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The use of modified silica to control the morphology of
polyamide 11 and poly(phenylene oxide) blends
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Abstract: Silica having amine functional groups (A-SiO,) obtained by the sol-gel process was used to
improve compatibility of polyamide 11 and poly(phenylene oxide) (PA11/PPO 80/20) blend via reactive
extrusion in a co-rotating twin screw extruder. Amine functional groups of A-SiO, can react with the
carboxyl groups of PA11 to form graft copolymer with PA11 which can efficiently control the phase mor-
phology of the blend. Silica, thanks to the reinforcing effect, significantly increased stiffness of PA11/PPO
blend. On the other hand, it greatly improved impact strength and reduced the crystallinity without
affecting the crystallization temperature of PAlldue to excellent compatibilizing effect. SEM results
showed that despite the lower content of PPO, it formed a continuous phase and PA11 — a dispersed. The
addition of A-SiO, changed the morphology from the droplet-matrix to co-continuous with interpen-
etrating phases. The greatest size-reduction of both phases, reflecting the highest impact toughness, was
observed for the content of 3 wt % A-5iO,. With a higher silica loading, phase inversion was observed
with the reappearance of the droplet structure, resulting in a slight decrease in impact strength and
significant in elongation at break. TGA showed that the composites exhibited better thermal properties
as evidenced by the higher initial degradation temperature (T ) and the maximum weight loss rate
temperature (T ).
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Zastosowanie modyfikowanej krzemionki do kontroli struktury mieszanin
poliamidu 11 z poli(tlenkiem fenylenu)

Streszczenie: Otrzymana w procesie zol-zel krzemionke zawierajacq aminowe grupy funkcyjne
(A-5i0,) zastosowano do poprawy kompatybilnosci mieszaniny poliamidu 11 z poli(tlenkiem fenylenu)
(PA11/ PPO 80/20). Proces prowadzono metoda reaktywnego wyttaczania przy uzyciu dwuslimakowej
wytlaczarki wspoétbieznej. Aminowe grupy funkcyjne A-SiO, moga reagowac z grupami karboksylo-
wymi PA11 i tworzy¢ kopolimery szczepione z PA1l, co moze skutecznie kontrolowa¢ strukture mie-
szaniny. Krzemionka, dzigki efektowi wzmacniajgcemu, znacznie zwigkszyla sztywnos¢ mieszaniny
PA11/PPO. Natomiast, dzigki doskonatemu efektowi kompatybilizacji poprawita udarnos¢ i zmniej-
szyla stopien krystalicznosci mieszaniny bez wplywu na temperature krystalizacji PA11. Wyniki SEM
wykazaty, ze pomimo mniejszego udziatu, PPO tworzy faze ciagla, a PA1l zdyspergowana. Dodatek
krzemionki zmienit strukture z kropelkowej na ciagla z wzajemnie przenikajacymi si¢ fazami. Przy za-
wartosci 3% mas. A-SiO, zaobserwowano najwieksze rozdrobnienie obu faz i najwyzsza udarnosc. Przy
wigkszej zawartosci A-SiO, nastgpita inwersja faz z ponownym pojawieniem sie struktury kropelkowej,
co skutkowato zmniejszeniem udarnosci i wydtuzenia przy zerwaniu. Badania TGA wykazaty, ze kom-
pozyty charakteryzujq sie lepszymi wilasciwosciami termicznymi, o czym swiadczy wyzsza temperatu-
ra poczatku rozkladu i temperatura maksymalnej szybkosci rozktadu.

Stowa kluczowe: modyfikowana krzemionka, PA11, PPO, mieszaniny, struktura, wlasciwosci mecha-
niczne.

Nowadays, biopolymers are a good alternative to
petroleum-based products. Among them, fully bio-based
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(no-biodegradable) polyamide 11 (PA1l) is a semi-crys-
talline thermoplastic with a low moisture permeability,
allowing a wide range of applications, from the automo-
tive to the food packaging industry. PA11 is produced
using 11-aminoundecanoic acid derived from castor oil,
which is extracted from the Ricinus communis, a common
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plant in Asia. The variety of fatty acids contained in the
oil, with the right refining process, leads to a huge variety
of products used in the industry [1].

Few studies have been carried out on PA1l compos-
ites. Polyamide 11 had been successfully reinforced with
softwood stone ground-wood fibers [2], flax fibers [3-5],
montmorillonite [6], and silane grafted titanate nano-
tubes [7]. Recently, Sahnoune et al. [8] have reported that
functionalized halloysite enhanced thermal properties
of PA11/SEBS-g-MA 85/15 blend without affecting poly-
amide crystallization. In addition, toughness was signifi-
cantly improved as a result of good stress transfer from
the matrix to the functionalized halloysite agglomerates
surrounded by SEBS-g-MA.

