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Viscoelastic properties of polystyrene/polyamide-6 blend compatibilized
with silica/polystyrene Janus hybrid nanoparticles

A. S. Caro,” T. Parpaite, B. Otazaghine, A. Taguet, and J. M. Lopez-Cuesta

Centre des Matériaux des mines d’Ales, 6, avenue de Clavieres, 30319 Alés, France

Abstract

The greatest challenge in the field of multiphase polymer blend research is the compatibility of the phases, which is responsible for the
overall microstructure. The control of the interfacial interactions between the components is therefore a necessity. Here, we investigate the
compatibilization in a polystyrene/polyamide-6 (PS/PA6) blend. Silica/polystyrene Janus hybrid nanoparticles (JHNPs) were synthesized
and used as compatibilizing agents in PS/PA6 blends. Four levels of incorporation were tested (1.5, 3, 5, and 10 phr) in a PS/PA6 (80/20 wt. %)
blend. Due to their intrinsic amphiphilic properties, the JHNPs migrate to the interface of the PS/PA6 blend. We demonstrate that silica/
polystyrene JHNPs act as compatibilizing agents in PS/PA6 blends. These nanoparticles allow the combination of a “Pickering effect” of a
solid particle with a “copolymer effect.” Microscopic analysis confirms the emulsifying ability of these asymmetric nanoparticles. Rheological
measurements show an increase in the viscosity with the level of particle incorporation. Relaxation spectra reveal additional peaks (related to
slower process) as JHNPs are added into the pristine blend. These peak occurrences can be related, via modeling, to interfacial tension. The
compatibilizing effect of the JHNPs is confirmed by a decrease in interfacial tension up to 5 phr of particles.

I. INTRODUCTION

Polymer blend is a relevant way to generate materials
with outstanding properties in comparison with the neat pol-
ymers. Most of the polymer blends show immiscible systems
with properties depending crucially on their composition, on
the blend morphology, and on their components interactions.
Hence, the control of both blend morphology and interfacial
adhesion between the polymeric components through com-
patibilization is challenging. In a previous study, Janus
hybrid nanoparticles (JHNPs) were used to compatibilize
polystyrene/polyamide (PS/PA6) blends [1]. JHNPs were
synthesized at the gram scale via miniemulsion polymeriza-
tion technique. In PS/PA6 80/20 blends, JHNPs were clearly
located at the polymer interface allowing compatibilization
to be improved and entailing an emulsification effect. The
compatibilization ability was quantified via interfacial
tension data. They were obtained through indirect measure-
ments using rheological data at the molten state from simpli-
fied Palierne theory (neglecting interfacial viscoelasticity).
Nevertheless the modeling carried out had a very sensitive
response in the low-frequency zone, and the dispersed phase
volume fraction has been adapted to take into account the
viscosity increase in the full-frequency range due to the pres-
ence of JHNPs at the interface.

In this work, the compatibilization capability is studied
from the relaxation spectrum which is numerically computed
from rheological measurements. Some authors [2] used
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specific relaxation times [matrix, droplets, interphase (asso-
ciated with a longer time)] and the Palierne’s theory to
deduce the interfacial tension. A frequency-independent
interfacial moduli as well as a monomodal dispersed domain
size distribution is assumed. Many authors were able to qual-
ify the miscibility degree of various polymers via this model
(PP/HDPE [3], PPT/m-LLDPE [4], PP/PAG6 [5,6], PET/PA66
[7], PLA/PETG [8], PP/EVA [9], and EVA/PETG [10]). In
the case of complex morphology [existence of emulsion in
emulsion (EE) structure], the Palierne’s model failed [5].

In the present study, PS/PA6 blends at ratio 80/20 were
prepared by melt compounding. JHNPs were used as poten-
tial compatibilizer for the blends. The influence of JHNPs
(1.5, 3, 5, and 10 phr) on morphology and blends rheological
response was investigated. An adaptation of the Palierne
theory was used to deduce the interfacial tension from the
relaxation spectra.

