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Summary

Polymer structuring is a valuable cost- and time-saving method for producing
high-performance polymer-based materials. The main issue in the diffusion of this
approach is the understanding of the relationship between the processing
parameters, the microstructure and the resulting properties, which is crucial for the
actual definition of the final features.

Therefore, the aim of this PhD dissertation is the study of the processing
parameter-microstructure-property relationships in polymer blends-based materials
with the purpouse of obtaining structured morphologies that can be opportunely
tuned in the production step. In particular, after a detailed analysis of the state of
the art and considering its importance at an industrial level, it was decided to
investigate the solvent-free production of thermoplastic polymer blends by melt
blending approach. Specifically, two homopolymer systems were selected. Namely,
the first one is based on high-density polyethylene (HDPE) and the other one on
polyamide 6 (PA6). With regard to the experimental trial, the role of both the
material characteristics and the processing parameters was investigated.
Specifically, the polarity of the polymer was considered along with the mono- or
bimodality of the molecular weight (MW) in the blend. Various bimodal
distributions were also investigated. From a processing point of view, both the
HDPE and PA6 blends were obtained by corotating twin screw extrusion.
Therefore, the effect of varying the screw rotation speed and the barrel temperature
was evaluated.

Furthermore, the second step of the research focused on the role of the
application of a non-isothermal uniaxial elongational flow at the exit of the die. In
the case of PA6-based materials, the investigation was firstly performed on the
polymeric systems. Then, the evaluation of the morphology of composites
containing hydrotalcites (LDHs) characterized by two different surface areas were



studied. Thermal, rheological, morphological and mechanical investigations were
performed and are reported and discussed in detail.

In addition, the innovative approach adopted in this PhD dissertation refers to
the multivariate analysis employed for the interpretation of the results. In fact, this
approach has allowed to highlight the impact of the simultaneous variation of two
parameters on the resulting morphology, thus considering the role of the
combination of two variables in the processing parameter-microstructure-property
relationships and enriching the current knowledge available in the literature, which
is mainly focused on the univariate analysis. Furthermore, the multivariate
approach allows to obtain solutions that are often not obtained by considering the
variation of a single parameter alone. This has been appreciated, for instance, in the
study of the twin-screw extruded HDPE blends, where the full polymer miscibility
was achieved when the highest values of shear stress and processing temperatures
were simultaneously exploited. Also, from the analysis of the rheological
characterization, the minor role of the screw speed and barrel temperature over the
molecular weight was appreciated. In addition, the concurrent increase of the screw
rotation speed and MW in PA6-based materials was found to promote the influence
of the flow-induced crystallization (FIC) over the memory effect, resulting in the
greater increase in final crystallinity and o/y phase content when the high MW was
considered instead of the low molecular weight.

Another novelty of the present PhD research is the extensive use of a simulation
software to obtain information about the thermo-mechanical field inside the barrel
during compounding. In particular, data on the actual shear rate, temperature and
residence time were used to interpret the characterization results according to the
processing parameters.
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Chapter 1

Introduction

1.1 The concept of polymer structuring

The term polymer structuring refers to the tailoring of the morphology in
polymer-based materials by exploiting the relationship between the processing
parameters and the microstructure, which ultimately determines the resulting
properties [1-20,2,21,1,22,23]. Besides, when more than two levels of
morphological organization are distinguished, the multiscale topology is addressed
as hierarchical microstructure and the final performances are determined by the
interactions that occur at the molecular, nano, micro, and macro scales [3,24-27].
In particular, hierarchical structures can be obtained in both single polymer and
blend systems. In the first case, the multiscale morphology is achieved by
organizing the crystalline phase into multilevel structures, such as the shish-kebab,
characterized by a cylindrical central skeleton of aligned macromolecules from
which epitaxial crystals of oriented lamellae grow at regular intervals [22,28-42].
On the other hand, when all-polymer blends are considered, the hierarchical
structures are formed due to the mutual organization of the two polymer domains.
For instance, this can be achieved by the formation of hybrid shish-kebab structures
[25,43-53] or microfibrils [1,20,39,54—70]. The latter are anisotropic micrometer-
sized morphologies that can be oriented and their density can be increased by
adjusting the processing parameters. It is interesting to note that all of these was
inspired by nature. In fact, tendons, bones, wood, grass, nacre, silk fibers, the paws
of gecko, lotus leaves and intervertebral disks are good examples of how a proper
microstructure allows to achieve superior mechanical properties and lightweight,
outstanding adhesion characteristics or self-cleaning properties [3,4,21,23-25,71—
78].

In fact, the ability to engineer the morphology and thus the final properties,
creates significant opportunities for the application of such structured materials in
high-performance technological areas [2,13,14,24], such as adhesive tapes [72],
self-cleaning surfaces [71], coating applications and drug delivery [79,80]. On the



other hand, the hierarchically structured materials are particularly performant in
terms of mechanical properties thanks to the efficient transfer of the loads, both in
terms of tensile strength and energy adsorption during impact, which is related to
the synergistic response of the entire material due to the multiscale design
[3,20,22,39,81-84]. Thus, the interest in promoting the diffusion of hierarchically
structured polymer-based materials seems clear. In the case of all-polymers and
single-polymers, the processes that allow polymer structuring can be divided into
two approaches, depending on the presence of a solvent. In particular, when solvent
is present, they can be referred to as solvent-assisted techniques, while alternatively
they can be called solvent-free processes [2,5,13,14,20,26,71,85-95].

In the first case, the structuring is mainly achieved by the self-assembly ability

of the macromolecules, and microstructure tuning is primarily obtained by
controlling the chain structure and the nature of the solvent [26,71,85-89,93-98].
Specifically, homopolymers or copolymers can be used. In the case of copolymers,
an additional degree of freedom comes from the choice of monomer types and their
order within the chains. In fact, the morphology of a two-component multiblock
copolymer can be tailored by varying the block lengths and the stiffness of each
section. This approach typically results in the formation of core-shell micelles or
multilayer structures. In this context, solvent-assisted methods can be viewed as
bottom-up design techniques, where the microstructure is shaped by first defining
the macromolecular structure. Besides, the selectivity of the solvent towards a
particular monomer can be used to manipulate the morphology. In fact, the solvo-
phobic segments of the chains are induced to minimize their contact with the solvent
by forming micellar structures, while the solvo-philic components remain exposed.
Thus, by properly designing the chains with a solvo-phobic endblock or midblock,
even layering is achieved [26,85,87,93,96,97].
Although the ability of macromolecules to self-assembly has long been known, the
dynamics that govern the final morphology are still under debate [26,85,88].
Indeed, various theoretical approaches have been proposed over the years, but the
complex multiscale relationship between composition and structure often requires
molecular-level data that are typically not available. For this reason, simplified
models have been developed [26,97,99-109].

On the other hand, in solvent-free processes, the microstructure is mostly
determined by the balance between the orientation, relaxation and crystallization
dynamics of the macromolecules through the selection of the right combination of
materials, processing technique and parameters, and can therefore be considered as
top-down approaches [5,13,110]. Besides, structuring is based on melt blending and
consists of applying an external mechanical field to the material. For this reason,
the microstructure can often be referred to as external field determined morphology
[2,5,13,14,20,26,90-92].

In fact, considering the all-polymer materials containing semi-crystalline
polymers, the morphology in the solid state can be initially distinguished into
amorphous and crystalline phases. However, the separation between the two is not
sharp and can be influenced by several factors such as the chain topology and the
presence of a flow field [5,111-114]. Specifically, from the transformation of the
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molten state into the solid state under quiescent conditions results in the formation
of crystals and a three-dimensional spherulitic morphology of folded chains
separated by the amorphous phase is obtained [5]. However, such a final
microstructure can be properly modified by the application of a flow field, which
interferes with the relaxation dynamics and thus affects the crystallization kinetics
and the final crystallinity [2,5,13,40,110,110,115—-121]. In particular, the main
types of flow are the elongational and shear, which are distinguished according to
the mutual direction between the flow of the material and the velocity gradient
inside the molten state [115]. As a consequence, different results are obtained by
applying one or the other. The elongational flow has the ability to promote the
orientation and even stretching of the macromolecules in the direction parallel to
the flow of the material, thus promoting the formation of an anisotropic
morphology. On the other hand, such orienting ability is less effective for shear
flow and the isotropy of the microstructure can be largely maintained in this second
case [115,118,122-125].

In addition, the final morphology is also influenced by the isothermal or non-
isothermal condition in which the material is processed. In fact, the application of
a cooling rate to the material affects its rheological response and, as a consequence,
the resulting effect of the flow field may be different from that expected under
isothermal conditions. Furtherly, the formation of crystals may occur prematurely,
taking into account both the contribution of the flow in promoting the crystallinity
and the decreasing temperature [110,115,121,126].

All of this must be taken into account, especially in industrial-scale processing,
where a non-isothermal step is often present. For instance, this can be referred to
compounding and injection molding, which are widely used industrial techniques
that are mainly characterized by the application of the shear flow. On the other
hand, the role of the elongational flow is also appreciated when the melt enters the
die section in compounding or the mold gate in injection molding [115,127-132].
Besides, external flow fields can also be introduced, as in the case of the application
of the elongational flow in blow molding, film blowing, film casting and fiber
spinning [17,92,133,115,134-156,5,121].

On the other hand, when focusing on the melt processing of polymer blends,
the role of the materials becomes apparent. In fact, in most cases they are
thermodynamically immiscible in the molten state, so a heterogenous morphology
characterized by droplet-like domains of the second phase dispersed in the matrix
1s commonly observed [157,158]. As a result, the applied shear or elongational flow
can deform, orient or even induce the breakup of such droplets, depending also on
the rheological properties of the polymers and the blend composition. Thus, the
final shape and size of the secondary domains and hence the resulting
microstructure can be tuned by knowing the intrinsic characteristics of the system
[115,118,122-124,159,160]. Specifically, the effect of shear or elongational flow
in determining the final morphology has been related to two dimensionless
parameters that depend on the blend in question. Namely, the viscosity ratio and the
capillary number. The former is derived from the ratio between the viscosity of the
dispersed phase and that of the matrix. The latter is calculated as the ratio between
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the hydrodynamic stresses determining the elongation of the droplet and the
interfacial stresses between the matrix and the dispersed phase [115,161]. As
reported in Figure 1, the breakup of the dispersed droplet is obtained when a critical
capillary number is reached and, considering a constant viscosity ratio, the value is
determined by the type of flow applied. It was found that a lower capillary number
is required in the presence of an elongational flow, because it is more effective in
breaking the droplets. Also, in this case, it is possible to reduce the droplet size even
for viscosity ratios higher than four, which, on the other hand, is a limitation that
affects the shear flow [115,160—162].
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Figure 1. Critical capillary number as a function of viscosity ratio in polymer blends, based on Grace's
analysis [161]. Reprinted under CC BY 4.0 license.

Considering the scenario described above, it seems clear that solvent-free
structuring approaches are a valuable solution to tailor the performances of all-
polymer systems exploiting melt-blending processing techniques and materials
already used at industrial scale. Additionally, these techniques are less polluting for
the environment and less hazardous for the specialized workers compared to the
solvent-assisted ones due to the absence of the solvent. Nevertheless, the
complexity of the relationship between processing parameters and microstructure
has not yet been fully revealed due to the lack of knowledge on the evolution of
macromolecular dynamics in the presence of an external field in real case scenarios
and the lack of information on the actual thermo-mechanical field during melt
blending, thus requiring further investigations in the coming years [110,163-168].
As summarized in Figure 2, a brief review of the topic has attempted to assess the
current understanding of the relationship between processing parameters,
microstructure and properties in extrusion and injection molding-based processes
[169].
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Figure 2. Schematization of the major solvent-free all-polymer structuring techniques and the
corresponding active flow fields [169]. Reprinted under CC BY 4.0 license.

1.2 PhD Framework and objectives

The aim of the PhD dissertation is to produce microstructured polymer blends
by exploiting the relationship between processing parameters and morphology, and
to further extend the latter including the resulting properties.

This approach allows the production of high-performance polymer-based
materials. However, poor knowledge of the relationship between the production
variables and the microstructure does not allow tuning the final properties of the
materials in an effective and satisfactory way. In this regard, the thesis focused on
the study of the correlation between the variation of processing parameters and the
resulting morphology in melt-blended materials. An apolar and a polar system were
studied, also considering different reciprocal contents of high and low molecular
weight polymer. In the first step, the effect of variation of screw speed and barrel
temperature during twin-screw extrusion was evaluated, while in the second step
the application of an additional elongational flow field was considered. In
particular, LDHs were introduced in the polar systems as further degrees of freedom
to tune the final morphology and resulting properties.

In particular, the thermal, rheological mechanical and morphological properties
of the different systems were evaluated and discussed in relation to the processing
parameters.



1.3 Thesis structure

The thesis is structured in the following chapters:

- Chapter 2 focuses on providing an overview of the melt blending approaches
that can be used to microstructure polymer blends. In particular, it focuses on
compounding and injection molding techniques

- From Chapter 3 to Chapter 6, the results of the experimental trials of the
thesis are reported. In particular, Chapter 3 discusses the effect of the variation of
the screw speed, barrel temperature and material composition on the microstructure
of HDPE-based blends compounded by twin-screw extrusion.

- Chapter 4 focuses on the PA6 blends. The effect of different screw rotation
speeds and material compositions on the final microstructure of the materials
processed by twin screw extrusion has been studied in detail. In particular, the
relative crystalline phase content and the overall crystallinity were considered.

- In Chapter 5, the results concerning the superposition of the thermo-
mechanical field and elongational flow on PA6 materials was discussed. The
relationship between the processing parameters, microstructure and properties has
been studied, taking into account the mechanical and thermal performances and the
corresponding crystallinity and crystalline phases present.

- In the Chapter 6, the role of hydrotalcite as a nanofiller in the preparation of
PA6-based composites obtained by twin-screw extrusion and the application of an
elongational flow was investigated. In particular, the effect of the aspect ratio of the
LDH on the resulting mechanical and thermal properties was considered.

The materials, experimental equipment, and characterization techniques used
are described in separate sections within Appendix A.



Chapter 2

State of the art on polymer
structuring by solvent-free
techniques

Part of the work described in the Chapter 2 has been previously published in:

“Cravero, F.; Arrigo, R.; Frache, A. Processing-Driven Structuring of
Polymer-Based Materials: A Brief Overview. Polymers 2025, 17, 76" [169].

2.1 Extrusion-based techniques

2.1.1 High-speed shear extrusion

The present is a simple technique to improve the mechanical properties of
single polymers. In fact, it requires an extruder with a suitable motor and no
additional components. The tailoring of the morphology is achieved thanks to the
application of a strong shear flow on the molten material, owing to the high screw
rotation speed of the twin-screw extruder or internal mixer. Even if the structuring
ability is observed starting from 400 — 600 rpm [170-176], the most typical value
is around 1000 rpm [170-172,177] and can reach up to 4000 rpm [178—180].

The introduction of an overall self-reinforcing effect with increasing screw
rotation speed can be seen from the study of Zhang et al. [174] on HDPE. The
polymer was processed at 100, 500, 900 and 1200 rpm, respectively, and the
corresponding increase in the tensile strength from 32.0 to 46.7 MPa was obtained
when the value of 100 or 1200 rpm was used. Correspondingly, the elongation at
break decreased from 562.8 to 29.9 %. This change in the mechanical properties
was explained by considering the effect of the high shear imposed on the material
by the high screw rotation speed. In fact, the increase in the collision probability
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between the macromolecules, together with a short residence time, led to an
increase in the entanglement density and the formation of a three-dimensional
network of polymer chains. Ultimately, this resulted in the formation of packed
oriented crystals, leading to smaller grains compared to those obtained in the HDPE
processed at lower screw speeds. It was also found that the increase in the
entanglement density had a negative effect on the crystallinity content. However,
the anisotropic morphology had a dominant impact, resulting in an overall increase
in tensile strength.

Besides, Zhang et al. [173] investigated the role of such oriented crystals in the
formation of shish-kebab in HDPE homopolymer blends containing Ultra-High
Molecular Weight Polyethylene (UHMWPE). In particular, from the comparison
of materials containing 0.05, 0.1, 1 or 5 wt% of the latter, compounded at 100 or
500 rpm, it was appreciated that with a minimum content of 0.1 wt% of UHMWPE
the formation of a three-dimensional network was achieved regardless of the screw
speed. On the other hand, the rotation speed turns out to be a key parameter in
determining the formation of the hierarchical structures. In fact, at 100 rpm only the
preferential orientation of the HDPE crystals is obtained, while 500 rpm is required
to observe the shish-kebabs. This phenomenon has been explained by considering
that the shish is formed by the UHMWPE macromolecules, then coordinating the
HDPE crystals as kebabs. Therefore, taking into account the high MW of the
UHMWPE, it appears clear that the shear flow developed at 100 rpm is not intense
enough to promote the alignment of the chains, which on the contrary is achieved
at 500 rpm. In addition, the study confirms the high-speed shear extrusion is a viable
alternative to solvent-assisted techniques to overcome the limitations in obtaining
an effective compounding of the UHMWPE due to its high viscosity, as
demonstrated by the good dispersion reported for the material containing 5 wt %
and processed at 500 rpm.

Furthermore, the high compounding speed was found to promote homogeneous
dispersion in immiscible polymer blends compared to lower screw speeds, by
reducing the droplet size. As a consequence, improved ductility is achieved
[170,171,177,180]. For instance this was observed by Teyssandier et al. [170] in
their study of a 70 wt% polyamide 12 (PA12) with 30 wt% plasticized starch
compounded at 50, 300, 600, 900 or 1200 rpm. Figure 3 shows the evolution of the
number average radius (R,) and volume average radius (Ry) with screw speeds. The
result is a progressive reduction of the dimensions with the increase of the
parameter, the higher and lower R, of 0.742 and 0.150 corresponding to 50 and
1200 rpm, respectively. Correspondingly, the increase in the specific contact area
between PA12 and the plasticized starch favored the load transfer, improving, on
the one hand, the deformation at break increasing from 80 % to 370 % and, on the
other, the impact strength, which reached 7 kJ/m? when the material was processed
at 1200 rpm, compared to a value of 4 kJ/m? for the screw speed of 300 rpm.
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Figure 3. The number-average and volume-average particle radii of plasticized starch as functions of
screw speed [170]. Reproduced with permission from Elsevier Science Ltd., 2012.

A similar behavior was reported in the work of Sui et al. [176] on 90 wt%
polypropylene (PP)/10 wt% poly(lactic acid) (PLA) blends processed at 100, 500
or 900 rpm. In addition, the effect of 190 and 220 °C as processing temperatures
was investigated and a minor influence on the size reduction was assessed. In fact,
in both cases, the increase in the screw speed from 100 to 900 rpm corresponded to
the significant decrease in droplet diameter. In particular, it was reduced form 1.09
mm to 0.68 mm at 190 °C and from 2.16 mm to 1.53 mm at 220 °C. Besides, the
study pointed out that the high shear developed during compounding promotes the
breakup of the dispersed domains and, at the same time, the low residence time
prevents the coalescence of the droplets. However, the expected increase in
mechanical properties in terms of yield and impact strength resulted to be poor or
negligible regardless of the temperature considered.

On the contrary, the improvement in elongation at break corresponding to the
reduction in droplet diameter, and therefore the increase in screw speed, has been
confirmed by other studies [177,180]. In particular, for the two formulations
containing 80 wt% of polyvinylidene fluoride (PVDF)/20 wt% of polyamide 11
(PA11) [177] or 80 wt% of polycarbonate (PC) and 20 wt% of polymethyl
methacrylate (PMMA) [180], the achievement of the nanoscale size of the
homogeneously dispersed phase in the blends processed at the highest screw speed
corresponded to the increase in strain at break. In the first case, the improvement
was from 50 % to more than 260 % for speeds of 100 or 1200 rpm [177], while in
the second case the values were 22 % and 118 %, alternatively considering 300 or
2250 rpm [180]. This is consistent with the expected increase in ductility,
considering the enhanced compatibility between the polymers, promoted by the
increase in specific interfacial area resulting from the reduction in droplet size
[171,176,180]. It is worth noting that an additional effect of the reduction of the
second phase dimensions lies in the change of the optical properties, as observed
by Li et al. [180] for the above mentioned 80 wt% PC/20 wt% PMMA blend. In
particular, the UV-visible transmittance was improved from zero to 91 % by



increasing the screw speed from 300 to 2250 rpm, thanks to the decrease of the
particles size from the range 2 mm - 200 nm to less than 50 nm.

Furthermore, some studies have highlighted a deviation from the previously

described relationship between screw speed and particle size, possibly related to
matrix degradation due to the excessive rotation speed [171,172] or to the reciprocal
content of polymers in the formulation [175]. In fact, the morphology of the ternary
blend containing 62 wt% PP/20 wt% polyethylene rubber (EPR)/18 wt% PE
(PP/EPR/PE) and processed at 300, 600, 800 or 1200 rpm was in line with
expectations at low screw speeds [171]. Specifically, the material compounded at
300 rpm showed coarse, irregular droplets with a strong tendency to coalesce, while
improved sphericity and smaller second phase dimensions were obtained at 600
rpm. In addition, layered core-shell PE/EPR particles were observed, as shown in
Figure 4. However, processing at 800 and 1200 rpm resulted in an undesired
coarsening of the dispersed phase and a significant increase in the associated
polydispersity index, which was related to the thermo-mechanical degradation of
the polymers during processing due to the high rotation speed. This may be related
to either the B-scissoring of the PP matrix or the crosslinking occurring between PE
and EPR.
The ductile response of the material evolved consistently with these morphological
changes [171]. In fact, the elongation at break increased from 200 % to 480 % when
the blend was processed at 300 or 600 rpm, while it decreased to 310 and 170 % for
the formulations compounded at 800 and 1200 rpm, respectively. Similar
considerations can be applied to the impact strength, where the highest value was
measured for the material obtained at 600 rpm. This last finding is particularly
significant given that the size of the dispersed phase plays a role in the fracture
mechanics of the component and, in particular, larger droplets promote crack
coalescence and have a negative effect on impact strength [175].
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Figure 4. SEM micrograph showing core—shell PE/EPR droplets within the PP/EPR/PE ternary blend
processed at 600 rpm. [171]. Reprinted with permission from John Wiley and Sons, 2014.
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On the other hand, Raj et al. [172] verified the degradation of the PLA matrix

with increasing screw speed in blends containing 30 wt% of PA12 by monitoring
its crystallinity and viscosity after compounding at 200, 500, 800 or 1100 rpm. An
abrupt increase in crystallinity was observed along with a decrease in viscosity in
the formulation processed at 1100 rpm. At the same time, the coarsening that
occurred at this speed ended up in polyamide domains with an average diameter of
1.1 mm, resulting in a morphology that was worse than that obtained at 200 rpm,
where the value corresponded to 0.72 mm.
The tensile properties reflected the evolution of the microstructure. In fact, the
strain at break first increased from 154.5 % to 224.2 % considering the material
compounded at 200 and 800 rpm, but decreased to 18.1 % with the further
enhancement of the screw speed to 1100 rpm.

An alternative explanation for the increase in dispersed phase size when the

screw speed exceeds certain values has been identified by Yu et al. [175] in the
reciprocal content of polymers in the blend. PE/PA12 materials containing
polyamide in the range of 5 — 30 wt% were processed at 100 or 500 rpm and the
average droplet diameter was evaluated. In fact, the decrease in the size of the
dispersed phase with increasing screw speed was observed only in the blends
characterized by 5 or 10 wt% of PA12, while no reduction in the diameter was
detected for the ones containing 20 wt%. This behavior has been explained by the
higher probability of collision between the domains in the presence of a greater
content of polyamide, which promotes the coalescence of the droplets at the
expense of the breakage driven by the shear applied. As a result, elongation at break
and impact strength were favored by the increase in screw speed only in those
materials where size reduction was observed. For instance, the strain improved from
90.5 % to 306.9 % in 95 wt% PE/5 wt% PA12 processed at 100 and 500 rpm,
respectively, while it decreased from 64.6 % to 54.7 % for the blend containing 20
wt% of polyamide compounded under the same conditions. Likewise, the impact
stress improved from 14.5 to 22 kJ/m? for the former material obtained at different
rotation speeds, whereas no change was found for the latter.
Finally, considering the above considerations together with the findings of Raj et
al. [172] on the PLA/PA12 blend discussed earlier, it is suggested that the polymers
involved play a role in determining the evolution of the average dispersed phase
droplet diameter with increasing screw speed when considering the effect of the
reciprocal content of the two.

2.1.2 Rotation extrusion

With this technique, the orientation of the macromolecules is promoted
according to a helical flow resulting from the superposition of two shear fields. The
first, parallel to the direction of extrusion, is due to the flowing of the material,
while the second acts perpendicularly and is generated in the die thanks to an
annular rotating device with an external fixed casing and an internal rotating
mandrel [45,181-183].

By exploiting the resulting structuring effect, hierarchical structures can be formed.
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For instance, this is the case with HDPE and PP matrices, where the formation of
shish-kebabs off the extrusion direction leads to important changes in the
mechanical properties, which are particularly appreciated in the pipe production
[184—188]. In fact, in traditional processing, the extruder is equipped with a fixed
cylindrical annular die that forms the polymer and the final diameter is achieved by
blowing air into the tube before the material solidifies. As a result, the
macromolecules are preferentially aligned in the axial direction, where the best
tensile properties are obtained. However, the main drawback is the low hoop tensile
strength, which is related to the performance in the circumferential direction. This
is particularly critical considering that the radial internal stress to which the pipes
are subjected is twice as high as the axial stress, and therefore higher values of
tensile strength would be preferred here in order to increase the operating pressure
limit. In this term, rotation extrusion has proven to be a valuable solution
[45,51,181-187,189]. In addition, another advantage of the technique was found to
be the enhancement of heat resistance, which is also a decisive property that
determines the operating conditions. For instance, pipes are commonly used to
transport high-temperature fluids and this can determine the evolution of the
microstructure towards a more isotropic organization, ultimately reducing the hoop
strength over time [186].

The structuring effect of the helical flow generated in rotation extrusion is often
studied using the Rotational Shear System (RSS), a batch thermostatic device that
simulates the actual processing with good reliability [184,186]. It should be noted,
however, that even if a single cooling system controls the temperature of both the
inner and outer mandrel, some studies have reported a shift in the cooling rate of
the two, with the latter being the lower, and this has implications for developing
morphology through the thickness [182,186].

RSS was used by Yang et al. [186] for their study on the effect of the mandrel
rotation speed on the morphology and final properties of a commercial bimodal
molecular weight HDPE. The values of 5, 7.5, 10, 12.5 and 15 rpm were evaluated
and the resulting microstructures through the thickness were investigated by
Scanning Electron Microscopy (SEM). Figure 5 shows the corresponding
micrographs. The terms inner layer and outer layer refer to the material in contact
with the rotating mandrel and fixed mold, respectively, while the core layer refers
to the section in between.

No shear has been applied to the material shown in the first row, so the final
morphology is that typical of a polymer cooled under steady conditions. That is, an
1sotropic dispersion of spherulites. The effect of the different cooling rates is also
clearly seen. In fact, both the inner and outer layers are characterized by smaller
spherulites, while larger ones are detected in the core. This topology is related to
the higher thermal conductivity of the metal walls with which the external layers
are in contact, compared to that one of the polymer itself, on which the solidification
of the core depends. On the other hand, Figure 5 rows 2 to 6 show the micrographs
of the HDPE processed at increasing mandrel rotation speeds, and the morphology
obtained is quite different from that described above. In fact, the formation of shish-
kebabs and their orientation is clearly related to the imposed rotation speed.
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Specifically, the higher the value, the greater the displacement of the shishs from
the axial to the radial direction. However, as the mandrel rotation speed increases,
the detrimental effect of excessive shear on the orientation and ultimately the
formation of the hierarchical structures also becomes apparent. In fact, the
anisotropy improved from 5 to 7.5 rpm (Figure 5, 2" and 3™ rows), and the ordered
lamellar structures seen in the inner and core layers of the HDPE processed in the
former condition are organized in a homogeneous distribution of shish-kebabs in
the latter case. Nevertheless, the microstructure of the polymer obtained at 10 rpm
(Figure 5, 4™ row) is very similar to that already observed obtained at 5 rpm, while
the further increase of the mandrel rotation speed to 12.5 and 15 rpm (Figure 5, 5
and 6" rows) leads to a progressive loss of anisotropy. The shish-kebabs disappear
in favor of ordered lamellae and finally spherulites.

The microstructural evolution can be elucidated by considering two primary
mechanisms: the attainment of the critical strain rate in the molten polymer and the
contribution of shear-induced thermal effects [182,186]. According to the “coil-
stretch transition” theory, a minimum threshold strain rate must be exceeded to
induce sufficient macromolecular stretching and orientation, which are
prerequisites for the nucleation and growth of shish-kebab structures. In RSS, the
deformation is imposed starting from the inner surface and propagates radially
outward, resulting in a gradient of shear rate gradient that decreases through the
thickness. At a mandrel speed of 5 rpm, the local strain rate in the outer layer
remains below the critical threshold, inhibiting molecular orientation and leading
to the development of an isotropic morphology in these regions. Conversely, at 7.5
rpm, the critical strain rate is exceeded across the entire pipe wall thickness,
allowing the formation of a continuous hierarchical microstructure throughout the
cross-section.

The second mechanism, referred to as shear heating, is responsible for the
progressive transition of the microstructure to a less ordered configuration as the
mandrel rotation speed increases. This phenomenon is attributed to the localized
temperature rise in the polymer melt due to the elevated shear rate, which enhances
macromolecular mobility and promotes chain relaxation [186,189]. As a result, a
reduction in chain orientation and a shift towards a more isotropic morphology is
observed. Nevertheless, the presence of residual shish-kebab structures in the inner
layer of the sample processed at 12.5 rpm remains evident. This is attributed to the
higher cooling rates experienced near the inner surface, which hinders the chain
relaxation and partially maintains molecular orientation [186].

In light of the above considerations on microstructure, the evolution of the
mechanical properties with increasing mandrel rotation speed is evident. The
improvement in the hoop tensile strength is related to the presence and orientation
of shish-kebabs. At the same time, the interlocking of these structures was found to
play a role in preventing the chain slippage under tensile load. Therefore, the
maximum value was obtained for the HDPE processed at 7.5 rpm, while it was
negatively affected by the further increasing the mandrel rotation speed. Besides,
the macromolecules stretched in the shishs greatly reduced the ductile deformation
associated with the disentanglement and slippage of the chains. In fact, brittle
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fracture behavior was observed and low values of elongation at break are usually
associated with the increase in tensile strength obtained by rotation extrusion [186].
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Figure 5. SEM micrographs of the section of HDPE pipe processed with a mandrel rotating at 0 rpm
(1% row), 5 rpm (2" row), 7.5 rpm (3" row); 10 rpm (4" row); 12.5 rpm (5" row); 15 rpm (6™ row).
The column refers to the material in contact with the mandrel (inner layer), the outer wall (outer layer)
and the polymer in between (core layer). The white arrow indicates the direction of flow [186].
Reproduced with permission from Elsevier Science Ltd., 2019.

The above analysis of the relationship between the mandrel rotation speed and
the microstructure is consistent with the considerations of Nie et al. [182],
explaining the behavior of HDPE pipes tested with the Slow Crack Growth (SCG)
analysis, also known as the cone test. Crack initiation time and crack growth rate

were evaluated for samples produced at 0, 5, 10 or 20 rpm. Comparing the two
properties in the range 0 — 10 rpm, a positive effect of higher mandrel rotation speed
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was observed. Specifically, the crack initiation time increased from 27 to 57 h,
while the crack growth rate decreased significantly. As expected, the further
intensification of the shear applied when the processing was performed at 20 rpm
had a detrimental effect on the SCG. Again, the evolution of the mechanical
properties was explained by considering the antagonistic role of the shear-induced
orientation of the macromolecules and the shear heating developed with the
increase of the mandrel rotation speed [182,188,190]. This was further confirmed
by the hoop tensile tests where the stress increased from 17 MPa to 28 MPa when
using 0 or 10 rpm as the mandrel speed, but decreased to 22 MPa for the samples
produced at 20 rpm [182].

In addition, annealing can be used to manipulate the microstructure after
processing and thus the resulting properties [184,191]. For instance, Chen et al.
[184] compared the morphology of commercially available bimodal MW HDPE
pipes, obtained at a mandrel rotation speed of 8 rpm, before and after annealing at
125 °C for 40 min. In Figure 6, the formation of oriented shish-kebabs is clearly
seen throughout the section when the post-processing was not applied. On the other
hand, after annealing, the hierarchical structures are retained only in the core layer,
while the anisotropy has almost disappeared in the remaining thickness. This
morphology was explained by considering the proximity of the post-processing
temperature to the melting point of the polymer and the dimension of the lamellae
in the different layers. In fact, under such conditions, the macromolecular relaxation
tends to promote the melting of the thinner lamellae that form the shish-kebabs in
the inner and outer layers of the pipe. On the contrary, the oriented hierarchical
structures in the core layer are coarser and therefore more thermally stable. As a
consequence, the orientation of the molten macromolecules is coordinated
accordingly to the crystalline domains present, resulting in thicker and larger
lamellae. The consequent advantage lies in the improved degree of interlocking
between the kebabs and, in particular, the thermal properties are enhanced by the
formation of such a network-like structure of oriented shish-kebabs. Besides,
different thermal conductivity is obtained depending on the direction of
measurement considered. In fact, the in-plane (perpendicular to the thickness)
thermal conductivity was found to be greater than the out-of-plane (parallel to the
thickness) thermal conductivity, and this was related to the microstructure.
Specifically, the phonon transmission is maximized in the direction corresponding
to the lower morphological discontinuity, and this condition is granted along the in-
plane orientation, because that is where the stretched chains and shish are aligned,
representing a preferential path for the transmission of the thermal energy.
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Figure 6. SEM micrographs of HDPE pipes throughout the wall thickness. Comparison of the
morphology before and after the annealing treatment at 125 °C for 40 min. Adapted from [184] with
permission from Elsevier Science Ltd., 2020.

Annealing also had an effect on the tensile properties, where the reduction in
axial stress was related to the decrease in shish-kebabs content. However, no
significant change was observed in the hoop tensile stress when compared to the
performance of the samples before the treatment. In this case, the explanation was
that the increase in crystallinity from 55.7 % to 60.7 % after annealing compensated
for the decrease in anisotropy [184]. Whereas, the dependence of the hoop tensile
stress from the die temperature has been shown by comparing the values of HDPE
pipes processed at a mandrel rotation speed of 6 rpm and a temperature of 150, 170
or 210 °C [192]. The optimal value was found to be 170 °C, at which the oriented
kebab-like lamellar structure allowed a hoop tensile stress of 31.8 MPa to be
obtained. Further increase of the die temperature to 210 °C resulted in the formation
of a random distribution of spherulites, favored by the macromolecular relaxation
that prevents the orientation of the chains at high temperature. As a consequence,
the value decreased to 24 MPa. Nevertheless, a comparable hoop tensile stress of
26 MPa was measured for the samples processed with a die temperature of 150 °C.
The poor mechanical property was explained by the application of shear to the
molten polymer at a temperature close to the melting point, resulting in the
formation of deformed shish kebabs.

Finally, the effect of the introduction of 1 wt% UHMWPE on the morphology
of HDPE pipe manufactured at a constant mandrel rotation speed was investigated
[26]. The comparison of the two morphologies revealed an increase in the
orientation degree of off- axis direction, from 0.26 in the matrix to 0.58 in the blend.
Besides, the formation of shish-kebabs is promoted in the presence of UHMWPE
(Figure 7b), while no such hierarchical structures are distinguished when the HDPE
alone was processed under the same conditions (Figure 7a). This was related to the
increase in the chain relaxation time in the blend due to the presence of the ultra-
high MW polymer, which hindered the transition from oriented structures to
random coil, resulting in the formation of a large number of folded lamellae, acting
as shish nuclei and driving to denser kebabs. As a consequence, as revealed by the
SCG analysis, the hoop tensile strength increased. In particular, the crack initiation
time was enhanced from 43 to 92 h, while the crack growth rate decreased from
0.16 to 0.11 mm/h. This is in agreement with the previous observations [ 184], where
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more packed kebabs were associated with the improvement of the tensile
performance in the radial direction.

Figure 7. SEM micrographs of the thickness of a a) HDPE and b) 99 wt% HDPE/1 wt% UHMWPE
pipes. The white arrow indicates the axial direction. Adapted with permission from [193]. Copyright
(C) 2014 American Chemical Society.

In addition to HDPE, PP finds its place as polyolefin suitable for pipe
production [45,51,181,185,194]. On the other hand, the formation of the a-
spherulitic phase during conventional pipe extrusion poorly affects the impact
toughness [185,195]. Typically, the problem is solved by using isotactic PP and a
B nucleating agent (NA), which results in the formation of the metastable  phase
in the final component. As a consequence, impact strength is improved because part
of the energy is absorbed in the transformation to the stable o crystals. However,
the resulting hoop strength decreases dramatically, and rotational extrusion has
emerged as a viable method for improving material properties due to the formation
of off-axis shish-kebabs. The morphology of the B-NAs has also been shown to play
a role in their growth [15,195].

First, in their study, Nie et al. [45] clearly demonstrated the importance of the
simultaneous presence of NA and mandrel rotation to obtain the desired
microstructure. When neither mandrel rotation nor NA is present (Figure 8a), the
isotropic distribution of a spherulites is observed. These structures are deformed by
the action of the mandrel (Figure 8b), because even though 3 phase shish-kebabs
may have been formed by the superposition of the axial and hoop drag flows, they
tend to relax to a more stable conformation due to the high temperature in the
absence of NA. In fact, the B phase was quantified as 6 % of the total crystalline
content. On the other hand, due to the stabilization of the § phase by the introduction
of the NA, shish-kebabs are obtained even in the absence of rotation (Figure 8c).
However, the desired tilted orientation was achieved only with the mandrel in
motion (Figure 8d). It is worth noting that the shish is made of the NA and the kebab
are the folded lamellae of the [ crystals. Besides, the final content of the metastable
phase is influenced only by the presence of the NA, which is about 70 % in both
cases. As expected, the impact strength increased in the presence of NA due to the
high amount of B-crystalline phase. Most importantly, the effect of mandrel rotation
on the hoop tensile strength was observed. In fact, the value was about 9 kJ when
there was no rotation, despite the presence of NA, while the value increased to 13
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and 15 kJ with the mandrel in motion, considering the presence or absence of NA,
respectively.

Figure 8. SEM micrographs of isotactic PP produced under different conditions. a) no mandrel
rotation and no NA; b) mandrel rotation, but no NA; ¢) no mandrel rotation, but NA present; d) both
mandrel rotation and nucleating agent. The white arrow indicates the flow direction. Adapted with
permission from [45]. Copyright (C) 2014, American Chemical Society.

The effect of mandrel rotation speed on the hoop strength of isotactic PP pipes
was examined, revealing a trend similar to that observed for HDPE [51]. As the
rotation speed increased from 0 to 4 and 8 rpm, the hoop strength improved
significantly, from 21.3 MPa to 30.0 MPa and 34.0 MPa, respectively. However,
when the rotation speed was further raised to 12 rpm, a decline in tensile strength
was observed, with values dropping to 26.7 MPa. This drop was related to flow
instabilities at higher speeds, which led to the formation of microstructural defects
that compromised the mechanical performance of the material. These results
highlight the presence of an optimal rotation speed, beyond which the benefits are
negated by structural irregularities.

Previously, the role of B-nucleating agent morphology in influencing the
microstructure and enhancing the hoop tensile strength of isotactic PP was briefly
introduced. A more detailed investigation by Pi et al. [181] addressed this aspect by
employing 0.3 wt% of NA with different morphologies to evaluate their impact on
structural development and mechanical performance. Specifically, a dot-like form
and an irregular block-like form were considered.

Figure 9 provides clear insights into the microstructural evolution of the iPP
samples, as revealed by 2D-WAXD analysis. When using the dot-like NA, both
with and without mandrel rotation (Figure 9a and 9b), the diffraction rings
corresponding to the B(300) plane appear perfectly circular. This indicates a
homogeneous and isotropic distribution of the B crystalline phase, consistent with
a spherulitic morphology evenly dispersed throughout the matrix. In contrast,
samples incorporating the block-like NA exhibit arc-shaped B(300) diffraction
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patterns (Figure 9c and 9d), which point to the development of a well-oriented
microstructure. This structural ordering was further associated with hybrid shish-
kebab formations. In these structures, the nucleating agent acts as the shish, while
B-phase crystals grow epitaxially as kebabs, and that is consistent with earlier
findings [45]. The study also revealed that the block-like NA transforms into fibrous
nuclei prior to isotactic PP crystallization. This transformation is attributed to the
dissolution of the NA in the polymer melt at elevated temperatures, followed by its
self-assembly into fibrous structures.