Blends of bio-based PA1l and poly(phenylene oxide)
(PPO) are interesting as a high- performance materials
with enormous environmental benefits. PPO offers high
dimension and thermal stability, while PA11 exhibits
strong chemical and UV resistance as well as low melt vis-
cosity [9-12]. The aim of this study is to combine the advan-
tages of PA11 and PPO. However, polyamides and PPO are
thermodynamically immiscible, which may result in dete-
rioration of impact strength and elongation at break com-
pared to PA11 due to poor interfacial adhesion between the
dispersed phase and the continuous matrix, which leads to
rapid initiation and crack growth [9, 13, 14].

In our previous work [15], glycidyl methacrylate
grafted ethylene-n-octene copolymer (GEOC) was used
as an effective compatibilizer for PA11/PPO 80/20 blend.
The SEM results showed that PPO formed the continuous
phase, though it was a minority component of the blend.
The morphology of the blends changed with increasing
GEOC content from 5 to 15 wt % from a droplet-matrix
structure to a co-continuous structure in which both
PA11 and PPO phases were continuous. Moreover, the
blend with co-continuous structure was characterized by
better mechanical properties than the blends with drop-
let-matrix morphology.

Therefore, based on our previous experience [16-18],
it was expected that the functionalized silica would
improve the compatibility of PA11 with PPO and enhance
the thermal and mechanical properties of the blends.
Functional groups (e.g. amine, epoxy) from modified
silica can react with the functional groups (amine, OH)
on PA11, which generates covalent bonds between them.
Therefore, modified silica acts as a chain extender and
crosslinking agent for PA11. The interfacial adhesion
between PA11/PPO can be improved. According to the
best of our knowledge, the influence of functionalized
spherical silica on the morphology and properties of
PA11/PPO blends has not been studied yet.

In this work, PA11/PPO 80/20 blends with 1, 3 or 5 wt %
of amine-functionalized silica (A-5iO,) were prepared
by melt compounding, using a co-rotating twin screw
extruder. Morphological and mechanical properties were
analyzed, using several techniques, i.e.,, scanning elec-
tron microscopy (SEM), dynamic-mechanical thermal

analysis (DMTA) and differential scanning calorimetry
(DSC). Moreover, the effect of A-SiO, content on thermal,
tensile, flexural and impact properties of PA11/PPO 80/20
blend was studied.

EXPERIMENTAL PART
Materials and processing

Bio-based semicrystalline polyamide 11 (PA1l) used in
this study was provided by Arkema (France) under the
trade name Rilsan, with the melt flow rate of 22 g/10 min
(at 235°C and 10 kg). Amorphous poly(2,6-dimethyl-
1,4-phenylene oxide) (PPO) was supplied by Sabic GE
Plastics Co. USA under the trade name Noryl V0150B,
with the melt flow rate of 4 g/10 min (at 300°C and 5 kg).
Modified silica having 0.35 wt % of amine functional
groups (A-SiO,), with an average diameter of 30 nm and
specific surface area of 274.4 m?*/g, was prepared by the
reported sol-gel method [19, 20] and used as a compatibil-
izer at a concentration of 1, 3 and 5 wt. %.

Silica preparation

Silica having amine functional groups (A-5i0O,) was
synthesized using a procedure published elsewhere
[19, 20]. Briefly, tetraethoxysilane (TES 28, Wacker
Chemie, Germany) was added as a precursor to ethyl
alcohol, aqueous ammonia and distilled water mix-
ture, and stirred for 2 hours. When the pH of the reac-
tion mixture was in the range of 7.5-10.8, g-aminopro-
pyltriethoxysilane (Momentive Performance Materials,
USA) was added dropwise and stirring was continued
for 1 hour. The silica sol was dried in an oven at 50-90°C
for 2 h to obtain modified silica (A-SiO,).

