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Abstract

Composites consisting of renewable PAS5.10 were obtained from melt compounding with a
modified clay (CL) and/or a by-product obtained from the combustion of rice husk (RHA).
Two different industrialized lab-scale machines were used to obtain the final shape: a film
extrusion machine and an injection moulding apparatus. The industrial application
requirements for polyamides generally need good barrier properties and high thermo-
mechanical strength.

Considering the barrier properties, the CL was able to decrease the oxygen permeability to
less than half with respect to neat PA5.10. DMTA demonstrated that the addition of RHA
caused a consistent enhancement (+46°C) in the heat deflection temperature (HDT) compared
to the neat PAS5.10 matrix, increasing the possible areas of interest. Furthermore, the
simultaneous presence of RHA and CL provided the best result reaching an extraordinary
HDT of 131°C. A complete discussion taking into account the morphology, crystallinity and
filler-matrix adhesion evaluation was reported as well as comparison of performances with
other bio-PAs composites.

These two fillers can therefore be used separated or together combined in PAS5.10 for

functional purposes in a sustainable scenario.
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1. Introduction

Due to the growing awareness about the environmental impact, new regulations and the need
of materials recycling, considerable work is underway to replace the petroleum-based plastics
with those derived from renewable sources. Among all such polymers, both biodegradable
such as polylactic acid, polyhydroxyalkanoates, starch and cellulose derived materials and
non-biodegradable such as bio-polyethylene, bio-polyethylene terephthalate and bio-
polyamides are included. The forecast data published by the European Bioplastics [1] shows
how the field of use of such bio-based polymers is continuously growing. Furthermore, from
the same report, it seems that the greatest increase in their production will occur for the bio-
based but not biodegradable section (56.8% of the bio-plastics in 2018 [1]). Indeed, the
market is looking for long-lasting application and not only for disposable materials. In this
scenario, polyamides (11.6% of the bio-market in 2018 [1]) were recently evaluated by
industries and literature for long-term applications [2-8]. An overview of the bio-based
processes for the production of these polymers from biomass is presented by Harmsen et al.
[9]. They report the bio-based building blocks (1,4-butanediamine; caprolactam, adipic acid,
hexanediamine, 1,10-decanediamine, sebacic acid, 11-amino-undecanoic acid) involved in the
bio-PAs industrial production processes. Other recent researches focus on the use of terpenes,
terpenoids and other natural molecules but are still confined to laboratory scale [10] [11] [12].
Some of the PAs are already produced industrially (e.g. PA10.10, PA6.10, PA11) while
others such as PA5.10, PA4.10, PA10.12 are still limited to industrial research or pilot plants

[13, 14] [15]. In particular, the PAS5.10 has the potential to be developed by combining



microbial fermentation for the production of cadaverine and polymerization of biocadaverine
with sebacic acid into PA510 [13] [16].

To broaden the possible uses of these matrices, comparative studies must be carried out by
using industrial equipments.

The general researches in this field focus on improving the properties and decreasing the price
of these bio-polyamides for functional materials. In particular, two of their main drawbacks
are their poor barrier and thermo-mechanical properties. Generally, researchers adopted the
methods of polymer blending and/or addition of inorganics/fillers to improve such properties
[17-20] [21] and industries also look for the economic sustainability and feasibility.

On one hand, some studies were performed on the use of renewable PAs with clays [4, 6, 18,
22, 23] that exhibited enhancements in the thermo-mechanical and barrier properties. Indeed,
such fillers are able to increase the crossing path of permeating molecules and to increase the
stiffness as they are more rigid than the matrices.

On the other hand, a lot of other inorganic or organic fillers could be used. The selection of
organic fillers is usually limited by their thermal stability at the process temperatures. Hence,
the choice in the present article is to use an inorganic by-product, the ash obtained from the
combustion of the rice husk (coded as RHA). Such residue is substantially silica that comes
from renewable sources (bio-silica) used directly without any chemical treatment. It is
thermally stable, potentially abundant, economically sustainable and, above all, is considered
a by-product dangerous for health and air pollution. This filler has been widely used as a filler
in different polymers [24-29] rarely in bio-based PAs [6] and never in PAS5.10.