Furtherly, in contrast to what was previously reported by Nie et al. [45], no
noticeable orientation effect is observed when only spherulitic structures are present
(Figure 9b). However, a distinct tilting of the hierarchical structure is evident when
comparing Figure 9¢ and 9d. In the presence of mandrel rotation, the orientation
angle of the resulting microstructure was calculated using the Herman equation and
found to be approximately 25°.

Figure 9. 2D-WAXD of isotactic PP processed with a) dot-like NA and no mandrel rotation; b) dot-like
NA and mandrel rotation; c) block-like NA and no mandrel rotation: d) block-like NA and mandrel
rotation. The white arrow indicates the axial direction [181]. Reprinted with permission from John

Wiley and Sons, 2019.

As already emphasized, the presence of the  phase and the anisotropy of the
morphology influenced the mechanical performance of the material. As previously
discussed [51], the impact strength was primarily governed by the amount of
metastable B phase, rather than by the mandrel rotation itself. The dot-like
nucleating agent led to the formation of a higher content of B-phase crystals, with
values of 89.3% and 92.8% for samples processed without and with mandrel
rotation, respectively. In comparison, the block-like nucleating agent resulted in
lower B-phase contents of 86.4% and 84.4% under the same conditions. This
difference in phase content directly influenced the impact strength. Samples
prepared with the dot-like nucleating agent exhibited an impact strength of 20 J,
whereas those with the block-like agent reached 18 J. Additionally, the off-axis
orientation in the microstructure was confirmed to be the best in terms of
contribution to hoop strength. In samples with an isotropic spherulitic morphology,
the hoop strength was measured at 24 MPa with a stationary mandrel and 23 MPa
with mandrel rotation. However, when a helical flow induced the formation of
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shish-kebab structures oriented off-axis, the hoop strength increased significantly
to 34 MPa.

The off-axis orientation of shish-kebab structures was also observed in a
polypropylene copolymer containing approximately 3.8 wt% of ethylene [194].
This effect became particularly evident with the addition of a NA and isotactic PP
as a crystallization promoter. Under these conditions, the mesomorphic phase
content increased significantly, from 0% to 51%. In addition, a comparison of the
mechanical properties of pipes extruded with the mandrel rotating at 6 rpm revealed
a notable improvement. The impact strength increased from 4 to 7 kJ/m?, while the
hoop strength rose from 23.7 to 28.9 MPa. These improvements were attributed to
the combined action of isotactic PP and the nucleating agent. The mechanical
performance declined when either of the two was used alone, which confirmed that
the observed enhancement resulted from a synergistic interaction between them. In
particular, in this mechanism the nucleating agent generates fibrous nuclei that
serve as the shish, while the isotactic PP macromolecules crystallize on these
structures, forming B-phase kebabs. These kebabs then act as scaffolds for further
crystal growth by the copolymer, leading to the development of a complex,
anisotropic hybrid shish-kebab microstructure. Finally, the orientation of the
hierarchical structures is driven by the combined effect of axial and hoop drag
flows, as their superposition induced by mandrel rotation promotes the off-axis
alignment of the shish-kebab structures.

The preservation of an isotropic spherulitic microstructure in ethylene-
containing polypropylene copolymers, in the absence of NA and isotactic
polypropylene, was confirmed by Han et al. [196]. Their investigation focused on
the effects of mandrel rotation speed and cooling rate on the morphology and
mechanical properties of the neat copolymer. Across all processing conditions
tested, no evidence of oriented crystalline structures was observed. On the other
hand, the study did identify a degree of macromolecular orientation within the
amorphous phase, which became apparent under mandrel rotation. Although no
shish-kebab structures were formed, a slight improvement in mechanical
performance was recorded. This enhancement was attributed to flow-induced
orientation within the amorphous phase during processing.

Mandrel rotation also affected the amorphous phase orientation in polybutene-
1 (PB) pipes, resulting in increased crystallinity and fewer crystal defects [183].
However, no shish-kebab structures were observed at any of the mandrel rotation
speed, ranging from 2 to 12 rpm. This was attributed to the stronger steric hindrance
to macromolecular orientation in PB compared to HDPE and PP, combined with
the longer crystallization time of PB. Although a slight lamellar orientation was
observed at the highest rotation speed, the microstructure remained predominantly
spherulitic and isotropic. The orientation of macromolecules was, however, more
easily maintained in the amorphous region [197]. This phenomenon was linked to
the observed improvement in hoop tensile strength, which increased from 20 to 25
MPa as the mandrel speed rose from 0 to 8 rpm.
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Finally, as with other materials, excessively high mandrel rotation speeds led
to a decrease in mechanical properties. This decline was attributed to the formation
of defects due to the high processing rates [51,183,189].

2.1.3 Vibration extrusion

Vibration extrusion is particularly effective for compounding polymers that are
otherwise challenging to process using conventional solvent-free methods,
primarily due to their high entanglement density. This technique operates by
applying extra shear through an external vibrational field, which increases the
energy transferred to the macromolecules. The added energy promotes greater
conformational freedom for the macromolecules, ultimately reducing the density of
molecular entanglements [14,198-201]. As a consequence, the process not only
minimizes melt fracture and elastic turbulence but also enhances the overall
throughput by 50 to 100% [202-210]. In addition, the final morphology, surface
quality, and mechanical properties of the material are significantly influenced [198—
200,202,205,206,208,209,211-214]. These outcomes are often described as the
physical effects [205,207,215,216].

In addition to its physical effects, the application of an external vibrational field
can also produce chemical effects as, for instance, polymer degradation, which
results in a reduction of molecular weight, alters the molecular weight distribution
and, ultimately, contribute to an overall decrease in melt viscosity
[14,199,202,205,207,208,215-217]. However, the same chain scission events that
lead to degradation may also generate long-chain radicals. These reactive species
can promote in-situ copolymerization in immiscible polymer blends. Evidence of
this mechanism was observed in atomic force microscopy (AFM) images, which
revealed the formation of a transition layer at the interface between the matrix and
the dispersed phase in samples processed with vibration extrusion. This interfacial
layer was absent in samples produced without the vibrational field [205,217,218].
Further confirmation came from extraction experiments, which showed a higher
residue in the blends treated with ultrasound. This residue was attributed to
copolymers formed through reactions between the macromolecular chains of the
two distinct polymers [217]. The formation of this interfacial transition layer
enhances the compatibility between the polymer components. As a result,
interfacial tension is reduced, and the size of the dispersed phase domains decreases
significantly [205,217,218].

Several processing parameters must be taken into account when applying
vibration extrusion. One key factor is the frequency of the vibrational field, which
defines the specific variant of the technology. When the frequency exceeds 20 kHz,
the process is referred to as wultrasonic vibration extrusion (named ultrasonic
extrusion below). In contrast, frequencies ranging from 0 to 100 Hz characterize
mechanical or oscillation extrusion (hereafter, oscillation extrusion) [14,198,202].
Another important consideration is the direction in which the vibrational field is
applied. Vibrations can be introduced either longitudinally or transversally. Among
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these, longitudinal vibration, where the shear field is aligned with the material flow
direction, has been found to be more effective in promoting macromolecular
orientation along the extrusion axis. This alignment leads to improved mechanical
performance, particularly an increase in stress at break in the flow direction. In
addition, the longitudinal vibration setup is particularly compatible with continuous
manufacturing processes because it can be easily integrated into the extrusion of
tubular products such as hoses and other cylindrical components [14,202-204] .

Various strategies can be adopted to apply the external vibrational field to the
polymer during processing. In the case of oscillation extrusion, one approach
involves vibrating the screw itself. This method produces a general plasticizing
effect, which enhances melting efficiency and reduces the overall energy
consumption of the extrusion process. In this configuration, the vibration is applied
over a broader region and for a longer time compared to alternative setups
[198,199,211,212,219,220]. A common alternative involves vibrating the die
instead of the screw. Specifically, this is achieved using an annular die equipped
with an internally vibrating cylinder. This configuration is widely adopted, partly
because it allows the vibrational field to be applied in both longitudinal and
transverse directions, depending on the specific processing requirement. However,
for ultrasonic extrusion the vibrating die is the only viable option and in this case
the field is applied in a direction parallel to the melt flow
[198,205,206,215,221,222].

This section examines how variations in vibration frequency, intensity and
amplitude influence the morphology and final properties of the processed polymers.
Unless otherwise specified, the studies discussed here refer specifically to processes
involving extrusion through a vibrating die.

First, the individual contributions of the physical and chemical effects of
ultrasonic vibration were clarified through the processing of a single polymer
system. In the study by Chen et al. [205], PP was extruded using ultrasonic vibration
at a constant frequency of 20 kHz, while varying the intensity across five levels,
which were 0, 50, 100, 150, and 200 W. In addition, the work provided further
insight into how vibration intensity influences macromolecular orientation. To
differentiate between the physical and chemical contributions, two successive
extrusions were conducted for materials processed at each vibration intensity and
apparent viscosity was measured after each step. In the first extrusion, the vibration
field was applied, while the second extrusion was performed without it. As a result,
the morphology of the materials after the first compounding step was influenced by
both the physical and chemical effects of the vibration field, as well as by the
thermo-mechanical impact of the extrusion process. In contrast, after the second
step the materials were only affected by the melt blending and the chemical effect
that persisted from the first compounding step, because the physical effect was no
longer present due to the enhanced chain motion in the melting state along with the
absence of the vibrational field [201,205].

First, the apparent viscosity values were normalized after the second extrusion step,
in order to exclude the influence of the thermo-mechanical field. The reference for
this normalization was the material processed entirely without vibration,
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specifically at an ultrasonic intensity of 0 W. By comparing its viscosity after the
first and second processing steps, it was found that the thermo-mechanical
contribution accounted for 1.6% of the total value. Based on this result, all apparent
viscosity values after the second extrusion were corrected accordingly (Figure 10a).
Following this adjustment, the chemical effect was quantified for each sample. In
particular, it was calculated as the difference in apparent viscosity between the
material processed without vibration during the first step and the one processed with
ultrasonic assistance. Once the chemical contribution was established, the physical
effect was determined by subtracting the viscosity value after the first extrusion
from that after the second. The analysis revealed that the chemical effect
contributed approximately 35 to 40 % of the overall impact induced by the applied
vibration field.

Besides, it was demonstrated that the overall reduction in viscosity, as well as the
specific chemical contribution, increases with higher vibration intensity. To
investigate this further, the molecular weight of the polymers after processing was
analyzed. As shown in Figure 10b, increasing the vibration intensity led to a
noticeable decrease in the overall MW and a narrowing of the molecular weight
distribution. Both of these trends were attributed to the degradation of polymer
chains induced by the vibrational field.

Finally, the influence of the external vibrational field on macromolecular
orientation was examined, as shown in Figure 10c. The results indicated that chain
orientation decreases as the vibration intensity increases, eventually stabilizing
around an average value. This behavior was attributed to the greater molecular
mobility induced by the energy input from the vibrations. As the number of
entanglements and molecular interactions decreases, relaxation times are reduced.
Consequently, when a high-intensity ultrasonic field is applied, the resulting
morphology is expected to be more disordered [205,209].
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Figure 10. a) Normalized apparent viscosity of PP after initial ultrasonic-assisted extrusion at varying

intensities, compared to reprocessed material without vibration; b) Molecular weight distributions of
PP processed at 0, 100, and 200 W; ¢) Orientation parameter as a function of ultrasonic intensity for
quenched and air-cooled samples [205]. Adapted with permission from Elsevier Science Ltd., 2010.

These findings align with the results reported by Guo et al. [206] on the
ultrasonic extrusion of linear low-density polyethylene (LLDPE). The study
demonstrated that the apparent viscosity decreased progressively with increasing
ultrasonic vibration intensity, which was varied at 0, 50, 100, 150, 200, and 250 W.
Additionally, a linear relationship between apparent viscosity and applied shear rate
was observed across all intensities within the range of 30 to 100 s™*. Besides, it was
found that the sensitivity of apparent viscosity to shear rate depended on the
vibration intensity. Specifically, at higher ultrasonic intensities, the apparent
viscosity showed a more pronounced decrease with increasing shear rate compared
to materials processed at lower intensities.

The relationship between the apparent viscosity sensitivity and the value of
certain processing parameters was also observed by Gao et al. [213]. In their study,
oscillation extrusion of HDPE was carried out with a frequency range between 0
and 93.3 Hz, while the screw rotation speed varied from 5.56 to 16.7 rpm. Figure
11a shows the property for HDPE processed at 5.56 rpm decreases from 950 Pa.s
at 0 Hz to 600 Pa.s at 9.3 Hz. The value then increased to 700 Pa.s at 20 Hz before
stabilizing at an almost constant level afterwards. This trend indicated that the
sensitivity of the apparent viscosity was greatest at low vibration frequencies, while
the contribution from higher frequencies became negligible. Then, considering the
effect of the screw rotation speed (Figure 11b), it emerged the sensitivity of the
apparent viscosity from the frequency to be suppressed also in the range of 0-20
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HZ, when using values greater than 5.56 rpm.

Finally, the mechanical properties of the extruded HDPE were examined as a
function of the applied vibration frequency. At a screw speed of 5.56 rpm, the
longitudinal yield strength showed a sharp increase from 21.31 MPa under
conventional extrusion to over 23 MPa once vibration was introduced. A similar
trend was also observed in the transverse direction. The increase in longitudinal
yield strength was expected, as the vibrational field promotes macromolecular
disentanglement and alignment along the flow direction. However, the
improvement in the transverse direction was less intuitive. To explain this behavior,
the authors referred to the morphological and thermal analyses conducted on
samples processed at 0, 5.6, and 9.3 Hz, respectively. The study revealed that
increasing the vibration intensity led to greater overall anisotropy, promoting
enhanced crystal orientation along the longitudinal direction. At the same time,
samples processed at 5.6 and 9.3 Hz exhibited slightly higher crystallinity and the
formation of smaller crystals with reduced lamellar thickness, when compared to
those produced without vibration at 0 Hz. These structural changes were further
amplified as vibration intensity increased from 5.6 to 9.3 Hz. As a result, the
refinement of the crystalline structure contributed more significantly to improving
the mechanical performance in the transverse direction than the loss caused by
crystal alignment in the longitudinal axis. This balance confirmed the presence of a
biaxial reinforcement effect induced by the application of oscillation during
processing.
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Figure 11. a) Apparent viscosity as function of the oscillation frequency of the material produced at
5.56 rpm; b) Apparent viscosity as function of the vibration frequency for the HDPE produced at
different screw speeds; c¢) Longitudinal yield strength of the material melt blended at 5.56 rpm as

function of the oscillation frequency [213]. Adapted with permission from John Wiley and Sons, 2007.
As previously discussed in Section 2.1.2 on rotational extrusion, techniques that
enhance mechanical properties in both the longitudinal and transverse directions

are particularly relevant for pipe production. To explore the benefits of screw
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vibration during oscillation extrusion, Kaiyuan et al. [211] investigated the
circumferential performance of HDPE pipes processed at frequencies ranging from
2 to 14 Hz, using vibration amplitudes of either 150 or 200 pm. The study revealed
an overall positive impact of the vibrational field on mechanical properties.
Specifically, analysis of the bursting pressure showed a non-linear response at both
amplitudes. The pressure increased sharply from 3.3 MPa at 0 Hz to approximately
4.2 MPa within the 2 to 10 Hz range. At higher frequencies, the pressure remained
stable when the amplitude was 200 wm, whereas it declined at 150 pum. Despite this
variation, the bursting pressure under all vibration conditions exceeded that
achieved through conventional extrusion, confirming the advantageous role of
external vibration in enhancing the pipe's circumferential performance.
Additionally, mechanical properties in the longitudinal direction were either
preserved or further improved, demonstrating that the application of vibration
contributes positively to both longitudinal and transverse performance in HDPE
pipes.

Thermal analysis also revealed an improvement in both the crystallinity content and
the perfection of the crystals with increasing oscillation frequency or amplitude.
Specifically, the overall crystallinity rose from 57.61% at 0 Hz and 150 pm to
61.26% at 14 Hz, while the melting temperature increased from 133.7°C at 0 Hz
and 200 pm to 135.6°C at 6 Hz. These improvements were attributed to the
disentangling effect of the vibration on the macromolecules. In particular, as the
entanglement density decreased, the macromolecules were able to nucleate at
higher temperatures, forming more ordered and thermally stable -crystals
[68,211,213,223]. Furthermore, the combination of reduced entanglement density
and the multiplex shear force created by the interaction of screw rotation and axial
vibration facilitated the dragging and orientation of the chains in both the
longitudinal and transversal directions, which in turn enhanced the mechanical
properties, as observed also in other studies [200,211,213,214,220]. For instance,
Qu et al. [220] investigated the tensile strength of isotactic PP films in both the
machine and transverse directions, using vibration-assisted processing at
frequencies ranging from 0 to 14 Hz and an amplitude of 80 pum. Their results
showed that tensile strength in both directions increased as the vibration frequency
rose, reaching a peak at 6 Hz, followed by a decline at higher frequencies. Although
the overall trend was similar for both directions, the reduction in tensile strength at
elevated frequencies was more pronounced in the machine direction.

Focusing on the blends, Liu et al. [233] investigated the influence of vibration
intensity during ultrasonic extrusion of UHMWPE-PP blends containing 10, 20, or
30 wt% PP. As shown in Figure 12, the trend of the apparent viscosity is consistent
with previous findings and decreased as vibration intensity increased. However, the
rheological response varied with the PP content. Specifically, as the PP
concentration increased, the sensitivity of the apparent viscosity to the shear rate
was found to decrease. A distinctive trend emerges when comparing the apparent
viscosity as a function of shear rate for blends processed at 200 and 250 W. In fact,
the blend containing 10 wt% of PP displays a positive slope up to approximately 25
s~! (Figure 12a). However, this behavior becomes less pronounced as the PP content
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increases. In the case of the 20 wt% blend (Figure 12b), the slope flattens, while a
clear shear-thinning behavior at low shear rates is observed for the blend with 30
wt% PP (Figure 12c). This behavior was attributed to the characteristics of
UHMWPE. In particular, blends with a higher UHMWPE content showed greater
sensitivity at low shear rates. This was linked to the longer exposure of the extended
polymer chains to high-intensity ultrasonic irradiation, which facilitates the
disentanglement of the macromolecules but also increases the likelihood of chain
scission. Both effects become more significant as the UHMWPE concentration and
vibration intensity increase. However, at higher shear rates, the exposure time
decreases, reducing the disentangling effect and leading to a rise in apparent
viscosity.
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Figure 12. Apparent viscosity of the UHMWPE-PP blends containing a) 10 wt%, b) 20 wt% and c) 30
wt% of PP under different ultrasonic intensities [208]. Adapted with permission from John Wiley and
Sons, 2003.

In contrast, the same study [208] reported that the application of the ultrasonic
field had a limited or even negative effect on the mechanical properties when
different screw rotation speeds were used (specifically 5, 10, and 15 rpm). For
example, in the blend containing 20 wt% of PP, the yield strength remained
unchanged up to an intensity of 150 W at both 10 and 15 rpm. However, when the
intensity increased to 250 W, a noticeable decrease in yield strength was observed
regardless of the screw speed. An even more critical outcome was observed when
analyzing the 1zod notched impact strength. The values remained stable only at a
screw speed of 15 rpm, whereas a significant drop occurred at 5 and 10 rpm, where
the impact strength fell from approximately 90 kJ/m? to below 40 kJ/m?. This
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reduction in mechanical performance was attributed to the detrimental effects
caused by excessively high ultrasonic intensity or prolonged exposure time during
processing.

On the other hand, notable findings on the enhancement of blend compatibility
through the application of ultrasonic fields have been reported in the literature
[216,218]. Chen et al. [216], for example, investigated HDPE— polystyrene (PS)
blends containing 20 wt% PS. Using the emulsion-type model proposed by Palierne
[224], they calculated the interfacial tension (o) and the volume-average particle
radius. The blends were compounded either with or without the use of an ultrasonic
field, employing either a single processing step (20 kHz and 200 W) or a double-
step process (20 kHz and 100 W each). Subsequently, the rheological behavior was
analyzed in terms of storage and loss moduli, using a parallel-plate rheometer.
Then, the results were compared to those calculated using the Palierne model, and
the ones that best matched were selected. Using these, the a and the Ry of the
dispersed phase were calculated with the Palierne relation. In the case of the single
compounding step, a noticeable reduction in both o and Ry was observed when the
ultrasonic field was applied. Specifically, a decreased from 4.5 to 3.9 mN/m, and
Ry reduced from 1.14 to 0.83 mm. These reductions highlighted that the
compatibility between HDPE and PS improved owing to the presence of the
ultrasonic field. In the case of the double-step melt blending, similar results were
observed when vibration was applied during extrusion, with both the interfacial
tension and the volume-average particle radius decreasing from 5.2 to 1.53 mN/m
and from 1.31 to 0.73 mm, respectively. This demonstrates the positive effect of the
ultrasonic field on enhancing the compatibility in HDPE — PS blends, both in single
and double-step compounding. Additionally, by comparing the a and Ry values
calculated for the materials processed with a single or double melt blending, the
influence of vibration intensity can be clearly observed. In fact, when analyzing the
interfacial tension, the two-step blend without the ultrasonic field showed a higher
value (5.2 mN/m) compared to the single-step materials (4.5 and 3.9 mN/m for 0
and 200 W, respectively). This suggests that the double processing, in the absence
of vibration, is less effective. In contrast, when vibration was applied, the final a
value was the lowest (1.53 mN/m), even though the vibration intensity was only
half of that used in the single extrusion. This indicates that a double extrusion at
100 W is more effective in improving the polymer compatibility than a single
extrusion at 200 W.

Similarly, Oh et al. [218] reported an enhancement in the compatibility of a 50
wt% PP — 50 wt% natural rubber (NR) blend, as observed from the stress-strain
curves obtained during ultrasonic vibration processing at an amplitude of 10 pm.
Specifically, the maximum strain increased from 9 MPa to 12 MPa, while the strain
at break showed a remarkable rise from approximately 25% to over 120%. In
contrast, the study found significant improvement in impact resistance as measured
by the probe penetration test. Specifically, the force, displacement and, thus, the
resulting impact energy increased when the vibration was applied (Figure 13A).
The value of 1.51 J, measured for the blend processed by the conventional approach
improved to 3.32 and 4.72 J when one or two horns were used, respectively. In
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addition, owing to the AFM analysis, the change in the impact behavior was
explained with the formation of an interfacial transition layer between PP and NR.
In fact, in the absence of vibration (Figure 13B1), sharp steps at the interface
indicate poor adhesion between the polymers. On the other hand, when the
ultrasonic field is applied, a more irregular transition zone is obtained (Figure 13B2
and B3), thus promoting compatibility between the two.

B)

2) 3)

Figure 13. A) Force as function of the displacement obtained from the probe impact test performed on
the conventionally extruded and ultrasonic vibration-assisted blends. Next to each curve, the energy
impact, calculated as the integral of the area below the curve, is shown. B) AFM surface profiles of
PP/NR blends processed (1) without vibration or with (2) one horn or (3) two horns [218]. Adapted
with permission from Elsevier Science Ltd., 2003.

Finally, in-situ copolymerization in immiscible blends processed with
ultrasonic vibration was observed also by Isayev et al. [217]. A PP or HDPE matrix
were alternatively compounded with 50 wt% of NR, ethylene-propylene-diene
rubber (EPDM) or styrene-butadiene rubber (SBR) and processed at a frequency of
20 kHz, power of 3 kW and amplitude of 6 or 10 mm. Also, conventional extrusion
was performed as a reference.

Regardless of the polymer considered, the frequency amplitude turned out to be
secondary to the presence or absence of vibration in improving the mechanical
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properties. In fact, the chemical effect that leads to the formation of long-chain
radicals that recombine at the interface to form a copolymer predominates,
promoting adhesion and a more homogeneous dispersion of the second phase. As a
result, the elongation at break and Young's modulus increased from 38.9 to 126.8%
and from 191 to a maximum of 250 MPa, respectively, for the untreated or
ultrasonically extruded PP/NR, while for HDPE/NR the elongation at break
increased from 189.0% to 300.6% and the Young's modulus from 75.1 to 127.0
MPa. In addition, the impact energy calculated with the probe test increased from
2.75 t0 5.89 J in PP/NR and from 6.09 to 8.12 J in HDPE/NR.

2.1.4 Drawing

The microstructural tailoring of polymers can be effectively achieved by
introducing elongational flow through drawing aligned with the extrusion direction,
a technique whose superior efficacy compared to shear flow has been consistently
demonstrated in the literature [5,17,115,162,225]. In fact, this approach has been
shown to enhance macromolecular orientation, modulate the amorphous-to-
crystalline phase ratio, and facilitate the breakup and dispersion of the minor phase
within polymer blends. Additionally, an increase in the intensity of elongational
flow has been shown to induce progressive microstructural transitions, ranging
from a homogeneous arrangement of spherulites to an anisotropic distribution of
deformed spherulites and small lamellae, ultimately leading to a dispersion of well-
oriented lamellar structures [5,143,226]. This capacity to modulate the morphology
offers significant potential for the development of tunable final properties.
Consequently, various production processes based on the exploitation of
elongational flow have been established. Typical examples of such processes
include film casting, film blowing, and melt spinning [5,17,115,144,227]. These
techniques are widely employed at the industrial scale for applications in packaging
[91,228,229], fishing nets [143,145], biomedical devices [92,146,148,230,231],
and textiles [92,144,149], owing to their advantageous combination of high
production rates, cost-effectiveness, favorable mechanical performance, and
efficient barrier properties. The present analysis will concentrate on film casting
and melt spinning, given the superior thickness uniformity achieved by the former
compared to film blowing [232], and the high filament yield characteristic of the
latter [144].

Both film casting and melt spinning require either a high degree of supercooling
or the application of a strong flow field to effectively enhance material anisotropy
and an annealing step may be incorporated in the process [5,233,234]. However,
different equipment is used for the application of the elongational flow in each
process. In film casting, the machinery is typically equipped with a center-fed "T"
die, where elongational flow is applied during solidification under non-isothermal
conditions in the air gap immediately following the extruder. Water-cooled or
heated rollers maintained at a constant temperature are used to accomplish the
drawing and to ensure complete cooling of the material [91,232]. Alternatively, a
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precursor film may first be produced, with stretching applied at a later stage
[5,235,236]. On the other hand, in melt spinning the filament is obtained by means
of a spinneret, which is an ad-hoc die having a number of holes that can reach up
to several hundred, thus allowing the production of a large quantity of fibers
simultaneously. In addition, in this process a melt pump is often present to ensure
a constant flow rate toward the die. Furthermore, the stretching step is performed
inline using to a filament draw-down unit and wound onto a bobbin afterwards.
Alternatively, offline drawing is usually exploited at industrial scale, because it is
more compatible with the processing [144,237-239].

Regardless of the technique considered, the key parameters determining the
microstructure are the draw ratio (DR) and roll temperature
[11,18,143,151,152,226,240-252]. However, it is worth noting that in film casting,
the DR is calculated as the ratio between the roller rotation speed and the extrusion
velocity [253], while in melt spinning, it corresponds to the ratio between the square
value of the diameter of the extrudate and the square of the diameter of the fiber
[254].

The polymer microstructuring potential of drawing will be explored starting
with the discussion of the effect of the variation of the latter parameter. The primary
impact of increasing the DR lies in the ability to tune macromolecular orientation,
crystallinity content, crystal morphology, and crystalline size, thus fostering the
overall anisotropy [5,37,115,143,150-152,226,240-242,245-247,249,255-260].
The work of Xie et al. [245] on poly(butylene succinate) (PBS) films prepared at
DR values of 25, 50, 75, 100, and 125 clearly demonstrates this phenomenon. In
fact, as shown in Figure 14a, the deformed spherulites obtained at DR 50
progressively evolve into raw-nucleated oriented lamellar structures with
increasing draw ratio. Additionally, the orientation improves from 0.46 at DR 25 to
0.73 and 0.80, for parameter values of 50 and 125, respectively. Therefore, it
appears that the effect of increasing the DR on the macromolecular orientation is
more accentuated in the range of low DR values. Besides, considering that PBS is
a polymorphic material characterized by the a and [ crystalline phases, the role of
the draw ratio in promoting the formation of the former was investigated. This was
related to the increase in chain orientation with DR, promoting the more stable a
phase. Larger lateral dimensions of the lamellae were also obtained. On the other
hand, there was no relationship between the crystallinity content and the draw ratio,
presumably due to the low crystallization rate of PBS and the short time in which
the drawing was applied [245].

The mechanical properties changed accordingly with the morphology.
Noticeably, the tensile stress and elastic modulus improved with the increase of DR
and, as shown in Figure 14b, a linear relationship was identified between the
Young’s modulus and lamellar orientation for draw ratios greater than 50,
corresponding to conditions where spherulites are no longer present. Similar
observations were reported by Deroiné et al [153] in their study on melt-spun PBS.
Specifically, they found that as the DR increased, both the orientation and
crystallinity of the fibers improved, leading to a progressive increase in tensile
modulus and strength at break. At the same time, a reduction in elongation at break
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was observed [143,152,153,226]. However, it is important to note that the increase
in tensile strength with increasing DR was limited. In fact, while the application of
elongation flow during the early stages of filament production promotes both
molecular orientation and crystallinity, the subsequent alignment of the crystals
along the drawing direction limits further gains in strength. Thus, once the crystals
are sufficiently oriented, any additional increase in DR can lead to degradation of
the crystal structures. This results in a decrease in the maximum tensile strength
that the fiber can withstand [143,151,260].
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Figure 14. a) AFM images of the PBS film casted at varying DR; b) lamellar orientation (fL) and lateral
size (Liateral) expresses expressed as function of the elastic modulus [245]. Adapted under CC BY NC
ND licence

However, the relationship between DR and overall crystallinity remains
debated. While some studies report negligible effects [245,255], others observe an
initial increase followed by a sharp decrease at high draw ratios
[150,250,251,259,261,262]. Besides, in melt spinning, the increase in DR
consistently improves crystalline and amorphous orientation as well as anisotropy,
with crystallinity content reported to increase steadily [151,152,226,240-242]. The
divergence in crystallinity results can be attributed to the interaction between the
crystallization kinetics of the polymer under study and the period during which
drawing is applied prior to complete solidification. When considering the rate of
film casting, a slow crystallization response implies that the application of strain
has a negligible effect on the development of crystallinity, as the application
interval is insufficient to allow significant crystal growth [251]. In contrast, when
the solidification rate is sufficiently low, the application of drawing has a beneficial
effect, promoting an increase in crystallinity. This enhancement results from the
promotion of crystal nucleation and growth, enhanced by the orientation of the
macromolecular chains induced by the elongational flow. Consequently, lamellar
structures with reduced defect densities are more likely to form under these
conditions. However, as the DR increases, a critical threshold may be reached
where the solidification rate is insufficient to accommodate the crystallization
kinetics. Under such circumstances, increasing the drawing speed results in the
formation of lamellae with a high degree of structural imperfections, which
prevents the formation of well-organized crystalline domains. This ultimately leads
to a reduction in the overall crystallinity [250,251]. It should be noted that it is not
possible to identify a single DR value beyond which crystallinity starts to decrease.
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This threshold is inherently dependent on the specific polymer system and its
associated crystallization behavior [150,250,251,262].

Furthermore, it is important to distinguish the effects of DR on the overall
crystallinity content from those on the orientation of the crystalline structures. The
latter effect, which consistently increases with higher draw ratios, has been well
documented in the literature [150,245,246,250,262-264]. A good example of this
phenomenon is the study of Xu et al. [255] on PP films processed at draw ratios of
40, 80, 120, 160, and 200. The corresponding differential scanning calorimetry
(DSC) heating curves are shown in Figure 15. First, the crystallinity content was
determined for all samples and found to be approximately 48%. However,
significant differences in the melting temperatures and the shape of the DSC peaks
allowed the identification of two distinct stages of microstructural evolution,
depending on the DR applied. The first stage corresponds to draw ratio values
between 40 and 120, where a decrease in melting temperature is observed,
indicating changes in spherulite morphology. In particular, as the DR increases, the
initially circular spherulites transition to ellipsoidal shapes and become smaller.
Subsequently, randomly ordered lamellae begin to form at the expense of these
ellipsoidal structures, culminating in a homogeneous distribution of oriented
lamellar domains. This microstructural evolution is driven by the intensity of the
elongational flow, which accelerates the crystallization rate and eventually exceeds
the mean relaxation time of the polymer chains [235,252,255]. In contrast, the
second stage is characterized by DR values above 120, where further increases in
draw ratio no longer affect the melting temperature. However, the end point
temperature of the melting peak increases and the intensity of the shoulder at higher
temperatures also increases. These changes indicate a refinement of the oriented
lamellar domains, suggesting the formation of larger and more perfect crystalline
structures, and possibly the development of shish kebab [234,255].
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Figure 15. DSC thermograms of PP films drawn at different draw ratio. Reprinted with permission
from [255]. Copyright (C) 2015 American Chemical Society.

As previously discussed, the increase in molecular orientation resulting from
increased DR may ultimately facilitate the formation of shish-kebab structures
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[234,250,251,255,265]. This phenomenon was demonstrated by Xu et al. [251] in
their study of PLA films prepared at draw ratios of 80, 134, and 177. The
corresponding small-angle X-ray scattering (SAXS) spectra are shown in Figure
16. X-ray analysis of the PLA sample processed at a DR of 80 shows an increase in
anisotropy, a feature typically associated with the application of low draw ratios.
The presence of oriented lamellae is clearly observed in this sample, while when
the DR 1is increased to 134, the SAXS data indicate the appearance of shish
structures oriented along the direction of the applied drawing force. A similar
morphological configuration is also evident at a DR of 177. However, at the latter
condition, the enhanced vertical orientation of the shish-related scattering signal
suggests a higher degree of orientation with respect to the direction of elongation
flow. Furthermore, at a DR of 177, the formation of kebab structures is confirmed
by the appearance of equatorial scattering in the SAXS pattern. This equatorial
signal results from the superposition of scattering contributions from both the
oriented lamellae and the kebabs grown on the shish, indicating the development of
a hierarchical, multilevel microstructure. Schematic representations of the
microstructural arrangements corresponding to each DR condition are shown below
the corresponding SAXS image (Figure 16).

oriented & string-like amorphous multilevel-kebab
structure

Figure 16. SAXS spectra of samples extruded at different DR and schematic representations of their
macromolecular organization (white arrows indicate direction) [251]. Adapted under CC BY 4.0
license.

It is important to note that the elongation flow not only significantly affects the
orientation of the crystalline phase, but also has a significant effect on the
amorphous one [250,251,264,266]. As clearly shown in Figure 17, Xu et al. [251]
followed the evolution of the orientation in both phases with increasing DR and
found a similar trend of anisotropy enhancement for both crystalline and amorphous
phases. In particular, the relative oriented content of each phase (Aoriented
structure/ Aamorphous) T€mained relatively constant with increasing DR. Furthermore,
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although the orientation of the amorphous phase increases with DR, it does not
promote the formation of new crystalline structures. This phenomenon can be
explained by the higher entanglement density within the amorphous phase, which
limits the mobility of the macromolecular chains. In contrast, the crystalline phase
exhibits stronger intermolecular cohesion, requiring significant conformational
ordering for crystal formation. Nevertheless, the increased orientation of the
amorphous phase with DR has been proposed to facilitate the reorganization of the
amorphous chains into lamellar structures growing as kebabs around the oriented
shish [250].
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Figure 17. Orientation degree of the amorphous (famorphous) and crystalline (foriented structure) phases at
increasing DR and corresponding relative orientated content of the two (Aoriented structure/ Aamorphous) [251].
Reprinted under CC BY 4.0 license.

In fact, DR plays a critical role in determining the orientation of the amorphous
phase, which directly affects the mobility of the macromolecules and, consequently,
the final properties of the polymer films [251,264,266,267]. Among these
properties, gas barrier performance is particularly sensitive to changes in chain
mobility within the amorphous regions [264,267]. Reducing the mobility of these
chains typically results in improved barrier properties by hindering the diffusion of
gas molecules through the material. Higher DRs have been shown to increase the
amount of rigid amorphous phase, thereby reducing chain mobility and improving
barrier properties. This effect was observed by Tabatabaei et al. [264] in PP films
prepared from different precursor morphologies and subjected to draw ratios
ranging from 1 to 7.2. One type of precursor had a morphology composed
exclusively of spherulites, while the other had a combination of spherulites and
lamellae. The latter structure reflected a higher degree of initial molecular
orientation. For instance, the oxygen transmission rate (OTR) of the samples was
found to drop as the mobility of the amorphous chains decreased, which occurred
with increasing draw ratio. This trend was consistent regardless of the initial
microstructure of the precursor.

However, samples obtained from the more oriented precursor, which contained
both spherulites and lamellae, exhibited lower OTR values at comparable draw
ratios compared to those derived from the spherulitic precursor. This result suggests
that a higher degree of initial molecular orientation contributes to a more restricted
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amorphous phase mobility in the final film. As a result, improved barrier properties
can be achieved at the same draw ratio.

In addition, the chill roll temperature has been identified as a key parameter
influencing the microstructural development of cast polypropylene films. This
temperature determines the time available for macromolecular rearrangement prior
to complete solidification, thereby affecting not only the degree of crystallinity but
also the specific polymorphic forms and resulting lamellar dimensions
[11,18,244,248].

In the study by Di Sacco et al [11], the influence of three different cooling roll
temperatures, namely 15, 40 and 70 °C, was investigated with respect to the
resulting microstructure and properties of cast polypropylene films. Although
variations in melt temperature and throughput were also considered, these factors
had a limited effect and are not further discussed in the current analysis. According
to the data presented in Figure 18a and 18b, a lower chilling roll temperature
corresponded to an increased content of the mesomorphic phase at the expense of
the stable a phase. This effect was particularly evident at 15 °C, where the rapid
cooling limited the time available for molecular ordering and prevented the full
development of the a form. These observations are consistent with the findings of
Liu et al [248], who reported that the formation of crystalline phases in PP can be
significantly suppressed depending on the chilling-roll temperature. In particular,
mesomorphic structures were observed at temperatures below 40 °C, while only the
o phase was present at processing temperatures above 80 °C.
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Figure 18. Content of the a) o and b) mesomorphic crystalline phases in PP films at different chilling-
roll temperature [11]. Adapted under CC BY 4.0 license.

Both studies [11,248] demonstrated that the evolution of the o and
mesomorphic phase contents, as influenced by the chilling-roll temperature, has a
direct effect on the mechanical properties of cast polypropylene films. An increase
in a-phase content, typically achieved by higher chilling-roll temperatures, was
associated with an enhancement of the tensile modulus measured in the machine
direction. This suggests that elevated chilling-roll temperatures promote the
development of a stiffer crystalline structure, thereby improving rigidity. In
addition, Di Sacco et al [11] observed that lower chilling-roll temperatures

36



contributed to a reduction in haze in the films. This reduction in haze was attributed
to a decreased presence of the a crystalline phase, which otherwise acts as a barrier
to light transmission, thereby reducing optical clarity. Since the crystalline phase
interferes with light transmission, films with lower o content exhibited higher
transparency. Optimizing the chilling-roll temperature is therefore a critical
parameter as it determines the trade-off between transparency, ductility and tensile
strength. These properties are particularly important in packaging applications,
where both mechanical performance and visual clarity are essential. Consequently,
the choice of chilling-roll temperature must be based on the specific performance
requirements of the intended application.

In addition to its influence on the crystalline phase composition, the cooling
roll temperature has also been shown to affect the size and thickness of the lamellae
in cast polypropylene films [11,18]. Higher roll temperatures allow more time for
molecular chains to undergo spatial rearrangement prior to solidification,
facilitating the growth of larger and thicker lamellar structures. Tabatabaei et al
[18], in their study on PP, further demonstrated that the roll temperature plays a
critical role in determining the crystalline lamella size distribution. Their results
indicated that when the cooling roll temperature reached or exceeded 110 °C, a
bimodal size distribution developed. In contrast, lower temperatures consistently
produced a monomodal distribution. This shift in morphological characteristics was
attributed to the extended relaxation time available at elevated temperatures, which
likely allows even the lower molecular weight chains to contribute to lamellar
formation.

In the context of melt spinning, it refers to the drawing temperature rather than
the chilling-roll temperature. As discussed above, this parameter affects the
mobility of macromolecules, thereby altering properties such as entanglement
density within the amorphous phase [143,153,268]. An increase in drawing
temperature facilitates greater molecular orientation along the drawing direction
and contributes to higher levels of crystallinity, ultimately increasing the anisotropy
of the material [153,240,268]. At lower drawing temperatures, the formation of
amorphous or mesomorphic phases is often favored over the development of well-
ordered crystalline structures [155,156]. As a result, fibers processed at elevated
temperatures exhibit a stiffer mechanical response characterized by increased
tensile strength and Young's modulus and reduced elongation at break [156].
However, as shown in Figure 19, excessively high drawing temperatures can result
in a decrease in mechanical performance due to enhanced ductility [153]. This
behavior has been interpreted by considering the proximity of the drawing
temperature to the melting temperature of the polymer. As the drawing temperature
approaches the melting point, macromolecular relaxation and mobility are
significantly increased. Under these conditions, the applied drawing force can
facilitate chain slippage [143,153,156,240], and in some cases, partial remelting of
the crystalline regions occurs [153,269].As a result, the fibers exhibit a reduction in
ultimate tensile strength due to the disruption of the crystalline framework.
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Figure 19. Tensile behavior of the PBS fibers drawn DR 4 and different temperatures [153]. Adapted
with permission from Elsevier Science Ltd., 2019.