Composites compounding

Before blending, PA11 and PPO were dried at 85°C
under a vacuum for about 12 h to remove moisture.
PA1l, PPO and A-SiO, were melt mixed, using a twin
screw extruder (ZE 25A x 51 D, KraussMaffei Berstorff,
Germany) with co-rotating intermeshing screws
(D=25 mm, L/D= 51) based on the reported method [21].
Separate gravimetric feeders were used for PA11, PPO
and silica. The process was carried out at 190-250°C, and
a screw rotation speed was set to 200 rpm. The extruder
was equipped with a highly efficient vacuum vent to
remove any moisture traces or other volatile products
formed during melt blending. After mixing, the material
was extruded from the die with two cylindrical nozzles
4 mm in diameter, then quickly cooled in a water bath
and cut into 4 mm pellets. The composites were injection
molded at 230-245°C using an Arburg 420 M single screw
injection machine (Allrounder 1000-250, Germany) to
obtain samples for SEM and mechanical tests. The mold
temperature was 80°C.
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Testing methods
Modified silica characterization

The particle size and the particle size distribution of
the obtained sol were measured by photon correlation
spectroscopy (PCS), using a Malvern apparatus (Zetasizer
Nano ZS). The specific surface area of silica nanoparti-
cles was measured by BET-N2 sorption method, using
a Gemini 2370 V.302 apparatus. Kiejdahl method based
on nitrogen content measurement was used to determine
amine group content. The morphology of modified silica
was studied, recording images on a Jeol JSM-6490LV
scanning electron microscope (Japan), operating at an
accelerating voltage 15 kV. A spherical shape and uni-
form size of obtained A-SiO, particles can be observed in
SEM micrograph presented in Figure 1.

Composites characterization

The tensile and flexural properties were determined
according to ISO 527 and ISO 178, respectively. An Instron
5500R universal testing machine (UK) was used. The
crosshead speed for tensile and flexural tests was 5 and
2 mm/min, respectively. The gage length for tensile tests
was 50 mm. Notched Charpy impact tests (ISO 179) were
performed, using a Zwick impact tester. All tests were car-
ried out at room temperature. Five measurements were
done for each data point in all mechanical property tests.
A Rheometrics RDS 2 (USA) dynamic mechanical ana-
lyzer was used to determine the dynamic mechanical
properties. Prepared by injection molding rectangular
samples of 38 x 10 x 2 mm were tested in the torsion mode
in the temperature range from -150 to 200°C and a heating
rate of 3°C/min. The frequency was fixed at 1 Hz with an
applied strain of 0.1 %. The gel content was determined
as follows: 250 mg sample was dissolved in 50 ml of
chloroform at room temperature. The soluble part was
removed by filtration until deposition could be detected
in chloroform solution by adding excess of acetone. Then
the insoluble component was dried and then dissolved
in 50 ml of nitric acid at room temperature for 4 h. The
soluble part was removed by filtration until no deposi-
tion could be detected in nitric acid solution by adding
excess of alcohol. The insoluble gel was washed well with
alcohol, dried, and weighted. The percentage of insoluble
gel was defined as the gel content. A Joel JSM 6100 scan-
ning electron microscope (Japan) was used to determine
the morphology and distribution of the silica particles
in the PA11/PPO 80/20 blend. Prior to SEM observation,
the samples were etched for 5 hours at room temperature
with nitric acid or chloroform, a good solvent for PA11
and PPO, respectively. After etching, the samples were
cleaned in distilled water and acetone and then dried.
The impact fracture surfaces were coated with a thin gold
film to avoid charging and to increase image contrast.
Differential scanning calorimetry was performed with

a Mettler-Toledo (Switzerland) device. The samples were
heated from 25 to 300°C at a heating rate of 10°C/min
under argon flow. Then the samples were held at 300°C
for 5 min to ensure an identical thermal history. The
glass transition temperature (T), melting temperature
(T ), melting enthalpy (AH ) and crystallization temper-
ature (T) were measured. A standard melting enthalpy
(AH?) of 189 J/g for 100% crystalline PA11 [22] was used
to calculate the degree of crystallinity (X ), as defined by
Equation 1:

AH
X =|———]"100 Q)
w,, . AH?®

PAT1 m

where: AH, is the enthalpy of fusion for composites
and w,,,, is the weight fraction of PA1l in the sample.
Thermogravimetric analysis was performed, using
a TGA/SDTA 851 e (Mettler-Toledo, Switzerland). Samples
of approximately 20 mg were placed in alumina cruci-
bles. An empty alumina crucible was used as reference.
The composites were heated from room temperature to
700°C in a 60 mL/min air flow at heating rates of 5, 10 and
20°C/min. Continuous recordings of sample temperature,
sample weight, its first derivative and heat flow were
performed.