This work aimed to use the bio-based PAS5.10 for possible industrial application in the thin
film or bulk object field and to investigate the barrier and thermo-mechanical properties. In
order to increase such properties, PA5.10-based composites with a commercial modified nano

clay (CL) and a commercially available bio-silica (RHA) were prepared and investigated. The



use of only CL was investigated to increase the barrier property of the film extruded material.
The mechanical performances, with particular attention to heat deflection temperature (HDT),
were compared with other bio-polyamides (PA6.10 and PA10.10) with the same fillers. The
combined use of micro and nano fillers was also investigated for the bulky object to evaluate
a possible synergistic effect on thermo-mechanical properties. A deep discussion with the
investigation of morphology, crystallinity and quantitative filler-matrix adhesion evaluation

was reported.

2. Material and methods

2.1 Materials

2.1.1 PA5.10

The Polyamide PAS5.10 was produced by Radici Chimica SpA “Radilon® PX”. The PA under
study has only the “10” structural unit derived from renewable resources (castor oil), thus the
renewable carbon content is 67 %. Nevertheless, a 100% biobased PA5.10 is industrially
available based on Cathay Industrial Biotech’s 100% biobased 1,5 pentamethylenediamine
monomer called C-BIO N5 using sugarcane for feedstock.

2.1.2 Fillers

The natural montmorillonite modified with methyl hydrogenated tallow bis-2-hydroxyethyl
quaternary ammonium (Cloisite®30B) (coded as CL) and the rice husk ash (MICRO SILICA
MS 325) (coded as RHA) with a density of 2.18-2.3 g/cm?, specific surface of 15-30 m?*/g
and particle dimension of 325 mesh were purchased from Southern Clay Products Inc. and SB

Silica Brasil Ltda., respectively.



2.2 Composite preparation

PA5.10 was dried at 80°C for 8 h in an industrial dryer from Piovan before extrusion,
reaching <200 ppm of water content, assessed by Karl-Fisher titration. Analogously, CL was
dried before the extrusion process in a vacuum convection oven at 130°C for 10 h.

PAS5.10 composites (Table 1) were melt blended using a co-rotating twin screw extruder
LEISTRITZ ZSE 18/40 D (Figure 1). The screw speed was fixed at 300 rpm. The heating
temperature was set in the eight thermostated barrel blocks from 225 to 240°C. A gravimetric
feeder was used in the main hopper at the beginning of the screw for the introduction of the
polymer and a second feeder for the fillers was placed in the middle of the barrel. The total
extrusion output was fixed at 3 kg/h. The screw profile used is reported in previous works [6,
23]. Hereafter, the samples will be coded based on nominal compositions of fillers as reported
in Table 1. The pellets obtained from the extrusion were dried at 80°C for 4 h in the same

industrial dryer before the next forming process.

2.3 Film extrusion

A single screw extruder (Eurotech Extrusion Machinery S.r.l.) with a L=80cm and D=25mm
was used. The molten polymers were stretched in the machine direction by a calender and
finally, the resulting film was rolled on a reel (Figure 1). The parameters used are the same as

already used for the other bio-PAs [23] and the barrel heating temperature was set at 220°C.

2.4 Injection moulding
Pellets obtained by extrusion were processed using an injection moulding machine Babyplast
6/10P at 220°C (Figure 1). SA type specimens according to the standard ISO527 were

prepared and used for tension tests and dynamic-mechanical thermal analyses (DMTA).



2.5 Characterization techniques

Oxygen permeability (OP) was measured by using a Multiperm ExtraSolution instrument at
23°C and 50% relative humidity with an initial conditioning time of 15 h. A film with an area
equal to 50 cm” was placed between the two halves of the permeability chamber (Figure 1).
To completely remove traces of oxygen, the film was flushed with a nitrogen flow rate of 70
ml min~'. Subsequently, the gas flow in one of the two cell halves was switched to oxygen
and the sample left to equilibrate. The end of the test was automatically established by the
instrument when the collected data reached an oxygen transmission rate (OTR) steady-state
accuracy of 0.5%. The OTR values were given by the instrument taking into account the
atmospheric pressure and the OP was calculated dividing the OTR by the film thickness
measured with a micrometre device.

