS/PA6 blend exhibits a high interfacial tension leading
to a low co-continuous zone that is ranged between 40 and 50 wt% of PS
in the blend. The blend is then expected to be co-continuous for the 50/
50 PS/PA6 composition. The rheological behavior of the co-continuous
blend is classical (Fig. 7). Indeed, G’ of the co-continuous blend exceeds
that of the two components at low frequency. This increase can be
attributed to a longer shape relaxation due to a large interface between
PS and PA6 [38].

The viscosity ratio p (p = %) is relatively close to 2 all along the

frequency sweep range (Fig. 7). Then, the migration of NPs from one
phase to the other is a priori not limited by the viscosity. This fact is
important to be discussed, because as demonstrated by Plattier et al.
[39], viscosity of the polymeric phases plays a crucial role in the final
localization of the particles. The particles will have a high tendency to
stay in the most viscous phase.

The unmodified kaolin (K) is expected to localize in the PA6 phase.
Indeed the wetting parameter was estimated based on a surface energy
of 171.0, 31.9 and 41.2 mJ/m? for kaolin [40], PS and PA6 [24],
respectively. Interfacial tension between polymers was calculated using
the harmonic mean equation of Wu, whereas interfacial tension between
polymers and kaolin was calculated using the geometric mean equation
of Owens-Wendt. Hence, for unmodified kaolin in PS/PA6 blend, the
wetting parameter is calculated, mag = 2.7 (with A = PA6 and B=PS). To
predict the localization of each modified kaolin, the use of the wetting
parameter is inappropriate. The wetting parameter, wap is defined as a
mathematical description of the thermodynamic tendency based on the



Fig. 6. Dispersion stability of pristine and grafted kaolinites in water—toluene mixture. Images were saved at initial time (after stirring): (a) K; (b) K1; (c) K2; (d) K3.
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Fig. 7. Complex viscosity and storage dynamic modulus versus frequency for
PS, PA6 and 50/50 PS/PA6 blend.

measurement of surface tension and the calculation of interfacial ten-
sion. However, measuring the surface tension of an asymmetric particle
is unfair due to its anisotropic surface chemistry. Moreover, even if the
calculation of wap predicts the localization at the interface, it is clearly
explained by Goldel et al. [41], that in the case of non-spherical NPs,
their localization at the interface is an instable transition state and is
highly improbable in the final blend morphology. This is particularly
pronounced in the case of high aspect ratio NPs (nanotubes) for which
only NPs oriented completely parallel to the interface may be stacked at
the interface. According to Goldel’s “slim-fast mechanism” [42], kaolin
platelets can be classified in intermediate transfer speed/interfacial
stability. This means that the transfer of kaolin from the PS phase to the
PAG6 one is not fast but not as low as that of spherical NPs (silica). Hence,
to conclude on those previous considerations, unmodified kaolin K is
expected to localize in the PA6 phase.

Micrographs of the four formulations (PS/PA6/K to PS/PA6/K3)
after extrusion melt mixing and after injection molding are given in the

top and in the bottom line of Fig. 8, respectively. It must be noticed that
the micrographs of the threads after extrusion (top images in Fig. 8)
were performed after selective extraction of PA6 revealing only the PS
phase. In all images, kaolin platelets are well-dispersed in the co-
continuous blend. Whatever the functionalization, in the threads,
there are no platelets in the remaining PS phase (Fig. 8, top). The
platelets are dispersed in the dissolved PA6 phase, suggesting that
during the extrusion processing platelets migrate from the PS to the PA6
phase, crossing the interface. Then, platelets stay in the PA6 phase
during the injection processing as all the platelets are dispersed in this
PA6 phase in the images at the bottom of Fig. 8. This implies that,
whatever the functionalization, injection does not perform any
displacement of the kaolin platelets from the PA6 phase. It is probably
due to the short time of mixing applied on the melted blend under mini-
injection molding. Another important parameter that plays a crucial role
in the localization of NPs is the viscosity of each polymeric phase [39].
In the present case, as the viscosity of PA6 is higher than that of PS
(whatever the frequency or shear rate as shown in Fig. 7), it is clear that
platelets will have a high tendency to leave the less preferred PS phase
and reach the most preferred PA6 phase.