Fig. 1. SEM micrograph of A-SiO, particles with an average size

of 30 nm

RESULTS AND DISCUSSION
Efect of modified silica on mechanical properties

The tensile properties, as well as impact strength of
PA11, PPO and PA11/PPO/A-SiO, composites are reported
in Table 1. PA11 is a relatively tough material, showing
yielding behavior in stress-strain curve [15]. On the con-
trary, PPO is a brittle high-strength polymer (Fig. 2). It is
clear from Fig. 3 and Table 1 that the mechanical behav-
ior of PA11/PPO blend and its composites with modified
silica is considerably different from that of pristine poly-
mer components. Indeed, the addition of 20 wt % of PPO
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Table 1. Properties of PA11, PPO and PA11/PPO/A-SiO, composites

Tensile Flexural Tensile Flexural Elongation Notched Impact
Sample modulus modulus strength strength at break strength

MPa MPa MPa MPa MPa kJ/m?
PA11 1240+55 1180+35 42+1 45+1 299+9 15+0.6
PPO 2515+49 2250430 701 58+1 101 6+1.2
PPO/PA11 1290+40 1215430 42+1 45+1 245+7 9+0.5
1wt % SiO, 3080+58 1410+7 47+1 54+1 74+3 17+0.8
3 wt % A-SiO, 3365+60 1440+12 47+1 55+1 11543 19+0.6
5wt % A-SiO, 3350+78 152048 48+1 58+1 64+1 12+0.3

to PA11 decreased elongation at break. Moreover, impact
strength decreased from 15 to 9 kJ/m?2. This is because
PPO is an amorphous polymer and PA11 is a crystalline
polymer, which are thermodynamically immiscible. As
expected modules, tensile and flexural strengths of the
the blend were lower than pristine PPO, and higher than
pristine PA11. The dispersion state of silica particles as
well as their interaction with polymer matrix can influ-
ence the properties of composites. It is possible to notice
the A-5i-O, reinforcing effect on both polymeric matri-
ces. Tensile and flexural modulus as well as tensile and
flexural strengths increased as a function of silica and
this fact, denoted a good dispersion of A-SiO, particles in
the blend, was also confirmed by SEM image of Fig. 8c.
However, the effect of silica concentration was moderate,
suggesting that all composites exhibited similar state of
dispersion of A-SiO,. It is well known that silica finely
dispersed in the polymer matrix with strong interaction
between silica nanoparticles and the polymer induces the
strengthening effect [16-18].

Generally, a small amount of nanofillers increases
impact strength of filled polymers. However, a decrease
in impact strength can be observed at higher nanofiller
loading. The improvement can be stronger when func-
tionalized nanoparticles are used due to the chemical
reactions between functional groups of the nanofiller
and the polymer matrix [17, 23-25]. The incorporation
of A-SiO, results in a remarkable increase in impact
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Fig. 2. Stress-strain curves of PA11, PPO and PA11/PPO 80/20
blend

strength, due to the compatibilizing effect caused by
reaction between amine group of silica and carboxyl
group of PA1l. However, increasing silica content to
5 wt % A-SiO, leads to a decrease in impact strength (to
12 kJ/m?), though, it is still 33% higher compared to the
blend without silica. This phenomenon is most probably
caused by the aggregation of silica and changes in the
morphology depending on silica content (Figs. 8, 9). The
aggregates formed at higher A-SiO, content behave like
defects in the composites, inducing stress concentration
and thus reducing the impact strength of the composites
[26]. These results confirm the behavior observed in SEM.

As expected, addition of silica decreases the elongation
at break of the blend as often reported when nanopar-
ticles were used [7, 27-28].Nevertheless, it is noteworthy
that also at higher silica content significant elongation at
break was achieved (115% at 3 wt % A-SiO,, and 64% at
5 wt % A-5i0,). Small decrease in ductility can be due to
both effects of partial plasticization of the particles and
good miscibility between A-SiO, and PA11 that not com-
pletely decrease the chain mobility [29, 30].

Efect of modified silica on dynamic mechanical
properties

The storage modulus (G’) and loss modulus (G”) of
PA11, PPO and PA11/PPO 80/20 blend as a function of
temperature are shown in Figures 4a and 4b, respectively.
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Fig. 3. Stress-strain curves of PA11/PPO/A-SiO, composites
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Table 2. Storage modulus of PA11, PPO, and PA11/PPO/A-Si-O, composites

Samples G MPa
T =-140°C T=-70°C T=23°C T =50°C
PA 11 2020 1050 695 395
PPO 1680 1520 1400 1360
PPO/PA 11 1960 1200 840 495
1wt % A-SiO, 1710 1030 735 471
3wt % A-SiO, 2130 1230 890 547
5wt % A-5i0O, 2140 1250 930 584

A typical behavior of the storage modulus with three con-
fined regions, the glassy region, the glass transition and
the rubbery region, corresponding to the chain segments
relaxation of PA11 and PPO, respectively, was observed
for the polymers and the blend. As shown in Fig. 4a, three
rapid reductions of storage modulus corresponding to the
chain segments relaxation were observed in the PA11. As
expected PA11/PPO blend showed lower storage modulus
than PPO. However, the blend had higher storage modu-
lus in the glassy and glass transition regions, and lower in
the rubbery region as compared to neat PA11 (see Tab. 2).