Il. MATERIALS AND METHODS
A. Materials

CRISTAL 1340 polystyrene (PS) was supplied by Total
Petrochemicals (Feluy, Belgium). It has a high molecular
weight, a melt flow index (MFI) of 4 g-10min~" (with 5kg at
200°C), and a density of 1.05g/cm®. Aquamid AQLA40
polyamide-6 (PA6) was supplied by Aquafil Technopolymers
(Arco, Italy). Its melting point is 220°C (ISO Test Method
3146), its MFI is 160 g-10 min~! (with Skg at 275°C), and
its density is 1.14 g/cm’. Polymer pellets were dried under
vacuum at 80 °C for 12 h before processing.
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The JHNPs used in this work consist of a silica nanoparti-
cle around 50 nm diameter with only one hemisphere graft
by PS chains resulting in a PS nodule around 80 nm diame-
ter. Our protocol is a two-step procedure based on the pio-
neering work of Lu ez al. [11] who were the first to report the
one-pot synthesis of such kind of hybrid asymmetric nano-
particles. The full synthesis procedure is well described in a
previous work [1]. As an example, the image of a JHNP is
presented in Fig. 1. To avoid handling of dry nanoparticles
powders, we used in a first step a solvent casting method to
embed Janus nanoparticles into the PS film. PS pellets of 1 g
was dissolved in 10 ml of Tetrahydrofuran (THF) and mixed
with desired quantities of JHNPs at room temperature during
12 h under magnetic stirring. The solvent was then evapo-
rated at room temperature, and the obtained film was dried
under vacuum at 80 °C for 3 h.

B. Preparation of blends

Melt compounding was carried out using a mini twin-screw
extruder with three steps. During 1 min, PS pellets were first
introduced followed by the PS film containing JHNPs and
finally PA6 pellets (the screw speed is maintained at
60 rpm). The mixing was carried out for 4 min at 250 °C with
a constant screw speed (120rpm). Finally, the wire was
extruded at a screw speed of 40 rpm. All formulations were
performed under nitrogen. Blends having PS/PA6 composi-
tion of 80/20 were prepared. Ternary blends PS/PA6/JHNPs
were prepared by adding 1.5, 3, 5, and 10 wt. % of JHNPs.
The blend pellets and JHNPs were dried under vacuum at
80°C for 12h before processing. For rheological measure-
ments, the pellet samples with a thickness of 1.5mm and a
diameter of 25mm were obtained by an IM15 Zamak
Mercator laboratory injection machine. The injection tem-
perature and injection pressure were 250°C and 3.5 bars,
respectively.
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FIG. 1. SEM image of a hybrid Janus nanoparticle synthesized by a minie-
mulsion process [1].

C. Characterizations
1. Dynamic rheology

The rheological properties of the blends were evaluated
by oscillatory characterization on a Rheometric Scientific
ARES rheometer (TA instrument) equipped with parallel
plate geometry (plate diameter 25 mm and gap 1 mm). All
experiments were carried out at 230 °C under nitrogen to
avoid polymer degradation and absorption of moisture. The
storage G’, the loss moduli G”, and the viscosity # of the
samples were measured with constant strain oscillatory tests
within the linearity limit for all blends: A frequency range
from 100 to 0.01 rad/s and a strain of 3% were applied during
the measurements. A strain sweep was applied to fix the
strain limit for the linear viscoelastic response.

2. Scanning electron microscopy

Morphologies of the PS/PA6/Janus blends were observed
with a scanning electron microscope (SEM) (FEI Quanta
200 ESEM) under an accelerating voltage of 15kV. Samples
were fractured in liquid nitrogen, and the cross-section was
observed. Then, the state of dispersion and distribution of
PAG6 nodules in the PS matrix and the impact of Janus nano-
particles incorporation were studied. A thin layer of carbon
around 15nm was deposited on all samples before observa-
tion to enhance conductivity.

3. Laser diffraction particle size analyzer

A Coulter LS 13230 (Coulter Beckmann, Co.) laser dif-
fraction particle size analyzer was used to determine the par-
ticle size diameter of extracted PA6 nodules. The PA6
nodules were collected after dissolving the PS matrix using
THF solvent. Particle size measurements were performed
using the microliquid module (MLM, 15ml) in THF, and
obscuration was 10 = 2%. At least, three measurements were
performed for each sample. This protocol was fully detailed
in a previous paper [12].

4. Modeling

Continuous relaxation spectra offer an efficient way to qual-
ify the material viscoelasticity revealing aspects of its behavior
that may not be obvious in plots of the storage and loss moduli.
It reflects the molecular movements of macromolecules (giv-
ing the weight of molecular relaxation time) and can be related
to molecular structure and properties. Nevertheless, it is not
possible to measure directly a relaxation spectrum. It can be
only calculated on the basis of experimental data. Storage and
loss modulus can be expressed as a function of relaxation spec-
trum H through following equations:
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where 7 is the relaxation time. The evaluation of H from
Egs. (1) and (2) is not straightforward since it is a solution of