Finally, the effect of annealing on the microstructure of cast films is considered.
This process is often introduced during film production to reduce residual stresses
and promote reorganization of macromolecules [233,234,256,270-274]. It has been
shown that thermal treatment, when applied at appropriate temperatures and
durations, results in an increase in the crystallinity content of the film
[250,263,273,274]. This increase is attributed to the rearrangement of amorphous
chains near the crystalline regions, where they adopt an ordered structure
corresponding to the crystalline phase present [250,270]. In addition, secondary
crystallization within the amorphous phase is observed during annealing
[233,234,270]. However, the formation of secondary lamellae is dependent on the
presence of initial crystals that serve as a template for the crystallization of the
surrounding amorphous macromolecules [250]. The application of external stress
during the annealing process can further increase the overall anisotropy of the film,
especially when compared to annealing without stress [263]. It is important to note
that the temperature and time of the annealing process must be carefully optimized
based on the specific polymer being treated. Excessively high temperatures or
prolonged annealing times can result in an undesirable increase in crystallinity and
a decrease in molecular orientation. Consequently, this may promote
microstructural isotropy rather than the desired anisotropy [263].

2.1.5 Microfibrillation

Microfibrillation is the final extrusion-based microstructuring strategy
discussed in this paper. Designed specifically for immiscible polymer blends, this
technique allows for the generation of highly oriented dispersed second-phase
fibrils within a continuous matrix, achieved by solid-state deformation of the minor
component during processing [1,20,275-277]. The increased aspect ratio of these
fibrils results in a larger interfacial area with the surrounding matrix, allowing more
effective stress transfer to the high-strength oriented phase. As a result,
microfibrillated blends exhibit significantly improved tensile strength and modulus
compared to analogous unstructured systems [20,277-280,82,254]. Due to the
mechanical improvements achieved, these systems are often referred to as
microfibrillar composites (MFC) [278,279,281,282]. Their properties can be finely
controlled by adjusting parameters such as fibril aspect ratio, morphology, spatial
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distribution and orientation. These features, in turn, are determined by the choice
of polymer components and the specific processing conditions applied [1,20,275—
277].

Microfibrillation can be implemented via two main approaches: single-step and
two-step processes, the latter commonly referred to as three-step. In the single-step
configuration, fibrils are formed directly during compounding as the dispersed
phase undergoes solid state deformation under the combined influence of shear and
elongational flows within the extruder [70,283,284]. The more conventional three-
step process, on the other hand, begins with melt blending of the constituent
polymers. This is followed by a dedicated fibrillation step in which the elongational
flow induce the formation of fibrils. A final stage, called isotropization, may be
added to bring the material into its final shape by compression or injection molding.
This stage involves a thermal treatment that typically results in a reduction in the
fibril aspect ratio due to morphological relaxation [1,54,278,279,285-289]. Given
the current focus on improving anisotropic properties, the isotropization stage will
not be discussed further in this document.

It is important to note that microfibrillation is considered to be both versatile
and cost-effective. Its implementation does not require specialized equipment, as it
can be carried out using standard polymer processing machines already widely used
in industry [54,281,290-292].

2.1.5.1 One-step fibrillation

Two different approaches have been proposed for one-step fibrillation during
compounding. One approach involves processing both the matrix and the dispersed
phase in the molten state. Under these conditions, the formation of fibrillar
structures 1s achieved by the combined effects of flow-induced crystallization and
molecular orientation, both of which occur as the material passes through the slit
die [292-298]. A critical factor in this process is the geometry of the die, which
plays a central role in enabling effective polymer structuring. The die design
facilitates the application of strong flow fields while extending the residence time
of the material. This is achieved without the need for a significant increase in
processing temperature, making the technique compatible even with relatively
simple equipment such as single screw extruders [292-297]. After extrusion, the
stability of the fibrils produced is largely maintained. This is ensured by two
simultaneous mechanisms. First, immediate cooling after extrusion minimizes the
potential for fibril relaxation. Second, the crystals formed under flow-induced
conditions tend to have a higher degree of order and consequently a higher melting
temperature. As a result, even if the material remains at elevated temperatures for a
short time prior to complete solidification, the likelihood of fibril remelting is
significantly reduced. This ensures that the aspect ratio of the fibrils is maintained
throughout the process [292-295,298].

A representative example of the fibrillar morphology produced using this
approach is provided in the work of Vozniak et al. [292]. In their study, a blend
containing 3 wt% polyhydroxyalkanoate (PHA) dispersed within a PLA matrix
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exhibited successful fibrillation, as evidenced by the micrograph taken in the
transverse direction of the sample (Figure 20a). In addition to morphological
characterization, rheological behavior was also investigated. Figure 20b presents a
comparison of the time-dependent tensile stress growth coefficient for three
systems: the pure matrix, the unfibrillated blend, and the microfibrillar composite.
The results highlight a notable difference in rheological response. Specifically, the
MFC demonstrates pronounced strain hardening, attributed to the formation of a
continuous fibrillar network. This rheological feature is absent in both the matrix
and the non-fibrillated blend, underlining the reinforcing effect of the fibrillar
microstructure.
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Figure 20. a) SEM micrograph of the transverse direction of the MFC sample; b) time-dependence of
the tensile stress growth coefficient of PLA, compounded blend and the MFC at different Hencky
strain rates [292]. Adapted under CC BY 4.0 license.

In addition to enhancing strain hardening, the presence of fibrils also
contributes significantly to the overall mechanical performance of the composite.
Due to their high aspect ratio, fibrils allow efficient stress transfer from the ductile
matrix to the stiffer dispersed phase. This mechanism underlies the improved
stiffness and strength observed in microfibrillated composites. For instance, in
PLA/polybutylene adipate terephthalate (PBAT) blends, the development of a well-
connected fibrillar network was identified as the key factor responsible for the
observed increase in both Young's modulus and tensile strength. Notably, these
improvements were achieved without compromising the strain at break,
highlighting the ability of the fibrillar structure to reinforce the material while
maintaining its deformability [294,296].

An alternative one-step microfibrillation strategy based on solid-state
deformation has been proposed by Jurczuk et al. [299]. This method relies on the
mechanical deformation of the crystalline dispersed phase during compounding,
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which occurs when the stress transmitted from the molten matrix exceeds the
critical shear stress of the crystal slip plane. The efficiency of this mechanism
increases significantly under conditions characterized by a high capillary number,
which enhances the stress transfer from the matrix to the dispersed phase. However,
the successful application of this approach requires that the dispersed polymer meet
certain criteria. Most importantly, its melting temperature must exceed that of the
matrix to ensure that it remains in the solid state throughout the compounding
process. It must also have high crystallinity and low entanglement density. These
properties are critical to avoid premature fracture during deformation and to allow
sufficient strain for fibril formation. As a consequence, materials such as nascent or
as-polymerized UHMWPE and polytetrafluoroethylene (PTFE) are commonly
used for this purpose [70,283,284,291,300-303].

Besides, the resulting fibrillar morphology can be tuned by varying processing
parameters such as screw speed, processing temperature and time, and the relative
content of matrix and dispersed phase [70,283,291,303]. Among these variables,
screw speed plays a particularly important role. In fact, as it increases, so does the
shear rate, which enhances the viscous drag force and leads to a higher capillary
number. This results in the formation of fibrils that are not only thinner, but also
mechanically stronger [17,70,283,291].

In addition, Hosseinnezhad et al. [291] investigated the effect of processing

temperature and time on the fibrillation behavior of blends composed of 95 wt%
polyolefin elastomer and 5 wt% UHMWPE. Compounding was performed at a
fixed screw speed of 30 rpm, corresponding to a shear rate of 350 s-', while two
processing temperatures, 75 °C and 115 °C, in combination with processing times
of 10, 30 and 90 min, were investigated. The resulting morphologies are shown in
Figure 21. First, a clear trend was observed with respect to processing time. As
shown in the SEM images, an increase in processing time resulted in enhanced fibril
formation. For instance, at 75 °C and 10 minutes (Figure 21a), the observed fibrils
had an aspect ratio of approximately 70. This value then increased to 105 when the
processing time was increased to 30 minutes (Figure 21b), and a further
enhancement of the aspect ratio was achieved at 90 minutes (Figure 21c). Similar
improvements were observed at the higher temperature of 115°C, where prolonged
processing also resulted in greater fibril elongation and aspect ratio, as shown in
Figure 21d and 21e for 10 and 30 minutes, respectively.
The study also highlighted the significant role of processing temperature in
promoting fibril formation. In fact, when comparing blends processed at 75°C
(Figure 21b) and 115°C (Figure 21e) for 30 minutes, the micrographs show a
significantly more developed fibrillar network at the higher temperature. This
enhanced fibrillation was attributed to the increased molecular mobility and
deformation capacity under elevated thermal conditions, which allowed for both
improved fibril aspect ratios and more uniform distribution within the matrix.
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Figure 21. SEM micrographs of the polyolefin elastomer/UHMWPE blends processed at the constant

shear rate of 350 s™! an different combinations of temperatures and processing times: a) 75 °C for 10

min, b) 75 °C for 30 min, ¢) 75 °C for 90 min, d) 115 °C for 10 min, 115 °C for 30 min [291]. Adapted
under CC BY 4.0 license.

Lastly, Jurczuk et al. [303] carried out a rheological investigation on blends
based on isotactic PP, PS, HDPE, and LDPE, incorporating varying contents of
native PTFE at 1, 3, 5, and 7 wt%. Their findings revealed that a minimum PTFE
content of 3 wt% was necessary for the development of fibrillar structures,
regardless of the polymer matrix used. The influence of fibrillation on the
rheological response was further demonstrated by the time-dependent tensile stress
growth coefficient measured under uniaxial extensional deformation, where MFCs
containing at least 3 wt% PTFE exhibited clear strain hardening behavior. In
addition, increasing the PTFE content resulted in an earlier onset of strain hardening
and the rheological response has been attributed to the presence of a fibrillar
network formed by the dispersed phase [284,303]. Such a network plays a
particularly beneficial role in polymer foaming processes because strain hardening
improves foam quality by enhancing cell concentration, stabilizing cell size, and
reducing coalescence when compared to foams produced from the matrix alone
[70,284,301-306].

In addition, the fibrils were found to influence the crystallization behavior of
the matrix. In particular, they acted as heterogeneous nucleation sites. The
effectiveness of this nucleation depended on both the content and aspect ratio of the
fibrils. A dense network of fine, elongated fibrils provided a greater number of
nucleation sites than dispersed domains with lower aspect ratios. However, while
the fibrillar network promoted nucleation, it also imposed physical constraints on
crystal growth, resulting in smaller crystalline structures within the matrix. These
were significantly smaller than those formed in systems containing spherical or
droplet dispersed phases [283,300,302,304,307].
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2.1.5.2 Two-step fibrillation

This more conventional microfibrillation process begins with the melt blending
of two immiscible polymers. The first step is aimed at achieving a homogeneous
dispersion of the second phase within the matrix, typically resulting in spherical
domains. The subsequent fibrillation step involves subjecting the compounded
material to uniaxial stretching, which can be applied immediately after extrusion or
at a later stage. In both configurations, stretching is typically performed using
thermostatically controlled rollers. These not only facilitate stretching, but also
define the orientation direction of the developing fibrils, thereby driving the
morphological anisotropy in the material [1,12,20,287]. However, to ensure
successful fibrillation, the selected polymers must meet specific requirements. First,
they should have a melting temperature difference of at least 40°C, with the higher
melting component acting as the dispersed phase responsible for fibril formation.
In addition, the matrix must have sufficient thermal stability to withstand the
temperatures required to process the dispersed phase, which in turn has to exhibit
high elasticity to allow fibril development during the stretching phase
[1,20,50,56,65,82,287,308-310].

It is important to note that both shear flow and uniaxial strain contribute to the
formation of the fibrillar morphology. In fact, shear flow facilitates the breakdown
of the dispersed phase into smaller domains, increases their dispersion within the
matrix, and initiates the morphological transition from spherical to ellipsoidal
shapes. Then, the application of uniaxial stretching to these preformed domains
completes the fibrillation process, resulting in a well-oriented microstructure.
Consequently, the final morphology results from the combined influence of both
deformation mechanisms [1,311]. Therefore, the final microstructure and
associated material properties are strongly influenced by the processing parameters
chosen [1,20,57,287]. The following discussion addresses the role of several critical
variables, including the relative content of matrix and dispersed phase, the viscosity
ratio between the two components, the presence of compatibilizers, and the effect
of draw ratio on the structuring of immiscible polymer blends.

First, the relative amounts of matrix and dispersed phase play a critical role in
determining the initial sea-island morphology during melt compounding, which is
essential for enabling fibril formation during the subsequent fibrillation step
[57,280,308,312—-320]. In the work of Kharghanian et al. [313], the microstructure
of PP and polyethylene terephthalate (PET) blends was evaluated at PET
concentrations of 10, 20 and 30 wt%. The material containing 10 wt% PET
exhibited a clear sea-island morphology as shown in the SEM image (Figure 22aA).
However, the corresponding rheological behavior was liquid-like and closely
resembled that of the PP matrix (Figure 22b), which is unfavorable for effective
fibrillation. A different result was observed at a PET content of 20 wt%. In fact,
although a sea-island morphology was again visible in the micrograph (Figure
22aB), the increased concentration of dispersed domains, together with a
viscoelastic liquid response (Figure 22b), provided the optimal rheological
conditions for fibril development. In contrast, further increasing the PET content to
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30 wt% led to the formation of a co-continuous phase, as shown in Figure 22aC,
and the dispersed phase was no longer effective as a precursor for fibrils under these
conditions, as indicated by the rheological behavior of a viscoelastic solid at low
frequencies (Figure 22b). Based on these observations, the formulation containing
80 wt% PP and 20 wt% PET was identified as the most favorable composition for
producing microfibrillar composites, providing a suitable balance between
morphology and rheological behavior.
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Figure 22. a) SEM micrographs of the (A) 90:10 wt%, (B) 80:20 wt% and (C) 70:30 wt% PP/PET
blends; b) Storage (G’) and loss (G’’) moduli as function of the frequency measured for the neat PP
and the blends [313]. Adapted with permission from John Wiley and Sons, 2023.

Other studies have supported the previously discussed relationship between
second phase content and the resulting morphology, confirming that the increase in
second phase leads to significant changes in mechanical properties [315—
317,319,321]. For instance, Xie et al. [318] investigated the tensile properties of
PLA blends containing 10, 20 and 40 wt% PBS. The results, presented in Figure
23A, show different combinations of yield strength and elongation at break
depending on the PBS content. In all cases, an increase in yield strength was
observed. However, in the 90 wt% PLA/10 wt% PBS and 80 wt% PLA/20 wt%
PBS, this was accompanied by a reduction in elongation at break. In contrast, the
material containing 40 wt% PBS showed a greater deformation at break. As shown
in Figure 23B, the differences in mechanical behavior were related to the variations
in microstructure. In fact, while microfibrillation was evident in all samples, the
morphology varied with the amount of PBS present. In Figure 23B, PBS formed
shish-like structures oriented along the stretching direction, which facilitated the
formation of the kebabs of PLA lamellae. Consequently, the resulting shish kebab
morphology inherently reinforced the blend. Notably, the morphology became
more ordered as the PBS content increased, especially in the blend with 20 wt%
PBS (Figure 23Bb) compared to that with 10 wt% PBS (Figure 23Ba). This change
in microstructure had a positive effect on the mechanical properties, increasing both
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yield strength and elastic modulus. However, when the PBS content was further
increased to 40 wt%, the diameter of the PBS domains became larger and this
resulted in a unique combination of higher yield strength and increased elongation
at break. This increase in strength and stiffness compared to the PLA matrix was
attributed to the presence of the oriented shish-kebab structures, while the increased
ductility was due to the larger PBS domains. These larger domains were a result of
the collision and agglomeration that occurred due to the high PBS content.
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Figure 23. A) Stress-strain curves for a) pure PLA and the PLA/PBS containing b) 10 wt%, c) 20 wt%
and d) 40 wt% of second phase; B) SEM micrographs of the blends with a) 10 wt%, b) 20 wt% and c)
40 wt% of PBS. The light blue arrow indicates the stretching direction, while the orange identifies the
PBS shish domains and the yellow highlights the lamellar kebab structures of PLA. Adapted with
permission from [318]. Copyright (C) 2014 American Chemical Society.

Several studies have confirmed the increase in both the diameter and diameter
distribution of the microfibrils as the content of the second phase rises
[312,314,315,320]. This phenomenon, together with coalescence during the
drawing step, plays a crucial role in the development of the microstructure
[50,312,314,320,322-324]. Huang et al. [312], in their study of PP/polyamide 66
(PA66) blends with 5, 10, 15, or 20 wt% PA66, observed the fibrillation regardless
of the second phase content. However, as the polyamide concentration increased,
so did the microfibril density. On the other hand, at a constant draw ratio, the
diameter of the fibrils decreased from 10 pm to 4-5 pum, and the diameter
distribution narrowed as the PA66 content increased from 5 to 15 wt%.
Nevertheless, when the PA66 content reached 20 wt%, the average fibril diameter
increased to 8 um, and the diameter distribution broadened. This behavior can be
explained by the deformation, breakup, and coalescence of second phase domains
during the drawing step [50,312,314,323,325]. The first two phenomena are related
to the capillary number of the system. When second phase concentrations are low,
larger particles will deform and eventually break when subjected to elongational
flow, while smaller particles retain their spherical shape. Thus, both thin fibrils and
small droplet-like domains of the second phase are present in the final morphology.
On the contrary, when the content of the second phase reaches a critical value,
where particle collisions are more likely to occur, larger domains deform into fibrils
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during drawing, while smaller particles collide, coalesce and, if they have grown
large enough considering the capillary number of the system, finally deform. As a
result, the final morphology is composed of two distinct populations of fibrils, the
finer ones originating from the initial droplets with adequate diameters, and the
coarser ones formed by the deformation of collided and coalesced particles. This
explains both the observed increase in average diameter and the broadening of the
diameter distribution. Therefore, based on the findings of Huang et al [312], it can
be concluded that the PA66 content required for a high collision and coalescence
probability is between 15 wt% and 20 wt%, as evidenced by the increase in fibril
diameter at the higher concentration.

The mechanical properties were found to reflect the evolution of the morphology
[312]. Tensile tests showed that the maximum strength increased with the PA66
content up to 15 wt%, followed by a decrease as the concentration was further
increased. In contrast, the elastic modulus continued to rise until it reached a plateau
at PA66 contents equal to or greater than 15 wt%. This behavior was explained by
the higher intrinsic strength of PA66 compared to PP and by the occurrence of
interfacial defects, which arise due to the limited compatibility between the two
phases. At low PA66 contents, the increase in tensile strength was mainly due to
the formation of fibrils from the dispersed phase. While as the concentration
increased further, voids began to form at the interface during tensile deformation.
These voids limited the stress transfer from the matrix to the fibrils and acted as
stress concentrators, ultimately reducing the tensile strength. In contrast, the elastic
modulus was not significantly affected by the presence of interfacial voids. Its
behavior was governed by the number and aspect ratio of the fibrils, both of which
increased with higher PA66 content. Also, the modulus reached a plateau when the
fibril density within the matrix became sufficiently high, such that additional fibrils
contributed little to further stiffening.

In addition to morphological and mechanical considerations, it has been found that
coalescence is influenced not only by the concentration of the second phase, but
also by the draw rate applied [314,323]. This relationship was highlighted in the
study by Gonzales-Nunez et al. [314]. They investigated blends of HDPE and
polyamide 6 (PA6) containing between 1 and 15 vol% of the latter. It was found
that at low drawing speeds, the deformation behavior of the PA6 phase was largely
unaffected by its content. Nevertheless, as the draw rate increased, a clear pattern
emerged. For blends containing between 1 and 4 vol% PAG6, the deformation
behavior continued to appear independent of concentration. In contrast, when the
PA6 content exceeded 5 vol%, coalescence became more pronounced with
increasing concentration and drawing speed. This trend was attributed to the higher
probability of collisions between dispersed domains under such processing
conditions, which in turn facilitated coalescence.

An alternative mechanism to collision has been proposed to explain the
coalescence phenomena that occur during drawing [275,324]. This mechanism
involves the elongation of second phase domains that experience end-to-end contact
facilitated by their mobility in the molten matrix. Such interactions lead to
coalescence and consequently to the formation of extended fibrillar structures. The
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validity of this mechanism has been investigated by incorporating a compatibilizer
that enhances interfacial adhesion between the matrix and the dispersed phase while
inhibiting coalescence by forming a thin interfacial film around the dispersed
particles [20,275,322,326]. This approach was adopted by Friedrich et al [56], who
studied the microstructure of 60:40 wt% PP/PET blends and incorporated 1 wt%
compatibilizer, replacing an equivalent amount of matrix during compounding. As
shown in Figure 24b, a significant reduction in the aspect ratio of the fibrils was
observed in the presence of the compatibilizer when compared to the morphology
of the drawn PP/PET blend without it (Figure 24a). This morphological change has
been attributed to the inhibition of coalescence resulting from the compatibilizer
film formed on the surface of the second phase domains [56,275,280,327].

Figure 24. SEM images of PP/PET blends a) without or b) with 1 wt% of compatibilizer [56].
Reprinted with permission from Elsevier Science Ltd., 2004.

Accordingly, a consistent reduction in fibril aspect ratio following
compatibilizer incorporation has been reported in other studies, with this effect
attributed to the antagonistic influence of the compatibilizer on the coalescence of
elongated domains [56,278,326,327]. At the same time, the combined presence of
microfibrils and compatibilizer has been recognized for its beneficial effect on
mechanical properties, which has been attributed to an increased interfacial
compatibility between the matrix and the dispersed phase [20,82,278,279]. In this
regard, Rosales et al. [279] investigated LDPE/PP blends containing 20 wt%
polypropylene and 0, 1.4 or 3 wt% compatibilizer. As shown in Figure 25b-f, the
drawing step promoted the formation of oriented microfibrils, and the
compatibilizer-containing blends (Figure 25d, e) showed improved interfacial
interaction between the two phases, accompanied by a significant reduction in the
fibril aspect ratio.
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Figure 25. SEM micrographs of LDPE/PP blends without compatibilizers and a) unstretched or b, c)
stretched. Also shown are micrographs of MFC with d) 1.4 or e) 3 wt% compatibilizer. Adapted from
[279] under CC BY 4.0 license.

The evolution of the morphology has led to changes in mechanical properties,
revealing a complex relationship between fibril aspect ratio and compatibilizer
content, which influences both tensile strength and modulus [279,328,329]. In
particular, the presence of fibrils, as opposed to droplets, provides a larger surface
area for stress transfer, which is further enhanced by the compatibilizer at the
interface between the matrix and the stiffer dispersed phase. However, a threshold
level of additive was identified above which tensile properties deteriorated due to
excessive reduction in fibril aspect ratio. Therefore, Kuzmanovic et al. [278]
investigated the introduction of compatibilizer into 80 wt% PP/20 wt% PET blends
during the isotropization step, rather than at the compounding stage, with the aim
of keeping the fibril aspect ratio. Their results showed that introducing the
compatibilizer after fibrillation resulted in an increase in the fibril aspect ratio.
However, the mechanical properties, specifically impact strength, elongation at
break and yield strength, were superior for the blends compatibilized during
compounding, despite the observed reduction in fibril aspect ratio. This
improvement was attributed to the superior interfacial adhesion achieved when the
compatibilizer was added during compounding rather than during the isotropization
step.

In addition, the viscosity ratio is a critical parameter influencing the resulting
microstructure, as it controls fibril formation and directly affects their geometry and
dimensions [1,20,330,331]. Specifically, a low viscosity ratio has been shown to
facilitate the development of fibrils with high aspect ratios and narrow diameter
distributions, ultimately favoring a more homogeneous dispersion of fibrils within
the matrix. As a result, the corresponding MFCs exhibit improved mechanical
properties, particularly in terms of strength and modulus, compared to those with a
higher viscosity ratio [20,67,322,323,332,333].

Furthermore, the viscosity ratio also serves as a tunable parameter for tailoring
the morphology of ternary polymer blends. This potential was investigated by Shi
et al. [67], who examined blends composed of polyolefin elastomer (POE) and a
binary mixture of PA6 and PLA. In the study, the PA6 to PLA ratio was kept
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constant at 1:1, while the overall blend composition was maintained at a fixed POE
to (PA6/PLA) ratio of 75:25 wt%. By systematically varying the viscosity ratio
between PA6 and PLA, the resulting fibrillated structures were analyzed, as shown
in the SEM micrographs in Figure 26. At the lowest viscosity ratio (Figure 26a),
the fibrils exhibited alternating thick and thin sections along their length, producing
a morphology described as “gourd-skewers-like.” As the viscosity ratio increased
(Figure 26b, c), the diameter distribution along the fibrils became more uniform. At
the highest viscosity ratio (Figure 26d), surface irregularities such as bumps became
prominent, resulting in a morphology referred to as “trepang”.

Mechanical performance varied according to the different morphologies observed.
Although all samples exhibited stress-strain behavior typical of elastomeric
systems, there were notable differences in tensile strength and modulus. The most
pronounced mechanical improvements were associated with the morphology
characterized by the lowest viscosity ratio, where the gourd-skewer-like structure
was observed. These improvements were attributed to the increased interfacial
surface area inherent to this specific microstructural arrangement.

Figure 26. SEM micrographs of PA6/PLA microfibrils having a viscosity ratio of a) 0.5, b) 2.2, ¢) 5.3 or
d) 14.2. Adapted from [67] under CC BY 4.0 license.

Besides, the formation of fibrils in PP/PET blends was shown to depend on the
combined influence of the viscosity ratio and the concentration of the second phase
[334]. In blends containing between 3 and 30 wt% PET, fibrillation and coalescence
were observed even at high viscosity ratios when the PET content was low,
resulting in effective dispersion and formation of high aspect ratio fibrils.
Conversely, under conditions of lower viscosity ratio, a higher PET content was
required to achieve coalescence and allow the development of elongated fibrils.
These observations suggest that viscosity ratio and second phase content work
together to define the critical concentration threshold for coalescence during the
fibrillation step [314,334,335].
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Additionally, the DR is a key parameter for tailoring the microfibrillation.
Indeed, increasing the draw ratio induces the transformation of dispersed phase
domains from spherulitic to ellipsoidal and finally to fibrils. This morphological
evolution is accompanied by an increase in aspect ratio and a greater degree of
alignment along the drawing direction. At the same time, the matrix undergoes an
increased anisotropy, which is reflected in the improved orientation of both
crystalline regions and amorphous polymer chains according to the applied drawing
direction [1,20,55,69,161,254,288,289,321,336-339]. On the other hand, if the
draw ratio is too high, the fibrils may break up, resulting in a decrease in both the
aspect ratio and the orientation of the second phase domains. Under such
conditions, the overall anisotropy of the material is reduced [288,337,338]. These
structural changes have a direct effect on tensile properties. Higher DR typically
results in increased tensile strength and modulus along with reduced elongation at
break due to the formation of elongated fibrils and increased anisotropy.
Conversely, when fibril breakage occurs, a reduction in tensile strength and a
corresponding  increase in  elongation at break are  observed
[55,161,254,321,337,338,340].

Finally, the influence of fibrils on the nucleation behavior of the matrix
deserves specific consideration [50,68,288,289,317,318,320,337,341-346]. As
discussed previously in relation to one-step fibrillation, the formation of high aspect
ratio fibrils increases the surface area available for the heterogeneous nucleation of
the matrix. This morphological feature not only facilitates nucleation but also
accelerates the crystallization kinetics of the matrix and improves the interfacial
adhesion with the dispersed phase [275,286,288,289,317,318,337,342,344-347].
Furthermore, the growth direction of the crystals has been shown to align epitaxially
with the fibril axis, leading to the development of shish-kebab structures and
ultimately the formation of a network-like crystalline architecture
[68,288,318,337,342-344,346,347]. Interestingly, in this case, the dimensions of
the epitaxial crystals were observed to depend on the fibril content [343]. As shown
in Figure 27, PLA/PAG blends containing 6 wt% and 12 wt% PAG6 exhibit shish-
kebab morphologies, where PAG6 fibrils act as the shish and PLA crystals as kebabs
(Figure 27b, d). As the PA6 content increases, the density of the fibrils rises, which
in turn reduces the length of the PLA kebabs. This effect is attributed to the spatial
constraints imposed by the denser fibril network, which limits the growth of
epitaxial crystals coordinated along the fibril surface.
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Figure 27. SEM images of PLA/PA6 blends having relative weight content of (a, b) 94:6 and (c, d)
88:12. Adapted from [343] with permission from Elsevier Science Ltd., 2024.

2.2 Injection molding-based techniques

Injection molding (IM) is one of the most widely used techniques for
structuring polymer melts during processing [2,13,14]. The main advancement in
this technology is the integration of an external field during the packing and
solidification phases, which interferes with the relaxation behavior of the
macromolecules in the core layer and induces repetitive flow in the mold. This
process produces an anisotropic morphology characterized by a high degree of
macromolecular orientation. To define the role of such flow conditions in
enhancing both chain orientation and crystallinity, Zhong et al [2] introduced the
term flow-induced crystallization under pressure (FICP), which includes all IM-
based strategies that use externally applied forces to direct morphological
development. These approaches serve as an alternative to the conventional use of
nucleating agents, which are crucial for achieving microstructural control in
standard IM processes [13,348-350]. Over the years, several technologies have
been developed to exploit this principle. Shear Controlled Orientation in Injection
Molding (SCORIM), for example, uses pistons within the injection barrel to
introduce additional shear forces [8,14,351-362]. In Oscillation Packing Injection
Molding (OPIM), these pistons are located at the mold cavity, allowing localized
flow modulation [28-31,38,42,47,52,363—-383]. Another technique, Vibration
Assisted Injection Molding (VIM), uses the injection screw to deliver vibration
pulses directly into the melt, thereby influencing molecular orientation and
crystallization through dynamic mechanical input [32,34,35,384-393].
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2.2.1 Shear Controlled Orientation in Injection Molding
(SCORIM)

A key morphological outcome resulting from the use of out-of-phase pistons in
SCORIM is the generation of a three-layer structure formed by the combined
presence of shear and thermal gradients from the outer skin to the core [13,14,351].
These coupled gradients lead to the creation of an intermediate layer between the
skin and the core, which modifies the typical morphology observed in conventional
processes. This phenomenon has been clearly documented by Kalay et al [360] who
studied a polymer blend consisting of 90 wt% PB and 10 wt% PP processed by both
conventional injection molding (CIM) and SCORIM. Their morphological
comparison, shown in Figure 28, shows that the CIM sample (Figure 28a) retains
the expected structure with a highly oriented skin region, a spherulitic core and a
transition zone separating the two. In contrast, the SCORIM processed specimen
(Figure 28b) shows a complete suppression of spherulite formation in the core and
instead exhibits a distinctly layered microstructure extending below the oriented
skin. These microstructural changes were accompanied by significant mechanical
improvements. Tensile strength increased from 36.8 MPa to 53.1 MPa and elastic
modulus increased from 2083 MPa to 2894 MPa. However, the increased stiffness
and strength came at the expense of ductility, as elongation at break decreased
significantly from 195 to 21%.

Figure 28. Polarized light microscopy micrographs of the a) CIM and b) SCORIM 90 wt% PB/10 wt%
PP blends [360]. Adapted with permission from John Wiley and Sons, 2003.

Further insight into the influence of thermomechanical variables on
morphology and properties was provided by Ghosh et al [361], who studied poly(L-
lactic acid) (PLLA) under SCORIM conditions. Their experimental setup varied the
mold temperature between 30 °C and 50 °C and applied shear for periods of 0, 3,
10, or 15 s. The results showed that lower mold temperatures allowed for greater
core orientation, an effect that was enhanced by prolonged shear. Despite these
differences in orientation, the elastic modulus remained relatively constant,
indicating that stiffness was largely independent of molding conditions in this case.
In contrast, significant improvements in tensile performance were observed.
Samples molded with SCORIM showed higher strength and elongation at break
than those molded with CIM, especially when longer shear times were applied at
the elevated mold temperature.
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Similar observations were reported by Kalay et al. [358] who investigated SCORIM
processing of PP and aliphatic polyketone (PK). Their results support the
conclusion that both strength and elongation at break are improved by this
technique. In addition, in contrast to the results of Ghosh et al [361], their study
showed a positive correlation between SCORIM and an increase in Young's
modulus. This improvement was attributed to an enhanced macromolecular
alignment and a higher degree of crystallinity. Previous research has shown that
such orientation can lead to a shift in the crystalline structure, favoring the
formation of the y phase over the more commonly observed B phase in
polypropylene, resulting in higher stiffness [353].

The ability of SCORIM to induce highly ordered morphologies is further
confirmed by the frequent appearance of shish-kebab structures in semi-crystalline
polymers such as PB, HDPE and PP [8,352,354-357,359,362]. Kalay et al. [8,359]
observed these morphologies (Figure 29a) exclusively in SCORIM processed
samples, while the CIM samples produced only isotropic scattering, a distinction
clearly supported by X-ray Debye diffraction analysis as shown in Figure 29b A
and B.

Figure 29. a) Micrograph of the sample processed with SCORIM; b) X-ray Debye diffraction patterns
of A) CIM and B) SCORIM PB [8]. Adapted with permission from John Wiley and Sons, 2003.

Beyond its influence on tensile behavior, the formation of shish-kebab
structures in SCORIM-processed samples has also been found to enhance wear
resistance [8,352,354-357,359,362]. Zhang et al. [355] investigated the tribological
performance of a polymer blend consisting of 95 wt% HDPE and 5 wt%
UHMWPE, comparing specimens produced by CIM with those produced by
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SCORIM. Their results showed a clear difference in the wear mechanisms between
the two processing methods. While the CIM specimens exhibited wear primarily
controlled by micro-fatigue, the SCORIM processed specimens exhibited a milder
abrasive wear response. This variation in wear behavior was directly attributed to
differences in microstructural organization. In the SCORIM specimens, the
increased molecular orientation led to a reduction in the presence of micro-cavities
and the propagation of micro-cracks. In addition, the improved resistance to
cracking was closely related to the presence of shish-kebab structures and in-situ
generated microfibrils, both of which contributed to the mechanical reinforcement
of the surface under sliding conditions.

2.2.2 Oscillation Packing Injection Molding (OPIM)

This technique is sometimes referred to as Oscillation Shear Injection Molding
(OSIM) or Dynamic Packing Injection Molding (DPIM) [2,13,14]. Similar to
SCORIM, this process allows for the formation of a three-layer structure and the
manipulation of phase separations within polymer blends [369-375,378,394-396].
In addition, this process has been found to be particularly useful for producing
reinforced materials that exhibit shish-kebab structures [28-31,36,38,42—
44,46,47,49,52,364-368,376,377,379,380,382,383,397]. These structures tend to
be more pronounced in the core regions where, in contrast, less ordered
morphologies are typically found [13,46,47,377,382]. Zhong et al [2] emphasized
the versatility of this technique in generating shish-kebab morphologies regardless
of the macromolecular properties of the polymer, such as chain stiffness and length.
Nonetheless, their work also highlighted the critical role of flow duration and
oscillation frequency in shaping the final microstructure.

For instance, Sang et al. [28] investigated the influence of oscillation frequency
and time on the morphology of PLA rods. Their study included samples prepared
at two different oscillation frequencies, 0.5 and 2 Hz, and subjected to five different
oscillation durations of 6, 18, 30, 90, and 120 s. The samples prepared by CIM
exhibited low crystallinity and poor orientation throughout the cross section. In
contrast, the OPIM processed samples showed a well-defined structured layer. The
thickness of this layer increased as either the exposure time or the oscillation
frequency was raised. These findings were clearly illustrated in the SEM images
shown in Figure 30, which were taken 800 pm from the surface of the samples
under various processing conditions. The SEM micrographs showed that the
spherulitic structure typical of CIM processing (Figure 30a) gradually changed to
an oriented lamellar structure perpendicular to the flow direction with increasing
oscillation time at a constant oscillation frequency (Figure 30b-e). Furthermore,
shish-kebab structures oriented parallel to the flow direction were observed in the
samples treated at 0.5 Hz for 6 and 18 s (Figure 30b and 30c). However, when the
highest oscillation frequency and duration were applied (Figure 30f), distorted
spherulites were observed instead.
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Figure 30. SEM micrographs at 800 mm from the surface of PLA processed at different oscillation
times and frequencies: a) CIM, b) 6 s at 0.5 Hz, c) 18 s at 0.5 Hz, d) 30 s at 0.5 Hz, e) 90 s at 0.5 Hz and
f) 120 s at 2 Hz. Reprinted with permission from [28]. Copyright (C) 2017 American Chemical Society.

The microstructural changes discussed above also affected the heat deflection

temperature (HDT) of the materials, with orientation playing a significant role
across the thickness of the samples [28]. Specifically, the HDT increased from 55.7
°C for the CIM sample to 76.5 °C when oscillation was applied for 18 seconds and
the crystalline thickness reached 1200 pm, and the HDT remained nearly constant
for longer oscillation times. When the oscillation frequency was increased from 0.5
Hzto 2 Hz, the HDT further improved, increasing from 78.9 °C to 96.6 °C, although
the oriented film thickness remained the same at 2000 pm in both cases.
This improvement in material properties resulting from the structural changes
during processing is often referred to as "self-reinforcement". OPIM has been
shown to be particularly effective in achieving such results, which have also been
observed in matrices like PP and HDPE [29-31,365,366]. Furthermore, other
studies have consistently shown that mechanical properties significantly improve
in presence of chain orientation and shish-kebab. As an example, Xie et al [38]
studied a blend of 90 wt% PBS/10 wt% PLA processed via OPIM. The OPIM
processed material showed significant increases in tensile strength, from 38 MPa to
49 MPa, and modulus, from 525 MPa to 634 MPa, compared to the CIM processed
samples. These improvements were attributed to the interlayered shish kebab
structures aligned parallel to the flow direction that formed under the influence of
the external field. The improvements in tensile properties can be explained by the
higher stress resistance of shish structures compared to isotropic crystals, together
with the interlocking of the kebabs, which prevents the macromolecules from
slipping. Additionally, the amorphous phase present between the lamellae plays an
important role in transferring the applied load to the stiffer shish kebab structures.

The findings of Xu et al [42] on a 95 wt% PLA/5 wt% poly(ethylene glycol)
(PEG) blend are consistent with the previous observations. While the OPIM
processed samples showed improvements in mechanical properties, the reduction
in ductility was less pronounced than in other cases. Specifically, the elongation at
break for the CIM samples was 18.7%, while it was reduced to 11.3% for the OPIM
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samples. On the other hand, a significant improvement in impact strength was
observed, increasing from 5.0 KJ/m? to 10.6 KJ/m?. This enhancement was
attributed to the formation of a bamboo-like hierarchical morphology in the samples
processed under the influence of the external field. The skin-core structure of these
samples exhibited a crystalline skin layer densely populated with shish-kebab
structures, while the core retained an isotropic spherulitic morphology. In this
configuration, the highly oriented and anisotropic skin layer acts as a robust shell,
while the softer core structure benefits from the enhanced ability to absorb impact
energy in contrast to a more traditionally oriented morphology [42,397].

In fact, the shish-kebab itself can be further organized, resulting in additional
hierarchical levels within the microstructure. Chen et al. [36] observed this
phenomenon in OPIM processed isotactic PP. As shown in Figure 31b, both wide-
angle X-ray diffraction (WAXD) and SAXS analyses revealed the emergence of
branched lamellae representing a new structural level. These secondary lamellae
are intercalated between the primary lamellae that form the shish kebabs (Figure
31c) and are essentially the result of branching within the kebabs themselves. A
schematic representation of this hierarchical arrangement is shown in Figure 31a.
The study also proposed a mechanism for their formation, which consists of the
primary kebabs serving as nucleation sites for the secondary lamellae, which then
orient themselves based on the angle of the a-phase monoclinic unit cells (99°80").

Kebabs
Branched

lamellae

Shish

Kebalrs or Pareat lamellac

Figure 31. a) Schematic illustration of the hierarchical structure, distinguishing the shish, the primary

and branched kebab lamellae; b) WAXD and SAXS patterns of OPIM-produced isotactic PP samples;

¢) SEM micrograph with red arrows indicating the shish, yellow squares showing the outer perimeter

provided by the kebabs, and blue circles highlighting the secondary lamellae. Adapted from [36] with
permission from Elsevier Science Ltd., 2015.