Tensile tests were performed at room temperature (23+1°C) using a Zwick Roell Z100
machine, following the ISO 527 standard. The tensile modulus was calculated at 1 mm/min
rate, then the rate was increased up to 5 mm/min until the specimen broke. The samples for
stress-strain analyses were 5A type and five specimens were used for each formulation
(Figure 1). The loading cell used has a maximum load of 5 kN. The average values of the
tensile modulus (E), the elongation at break (g), the maximum tensile strength (Gmax), the
tensile strength at yield (o) and corresponding standard deviations were calculated.

The Dynamic-Mechanical Thermal Analysis (DMTA) were performed using a DMA Q800
(TA Instruments) using the single cantilever clamp. The temperature scan was in the range
between 30°C and 200°C applying a heating rate of 3°C/min, a frequency of 1 Hz and an
oscillation amplitude of 0.05%. The heat deflection temperature (HDT) of composites was
calculated following Takemori [30] work as the temperature at which the modulus crosses the

defined value of 800 MPa that corresponds to the applied load of 1.82 MPa.



Prior to DMTA and tension tests, all specimens were conditioned at 23+1°C and 50% relative
humidity in a climatic chamber till weight equilibrium was reached and for a minimum of 48
h.

The morphology of bio-composites was observed using a LEO-1450VP Scanning Electron
Microscope (beam voltage: 20 kV; working distance: 15 mm). The elemental analysis was
performed with an X-ray probe (INCA Energy Oxford, Cu-Ka X-ray source, k=1.540562 A).
The samples were obtained by cryomicrotome, pinned up to conductive adhesive tapes and
gold-metallized.

The rheological properties were measured using an ARES rheometer fitted with a 25 mm
parallel plate geometry. Tests were performed at 220°C under a nitrogen atmosphere to avoid
any degradation. The sample disks for the rheometer were compression moulded at the same
temperature into a 25 mm diameter hole and 1 mm thick plate. Dynamic strain sweep tests
were carried out and confirmed the linearity of the viscoelastic region up to 20% strain at 100
rad/s of frequency. Furthermore, the frequency sweeps were carried out to determine the
complex viscosity (n*) over the frequency range of 0.1-100 rad/s at 10% of strain.
Differential Scanning Calorimetry (DSC) analyses were performed with a Q20 TA
Instruments analyzer with a single heating ramp from 25°C to 250°C at 10°C/min. The stress
relaxation (4H;) and melting (4H,) enthalpies were determined and the degree of

crystallinity (y.) evaluated using Equation 1 [31] [23].

AHm—AHgr
Xe = AHygo+(1-x) 100
Equation 1

where 4H ¢y 1s the melting enthalpy of the 100 % crystalline polymer matrix (244 J/g [32])
and x is the nominal filler weight percentage.
X-ray diffraction (XRD) analyses were performed with PANalytical X'Pert Pro, powered by a

Philips PW3040/60 X-ray generator and fitted with a PIXcell 1d detector. Diffraction data are



acquired by exposing film extruded samples to Cu-Koa X-ray radiation, which has a
characteristic wavelength (L) of 1.5418 A. X-rays were generated from a Cu anode supplied
with 40 kV and a current of 40 mA. The data were collected over a range of 3-30° 20 with a
step size of 0.026° 20 and nominal time per step of 100s, using the scanning PIXcell 1d
detector. Fixed anti-scatter and divergence slits of 1/16° and 1/32° were used together with a
beam mask of 10mm and all scans were carried out in ‘continuous’ mode.

2.6 Mechanical data analysis

The effect of polymer-filler interactions can be quantitatively described using Pukanszky’s
model for particle-based composites, as described in Equation 2 [33] and reported in previous
works [6, 34]. It is employed as a simple tool to make comparisons and comments on
different formulations. Specifically, Equation 2 allows to investigate a linear relationship

between the natural logarithm of reduced yield stress (crq) and the filler content (¢)).

o.(1+25-¢
log(dreq) = log CG(_ f)=B"Pf

Equation 2

where o, and o, are the yield stresses (oy) of the composite and matrix, respectively; B is a
term corresponding to the load carrying capability of the filler and depends on filler-matrix
interactions; ¢y 1s the filler volumetric fraction.