The dynamic viscosity of ternary microcomposites gives interesting
information on the morphology of the system and especially dispersion
of the microcomposites. PS/PA6/K and PS/PA6/K2 exhibit the same
trend (Fig. 9) that is similar to that of the pure blend with a slight in-
crease in viscosity at high and low frequencies. The rheological behavior
of PS/PA6/K1 and PS/PA6/K3 is highly different from that of PS/PA6/K
and PS/PA6/K2 as seen in Fig. 9. Indeed, those two ternary micro-
composites exhibit pseudo-solid-like behavior that is characterized by a
G’ plateau at low frequency. This is usually attributed to the formation
of a percolated particle network of filled particles [43-45].

Fig. 10 shows the microstructure performed on the disks samples
after this rheological test. Both final microstructures of PS/PA6/K and
PS/PA6/K2 are identical: after the rheological test most of the kaolin
platelets are localized in the PA6 phase. On the contrary, at the end of
the rheological test, microstructures of PS/PA6/K1 and PS/PA6/K3
clearly showed a localization of the platelets at the interface between PS
and PA6 phases (Fig. 10). Hence, the solid network formation at 5 phr of
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Fig. 8. Micrographs of the thread after extrusion and selective extraction of PA6 by formic acid (top) and of transverse section of discs obtained by mini-injection
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Fig. 9. Rheological measurements (Strain = 3.0%, Temperature = 240 °C,
Diameter = 25 mm, Gap = 1 mm).

K1 and K3 functionalized kaolin is due to both the co-continuity of the
two polymer phases and the localization of the kaolin at the interface.
This peculiar microstructure of both co-continuous polymer phases and

dispersion of NPs at the interface is called the double percolation
morphology [46-48]. In our case, it is formed during the rheological
test. As platelets were localized in the PA6 before the oscillatory rheo-
logical test (Fig. 8), these results also reveal that K1 and K3 kaolin
platelets migrate during the rheological test from the PA6 phase to the
interface. This migration is accompanied by a coarsening phenomenon
that will be discussed latter.

3.4. Ternary microcomposite morphology after annealing

Relaxation of polymer phases performed during quiescent or dy-
namic annealing is greatly affected by the presence of fillers. After dy-
namic annealing performed under rheological tests, coarsening is huge
for PS/PA6/K and PS/PA6/K2 whereas coarsening is more limited for
the PS/PA6/K1 and PS/PA6/K3 formulations (Fig. 10). Unfilled co-
continuous morphologies are known to be thermodynamically not sta-
ble. During annealing, phases coarsen into larger size domains due to
coalescence [49]. These transformations are mainly driven by interfacial
tension, and to a lesser extent by viscosity ratio. After dynamic
annealing, platelets are localized at the interface for PS/PA6/K1 and
PS/PA6/K3. Whereas, platelets remain mainly in the PA6 phase for
PS/PA6/K and PS/PA6/K2. The shifting of the platelets at the interface
during the dynamic annealing experiment limits the coalescence leading
to a finer morphology in the case of PS/PA6/K1 and PS/PA6/K3 than in
the case of PS/PA6/K and PS/PA6/K2.

Quiescent annealing were performed on threads after extrusion melt
mixing (Fig. 11). The micrographs of Fig. 11 were obtained after se-
lective solvent extraction on threads in order to reveal the undissolved
polymer phase and to get insight into the affinity of the kaolin with the
phases for the different formulations. The microstructures of the threads
before annealing are identical to that of the discs obtained after injection
(Fig. 8).

Micrographs of PS/PA6/K and PS/PA6/K2 in Fig. 11 reveal the same
microstructure than that of Fig. 10 obtained on disks after rheological
tests. That is to say, after quiescent or dynamic annealing, the platelets
remain in the PA6 phase with high coarsening. Notwithstanding, co-
continuous morphologies are maintained for both PS/PA6/K and PS/
PA6/K2.