This morphology significantly influenced the mechanical properties, as tensile
testing revealed a uniform deformation without necking, attributed to the presence
of secondary branches [36]. Initially, the separation of the primary lamellae caused
the secondary lamellae to rotate in the drawing direction, preventing lateral
dimensional reduction by internal realignment. As axial deformation increased,
both primary and secondary lamellae underwent disruption and reorganization,
aligning macromolecules along the drawing direction and forming newly oriented
crystals. This process, known as stress-induced crystal fragmentation and
recrystallization, has been reported in several studies [36,398—403].

Furthermore, as shown by Wang et al. [44] for a 50 wt% PP/50 wt% LLDPE blend,
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phase separation and shish-kebab can be induced. The AFM micrographs in Figure
32 show the OPIM sample at different depths from the skin, revealing different
morphologies associated with specific combinations of cooling and shear rates. A
co-continuous phase was observed when both cooling and shear rates were high
(Figure 32a), while a decrease in the above promoted the formation and refinement
of an island-sea structure (Figure 32b-e). In the core (Figure 32f), the morphology
was attributed to the lower shear rate and increased heat received due to active shear
flow. In addition, X-ray analysis revealed different chain organizations in the PP
and LLDPE domains, with shish-kebab structures in PP and two orientations of
lamellar structures in LLDPE. These lamellar orientations were observed both
perpendicular to the flow direction and tilted at an angle of 45-50°, regardless of
depth. As a result, the OPIM technique led to a refined structure with a complex
organization at multiple scales.

Figure 32. AFM micrographs of OPIM 50 wt% PP/50 wt% LLDPE. Each photo reports a distance
measured from the skin layer in mm. a) skin layer; b, ¢) sheared layer; d, e, f) core. Adapted from [44]
with permission from Elsevier Science Ltd, 2003.

The potential to achieve a complex hierarchical structure through the OPIM
technique has been explored over the years to improve final properties. For
instance, Zhou et al [49] proposed the use of OPIM on both pure PLA and a 90 wt%
PLA/10 wt% PBAT blend to achieve higher strength and toughness. As shown in
Figure 33a, OPIM PLA met the requirements if compared to CIM PLA, at the
expense of the deformation at break. The latter was improved with the introduction
of PBAT, but the detrimental reduction in stress and modulus ad to be overcome by
processing the blend with OPIM. The resulting improvement in mechanical
properties can be attributed to the refined microstructure, as shown in Figure 33b.
In fact, PBAT nanofibrils formed at different depths from the skin in both CIM and
OPIM samples, but the diameter was significantly reduced from 300 to 150 nm
when the second technique was used, due to the intense shear flow present. In
addition, PLA actively contributes to defining the hierarchical morphology of the
blend. Oriented lamellae of the PLA matrix, epitaxially aligned with the PBAT
fibrils, incorporate the second phase in both CIM and OPIM blends (Figure 33b A
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and B). The combination of the second phase and the external field results in a
synergistic effect that refines the microstructure, leading to the formation of
structured shish-kebab throughout the thickness (Figure 33b B). As a result, the
PBAT nanofibrils form the core of the shish, while the shear flow-induced
stretching of the PLA macromolecules creates a surrounding layer of shish around
it. The formation of the hierarchical structure is enabled by the low interfacial
tension and large specific surface area between PLA and PBAT, which, together
with their partial miscibility, stabilizes the PLA shish layer. The slow relaxation of
the PBAT nanofibrils prevents the retraction of the stretched PLA chains and
maintains their orientation after shear is stopped. This effect is confirmed by
comparing the OPIM-processed PLA/PBAT blend (Figure 33bB) with pristine PLA
(Figure 33bC), where the latter shows weaker shish-kebab orientation and
anisotropy confined to the skin due to the reduced relaxation time provided to the
macromolecules prior to solidification. These structural differences also explain the
mechanical behavior reported in Figure 33a, where improved tensile strength results
from higher shish-kebab density and alignment, while the ductile PBAT fibrils
maintain toughness by allowing plastic deformation without loss of strength.
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Figure 33. a) Stress-strain curves and tested samples of A) CIM or B) OPIM PLA, C) CIM or D) OPIM
90 wt% PLA/10 wt% PBAT; b) Micrographs of selectively etched A) CIM or B) OPIM blend and C)
OPIM PLA at different distances from the skin; the position of the PBAT nanofibrils is indicated by
the red arrows. Adapted with permission from [49]. Copyright (C) 2017 American Chemical Society.

The role of blending in stabilizing the morphology and refining the shish-kebab
structures has been well documented [43,46,52,367,368,376,377,379,382,383]. The
influence of the properties of the second polymer on the resulting microstructure
has also been investigated. For example, Liang et al. [46,382] demonstrated that
incorporating low MW HDPE instead of high MW HDPE into an LLDPE matrix
improved shish kebab orientation and produced more compact kebab lamellae. This
was attributed to increased chain mobility of the low MW HDPE and altered
miscibility with the matrix, both of which contributed to improved anisotropy.

Finally, although shish-kebab structures are not always observed in OPIM-

processed specimens, improvements in mechanical and impact properties compared

to CIM counterparts are typically reported [369-375,378,394-396]. The
application of an external field, though, does not prevent the decrease in tensile
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properties with increasing minor phase content [374,375,378], as illustrated in the
study by Su et al. [378] on polyoxymethylene (POM)/HDPE blends with
polyethylene contents varying between 5 and 50 wt%. The SEM micrographs in
Figure 34A show progressive phase coalescence and formation of a co-continuous
HDPE phase at concentrations of 15 wt% and above, along with the presence of
sub-inclusions of one phase within the other. The observed coalescence was
attributed to the external field, which although promoting mixing, could not
enhance domain orientation due to mutual hindrance between the immiscible
polymers. As a result, even though OPIM samples exhibited higher tensile strength
and modulus than CIM (Figure 34B), their mechanical performance decreased with
increasing HDPE content.
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Figure 34. A) SEM images of the section of OPIM-processed blends at increasing concentration of
HDPE, specifically a) 0 wt%, b) 5 wt%, c) 10 wt%, d) 15 wt%, e) 30 wt% and f) 50 wt%; B) Tensile
strength a) and modulus b) of the materials processed with OPIM or CIM. Adapted from [378] with

permission from Elsevier Science Ltd., 2008.

2.2.3 Vibration-assisted Injection Molding (VIM)

This technology is particularly efficient for the self-reinforcement of a single
polymer by forming layers and shish-kebab structures [2,13,14,32,34,35,381,385—
389,391-393,404]. Yang et al. [34] provided an interesting example by studying
the effects of different vibration frequencies on PVDF. As can be seen in Figure 35
from the morphologies of samples processed at frequencies of 0, 12, and 30 s,
there is a progressive increase in anisotropy as the vibration frequency rises. While
the CIM processed sample remains isotropic, the 12 s™' sample shows improved
orientation and the 30 s sample exhibits shish-kebab structures aligned with the
flow direction. In addition, the polymorphism of PVDF changes with the variation
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of the vibration frequency. In particular, the CIM sample contains only the o phase,
while the 12 s™! sample shows both a and B phases, and the 30 s™! sample contains
the a, B, and y phases.

Kebabs w

Shish = =» <
Kehabs =

10 im

Figure 35. SEM images of samples obtained with a vibration frequency of a) 0, b) 12 and ¢) 30 s' and
corresponding magnitudes (al, a2, b1, b2, c1 and c2). SAXS are also reported. The flow is aligned to
the vertical direction, while the white lines represent the shish [34]. Adapted with permission from
John Wiley and Sons, 2018.

Besides, the VIM technique allows the formation of a layered morphology

consisting of shear and spherulitic layers, which improves crack deflection and
impact strength, as demonstrated by Hou et al. [32,381] for PP. In contrast to CIM,
where a skin-core structure with a thin shear layer is observed (Figure 36a), VIM
processing produces tunable microstructures with alternating shear and spherulitic
layers, as shown in Figure 36b and c. This is obtained by controlling the duration
of the static and vibrational conditions in the cavity. For instance, the absence of
spherulites in the core in one case results from a reduced static cooling time.
Additionally, considering the skin and shear layer as a whole (Rs), it corresponds to
the 16% of the overall thickness, while when the vibration is applied, the final value
is about 40 % and comparable regardless the processing conditions. Thus, a
hierarchical tunable microstructure with a quite constant crystalline content was
obtained.
Furthermore, shish-kebab structures aligned with the shear flow appear in the shear
layers, with their density and size influenced by the cooling rate and, in particular,
a lower density of shish characterized by larger kebabs was obtained in
correspondence with the mold walls, while a higher density of thinner shish-kebabs
was reached in the inner shear layer.
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(a) () (c)

Figure 36. Micrographs of samples obtained with a) CIM and b, ¢) OPIM. The resulting of b) long and
c) short static interval are shown. Also, represents the ratio between the shear layer and the overall
section thickness (Rs) is reported. The flow direction is indicated by the arrow [381]. Reprinted with

permis-sion from Elsevier Science Ltd., 2017.

The resulting VIM specimens showed greater plastic deformation in the

spherulitic layers after impact tests when compared to CIM samples [381].
Considering the rough fracture surfaces and the greater plastic deformation
observed in the shear layer, the effect of shish kebabs in increasing impact strength
was highlighted. Specifically, their role in transferring impact energy to the
surrounding material, thereby enhancing energy absorption and plastic
deformation, was revealed. As a result, it seems clear that the impact behavior of
two OPIM samples is different due to the different distributions of oriented and
isotropic layers [381,405]. For instance, referring to the microstructures reported in
Figure 36, the one having the better efficiency in crack deflection is the one in
Figure 36b. Despite this, microstructural tuning had little effect on other mechanical
properties, as tensile strength was primarily determined by the overall crystallinity
rather than the layered structure [32,381].
VIM also allowed for more complex morphologies, such as shish-kebab-like
cylindrulites in PP [35,391], as observed by Zhou et al. [35]. In fact, in the samples
processed at 1.10 Hz an additional fourth layer of shish-kebab-like cylindrulites is
observed (Figure 37b D) in addition to the expected skin (A), core (C) and transition
layers (B) obtained in the CIM sample (Figure 37a). Besides, the morphology of
the cylindrulite depends from the distance from the surface, with the ones closer to
the core characterized by a single-fibril shish and smaller dimensions. On the other
hand, the ones next to the surface are multi-fibrillar (Figure 37c¢). This variation was
explained by the lower shear stress during solidification from the skin to the core,
resulting in multifibrillar shish near the surface and single fibrillar shish near the
core. Therefore, more vibrations are transferred in the first case ad a larger number
of macromolecules are oriented closer to the surface, resulting in multi-fibrillar
shish (Figure 37d). In both cases, oriented macromolecules acted as nucleation sites
for epitaxial lamellae formation.
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Figure 37. Micrographs of the cross-section of the samples prepared with a) CIM and b) VIM, and
corresponding magnification of the ¢) multi-fibrillar and d) single-fibril shish. A is the skin layer, B the
transition one, C the core and D the shish-kebab-like cylindrulite region [35]. Adapted with permission

from Elsevier Science Ltd., 2011.
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Chapter 3

Compounding of HDPE
homopolymer blends

Part of the work described in the Chapter 3 has been previously published in:

“Cravero, F.; Cavallini, N.; Arrigo, R.; Savorani, F.; Frache, A. The Effect of
Processing Conditions on the Microstructure of Homopolymer High-Density
Polyethylene Blends: A Multivariate Approach. Polymers 2024, 16,
doi:10.3390/polym16070870 [406]

Abstract

In the present Chapter, a multivariate approach was utilized for gaining some
insights into the processing—structure—properties relationships in polyethylene-
based blends. In particular, two HDPEs with different molecular weights were melt-
compounded using a twin-screw extruder, and the effects of the screw speed,
processing temperature and composition on the microstructure of the blends were
evaluated based on a Design of Experiment—multilinear regression approach. The
results of the thermal characterization, interpreted trough the multilinear regression
response surfaces, demonstrated that the composition of the blends and the screw
rotation speed are the two most important parameters in determining the
crystallinity of the materials. Furthermore, the rheological data were examined
using a Principal Component Analysis multivariate approach, highlighting also in
this case the most prominent effect of the weight ratio of the two base polymers and
the screw rotation speed.
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3.1 Introduction

The first polymeric system considered is based on HDPE. The material was
selected for its cost-effectiveness, ease of processing, and excellent mechanical and
chemical resistance properties, making it one of the most widely used thermoplastic
polymers in the industry [407—409]. In fact, the global quantity of PE required on
an annual basis corresponds to approximately 30% of the total amount of plastic
produced. It is estimated that the range for this amount was between 114 and 154
million tons for the years 2022 and 2023 [408,410]. The markets of greatest use are
packaging, automotive, cable, and plumbing industries [407,409,411-413].
Besides, it is important to note that about 70% of the polyethylene used is mixed
with other polymers, and this has an impact on the microstructure of the final
material and, ultimately, on its properties. Consequently, in recent years there has
been an increase in the studies of the relationship between the microstructure of PE-
containing blends and the resulting characteristics. The works mainly focus on
binary blends involving HDPE, LDPE, and LLDPE. The primary objective is to
evaluate miscibility in both the solid and molten states [414—423]. One of the main
issues in this area is the discrepancy among various studies regarding actual
miscibility. This is due to the characterization techniques used to assess this
property, as well as the different behaviors observed among the blend constituents
in liquid or solid states [414-416,422,424-427]. On the other hand, since the final
characteristics of the materials are strongly related to macromolecular architecture,
molecular weight, and molecular weight distribution, most studies have focused on
these aspects, while paying less attention to the effects of processing parameters
[158,414-416,418,419,421-423,428-433]. In fact, only a few studies have
explored the effect of the operative conditions of the melt blending, even though
the process is a crucial step in producing polymer blends [415,422,434-439].
Additionally, even if a lack of studies affects the field, HDPE/HDPE binary blends
offer unique opportunities for the formation of shish-kebab-like crystal structures,
making them particularly intriguing in the field of self-reinforcing composites
[13,83,84,415,434,437,438,440,441]. In fact, it has been shown that by selecting
the MW of the chains in PE blends provides a higher degree of freedom in tuning
the processability and final properties of the resulting material [442]. In recent
years, an increasing number of studies have investigated the effect of molecular
weight distribution on the final morphology of blends, highlighting its significant
impact on crystallization kinetics [440-443]. For instance, a bimodal MW
distribution was found to negatively impact the crystallization rate while promoting
the overall crystallinity content compared to a unimodal MW distribution system
[443].

Due to the possibility to select the final properties of the blend through an
appropriate distribution of molecular weights, as well as the extensive use of
polyethylene-based blends in various fields, this study aimed to investigate how to
customize the final properties of the material by blending two commercially
available HDPE matrices with different MW. The work primarily focused on
studying the relationship between processing parameters, microstructure, and
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properties when melt blending with twin screw extrusion was considered. In this
regard, the materials were processed using a Design of Experiments (DoE)
approach (2° full factorial design), in which the relative content of high-to-low
molecular weight matrix, the compounding temperature profile, and the screw
speed were selected as variable parameters [444]. In the first case, the two high
molecular weight (HMW) and low molecular weight (LMW) matrices were
considered both independently and in blends having reciprocal weight combination
of 30:70, 50:50 and 70:30, respectively. In addition, two temperature profiles
constant from hopper to die were exploited, the lower corresponding to 175 °C and
the higher to 190 °C. Besides, two different screw rotation speeds of 150 and 400
rpm were considered, respectively. On the other hand, the screw profile was
maintained constant, in accordance with the description provided in in Section
A.2.1 (see Figure 98 and Table 15). Table 1 summarizes constant and variable
parameters, along with their corresponding values.

Table 1. Variable and constant factors used for the production and characterization of the HDPE
homopolymer blends.

Factor

Levels

Variables

Screw speed
[rpm]
MW distribution
HMW:LMW content

150
Monomodal

30

50

400
Bimodal

70 100

[wt% of HMW]
Temperature [°C]
(constant profile)

Rheological analysis
temperature [°C]

Feed rate [g/h]

175 190

175 190

Constant 270

Subsequently, the materials were characterized on a thermal and rheological

point of view. This provided important information regarding the microstructure,
which was then related to the process parameters adopted, exploiting two different
mathematical models. In particular, the thermal analyses were analyzed using the
response surfaces of a multilinear regression (MLR) model, while the study of
rheological behavior involved the use of a Principal Component Analysis (PCA)
multivariate approach [445]. Furthermore, the discussion considered the miscibility
of the two HDPEs, evaluating three different rheological models. It is important to
note that two different analysis temperatures were also used in the case of the
rheological behavior study. These temperatures corresponded to the two values that
were used for the compounding step (see Table 1).
Considering all the above parameters, the materials in the present study were named
after the values of the factors used for their production. For instance,
SOHMW _190C 400 refers to the blend containing 50 wt% of the high molecular
weight matrix, compounded at 190 °C and 400 rpm.
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3.2 Data analysis

3.2.1 DSC results

Firstly, willing to evaluate the effect of the processing parameters on an
experimental point of view, a reference system comparing the actual melting
enthalpy values with the theoretically expected ones has been introduced.
Specifically, the melting enthalpy of each blend was expressed referring to the
second heating melting enthalpy of the commercial HMW and LMW pellets. This
means that the AHn of the as-received pellets of HMW and LMW were firstly
obtained. Then, the expected values for the blends were calculated according to Eq.
3.1.

AHCdlC =m=x AHHMW + (1 — m) * AHLMW Eq 3.1

where AHcalc 1s the calculated melting enthalpy, m is the concentration of HMW
in the blend, AHamw is the melting enthalpy of the HMW pellet, and AHrmw is the
melting enthalpy of the LMW pellet. The experimental metling enthalpies of the
pellets of HMW and LWM along with the values calculated for the blends in
accordance to Eq. 3.1 and the corresponding crystallinity (see Eq. A.4) are reported
in Table 2.

Table 2. Melting enthalpy (AH) and crystallinity of the LMW and HMW of the pellets recorded during
the second heating cycle; Melting enthalpy (AH) of the blends calculated according to Eq. 1 and
corresponding crystallinity.

Material AH [J/g]  Crystallinity [%]
LMW pellet 2" heating 231 80
HMW pellet 2" heating 187 64
30HMW calculated value 218 75
SOHMW calculated value 209 72
70HMW calculated value 200 69

In addition, in order to evaluate the difference between the theoretical and
experimental data, the latter were determined with DSC analyses and the
corresponding results are reported in Table 3. In addition, the crystallinity content
and the melting temperature are listed.

66



Table 3. Melting enthalpy (AHm), crystallinity content and melting temperature (Tm) of the investigated
materials.

Material AHm [J/g] ~ Crystallinity [%] T [°C]
100LMW 175C 400rpm 208 72 139
30HMW _175C_400rpm 172 59 136
SOHMW 175C 400rpm 171 59 136
70HMW _175C_400rpm 164 57 135
100HMW 175C 400rpm 151 52 133
100LMW _190C 400rpm 189 65 136
30HMW _190C_400rpm 177 61 137
SOHMW _190C_400rpm 174 60 136
70HMW _190C_400rpm 167 58 134
100HMW _190C 400rpm 157 54 131
100LMW _175C _150rpm 177 61 136
30HMW 175C_150rpm 173 60 135
SOHMW _175C_150rpm 182 63 135
70HMW _175C_150rpm 170 59 134
100HMW 175C_150rpm 160 55 132
100LMW _190C_150rpm 180 62 136
30HMW 190C_150rpm 167 58 136
SOHMW_190C_150rpm 167 58 134
70HMW_190C_150rpm 166 57 133
100HMW _190C_150rpm 168 58 132

Then, the difference between the expected melting enthalpies and the actual
values was obtained according to Eq. 3.2:

AHggy = —Eper—2ledle , 10 Eq3.2

AHEx;r)er

where AHgap refers to the difference between the experimental and the
calculated melting enthalpy, AHgxper 1s the experimental melting enthalpy recorded
during the first heating cycle of the compounded material reported in Table 3, and
AHcalc 1s the melting enthalpy calculated according to Eq. 3.1. It is wort nothing
that, considering Eq. 3.2, the value of AHgap will be positive if the experimental
enthalpy (and thus, the crystallinity) is greater than the calculated value. On the
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other hand, if the experimental value is smaller than the calculated one, the final
value will be negative. Lastly, if the two values match, AHgap will be equal to zero.
The interpretation of the data was performed using the DoE approach described in
Section 3.2.2.

3.2.2 Design of Experiment

In accordance with the DoE method, the ranges of values of interest of the
factors (corresponding to the variable parameters) are first required to be defined.
From these, the specific values (or levels) to be used to define the combinations of
factors are then determined. Typically, the minimum and maximum levels
correspond to the boundary values of range of interest. Furthermore, additional
levels are selected within the interval to ensure equidistance between subsequent
levels. Consequently, fixed levels are defined for every factor, resulting in a set of
combinations for each processing parameter corresponding to the experiments to be
performed [444]. This approach enables the effective evaluation of the potential
effects of individual factors on the morphology of the blends. Besides, it is
important to note that defining the ranges of variation for each factor delimits the
so-called experimental domain. It is important to note that defining the ranges of
variation for each factor establishes the so-called experimental domain.
Consequently, the experimental conditions within this domain can be explored and
modeled, even if the trials were not performed in practice, and by systematically
varying all the factors across their levels, the behavior of a specific response across
the domain itself can be modeled. Most importantly, an estimation of the response
can also be obtained in the points of the experimental domain for which no
experimental value was measured.

In the present study, three factors were considered. Specifically, the relative
content of the HMW and LMW matrices, the compounding temperature and screw
speed. For the first parameter, five levels were established with decreasing weight
percentages of HMW in the blend. In particular, 100%, 70%, 50%, 30% and 0%.
Also, two levels were defined for the other two factors, corresponding to 175 and
190 °C for the melt blending temperature, and to 150 and 400 rpm in the case of the
screw rotation speed. As summarized in Table 4, the DoE required twenty
compounding processes to be performed (5 x 2 x 2 = 20). Besides, for the
rheological characterizations, a further factor corresponding to the analysis
temperature was required. The two levels that were considered in this case were
175 and 190°C.
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Table 4. Factors, variable values, and corresponding levels used to define the DoE. The "code" column
refers to the abbreviations used to label the factors in the results section.

Levels
Factors Code  ——1——35 0.5 1
HMW:LMW content HMW
[wt% of HMW] content 30 >0 70 100
Compounding
temperature T 175 190
[°C]
Screw rF:;;(]m speed rpm 150 400
Rheology analysis
temperature / 175 190
[°C]

As previously stated, determining the experimental domain is essential for
estimating responses in experimental conditions where data is not available, even
if the factor values are within the range of the minimum and maximum experimental
levels. Therefore, a mathematical function is necessary to model the domain, which
describes the experimental data acquired in accordance with the DoE scheme.
Among the different approaches that can be exploited, the most common and
flexible method is based on multilinear regression [446]. In fact, given the factors
under examination, MLR allows for the inclusion of additional terms in the equation
of the constituent model. Each term in the equation describes an effect that a
particular factor has on the response. Therefore, defining the experimental domain
through the factors and their levels is strictly connected to the postulated MLR
model, determining the terms that should be included in the mathematical model.
Besides, it is important to note that when factors with two levels are studied, only
the linear and interaction terms of these factors can be modeled. If more than two
levels are present, however, the quadratic terms can also be included. Thus,
considering the DoE scheme used in the present study (Table 4), Eq. 3.3 describes
the MLR model for modeling the response (y). The open-access software
Chemometric Agile Tool was used to perform all DoE modeling using MLR [447].

y= bO + bpwt ' Xpwt + bT ' XT + brpm ' erm + bp_Wt,T ' Xp_Wt * XT +
bp_wt,rpm ) Xp_wt ) erm + bT,rpm X erm + bpﬁvt ) Xpz)_wt Eq. 3.3

Where, by, br and b, are the three linear terms, by wi,7, bp wirpm and bzpm are
the three interaction terms, and bp2v, is the quadratic term. Additionally, the b terms
represent the regression coefficients, which allow us to interpret the actual effect of
each factor on the response y based on their values.
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3.2.3 Rheological results

In order to evaluate the miscibility of the HMW and LMW in their molten state,
the rheological experimental data were compared with the trends of the complex
viscosities obtained considering three different additive rules. In particular, the
logarithmic rule (Eq. 3.4) and the linear rule (Eq. 3.5) predicting the behavior of
miscible blends [448] were used, as was the diluted emulsion of the Newtonian
liquid model (Eq 3.6) [449]:

Inng = Wyyw * Inngyw + (1 — Wyyw) * Innpyy Eq3.4
g = Wamw * Nauw + (1 — Wyyw) * Numw Eq 3.5

_ 5¢+2
Np = Nm * (1 + 2012 * n) Eq 3.6

where 7 is the viscosity of the blend, Wuwmw is the weight fraction of HMW, numw
and nLmw are the viscosities of HMW and LMW, respectively, #m is the viscosity
of the matrix, ¢ is the viscosity ratio between the dispersed phase and the matrix,
and n is the volume fraction of the dispersed phase. In all cases, the viscosity values
of the matrices refer to LMW and HMW being compounded and analyzed in the
same conditions as those of the blend.

3.2.4 Principal Component Analysis

Principal Component Analysis [450] is an exploratory data analysis method
that is used to facilitate the interpretation of multivariate data. In fact, it reduces the
data dimensions and removes the noise owing to the projection of the data onto a
space of fewer dimensions. In particular, this space is defined by the so-called
Principal Components (PCs), which are linear combinations of the original
variables. Each Principal Component describes a portion of the information that is
contained in the modeled data, and the PCs are ordered by decreasing the amount
of explained variance. Thus, by properly selecting the number of PCs, it is possible
to model the actual information of the data and exclude the noise [445].

In the present study, PCA is applied to the rheology data with the aim of
inspecting whether the screw speed, the temperature profile, the blend composition
and the temperature of the rheological measurement have any effects on the
rheological curves. In PCA, the factors’ levels (as discussed in Section 3.2.2) can
be used as “class information” | i.e., the PCA results can be colored according to
the different levels to spot possible groupings and tendencies in the so-called score
plots. These scatter plots, in which pairs of PCs are plotted against the other, are
one of the two main outputs of PCA, and each point on a score plot corresponds to
one sample (i.e., one individual experimental rheological run). This means that
samples that are close to each other will share similar features, while distant ones
will have different results.
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In accordance with the literature, it seems that the application of PCA analysis
to the study of the rheology of polymer blends is an innovative approach. In fact,
only few works concerning PCA analysis of rheological data of asphalts [451] or
bitumen [452], aqueous dispersions for cosmetic use [453], wheat-based doughs
[454,455] and drug-delivering polymer systems [456] are available in the literature.
Nevertheless, in all these studies, a PCA approach is applied to experimentally
measured parameters (such as a cross-over modulus, zero-shear viscosity or phase
angle), while in this work, the overall dependency of the complex viscosity on the
frequency will be analyzed.

In this study, the PCA toolbox for MATLAB [445], developed by the Milano
Chemometrics and QSAR Research Group, was used. The toolbox is freely
downloadable from the group’s website [457].

3.3 Results and Discussion

3.3.1 Rheological behavior

Figure 38 presents the complex viscosity curves for HMW, LMW and their
blends processed at 190 “C and 400 rpm. As expected, the rheological behaviors of
the two pristine polymers strongly differ, according to their different molecular
weights. In particular, LMW shows a pronounced Newtonian behavior, with a
Newtonian plateau developing in the low-intermediate frequency range and mild
shear thinning in the high-frequency region. Otherwise, HMW exhibits a shear-
thinning behavior throughout the whole investigated frequency interval, which is
likely due to the high molecular weight of the samples, implying the formation of a
dense network of entanglements which hinders the full relaxation of the
macromolecular chains in the tested time interval [458]. The blends exhibit a
rheological behavior that is intermediate between those of the two HDPE samples,
with complex viscosity values accounting for the relative content of HMW and
LMW. Nevertheless, it should be noticed that the low-frequency behavior of all the
investigated blends is strongly affected by the presence of HMW; in fact, regardless
of the content of the high-molecular weight HDPE, all the blends exhibit a
prominent non-Newtonian behavior at the lowest investigated frequencies.
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Figure 38. Complex viscosity (n*) as a function of the frequency (o) for HMW (high molecular weight)
and LMW (low molecular weight) (continuous lines) and blends (solid symbols), processed at 190 °C,
400 rpm, and analyzed at 175 C. The values calculated through the logarithmic additive rule (hollow

symbols) are also reported [406]. Reprinted under CC BY 4.0 license.

From the comparison of the experimental data with the calculated values (Egs.
3.4, 3.5,3.6), it emerged that, irrespectively of the blend” s composition and of the
adopted processing conditions, the diluted emulsion model is the worst-fitting one,
as it does not predict reliable values, neither in the low-frequency or in the high-
frequency region. On the other hand, the linear and logarithmic models perform
better. In particular, both models accurately predict the rheological behavior in the
shear-thinning region, especially for frequencies above 10 rad/s, while they
overestimate the experimental values in the low-frequency region, as can be
appreciated in Figure 38 for the blends compounded at 190 °C, 400 rpm and
analyzed at 175 °C. In Figure 39 and Figure 40 are reported the comparisons for all
the other materials studied.
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Figure 39. Comparison between the experimental data (obtained by performing frequency sweep tests
at 175 °C) and the curves obtained by applying additive rules showed in Eqs 3.4-3.6 [406]. Reprinted

Figure 40. Comparison between the experimental data (obtained by performing frequency sweep tests
at 190 °C) and the curves obtained by applying additive rules showed in Eqs 3.4-3.6 [406]. Reprinted
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In order to gain further insights into the miscibility of the two matrices in the
molten state, the Cole-Cole plots of all the investigated materials were analyzed. In
fact, through this representation, the relaxation behavior of the blends can be
assessed, allowing obtaining important information about the miscibility of the
polymers. In particular, the shape and smoothness of the plot of the imaginary part
of the viscosity (1) versus the real part (n’) is evaluated [416,459—461]. According
to the literature, homogeneous polymeric materials with a single-phase
microstructure are characterized by a smooth and semicircular arc, indicating the
presence of a single dynamic population relaxing in a single time interval.
Conversely, more complex shapes (involving the appearance of a second arc or of
a linear tail) are expected for systems presenting distinct relaxation times resulting
from the presence of different phases.

The representative Cole-Cole plots of the blends processed at 190 °C and 400

rpm (whose complex viscosity curves are presented in Figure 38) are reported in
Figure 41. In addition, the curves for all the other blends investigated are plotted in
Figure 42 and Figure 43 for the material analyzed at 175 or 190 °C, respectively.
Firstly, focusing on Figure 41 and as already discussed for the complex viscosity,
the two base HDPEs show a very dissimilar behavior, according to their different
molecular weights. More specifically, the plot for LMW has a semicircular shape,
indicating the complete relaxation of the macromolecules of this sample in the
tested time interval. In contrast, the high molecular weight of the HMW
macromolecules involves the obtainment of longer relaxation times compared to
LMW, and the polymer is not able to fully relax in the same time domain. Once
again, it can be observed that the behavior of the blends is intermediate between
those of the two matrices. In all cases, the curves are smooth and do not show
deviations from the full arc shape, indicating the presence of a unique relaxation
mechanism. This result indicates the achievement of a uniform and homogeneous
morphology in the molten state for all the explored HMW/LMW compositions. As
already inferred from the analysis of the complex viscosity curves, the presence of
HMW strongly influences the relaxation dynamics of the blends; in fact, the blend
containing the lowest amount of HMW (i.e., 30 wt%) also shows a significantly
higher relaxation time compared to LMW.
In addition, the same considerations can be referred to the Cole-Cole plots of the
materials obtained with the other processing parameters combinations (see Figure
42 and Figure 43). This confirms that, in all cases investigated, the HMW and LMW
achieved homogeneous and uniform morphology in the molten state.
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Figure 41. Cole—Cole plot for HMW (high molecular weight), LMW (low molecular weight) and
blends, compounded at 190 °C, 400 rpm, and tested at 175 °C [406]. Reprinted under CC BY 4.0 license.
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Figure 42. Cole-Cole plots for the materials analyzed at 175 °C [406]. Reprinted under CC BY 4.0
license.
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Figure 43. Cole-Cole plots for the materials analyzed at 190 °C [406]. Reprinted under CC BY 4.0
license.

Finally, the effects of the other three parameters (screw rotation speed,
processing temperature and analysis temperature) were investigated. Figure 44
presents the comparison of the complex viscosity curves for the blends compounded
at different screw speeds, maintaining a constant processing temperature and
analysis temperature, while the graphs reporting the comparison of the other
parameters are reported in Figure 45 and Figure 46. Firstly, from a general point of
view, when considering the materials that were compounded under the same screw
speed and processing temperature conditions, an amplification of the non-
Newtonian behavior (i.e., a decrease in the Newtonian behavior and intensification
of the shear thinning) from increasing the content of HMW can be observed.
However, some differences emerge for the behavior of the 70HMW and S0HMW
blends processed at 150 rpm and analyzed at 175 °C: both systems show a more
pronounced shear thinning when compounded at 190 °C.
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Figure 46. Comparison of the complex viscosity curves depending on the variation of the processing
temperature [406]. Reprinted under CC BY 4.0 license.

As far as the screw rotation speed is concerned (Figure 44), the effect of this
parameter is almost negligible for the blends processed at 175 °C. In contrast, for
the systems compounded at 190 °C, higher values of the complex viscosity were
obtained at a low screw speed.

Additionally, the processing temperature seems to only have an effect in a few
cases. More specifically, for the blend compounded at 150 rpm and analyzed at 175
°C, the blends compounded at a processing temperature of 175 °C showed a higher
viscosity than the one compounded at 190 °C. Also, HMW and 70HMW
compounded at 400 rpm and analyzed at 190 °C showed a higher viscosity when
compounded at 190 °C. The same was the case for the 70HMW compounded at 150
rpm and analyzed at 190 °C.

3.3.2 PCA analysis

To investigate the effects of the processing parameters on the rheological
behavior of the blends more deeply, the results from the rheological
characterization were analyzed using PCA. As a first step, PCA requires the
selection of the number of PCs to be modeled [445] or, in other words, to define the
dimension of the model. In our case, the selection was made on the basis of the
variance that is explained by each component, but also considering the information
that is displayed by each component. Some clear trends were found in PC1, while
the information related to PC2 and PC3 (the next PCs of interest) were deemed too
weak to be interpreted clearly. Furthermore, PC1 describes 99.56% of the total
variance, leaving PC2 (0.43%) and PC3 (0.01%) with just the crumbs. So, only the
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information that is described by PC1 was inspected and will be commented on in
the following. The information about the polymer concentrations was used to color
the PCA scores that are depicted in Figure 47b. Additionally, Figure 47a presents
the viscosity curves for all the samples obtained with different compositions (0, 30,
50, 70, and 100 wt% of HMW), extrusion temperatures (175 or 190 °C), screw
rotation speeds (150 or 400 rpm) and testing temperatures (175 or 190 °C). It is
important to highlight that, for the curves presented in Figure 47a, each color refers
to the samples containing the same amount of HMW (irrespectively of the other
considered parameters).

«10°  PC1(99.41 %) scores plot " PC1 (99.41 %) loadings plot
107 e ! 10 e
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Figure 47. (a) Viscosity curves (raw data), colored according to polymer concentrations; (b) PCA
(Principal Component Analysis) score plot of PC1, colored according to polymer concentrations
(“samples” refers to all blends compounded in different conditions); (¢) PCA (Principal Component
Analysis) loadings of PC1 [406]. Reprinted under CC BY 4.0 license.

The most significant results are related to the blend concentration, and this can
be clearly seen in the case of PC1, presented in Figure 47b. As the percentage of
HMW increases, the differences between the blends become larger, along with the
internal variability of each blend: the pure LMW (0% HMW) samples appear to be
much more similar to each other than the 70% and 100% HMW blends. This
difference can be noticed because with an increasing concentration of HMW, the
blends become much more vertically scattered in Figure 47b: the experiments
become “less reproducible”, so the factors that were varied in the DoE scheme have
an enhanced influence on the blend’s properties, as will be discussed below.

The interpretation of the differences between the blends is carried out by
inspecting the loading plot in Figure 47c. All the experiments consisted of a curve
with decreasing values of complex viscosity as the frequency increases, which is
expected considering the pseudo-plastic rheological behavior of the investigated
materials. The blends appear to be mostly distinguished in the low-frequency
region, which is a confirmation of the fact that the value of the zero-shear viscosity
and the low-frequency behavior are crucial in determining the blends’ properties.
The fact that only one Principal Component is able to describe basically all the
information that is present in the data (over 99.4% of the total variance) confirms
that also from a multivariate and holistic point of view, the curves under
examination follow the same viscosity changes that are described by the loadings
of Figure 47c. It is very important to consider that this approach (PCA modeling of
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the data) did not require postulating an a priori model, so what is described in Figure
47 is the actual information that is contained in the data, but represented in a clearer
way, especially regarding the within-blend variability (Figure 47b). Therefore, PCA
and similar multivariate approaches, based on mathematical decomposition, allow
us to retrieve the relative and absolute measurements of the differences between
samples directly from the data.

The distribution depicted in Figure 47b relating to the HMW content is in
accordance with the expected behavior of the viscosity when considering polymers
with different MWs [415]. Moreover, the fact that the viscosities of the blends are
always located between the one of LMW and that of HMW and progressively
increase with the HMW content is further proof of the miscibility of the two HDPEs
[462].

3.3.3 DSC characterization

Multilinear regression was applied to model the DoE experimental results, in
which the displacement (AHgap) between the experimental (AHgxper) and the
calculated (AHcaic) melting enthalpy was determined for each performed experiment
and thus used as the response variable y. According to the postulated model
described in Eq. 3.3, three linear terms (one for each factor), three interaction terms
and one quadratic term were included. The resulting coefficients are visually
depicted in Figure 48a, together with their confidence interval and significance.
Only two terms resulted in relevant (based on the coefficient’s value) and
significant (please note the asterisks in Figure 48a, which correspond to different
significance levels) results: the linear term of the concentration of HMW (HMW
content) and the interaction term between the concentration and the screw rotation
speed (HMW content - rpm). All other terms resulted in non-statistically significant
results, and their relevance was also significantly reduced compared to the
abovementioned interesting terms. For these reasons, only HMW content and rpm
will be discussed. The experimental domain portion represented in Figure 48
corresponds to these two factors.
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under CC BY 4.0 license.

Starting from HMW content, the positive value of its linear term indicates that,
from a general point of view, the response increases as the percentage of HMW
increases (or as the content of LMW decreases). Thus, taking Eq. 3.2 into
consideration, this means that, in general, the greater the quantity of HMW is, the
closer the experimental enthalpy is to the calculated one. However, the interaction
with rpm is also relevant, and this causes a distortion of the response surface across
the experimental domain (Figure 48d), so the interpretation of the linear term of
HMW content alone can be misleading.

To interpret these two effects together, an inspection of the response surface
reported in Figure 48d is required. As can be observed, there are two extreme
situations between which the surface develops: 0% HMW (pure LMW, in blue) on
the left and 100% HMW on the right (in red). The effect of the interaction between
the blends (HMW content) and the screw rotation speed (rpm) can be clearly seen
at these two extremes. The maximum and minimum response values that are
obtained within the experimental domain can be found at low rpm (level of —1 =
150 rpm), with the maximum response at 100% HMW (level of +1 of HMW
content) and the minimum response at 0% HMW (level of —1 of HMW content).
Thus, the lowest enthalpy is obtained for pure LMW processed at low rpm, while
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the highest enthalpy is obtained for pure HMW that is melt-compounded at low
rpm. Moving to higher rpm values, the situation becomes practically unrelated to
the content of HMW, since the response values that are obtained at the two HMW
content extremes (0% and 100%) are essentially the same, especially considering
the associated error. This effect can be more clearly observed in Figure 48c: by
moving horizontally along the top part of the contour plot, the response does not
vary significantly, from about —20 to about —21. Considering that the minimum
error associated to the response surface values is about £2.6 (bottom part of the
color bar of Figure 48b), the difference between these two values is not significant,
so they can be considered virtually equal. The visual description of the error (i.e.,
the confidence intervals) is provided in Figure 48b, whose dimensions correspond
to the response surface of Figure 48d and the contour plot of Figure 48c: they must
be interpreted jointly, as they both describe two quantities within the same portion
of the experimental domain. For instance, an error of about 5.4 is associated with
both the minimum and maximum response values, which are, respectively, —29 +
5.4 and —14 + 5.4. This difference appears to be significant. In between the two
extreme percentages (the two pure polymers) are the blends. The response surface
in Figure 48d (which is the graphical representation of the MLR mathematical
function) allows us to have an estimate of the response also in relation to blends
that were not tested experimentally.