Thus, for the application of Equation 2, it is necessary to know the filler volumetric fraction
(p). The RHA and CL density within the composites were calculated performing weight
measurements in air and water on the final composite specimens and assuming the density of
PA5.10 1.07 g/em’. A density of 1.75, 1.74 and 1.96 g/cm’ for the RHA, RHA-CL (ratio 2:1)
and CL were found, respectively. Subsequently, these values have been used for calculating
the volumetric fractions (¢) required by the model (0.134, 0.102, and 0.027 for PAS5.10 208,

PAS5.10 10S5C and PA5.10_5C, respectively).



Furthermore, the value of parameter B in Equation 2 increases proportionally to the degree of
CL exfoliation if the other parameters remain constant as supposed by Szazdi et al. [35]. They
have calculated a B factor of 1.8 for unmodified CL without any kind of exfoliation and a B
factor of 195 assuming a CL complete exfoliation. By this way, is possible to calculate the

extent of exfoliation applying Equation 3 [23].

B —1.
% of exfoliation = ﬁ x 100
Equation 3

3. Results and Discussion

3.1 Permeability

One of the most important aspects for materials suitable for packaging in the film shape is the
protection against oxygen. To evaluate such barrier property, the permeation of oxygen
through an area of 50 cm” was evaluated and the average thickness measured and reported in
Table 2. No data are reported for materials with RHA as filler because is not possible to
obtain a thin film with this formulations.

The OP measured was 3.7+0.4 cm’*mm/m**day*atm a better result than reported with other
bio-PAs [23]. The dispersed CL gave an improvement (51%) in the barrier properties thanks
to the increase in the tortuosity path. The reached value of 1.8 cm’*mm/m**day*atm is
exactly the same as obtained with PA6.10_5C and comparable with a commercial PA6 [36].
3.2 Mechanical properties

The mechanical properties of the prepared bio-composites were thoroughly investigated in
tension mode. To test the film’s appropriateness to be used in the packaging field, the tensile
stress/strain analyses at room temperature were performed on dog-bone specimens directly
obtained by punching from the extruded films (Figure 1). The collected data are listed in

Table 3 and a representative curve is reported in Figure 3. On the other hand, the properties of



samples obtained by injection moulding were tested directly on SA type specimens (Figure 1).
The data are reported in the same Table 3 as well a representative curve is reported in Figure
3.

As expected, when an inorganic filler (RHA or CL) is added to a polymer matrix, a significant
increase of Young’s modulus and a huge decrease in the deformation at break was observed
(see E and ¢ data in Table 3).

As far as film samples were concerned, the CL addition to PAS5.10 resulted in an increase of
the 45% in the modulus (E) with respect to the corresponding film matrix, a similar result was
found for the same CL in PA10.10 matrix [18] [23]. Enhancements in the strength at yield
(+36%) and in the maximum strength (+8%) are also reported and result better than what
achieved with PA10.10 [18] [23]. These results are usually associated with good filler-matrix
interaction and to a good filler dispersion/distribution. Conversely, a conspicuous reduction in
the elongation at break is reported (from over 200% to 90%), generally ascribed to some
agglomerated particles/fillers. The addition of RHA to PAS5.10 (PAS5.10_20S) caused 16%
decrease in the maximum tensile strength (Gmax) and 2% in the strength at yield point (o)
when compared to the injection moulded neat matrix as well as a dramatic decrease of the «.
Despite an increase in the modulus is reported, this result is generally caused by the low
efficiency of transferring stresses from the matrix to the reinforcement. This fact could be
ascribed to a great dimension of particles which concentrate the stresses and to a low chemical
adhesion property. Similar behaviour has been found in the literature with other PAs and
different natural fillers [14] [37] [38] [39] [40].