a very ill-defined problem. Many publications have studied
the best way to obtain it. We used a nonlinear Tikhonov reg-
ularization via a MATLAB implementation—the algorithm is
fully described in [13]. Times associate with maximum
weight in relaxation spectrum plot can be related to micro-
structure: For blends exhibiting a two phase microstructure,
specific relaxed times can be linked to the relaxation of the
droplet phase and even to the relaxation of the interphase
matrix/droplets. As soon as the interface is assumed to have
its own behavior (described by its surface shear and dilata-
tion moduli), Palierne’s theory enables the prediction of
blend viscoelasticity [14]
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where G (w) is the complex modulus of the blend, G} (w) is
the complex modulus of the dispersed phase, G}, (w) is the
complex modulus of the matrix, '(w) is the surface shear
modulus, f”(w) is the surface dilatation modulus, R is the
dispersed particle radius. v(R) is the distribution function of
dispersed particles radius, « is the interfacial tension, and w
is the angular frequency.
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FIG. 2. SEM micrographs of PS/PA/JHNPs 80/20/X systems (X = 1.5, 3, 5, and 10 phr) revealing particles agglomeration since 5 phr of JHNPs (the scale bar

is 20 um).



Jacobs et al. [2] simplified this previous version with a
frequency independent interfacial moduli and monomodal
particle size distribution. Provided the characteristic times of
droplet /, and interphase 4;,; can be extracted from relaxa-
tion spectrum, the surface dilatation modulus, the shear mod-
uli, and the interfacial tension could be known through
Jacobs’s developments.

Assuming that J; and /;,, are independent of B’ and a,
respectively [15], and that ' = O (the nodules remain spher-
ical during the process) [16], their expressions can be simpli-
fied as

_ Dy, (19p+16)(2p +3 — 2¢(p — 1))
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where 7,, is the matrix viscosity, p is the ratio of the droplet
viscosity to the matrix viscosity, and ¢ is the dispersed vol-
ume fraction. One can deduce the interfacial tension o as
soon as A, and A;,; are known.

lll. RESULTS AND DISCUSSION
A. Microstructural characterization

Structural morphological blends evolutions were observed
by SEM micrographs on cryofractured samples after dynami-
cal tests (Fig. 2). The diminution of nodules diameters is
clearly observed when the content of Janus nanoparticles is
increased. Moreover, as expected, asymmetric JHNPs are
located at the interface of the PS/PA6 polymer blend due to
their amphiphilic character.

After processing, the size distribution of PA6 dispersed
phase in the different 80/20 blends was determined by laser
diffraction. The PA6 nodules were collected at the end of the
rheological test after dissolving the PS matrix using THF.
The results in Table I confirm that the incorporation of Janus
nanoparticles decreases the median diameter of the PA6 nod-
ules (at least up to 5 phr), leading to an emulsification effect.
From 5 phr, the observed increase in the median diameter
could be explained by the saturation of the interface by the
JHNPs [17] and/or by the creation of a solid network.

B. Rheological properties

The linear viscoelastic properties of molten PS/PA6
blends were measured as a function of frequencies from 100
to 0.01 rad/s; measurements at very low frequencies are of a
great interest for the modeling since the interfacial effects
are expected to be predominant. Nevertheless, these

TABLE 1. Size distributions of PA6 nodules: Average diameters D, mea-
sured by laser diffraction.

PS/PA/Janus
80/20/x x=0phr x=15phr x=3phr x=5phr x=10phr
D, (um) 13.3 12.7 7.8 7.2 9.0

measurements are associated with very long experiments,
thus questioning the in situ polymer degradation during
experiment. The dynamic viscoelasticity properties were
determined at 1 Hz at a prescribed strain (3%) during 25 min.
The results presented in Fig. 3 assess the polymer stability at
least during the first 25 min. To check that the polymers
undergo linear viscoelasticity, a strain scan has been per-
formed until 100% of strain. Figure 4 confirms the linear
behavior up to 10% of strain.

Figure 5 presents the evolution of dynamic storage modu-
lus versus frequencies for the neat polymers, the 80/20 PS/
PAG6 blend, and the blends with various contents of Janus
particles (1.5, 3, 5, and 10 phr) at 230°C and 3% strain. At
high frequencies, the blend viscoelastic responses are framed
by the ones of neat polymers. It is not the case for lower fre-
quencies: The sample with 10 phr of JHNPs exhibits even a
solidlike behavior (plateau at low frequencies for the storage
modulus). This phenomenon is in accordance with the mor-
phological characterizations presented above. We assume
that this well-known behavior at low frequency arises from
the presence of a network structure formed by JHNPs and
partly entangled polymer chains adsorbed on the nanopar-
ticles surface [18].
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FIG. 3. Rheological stability: Variation of the dynamic storage, loss moduli,
and the complex viscosity versus time for the neat PS (left) and PA6 (right)
at 230°C.
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FIG. 4. Linear viscoelasticity: Variation of the dynamic storage, loss mod-
uli, and the complex viscosity versus strain for the 80/20 PS/PA blend at
230°C.