Furthermore, DSC is a well-known indirect technique to evaluate the
miscibility of blends, although there is a lack of research on HDPE/HDPE blends
when considering the effect of the processing parameters [414]. In this context, Bai
et al. [415] investigated the miscibility of two HDPEs with different MWs through
DSC, demonstrating the presence of a single melting peak for all the blends, along
with a decrease in the melting temperature with the increase in the HMW content.
Also, it was observed that the crystallinity of the materials followed a linear
additivity rule. In the present study, either the thermograms that were collected
during the first (Figure 49) or the second (Figure 50) heating scan show the presence
of a single endothermic peak, associable with melting phenomena.
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Figure 49. Thermograms recorded during the first heating scans [406]. Reprinted under CC BY 4.0
license.
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Figure 50. Thermograms recorded during the second heating scans [406]. Reprinted under CC BY 4.0
license.
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Additionally, important considerations are addressed regarding the second
heating cycle. As is observable in Figure 51a, all the blends that were processed
with the different combinations of processing parameters exhibit a decreasing trend
of the melting temperature as a function of the HMW content, although the linear
additivity rule applies exclusively for the materials processed at 175 °C and 150
rpm (R? = 0.996). A similar behavior was noticed as far as the crystallinity of the
materials is concerned. In fact, looking at the data reported in Figure 51b, the values
of the crystallinity degree for the blends are intermediate (apart from
SOHMW _175C 150 and 70HMW _190C 150) between those of the two starting
HDPEs. Furthermore, the crystallinities of the systems processed at 190 °C and 400
rpm follow a linear additivity rule (R? = 0.995), suggesting the achievement of a
fully miscible blend [415]. This result can be explained when considering that the
higher processing temperature, causing a decrease in the polymer viscosity, induces
amore effective disentanglement of the polymer chains, promoting the achievement
of a miscible blend.

Furthermore, from a practical point of view, this refers to the possibility of tuning
the crystallinity of the blends by selecting a specific HMW content and proper
processing conditions [417].
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Figure 51. (a) Melting temperature and (b) crystallinity degree for all investigated materials as a
function of HMW (high molecular weight) content. Dashed lines refer to trend of linear additivity rule
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3.4 Concluding remarks

The present study aimed at deepening our knowledge of the effect of the
processing parameters (relative concentration, processing temperature,
compounding screw speed) on the rheological and thermal behavior, as well as on
the crystallinity, of homopolymer blends that were obtained through the melt
compounding of two HDPEs with different molecular weights. The blends were
processed according to a DoE approach, considering two levels of processing
temperature and screw rotation speed and five levels of composition of the polymer
blend. Then, the obtained materials were characterized using DSC and rheological
measurements. The results of the thermal analysis were investigated by using the
response surfaces of the MLR model, in which the displacement of the experimental
melting enthalpy from the calculated one was used as the response variable. In this
study, two factors were influential: the reciprocal matrix concentration and the
screw speed. Furthermore, the DSC characterization indicated that high shear
stresses and high processing temperatures promote the achievement of fully
miscible materials. Additionally, the rheological behavior was investigated using
PCA, a multivariate approach. In this case, the HMW composition was also found
to be the most impacting parameter. Nevertheless, with a higher HMW content, an
increase in the data dispersion in the score spaces was observed, indicating that the
results are also affected by the processing temperature and the screw speed, whose
effect, however, cannot be detected in the score plot. Overall, the proposed
approach demonstrated that the multivariate analysis allowed us to achieve useful
information about the processing/microstructure relationships in polymer-based
blends, opening up new perspectives towards the application of this strategy in the
study of the effect of the processing conditions on the final morphology of polymer-
based complex systems, such as blended nanocomposites or hierarchically
structured materials.
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Chapter 4

Compounding of PAG6
homopolymer blends

Part of the work described in the Chapter 4 has been previously published in:

“Cravero, F.; Arrigo, R.; Frache, A. Processing/Microstructure Relationships
in Melt Compounded Polyamide 6 with Different Molecular Weights: Effect of
Screw Speed and Viscosity Ratio. Polym. Eng. Sci. 2025, 65, 2525-2538,
doi:10.1002/pen.27165” [163]

Abstract

In the present Chapter, the relationships between the processing parameters and
the microstructure in melt-compounded PA6 are investigated. To this aim, two PA6
having different viscosities are processed in a twin-screw extruder at two different
screw speeds (150 or 300 rpm) and characterized through rheological and thermal
analyses. Furthermore, the thermomechanical field along the screw is simulated
using Ludovic® software, and the obtained results in terms of shear rate, residence
time, and actual temperature are exploited to disclose interesting
processing/microstructure relationships. In particular, the antagonistic role of the
flow-induced crystallization and memory effect in governing the final
microstructure is assessed. Specifically, for high screw speed and viscosity, FIC
outweighs the memory effect due to the higher shear rate and temperature
experienced by the material during processing. Besides, the dominant influence of
FIC over the memory effect is found to be responsible for the higher overall
crystallinity and o/y content observed for the materials processed at 300 rpm.
Finally, the same analyses are performed on blends containing different relative
contents of the two PA6, demonstrating the interdependency of the screw speed and
viscosity effects on the resulting microstructure.
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4.1 Introduction

Aliphatic polyamides are key engineering polymers in fields such as
automotive, aerospace, sports equipment and healthcare due to their valuable
thermo-mechanical performance [463—468]. However, despite extensive research
and application, the influence of processing parameters on the resulting
microstructure remains poorly understood. This is due to the fact that several
complex phenomena occur simultaneously during solidification, determining the
final microstructure. These phenomena are influenced by the thermo-mechanical
field experienced by the material during melt processing [463,464].

First, the presence of the intermolecular H-bonding between the amide groups

of the chains causes the so-called memory effect, whereby the macromolecular
organization of the solid state is partially retained upon melting [164,463,464,469—
475]. Although the interaction weakens with increasing temperature, the hydrogen
bonds are in a dynamic, temperature-dependent equilibrium in the molten state,
meaning they are statistically bonded and broken at every instant. Thus, a constant
average number of free amide groups is maintained, and the complete breakage of
the intermolecular bonds requires specific conditions [464,470,476,477]. 1t is
important to note that the presence of entanglement has also been found to play a
significant role in promoting the memory effect [478]. Additionally, hydrogen
bonds in molten PAs cooperate to achieve shear-induced crystallization, which is a
multi-order coupling process determined by the flow of the molten material
[110,464,469,479]. The final morphology is the result of the competition between
chain relaxation and crystallization kinetics, and even hierarchical crystalline
structures may be formed. This non-equilibrium phase transition depends on
intrachain conformation, interchain orientation, and density fluctuations in the melt
[110,480,481]. Theories such as the "flow-induced coil-helix transition" [482], the
"conformation-density coupling for phase separation" [483], “isotropic-nematic
transition” [484,485], and the “entropic reduction-energy change model” [116]
have been used to describe the evolution of the system by coupling the two
phenomena. However, due to the lack of description of the thermodynamically
determined intermediate morphologies induced by the flow, none of these theories
is exhaustive in modeling the final microstructure [110].
Besides, when both FIC and memory effect were present, their interplay appeared
to determine the resulting macromolecular arrangement, with hydrogen bonding
responsible for the formation of ordered clusters and flow determining the size
distribution [486—488]. Consequently, the influence of the thermo-mechanical field
applied during processing on the resulting microstructure of PAs is evident.

Finally, polyamides are polymorphic materials [164,463,469,471,489—491]. In
PAG6, the two most common crystalline phases are the monoclinic a and y, which
differ in the rotation angle of the amide groups involved in the intermolecular
hydrogen bonding. As a result, the melting temperatures differ, corresponding to
223 °C for o and 215 °C for y [464,489,492-496]. In fact, the poor knowledge of
the dynamics involving hydrogen bonds is the main reason for the limited
understanding of the relationships between processing parameters and the

88



microstructure of polyamides. This results in poor control over the tunability of the
final properties [164—167].

Studies have investigated the effect of thermal or mechanical fields on the memory
effect, FIC, and polymorphism. However, these phenomena have been considered
separately, and the effect of thermo-mechanical fields on melt-processed PAs
remains unclear [469,472,476,490,493]. The impact of temperature and cooling
rates on crystallization is typically evaluated by DSC [489,492—-494,497], and the
effect of shear is monitored through isothermal rheological tests [479,498]. On the
other hand, research is now focusing on real processing equipment to consider
actual manufacturing conditions. For instance, Skorupska et al. [499,500] found
that increasing the extrusion pressure during cold hydrostatic extrusion of PA6
promoted chain orientation and increased the o crystalline phase content. The
enhancement in tensile strength was also appreciated, in accordance with the
expectations of increasing the a over y crystalline phase ratio [471,501-503].

Additionally, the final morphology depends on the macromolecular properties
of the material. For instance, crystallinity is affected by MW and its distribution.
To overcome limitations and achieve high crystallinity contents, ad hoc chains are
usually synthesized [504,505]. A more flexible and scalable alternative is melt
blending polymers with different molecular weights and MW distributions, which
allows for microstructure tailoring. However, this approach has not been
extensively investigated for polyamides, for which existing studies typically
examine the impact of copolymers in blends [406,504,506—509].

For the aforementioned reasons, this study investigated the relationship

between processing conditions and the resulting microstructure of twin-screw
extrusion melt-compounded commercial PA6s with two different MW, and
consequently, viscosities, in order to replicate a monomodal or bimodal molecular
weight distribution. The two materials were evaluated separately or blended in
weight ratios of 30:70, 50:50, or 70:30 of high to low MW. Ludovic ® software was
used to simulate the thermo-mechanical fields during compounding with the
different combination of processing conditions. In particular, key process
parameters such as the actual temperature, shear rate, and residence time, were
modeled. This detailed information enabled a more accurate interpretation of the
results in terms of how the actual processing conditions influenced hydrogen
bonding and entanglement density in the polymer melt during compounding.
Consequently, the use of Ludovic® allowed a deeper understanding of the
mechanisms of competition between FIC and the memory effect in determining the
final microstructure.
It is important to note that, although Ludovic® has already been used in the literature
to simulate compounding processes, this study represents a novelty because it
exploits the software to investigate the relationship between the actual process
parameter values and the microstructure. In particular, the tailoring of
polymorphism through compounding is a topic that has not yet been explored in the
PAG literature, and this study has highlighted the role of the actual values of the
process parameters in balancing the FIC and memory effect and consequently
determining the microstructure.
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4.2 Ludovic® simulations

This software uses a localized, one-dimensional modeling approach to simulate
melt flow along the axis of a co-rotating, intermeshing twin-screw extruder under
steady-state conditions. Besides, it is particularly adequate for applications like the
present one, in which the focus is on studying the thermo-mechanical field inside
the barrel of a twin-screw extruder. The inputs required to run the simulations are
numerous but easily accessible and include the screw profiles (see Figure 98 and
Table 15), set temperature profile, feed rate, screw speed, and the thermal and
rheological properties of the materials. Key process parameters were determined
through these simulations. Specifically, shear rate, actual temperature, and
residence time [168,510-514].

In the study, the screw speed and HV to LV weight content ratio were selected as
the primary variable factors, while the set temperature profile and feed rate were
held constant. The values considered for each parameter are summarized in Table
5. It is worth noting that the temperature profile adopted for the compounding of
the PA6-based systems was defined by considering both the values reported in the
literature for twin-screw extrusion [515-518] and the specific characteristics of the
experimental equipment. In particular, the torque limit of the extruder used and the
viscosities of the polymer matrices were taken into account to ensure stable
processing conditions.

To facilitate identification, each sample was labeled according to its composition
and processing conditions. For instance, the designation “30HV_150rpm” indicates
a blend that contains 30 wt% HV and was processed at a screw speed of 150 rpm.

Table 5. Variables and constant factors used in the Ludovic® simulations.

Factor Levels

Screw speed
[rpm]
Variables MW distribution Monomodal Bimodal

HV:LV content
[wWt% of HV]
Feed rate [g/h] 290
Constants | Temperature [°C] -
from hopper to die

150 300

0 30 50 70 100

220\220\225\230\230\230\230\230

First, the shear rate and residence time were examined. As can be appreciated
in Figure 52, no variation related to the MW or MW distribution was observed for
either parameter. Consequently, the reported curves are representative of all the
material processed at the corresponding screw rate. Specifically, the shear rate
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shows a distinctive trend, exhibiting maximums in correspondence with the
kneading zones and minimums in the conveying sections. The corresponding values
are 76 and 40 s™' at 150 rpm, and 152 and 80 s’ at 300 rpm. Therefore, the role of
screw elements and screw speed in determining the final shear rate was emphasized.
Similar considerations can be applied to the residence time. A reduction of
approximately 25% in the Total Residence Time (TRT), defined as the period
during which the material moves from the hopper to the die, has been observed
when comparing the results of the simulations relative to the processing performed
at 300 or 150 rpm (Figure 52). In addition, a clear distinction emerges in comparing
the Local Residence Time (LRT) values reported in Table 6, highlighting the impact
of screw geometry on the residence time. Furthermore, the impact of the geometry
of the screw element clearly emerges from the comparison of the Local Residence
Time (LRT) values reported in Table 6 (see Section A.2.1 for the screw element
code). In fact, when considering the time spent by the material in each screw section
separately, it was appreciated that the decrease in the TRT is due to the lower LRT
in the conveying sections when the higher screw speed is considered, while no role
is attributed to the kneading zones. Consequently, the simulations demonstrated that
MW and MW distribution do not significantly influence the final residence time.
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Figure 52. Shear rate and TRT along the screw profile [163]. Reprinted under CC BY 4.0 license.

Table 6. LRT and TRT calculated for the compounding performed at 150 and 300 rpm.

LRT [s]
Screw element 150 rpm 300 rpm

C1 6.35 3.17
K30-60-90 27.18 27.18
C2 11.66 5.84
K60 13.00 13.00

C3 14.10 7.40
K60-90 27.18 27.18
C4 13.85 6.98

TRT [s] 126 104
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Different considerations emerged from the investigation of the actual

temperature along the screw profile. In fact, Figure 53 shows that temperature peaks
occurred in correspondence with the kneading elements, and that higher values
were associated with increased stagger angles. This indicates intensified shear and
viscous dissipation. In all cases, the highest temperature was found at the end of the
K60-90 section (see Table 15 for the coding details). In contrast, a consistent
decrease in the actual temperature was recorded in the conveying zones. Besides,
the temperatures at 300 rpm were consistently higher than those at 150 rpm for a
specific formulation and the further enhancing of the HV content at a constant screw
speed led to an increase in the actual parameter.
These results emphasized the significant influence of the screw configuration,
screw speed, and material viscosity on the thermal profile. Specifically, an increase
in either HV content or screw speed results in a more pronounced temperature
increment along the screw profile. Table 7 shows the minimum and maximum
temperatures for each screw section at 150 and 300 rpm for all materials.
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Figure 53. Actual temperature profiles along the screw for the different samples [163]. Reprinted
under CC BY 4.0 license.
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Table 7. Maximum and minimum actual temperature in each screw element for a screw speed of 150 or

300 rpm.
150 rpm
Screw 100HV 150 70HV _150r S50HV _150r 30HV 150r 100LV_150r
element rpm pm pm pm pm
[°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C]
C1 221 221 | 222 222 | 222 222 | 222 222 | 222 222

K30-60-90 221 246 | 222 240 | 222 237 | 222 232 | 222 225
C2 246 231 | 240 230 | 237 229 | 232 227 | 225 225
K60 232 240 | 231 237 | 230 235|229 233 | 228 230
C3 240 234 | 237 233 | 235 232 | 233 231 | 230 230
K60-90 234 251 | 233 247 | 232 243 | 231 239 | 230 233
C4 251 234 | 247 233 | 243 232 | 239 231 | 233 230

300rpm
Screw 100HV 300 70HV 300 50HV 300 30HV 300 100LV_300r
element rpm rpm rpm rpm pm
[°C] [°C] [°C] [°C] [°C] [°C] [°C] [C] [C] [C]
C1 221 221 | 222 222 | 222 222 | 222 222 | 222 222

K30-60-90 221 278 | 222 268 | 222 260 | 222 250 | 222 232
C2 278 247 | 268 243 | 260 239 | 250 236 | 232 229
K60 247 258 | 243 252 | 239 247 | 236 241 | 229 232
C3 258 244 | 252 241 | 247 238 | 241 236 | 232 231
K60-90 244 283 | 241 273 | 238 265 | 236 256 | 231 239
C4 283 247 | 273 244 | 265 241 | 256 238 | 239 233

4.3 Characterization

4.3.1 Rheology

As illustrated in Figure 54, the complex viscosity (n°) of the materials varies
with frequency. As expected, given the difference in molecular weight, 100HV
exhibits higher n* values than 100LV [67,519-521]. Also, both matrices present a
non-Newtonian behavior in the low-frequency region, likely due to the presence of
hydrogen bonds. In fact, these interactions have been shown to restrict the complete
relaxation of macromolecular chains [463,464,469,470,496,521,522]. Additionally,
comparing the complex viscosities of matrices processed at 150 and 300 rpm
reveals similar rheological behavior at both screw speeds. This suggests that, for
neat matrices, screw speed has a negligible effect on the overall rheological
response.

In the case of the blends, the complex viscosities are distributed between those of
the two matrices, and the values increase with higher HV content. A slight non-
Newtonian behavior is also evident at low frequencies. This phenomenon,
previously discussed for neat matrices, can be attributed to the intermolecular
hydrogen bonds. Besides, the effect of screw speed on the n" of the blends is also
negligible. These findings suggest that the blend composition, particularly the HV
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to LV ratio, dominates over screw speed in determining the rheological
characteristics of the system.

—&— 100LV_150rpm
® 30HV_150rpm
4— 50HV_150rpm
10000 5 v 70HV_150rpm
: 100HV_150rpm
0 100LV_300rpm
30HV_300rpm
4 BOHV_300rpm
7— TOHV_300rpm
100HV_300rpm

= 2 2 S

n* (Pas)
=)
S
S
P~ 5T X~ e - S .

O-0.g 0-g.4.~
1004# "esssmemg W NEOOOO 00D O-0-0-0-5-0- 8- m-m - m

0.1 | 10 100
o (rad/s)

Figure 54. Complex viscosities of the materials processed at different processing conditions [163].
Reprinted under CC BY 4.0 license.

4.3.2 DSC

The thermograms presented in Figure 55A—C were obtained during the second
heating scan of calorimetric analyses. The unprocessed materials (Figure 55A)
exhibit a distinct melting peak at 222 °C for both LV and HV, indicative of the
presence of the a crystalline phase [489]. It is also worth noting that the 100HV
sample also exhibits a subtle shoulder at lower temperatures, which suggests the
presence of a small amount of the y phase [500,523]. As reported by Cavallo et al.
[492], the appearance of the latter exclusively in the high molecular weight polymer
can be attributed to the MW dependence of the y phase stability in PA6.
Specifically, the stability range has been shown to widen as the MW increases.
Furthermore, the thermal response of the materials changes upon processing at
either 150 or 300 rpm. As demonstrated in Figure 55B and 41C, both screw speeds
give rise to a multiple melting peak. Deconvolution analyses revealed two distinct
thermal transitions, attributed to the y and a crystalline phases, respectively. The
corresponding melting temperatures are summarized in Table 8. A comparable
melting profile was observed across all blend compositions, indicating that the
compounding process consistently promotes y phase formation. This effect appears
to be largely unaffected by variations in screw speed, HV content, or molecular
weight distribution. Additionally, when focusing on the cooling thermograms (see
Figure 55D and 41E), a single peak emerges, regardless of the processing speed or
formulation. The corresponding crystallization temperatures (Tcryst) are reported in
Table 8.
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Figure 55. Thermograms of the second heating scan of the A) pre-processing 100HV and 100LV, and

the materials compounded at B) 150 or C) 300 rpm. In addition, the corresponding cooling ramps are

reported for a screw speed of D) 150 and E) 300 rpm, respectively [163]. Reprinted under CC BY 4.0
license.

Table 8. Melting temperatures of the y and o phases measured during the second heating scan and
crystallization temperatures of the materials processed at 150 or 300 rpm [163]. Reprinted under CC
BY 4.0 license.

' Melting temperature [°C] Crystallization

Material Y a temperature [°C]
100LV_150rpm 215 222 189
30HV_150rpm 215 222 187
S50HV_150rpm 215 221 186
70HV_150rpm 215 221 185
100HV_150rpm 214 220 183
100LV_300rpm 215 221 189
30HV_300rpm 215 221 189
50HV_300rpm 215 221 188
70HV_300rpm 214 220 187
100HV_300rpm 214 220 185

As expected, the melting enthalpy (AHm) calculated for all the materials from
the second heating ramp, decreases with increasing MW [524]. As can be seen in
Figure 56A, this trend is evident for both the matrices, regardless of screw speed.
However, it has also been observed that enhancing the latter parameter can increase
the AHm for a specific material, and the effect is more pronounced for HV than for
LV.
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Different behaviors emerge in the blends depending on the combination of HV
content and screw speed (Figure 56A). Specifically, the resulting melting enthalpies
decrease as the HV content increases when processed at 150 rpm. At the same time,
the AHm of the blends are higher than expected based on the linear combination of
the values obtained from the matrices compounded at the same screw speed. On the
other hand, when 300 rpm was used, the resulting melting enthalpies appeared
independent from the HV content. In addition, when taking into account the linear
combination of the values of the two matrices, the AHp, of the blends are lower.
Additionally, further considerations can be addressed by comparing the data for the
blends compounded at different screw speeds. Higher AHn values were indeed
recorded for materials processed at 150 rpm than at 300 rpm. However, the
difference in the corresponding system values decreases as the HV content
increases. Therefore, if the screw speed and MW have an independent effect on the
final crystallinity content of the matrices, this feature is no longer true for the
blends. The crystallinity contents of all materials, calculated from the second
heating ramp for the compounded and pre-processed polymers according to Eq.
A.4, are reported in Table 9.

Lastly, Figure 56B shows the crystallization temperatures. According to the
literature [471,525], the Teryst of the matrices decreases with increasing HV content.
It is worth noting that the current study revealed that this trend is also independent
from the screw speed. The same behavior is observed in the blends. In fact,
regardless of the screw speed, the experimental Teryst 1S consistent with the linear
combination of the crystallization temperatures of the matrices, and the values are
slightly higher than the calculated ones. Additionally, by comparing the ones for a
single material compounded at two different screw speeds emerges that a higher
Teryst 1 associated with the blend processed at 300 rpm. These findings suggest a
positive correlation between the parameter and crystallization temperature
independent from the HV content.
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Figure 56. A) Melting enthalpy calculated for all the materials from the second heating ramps; the
linear combination of the AHm of the two matrices is indicated at the two different screw speed by
dotted lines. B) Crystallization temperatures of the materials processed in different conditions; the
dotted lines represent the linear combination of the Teryst of the two matrices [163]. Reprinted under
CC BY 4.0 license.
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Table 9. Crystallinity content of the pre-processing matrices and compounded materials at 150 and 300

rpm.

Material Crystallinity content [%]
100LV _pre-processing 29
100HV_pre-processing 23
100LV_150rpm 33
30HV_150rpm 35
50HV_150rpm 33
70HV_150rpm 31
100HV_150rpm 24
100LV_300rpm 37
30HV_300rpm 31
S0HV_300rpm 32
70HV_300rpm 30
100HV 300rpm 33

The relative content of the a and y crystalline phases was assessed through a
deconvolution procedure. As shown in Figure 57A and B, both phases are present
in materials compounded at 150 or 300 rpm. Additionally, the o phase is more
abundant in the matrices regardless of the screw speed, and the relative content is
higher in 100LV than in 100HV.

Comparing the processed and pre-processing matrices provides additional insights.
In the case of 100LV, the a phase content decreases with compounding,
independently from the applied screw speed. In contrast, it remains relatively
unchanged in 100HV following processing at 300 rpm, when compared to the
unprocessed sample. Regarding the y phase, its content in the pre-processed HV
sample is lower than in the two processed counterparts (100HV 150rpm and
100HV_300rpm), thereby supporting earlier observations (Figure 55) that
compounding enhances y crystalline formation. A similar trend is observed in the
blends (Figure 57A and B). In fact, the a phase is more abundant than the y phase
across all compositions. Additionally, as HV content increased, a general decrease
in both crystalline phases was observed, indicating a reduction in the overall
crystallinity.

A more detailed understanding of the interaction between processing conditions and
crystalline structure is provided by analyzing the o/y phase ratio, as reported in
Figure 57C. The highest a/y ratios for 100LV and 100HV are achieved at 300 rpm,
suggesting that elevated screw speeds favor the formation of the a crystalline phase
in the neat materials. However, among the blends, only 70HV exhibits a trend
similar to that of the matrices, while 30HV and 50HV display higher o/y ratios when
processed at 150 rpm.

These results highlight the complex interplay between screw speed and
molecular weight in determining phase distribution. The a/y ratio does not depend
exclusively on a single parameter; rather, it is determined by the interplay of
processing and compositional variables. It is noteworthy that comparable o/y ratios
can be attained through various processing conditions. For instance,
30HV_150rpm, 50HV_300rpm, and 70HV_300rpm all exhibit comparable a/y
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values, despite differences in HV content and screw speed exploited for their

compounding.
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Figure 57. Height of the a and y peaks, obtained by deconvolution of the melting peaks detected by the
second heating ramp at A) 150 or B) 300 rpm; C) a/y height ratio of the materials compounded at the
two screw speeds [163]. Reprinted under CC BY 4.0 license.

4.4 Discussion

In order to understand the relationship between processing parameters and
microstructure, simulations performed with Ludovic® were crucial to interpreting
the results of characterization techniques. First, the simulations provided actual
information on temperature, shear rate, and residence time as a function of the
selected processing conditions. Second, considering the role of these parameters in
primarily affecting H-bonding stability and entanglement density, the evolution of
macromolecular dynamics could be evaluated more accurately. Consequently, the
simulations provided further insight into the effect of the thermo-mechanical field

on the final microstructure, highlighting the crucial role of the memory effect and
FIC.

4.4.1 Matrices

A systematic investigation was conducted to evaluate the influence of screw
speed and molecular weight on the thermal and structural characteristics of the
materials under study. DSC analyses revealed an increase in the post-processing
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melting enthalpy values, which indicates a higher degree of crystalline order within
the polymer matrices. This finding was primarily attributed to the shear-induced
alignment of the macromolecules occurring during the melt compounding process,
a finding that is in agreement with existing literature on the subject. In particular,
the flow-induced crystallization and the presence of hydrogen bonds have been
shown to promote an increase in the degree of molecular ordering
[110,469,479,488,526,527]. The results of numerical simulations performed using
Ludovic® software (Figure 52) further confirmed the hypothesis that elevated screw
speeds correspond to higher shear rates within the extrusion system, with the
increase of the values from 76 and 40 s™ at 150 rpm to 152 and 80 s at 300 rpm,
respectively. Concurrently, the DSC results showed that the values of AHn of the
matrices processed at 300 rpm were higher compared to those processed at 150 rpm
(Figure 56A), and this is indicative of a higher crystallinity. The observed
correlation between an increased shear rate and the final crystalline content is
consistent with previous findings and reinforces the critical role of processing
parameters in determining the thermal and structural characteristics of polymeric
materials [528].

A more in-depth analysis of the effect of the compounding process on

crystallinity was conducted, taking into account that different shear-induced
crystallization regimes are promoted depending on the applied shear rate and the
intrinsic characteristics of the polymer chains. Consequently, this results in the
production of different morphologies [110,498,527,529]. The assessment of the
active crystallization regime was performed by calculating two dimensionless
parameters, the Weissenberg numbers, which are defined as the product of the
applied shear rate and the longest relaxation time (Wrep) or the Rouse time (Ws),
respectively [498]. A Wy value greater than one indicates chain orientation
promoted by processing. Furthermore, a W5 value that exceeds one denotes the
occurrence of macromolecular stretching. Consequently, at low shear rates, where
both Wi, and W are lower than one, the effect of shear-induced crystallization is
negligible, and the final morphology resembles that of the polymer in a quiescent
state. Subsequently, at elevated shear rates, enhancements in chain orientation and
elevated crystallization kinetics are obtained when Wi exceeds one and Wi
remains less than one, resulting in the formation of fine spherulites with more
ordered macromolecular chains. Finally, at even greater shear rates, both Wy, and
W; exceed one, indicating a regime where the chains are not only oriented but also
stretched, allowing even the formation of highly ordered, shish-kebab-like
structures.
To evaluate the Weissenberg numbers for the 100HV and 100LV matrices
processed at two different screw speeds, the shear rates obtained from Ludovic®
simulations were employed. In addition, the longest relaxation time and the Rouse
time, as calculated by Massaro et al. [498], were utilized. As shown in Table 10,
the resulting values of Wrep and Wy indicate that, for all materials, the first parameter
is greater than one, while the second is lower. Consequently, the expected
microstructure consists in all cases of spherulites containing ordered
macromolecules, with no shish kebabs present.
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Table 10. Wrep and Ws for 100HV and 100LV compounded at 150 and 300 rpm. The maximum and
minimum values of shear rate are reported between branches for the two screw speeds.

Wrep Wi
Material 150 rpm 300 rpm 150 rpm 300 rpm
(40s' -76s")  (80s!—152s") (40s' —76 s (80s' —152s")
100LV 1.60 — 3.04 3.20-6.08 3.99:10% - 7.58:102% 7.98:102-1.52-10"!
100HV  5.60—10.64 11.20-21.28 | 7.00-10%—1.33-10" 1.40-10" -2.66 10!

The results can be interpreted in light of the role of the memory effect related
to the presence of H-bonding and entanglements, as well as the FIC due to the shear
rate applied to the materials. A comparison of 100HV and 100LV reveals that the
former exhibits a greater content of intermolecular hydrogen bonds and
entanglement, attributable to its larger molecular weight. Consequently, the
molecular friction in the molten state is greater, which limits the motion of the
chains and results in a lower crystallinity content compared to the low MW matrix
[464,478,530].

Furthermore, additional considerations regarding the relationship between the
compounding parameters and the crystallinity emerged when examining the
temperature trend along the screw profile modeled with Ludovic® (Figure 53 and
Table 7). Specifically, the high molecular weight polymer is subjected to elevated
temperatures in comparison to the low MW one, despite both being processed at
the same screw speed. Furthermore, larger differences from the set temperatures are
achieved at 300 rpm.

The observed discrepancies in the AHmn with respect to MW and temperature
variation can be attributed to the temperature dependence of entanglement and
hydrogen bonding densities in polyamides. In particular, it is well known that a
dynamic, temperature-dependent equilibrium of hydrogen bonding density occurs
in the molten state of PAs. Additionally, although the phenomenon is less intense
at higher temperatures, data relative to the actual temperature and TRT modeled
with Ludovic® suggest that the parameters are conservative compared to the
conditions reported in the literature when considering the erasure of the memory
effect. The reference values are 270°C for 10 min or 280°C for 90 min
[464,470,474,476]. According to the results discussed in Section 4.2, the 100HV
scenario requires the most attention. In fact, the material is exposed to the highest
temperature peaks (251 and 283 °C at 150 and 300 rpm, respectively). However,
these values are outliers when considering the entire temperature profile along the
screws. Additionally, the corresponding TRTs of 126 and 104 s at 150 and 300 rpm,
respectively, are much shorter than the reference times reported in literature.
Therefore, the memory effect is always an active mechanism in the current study.

In consideration of these findings, the smaller difference in the melting enthalpy
between 100LV_300rpm and 100HV_300rpm, as compared to the corresponding
materials processed at 150 rpm, is explained by the decreased memory effect
intensity resulting from the higher temperatures reached at 300 rpm. Reducing
intermolecular hydrogen bonding density leads to diminished molecular friction
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and increased macromolecular mobility [464]. At the same time, entanglements are
less abundant at higher screw speeds than at lower ones [478]. Consequently, the
memory effect is likely weaker compared to the FIC active under the same
processing conditions.

Furthermore, the aforementioned considerations offer a potential explanation

for the observed variations in the o/y ratios. As illustrated in Figure 57C, a
comparison of the values for the two matrices that were compounded at the same
screw speed reveals that the o/y contents are greater for the materials that were
processed at the highest screw speed. Additionally, the results are more similar for
the 100HV and 100LV produced at 300 rpm. These results can be attributed to the
decreased density of molecular constraints caused by the effect of the applied shear
rate and temperature, which likely results in a more similar effect of shear on chain
orientation and a greater o phase content. Specifically, as the screw speed increases,
the FIC effect becomes dominant over the memory effect. As discussed above,
however, the latter remains active due to the contribution of hydrogen bonds,
considering the actual temperature and residence time [464,470,474,476,478].
Furthermore, the non-Newtonian behavior observed in the low-frequency region of
the complex viscosity in Figure 54 confirms the presence of entanglement which,
in turn, further promotes the memory effect.
On the other hand, it is also to be taken into account that the decrease in H-bonding
density caused by an increase in temperature not only weakens the memory effect,
but it may also negatively impact the FIC. However, the latter phenomenon is
promoted by the higher shear rate faced by the material at 300 rpm (Figure 52). This
is particularly evident from the rise in Wrep promoted by the increase of the screw
speed, as reported in Table 10. Further confirmation emerges from comparing the
crystallization temperatures measured in the different cases (Figure 56B). Indeed,
for a given matrix, higher Teyse values correspond to the material processed at the
highest screw speed and, as known from the literature, this is associated with faster
crystallization kinetics [110,471,526,531]. In addition, the predominant role of the
FIC over the memory effect at the highest screw speed is assumed to be the basis
of the larger difference between the Teryst of the high MW matrix processed at 150
or 300 rpm, when compared to the smaller difference observed for 100LV in the
two cases.

Subsequently, a comparison of the a and y content in the pre-processed and
compounded matrices gave rise to additional considerations. As illustrated in Figure
55 and Figure 57, the latter crystalline phase is more abundant after processing, at
the expense of a. This indicates that the processing significantly impacts the final
morphology. Indeed, the a crystalline phase is the more stable of the two [489], thus
its decrease during the compounding step suggests that extrusion promotes
macromolecular disorder. However, an increase in the o/y content is observed when
comparing values calculated for the same material processed at 150 or 300 rpm
(Figure 57C). This behavior is consistent with previous observations that high shear
rates promote the formation of o in PA66 while having a negligible effect on y
[528]. Consequently, the occurrence of the y phase post-processing can be ascribed
to the interplay between memory effects and FIC, both of which are active in the
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processing under investigation. Specifically, at 150 rpm, the molecular constraints
hinder chain mobility, preventing the a phase formation. At 300 rpm, the higher
screw speed reduces H-bonding and entanglement density, which in turn favors the
formation of the more stable phase due to enhanced chain mobility.

Therefore, it can be concluded that the final crystallinity and o/y content are
improved in the matrices processed at higher screw speed, while the role of the
molecular weight appears to depend on the screw speed selected.

4.4.2 Blends

In the case of blends, the decreasing trend of the AHm with increasing HV
content that can be observed in Figure 56A for the materials compounded at 150
rpm, has been explained by considering the antagonism of the memory effect and
the FIC. Indeed, the higher HV content in the formulation leads to an increase in
macromolecular constraints, both in terms of H-bonding and entanglement
densities, due to the greater MW chain content. This is consistent with earlier
considerations regarding matrices, in which the increase in MW and screw speed
was related to an improvement in chain order owing to an intensification of FIC and
weakening of the memory effect. However, a positive deviation is observed when
comparing the experimental values with the modeled ones, derived from the linear
combination of the melting enthalpy of the matrices. This observation indicates the
occurrence of a cooperative mechanism that is active in the presence of a bimodal
molecular weight distribution, thereby promoting crystallinity. By contrast, no such
considerations can be applied to the melting enthalpies of the blends processed at
300 rpm (Figure 56A). In this case, the AHn, appears to be independent from the
high MW content, and the experimental values are lower than the ones derived from
the linear combination of the melting enthalpies of the matrices. In this regard, an
increase in screw speed appears to be disadvantageous for the overall crystallinity
content in the presence of a bimodal MW distribution. Furthermore, a comparison
of the a/y ratio of a specific blend processed at 150 or 300 rpm reveals a general
increase in the less stable phase, promoted by the higher screw speed (Figure 57C).

Additionally, the comparison of the Teryst (Figure 56B) reveals that the values
of the blends processed at 300 rpm exceed those measured for the materials
compounded at 150 rpm. This finding suggests that the crystallization kinetics in
the former case are expected to be higher [110,471,526,531].

4.5 Concluding remarks

The present Chapter investigated the relationship between processing
parameters and microstructural evolution in melt-compounded PA6, focusing on
the effects of screw speed and viscosity. For this prupose, the use of Ludovic®
software was crucial to obtain the actual values of the temperature, shear rate and
residence time faced by the different materials along the barrel during
compounding. In particular, this study represented a novelty because it specifically
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focused on tailoring the microstructure of PA6 homopolymer blends using twin
screw extrusion. Besides, it clearly highlighted the impact of the actual values of
the processing parameters on the balance between the FIC and memory effect
which, in turn, was identified and discussed as fundamental for microstructure
tailoring.

In particular, a series of simulations of the thermo-mechanical fields present were
performed, and it was assessed that increasing the screw speed results in an
enhancement of the shear rate and a reduction of the TRT, thereby altering the
thermal and rheological conditions during extrusion. Additionally, higher MW and
screw speed resulted in increased temperatures along the screw profile.
Furthermore, thermal analysis revealed that the overall crystallinity and the o/y ratio
increased with screw speed. This behavior was attributed to the antagonistic effects
of FIC and the thermal memory effect. Specifically, elevated shear rates reduced
chain entanglement, and higher temperatures decreased hydrogen bonding density.
Consequently, this results in a reduction of macromolecular constraints, thus
allowing FIC to increase overall crystallinity and o phase formation.

Furthermore, blends with varying HV/LV PAG6 ratios were characterized to
evaluate the combined influence of bimodal molecular weight distribution,
viscosity, and screw speed. While clear correlations were identified for the
matrices, the blend behavior exhibited a higher degree of complexity. Specifically,
the simultaneous presence of LV and HV has been observed to affect the
mechanism by which the applied shear rate promotes macromolecular orientation.
Furthermore, existent FIC models do not adequately account for transient
morphologies or the role of the amorphous phase in achieving final structure
formation. Therefore, it is unclear whether the crystalline structures observed in the
blends after processing are stable configurations or transitional states.
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Chapter 5

Eftect of elongational flow on PA6
homopolymer blends

Abstract

The present Chapter investigated the effect of the superposition of shear and
non-isothermal uniaxial elongational flows on the processing parameters-
microstructure-properties relationship in melt-compounded PA6 homopolymer
systems. In particular, given the conclusions of Chapter 4, the role of compounding
screw speed (150 or 300 rpm), the intensity of the elongational flow, the average
MW (high and low viscosity), and the MW distribution (mono- and bimodal) were
analyzed. Subsequently, the materials were subjected to thermal and tensile testing
to assess their properties. Additionally, the drawability in the molten state was
evaluated.

The average molecular weight and elongational flow were found to play a primary
role in determining deformability and mechanical properties due to their effects on
entanglement density and chain orientation, respectively. Furthermore, the MW
distribution was found to play a secondary role in relation to the applied shear rate
and was particularly significant in stabilizing the melt and enhancing drawability.
In particular, the elongational flow was assessed to promote chain orientation and
the formation of the more stable a crystalline phase in monomodal systems. Its
intensity was directly related to increased strength and strain hardening.
Conversely, a more complex evolution of the crystallinity emerged when
considering the bimodal MW distribution. Finally, despite the variations in the
content of the a and 7y crystalline phases, an overall negligible effect of the
polymorphism on the mechanical behavior was observed.
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5.1 Introduction

As detailed in Chapter 2, the application of uniaxial elongational flow to the
extruded material right after the die promotes chain orientation, leading to effective
macromolecular structuring. Furthermore, the final morphology is influenced by
the isothermal or non-isothermal condition under which the drawing is performed
[5,110,115,118,121-124,126,143,161]. This technique is widely used in industry to
produce fibers, wires and films for various applications
[5,91,92,143,145,146,148,228,230,231]. As a result, the study of the impact of the
application of uniaxial elongational flow on the processing parameters-
microstructure-properties relationship is not merely of academic interest.

Considering polymer blends, the literature mostly focuses on immiscible
systems (see Section 2.1.4), highlighting the improved breakup and dispersion of
the minor phase when the field is applied, along with the progressive evolution of
the microstructural arrangement from homogeneous spherulites to well-oriented
lamellar structures. In addition, as reviewed by Arrigo et al. [115], when
homogeneous polymers are considered, the progressive alignment of the
macromolecules according to the flow direction is assessed. Therefore, the
application of a uniaxial elongational field to semicrystalline polymers results in
the closer arrangement of macromolecules, leading to a reduction in the energy
barrier for the crystallization and an enhancement in the crystallization kinetics and
orientation of the resulting crystalline phases [242,532—535]. The main outcome is
an improvement in tensile properties with an increase in draw ratio. Thus, higher
stiffness and lower ductility are expected from the material after drawing
[115,254,536-543].