The combination of both micro and nano-filler seems a good solution to reach balanced
properties. Indeed, the sample with both RHA and CL presents intermediate strength
properties, the best increase in the stiffness (E). Unfortunately, a further worsening of the

elongation at break was also found. Therefore, this micro-nano solution has a synergistic
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result for the stiffness, an additive behaviour for the strength and an antagonist action for the
toughness.

The scatter plot reported in Figure 2 shows the tensile modulus as a function of the strength
and can be useful for the correct selection of the material according to the applicative
requests. In the same figure, coloured areas have also been traced. The grey area corresponds
to the set containing the various PA bio-matrices. As it is possible to see, the moduli fall
between 1 and 2 GPa and the strength between 30 and 60 MPa except for one sample. This
range also includes one of the most common polymers from oil sources, the PP, reported in
the graph as a comparison. The use of various types of fillers leads to a significant increase in
the modulus, but only slight improvements in the strength. In the graph, these composites are
highlighted with two areas: the red one for formulations with less than 30 wt.% of filler
amount and the yellow one for quantities greater than 30 wt.%. The only cases where a
substantial and simultaneous increase in both rigidity and strength are found, are included in
the green area. These last composites are obtained using glass or carbon fibres, reinforcing

fillers with a high aspect ratio and synthetic origin.

3.3 Thermo-mechanical analysis and HDT calculation

In addition to mechanical properties in tension mode at room temperature, the dynamic
thermo-mechanical analysis (DMTA) in single cantilever mode was used to establish the
effect of the filler type and temperature on the storage modulus of PAS5.10 and to extrapolate
the HDT. All the data are reported in Table 3 and a representative curve is plotted in Figure 4.
One of the main drawbacks of several renewable polymers is their poor thermo-mechanical
properties. No exception is done for the bio-PAs and also for the PAS5.10. Indeed the PAS5.10
HDT is found at around 62°C (Table 3), only slightly higher than PA6.10 [6], PA10.10 [39],

PA11 [21]. The general increase in the modulus found by adding the fillers to the PAS5.10 is
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reflected in the increase of the HDT because the material is now rigid enough to remain above

the 800 MPa threshold.

Thus the maximum operating temperature is accounted to 108°C in PA5.10 20S, 46°C more
than the neat matrix. This impressive result is well over the already tested PA6.10 (72°C) and
PA10.10 (61°C) with the same filler [6]. Similar to what already studied, the partial
replacement of RHA with CL in PA5.10_10S5C further increase the HDT value of 23°C,
reaching 131°C. This result is comparable to that obtained by Zierdt et al. with PA11 and 50
wt.% of beech fibres (140°C) and clearly superior to that obtained with 30 wt.% of the same
filler (80°C) [21] or with 30 wt.% of wood fibre in PA11 (50°C) by Armioun et al. [40].
Considering that the addition of only CL to the matrix produces a slight increase in HDT
(13°C), while the joint action with RHA gave a higher increase of 23°C, the behaviour is not
just an additive effect between RHA and CL but a synergic effect.

This result is very impressive because it has never been reached with others bio-PAs and the
same fillers (see Figure 4) and opens important horizons for the use of these composites in the
specific high temperature areas. Better results were obtained only with synthetic fillers such
as glass fibres (153°C) and carbon fibres (170°C) in PA10.10 [39] or carbon fibres in PA11

(142°C) [40] but in these cases, no bio-fillers and by-products were used.

3.4 Morphological analysis

The deep study of the morphology of composites was carried out in order to understand the
structure-properties correlation.

The micrograph of PA5.10_5C sample (Figure 5) shows the presence of some isolated big
agglomerates of 10 um diameter (a) but also a huge quantity of white little dots smaller than

0.1 pm and thus sub micrometric (b).
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Figure 5¢ and Figure 5e show two magnifications of PA5.10 20S and Figure 5d and Figure 5f
of PA5.10 _10S5C. The composites with 20 wt.% of RHA exhibit a homogeneous distribution
and wide dispersion of particle size of silica. A contemporaneous presence of fine particles
under 0.1 pm and big ones around 50 um within the polymer matrix were detected, as already
reported in previous works with the same filler [6, 41]. The hypotheses made on the filler
dimensions in the mechanical characterization are therefore confirmed by the morphological
analysis.