Figure 4b shows the loss modulus (G”) as a function
of temperature for PA11, PPO and PA11/PPO blend. The
peaks on the curve correspond to a, 3 and g relaxations
of the polymers. Table 3 presents the T, T, and T values
of the samples. The 3 and vy transitions of PPO were at -18
and -118°C, respectively. The a relaxation corresponds to
the glass transition temperature (T) [15]. The T, of PA11
in the PA11/PPO blend is 50°C. However, the glass tran-
sition temperature of the blend was 2°C lower compared
to PA11. The T, of PPO could not be detected since it was
too close to the melting point of PA11 in the temperature
range from 170 to 195°C.

The B relaxation was observed as a weak maximum
in loss modulus for PPO. On the contrary, PA1l and
PA11/PPO blend had a clear single {3 relaxation peak. It
was reported that the 3 relaxation resulted from motions
of amide polar groups of polyamide in the interfacial
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region and was attributed to the glass transition [31]. The
[ relaxation temperature of the blend was 2°C and 53°C
lower compared to PA11 and PPO, respectively. The y
relaxation is associated with a single relaxation process,
predominantly of amorphous origin. The v relaxation
appeared as a maximum at -118°C for PPO and at -140°C
for PA11 (Fig. 4b, Table 4), with a corresponding decrease
in storage modulus (Fig. 4a). The T, of PA11/PPO had the
same value as PAlland was 22°C lower compared to PPO.

The dependence of storage modulus for PA11/ PPO/A-
SiO, composites on the temperature is shown in Figure
5a. At low temperature, no vibration, rotation and trans-
lation occur because molecules have not enough energy.
Therefore, the storage modulus curve is smooth. At high
temperature, molecules have enough energy to vibrate,
rotate, and translate resulting in the decrease of stor-
age modulus. It is clear from Fig. 5a and Table 3 that the
influence of A-SiO, on the storage modulus of the blend
is significant. However, adding 1 wt % A-SiO, results in
lower storage modulus compared to the PA11/PPO blend.
The slight decrease in stiffness can be caused by both the
effects of partial plasticization of the particles and the
good miscibility between A-5iO, and PA11, which do not
completely reduce the mobility of the chain [29, 30].

The effect of the modified silica vary to a similar
extent as the tensile modulus, as shown in Table 1. These
results correspond to the morphology change observed
with SEM micrographs (Figs. 7-9). The amine group in
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Fig. 4. Dynamic mechanical properties of PA11, PPO and PA11/PPPO 80/20 blend as a function of temperature: a) storage modulus

(G”), b) loss modulus (G”)
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Table 3. DMTA data for PA11, PPO and PA11/PPO/A-SiO, composites

Samples Temperature, °C Peak intensity, MPa
a p A p ¥
PA 11 52 —69 -140 39.7 594 139
PPO - -18 -118 - 13.4 12
PA 11/PPO 50 71 -140 43.8 62.3 109
1wt % A-SiO, 53 -68 -138 41.0 53.2 97
3wt % A-SiO, 53 —-69 -139 47.7 59.3 114
5wt % A-SiO, 53 —70 -140 52.6 64.1 118
b)
T T 160 ‘ ‘
—PA11/PPO — PA11/PPO
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Fig.5. Dynamic mechanical properties of PA11/PPO/A-Si-O, composites as a function of temperature: a) storage modulus (G’), b) loss

modulus (G”)

A-SiO, strongly interacts with the carboxyl group in
PA11, resulting in a strong confinement effect of A-SiO,
to PA11 chains. Similar results for the dynamic mechani-
cal properties of functionalized carbon nanotubes filled
PPO/PAG6 blends have been reported in literature [32].
Figure 5b shows the loss modulus (G”) as a function of
temperature for PA11/PPO composites differing in silica
content. Table 3 lists T , T[5 and T, values of the compos-
ites. From Figure 5b it can be seen that the addition of
silica resulted in a higher glass transition temperature of
the PA11 phase in the composites caused by the strong
link. This indicates improvement in the compatibility of
the composites containing amine-functionalized silica.
However, the effect of silica content on T, of PA11/PPO
blend is moderate. Moreover, the intensity of a relaxation
peaks observed in G” curves increased with A-5iO, load-
ing, which indicates improved stiffness. Furthermore,

the addition of silica resulted in no significant change of
the T, and T temperatures in the composites. However,
incorporation of 1 wt % A-SiO, into the blend increased 3
and g relaxation temperatures by 3 and 2°C, respectively.
Moreover, the effect of A-SiO, on the intensity of 3 and y
relaxation peaks varied with similar extent as the tensile
modulus, as can be seen in Table 1.