Micrographs of PS/PA6/K1 and PS/PA6/K3 (Fig. 11) after quiescent
annealing reveal the presence of kaolinite K1 and K3 particles mainly at
the interface between PS and PA6 but also in the PA6 phase (just as in
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Fig. 10. Micrographs of the disks before (*2500) and after (*150 and *500) rheological test (dynamic annealing).

Fig. 10 after rheological tests). This means that most of the kaolin K1 and
K3 platelets migrate during quiescent annealing, from the PA6 phase to
the PS/PA6 interface. In order to evidence the localization of the
platelets at the interface after annealing in the case of K1 and K3
(contrarily to K and K2), SEM micrographs with high magnification are
displayed in Fig. S1. Moreover, the interfacial localization of K1 and K3
after annealing is also supported by SEM/EDX (Fig. S2) that proves the
presence of silicon and aluminum elements at the interface of ultra-cryo-
microtomed samples collected after rheological tests. As the interface is
saturated by the platelets at much smaller amounts than 5 phr (see
Fig. S3), it is expected that the remaining K1 and K3 platelets stay in the
PA6 phase. Fig. 11 also reveals that interfacially localized K1 platelets
have a high affinity with PS as they remain at the surface of the PS phase
after the extraction of PA6 with formic acid and they are eliminated
when PS is extracted with THF. Contrarily, interfacial K3 platelets have a
high affinity with both PA6 and PS as they remain at the surface of both
PA6 and PS phases after the extraction of PS and PA6 with THF and
formic acid, respectively. This result inquires on the efficiency of the
type of functionalization performed on kaolin platelets regarding the

affinity for the polymeric phases.

Moreover, for PS/PA6/K3, the coarsening is less pronounced than for
PS/PA6/K1 (see Fig. S4). Indeed, for PS/PA6/K3, coalescence is
impeded due to the formation of rigid particle layers at the interface that
have a high affinity with both polymeric phases, leading to the decrease
or suppression of coarsening.

Xiu et al. [50] defended the formation of a co-continuous structure of
85PLA/15PU/carbon black (CB) with CB high self-networking capa-
bility. The formation and stability of co-continuous-like structure was
tailored by controlling the self-networking of CB via adjusting relative
parameters, such as temperature, shear rate and CB content, indicating a
close relation between the self-networking of CB and the formation of
co-continuous-like structure. This network cannot be formed during
mixing due to the high shear rate that destabilizes the CB network. In
this article, the fillers self-networking and stability of fillers network and
co-continuous-like structure are created and measured during a rheo-
logical test.

In our case, it is evident that the process parameters (shear rate) are
not the same for a quiescent or a dynamic annealing than for melt



PS/PA6/K

PS/PA6/K1

PS/PA6/K2

PS/PA6/K3

PS network  BEFORE | PA6 network  AFTER | PS network AFTER
ANNEALING (PA6 was quiescent ANNEALING (PS | quiescent ANNEALING
extracted with formic acid) @ | was extracted with THF) (PA6 was extracted with

formic acid)

Fig. 11. Microstructures performed on the threads (after extrusion melt mixing) before and after quiescent annealing. First column: PA6 was dissolved in formic acid;
second column: PS was dissolved in THF; third column: PA6 was dissolved in formic acid. (1) The “particles” that can be seen on the surface of the non-extracted phase
come from the dissolved phase which has relocated during drying. These particles are then considered as impurities.

mixing. Then, the migration of the platelets are not governed by the
same parameters. During quiescent or dynamic annealing, the final
morphologies are guided by thermodynamic parameters (especially,
surface chemistry) rather than kinetic parameter. Whereas, during melt
mixing, the final localization is guided by the shear rate, time of mixing
and intrinsic parameters of the blend (viscosity ratio, interfacial tension,
elastic modulus).

When localized at the interface, K3 exhibits a high affinity with both
polymer phases. The affinity with the PS phase is due to the PS part of
the grafted P(S-co-MPS) copolymer, whereas we assume that the affinity
with the PAG6 is due to the presence of unreacted silanols groups and
Si-0O-Si groups of the MPS units of the grafted P(S-co-MPS) copolymer.
This leads to a high anisotropic propensity for K3. K3 kaolin is then
highly efficient in limiting the coarsening of the co-continuous blend. K1
also localizes at the interface after annealing but exhibits a higher af-
finity with the PS phase than PA6 phase. Indeed, no P(S-co-MAP-
C1(OH)>) copolymers are grafted on the silanol groups of the silica site of
the platelets. K1 limits the coarsening but this impediment effect is more
limited than for K3.