The contemporaneous presence of RHA and CL in PA5.10 10S5C substantially never change
the dispersion and distribution of single particles from SEM observations. To distinguish the
two fillers the elemental analyses are exploited: Si, Al, Mg elements for the CL (analyses 1, 2
and 3 in Figure 5) and Si and K for the RHA (analysis 4 in Figure 5). Therefore, the
contemporary presence of CL and RHA gives some better properties to composite that are not
evident from the investigated morphology through the SEM. On the other hand, the maximum
load born and elongation at break properties have not improved due to the still presence of
large particles which concentrate the stresses during tension tests and cause the sample

breaks.

3.5 Rheology

The viscoelastic behaviour of neat PAS5.10 and composites were investigated in order to
evaluate the complex viscosity (n*) of the system. Figure 6 displays the logarithmic
dependence of n* versus the angular frequency. Neat PA5.10 approached a constant value in
the Newtonian plateau of 200 Paes. The addition of 20 wt.% of RHA or 5 wt.% of CL
exhibited a higher viscosity than neat PA5.10 all over the investigated frequency range. These

results can be explained in terms of restricted mobility of the polymer melt due to the
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interaction between the polymer chains and filler in the melt [42]. These results also exclude
an extensive degradation of the matrix during the processing since the viscosity is increased.
However, it should be emphasized that PAS5.10 20S shows a lower increase in viscosity
compared to PAS5.10 5C that may be due to the larger size of the RHA filler and its low
aspect ratio geometry but also to possible partial degradation of the matrix which would also
explain the mechanical properties reduction.

On the other hand, the complex viscosity of the PA5.10 10S5C composite is substantially
different from the previous ones. The contemporaneous presence of the CL and the RHA
produces a synergistic effect on the complex viscosity by creating a strong shear-thinning
behaviour without a Newtonian plateau. This fact brings the complex viscosity to reach a
value about two orders of magnitude higher than PA5.10 5C and PA5.10 20S confirming a
strong interaction between the two fillers that creates a consistent solid-like structure at low
shear rates. The high viscosity and consequently low chain mobility bring benefits in the

thermo-mechanical properties of the material.

3.6 Crystallinity studies with DSC and XRD analyses

Continuing the exploration of the reasons that lead to the variation of the mechanical and
thermo-mechanical properties of the composites, the crystallinity of the matrix was
investigated with two characterization techniques. The DSC is used to evaluate a variation in
crystallinity and XRD to evaluate a change in the crystalline phase and crystallites size.

The first heating scan in the DSC is important to understand the crystallinity of the final
product as well as a film or an injection moulded object.

The same crystallinity has been found for the PA5.10 and PAS5.10_5C films namely around
27% (Table 4). The two different shaping process of film extrusion and injection moulding on

the neat PAS5.10 gave some little differences in the crystallinity (27 vs. 24%). The film

14



stretching allows reaching a high crystallinity to the material. RHA seems not to have a
sensible influence on the DSC data of injection moulded samples (X.=23%). Conversely, clay
in joint action with RHA promotes the crystallization that reaches 27%.

To complete the study on the crystallinity of the composites, XRD analyses have been
performed and reported in Figure 7. By this way, the crystal structure was identified and
crystal dimension qualitatively supposed from the width of the peaks.

The XRD spectra show that the neat PAS5.10 film presents the characteristic peak of y
crystalline form (strong single reflection at 26 = 21.1°), as previously found for PA10.10 [23].
The addition of CL, that usually promotes the y-form, slightly shift the peak at 21.6° and
increase the intensity of the peak even if the percentage of crystallinity remains substantially
unchanged according to the DSC data.

As far as RHA is concerned, it is mainly composed of silica (generally >95%) revealing a
peak in the XRD analysis at 21.9° as reported in the literature for such by-product and due to
crystobalite [43]. This characteristic peak is still present without significant modifications in
the composites PA5.10 20S and PAS5.10 10S5C. However, in these latter composites,
another peak at 21.2° appears. This second peak is due to the crystalline phase of PAS5.10,
newly in the y form as in the neat PA5.10 (peak at 20.9°). Comparing the peak due to the
PAS5.10, the RHA clearly changes its appearance, making it very narrow and thus composed
of more ordered and bigger crystals.