The present study investigated the impact of elongational flow on the
microstructure and properties of melt compounded PA6 homopolymer systems.
The uniaxial field was applied right after the die of the twin screw extruder used for
processing the materials, thereby corresponding to a non-isothermal drawing
condition. Additionally, the simultaneous variation of screw speed was taken into
account. Such experimental design allowed to evaluate the effect of the
superposition of the shear and elongational flows on the microstructure of the
processed materials.

Considering the conclusions of Chapter 4, relative to the analysis of the effect of
the thermo-mechanical field applied during compounding onto the polyamide
matrices and blends, three materials were selected. Specifically, the two high MW
and low MW matrices, and the blend containing 30 wt% of the former. The
selection was made taking into consideration the microstructure obtained in the
blend. In fact, the chosen material exhibits an opposite trend compared to the
individual matrices in terms of the o/y phase ratio and melting enthalpy. For the
matrices, these two parameters increase with screw rotation speed. However, for
the blend containing 30 wt% of HV, the values are maximized at lower speeds
(Figure 56A and Figure 57C).

Elongational flow was applied using an ad hoc apparatus equipped with a series of
rotating pulleys that caught the filament and drew it at an increasing speed. The
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resulting microstructure, in terms of crystallinity content and o/y ratio was analyzed
with DSC analyses, while the final mechanical properties of the fibers were
evaluated through tensile tests as function of the DR, which was calculated in
accordance with Eq. A.2. Furthermore, the data were interpreted by taking into
consideration the relationship between processing parameters, microstructure, and
properties, following the approach used in the previous Chapters.

An overview of the variables and constant factors used in the production of the
fibers discussed in this Chapter is provided in Table 11.

Table 11. Variables and constant factors used for the production of the PA6 homopolymer fibers.

Factor Levels
Screw speed 150 300
[rpm]
MW distribution Monomodal Bimodal
Variables | HV:LV content
[wt% of HV] 0 30 100
Stretching speed From 0 to 1000 or to filament breakage -
[rpm] Acceleration mode
Feed rate [g/h] 290
Constants Temperature [°C]
- from hopper to 220\220\225\230\230\230\230\230
die

In the present section, the materials are identified with a code that includes the
reciprocal content of the HV and LV matrices expressed as a percentage, the screw
speed in rpm, and, in the case of the fibers, the value of the calculated DR. For
instance, “30HV_150rpm_DR200” denotes a fiber obtained from the blend
containing 30 wt% of HV, with a screw speed of 150 rpm and characterized by a
DR of 200. It is worth noting that the code “DR1” corresponds to materials for
which no drawing was applied (see Eq. A.3).

5.2 Characterization

5.2.1 Drawability

The ability of the materials to withstand stretching in the molten state was
evaluated through the BSR (see Eq. A.2). The corresponding data are reported in
Figure 58. Focusing on the matrices processed at 150 rpm, the increase of the MW
corresponds to the lowering of the drawability. This behavior is in accordance with
the expectations, considering the higher entanglement density in the 100HV in
comparison to the 100LV, when processed in the same conditions [198,544]. As a
consequence, the first material is expected to have a greater extent of elastic
response between the two, leading to more pronounced instabilities in the melt and
in lower drawability prior to melt fracture [545-547]. When considering the blend,
the BSR is between those of the two matrices. This behavior is explained
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considering the role of the average molecular weight on the drawability along with
the bimodal MW distribution. In fact, the average MW is related to the
entanglement density in the material; thus for the blend, having an in-between
average molecular weight, the drawability is expected to be between that of the two
matrices [548,549].

Furthermore, in Figure 58 the BSRs calculated for the materials processed at
300 rpm are reported. In such operative conditions, it was not possible to obtain the
fibers from the 100LV 300rpm. On the other hand, the elongational flow was
successfully applied to both 100HV 300rpm and 30HV 300rpm. For the high
molecular weight matrix, the BSR reached a value of 410, which is higher than that
obtained for the same material processed at 150 rpm. Furthermore, a significant
increase in BSR is appreciated for the blend. In fact, at the highest screw speed the
material was not subject to breakage even at the highest applied stretching speed.
This improvement in polymer deformability can be explained considering the
results of the Ludovic® simulations provided in Section 4.2. In particular, as
highlighted in Figure 52, the increase of the screw rotation speed corresponds to a
higher shear rate applied. Thus, an increased detangling effect is expected on the
polymer processed at 300 instead of 150 rpm. Therefore, the ability to withstand
drawing is improved [163,198,478,550]. Besides, a further effect of the increase of
the intensity of the shear flow at the higher screw speed lies in the dynamics
occurring at the entrance of the capillary die. In fact, in this part of the extruder the
flow field imposes a uniaxial stretching to the macromolecules, which increases
accordingly to the screw rotation speed and furtherly promotes their orientation
[549,551,552].

Lastly, a synergistic role of the MW distribution and the screw rotation speed
may be considered. In particular, from the comparison of the BSR values reported
in Figure 58, it can be appreciated that the increase in the drawability of 30HV in
correspondence to the higher shear rate applied is considerably greater than the one
obtained for 100HV. These evidences can be explained considering the known
effects of the MW distribution of polymeric materials on the melt instabilities. In
fact, it has been reported that the latter occur under more demanding processing
conditions in the presence of a bimodal MW distribution than in a monomodal MW
distribution matrix [545,553,554].
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Figure 58. BSR of the materials processed at 150 and 300 rpm. The “~” indicates that no rupture was
observed under the experimental conditions used. Also, no data are reported for the 100LV_300rpm
because it was not possible to obtain the fibers in such operative conditions.

5.2.2 DSC

For the thermal analyses, the materials obtained at the same extent of the
uniaxial elongational field were considered in order to investigate the effect of the
applied flow. Thus, all the data reported for the drawn materials in the present
section refer to a DR of 350.

Willing to investigate the structuring impact of the processing step, in Figure

59A and B are shown the thermograms of the first heating ramps of the fibers
obtained from the polymers compounded at 150 or 300 rpm, respectively.
Considering the materials produced at the lowest screw speed (Figure 59A), the
peak at about 222 °C (see Table 12) attesting the presence of the a phase [489] is
appreciated in all cases, regardless the MW and MW distribution considered.
However, it is important to note that the I00HV_150rpm_DR350 exibits a second
peak at 215 °C related to the y phase [500,523].
On the other hand, when considering those processed at 300 rpm, differences in the
crystalline structures obtained after the application of the elonational flow clearly
emerge. In this second case, the high viscosity matrix showed a single peak at 221
°C, corresponding to the melting of the a phase, while no signal related to the y can
be detected [489]. On the contrary, the presence of the latter crystalline phase is
suggested in the 30HV 300rpm_ DR350 by the subtile shoulder at 212 °C
[500,523].

Besides, the cooling thermograms of the fibers are shown in Figure 59C and D
for the polymer compounded at 150 or 300 rpm, respectively. What emerges is that
in all cases a single crystallization peak is present. Thus, independently of the
material or the screw speed considered.

Lastly, in Table 12 are reported the values of melting temperatures relative to
the first heating ramp along with the crystallization temperature relative to the
thermograms shown in Figure 59.
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Figure 59. Thermogram of the first heating scan of the fibers having DR of 350 and compounding
screw speed of (A) 150 and (B) 300 rpm; corresponding cooling ramps for the materials processed at
(C) 150 and (D) 300 rpm.

Table 12. Melting temperatures of the y and a phases measured during the first heating scan and
crystallization temperatures of the fibers having DR of 350 and processed at 150 or 300 rpm.

Melting temperature [°C] Crystallization
Material v a temperature [°C]
100LV_150rpm_DR350 - 222 188
30HV_150rpm_DR350 - 223 188
100HV_150rpm_DR350 215 221 186
30HV_300rpm_DR350 212 222 188
100HV_300rpm_DR350 - 221 187

Furthermore, in order to highlight the different thermal behavior assessed
above, in Figure 60A and B are reported the comparisons between the heating
thermograms of the fibers of 100HV and 30HV, respectively. For the matrix (Figure
60A), the disappearance of the y phase with the increase of the screw speed can be
attributed to the improved macromolecular order promoted by the higher shear rate
applied at 300 rpm if compared to those at 150 rpm. As extensively discussed in the
previous Chapter 4 (see Section 4.4), the increase of the macromolecular order is
promoted by the higher shear rate and actual temperatures applied to the material
during processing. Therefore, the disentanglement of the chains is promoted and
the predominance of the FIC over the memory effect is achieved. As a consequence,
the formation of the more stable a crystals is favored over the y phase
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[163,464,470,474,476,478]. On the other hand, for 30HV (Figure 60B), the
opposite behavior emerges. The formation of the y crystalline phase promoted by
the increase of the applied shear rate is in accordance with the observations reported
in Chapter 4. The evolution of the microstructure as function of the screw speed
was there related to the bimodal MW distribution affecting the relaxation dynamics
involved in the chain orientation, as a consequence of the increase of the appied
shear rate [163].

Considering the above discussion, a dominant role of the shear over the
elongational flow in tailoring the microstructure may be suggested. However, a
deeper investigation on the melting enthalpies and a/y contents of the fibers led to

different findings.
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Figure 60. Comparison of the first heating scan of the fibers having DR of 350 and processed at 150
and 300 rpm in the case of (A) 100HV and (B) 30HV.

In Figure 61A, the melting enthalpies calculated from the first heating ramps
of the fibers are compared with those of the second heating ramps of the
corresponding isotropic materials, as discussed in Chapter 4.

Firstly, let’s focus on the AHm of the fibers. When the two matrices are
processed at 150 rpm, the melting enthalpy lowers with the increase in the MW,
thus showing an inversely proportional trend with the chain length. Additionally,
the AHn, of the blend is consistent with the theoretical value predicted by the linear
combination of the melting enthalpies of the two individual matrices. Besides, from
the comparison of the data with those calculated for the fibers obtained at 300 rpm,
it emerges that the AHm of the 100HV matrix is comparable, regardless the screw
speed considered. On the other hand, only a slight increase is obtained for the blend
processed at 300 rpm. These observations suggest that the effect of the intensity of
the shear rate in determining the melting enthalpy of a specific material is negligible
when elongational flow is applied.

In addition, from the comparison of the AHm of the fibers with those of the
corresponding isotropic materials compounded at the same screw speed (Figure
61A), the impact of the application of the elongational flow can be appreciated. For
the samples processed at 150 rpm, a negligible effect emerges for 100LV. In
contrast, for the 100HV, the drawing appears to increase AHm, while an opposite
trend is observed for the 30HV blend, where elongational flow leads to a slight
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decrease of the value. Furthermore, also for the materials processed at 300 rpm, the
impact of elongational flow on AHn, varies depending on the material considered.
Specifically, a reduction is observed for the 100HV fibers, while a moderate
increase is seen in the 30HV blend. Therefore, a composition-dependent response
of the melting enthalpy from the elongational flow seem to emerge.

The corresponding crystallinity contents calculated in accordance with Eq. A.4 are
reported in Table 13.

Beyond, in Figure 61B is presented the distribution of the a and y crystalline
phases for the fibers, in comparison to that of the corresponding extrudates. It is
important to note that for materials in which only a was detected, no data are
reported in the graph.

At 150 rpm, the 100LV fibers exhibit exclusively the o crystalline phase. In
contrast, the l00HV matrix displays a near-equivalent content of a and y. Also, for
the 30HV blend the crystalline population consists solely of the a phase. At 300
rpm, a different situation is observed. In fact, the 100HV fibers contain only a,
while both a and y were present in the blend. Interesting insights arise from the
comparison of the o/y content of the fibers with the values calculated for the
isotropic counterparts (Figure 61B). All isotropic materials processed at 150 rpm
exhibit a coexistence of o and y phases (see Section 4.3.2). However, after drawing
the fibers of 100LV crystallize only in the a form. On the contrary, the vy is present
in the drawn 100HV, and its relative content over a is even higher than the one of
the corresponding isotropic counterpart. Lastly, the crystallinity of the fibers of
30HV was characterized by only a phase, similarly to what obtained for the ones of
100LV. Besides, also for the polymers compounded at 300 rpm with no
elongational flow applied the simultaneous presence of a and y was assessed.
However, the latter was only present in the 30HV fibers and not in the 100HV ones.

The above analysis shows that elongational flow effectively tailors the stability
of polymorphic phases regardless of the screw rotation speed considered. In
particular, it appears to promote the formation of more stable a crystals, in
accordance with the literature [555]. Furthermore, a secondary role of the MW
seems to emerge, which can be related to the more intense memory effect expected
in 100HV. In fact, the higher molecular weight results in greater entanglement
density. Also, in the case of polyamides, it results in a larger quantity of
intermolecular hydrogen bonding. These phenomena both hinder the chain mobility
and increase macromolecular friction, thus inducing a greater memory effect.
Consequently, an increased resistance to orienting the macromolecules in
accordance with the uniaxial field is expected [464,478,530,548,549]. Furthermore,
considering the evolution of the a/y content in the fibers, the presence of y in 100HV
but not in 100LV, compounded at 150 rpm, can also be attributed to the memory
effect hindering chain mobility. This is also in accordance with the formation of the
solely a phase in the high MW fibers processed at 300 rpm. In fact, as discussed in
Section 4.3.2, the isotropic 100HV compounded at the higher screw speed shows a
more ordered chain conformation after compounding, as confirmed by the higher
a/y content compared to the material obtained at 150 rpm. Therefore, consistently
with the experimental evidences, it is likely that elongational flow applied to this
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higher-oriented crystalline population would align the macromolecules more
effectively to form only the o phase. As a consequence, it was assessed that the
simultaneous application of the uniaxial elongational and shear flows have a
synergistic effect on the orientation of the macromolecules [548,552].
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Figure 61. Comparison of the (A) melting enthalpies and (B) a/y content of the materials processed at

150 and 300 rpm in the case of presence or absence of the uniaxial elongational field. The data for the

fibers characterized only by a phase are not shown. The dotted line represents the linear combination
of the AHm of the two matrices.

Table 13. Crystallinity content of the compounded non-stretched materials and the fibers having DR of
350, compounded at a screw speed of 150 or 300 rpm.

Material Crystallinity Crystallinity
content content
DR350 [%] DR1[%)]
30HV_150rpm 32 35
30HV_300rpm 33 31
100HV 300rpm 26 33

It is important to note that the templating effect of elongational flow toward
stabilization of the more stable crystalline phase is not in contradiction with the
negligible impact on the resulting melting enthalpy, as highlighted in Figure 61A.
In fact, the limited impact of the application of the elongational flow on the overall
crystallinity content has been already reported in literature [245,255].

As explained in Section 2.4.1, relative to polymer structuring via drawing, the effect
of the elongational flow on the final crystallinity content is determined by the
crystallization kinetics of the polymer and the period during which the drawing is
applied prior to complete solidification [251,556]. In this context, it is important to
emphasize that elongational flow predominantly influences the nucleation stage
rather than crystal growth. The flow-induced orientation and alignment of polymer
chains in the molten state promotes the formation of a higher density of stable nuclei
compared to quiescent conditions. As a general rule, an increase in the number of
nucleation sites leads to an increase in crystallization kinetics. However, the
influence of flow on the crystal growth rate was assessed to be less significant than
its effect on nucleation [533,557-561]. Additionally, in the current system,
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elongational flow is applied under non-isothermal conditions. Consequently, crystal
growth is further constrained by the progressive decrease in temperature, which
limits chain mobility and restricts the extent of crystal development. All the above
explains the negligible variations observed in the final crystallinity content and,
thus, in the melting enthalpy, despite the templating effect of elongational flow
toward stabilization of the more stable crystalline phase [115,245,251,556,562—
564].

In the following, the effect of the increasing intensity of the applied
elongational flow on the microstructural changes obtained in a specific material is
analyzed and discussed.

5.2.2.1 100HV

In Figure 62A the melting enthalpies of the fibers of 100HV _150rpm and

100HV_300rpm are shown as function of the DR.
For a screw speed of 150 rpm, a positive impact of the increase of the elongational
flow intensity emerges for DR in the range 50 to 200. However, the further
enhancement of the draw ratio up to 350 appears to provide no additional benefits
in terms of AHm. Conversely, increasing the intensity of the applied elongational
flow emerged to have a negligible impact on the AHn, of fibers produced at 300 rpm
across the entire DR range. Besides, from the comparison of the values calculated
for the fibers having the same DR and produced at two different screw speeds, can
be appreciated that the difference in the melting enthalpies decreases as the intensity
of the applied elongational flow increased. And, in particular, the values are
comparable starting from a DR of 100.

Furthermore, Figure 62B reports the a/y contents as function of the DR for the
fibers processed at 150 or 300 rpm. In the first case, both crystalline phases are
present regardless the intensity of the elongational flow applied. Also, the clear
predominance of a over y is observed for a DR corresponding to 100 and 200, while
a comparable content of the two was calculated for the fibers having draw ratio of
50 and 350. On the other hand, for those obtained at a screw speed of 300 rpm, only
the o phase was detected across the entire DR range.

Taking into consideration the evolution of the melting enthalpy and the a/y
content as a function of the processing parameters (Figure 62A and B), the
evolution of the microstructure can be explained by considering the effects of
simultaneously applying shear and elongational flow from a macromolecular point
of view. In the previous paragraph, the main impact was assessed to be the tailoring
of the distribution of the crystalline phases. This suggests that the applied fields
play a significant role in affecting the macromolecular orientation. In particular, a
higher macromolecular disorder and entanglement density is expected for a screw
speed of 150 rpm, due to the lower shear rate during the compounding step. This
could lead to a greater impact of the applied elongational flow on the orientation of
the macromolecules in the crystalline phases, even at low intensities of the uniaxial
field. Besides, it is important to note that the application of the elongational flow
also affects the order in the amorphous phase. In particular, in the case of PA6, the
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macromolecular conformations of the chains in the oriented amorphous domains
and the y phase were found to be similar [463,565]. Therefore, it can be suggested
that applying the elongational flow to the 100HV processed at 150 rpm promotes
the transformation of the amorphous oriented phase into y crystals due to the
conformational adjustment of macromolecules and in presence of a good extent of
contraints to the chains’ mobility. Additionally, the decrease in relative o content
as DR increases could be related to the material's high memory effect, which
hinders further orientation of the chains in the more stable configuration. In fact,
not only the slippage and orientation of the macromolecules subjected to uniaxial
non-isothermal elongational flow is limited by the intermolecular H-bonding and
entanglements that tie the polymer chains together [463,474], but also the presence
of the crystalline-like domains alongside the macromolecules in the amorphous-
like conformation influences the relaxation dynamics and, consequently, the
mobility of the chains themselves [566]. On the other hand, this explanation could
account for the presence of only the a phase in the fibers obtained at 300 rpm. In
fact, the higher macromolecular orientation achieved after compounding may be
sufficient to allow the transformation of the amorphous phase into y crystals and
furtherly into the more ordered a owing to the application of the elongational flow.
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Figure 62. Comparison of the (A) melting enthalpies and (B) a/y ratio for the 100HV blend
compounded at 150 or 300 rpm and drawn down to different DR. In (B) The data for the fibers
characterized only by a phase are not shown.

5.2.2.2 30HV

In the case of 30HV fibers, the evolution of the microstructure in terms of both
melting enthalpy and mutual distribution of the a and y phases in relation to the
increase in the intensity of the applied elongational flow is shown in Figure 63A
and B, respectively.

Firstly, considering fibers processed at 150 rpm, a decrease in the AHn, can be
observed as the DR increases up to a draw ratio of 100 (Figure 63A). For higher
elongational flow intensities applied, the melting enthalpy increases again.
Additionally, a decrease in AHm with increasing draw ratio is observed for the fibers
processed at 300 rpm. In this case, however, the value decreases up to a DR of 200.
Therefore, it is reasonable to conclude that the trend of melting enthalpy as a
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function of elongational flow intensity appears to be nonlinear for fibers with
bimodal MW distributions, regardless of the screw speed considered. On the other
hand, an effect of the applied shear rate is suggested by a comparison of the AHm
of fibers with the same DR. In fact, the values clearly differ up to a DR of 100, with
higher melting enthalpy associated to the blend processed at 300 rpm. However, at
greater draw ratios the difference between the corresponding AHm decreases
considerably.

Turning to Figure 63B, it emerges that o is the predominant crystalline phase

in the fibers obtained at 150 rpm. In particular, it is the only phase present when the
DR is greater than or equal to 100. However, for blends processed at 300 rpm, solely
a was detected at draw ratios of 50 and 100, while y represents a significant portion
of the crystals for the fibers having higher DR. Thus, although the elongational flow
strongly promoted the formation of a in the fibers obtained at 150 rpm, the uneven
a/y content trend in the fibers obtained at 300 rpm does not allow to draw
conclusions about the effect of the shear rate intensity on polymorphism when
elongational flow is applied to the blend.
Therefore, in light of the interpretation provided for the behavior of the AHy, and
polymorphism of 100HV fibers as function of the processing parameters (see
Section 5.2.2.1), what discussed in the present section for the 30HV-based systems
suggests that the bimodal MW distribution may play an important role in affecting
the evolution of macromolecular dynamics. In particular, this could be sought
within the different relaxation of the chains compared to monomodal matrices. In
fact, it has been assessed that the relaxation time within systems with a multimodal
MW is not only determined by the Rouse relaxation times of the family of chains
having different MWs considered independently, but an interaction factor must also
be considered [567]. Specifically, the latter is related to the delay in relaxation of a
single chain due to surrounding unrelaxed macromolecules that represent a
constrain to the local mobility of the neighboring [478,567-573]. Furthermore, the
phenomenon was found to be fostered not only by the introduction of high MW
chains, but also by low MW ones. In particular, although short macromolecules are
characterized by a short relaxation time, they still impose constraints on their
surroundings, thereby increasing the overall relaxation time of the system
[568,574-576].
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Figure 63. Comparison of the (A) melting enthalpies and (B) a/y ratio for the 30HV blend compounded
at 150 or 300 rpm and drawn down to different DR. In (B) The data for the fibers characterized only
by a phase are not shown.

5.2.3 Mechanical properties

In Figure 64A and B, the strength at break and deformation at break of the
isotropic materials processed at 150 or 300 rpm are reported. As expected, a minor

impact of the increase of the screw speed on the resulting tensile properties is
appreciated [577,578].
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Figure 64. (A) Strength at break and (B) deformation at break of the isotropic materials processed at
150 or 300 rpm.

The fibers produced at different elongational flow intensities were tested for
the tensile mechanical properties. The results were analyzed in order to assess the
role of the processing parameters discussed so far. The stress-strain curves for
100HV and 30HV drawn at different DRs are shown in Figure 65Error! Reference
source not found.A and B, which refer, respectively, to the materials processed at
150 and 300 rpm.
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Figure 65. Stress vs strain curves for the 100HV and 30HYV fibers having different DR and processed at
(A) 150 or (B) 300 rpm.

Firstly, considering the mechanical behavior of the 100HV-based systems

obtained at 150 rpm, the graphs show the typical initial linear elastic deformation,
followed by a sudden change in the slope of the curve. The latter is indicative of the
strain hardening occurring within the fibers [579,580]. Additionally, comparing the
stress-strain curves of fibers drawn at increasing elongational flow intensities
clearly emerges an increase in slope as a function of DR. Furthermore, considering
that the slope is proportional to the strain hardening modulus, it can be concluded
that increasing the intensity of the applied uniaxial field effectively promotes strain
hardening [581-583]. From a microstructural point of view, this enhancement can
be explained by considering that strain hardening is related to macromolecular
orientation and entanglement density [579,584]. Thus, the enhancement of the
strain hardening slope at higher DR is in accordance with the discussion provided
in previous sections (see Sections 5.2.1 and 5.2.2), which evidenced an overall
improvement in macromolecular orientation with increased applied elongational
flow.
Accordingly, the 100HV fibers obtained at 300 rpm exhibit initial elastic
deformation, followed by strain hardening and an increase in slope with DR (Figure
65B). Therefore, the above discussion can be applied to the present systems as well.
Additionally, the predominant role of elongational flow over shear in determining
the evolution of stress-strain curves at increasing DR can be suggested.

When analyzing the stress-strain curves of the 30HV fibers, a different
mechanical behavior is observed compared to that of the 100HV fibers. Starting
from the blend processed at 150 rpm (Figure 65A), 30HV_150rpm_DR100 is
characterized by the initial linear elastic deformation, followed by the yield point
and the strain softening prior to the stress plateau and the increase of the slope of
the stress-strain curve. From a microstructural perspective, the stress plateau
corresponds to the plastic deformation of the material, resulting from the stretching
and orientation of the chains in the axial direction. This phenomenon is peculiar to
macromolecules with a poorly oriented conformation, in which free volume plays
a crucial role in facilitating molecular motion. Then, the increase in slope of the
stress-strain curve reveals the occurrence of strain hardening and the orientation of
macromolecules in the direction of tensile stress application [579,580,584,585].
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Additionally, the noisy fluctuations at the end of the plastic deformation segment
of the 30HV_150rpm_DRI100 stress-strain curve can be attributed to abrupt local
cracking during the plastic flow stage [586].

However, the mechanical behavior changes with an increase in DR (Figure 65A).
In particular, for the fiber with DR 200, the strain softening and length of the plastic
deformation segment decreased. Besides, the stress plateau is suppressed in the
30HV 150rpm_ DR350 samples, and the strain hardening occurs directly after
linear elastic deformation at low strain. These variations in mechanical behavior are
likely to be determined by the different macromolecular conformations obtained in
the fibers when higher intensities of elongational flow are applied. In fact, the
lowering of the plastic deformation segment with the increase of the DR may be
related to a more ordered and aligned chains' conformation achieved already during
the non-isothermal drawing step.

The mechanical behavior and microstructural considerations of the 30HV_ 300 rpm
fibers (Figure 65B) are comparable to those of the 30HV 150 rpm fibers discussed
above. In this case, as well, an increase in DR resulted in a progressive decrease in
the plastic deformation segment of the stress-strain curve due to the greater
macromolecular order achieved during production. Therefore, as was assessed for
the 100HV fibers, also in the case of the bimodal MW, the effect of elongational
flow prevails over the one of the shear in determining the tensile behavior.

Furthermore, comparing the stress-strain curves of unimodal and bimodal MW
fibers processed at the same screw speed (Figure 65A and B) reveals that the
macromolecular characteristics also have a role in determining the mechanical
behavior. In fact, when considering fibers having the same DR, the more
pronounced strain hardening is always associated with 100HV. This can be
attributed to the higher average MW of the matrix compared to the blend containing
only 30 wt% of HV [587,588]. Additionally, the 30HV exhibits plastic deformation,
whereas the 100HV does not, regardless of the DR considered. This behavior
indicates that a different macromolecular conformation was obtained in the two
cases when the same elongational flow was applied. In particular, the I00HV chains
achieve good orientation already in the drawing step, even at low DR. Meanwhile,
the blend retains a more disordered conformation. This can be related to the
different relaxation time and memory effect intensity expected in the two cases, and
affecting the conformational disorder [470,478,530,567,568,571].

To gain further insights into the effect of the intensity of the elongational flow
on the strength and elongation at break of the fibers, the corresponding
dimensionless values were examined as function of the DR (Figure 66). As reported
in Section A.3.4, the data were obtained as the ratio between the experimental
results of the fibers and that of the corresponding isotropic material. This approach
highlights the contribution of improved macromolecular orientation to tensile
mechanical properties [589].

First, considering the dimensionless strength of the materials processed at 150
rpm (Figure 66A), it can be appreciated that the values for the 100HV fibers
increase as function of the DR. On the other hand, the 100LV and 30HV both show
a quite consistent trend, and their values are comparable with those of the non-
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stretched materials. These observations also apply to the dimensionless strength at
break of the materials processed at 300 rpm (Figure 66B). In this case, too, only the
high MW shows an actual increase in the values with increasing the intensity of the
applied elongational flow.

Focusing on the dimensionless deformation at break, all materials processed at 150
rpm show a clear decrease in values compared to their isotropic counterparts
(Figure 66C). However, the data obtained for the 100HV fibers remains nearly
constant, regardless of the DR considered. Conversely, both the 100LV and the
blend demonstrate a reduction in dimensionless deformation as the intensity of the
applied elongational flow increased. Lastly, when the compounding screw speed of
300 rpm was exploited (Figure 66D), the obtained 100HV’s values still retain a
quite constant trend, independently from the DR considered. On the other hand, the
30HV shows an abrupt decrease in dimensionless deformation up to a DR of 100
and then remains constant, reaching a value comparable to that of the high-MW
matrix.

The above observations raise some considerations. As emerged from Figure 65,

the stress-strain curves of both the 100HV and 30HV fibers changed as a function
of DR. Thus, the role of elongational flow in determining tensile behavior was
assessed as function of the MW and MW distribution. However, the increase in
dimensionless strength with increasing elongational flow intensity was only
observed for the high MW-based fibers. Considering that the increase in strength is
related to the enhanced orientation of the macromolecules due to the applied
uniaxial field [589,590], it can be appreciated that only in the 100HV fibers the
enhancement in macromolecular orientation was sufficient to actual increase the
mechanical strength at break. Besides, it is known form the literature that the tensile
properties are related to the average molecular weight of the polymer, while the
MW distribution have an effect depending on the DR [590]. From the comparison
of the dimensionless strength of the 100LV and 30HV a comparable trend in the
data can be appreciated (Figure 66A). Thus, it can be suggested that in the present
study, the average MW has a predominant role in determining the dimensionless
strength in comparison to the MW distribution.
Furthermore, the data referred to the same material processed at 150 or 300 rpm are
comparable (Figure 66A and B). As a result, it is likely to assume that the
synergistic effect of the application of the shear and elongational flow on the
orientation of the macromolecules is not significant enough to impact on the tensile
strength [548,552].

Furthermore, in PA6 the different polymorphic species were found to play a
role in determining its mechanical properties [503,591-593]. In fact, the different
rotational conformations of the chains in the a and y crystalline phases result in
different H-bonding distances between the amide groups of adjacent
macromolecules. As a consequence, the different macromolecular arrangements in
a and y result in a different shear deformation resistance of the crystals under tensile
stress [464,492,493,495,556,591,594]. For these reasons, to gain further insight into
the relationship between microstructure and mechanical properties, a comparison
was made between the o/y content and the resulting strength at break. Focusing on
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the o/y ratio of the fibers having DR of 350 (see Figure 61B), the 100HV was
characterized by the exclusive presence of a for a compounding speed of 300 rpm,
while both crystalline species were detected at 150 rpm. As a consequence, a higher
strength at break and lower deformation at break would have been expected for
100HV_300rpm_DR350 compared to I00HV_150rpm_DR350. However, from the
results reported in Figure 66, both the properties emerged to be comparable and
independent from the screw speed used for the processing. Additionally, when the
blend is considered, solely o phase was detected in the 30HV 150rpm_DR350,
while y was also present in the 30HV_300rpm_DR350. The latter would suggest a
difference in the tensile behavior of the two fibers which, however, emerged to have
comparable values of dimensionless strength and deformation at break (Figure 66).
Therefore, it would appear that the materials do not exhibit the expected mechanical
behavior, if the distribution of the crystalline phases present is taken into account.
This discrepancy is likely due to the fact that previous studies on this topic have
typically evaluated optimized crystalline structures, in which a single phase is
deliberately formed and tested. In contrast, the samples analyzed in the present
study contain both a and y phases simultaneously, making it difficult to isolate their
individual contributions to the mechanical performances. Actually, this
interpretation is consistent with earlier findings [489,556,565,594,595].
Specifically, it has been assessed that additional chain conformations emerge if the
microstructure is not properly tailored. In particular, crystalline defects are
introduced in the o and y crystals, while the amorphous phase exhibit highly
oriented non-crystalline regions whose structural chains’ conformations resemble
the y phase rather than consisting solely of random coils. Consequently, the
complex macromolecular architecture makes it difficult to identify the distinct roles
played by a and y crystals in determining the tensile behavior.

In conclusion, the present study assessed the effect of processing parameters on
tensile strength and related it to the corresponding microstructure. In particular, the
importance of macromolecular orientation on the tensile behavior was highlighted,
while the effect of polymorphism was deemed negligible.
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Figure 66. Dimensionless (A, B) strength and (C, D) deformation at break of the fibers having different
DR and obtained from the polymers processed at (A, C) 150 or (B, D) 300 rpm.

5.3 Concluding remarks

This study investigated the processing parameters-microstructure-properties
relationship in PA6, focusing on the role of compounding screw rotation speed,
intensity of uniaxial elongational flow, average MW and MW distribution. Also,
the mechanical behavior was investigated as final property. What emerged is the
primary importance of the average molecular weight and elongational flow over the
other parameters considered.

In fact, the first affects the entanglement density, that strongly influences the
deformability of the material. The MW distribution emerged to play a secondary
role when combined with high shear rates, by stabilizing the melt during drawing
and enhancing the deformability.

Focusing on the elongational flow, it introduces significant changes in the
microstructure. Although it reduces the overall crystallinity in some conditions as,
in particular, in monomodal systems where it counteracts shear-induced
crystallization, it consistently promotes chain orientation and the formation of the
more stable a crystalline phase. This enhanced orientation contributes to improved
mechanical properties, such as increased strength and strain hardening, especially
in the high MW matrix. However, when considering the bimodal MW system, the
effect of elongational flow on crystallinity is more complex. At low shear rates, it
generally reduces crystallinity, while at high shear rates it can increase it. However,
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the impact on the relative abundance of a and y crystalline phases is less consistent,
and no clear trend was established across all processing conditions.

Besides, the average MW and elongational flow showed a combined effect in
determining the tensile properties, due to their role in tailoring the microstructure.
In particular, the high MW matrix processed under strong elongational flow
exhibited pronounced strain hardening and higher tensile strength but lower
elongation at break, attributable to well-oriented macromolecular chains. In
contrast, in presence of low MW chains and at lower DR, a more ductile behavior
with less strength was observed.

Lastly, despite the variations in the content of the a and y crystalline phases, a
negligible effect of the polymorphism on the mechanical behavior was appreciated.
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Chapter 6

Etfect of elongational flow and LDH
aspect ratio on PA6 homopolymer
blends

Abstract

This Chapter investigates the relationships between processing parameters,

microstructure and properties in PA6-based nanocomposites containing double-
layered hydroxide as a nanofiller. The study focused on the effects of compounding
screw speed (150 or 300 rpm), non-isothermal uniaxial elongational flow intensity,
average MW (high and low viscosity), MW distribution (mono- and bimodal), and
aspect ratio of the LDHs (low and high). The nanofiller concentration was
maintained constant at 10 wt%. The materials were characterized using scanning
electron microscopy, thermal and mechanical analyses. Also, the drawability in the
molten state was evaluated.
The positive impact of polymer viscosity, screw speed, and elongational flow on
promoting tactoids’ rupture and platelet dispersion emerged. Conversely, the effect
of the aspect ratio was found to be related to the applied flow field due to the
interplay between strong lamellar interactions and the tendency to align with
uniaxial flow. Besides, the general nucleating effect of the LDHs on the polymer
matrix was assessed, as well as the dependency of the melting enthalpy on the
dispersion, intercalation, and orientation of the nanofiller platelets. Considering the
polymorphism, the predominant role of the MW of the matrix over the filler's aspect
ratio and the intensity of the applied elongational flow in determining the a-to-y
content emerged in the monomodal MW systems. Lastly, the presence of LDHs
was found to have a positive effect on the nanocomposites' drawability, which also
depended on the MW, MW distribution, and screw speed.
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6.1 Introduction

In addition to the effect of the application of the elongational flow in the
processing parameters-microstructure-properties relationship of matrices and
polymer blends, as discussed in Chapters 5, its role is worth to be further
investigated in the case of polymer-based nanocomposites. In fact, such materials
represent a valuable alternative to traditional composites as they represent a solid
compromise between low cost and weight, coupled with good mechanical
properties [589,596—601]. In this field, LDHs are classified as two-dimensional
layered filler, characterized by sub-micrometric dimensions and very high surface
area, providing enhanced interactions with the polymer matrix when a good
dispersion is reached [589,597,600,602,603]. The phenomenon occurs owing to the
intercalation of the polymer chains in-between the nanofiller layers or the
exfoliation of the filler [115,589,599,600,602,604]. The final morphology is
strongly related to the interactions with the polymer matrix, which determine the
resulting properties of the nanocomposite. In particular, when poor interactions
occur, a phase-separated material is obtained and the performances are comparable
with those of traditional composites However, increased interactions with the
matrix lead to intercalation and property improvement, while the true potential of
nanocomposites is realized when the nanofiller is fully exfoliated. In this case, the
final properties greatly exceed those obtained with a traditional approach because
the interaction surface area between the filler and the polymer matrix is maximized
and microscopically homogeneous materials are obtained. In both cases, the
composite can be referred as “nano-composite” [589,596,597,603,605,606].

Considering the importance of good interfaces in order to obtain materials with
better performance, it is common practice to modify the surface of fillers to improve
interaction with the matrix. In the specific case of layered fillers, ion exchange is
one of the most effective methods and consists of inserting counterions between
adjacent lamellae. In this way, they are less tightly packed. In addition, usually the
counterions have higher chemical affinity with the host polymer matrix than
unmodified LDHs. As a result, the insertion of polymer chains between the lamellae
is promoted, ultimately resulting in enhanced intercalation and exfoliation
[597,603,607].

Furthermore, the concentration of the filler is important in order to effectively
obtain a nanocomposite. In fact, if the concentration is too high, aggregation occurs
and, as a result, the advantages associated with the large surface area are lost. One
of the main negative effects is observed for the mechanical properties. Specifically,
the tensile strength generally increases with increasing nanoclay concentration up
to a value beyond which the material shows performance comparable to those of
the traditional composite. This has been associated with the aggregation of filler
particles and the formation of agglomerates having micrometric dimensions
[589,596,603,608—610].

Another strategy that can be used to promote the dispersion of nanofillers in
the polymer matrix involves the production step of the nanocomposite itself. In
particular, when considering melt blending, it was found that the application of a
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non-isothermal uniaxial elongational flow on the material promotes the breakdown
of aggregates that typically form during conventional melt compounding. As a
result, an improved morphology characterized by a dispersion of nanometric-sized
fillers is obtained [115,137,589,611-613]. Furthermore, it has been found that when
the elongational flow is applied to a composite containing anisotropic nanofillers,
such as nanoclays, the nanofillers orient in the direction of the applied flow. As a
consequence, an overall anisotropic morphology is obtained in the nanocomposite,
and the systems that are subjected to stretching exhibit enhanced properties
compared to those having an isotropic microstructure [555,614,615]. More
importantly, in the case of nanoclays and LDHs, it has been demonstrated that the
application of non-isothermal elongational flow induces the occurrence of a sort of
transition from intercalated to exfoliated morphology. In particular, an increase of
the interlayer distance in the tactoids and intercalated structures present in the as-
compounded nanocomposites was observed, resulting in the formation of exfoliated
morphologies or intercalated structures characterized by a higher interlayer distance
as compared to the isotropic materials [115,589].

In the present study, PA6-based nanocomposites were produced, and the
relationships between processing parameters, microstructure and properties was
investigated in presence of the non-isothermal uniaxial elongational flow. In
particular, the three polymeric system studied in Chapter 5 were used. Namely, the
100HV and 100LV matrices, and the 30HV blend. Then, two LDHs differing solely
by the surface area were selected (identified alternatively as D17 — high surface area
— and D25 — low surface area, as detailed in Appendix A.1.2). In all cases, the
nanofiller concentration was maintained constant at 10 wt%. Besides, on a
processing point of view, the compounding screw speed was set at 150 or 300 rpm
alternatively, while increasing intensities of elongational flows were used and
quantified with the DR of the resulting fiber (see Eq. A.3).

An overview of the variables and constant factors used is reported in Table 14.

In the present Chapter, the material identification will include information
regarding the amount of HV in the polymer, the type of hydrotalcite, the extruder
screw rotation speed, and the application of uniaxial elongational flow. For
instance, "30HV_150rpm D17 DR1" indicates a composite with a matrix
consisting of 30 wt% HV and 70 wt% LV. The material was compounded at 150
rpm and contains hydrotalcite D17. Lastly, no uniaxial flow was applied to the
material at the die exit.

Besides, in the case of morphological characterization, the images of the fibers will
be labeled as "fiber" because for all the materials the smallest diameter available
was selected and analyzed. Also, “nofiller” refers to the unfilled polymeric
materials.

It is important to emphasize that, in the present Chapter, the results are discussed
also in light of the findings reported in Chapters 4 and 5, which addressed the
relationship between processing parameters, microstructure, and final properties in
PA6-based homopolymer blends subjected either exclusively to shear flow or to
combined shear and elongational flow. In particular, the data from those earlier
chapters are labeled as “nofiller,” to distinguish them from the formulations
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introduced here and containing LDHs. Additionally, the data marked as “DR1”
correspond specifically to the dataset discussed in Chapter 4, in which no
elongational flow was applied.