Morphology

It is well known that the morphology control of the
respective phases is a key factor in achieving the desired
properties [33, 34]. The Fig. 6 briefly shows the in situ com-
patibilization of PA11/PPO blend, where part of A-SiO,
particles formed graft copolymer with PA11, which can
efficiently control the phase morphology of the blend
during melt mixing. The amount of in situ formed

NH, NH, NH
NH, H 2
N O\ melt blending
H N ~C > HN N
2
NH, o Ne
NH, NH, o
A-SiO, PA11 PA11-¢-A-SiO,

Fig. 6. Schematic description of the in-situ compatibilization



POLIMERY 2021, 66, nr 7-8

405

Fig. 7. The cross-section of the PA11/PPO 80/20 blend: a) not extracted, b) extracted with nitric acid; all images were reported at sca-

les of 10 pm

PAT11-¢-A-SiO, was calculated by the gel content tests.
The samples were successively extracted by chloroform
and then by nitric acid. The residue, insoluble in both sol-
vents, was considered as a mixture of A-5iO, and A-SiO,
grafted PA1l. As presented in Table 4, with increasing
A-SiO, content, the amount of grafted PA1l increases,
which indicates a higher melt viscosity of PA11 phase and
confirms the reaction between A-SiO, and PA11.

Table 4. Effect of A-SiO, on the gel content in PA11/PPO/A-

-Si0, composites

A-SIO,, wt %

Gel content, %

0

0
29
42
48

Fig. 8. The cross-section of the PA11/PPO 80/20 without extraction containing different amounts of silica: a) 0 wt % A-SiOz,
b) 1wt % A-SiO,, ¢) 3 wt % A-SiO,, d) 5 wt % A-SiO,; arrows — A-SiO,; all images were reported at scales of 1 um
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Fig. 9. The cross-section of the PA11/PPO 80/20 containing different amounts of silica extracted with chloroform: a) 1 wt % A-SiO,,
b) 3 wt % A-5i0,, ¢) 5 wt % A-5i0,, and extracted with nitric acid: d) 1 wt % A-SiO,, e) 3 wt % A-SiO,, f) 5 wt % A-SiO,; arrows —
A-SiO,; all images were reported at scales of 1 um

PA11 and PPO are thermodynamically immiscible
and the properties of the blend depend not only on the
properties of each phase but also on the morphology and
adhesion between the phases [13, 14]. SEM technique was
used to investigate the distributed phase morphology in

the blend. Figure 7 shows the cross-sections images of
the PA11/PPO blend not extracted and extracted with
nitric acid. In the blend matrix-droplet morphology was
observed. It is clear from Figure 6b, that PPO forms the
continuous phase (dark grey) and PA1l forms the dis-
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persed phase (black), in spite of the fact that the amount
of PPO in the blend is minority component. A fine dis-
persion of the holes corresponding to the extracted PA11
phase can be observed, most of them are less than 0.2 um.

Figure 8 shows the cross-sections morphology of sam-
ples containing different amounts of modified silica
without extraction. PA11 appears in micrographs of not
extracted samples as white regions, PPO as dark grey,
and A-SiO, as white. Figure 8a is the reference sample
without A-SiO, Big particles of PA1l and the holes left
by them, as well as gaps around the dispersed phase
when the sample was broken, can be seen. It is clear, that
no deformation of the matrix occurred during the break
resulting in poor adhesion at the interface. After addition
of modified silica, both the size and shape of PA11 dis-
persed phase changed, and the fractured surfaces exhib-
ited a larger deformation with increasing silica content
which suggests better compatibility between PA11 and
PPO (Figs. 8b—d). Homogenous and uniform disper-
sion could be observed for silica particles with very few
aggregates. The size of the agglomerates was in the range
of 57-100 nm (Fig. 7c). Modified silica was located in both
phases and along the interface. The well dispersed A-SiO,
in both phases is clearly visible in Fig. 8c. However, at
higher content (5 wt %) modified silica was distributed
in both phases as well as along the interface (Fig. 8c—d)
due to the reaction between A-SiO, and end group of
PA11 (Fig. 6), which lowers the impact properties of the
composite compared to the composites where A-SiO, is
located mainly in PA11 phase. This is because a portion
of loaded A-SiO, was dispersed in PPO phase since PA11
phase could not accommodate more A-SiO, particles.
Similar trend of morphological changes was reported for
PPS/PA66 (60/40) and PS/PA6 (10/90, 90/10, 50/50) blends
with nanotubes [24, 33], as well as for PPO/PA6 (50/50)
blend with organically modified clay [9].