The increase in the crystallites size is due to the nucleating effect of the RHA and it is a
plausible explanation for the registered significant increase in the thermo-mechanical
properties. However, there is no increase in the crystallinity amount of the material.

It seems that in the PA5.10 _10S5C sample a really low intense peak at around 20° is raised
instead of the only y crystalline phase. Such peak is due to a different PA crystalline phase,

probably the o phase [44].
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Summing up, the significant enhancements in the mechanical and thermo-mechanical
properties of PA5.10 5C10S with respect to the other composites can be first attributed to the
reinforcing effect of the CL and RHA. The crystallinity amount in the composite was
essentially not deeply altered by the presence of the fillers but the crystal dimensions are
increased by the inorganic filler presence.

Furthermore, the synergistic improvements obtained in the micro-nano composites can be
partly explained by a small increase in crystallinity and by the appearance of a new crystalline
phase (o) which is considered to be more stable, resistant and with a lower strain at break than

the y [45].

3.7 Pukanszky’s model application

To better characterize the efficiency of transferring stresses from the matrix to the fillers also
in the case of micro-nano composite, Pukanszky’s model was applied to the different
composites exploiting the tensile strength at yield point (oy) as suggested from the literature
[6, 35, 46, 47].

Theoretically, the plot of the reduced stress at yield in logarithm form (log 6,.q) as a function
of the volumetric fraction (@) gives a straight line typical of each filler in a matrix. The line
slope is the quantitative value (B factor) that correspond to the load carrying capability of
each filler. The data obtained from the composites containing only CL are plotted with the
half-filled marker in Figure 8, RHA data are plotted in the same figure with the empty marker
and the data of the composites with both fillers with the filled marker. In addition to the plot,
the calculated interpolation lines as dotted curves and previous research data with other bio-
PAs [6, 23] were shown.

As already commented by strength data, it is evident from the reported B factor in Figure 8

that the best stress transfer is achieved by using the CL (14.95) and the worst with RHA
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(3.07). The contemporary use of CL and RHA gave an intermediate result (4.52) that is
slightly lower than what was reported for PA6.10 and PA10.10 [23]. Thus, in PAS5.10 the CL
is not able to increase the adhesion as much as in the case of the other two studied bio-PAs
despite the best performance reported when it is single used. Probably the production process,
film extrusion versus injection moulding, has a significant influence on the ability to orient
and disaggregate the CL platelets that influence the load-transfer ability.

Pukanszky’s model could be useful for the evaluation of the CL extent of exfoliation. Indeed,
SEM analyses and XRD patterns can only show the intercalated or aggregated part of the
fillers but are not able to highlight a possible exfoliation of clay layers. Thanks to Pukanszky's
factor is possible to quantitatively evaluate the extent of exfoliation with Equation 2.

The best result reported in the literature was 11.7% of exfoliation in PA6 matrix [48] and in a
previous study with PA10.10, a CL exfoliation degree of 4.5% was reached. The PAS5.10
yielded an exfoliation rate of 6.8%, significantly higher than that obtained with PA10.10 [23].
As expected, the more polar matrix is able to exfoliate more the modified clay resulting in the
best mechanical and barrier properties. On the other hand, CL in the combined system seems

to have a limited exfoliation especially in PA5.10 matrix confirmed by the lower B factor.

4. Conclusions

The goal of the present research activity was to study new composite systems based on bio-
PAS5.10 mainly to increase the barrier properties in the thin film and the thermo-mechanical
properties in bulk objects. These objectives were assessed by melt compounding rice husk ash
(RHA) and/or modified clay (CL) and then shaping to the final form with industrialized
machines. The resulting tensile mechanical properties in the film containing CL gave 45% of
modulus and 36% of yield stress increase with respect to the neat PAS5.10. Pukanszky’s model

was exploited to evaluate the filler-matrix interactions revealing that the CL has the best
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interaction with PA5.10 with respect to other bio-PAs and reach a calculated exfoliation
degree of 6.8%. Considering the barrier properties, the CL was able to decrease the oxygen
permeability to less than half concerning neat PAS5.10.