Table 14. Variables and constant factors used for the production of the PA6-based nanocomposite
fibers.

Factor Levels
Screw speed 150 300
[rpm]
MW distribution Monomodal Bimodal
. HV:LV content
Variables [Wt% of HV] 0 30 100
Stretching speed From 0 to 1000 or to filament breakage -
[rpm] Acceleration mode
Filler aspect ratio D25 (low) D17 (high)
Filler content [wt%] 10
Constants . Feed re:te [%{)Ig] 290
emperature 1 %1 220\220\225\230\230\230\230\230
from hopper to die

6.2 Characterization

6.2.1 Drawability

In Figure 67A and B are presented the BSR (see Eq. A.2) of the composites
containing D25 and D17, respectively. Additionally, the data concerning the
unfilled materials and discussed in Section 5.2.1 are recalled in Figure 67C.

Firstly, focusing on the composites containing the low aspect ratio LDHs

(Figure 67A), it can be appreciated that the two monomodal MW polymer-based
materials were not affected by breakage when the compounding speed of 150 rpm
was used for the production. Also, this great drawability was observed in the high
MW-based material processed at 300 rpm, while an abrupt reduction affected the
low MW polymer-based one obtained in the same conditions.
Besides, a different behavior characterized the composite based on the 30HV blend.
In fact, the composite was affected by breakage despite the screw rotation speed
used in the production step. Additionally, the enhancement of the applied shear rate
resulted in the decrease of the drawability.

Considering the materials filled with high aspect ratio LDHs (Figure 67B), it
emerges that the low MW polymer-based composite has a lower drawability than
the high MW polymer-based one when the two are compounded at 150 rpm. In fact,
only the former was affected by breakage. However, when the higher processing
speed was used, none of the unimodal MW distribution polymer-based materials
break during the drawing step. On the contrary, the 30HV-based composite showed
a great drawability when compounded at 150 rpm, while a detrimental decrease of
the BSR affected the material obtained with a screw speed of 300 rpm.
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Furthermore, from the comparison of the drawability of the composites
containing D25 or D17 alternatively, further considerations emerged. In fact, the
100HV-based composites exhibit remarkable drawability. Notably, this appears to
be unaffected by variations in screw rotation speed or by the aspect ratio of the
nanofiller itself. In addition, when comparing the BSR calculated for the
nanocomposites with those of the unfilled matrices (Figure 67C), the data suggest
that the presence of LDHs contributes positively to the structural integrity and
deformation capacity of the material during the application of uniaxial elongational
flow, because the suppression of breakage during the drawing step is achieved.

On the other hand, the drawability of the 100LV-based nanocomposites seems to
support an interplay between the aspect ratio of the nanofiller and the screw rotation
speed during processing. Specifically, the results indicate that when a low aspect
ratio filler (D25) is employed, the drawability of the material reaches its maximum
if subjected to a low shear rate. In contrast, when a high aspect ratio filler is used
(D17), the optimal drawability is observed at the highest screw rotation speed,
suggesting that increased shear promotes better dispersion or alignment of the high
aspect ratio particles, thereby enhancing the material’s deformation capability.
Besides, regardless of the specific combination of processing parameters and filler
geometry, it is evident that the inclusion of LDHs consistently improves the
drawability of the composite compared to the neat polymer matrix. This
improvement is particularly notable given that fiber production was not achievable
in the case of the pure 100LV polymer processed at 300 rpm, as shown in Figure
67C.

Lastly, considering the 30HV-based nanocomposite, regardless from the aspect
ratio of the LDH, the drawability is poorly affected by the increase of the rotation
screw speed during compounding. On the other hand, taking into account the
behavior of the unfilled blends (Figure 67C), the introduction of the nanofiller
promoted the inversion of the dependence of drawability on the shear rate applied.

Summarizing, when considering monomodal polymer matrices, the

introduction of LDHs generally has a positive impact on the material’s
deformability. Interestingly, the influence of shear rate and nanofiller aspect ratio
on these composites appears to depend primarily on the MW of the polymer.
Specifically, in high MW systems, the effect of these processing parameters
becomes secondary or even negligible, as drawability is consistently maximized
regardless of the conditions applied. Conversely, in low MW systems, it is the
combined effect of shear rate and aspect ratio that ultimately governs the final
drawability of the composite.
A different behavior emerges when a bimodal MW polymer is considered. In this
case, the drawability trend observed in the composite diverges significantly from
that of both high and low MW monomodal matrices. Also, the behavior differs from
that of the unfilled bimodal polymer. Notably, for the LDH-filled bimodal system,
drawability is consistently maximized at low screw rotation speeds, independent of
the aspect ratio of the nanofiller used. This suggests a distinct and possibly
synergistic interaction between the bimodal polymer architecture and the filler
under low-shear processing conditions.
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Therefore, from the above discussion it can be appreciated that the role of the
MW and MW distribution is predominant in determining the effect of the screw
rotation speed and aspect ratio on the drawability of the composites.

To gain further insight on the effect of the processing parameters in determining
the drawability of the composites, some rheological aspects have to be considered.
In Section 5.2.1, the role of the entanglement density in determining material
stretchability was discussed, with particular emphasis on how MW, MW
distribution, and screw rotation speed affect macromolecular orientation
[198,478,545,548,550,551,554]. Besides, the introduction of LDHs into the
polymeric systems, can lead to various phenomena, either enhancing or reducing
the drawability of the composites. An improvement in drawability is typically
observed when the nanofillers are well-aligned with the flow direction and free of
agglomerates [616,617]. Also, in PA6\LDHs systems the local slippage of
macromolecules at the nanofiller interface has been reported to facilitate
macromolecular mobility [616]. On the other hand, reduced drawability in layered
nanocomposites can result from several factors. For instance, if intercalation occurs
the macromolecules may be partially immobilized on the LDHs surface, hindering
their ability to orient along the elongational flow direction [589,616]. Additionally,
limited drawability may be attributed to filler morphology. In particular,
insufficient disaggregation or poor alignment of the filler particles can obstruct the
movement of macromolecules, and further hinder their response to elongational
flow [616,617].
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Figure 67. BSR of the materials compounded at 150 or 300 rpm containing (A) D25 or (B) D17. In (C)
the data relative to the unfilled materials are reported. The “~” indicates the materials in which no
breakage was observed with the experimental conditions used. Besides, it was not possible to obtain the
fibers for the 100LV_300rpm, thus no data are reported.

6.2.2 Morphology

The morphology of the nanocomposites containing D25 or D17 was examined.
In particular, the characterization focused on comparing the unstretched material
with the drawn fibers to assess how processing conditions affect the distribution
and alignment of LDHs particles. Also, elemental mapping and spectra via EDX
were employed to evaluate the dispersion of magnesium (Mg) and aluminum (Al),
thus providing insight into the presence of aggregates and the distribution of the
nanofiller. Lastly, it is important to note that all morphological observations were
carried out on the cross-sections of the samples, corresponding to the direction
perpendicular to both the material flow direction and the axis of uniaxial elongation.

6.2.2.1 D25

Firstly, the morphology of the nanocomposites containing the lowest aspect
ratio LDHs will be presented and discussed.
In Figure 68A, the cross-section of the 100LV_150rpm D25 DRI is shown. As
confirmed by the EDX analyses reported in Figure 68B and C for areas 1 and 2
respectively, agglomerates are clearly distinguished in the isotropic material.
Indeed, the poor deagglomeration was confirmed by the spectra reported in Figure
68D referred to area 3, highlighting the absence of both Al and Mg, which would
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have been indicative of the presence of dispersed LDHs.

On the contrary, an improvement in the dispersion of the nanofiller was achieved
in the same material processed at higher screw speed, in accordance with the
literature [618—621]. In fact, as can be appreciated from the cross-section of the
100LV_300rpm_D25 DRI reported in Figure 69A, an important reduction of the
dimensions of the clusters of LDHs is obtained (see the EDX spectra of area 1 in
Figure 69B) if compared with the morphology described above (Figure 68A).
Besides, the enhanced dispersion of the nanofiller is confirmed from the spectra of
area 2 reported in Figure 69C. Therefore, owing to the application of the higher
shear rate, the intercalation of the polymer chains in-between the LDHs’ layers was
promoted in the isotropic nanocomposite processed at 300 rpm.

Figure 68. (A) Morphological analysis of the 100LV_150rpm_D25 DRI and corresponding EDX
spectra of the spots labelled as (B) 1, (C) 2 and (D) 3.
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Figure 69. (A) Morphological analysis of the 100LV_300rpm_D25_DR1 and corresponding EDX
spectra of the spots labelled as (B) 1 and (C) 2.

Furthermore, the morphology of the 100LV-based systems greatly improved
after the application of the elongational flow. In fact, in the material compounded
at 150 rpm the breakage of the agglomerates was effectively achieved in the fibers,
if compared to those present in the isotropic counterpart (see Figure 70A and Figure
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68 A, respectively). Specifically, a homogeneous dispersion of tactoids in the matrix
was obtained (see the EDX spectra for areas 1 and 2 in Figure 70B and C). Also,
successfully intercalation of the nanofiller lamellae was confirmed by the EDX
spectra of area 3 (Figure 70D), in which the presence of Al and Mg was assessed.
Besides, a further improvement of the morphology can be appreciated when
considering the cross-section of 100LV 300rpm D25 fiber reported in Figure
71A. In fact, in this case nor tactoids or stacked lamellae were detected from the
EDX maps of Al and Mg (see Figure 71B and C, respectively). On the other hand,
the homogeneous dispersion and distribution was revealed from the elemental
analyses, thus indicating that a good intercalation or even exfoliation of the LDHs
was achieved.

These improvements in microstructure are owed to the applied elongational flow
having an active role in both the breakup of the agglomerates and the preferential
orientation of the nanofiller in accordance with the direction of the uniaxial field
[115,137,589,622—624]. In addition, considering the BSR of the just discussed
fibers further considerations of the role of the shear and elongational flow emerge.
In fact, 100LV_150rpm_D25 fiber did not break during the drawing step, while
100LV_300rpm_D25 fiber broke at a BSR of about 300 (see Figure 67A). In other
words, the morphologies of the former samples (Figure 70) result from applying a
much more intense elongational flow that that applied to the former set of fibers
(Figure 71). However, the better dispersion of LDHs in the polymer is observed for
those obtained at higher rotation speeds. This can be explained by considering the
morphology of the isotropic nanocomposites in the two cases. Micrometric
agglomerates were found in 100LV_150rpm D25 DR1 (Figure 68) but not in
100LV_300rpm_D25 DRI (Figure 69) because the higher shear rate applied in the
latter case promoted the distribution of the nanofiller in the matrix already during
the compounding step. Therefore, this analysis highlighted the decisive role of
elongational flow in dispersing the nanofiller and intercalating it with
macromolecules, but also assesses the positive effect of increasing the shear rate in
fostering the homogeneous distribution of intercalated LHDs layers in the resulting
fibers [115].
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Figure 70. (A) Morphological analysis of the 100LV_150rpm_D25_fiber and corresponding EDX
spectra of the spots labelled as (B) 1, (C) 2 and (D) 3.
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Figure 71. (A) Morphological analysis of the 100LV_300rpm_D25_fiber and corresponding EDX maps
of the (B) Mg and (C) AL

In Figure 72 and Figure 73 the morphological analyses of the isotropic
nanocomposites based on 100HV and processed at 150 or 300 rpm, respectively,
are reported. In the first case, the homogeneous distribution of nanometric tactoids
clearly emerges, highlighting a good microstructure achieved in the
100HV _150rpm_D25 DRI1. Besides, when the isotropic nanocomposite
compounded at 300 rpm is considered, the EDX maps (see Figure 73B and C for
Mg and Al, respectively) confirms the further improvement of the dispersion of the
nanofiller owing to the grater shear rate applied [618—621]. In particular, in this
case the intimate contact with the macromolecules was achieved thanks to the
intercalation of the LDHs’ layers.

Furthermore, additional considerations emerge from the comparison of the
morphological analyses of the isotropic 100LV- (Figure 68 and Figure 69) and
100HV-based (Figure 72 and Figure 73) nanocomposites processed at 150 or 300
rpm. Specifically, considering the nanocomposites processed at the same screw
speed, a systematic improvement of the microstructure is appreciated for those
having the high MW matrix. At 150 rpm, aggregates are observed in
100LV_150rpm_D25 DR1 (Figure 68A) but are not present in the
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100HV _150rpm D25 DR1 (Figure 72A), where a uniform distribution of
nanometric stacks of lamellae was achieved instead. Additionally, at 300 rpm only
in the 100LV_300rpm_D25 DRI tactoids were present (Figure 69A), while a
homogeneous distribution of intercalated nanofiller was obtained in the
100HV_300rpm_D25 DRI (Figure 73A). The improved morphology obtained for
composites with a higher MW matrix compared to those with a lower MW one,
with the other process parameters kept unchanged, can be attributed to the different
viscosities of the two polymers [521,625-628]. In fact, as discussed in Chapter 4
referring to Figure 54, the 100HV is characterized by a higher viscosity if compared
to 100LV, regardless the rotation speed used for compounding. Therefore, since a
matrix with higher viscosity is more effective at transmitting shear forces to the
nanofiller, 100HV is expected to foster the breakage and dispersion of the nanofiller
more effectively than 100LV. Thus, it is consistent with the more homogeneous
microstructures obtained in nanocomposites processed at the same screw speed
with a 100HV matrix. Furthermore, it is important to note that the positive impact
of increasing the screw rotation speed in promoting the achievement of a well-
dispersed morphology is effective, independently from the MW considered.

(©)

Figure 72. (A) Morphological analysis of the 100HV_150rpm_D25_DR1 and corresponding EDX
spectra of the spots labelled as (B) 1 and (C) 2.

(A) (B)

Figure 73. (A) Morphological analysis of the 100HV_300rpm_D25 DRI1 and corresponding EDX maps
of the (B) Mg and (C) AL

The morphologies of the cross-sections of the fibers of 100HV_150rpm_D25
and 100HV_300rpm_D25 are reported in Figure 74A and Figure 75A, respectively.
In the material compounded at the lower screw speed, a homogeneous dispersion
of nanometric tactoids is appreciated, and confirmed by the EDX spectra in Figure
74B. Additionally, a similar conformation of the nanofiller was obtained for the
fibers processed at 300 rpm.
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From the comparison of the morphologies of the fibers based of 100HV with the
corresponding isotropic materials (see Figure 72 and Figure 73 for
100HV_150rpm_D25 DR1 and 100HV 300rpm_ D25 DRI, respectively), an
apparent agglomeration of the nanofiller seem to have occurred during the drawing
step. This behavior has been already reported in the literature and concerns the
application of the elongational flow to nanocomposites characterized by a
homogeneous distribution of intercalated or exfoliated nanolayers after the melt
compounding step [115,629—632]. More specifically, the nanofiller reaggregation
has been associated with two synergistic phenomena. On one hand, the layers
dispersed after the compounding step are characterized by a higher mobility
compared to tactoids. Additionally, electrostatic interactions occur between
neighboring platelets of nanofillers due to the superficial charges. Consequently,
when elongational flow is applied to a well-dispersed nanocomposite, the separated
layers of nanofillers first align according to the direction of the uniaxial field. Then,
when the platelets are close enough for electrostatic interaction to occur, they stick
together, forming house of cards structures and agglomerates [115,632].

Furthermore, considering the BSR of the two systems, it emerges that the fibers
of 100HV_150rpm_D25 and 100HV_300rpm_D25 were stretched with the same
intensity of elongational flow (see Figure 67A). In the above discussion relative to
the 100LV-based systems, the morphology of the corresponding isotropic material,
and thus of the shear rate applied during the compounding step, emerged to have a
role in promoting the effectiveness of the elongational flow in improving the
breakup of the nanofiller and the dispersion of the LDHs’ platelet in the polymeric
matrix [115]. On the contrary, the fibers having 100HV as a matrix show a
comparable morphology regardless of the screw speed used in the compounding
step (see Figure 74 and Figure 75). This behavior can be explained considering that
the isotropic 100HV-based nanocomposites were characterized by well-dispersed
morphologies. As a consequence, a comparable impact of the elongational flow on
the LDHs’ dispersion and orientation can be suggested. In fact, it is likely that after
the primary breakup of the tactoids and increasing of the interlayer distance
between the platelet, the two systems had a similar morphological evolution owing
to the application of the uniaxial field to well-intercalated microstructures.
Therefore, leading to similar re-agglomeration phenomena [115]. As a
consequence, it can be appreciated that the effect of the elongational flow on the
evolution of nanofiller organization is unaffected by the shear rate applied during
compounding, if a well-dispersed morphology was already obtained prior to
drawing.
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Figure 74. (A) Morphological analysis of the 100HV_150rpm_D25_fiber and corresponding EDX
spectrum of the spots labelled as (B) 1.

Figure 75. (A) Morphological analysis of the 100HV_300rpm_D25_fiber and corresponding EDX
spectrum of the spots labelled as (B) 1

Moving forward to the bimodal MW blend, Figure 76A shows the morphology
of the isotropic nanocomposite processed at 150 rpm. As confirmed by the EDX
spectra in Figure 76 B and C (for area 1 and 2, respectively), a homogeneous
distribution of nanometric stacks of lamellac emerges within the surface.
Furthermore, the nanocomposite based on 30HV and processed at 300 rpm (Figure
77A) shows a significant reduction in tactoids’ size and quantity compared to the
same material compounded at 150 rpm (Figure 76A). Besides, a superior dispersion
of the LDHs’ layers was achieved up to intercalation with the polymer matrix and
eventually exfoliation, as confirmed by the EDX spectrum in Figure 77B. This
improvement in the dispersion of the nanofiller within the nanocomposite, which
occurred with an increase in screw speed during the compounding step, is consistent
with observations in the case of monomodal MW-based materials (see Figure 68,
68, 71 and 72). As in those cases, the improved morphology is attributed to the
positive impact of the higher shear rate on breaking the stacks of lamellae and
dispersing them in the polymeric matrix [618—621].

Additionally, comparing the mophologies of the isotropic nanocomposites
processed at the same screw speed provides insight into the role of the viscosity of
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the polymeric matrix in the nanofiller dispersion during compounding. In fact, when
the materials processed at 150 rpm are considered, the dimension and distribution
of the tactoids in 30HV_150rpm_D25 DRI (Figure 76) is in-between those of the
100LV_150rpm_D25 DRI (Figure 68) and 100HV_150rpm_D25 DRI (Figure
72). Also, a similar trend is appreciated for the nanocomposites compounded at 300
rpm (see Figure 69, 72 and 76 for 100LV 300rpm D25 DRI,
100HV _300rpm D25 DRI1 and 30HV 300rpm D25 DRI, respectively). These
evidences can be explained considering that the viscosity of the 30HV blend
emerged to be in-between those of the two unimodal MW matrices, independently
from the screw speed considered (see Figure 54 in Chapter 4). Since the shear stress
transmitted to the nanofiller during compounding that promotes the tactoids'
breakup is dependent on the viscosity of the polymeric matrix, and since the latter
is between those of the two monomodal MW matrices in the case of the blend, the
final morphology obtained is in accordance with the expected results based on the
effect of viscosity on LDHs dispersion [521,625-628].

(B)

Figure 76. (A) Morphological analysis of the 30HV_150rpm_D25 DR1 and corresponding EDX spectra
of the spots labelled as (B) 1 and (C) 2.

(A)

Figure 77. (A) Morphological analysis of the 30HV_300rpm_D25 DRI and corresponding EDX spectra
of the spots labelled as (B) 1 and (C) 2.

The morphology obtained in the 30HV 150rpm_D25 fiber is reported in
Figure 78 A. The EDX spectra show the simultaneous presence of stacked lamellae
(see Figure 78B and C) and intercalated LDHs platelets well-dispersed in the
polymeric matrix (see Figure 78D). Furthermore, when the fibers processed at 300
rpm are considered, a further improvement in layers dispersion was assessed
(Figure 79A). In fact, few nanometric tactoids are present (see Figure 79B for area
1), while most of the section is characterized by a homogeneous morphology, in
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which the intercalated lamellae are uniformly dispersed in the polymer matrix, as
evidenced by the EDX spectrum of area 2 reported in Figure 79C.

From the comparison of the cross-sections of the 30HV-based fibers (Figure 78
and Figure 79) with the morphologies of the corresponding isotropic
nanocomposites (Figure 76 and Figure 77, respectively), it can be clearly
appreciated the role of the applied elongational flow in promoting the overall
breakup of the nanofillers’ tactoids towards a dispersion of LDHs’ platelets in the
polymeric matrix [115,137,589,622-624].

On the other hand, considering the BSR (see Figure 67A) it emerges that
30HV_150rpm_D25 fiber was exposed to a more intense elongational flow than
30HV_300rpm_D25 fiber. Also, a more homogeneous dispersion and distribution
of the nanofiller was assessed in the isotropic material corresponding to the latter
system (see Figure 76 and Figure 77 for 30HV_ 150rpm D25 DRI and
30HV 300rpm_ D25 DRI, respectively). According to the discussion on 100LV-
based nanocomposites, the more homogeneous morphology obtained in the
isotropic 30HV containing D25 and compounded at 300 rpm likely promoted the
dispersion of the LDH layers within the matrix through the applied elongational
flow, resulting in better dispersion in the fibers processed at 300 rpm [115].

(€)

Figure 78. (A) Morphological analysis of the 30HV_150rpm_D25_fiber and corresponding EDX
spectra of the spots labelled as (B) 1, (C) 2 and (D) 3.
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Figure 79. (A) Morphological analysis of the 30HV_300rpm_D25_fiber and corresponding EDX
spectra of the spots labelled as (B) 1 and (C) 2.

6.2.2.2 D17

Considering the filler having the larger surface area, the morphologies of the
composites based on the 100LV matrix and processed without applying the
elongational flow, at a screw speed of 150 or 300 rpm alternatively, are reported in
Figure 80 and Figure 81, respectively. The compounding performed at the lowest
shear rates (Figure 80A) resulted in a poor dispersion of the filler. In fact, the
presence of large agglomerates clearly emerges from the EDX maps showing the
Mg and Al distribution across the surface (see Figure 80B and C, respectively).
However, as highlighted by the elemental maps shown in Figure 81B and C
(corresponding to Mg and Al, respectively), even when processing the material at
the highest screw rotation speed a quite inhomogeneous morphology was obtained.

(A) (C)

Figure 80. (A) Morphological analysis of the 100LV_150rpm_D17_DR1 and corresponding EDX maps
of the (B) Mg and (C) Al. The white arrow indicates the aggregate of LDH.
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Figure 81. (A) Morphological analysis of the 100LV_300rpm_D17_DR1 and corresponding EDX maps
of the (B) Mg and (C) Al. The white arrow indicates the aggregate of LDH.

On the other hand, when the uniaxial elongational flow was applied, an

excellent dispersion of D17 in the 100LV matrix was reached at both the screw
speeds. This can be clearly appreciated in Figure 82A  for
100LV_150rpm_D17 fiber and in Figure 83A for 100LV_300rpm D17 _fiber.
Besides, in the two cases the good distribution was confirmed with the EDX
mapping of the corresponding cross-sections (see Figure 82B and C for the Mg and
Al distribution in 100LV_150rpm_D17_fiber, and Figure 83B and C for the Mg
and Al distribution in 100LV_300rpm_D17 fiber).
As discussed in Section 6.2.2.1, the good dispersion and distribution of the LDHs’
platelets, up until they intercalate with polymer macromolecules, is due to the action
of elongational flow. In fact, owing to the uniaxial flow applied, the nanofillers first
reorient according to the axial direction. Then, the layers progressively exfoliate
[115,137,589,622—-624].

Additionally, it is interesting to note that the two fibers were obtained at
different BSR (see Figure 67B) and, in particular, 100LV_300rpm D17 _fiber was
not affected by rupture during the drawing step. Nonetheless, comparable
morphologies emerged from the analyses of the cross sections (Figure 82 and
Figure 83 for 100LV _150rpm D17 fiber and 100LV_300rpm D17 fiber,
respectively). Considering the presence of agglomerates in the corresponding
isotropic systems and the homogeneous distribution of dispersed intercalated
nanofiller platelets in the fibers, it can be appreciated that in the 100LV-based
nanocomposites containing D17 the beneficial effects of the elongational flow on
achieving a good nanofiller distribution prevails over any impact related to the
initial inhomogeneous morphology, even at low intensities of the applied uniaxial
field.
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Figure 82. (A) Morphological analysis of the 100LV_150rpm_D17_fiber and corresponding EDX maps
of the (B) Mg and (C) Al

®) _(©)

Figure 83. (A) Morphological analysis of the 100LV_300 rpm _D17_fiber and corresponding EDX
maps of the (B) Mg and (C) Al

Focusing on the isotropic 100HV-based nanocomposites, a homogeneous

distribution of nanometric LDHs’ tactoids characterizes the morphology of the
material compounded at 150 rpm (Figure 84A), as confirmed by the EDX spectra
of area 1 and 2 reported in Figure 84B and C, respectively. A further improvement
of the microstructure is appreciated in the material processed at 300 rpm. In fact,
the cross-section shown in Figure 85A clearly shows the absence of stacks of
lamellae. Additionally, EDX maps reveal a uniform distribution of intercalated or
exfoliated layers of LDHs within the polymeric matrix (Figure 85B and C for Mg
and Al, respectively).
The improvement in the morphology of the nanocomposite, as assessed by
comparing the 100HV _300rpm D17 DR1 and the 100HV 150rpm D17 DRI,
was attributed to the increased shear rate applied to the former, which promoted the
dispersion and distribution of the nanofiller in the matrix [618-621].

Besides, comparing the morphologies of isotropic nanocomposites containing
D17 and based on 100HV or 100LV yields similar considerations with respect to
viscosity as those found in the presence of D25 (see Section 6.2.2.1). In particular,
the most homogeneous dispersion of LDHs down to nanometric dimensions, or
even intercalation of the layers, was achieved in the high-MW matrix-based
nanocomposites when the same screw rotation speed was used during compounding
(see Figure 80 and Figure 84 for 100LV_150rpm D17 DR1 and
100HV_150rpm_D17 DRI; Figure 81 and Figure 85 for
100LV_300rpm_D17 DRI and 100HV_300rpm_D17 DR1). This evidence can be
attributed to the higher viscosity of the high MW matrix (see Figure 54 in Chapter
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4) allowing a more effectively transmission of the forces to the nanofiller, thus
promoting its breakup and dispersion in the polymer matrix [521,625-628].

Figure 84. (A) Morphological analysis of the 100HV_150rpm _D17_DR1 and corresponding EDX
spectra of the spots labelled as (B) 1 and (C) 2.

Figure 85. (A) Morphological analysis of the 100HV_300rpm_D17 DRI and corresponding EDX maps
of the (B) Mg and (C) Al

Following the application of the elongational flow on the 100HV-based
composite processed at 150 rpm, stacks of lamellae are detected across the surface
of the fibers (Figure 86A), as confirmed by the corresponding elemental analyses
ofarea 1 and 2 (Figure 86B and C, respectively). This morphology can be explained
by the aforementioned re-agglomeration phenomena occurring when the
elongational flow is applied to a nanocomposite in which good dispersion of the
filler was achieved during the compounding step. In fact, as previousely explained
(see Section 6.2.2.1), firstly the elongational flow fosters the separation of the
platelets of the nanofillers. Then, if the layers are close enough for the superficial
charges to interact electrostatically, reagglomeration occurs [115,629-632].
Conversely, no such structures emerge from morphological analyses of
100HV _300rpm_D17 fiber (Figure 87A). In fact, as assessed by the EDX maps
(see Figure 87B and C for Mg and Al, respectively), a good intercalation and
distribution of the LDHs’ platelets was maintained in the fibers of the
nanocomposite processed at 300 rpm.
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Figure 86. (A) Morphological analysis of the 100HV_150rpm_D17_fiber and corresponding EDX
spectra of the spots labelled as (B) 1 and (C) 2.

(B) (©)

Figure 87. (A) Morphological analysis of the 100HV_300rpm_D17_fiber and corresponding EDX maps
of the (B) Mg and (C) AL

Lastly, when the 30HV-based nanocomposite was investigated, the presence of
micrometric agglomerates embedded in the matrix of the isotropic materials was
observed, regardless the screw rotation speed exploited. Specifically, Figure 88A
refers to 30HV_150rpm_D17 DRI, while Figure 89A shows the morphology of
30HV _300rpm_D17 DRI. Further confirmation can be found in the corresponding
elemental maps (Figure 88 A and B for the Mg and Alin 30HV_150rpm_D17 DRI;
Figure 89A and B for the Mg and Al in 30HV_300rpm_D17 DRI1), which also
highlight the minor role of the enhanced shear rate applied at higher screw speed in
promoting the dispersion of the nanofiller. In fact, a modest reduction in
agglomerate size is observed and a slight improvement in LDHs’ distribution within
the polymer matrix are achieved when comparing the morphological results of
30HV _300rpm_D17 DR1 with those of 30HV_150rpm_D17 DRI.

(A) (B) (©)

Figure 88. (A) Morphological analysis of the 30HV_150rpm_D17_DR1 and corresponding EDX maps
of the (B) Mg and (C) Al. The white arrow indicates the aggregate of LDH.
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Figure 89. (A) Morphological analysis of the 30HV_300rpm_D17_DR1 and corresponding EDX maps
of the (B) Mg and (C) Al. The white arrow indicates the aggregate of LDH.

Although agglomerates were observed in the isotropic nanocomposites based
on 30HV, the morphology of the corresponding fibers was found to be characterized
by a homogeneous distribution of intercalated or even exfoliated LHDs dispersed
throughout the polymer matrix. In fact, the uniform microstructure was confirmed
for both 30HV 150rpm D17 fiber and 30HV 300rpm_ D17 fiber from the
corresponding EDX maps (see Figure 90 and Figure 91, respectively). These
findings demonstrate that the application of elongational flow is particularly
effective in promoting the breakdown of nanofillers into platelets and facilitate their
uniform distribution, independently from the screw rotation speed used during
processing [115,137,589,622—624]. Besides, it has to be taken into consideration
that the fibers in the two cases are characterized by different BSR. As can be
appreciated in Figure 67B, those compounded at 150 rpm were not affected by
rupture during the drawing step, while a BSR of about 300 was calculated for the
30HV 300rpm_ D17 fiber. A similar behavior in morphology evolution due to
elongational flow has been already observed in the case of 100LV-based
nanocomposites containing D17 (see Figure 82 and Figure 83 for the fibers obtained
at 150 or 300 rpm). As discussed above, the initial presence of micrometric
agglomerates in isotropic materials indicates that the beneficial effect of the
uniaxial field in determining the final microstructure prevails over the possible role
played by the initial morphology. This is evident from the good intercalation of
dispersed LDH platelets following elongational flow, regardless of its intensity.

A (8)

Figure 90. (A) Morphological analysis of the 30HV_150rpm_D17_fiber and corresponding EDX maps
of the (B) Mg and (C) Al
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Figure 91. (A) Morphological analysis of the 30HV_300rpm_D17_fiber and corresponding EDX maps
of the (B) Mg and (C) AL

6.2.2.3 The effect of the aspect ratio

Furthermore, the role of the LDH aspect ratio on the morphology can be
investigated. Considering the isotropic materials, some differences in the
morphology were obtained depending on the polymeric matrix considered. In the
case of 100LV, agglomerates were obtained at 150 rpm in presence of both D25
and D17 (Figure 68 and Figure 80, respectively). However, a difference was
appreciated for the compounding screw speed of 300 rpm. In this second case,
tactoids and dispersed intercalated lamellae were detected for the nanocomposite
containing D25 (see Figure 69), while micrometric agglomerates of D17 were still
present dispite the higher screw rotation speed (see Figure 81).

Conversly, comparable morphologies emerged from the comparison of the I00HV-
based isotropic nanocomposites containing D25 or D17 and compounded at the
same screw speed. In fact, at 150 rpm the uniform distribution of nanometric stacks
of lamellae was assessed in both cases (see, Figure 72 for D25 and Figure 84 for
D17), while a homogeneous distribution of intercalated LDHs emerges at 300 rpm
(see, Figure 73 and Figure 85 for D25 and D17, respectively).

Lastly, for the blend processed at 150 rpm, in presence of D25 a homogeneous
dispersion of tactoids along with a good dipersion of intercalated lamellae was
obtaiend (Figure 76). On the other hand, in the nancomposite containing D17
processed in the same conditions micrometric agglomerates were detected (Figure
88). A different final morphology depending on the aspect ratio of the nanofiller
considered was obtained also in the isotropic materials compounded at 300 rpm. In
fact, a good dispersion of distribution of intercalated LDHs’ lamellae was achieved
for D25, with some nanometric tactoids still present (see Figure 77), while
micrometric agglomerates of nanofiller were obtained when the material containing
D17 was considered (Figure 89).

From the above analisys, it has been clearly highlighted the role of the aspect
ratio of LDHs in determining the final morphology of the isotropic nanocomposites.
In fact, to a greater aspect ratio corresponds a larger superficial area exposed for a
single platelet resulting in a greater number of available interactions. This is one of
the strengths of using nanometric fillers, which allow greater interaction with the
polymer matrix, modifying the final properties of the material. However, the greater
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number of exposed available interactions also represents an obstacle to the
dispersion of these fillers at the single layer level, because the filler-filler affinity is
greater than the filler-polymer affinity. For this reason, as the aspect ratio increases
the greater number of attrative interactions between the layers, preferentially fosters
the adhesion between the platelets and hinders the dispersion in the polymeric
matrix. Besides, this phenomenon is particulary strong in the case of the LDHs,
which are characterized by a larger surface charge density if compared with
conventional cationic nanclays [589,633—636]. The above is in accordance with the
observations emerged from the morphological analyses and showing that
agglomerates were more likely to form in the case of D17 than in the case of D25.
In addition, from these observations, further considerations on the role of the
polymer viscosity and applied shear rate as function of the aspect ratio can be
suggested. In fact, when focusing on a single matrix, it was found that isotropic
nanocomposites containing D25 and obtained at 300 rpm have a more
homogeneous distribution of intercalated platelets and nanometric tactoids than the
corresponding materials compounded at 150 rpm. However, the same improvement
associated with an increase in the applied shear rate was not clearly observed in
nanocomposites containing D17. Specifically, negligible variations were observed
for both nanocomposites with a 100LV matrix and those with a 30HV matrix. These
findings can be explained by considering that the shear stress transmitted to the
nanofiller depends not only on the applied shear rate but also on the matrix's
viscosity [521,625-628]. Thus, as discussed above, and considering the viscosities
of 100HV, 30HV, and 100LV (see Figure 67), the former is expected to be more
efficient at transmitting shear stress to the dispersed LDHs. Therefore, considering
the larger number of interactions between the layers in D17, it is reasonable to
suggest that the shear forces transmitted by 100LV and 30HV are insufficient to
overcome the interaction between particles, thereby promoting agglomerate
breakup even at the highest screw speed used in the present study.

In addition, the effect of the aspect ratio can also be evaluated in presence of
the uniaxial elongational flow. In this case, it is important to compare fibers
obtained at similar BSR, in order to evaluate the same intensity of applied field.
According to the literature, a filler with a higher aspect ratio is expected to align
more effectively with the direction of the applied flow [637]. This would expose
the lamellar domains to interlamellar sliding due to elongational flow-induced
deformation of the tactoids [115,615]. Consequently, the dispersion and distribution
of D17 LDHs would be expected to be more effective than that of D25. For instance,
this can be observed from the comparison of the morphologies of the
nanocomposites based on 30HV. In fact, for both the materials containing D25 or
D17, a well-dispersed distribution of intercalated layers was detected after the
application of the elongational flow (see Figure 79 and Figure 91, respectively).
However, taking into consideration the corresponding microstructure of the
isotropic materials in the two cases, a greater impact of the application of the
uniaxial field emerged to be obtained in the case of D17. In particular, a well-
dispersed microstructure with only few stacks of lamellae were observed in
30HV _300rpm_ D25 DRI (Figure 77), while agglomerates were present in the case
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of 30HV 300rpm_D17 DRI (Figure 89). Therefore, a greater impact would be
suggested for the application of the elongational flow to the nanocomposite
containing the higher aspect ratio nanofiller. On the other hand, when considering
the fibers obtained from the 100HV-based nancomposites, a similar evolution of
the mophology is appreciated in the case of those compounded at 150 rpm. In
particular, independently from the nanofiller considered, the cross-section of the
isotropic materials was characterized by a homogeneous distribution of nanometric
stacks of lamellae (see Figure 72 and Figure 84 in presence of D25 and D17,
respectively). Also, the fibers in the two cases presented domains of stacked
lamellae of LDHs for both D25 and D17 (see Figure 74 and Figure 86, respectively).
Furthermore, considering materials based on 100HV and processed at 300 rpm, the
isotropic materials exhibited a morphology in which the good dispersion of
intercalated lamellae was appreciated (Figure 73 and Figure 85 for
100HV _300rpm_D25 DR1 and 100HV 300rpm D17 DRI, respectively).
However, the fiber cross-sections showed that intercalation was maintained only in
the presence of D17 (Figure 87), while for D25, re-aggregation occurred (Figure
75).

These evidence of re-agglomeration emerging within materials having 100HV as a
matrix could be attributed to macromolecular orientation according to the direction
of elongational flow application and hindered mobility within the system due to
increased viscosity during non-isothermal drawing. Indeed, both macromolecules
and nanofillers align with the direction of the applied elongational flow
[115,548,549,615,637]. However, since the stretching process takes place under
non-isothermal conditions, there is a progressive change in the relaxation dynamics
of the system over time. Specifically, the increase in viscosity with decreasing
temperature reduces the mobility of the macromolecules and consequently that of
the nanofiller, which limits its dispersion promoted by the elongational flow
[115,463,474]. Therefore, the system is less likely to oppose platelet reaggregation
when the nanofiller gets stuck.

Taking into consideration what discussed for the 30HV- and 100HV-based drawn
nanocomposites, it seems that increasing the aspect ratio of the nanofiller positively
impacts its dispersion in the matrix when elongational flow is applied. However,
the results also suggest that viscosity plays a role in reagglomeration due to
superficial interactions between platelets.
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6.2.3 DSC

In Figure 92, the cooling ramps of the composites containing D25, D17 and the

corresponding polymer matrices compounded at 150 or 300 rpm alternatively, are
shown.
In the case of the 100HV-based materials, higher crystallization temperatures
characterize the composites processed at both 150 (Figure 92A) and 300 rpm
(Figure 92B), if compared with the corresponding polymeric matrices. In fact,
regardless of the screw speed considered, the values obtained in presence of D25
and D17 are quite comparable, with the first one being slightly higher. In addition,
similar considerations can be referred to the composites based on 30HV.
Independently of whether the materials were processed at 150 or 300 rpm (Figure
92C and D, respectively), the peak crystallization temperatures recorded for the
composites containing D25 and D17 are comparable. Furthermore, they are only
slightly higher than the value of the corresponding unfilled polymer matrix. Lastly,
when the materials based on the 100LV are considered, a slight increase in the
crystallization temperature is appreciated in the case of the composites, being the
ones containing D25 associated to the higher values, at both 150 and 300 rpm
(Figure 92E and F, respectively).

The increase of the crystallization temperature along with the earlier
crystallization observed for the composites in comparison with the corresponding
matrices may be associated with to heterogeneous nucleating role played by the
LDHs [589,595,638,639].
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Figure 92. DSC thermograms of the materials recorded during the cooling ramp. In each graph is

reported the comparison of a specific polymer matrix processed at a constant screw speed with the

corresponding composites. The constant variable are (A) 100HV_150rpm, (B) 100HV_300rpm, (C)
30HV_150rpm, (D) 30HV_300rpm, (E) 100LV_150rpm and (F) 100LV_300rpm.

The melting enthalpies of the nanocomposites were calculated from the second
heating ramp in the case of the isotropic systems and from the first heating cycle
when the fibers were considered. The values for the nanocomposites are shown, as
function of the HV content in the matrix, in Figure 93A and B for the materials
processed at screw rotation speeds of 150 and 300 rpm, respectively. In particular,
the AHm obtained for the isotropic materials is compared with that of the fibers
having DR of 350. Also, the values of the unfilled matrices obtained in the same
conditions are reported.

Firstly, considering the systems compounded at 150 rpm (Figure 93A), the melting
enthalpies of the 100LV-based materials in absence of elongational flow seem to
suggest that the introduction of the nanofillers causes a decrease of the AHm,; in

148



particular, the lower values are obtained in correspondence of the higher surface
area LDHs. Besides, also in the case of the 30HV-based materials, a decrease of the
melting enthalpy can be appreciated from the comparison of the values of the matrix
and as-compounded nanocomposites. However, in the present case, the AHm
obtained in presence of D25 and D17 are comparable. Lastly, a different behavior
is appreciated when considering 100HV as a matrix. In particular, the introduction
of the LDHs seems to slightly promote the increase of the melting enthalpy, and
comparable values are obtained for the two nanofillers considered.