4. Discussion

Generally speaking, functionalized kaolins are added in an incom-
patible co-continuous PS/PA6 blend in order to stabilize the co-
continuity and improve the compatibility between the two phases (not
shown here). This can only be achieved if the functionalized kaolins
localize at the interface. As seen in the previously obtained results,
processing route and parameters play a crucial role on the final locali-
zation of kaolin platelets. The objective is now to understand the
different microstructures of the PS/PA6 blends filled with raw and
functionalized kaolinites based on the previous results and regarding the
literature.

Potschke et al. [42] studied the mechanism of transfer through the
blend interface during the process for unmodified nanoparticles (carbon
black and CNT) that were introduced in the less favorable phase (SAN)
to reach the more favorable one (PC). When a solid particle crosses the
blend interface during melt mixing, the relaxation of the interfacial
curvature has to be considered. Indeed, to achieve a more stable
configuration, the interface relaxes by decreasing the curvature to some
degree, which drives the wetted particle a certain distance into the more



favorable wetting phase. In the case of spherical NPs (low aspect ratio),
this interfacial relaxation can be performed with a small shift of the NP
leading to a slow speed transfer and a high interfacial stability. On the
contrary, in the case of CNT, if the tube is perpendicular to the interface,
interfacial relaxation needs a quasi-full transfer of the nanotube through
the interface leading to a fast transfer and a poor interfacial stability.
Elongated nanoparticles (nanotubes and platelets) being parallel to the
interface are stable because they reduce the system’s free energy. This
effect of interfacial free energy minimization is high for platelets that
exhibit a two-dimensional shape but lower for nanotubes that exhibit
only one-dimensional shape. They added that the case of platelets shape
nanoparticles is special due to their high probability of parallel orien-
tation to the blend interface. Then, they can reveal high interfacial
stability specifically for highly incompatible blend phases.

It must be noticed that the interfacial tension between PC and SAN is
very low (ypc/san ~ 0.02 mJ m™ 2) [41] and the blend is a co-continuous
PC/SAN one. It is supposed that those previously mentioned conclusions
can be extended to submicronic platelets particles such as kaolins.

In low interfacial tension polymer blends, it was shown by Favis etal.
that NPs (silica and Cu nanowires) have a high tendency to segregate at
the interface [51] because the migration to the interface to further reach
the more preferred polymer phase is low. Hence, the process parameters
(time of mixing, shear rate) have a high influence on the final
morphology, especially for high aspect ratio NPs [30]. They explained
that as low interfacial tension have a wide interfacial region, solid
particles are blocked at the interface, whereas for high interfacial ten-
sion blends, as the region is thin, particles are easily transferred to the
preferred phase [52]. In high interfacial tension blends, the NPs do not
segregate at the interface. They preferentially reach the most preferred
polymer phase because the migration through the interface occurs
readily thanks to the thin interfacial region. This phenomenon is
particularly evident for low aspect ratio NPs. In the case of high aspect
ratio nano-objects, the transfer is slown down and mixing time and shear
rates have a great influence on their migration. In the case of micro-scale
silica dispersed in high interfacial tension blends, there final localization
is mainly influenced by the viscosity of the polymer phases [29]. Hence,
an innovative route to segregate MPs and NPs at the interface of a high
interfacial tension blend is the use of Janus particles [53-55].

The different morphologies of our high interfacial tension blend fil-
led with modified and unmodified platelets shape particles can now be
explained in the light of the above mentioned articles. During the pro-
cess, whatever the functionalization, the kaolin particles are transferred
easily from the PS to the PA6 phase. This transfer is allowed by different
parameters: (i) a high interfacial tension between PS and PA6 which
leads to a thin interfacial region that allows a high transfer speed to the
PAG6 phase; (ii) a medium aspect ratio of the NPs which allows a speeder
transfer through the interface than for low aspect ratio NPs (such as
silica) and (iii) a long mixing time which enhances the above mentioned
phenomenon.