In the injection moulded samples, 20 wt.% of RHA induced significant improvement in
Young’s modulus (+53%) while a slight reduction in the yield and maximum tensile strength
(-2% and -16%, respectively) and a dramatic decrease in the deformation at break (-97%) with
respect to the neat matrix. Such fact is due to a low filler interaction with the matrix and a
partial reduction of the polymer chain length. To reach more balanced properties, the
reduction of RHA amount to 10 wt.% with the simultaneous addition of 5 wt.% of CL were
investigated. The stress-strain analyses showed that the composite with both RHA and CL
induced the best improvement in the elastic modulus (+84%) as well as in the tensile strength
(+9%).

The DMTA data demonstrated that the addition of RHA caused a consistent increase (+46°C)
in the heat deflection temperature (HDT) compared to the neat PAS5.10 matrix (62°C).
Furthermore, the simultaneous presence of RHA and clay provided the best result reaching an
extraordinary HDT of 131°C. These results are comparable with different studies present in
the literature with other bio-PA proving the possibility to develop also this matrix.

The two fillers investigated can therefore be used alone or together combined in PA5.10 for

functional purposes in a sustainable scenario.
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Table 1. Codes and nominal compositions of melt-blended PAS.10-based samples.

Sample PA5.10 CL RHA

[Wt.%] [wt.%] [wt.%]

PAS5.10 100.0 - -
PAS5.10 5C 95.0 5.0 -
PAS5.10_20S 80.0 - 20.0

PAS5.10_10S5C  85.0 50 10.0
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Table 2. Thickness and Oxygen Permeability (OP) of film extruded neat PAS.10 and

PAS5.10_5C.

Permeability ~ Thickness OP

at 50% R.H. [mm] [cm3*mm/m2*day*atm]
PA 5.10 0.10+0.02 3.7+0.4
PA 5.10 5C 0.21+0.01 1.8+0.1
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Table 3. Tension test data and HDT of PAS.10-based composites.

Extruded film Injection moulded
PAS5.10 5C PAS.10 20S 10S5C

E [GPa] 1.39+£0.24 2.16+0.08 | 1.49+0.04 2.29+0.04 2.76+0.06

AE [%]* - +45 - +53 +84
Stress-

oy [MPa] 37.5+£1.7 51.242.3 | 52.1£0.4 51.0+0.3 57.1+0.7
strain

A oy [%]* - +36 - -2 +9
analysis

Omax [MPa] 62.3£3.7 67.243.0 | 60.9+4.0 51.0£0.3 57.0+0.7
at 23°C

A Gax [%0]* - +8 - -16 -6

e [%] 221+9 90+6 332418 10£1 5+1
HDT

1.81 MPa
from - 75 62 108 131

[OC]**
DMTA

* A = (matrix property - composite property) / matrix property ** Calculated with E’ data from DMTA
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Table 4. DSC data of all PA5.10-based materials

AHSI’ AHHI AHm—sr XC

Sample

[V/gl [V/gl [Vgl [%]
PAS.10film 2.5 702 67.7 27.7
PAS.10 5Cfilm 3.9 659 653 26.7
PAS5.10 39 635 596 244
PAS5.10 _20S 3.5 483 560 23.0
PA5.10 10S5C 3.0 59.5 66.5 27.2
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Figure 2. Tensile modulus (E) versus strength (o) of bio-PAs and composites.
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Figure 3. Representative stress-strain curves of: a) PAS.10 and PAS.10_SC in thin film,

b) PAS.10-based composites obtained with injection moulding.
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Figure 4. Storage modulus E’ as a function of the temperature of PAS.10-based

composites with HDT dotted line and HDT comparison with other bio-PAs.
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Figure 5. SEM cross sections of: PAS.10 5C (a), (b), PAS.10 _20S (c), (e) and

PAS5.10_10S5C (d), (f).
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Figure 6. Complex viscosity (n*) of PAS.10 and composites.
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Figure 7. XRD of film extruded PAS5.10 and PAS.10_SC (a) and injection moulded

samples and RHA (b).
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previous studies [6, 23].
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