To further investigation into dispersion of A-SiO, in
PA11/PPO blend, the samples were etched with nitric
acid (a good solvent for PA11) and chloroform (a good
solvent for PPO) to obtain a clear image of each phase.
Figs. 9a—c shows the evolution of morphology in compos-
ites etched with chloroform, in which PA11 appears as
gray or white regions and PPO as black. On the contrary,
Figs. 9d—e shows the cross section of the samples etched
with nitric acid, in which PPO appears as gray or white
regions and PA11 as black. It is clear from Fig. 9 that the
size of both phases decreases in the presence of silica.
However, with silica content of 5 wt %, a slight increase
in the size of both phases was observed, which indicates
that A-SiO, particles are surrounded by PA1l. Modified
silica is expected to lead to the formation of a co-contin-
uous morphology. Indeed, Figure 9e shows that at a con-
tent of 3 wt % A-SiO,, both PA11 and PPO phases are con-
tinuous and they interpenetrate each other which results
in increased impact strength and elongation. In addition,
in Figure 9d, the phase inversion for the composite con-
taining 5 wt % of A-SiO, could be seen, and the matrix-

droplet morphology reappeared. Thus, PA1l represents
the matrix phase, and PPO the dispersed phase. These
results are consistent with the mechanical properties.
Indeed, lower toughness and elongation at break were
observed with 5 wt % silica content.

Thermal stability

The compatibility of polymer blends can also be
investigated by their melting and crystallization behav-
iors based on DSC measurements. Moreover, inorganic
nanofillers usually improve thermal stability of polymer
composites, due to lower mobility of polymer chains and
reduced diffusion of volatile degradation products [24].
Silica ability as a nucleating agent on polymers is well
known [18, 35]. Therefore, the selective localization of
silica can be proved by investigating the crystallization
behavior of PA11/PPO/A-SiO, composites. The thermal
behavior of PA11, PPO, PA11/PPO blend and its compos-
ites with A-5iO, was investigated by DSC and TGA. Table
5, summarizes the values of the glass transition temper-
ature (Tg), crystallization (T), melting (T ) and decom-
position temperatures, defined as the weight loss onset
temperature (T ) and the temperature at the maximum
weight loss rate (T, ) for PA11, PPO and PA11/PPO blend
with various contents of A-SiO, obtained through DSC
and TGA analysis.

In PA11/PPO blend, T of PPO phase was not affected
by introducing 80 wt % PA11. However, a slight increase
in the crystallization temperature and a decrease in the
melting point and crystallinity corresponding to the
PA11 phase were observed. This indicates that these two
polymers are highly immiscible and the blend is incom-
patible [36, 37].

Itis clear from Table 5 that the addition of 1 wt % A-SiO,
slightly increased the glass transition temperature, melt-
ing temperature and crystallization temperature, due to
nucleating effect. These findings are in good agreement
with our previous study [16, 18, 38]. However, when the
content of A-SiO, increased from 1 to 5 wt %, the melting
and crystallization of the PPO/PA11/A-SiO, composites
shifted toward the higher values, suggesting the interac-
tion between amine-functionalized silica particles and
PA1l. In addition, the degree of super-cooling, T - T
can be used to explain the crystallization behavior of the
polymers [24, 25]. The lower value of T — T proves that
the induction time of polymer crystallization in the PA11/
PPO blend and in composites is lower than in PA11. These
results are in agreement with the T discussed above. The
slight reduction in the crystallinity of the composites is
due to the increase in the viscosity [22]. It is possible also
that A-SiO, acts as a compatibilizer, improving the PPO
and PA11 miscibility and reducing the crystallinity of
PA11. These findings are in good agreement with SEM
and DMTA studies. It was reported that fumed silica in
HDPE/SiO, nanocomposites enhanced crystallization
rate on one hand and reduced the degree of crystallin-
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Table 5.DSC and TGA data for PA11, PPO and PA11/PPO/A-SiO, composites