However, thermodynamically, regioselectively grafted K1 and K3
platelets exhibit a high tendency to reach the interface. Hence, during
the dynamic or quiescent annealing, they migrate from the PA6 phase to
the interface thanks to the quiescent conditions of both annealing and
the long experimental times. Phenomenon guiding particles motion at
the interface of a polymer blend at the melted state are not well un-
derstood. There are recent articles dealing with this point. A recent book
chapter [56] explains that the migration of particles under dynamic
conditions are mainly governed by the frequency of collisions between
particles and dispersed phase droplets. These collisions depend on the
shear rate and time of mixing. Recently, Jaensson et al. [57] used the
Cahn— Hilliard diffuse-interface model to investigate the motion of a
rigid particles suspended in two-phase shear flow with one viscoelastic
and one Newtonian fluids. By varying the Weissenberg and capillary
numbers they proved that four scenarios are possible for the particle: the
particle migrates away from the interface; it migrates toward the
interface, but its migration is halted; it penetrates the interface into the

Newtonian fluid; or it migrates toward the interface and is adsorbed at
the interface. These results obtained by models are promising to un-
derstand more about the phenomenon guiding the kaolin particles for
K1 and K3 to the interface during annealing but more investigation are
needed.

5. Conclusions

High interfacial tension polymer blends, such as PS/PA6 blends are
known to impede nano- and microparticles to reach their interface.
Kaolin platelets are functionalized with PS bearing copolymers in order
to orientate their localization at the interface of a co-continuous PS/PA6
blend. Whatever the functionalization, the extrusion processing (by
microcompounder) of the co-continuous PS/PA6/kaolin ternary nano-
composites does not allow to localize the platelets at the interface, even
for K1 and K3 NPs. This rapid transfer across the interface during the
melt mixing is due to the high interfacial tension of the polymer blend,
the relatively high aspect ratio of the NPs, the high shear rate and the
long mixing time applied during extrusion. The injection step does not
change the morphology and whatever the functionalization, the kaolin
stays in the PA6 phase. However, quiescent and dynamic annealing
performed after extrusion and injection both allow reaching the most
thermodynamically stable microstructures:

e PA6/PS/K and PA6/PS/K2: as the surface recovery density of kaolin
platelets with ETS-PS copolymer is low, the K2 modified kaolin
platelets are expected to have a chemical behavior close to that of the
pure kaolin K. Then, K and K2 remain in the PA6 phase.
PA6/PS/K1: K1 is modified with P(S-co-MAPC;(OH);) copolymer
that regioselectively reacted only with the aluminol groups. Hence
K1 functionalized platelets exhibit a great affinity with both PS (due
to the styrenic part of the grafted copolymer) and PA6 (due to the
intrinsic polar behavior of the pure kaolin platelets). Then, this leads
to an anisotropic chemical behavior for K1 that segregates at the
interface under thermodynamic conditions (during annealing).
PA6/PS/K3: The grafting of P(S-co-MPS) copolymer onto K3 plate-
lets is highly anisotropic due to the lower density of hydroxyl groups
in the silica sites than in the alumina ones. This leads to a much
higher grafting rate of P(S-co-MPS) in the alumina sites than in the
silica. Moreover, we assume that grafted P(S-co-MPS) chains allow
good affinity with PS due to their styrenic part and with PA6 due to
the presence of free unreacted Si-OH groups on the P(S-co-MPS)
chains. Then, K3 is expected to segregate at the interface under
thermodynamic conditions (annealing). And, this high affinity with
both polymer phases can explain the presence of the K3 kaolinite
particles at the surface of both polymers after extraction and their
high tendency to reduce the coalescence.

Hence, these regioselectively modified kaolin platelets are used as
compatibilizers of high interfacial tension PS/PA6 blends. To see further
investigations on those ternary (micro)composites we can wonder how
to control the time of migration at the interface of the modified kaolin
platelets during annealing ?
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