The weighted relaxation spectra AH(A) versus relaxation
time A of the PS/PA6 blends at 230 °C (Fig. 6) was obtained
from Egs. (1) and (2). As expected, pristine PS and PA6
depict single peaks at 0.19 and 0.32 s, which are their charac-
teristic relaxation times. For the neat blend, two relaxation
peaks are clearly observed at about 0.19 and 6.6s. The first
peak corresponds to the relaxation of PS matrix; the second
one (which is a slower process) could correspond to the
shape relaxation of the dispersed PA6 phase. This relaxation
time is noted, /4 (Fig. 6).

As soon as JHNPs are incorporated in the PS/PA6 blend,
another relaxation time appears, 4;,, much longer than the
precedent (after 100s): It corresponds to the interphase
relaxation. The height of the spectrum is clearly dependent
on particles concentration. For the formulation PS/PA6/
Janus 80/20/1.5, this additional peak is not detected.
According to the corresponding SEM micrograph [see Fig.
2(a)], it is possible that the Janus particles are not incorpo-
rated in enough quantity to conduct to an interphase relaxa-
tion [19]. From 1.5 phr of JHNPs, /; decreases when
increasing Janus fraction (Table II). This decrease is

~---PS/PAG/JHNPs 80/2010phr
—--PS/PA6/JHNPs 80/20/5phr
— —PS/PAG6/JHNPs 80/20/3phr
—PS/PAG6/JHNPs 80/20/1.5phr
——PS/PAG 80720
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FIG. 5. Storage modulus G’ vs frequencies for the 80/20 PS/PA blend and
the ternary blends with various contents (1.5, 3, 5, and 10 phr) of JHNPs, at
230 °C. Determination of interfacial tension from rheological measurements.
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FIG. 6. Weighted relaxation spectra of neat PS, neat PA6 and PS/PA6 80/20
blend at 230°C.

expected since the nodules diameters decrease with increas-
ing JHNPs content [20] (Fig. 7).

The values of interfacial tension and interfacial shear mod-
ulus are summarized in Table II. For the native blend, the
interfacial tension value was found to be 7.84 mN/m, which is
consistent with the results of both Xing et al. [21] (7.1 mN/m
for a similar PS/PA6 80/20 system at 230 °C) and team’s pre-
vious research (6.4 mN/m). After that, the interfacial tension
decreases with increasing Janus concentration up to 5 phr. For
10 phr of JHNPs, this parameter increases. This could be asso-
ciated with agglomeration phenomena and/or a solid network
formation. Many authors indicated that in the case of agglom-
erate systems (which is the case with 10 phr Janus), emulsion
models such as the Palierne one cannot be successfully
applied [22-24]. The interfacial tension diminution is less
pronounced for the 3 and 5 phr JHNPs formulations (in com-
parison with the 1.5 phr one) because of the formation of the
network, already visible on the micrographs.

IV. CONCLUSION

The JHNPs demonstrated effective compatibilization abil-
ity in PS/PA6 blend owing to their amphiphilic character.
Extrusion/injection processes yielded a multiscale blend
morphology with a “raspberry-like” structure of Janus nano-
particles covering PA6 phases in the PS matrix. The effi-
ciency of JHNPs compatibilization was evaluated directly by
droplets size evaluation and indirectly by modeling the inter-
facial tension. The results show a significant reduction of the

TABLE II. Interfacial tension and relaxation modulus for PS/PA6/JHNPs

samples.

PS/PA6/JHNPs

80/20/X phr Ophr 1.5 phr 3 phr 5 phr 10 phr
2a(s) 8.9 30.0 20.8 18.2 11.0
Jint(8) N N 176.0 136.0 156.0
«(107>N/m) 7.8 22 1.9 1.8 4.3

B’ a a 26x107" 27x107" 34x107!

“Not evaluated.
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FIG. 7. Weighted relaxation spectra of PS/PA6 blends: PS/PA6 80/20, PS/
PA6/JHNPs 80/20/1.5 phr, PS/PA6/JHNPs 80/20/3 phr, and PS/PA6/JHNPs
80/20/5 phr (a) and with the PS/PA6/JHNPs 80/20/10 phr bend (b) at
230°C.

interfacial tensions from 7.4mN/m for the neat blend to
1.95mN/m for the nanocomposite filled with 3 phr of
JHNPs. Ongoing challenge is to scale-up the quantities of
the synthesized JHNPs in order to study their influence on
mechanical properties and to compare it with various poly-
meric compatibilizers such as copolymers.
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