The melting enthalpies of the materials processed at 300 rpm are reported in
Figure 93B. The lowering of the AHy, is appreciated for the 100LV-based after the
introduction of the nanofiller, with the higher melting enthalpy associated to
100LV_300rpm_D25 if compared to 100LV_300rpm D17. Also, a similar
behavior is appreciated in the case of the materials based on 100HV. In fact, the
AHyn of  100HV 300rpm D25 DR1 is greater than the one of
100HV _300rpm_D17 DRI, and both are lower than that of the unfilled matrix.
Lastly, in the case of the materials having 30HV as a matrix, the introduction of
D25 resulted in a negligible variation of the AHn, while a significative decrease
was obtained in presence of D17, when the values were compared to the one of
30HV_300rpm_nofiller DRI.

Additional consideration emerged from the comparison of the melting
enthalpies calculated for the materials processed at 150 or 300 rpm (see Figure 93A
and B), alternatively, also taking into consideration the variation of the HV content
in the matrix. In the case of D25, the AHn of the 100LV- and 100HV-based
composites processed at 150 rpm slightly decreased with the increasing of the MW.
Accordingly, the same trend is appreciated in the materials compounded at 300 rpm.
Besides, it is worth to mention that the values obtained at the higher screw rotation
speed are greater than the ones calculated for the corresponding materials processed
at 150 rpm, regardless the MW considered. The increase of the AHn with the
enhancement of the shear rate applied is appreciated also from the comparison
between the 30HV 150rpm_ D25 DRI with the 30HV_300rpm_D25 DRI.
However, a different behavior emerges when the melting enthalpy of the 30HV-
based composite is compared with those of the corresponding 100LV- and 100HV-
based, obtained at the same screw speed. In fact, if a lower AHn is obtained at 150
rpm taking into consideration the value expected form the linear combination of the
melting enthalpies of the two monomodal-based composites, at 300 rpm the melting
enthalpy is greater than the one expected.

In presence of D17, the AHm of the two monomodal MW-based composites
processed at 150 rpm increased with MW, while the opposite trend was observed
for the materials obtained at 300 rpm. In addition, the increase of the screw rotation
speed had a slightly positive impact on the melting enthalpy of the composite based
on 100LV, while negatively affecting the one of the 100HV-based material. Lastly,
the behavior of the 30HV to which D25 was added, highlighted a melting enthalpy
value in accordance with the one expected following the linear combination of the
one of the 100LV_150rpm_D25 DRI and 100HV_150rpm D25 DRI, when
processed at 150 rpm, while a lower AHn than the expected was calculated for the
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30HV 300rpm_ D25 DRI. Also, the melting enthalpy of
30HV_150rpm D25 DR1 emerged to be lower than the one of
30HV 300rpm_D25 DRI, similarly to what reported for the 100HV-based
composites.

From the above discussion has emerged that, in general, the introduction of
LDHs into PA6 reduces the melting enthalpy compared to the unfilled polymer
processed under the same conditions. However, the increase of the AHy with the
introduction of a nanofiller is often reported in literature, owing to its contribution
as heterogenous nucleating agent [589,640]. As known, this is strongly related to
the degree of exfoliation and distribution of the filler in the polymeric matrix
[597,603,605,606]. In fact, that is in accordance with the considerations emerged
from the morphological investigation discussed in Section 6.2.2, where the presence
of aggregates was assessed in most of the composites after the compounding step
(see Figure 68, 68, 71, 75, 76, 79, 80, 83, 87, 88). However, that is not the case of
the 100HV-based materials processed at 300 rpm and containing D25 or D17 (see
Figure 73 and 84, respectively). Specifically, even if both the composites showed a
homogeneous morphology after the compounding step, the melting enthalpies in
the two cases was still lower than that of 100HV_300rpm_nofiller DR1 (Figure
93B). A possible explanation for this behavior may be related to the intercalation
extent of LDHs, which has been reported to play a negative a role in determining
the melting enthalpy when resulting in the limited mobility of the intercalated
macromolecules [582,617,620]. Besides, the different interaction of the
macromolecules with the intercalated LDHs may likely affect the evolution of the
melting enthalpy as function of the screw speed and MW, therefore determining a
different behavior of the composites containing D25 or D17, alternatively.

Having investigated the impact of the MW and rotation speed on the melting
enthalpy, let’s now consider the role of the elongational flow. In Figure 93A, the
data referred to the materials compounded at 150 rpm are reported. First, consider
the difference in AHm between the isotropic materials and the fibers. Starting from
the D25, negligible variations were appreciated with the introduction of the filler in
100LV- or 30HV-based materials. On the contrary, a negative impact of the
application of the elongational flow on the 100HV _150rpm_D25 emerged. Besides,
for the composites containing D17, a positive effect of the application of the
elongational flow was appreciated for the 100LV-based material, while a negligible
impact was appreciated on the melting enthalpy of the 100HV-based one. Also, the
decrease of the AH, was obtained with the application of the elongational flow on
the 30HV 150rpm_D17. Lastly, different behaviors can be observed when
comparing the melting enthalpies of two composites having the same matrix. In
fact, while in the case of 100LV the two values are almost comparable, for the
matrix with the higher MW, the composite containing D17 shows the highest AH.
Conversely, between the blend-based, the wvalue calculated for
30HV_150rpm_D25 DR350 prevails.

From the above, it can be seen that no clear trend emerges in the variation of the
melting enthalpy in the presence of elongational flow, either with changes in high
MW content or with variations in the type of filler. However, by comparing the
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values obtained for composite fibers with those for the corresponding polymer, it is
clear that the higher AHn is obtained in the latter case, regardless of the filler and
matrix considered.

In Figure 93B are reported the melting enthalpies of the materials drawn after
compounding at 300 rpm. First, in the case of the 100LV matrix, the variation is
negligible when considering those containing D25 compared to the value calculated
in the absence of stretching. However, introducing D25 seems to negatively impact
AHy for both 100HV and 30HV. Furthermore, when considering the effect of
elongational flow on composites containing D17, a clear increase in melting
enthalpy is observed compared to non-drawn material, regardless of the HV content
in the matrix. On top of that it is interesting to note that, for the composites produced
at 300 rpm, the AHn, calculated for a certain polymeric matrix after the application
of the elongational flow is quite comparable, regardless the presence of D25 or D17.
Also, at least for the 100HV- and 30HV-based materials for which the melting
enthalpy of the pristine fiber is available, the introduction of the filler emerged to
be detrimental on the AHy,.

Based on the discussion of how the melting enthalpy varies with processing
parameters after elongational flow is applied to composites, it appears that the
rotational speed of the screws plays a role. In fact, the addition of filler negatively
affected the AHn of all the drawn materials, if compared to the ones of the
corresponding pristine fibers. However, a consistent trend seems to emerge for
those processed at 300 rpm. Specifically, for the composites containing D17 the
enhancement of the melting enthalpy regardless the polymeric matrix, may be
related to the effective orientation of the nanofiller in accordance with the uniaxial
elongational flow [555,614,615]. Specifically, this is also confirmed by the
homogeneous microstructure observed in the morphological analyses.
Furthermore, since the melting enthalpy obtained for composites containing D25 or
D17 is comparable for materials processed at 300 rpm, it could also be suggested
that the effect of elongational flow under these processing conditions prevails over
the potential role of the different surface area on the melting enthalpy.
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Figure 93. Melting enthapies of the polymers and corresponding composites processed at (A) 150 or (B)

300 rpm, in absence of elongational flow and for the fibers having a DR of 350. The dashed line refer to

the linear combinations of the values referred ot the 100LV- and 100HV- based composites containing
the same LDH and in absence of elongational flow.

Lastly, the relative content of the o over y crystalline phases in the composites
produced in presence or absence of applied elongational flow has been investigated.
In Figure 94A, are reported the results for the materials compounded at 150 rpm.
Focusing on those to which no elongational flow was applied, the o/y content of the
100LV polymer in presence of D25 emerged to be comparable with the of the
pristine matrix. On the contrary, a noticeable increase of the y content was
appreciated when the composite containing D17 was considered. Additionally,
form the comparison of the o/y ratio in the 100HV-based materials emerged the
lowering of the relative content of the two phases in presence of both D25 or D17.
However, when considering the a/y content in the corresponding composites having
a low and a high MW matrix, it seems that in first case, the stability of the two
crystalline phases is affected by the change in the molecular weight of the matrix
and, in particular, its increase appears to promote the stability of the y phase. On
the other hand, the composites containing D17 show quite comparable values of a/y
content, independently from the MW of the matrix considered. In the case of the
30HV-based materials, the introduction of the D25 lowers the a/y ratio if compared
to the one of the pristine blend, meaning a higher relative content of y phase in the
first case. Conversely, the values calculated for 30HV 150rpm D17 DR1 and
30HV_150rpm_nofiller DR1 are comparable. Further observations emerge when
comparing the o/y content of the 30HV-based composites with the ones of the
corresponding matrices-based. In fact, a deviation from the expectations according
to the linear combinations of the values of the matrices-based ones is observed
regardless considering D25 or D17. However, in the first case the a/y content
decreased, while in the second case, it increases.

Following with the discussion, the results relative to the materials compounded
at 300 rpm in absence of elongational flow are reported in Figure 94B. A
significative decrease of the o/y ratio is appreciated in the 100LV-based composites
if compared with the corresponding pristine matrix. Also, the value obtained for the
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100LV _300rpm_D17 DRI is greater than the one of 100LV_300rpm_ D25 DRI.
Furthermore, the decrease of the a/y content in the composites if compared to that
of the pristine matrix is appreciated in the 100HV-based materials. In addition, the
values obtained in presence of D25 and D17 are comparable. Focusing on the
30HV-based composites, a o/y ratio slightly higher than the one of the
30HV 300rpm_nofiller DR1 was obtained for 30HV 300rpm_D25 DRI, and the
value further increased in the case of 30HV 300rpm_ D17 DRI. Lastly, taking into
consideration the a/y content expected for the blend-based composites according to
the linear combination of the values relative to the corresponding matrices-based,
higher experimental values were obtained regardless considering D25 or D17.

On top of that, some considerations emerge from the comparison of the a/y
content of a specific composite processed at 150 or 300 rpm, alternatively. Focusing
on the composites containing D25, the value greatly decreased at higher screw
speed for the 100LV-based material, while a negligible effect seems to affect those
containing the 100HV matrix. On the contrary, the o/y ratio was positively affected
by the increase of the screw speed in compounding those based on 30HV.
Furthermore, in presence of D17, a significative variation of the reciprocal content
of the a to y phases was observed only for the composites having 100LV as
polymeric matrix.

From the above discussion, some considerations relatively to the role of the
processing parameters in determining the polymorphism emerged. For instance, in
presence of a high MW matrix it appears that the ratio between the a and y phases
in the composite is independent of the rotation speed of the screws in the
compounding step and the type of filler. Also, the values are lower than the one of
the corresponding pristine matrix processed in the same conditions. Furthermore, a
combined effect of the high screw rotation speed and bimodal MW may be
suggested to promote the a/y content obtained for the composites if compared with
the one expected according to the linear combination of the corresponding matrices-
based materials. In addition, the o/y of the 30HV 300rpm D25 DRI and
30HV 300rpm_ D17 DRI is comparable or larger than the one of the 30HV-blend.
Taking into account the literature on the subject, there are few studies investigating
the relationship between the presence of nanofillers and the stability of polymorphic
crystalline phases in PA6 [595,596,601,640]. Furthermore, although there is
agreement on the central role of the degree of filler exfoliation, studies disagree on
which phase, a or vy, is stabilized by the increase of the parameter [595,640].

The o/y content calculated for composites obtained in the presence of the
elongational flow and compounded at 150 or 300 rpm is discussed below (Figure
94A and B, respectively). It is important to note that, in the cases in which the a
phase is the only one present, the data are not reported in the graphs.

In accordance with the data shown in Figure 94A, a is the only phase present in the
fibers of the 100LV-based materials processed at 150 rpm, regardless considering
D25 or D17 as a filler. This is consistent with what was already observed for
100LV _150rpm_nofiller DR350. Furthermore, the composites having a high MW
matrix showed a comparable a/y content, and the value was independent from the
filler considered. Besides, those values of a/y are comparable with the one of
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100HV_150rpm_nofiller DR350. On the contrary, focusing on the data relative to
30HV _150rpm_D25 DR350 and 30HV_ 150rpm D17 DR350, a different
crystalline phase distribution emerges. In fact, the first composite only contains o
phase, as in the case of 30HV 150rpm_nofiller DR350, while the second also
presents .

Considering the a/y ratio of materials processed without elongation flow (Figure
94A) and the above discussion of the values calculated for the corresponding fibers,
it may reasonably be considered a combined effect of elongational flow and MW
in the case of monomodal-MW distribution. In fact, the application of the
elongational flow to the low MW materials results in the suppression of the y phase,
regardless the presence or type of LDH present; while when the high MW matrix is
considered, a comparable content of a and v is obtained, independently from the
other parameters considered.

In Figure 94B the o/y content of the fibers obtained from the materials

processed at 300 rpm are reported. Both the composites having 100LV as a matrix
are characterized by only o phase. On the other hand, also v is present in those based
on 100HV. In addition, a greater o/y value is associated to
100HV_300rpm_D25 DR350 if compared to 100HV 300rpm D17 DR350,
while 100HV_300rpm_nofiller DR350 presented only a. Lastly, when the 30HV-
based composites are considered, comparable values of a/y are obtained regardless
the presence of D25 or DI17. Also, the values are lower than the one of
30HV_300rpm_nofiller DR350, thus indicating a higher relative content of y when
the filler is present.
Furthermore, focusing on the crystalline population of the materials with a
monomodal MW, evidences emerge that are consistent with what has already been
highlighted for those processed at 150 rpm. In particular, at 300 rpm, the 100LV-
based fibers only present a phase, while the simultaneous presence of o and vy is
observed in the 100HV-based composites. Thus, also at the higher screw speed it
can be considered a combined effect of the MW and elongational flow in
determining the crystalline phase distribution of the monomodal MW-based
materials.

In conclusion, the analysis of the distribution of alpha and gamma phases in
materials subjected to elongational flow suggests that the presence of filler has a
secondary effect. Specifically, when a monomodal MW distribution is considered,
the formation of alpha or gamma phases in the fibers seems to be primarily
determined by the MW of the polymer matrix in the presence of elongational flow.
Therefore, the templating effect of elongational flow seems to prevail over the
presence of filler, which could affect chain mobility [245,251,556,596,640,641].
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Figure 94. a/y content of the polymers and corresponding composites processed at (A) 150 or (B) 300
rpm, in absence of elongational flow and for the fibers having DR of 350. The dashed line refer to the
linear combinations of the values referred ot the 100LV- and 100HV- based composites containing the

same LDH and in absence of elongational flow.

6.2.4 Mechanical properties

The Young modulus, strength at break and deformation at break of the isotropic
nanocomposites were compared to those of the unfilled polymers and are reported
in Figure 95A, B and C, respectively. As expected, the tensile properties of the
nanocomposites are affected by the dispersion and distribution of the nanofiller in
the polymeric matrix [589]. In particular, the Young modulus and strength at break
are positively affected or comparable to the unfilled samples for those in which a
homogeneous morphology was achieved, while their decrease is appreciated in
presence of LDHs agglomerates as, for instance, in the case of 100LV. The opposite
trend is associated to the deformation at break.
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Figure 95. Young modulus, strength at break and deformation at break of the isotropic materials
processed at (A), (C), (E) 150 or (B), (D), (F) 300 rpm, respectively.

Furthermore, the tensile stength of the nanocomposites fibers was evaluated
considering the variation of the dimensionless strength at break as function of the
DR (Figure 96). As reported in Section A.3.4., the values were calculated as the
ratio between the experimental values of the fibers and the corresponding strength
at break of the isotropic material. This approach allows to highlight the contribution
provided by the orientation phenomena to the tensile strength [123,589,642].

In the case of the 100HV-based materials (Figure 96A and B), an almost linear
increase of the dimensionless strength as a function of the DR is observed for all
the systems, regardless of the presence of LDHs and of the screw speed. This
behavior indicates the effectiveness of the applied elongational flow in promoting
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macromolecular orientation, without promoting any evolution of the LDHs
dispersion/distribution [123,642].

Differently, for 30HV-based materials processed at 150 rpm (Figure 96C), the
tensile strength is not affected by the application of the elongational flow for both
the unfilled blend and the system containing D17, while a different trend is
observed for 30HV 150 D25. More specifically, in this case, a progressive
increase of the tensile strength as a function of DR is appreciated. This feature
suggests that, upon the application of the elongational flow, the morphology of the
nanocomposite is able to modify. Concerning the behavior of the materials
processed at 300 rpm (Figure 96D), a non-monotonic trend can be noticed,
indicating the occurrence of different phenomena affecting in different ways the
tensile behavior of the fibers. However, no significant differences were observed
between the unfilled blend and the nanocomposites.

Lastly, as clearly observable in Figure 96E, the introduction of D25 in 100LV
matrix dramatically change the tensile behavior of the material as a function of the
applied elongational flow. In fact, as already noticed for the system
30HV 150 D25, a remarkable increase of the tensile strength as compared to the
unfilled matrix is noticed. Also in this case, this result can be ascribed to some
evolution of the nanocomposite morphology resulting from the elongation.
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Figure 96. Dimensionless strength of the materials as function of the DR. In each graph is reported the
comparison of a specific polymer matrix processed at a constant screw speed with the corresponding
composites. The constant variable are (A) 100HV_150rpm, (B) 100HV_300rpm, (C) 30HV_150rpm, (D)
30HV_300rpm, (E) 100LV_150rpm and (F) 100LV_300rpm. In all cases, the dashed lines represent the
trend of the data having the same color.

In order to gain some additional insight about the behavior of 30HV- and
100LV-based materials, the normalized strength at break was calculated. This
parameter corresponds to the ratio between the dimensionless tensile strength of the
nanocomposite fiber and the corresponding value of the unfilled polymeric matrix
having comparable DR. This approach allows eliminating the reinforcing effect
associated with the orientation phenomena of the macromolecules, thus
emphasizing the role of the elongational flow-induced evolution of the
nanocomposites’ morphology on their tensile behavior [123,589,642]. Specifically,
a flat trend in the graph reveals that the increase of the strength at break as function
fo the DR is only related to the enhanced orientation of the macromolecules along

158



the direction of the elongational flow, thile a positive slope can be related to a
progressively improved dispersion of the nanofiller [589].

As can be appreciated in Figure 97A and B, for both nanocomposites a significant
increase of the tensile strength, indicating that the material’s morphology can
evolve when stretched in non-isothermal conditions. In particular, as anticipated
before and as assessed through morphological analyses, this evolution involves a
progressive disruption of the nanofiller agglomerates formed during the melt
compounding stage. Furthermore, it can be inferred that, similarly to what noticed
in nanocomposites s incorporating anionic nanoclays, the elongational flow also
promotes an increase of the interlayer spacing within tactoids or intercalated
hybrids already present in the melt-compounded materials, resulting in an
amplification of intercalation or, possibly, in the formation of exfoliated hybrids.
Finally, a preferential alignment of the nanofillers along the flow direction,
potentially contributing to the improved tensile strength of the fibers, cannot be
excluded.
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Figure 97. Comparison of the normalized strength at break of the unfilled and D25-containing
nanocomposite processed at 150 rpm for (A) 30HV-based and (B) 100LV-based materials. In all cases,
the dashed lines represent the trend of the data.

6.3 Concluding remarks

In the present Chapter it has been investigated the processing parameter-
microstructure-properties relationship in PA6-based composites containing LDH.
In particular, the role of the uniaxial elongational flow, aspect ratio of the filler,
screw rotation speed and high-to-low MW content was deepened.

The study revealed that the presence of LDHs generally improves the
drawability of composites compared to unfilled polymers, independently from the
aspect ratio considered. However, the extent of improvement depends on the MW,
the MW distribution, as well as the screw speed. In particular, for monomodal
systems, high MW always corresponds to good drawability, while in low MW
nanocomposites it depends on both the screw rotation speed and the aspect ratio of
the nanofiller. On the other hand, greater deformability is achieved at low speeds
for bimodal MW-based materials, regardless of the filler aspect ratio.
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Furthermore, focusing on the morphology of isotropic materials revealed

additional considerations regarding the role of the parameters examined.
Specifically, the polymer's higher viscosity proved favorable in promoting tactoids’
rupture and platelet dispersion owing to its greater effectiveness in transmitting
shear stress to the embedded nanofiller. Additionally, increasing the screw rotation
speed from 150 to 300 rpm showed a general improvement in LDH dispersion and
promoted intercalation. Besides, applying elongational flow has consistently
improved the dispersion of nanofillers, especially when initial agglomerates were
present. The increasing viscosity related to the MW of the matrix and the decrease
in temperature during the drawing step were suggested to have an impact on the
formation of such structures.
Lastly, the crucial role of the aspect ratio of the nanofiller in relation to the nature
of the applied field was revealed. Specifically, higher aspect ratio LDHs were more
difficult to disperse in the presence of shear flow due to strong interactions between
the lamellae. However, when subjected to elongational flow, they showed a greater
tendency to align and disperse in the direction of the uniaxial field. This effect was
particularly evident in 30HV and 100LV materials.

Additionally, it was noted that the addition of LDHs generally had a nucleating

effect on the matrix, as evidenced by the comparison of the crystallization
temperatures of isotropic materials. However, the effect on the melting enthalpy
varies. In particular, the decrease was attributed to non-optimal dispersion of the
nanofiller, as revealed by morphological analysis of the isotropes. Furthermore,
applying elongational flow produced ambiguous results. Generally, the AHm
decreased. However, fibers containing D17 and obtained at 300 rpm show a positive
variation compared to the value calculated for the corresponding isotropes. This
variation is probably related to the better intercalation and orientation of the
platelets obtained under these conditions, as revealed by the morphological
analysis.
Finally, the ratio between the o and y crystalline phases in isotropic materials was
shown to depend more on the MW of the matrix than on the aspect ratio of the filler.
Additionally, when elongational flow is applied to monomodal matrices, the o
phase predominates in low-MW materials, while also y was found in the high MW-
based nanocomposites, regardless of the presence of D17 or D25. Thus, it has been
found that the effect of the filler is secondary to that of the MW and elongational
flow in determining the resulting o over y content.

Lastly, in terms of mechanical properties, the increase in the strength at break
as a function of DR highlighted the effectiveness of elongational flow in orienting
polymer chains. Additionally, the improved distribution and orientation of LDHs
was demonstrated for 30HV- and 100LV-based composites.
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Chapter 7

Conclusions and perspectives

The increasing demand for high-performance polymer-based materials has

highlighted the crucial importance of understanding the relationship between
processing parameters, microstructure, and the resulting properties. In particular,
the development of microstructured polymer systems through solvent-free
approaches represents a highly attractive route from both scientific and industrial
perspectives. Nevertheless, this field of research is still in its early stages, and few
studies on this subject are available in the literature.
Within this context, the aim of the present PhD work was to investigate how
variations in processing conditions could be used to control the microstructure,
thereby tuning the final properties of twin-screw extruded homopolymer-based
materials. On the formulation point of view, two distinct polymer systems were
considered: an apolar HDPE-based and a polar PA6-based one, including different
combinations of high and low molecular weight matrices. Particular attention was
also given to the introduction of layered double hydroxides as nanofillers in polar
systems to further tailor morphology and performance. Additionally, the screw
rotation speed and barrel temperature profile were considered as variables in the
compounding process. Finally, the effect of a non-isothermal uniaxial elongational
flow applied on the material right after the die was analyzed in the case of polar
systems.

First, an extensive analysis of the current state of knowledge was conducted,
which led to the development of a comprehensive overview on solvent-free
approaches for producing structured polymer systems. Given their relevance as the
most industrially exploited methods for the melt processing of thermoplastic
materials, the focus was particularly on extrusion- and injection molding-based
technologies. Within this framework, the relationships between processing
parameters and the resulting microstructure were critically examined. It is worth
noting that the particular attention paid to the tailoring role played by the flow fields
generated during processing onto the resulting microstructure represents a
distinctive novelty of this work.
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Focusing on the experimental results, in the case of the HDPE blends the study
was conducted according to a Design of Experiment strategy, considering variations
in the blend composition, screw rotation speed, and processing temperature. Also,
the thermal and rheological analyses were interpreted using a multilinear regression
model and Principal Component Analysis, respectively. These approaches allow
the extraction of quantitative relationships between processing variables and the
resulting microstructure, and represent a novelty in this fields. In fact, in accordance
with the literature no such strategies were previously adopted for the statistical
analysis of the characterization results of thermoplastic systems. Overall, this work
demonstrated the potential of applying multivariate analytical strategies to polymer
melt compounding, providing a structured and quantitative framework for
evaluating the effects of processing variables on microstructure. Besides, the
insights gained open promising perspectives for extending this methodology to
more complex systems, where the interplay of multiple parameters becomes even
more critical.

Referring to the PAG6-based systems, the first experimental campaign

investigated the processing—structure relationships in the presence of shear flow
alone. In particular, the blend composition and the screw rotation speed were
considered as variable parameters. A distinctive methodological advancement of
this study was the use of Ludovic® simulations, which enabled to model the
quantitative information on the actual thermo-mechanical field experienced by the
material along the screw profile. Specifically, the knowledge of the actual shear
rate, temperature profile and residence time, allowed a more accurate interpretation
of the microstructural outcomes, establishing a clear relation with the operating
conditions.
Besides, the study assessed that the final morphology of PA6 blends is dictated by
the competition between the flow-induced crystallization and the memory effect. In
particular, the intensity of the two phenomena is strongly related to chain
entanglements and hydrogen bonding density which, in turn, affect the
macromolecular constraints and, thus, the final microstructure. As a consequence,
these findings demonstrate that under sufficiently intense thermo-mechanical fields
FIC can dominate over the memory effect in controlling polymorphism. This result
is notable, as the tailoring of polymorphism via compounding has not yet been
systematically addressed and the present study offers promising perspectives for
the targeted tuning of polymorphism.

Subsequently, the effect of the superposition of a non-isothermal uniaxial
elongational flow in PA6-based systems was investigated, considering its role in
determining the mechanical properties, and drawability in the molten state. In
particular, the study highlighted the primary importance of the average molecular
weight and applied elongational flow. The former was found to strongly influence
entanglement density, which plays a central role in governing deformability and
strain hardening. The latter consistently promoted chain orientation, particularly in
monomodal systems, favoring the formation of the more stable a crystalline phase.
Besides, the molecular weight distribution was assessed playing a secondary yet
significant role, particularly under high shear conditions.
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Notably, from the experimental trial emerged that despite the observed changes in
the relative o/y content, the polymorphic composition had a negligible impact on
the mechanical properties. Additionally, it emphasized the need to consider the
synergistic interplay between average MW, MW distribution, and deformation field
when tailoring structured PA6-based materials with twin-screw extrusion.

Lastly, the analysis of the relationship between parameters, microstructure and

properties was extended to PA6-based nanocomposites containing layered double
hydroxides, evaluating how processing conditions and filler geometry influence
microstructure and properties. The study analyzed the effects of screw speed,
elongational flow intensity, polymer molecular weight and its distribution, and the
aspect ratio of the LDH platelets, while maintaining a constant nanofiller
concentration of 10 wt%. Also, the materials were characterized through SEM,
thermal and mechanical analyses, and molten-state drawability tests.
What emerged, is the role of the LDHs aspect ratio as a key factor primarily in
relation to the type of flow field applied during processing. Under shear-dominated
conditions, high-aspect-ratio fillers exhibited limited tactoids’ rupture and poorer
dispersion due to strong lamellar interactions, whereas low-aspect-ratio LDHs
dispersed more effectively. Conversely, when elongational flow was applied, high-
aspect-ratio fillers showed a markedly improved tendency to align and disperse
along the drawing direction, demonstrating that uniaxial flow can overcome the
limitations observed under shear. In contrast, the aspect ratio played only a
secondary role in determining the thermal properties of the nanocomposites. In
particular, the nucleating effect of the nanofiller was observed regardless its
geometry, and variations in melting enthalpy were mainly associated with the
degree of dispersion rather than the aspect ratio itself. Similarly, the a/y crystalline
phase content depended predominantly on the matrix molecular weight and on the
elongational flow, while the impact of the filler geometry remained marginal.

As emerged, the experimental work carried out in this dissertation provided
new and valuable insights into the processing—microstructure—properties
relationships of homopolymer blends processed via twin-screw extrusion. At the
same time, the results have clearly highlighted several research directions that will
require further development to fully exploit the structure-oriented processing
strategies explored in this work at the industrial scale. In particular, the most critical
aspect concerns the modeling of non-equilibrium phase transitions during flow.
Current predictive models remain limited in their ability to describe complex
crystallization pathways, transient morphologies, and the interplay between flow
fields and molecular dynamics. Future efforts should therefore focus on
implementing and refining constitutive and crystallization models capable of
capturing not only model systems, but also real case scenarios.

Finally, although twin-screw extrusion is one of the most important processing
technologies, injection molding is another fundamental technique for the industrial
production of thermoplastic components. Based on the insights gained from this
study, a significant future research direction will be to extend the processing—
structure—properties methodology to injection molding. For instance, this would
consist in investigating how pressure, cooling rate, and complex filling dynamics
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influence crystallinity, morphology development and final properties. In summary,
the outcomes of this research provide a solid foundation for the future development
of predictive, processing-driven strategies for the design of high-performance
polymer-based materials.
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Appendix A

A.1 Materials

A.1.1 Polymers

HDPE Lupolen 5021 DX (HMW) was manufactured by LyondellBasell
(Houston, TX, USA). It was characterized by a melt flow rate (190 °C/2.16 kg) of
0.25 g/10 min and a density of 0.950 g/cm?).

HDPE Eraclene MP90U (LMW) was supplied by Versalis (San Donato
Milanese, Italy). It had a melt flow rate (190 °C/2.16 kg) of 7 g/10 min and a density
of 0.960 g/cm’.

PA6 Radipol S24 (LV), having a relative viscosity (MARO1 method) of 2.4
dL/g, was manufactured by RADICI Group (Gandino, Italy).

PA6 Radipol S40P (HV) was characterized by a relative viscosity (MARO1
method) of 4.0 dL/g and was supplied by RADICI Group (Gandino, Italy).

A.1.2 Fillers

Magnesium/Aluminum hydrotalcites (LDH) manufactured by
Prolabin&Tefarm s.r.l. (Ponte Felcino, Italy). Both of them were substituted with
oleate ion and the ratio between the magnesium and aluminum cations was 2:1. The
chemical formula is reported in Eq. A.1.

[Mgo.66Alo34(OH);] (C1gH3303)034 x 0.9 H,0 Eq. A.1

24DL17 (D17) was characterized by a surface area of 8.1 m?/g and the 50™ and
90'" percentile of the size distribution were 8.39 and 20.74 pum, respectively. In the
case of 24DL25 (D25), the surface area was 2.6 m*/g, while the 50" percentile was
18.67 um and the 90" 48.91 pm.
Therefore, in the dissertation, it will be referred to as D17 as the LDH having the
highest aspect ratio, while D25 will be referred to as the filler having a lower aspect
ratio.
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A.2 Processing

A.2.1 Melt compounding

Compounding was performed with a ThermoFisher Process 11 (Waltham, MA,
USA) co-rotating twin-screw extruder (diameter = 11 mm, L/D = 40, barrel length
=440 mm, die diameter = 2.5 mm) equipped with eight independent heating zones,
seven internal and one external corresponding to the die. The same screw profile
was used for both the polyethylene and polyamide-based formulations. As shown
in Figure 98, it consisted of three kneading blocks and four conveyor sections. In
particular, the kneading blocks had different stagger angles. The first one was
designed to plasticize the material and consisted of three sets of elements at 30°,
60° and 90°. Then, the second zone was characterized by a constant angle of 60°,
while in the third kneading section there were stagger angles of 60° and 90°. The
corresponding codes and characteristics of each screw segment are reported in
Table 15. Specifically, the letter “C” identifies the conveying elements and the
number corresponds to the sequential position starting from the hopper. For
example, “C1” is the first conveying zone. On the other hand, the letter “K” was
used for the kneading sections and the numbers refer to the stagger angle between
the disks. For instance, “K30-60-90” identifies the kneading zone in which three
stagger angles have been used. Namely, 30° in the first part, then 60° and 90° in the
following one.

Additionally, A and B represent the position of the hopper and side feeder,
respectively. In particular, the latter was exploited solely for the production of the
nanocomposites discussed in Chapter 6.
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Figure 98. Schematic representation of the screw profile adopted. The sections are distinguished with
dashed lines and the corresponding code was reported. A and B represent the position of the hopper
and side feeder, respectively [163]. Adapted under CC BY 4.0 license.
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Table 15. Codes and corresponding characteristics of the different sections of the screw profile
exploited [163].

Code Screw element Length [mm]
Cl Conveying — pitch 7.5 mm 44.00
Conveying — pitch 5.5 mm 55.00
Kneading — angle 30° 13.75
K30-60-90 Kneading — angle 60° 8.25
Kneading — angle 90° 11.00
C2 Conveying — pitch 5.5 mm 77.00
K60 Kneading — angle 60° 16.50
C3 Conveying — pitch 5.5 mm 88.00
Kneading — angle 60° 11.00
K60-90 Kneading — angle 90° 22.00
Conveying — pitch 5.5 mm 77.00

C4 . .

Conveying — pitch 6 mm 16.50

Focusing on the temperature profile and screw rotation speed, the values were
optimized depending on the polymer. Both were also considered as factors in the
design of experiments (DoE). For these reasons, the values used are given in the
corresponding sections (Chapters 3 to 6).

Finally, a feed rate of 270 g/h was used for the polyethylene-based materials
(Chapter 3), while 290 g/h was exploited for the polyamide ones (Chapters 4 to 6).

A.2.2 Spinning

The non-isothermal uniaxial elongational flow was applied to the molten
material at the exit of the die using an Idealnstr (Italy) RheoSpin apparatus equipped
with a series of pulleys that catch the hot filament and transfer it to a final pulley
rotating in acceleration. As a result, fibers with different draw ratios were collected.
It is worth to note that the uniaxial stretching occurs at room temperature, thereby
causing the filament to gradually cool down during the process of elongation, until
ultimately solidification is attained.

The stretching was performed in non-isothermal conditions (laboratory
environment at room temperature), with the pulling caster accelerating from 0 to
1000 rpm. The drawing stopped at a rotation speed lower than the maximum one in
case the filament broke prematurely, while the wheel has decelerated after reaching
1000 rpm if the material has withstood this drawing intensity. The latter case will
be clearly highlighted where present. The Breaking Stretching Ratio (BSR) is
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defined as the ratio of the drawing speed applied by the RheoSpin that causes fiber
rupture of the fiber, and the extrusion speed [115]. The speed at break corresponds
to the linear velocity of the drawing pulley. The extrusion speed, on the other hand,
can be expressed as the volumetric flow rate of the extruded material passing
through the die. Therefore, the BSR was calculated according to Eq. A.2.

*D*N
BSR = Eq. A2

A

In this equation, m denotes the mathematical constant approximately equal to
3.14, D represents the diameter of the drawing pulley, N is the drawing speed at
break of the pulley, Qv indicates the volumetric flow rate, and A corresponds to the
section of the die. It is worth noting that the BSR corresponding to the maximum
drawing speed of 1000 rpm is 1132.

The stretching extent of the obtained fibers was evaluated with the draw ratio,
calculated in accordance to Eq. A.3 [254]:

DDie2
DR = —DRie_ Eq. A3

2
Driper

Where DR is the draw ratio, Dpi is the diameter of the extrudate in
correspondance of the die that in the study was maintained constant at 2.5 mm,
Driver 1s the diameter of the fiber after the stretching step.

A.2.3 Compression molding

A Collin P200 T (Maitenbeth, Germany) was used for the hot compression
molding of the samples for rheological characterization. Polyethylene-based
materials were held at 190 °C and 100 bar for 3 min. The same holding time was
maintained for the polyamides, while the temperature and pressure were set at 230
°C and 50 bar, respectively.

A.3 Characterization techniques

A.3.1 Differential Scanning Calorimetry (DSC)

Thermal characterization was performed with Q20 (TA Instrument—New
Castle, DE, USA). For all the systems analyzed the sample mass was 7 + 1 mg, the
chamber was purged with a nitrogen flow of 50 mL/min, and two heating scans
were applied. The parameter values of the thermal ramps are reported for the PE-
and PA-based systems in Table 16. Three specimens were tested for each material,
with the reported values corresponding to the average of these measurements, while
the presented thermograms were selected as representative of the overall trends
observed across the tested samples.

The melting temperature (Tm) was determined by identifying the maximum of the
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endothermic peak, while the crystallization temperature was evaluated based on the
maximum of the exothermic peak. Additionally, the melting enthalpy was
calculated as the integral of the area under the endothermic peak. Besides, the
crystallinity content was estimated in accordance with Eq. A.4

Crystallinity [%] = AAI:(’]’ * 100 Eq. A4

Where AHn is the melting enthalpy corresponding to the the integral of the

melting peak, AH? is the melting enthalpy of the 100 % crystalline polymer (see
Table 16).
It is important to note that, in the specific case of the polyethylene homopolymer
blends discussed in Chapter 3, the analysis of the variation of the AHm was
performed through the evaluation of the difference between the experimental and
the theoretical data. Then, the results were investigated with the multilinear
regression method. Thus, considering the approach being exploited specifically in
the case of HDPE homopolymer blends in absence of uniaxal elongational flow, the
equation exploited are introduced and detailed punctually in Section 3.2.1 in
Chapter 3.

The deconvolution of the peaks was performed where needed, using the Peak
Deconvolution tool in Origin 2020. The Gaussian distribution was selected as the
fitting function [500,643].

Table 16. Heating and cooling ramps used for the systems based on PE and PA, and corresponding
melting enthalpy of the 100 % crystalline polymer used for the evaluation of the crystallinity.

Melti halpy of th
Heating and cooling © lgg%’/eiyztzi]li(r)let ©
System °C: °C/mi o

ramps [°C; °C/min] polymer [J/g]
0to 200; 10

Polyethylene-based 200 to 0; 10 290 [415]
0to 200; 10
0to 250; 10

Polyamide-based 250t0 0; 10 230 [489]
0to 250; 10

A.3.2 Rheometry

The rheological analyses were performed using an ARES parallel plate—plate
geometry rheometer (TA Instruments—New Castle, DE, USA). The diameter of
the plates was 25 mm, and a gap of | mm was maintained. The frequency sweep
test was conducted in a nitrogen atmosphere, with the frequency ranging from 100
to 0.1 rad/s. The strain amplitude was constant, with a value that was determined
by preliminary strain sweep tests to be within the linear viscoelastic region. At least
two specimens were tested for each material and those reported were selected as
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representative of the trend of the tested samples.

The analysis temperatures selected for the different systems are reported in Table
17. Two distinct analysis temperatures were used for polyethylene-based systems.
Further information on this topic can be found in Chapter 3 (see Section 3.1) on the
study of HDPE homopolymer blends.

Table 17. Analysis temperatures used for the rheological characterizations.

System Analysis temperature
[°C]
175
Polyethylene-
olyethylene-based 190
Polyamide-based 250

A.3.3 Morphological analysis

For the morphological characterization was used an EVO 15 (Zeiss —
Oberkochen, Germany) Scanning Electron Microscope (SEM). The beam voltage
and working distance were maintained at 20 kV and 8.5 mm, respectively. The
elemental analyses were performed owing to EDX (Energy Dispersive X-ray
spectroscopy) using an X-ray probe model 40 (Oxford Ultim Max — High
Wycombe, UK).

The fracture surfaces were obtained from cryogenic fracture in liquid nitrogen.
In the case of the fibers, the section perpendicular to the uniaxial elongational flow
applied was observed. The morphological analyses presented were selected after
observing at least three different fracture surfaces for each material.

A.3.4 Mechanical properties

The tensile tests were performed with an Instron 5966 dynamometer (Instron
— Norwood, MA, USA) at room temperature. The instrument was equipped with
a 2 kN load cell and the initial crosshead distance of 3 mm was used. For both the
PE-based and the PA-based samples, the crosshead speed was maintained constant
at 50 mm/min. At least five specimens were tested for each kind of sample, and the
results averaged for the evaluation of the Young modulus, strength at break and
deformation at break. In addition, the stress—strain curves reported in Figure 65
refer to the tests performed on individual specimens and were selected for each
material as representative of the overall trend observed across the tested samples.

Besides, the dimensionless strengths was calculated for each material as the
ratio between the strength at break of the fiber and the corresponding value of the
material to which no elongational flow was applied. The same method was used to
calculate the dimensionless deformation. In addition, the normalized strength
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values were calculated as the dimnsionless strength normalized with respect to the
dimensionless values of the unfilled polymeric matrix [589].
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