Sample T, °C T,°C T, °C T -T,°C T, ,°C T, °C X, %
PA11 40 156 188 2 421 456 16.6
PPO 215 - - 457 472 -
PA11/PPO 215 160 186 26 423 455 121
1wt % A-SiO, 216 161 189 28 432 458 9.7
3wt % A-SiO, 217 161 189 28 431 458 76
5wt % A-SiO, 216 162 190 28 433 467 8.7

Table 6. TGA data from the dynamic runs in air of PA11, PPO and PA11/PPO blend differing in A-5iO, content at heating rate

of 5,10 and 20°C/min
Sample Heating rate, °C/min T, .. C T,, °C T ,°C

5 412 442 441
PA11/PPO 10 423 458 455
20 436 468 467
5 412 443 441
1wt % A-SiO, 10 432 460 458
20 437 468 466
5 414 448 456
3wt % A-SiO, 10 431 460 458
20 439 472 473
5 422 453 452
5wt % A-SiO, 10 433 465 467
20 445 479 483

ity on the other [35]. Therefore, even such nanofillers can
increase the crystallization rate of polymers and may
cause a reduction in the degree of crystallinity [39].

The thermal stability of PA11, PPO and PA11/PPO blend
containing different amounts of A-SiO, was investigated
by thermogravimetric analysis (TGA) under air flow.
One of the parameters that are interesting from TGA
curves is the onset of degradation (T, _ ), which is usu-
ally taken as the temperature at which 10% degradation
occurs. Fig. 10 shows that PA11 degrades in one single
step practically almost without any residue. Moreover,
pure PAll degrades with a large single peak starting
around 420°C and is completely volatilized at 600°C. PPO
shows better thermal stability, due to much higher T

onset

and T, . Comparing the TGA traces in Fig. 10 it can be
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Fig. 10. TGA thermograms of PA11, PPO and PA11/PPO/A-SiO,
composite recorded with heating rate of 10°C/min

L

seen that the thermal stability of PA11/PPO blend con-
taining A-SiO, particles seems to be higher than that of
PA11/PPO without silica, indeed weight loss started at
higher temperatures. The addition of silica made the TGA
response significantly increasing. Indeed, the T and
T .. temperatures were higher about 10°C. However, the
effect of silica content was moderate.

The effect of heating rate was studied for the samples
containing different amounts of A-SiO, in compari-
son with PA11/PPO blend. The results are presented in
Table 6 and Fig. 11. It can be clearly seen that TGA curves
shift towards higher temperatures as the heating rate
increases. This well-known effect can be explained by
the shorter time required by the material to reach a given
temperature at a higher heating rate. The shape of the
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Fig. 11. TGA thermograms of PA11/PPO/A-SiO, composites re-
corded with heating rate of 5,10 and 20°C/min
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curves suggests a single step decomposition. However,
the global shape of the curves changes with heating rate,
especially at early stage of weight loss, suggesting a more
complex mechanism with multi step reactions. The final
residue of PA11/PPO/A-SiO, composites corresponds to
weight content of the silica. It seems that silica does not
promote the char formation during the thermo-oxidative
degradation of the material.

The results obtained from TGA suggest that the key
point of thermo-oxidative process occurs at temperature
close to the T . At this temperature the stabilization
effect of the silica becomes evident and the composites
and the PA11/PPO blend behave in a completely differ-
ent manner.

CONCLUSIONS

Modified silica having amine functional groups (A-SiO,)
was used to improve interfacial adhesion between bio-
based polyamide 11 and poly(phenylene oxide). A-SiO,
was prepared by sol-gel process and incorporated into
the PA11/PPO 80/20 blend by melt compounding using
a twin-screw co-rotating extruder. Modified silica acts as
a compatibilizer and reinforcing agent simultaneously,
improving the PA11 and PPO miscibility and increasing
significantly stiffness, impact strength, and reducing the
crystallinity without affecting crystallization tempera-
ture of PA11. The particle size of PA11 and PPO phases can
be controlled by the content of A-SiO, and A-SiO,-g-PA11
copolymers, which was confirmed by SEM. The inter-
penetrating networks and the greatest size-reduction of
both phases, reflecting the highest impact toughness,
were observed for the content of 3 wt % A-SiO,. At higher
silica loading, phase inversion and the reappearance of
the droplet structure, resulted in a slight decrease in
impact strength and significant in elongation at break.
TGA showed that silica enhanced the thermal stability of
the PA11/PPO blend under thermo-oxidative conditions.
However, the effect of A-SiO, content was moderate.
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