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ABSTRACT

2D materials (nanomaterials) such as boron nitride nanosheets (BNNS) and exfoliated
graphite/graphene nanoplatelets (GNP) are of increasing interest to both academia and industry
due to their exceptional mechanical, thermal and electrical (GNP only) properties. Such
properties could potentially be transferred to thermoplastic polymers, for the manufacture of
functional composites for a variety of applications ranging from automotive to aerospace,
electronics and energy. The morphology and geometry (i.e. thickness, platelet length, shape
and, aspect ratio) of BNNS/GNP along with the surface chemistry, the state of filler
dispersion/distribution in the polymer matrix, filler-filler/polymer-filler interfacial interactions
and the processing methodology adopted to prepare the composites all affect the final
properties. It is generally understood that high aspect ratio BNNS/GNP, strong polymer-filler
interactions, and high levels of filler dispersion and distribution in the matrix are required to
form a percolated 3D filler network in the matrix, essential to achieving enhanced mechanical,
thermal and electrical (GNP) properties.

The inclusion of BNNS and GNP in commercial polyolefin such as polypropylene and
high density polyethylene is a non-trivial task. BNNS/GNP tend to agglomerate upon mixing
with the polymer matrix, due to the strong particle-particle interactions preferred over the
particle-polymer interactions. In addition, the presence of functionalities and/or traces of
additives derived from the manufacturing of the BNNS/GNP particles affect the state of
distribution and dispersion thereof in the polymer matrix, thus the properties of the final
composites (e.g. morphology, mechanical and rheological properties, thermal conductivity).
Little information is available in the literature on the structure-properties correlation for
composites of polymers, particularly polyolefin, with BNNS/GNP prepared by relevant
industrial melt-mixing based processing techniques. This limits the application of such
composites on industrial scale.

The present thesis focusses on the characterization of different grades of BNNS and
GNP as provided by the industrial partner Thomas Swan & Co. Ltd (TS) and their application
as functional additives in isotactic polypropylene (PP) and high density polyethylene (HDPE)
prepared through extrusion and injection moulding. The complexity and challenges for the
manufacturing of functional composites of PP and HDPE with TS BNNS/GNP lay on the
morphology and surface chemistry of the filler particles, the mixing efficiency during
extrusion, the melt-flow realised during injection moulding, the viscosity and crystallization

mechanisms of the polymer matrices.



The chemical and physical characteristics of BNNS and GNP, prepared by high
pressure homogenisation (HPH)- a process developed by TS- were determined and the
morphology/crystalline structure (Scanning Electron Microscopy (SEM); X-Ray Diffraction
(XRD); Raman spectroscopy), surface chemistry (X-Ray photoemission spectroscopy (XPS)
and sessile tests) and thermal stability (Thermo-gravimetric analysis (TGA)) of both fillers
reported. The pressure applied during HPH, the morphology of the bulk hexagonal boron
nitride and graphite fed into the HPH, the solvent and the surfactant exploited for the exfoliation
of the bulk materials all govern the final properties of the BNNS/GNP. The grades of fillers
examined in this thesis showed a distribution of platelet sizes (from 100 nanometre (nm) up to
tens of micrometre (um)) layered as irregular flakes, with high crystalline structure and low
defect concentration in the crystal lattice. The fillers contained functionalities and impurities
on the surfaces (mostly derived from the surfactants used during HPH) which imparted
hydrophilic characteristics to the particles. All the BNNS and GNP analysed were thermally
stable under oxidative conditions up to 300-400°C.

Composites of PP and HDPE with both BNNS and GNP were prepared by 16 mm co-
rotating twin-screws extruder followed by injection moulding, over a range of compositions
with filler loadings up to 10wt%. The morphology, crystalline structure, rheological and
mechanical properties of the as prepared composites were assessed by SEM, XRD, Differential
Scanning Calorimetry (DSC), oscillatory rheology and tensile testing. The processing adopted
to prepare the composites of PP/HDPE with the BNNS/GNP grades produced composites with
different levels of filler particles dispersion and distribution.

The extent of dispersion and distribution of BNNS/GNP in PP appeared to be strongly affected
by the mechanism of interactions with the surfactant present in trace amounts on the surfaces
of the filler platelets, namely sodium cholate (SC), T and L. It was found that SC and L were
more effective at distributing and dispersing BNNS in PP compared with T. On the other hand,
SC was more effective at distributing GNP in PP than L. Consequently, an increase in the
Young’s modulus of PP by up to 20% was obtained when the BNNS with SC and L and, GNP
with SC were added to PP. In contrast, a decrease in the Young’s modulus of PP of ca 20%
was observed when the BNNS prepared with T and GNP with L were included to PP.

The lateral dimension of the fillers play a key role in achieving rheological percolation. The
BNNS particles with a lateral dimension up to 10 um facilitated the formation of a 3D particle-
particle network. However, no improvement in the thermal conductivity of the polymer was

recorded due to the phonon-scattering at the polymer-filler interface, perhaps also caused by



the presence of surfactant on the filler surface and/or by the PP chain entanglements near the
BNNS particles.

The BNNS and GNP had a nucleating effect on the PP, manifested by an increase in the
crystallization temperature by up to 14°C higher than the T of the neat PP. The different grades
of BNNS and GNP examined also promoted the crystallization of the B-crystals (polymorph)
of PP, particularly at low filler content (<0.5wt%).

The inclusion of the BNNS and GNP particles did not affect the morphology and crystalline
structure of HDPE. A decrease in the Young’s modulus of the HDPE of ca 20% was observed
in presence of the fillers, probably due to the agglomeration of the BNNS/GNP as the HDPE
crystallizes rapidly during injection moulding excluding the nanoparticles from the crystalline

phase.

In summary, this work confirms the importance of the dual non-trivial technical
challenges of promoting polymer-filler interactions and achieving effective dispersion and
distribution of the nano-filler throughout the polymer matrix when manufacturing composites
by relevant industrial technologies i.e. extrusion and injection moulding. The outputs of the
present research supported TS to understanding the properties of their BNNS/GNP and the

requirements for the optimal inclusion thereof in polymers matrices.
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CHAPTER 1: INTRODUCTION

1.1- Background

Nanomaterials are particles with at least one dimension in the range between 1 and100

nm, subcategorized as OD (e.g. fullerenes), 1D (e.g. carbon nanotubes (CNT), boron nitride
nanotubes (BNNT)) and 2D materials (e.g. boron nitride nanosheets (BNNS), exfoliated
graphite nanoplatelets (GNP), transition metal-dichalcogenides (MoS;, WS,, WTe»))
depending on the shape and dimensions thereof [1-6].
The ultrafine dimensions of nanomaterials translate into high surface areas, resulting in
many unique properties, including mechanical strength and thermal resistance. In addition,
the highly crystalline structures typical of many nanoparticles ensures exceptional thermal
and/or electrical properties [1, 2].

The need for light, functional and sustainable materials guides the research direction
for polymer nanocomposites, a class of composites containing a polymeric matrix and a
nanomaterial as functional additive (filler). The principle behind the design of polymer
nanocomposites is the translation of the exceptional properties of the nanomaterial to the
polymer matrix through the optimization of the interfacial interactions between the
nanomaterial and the polymer in question, thus, generating a route or mechanism through
which any external impulse (mechanical, thermal, electrical) can be transferred from the
polymer to the nanoparticles. The ‘transfer-mechanism’ of any external stimuli relies on the
intrinsic properties of the nanoparticle, as well as the chemical-physical properties of the
host matrix [1-3, 6-9].

Among 2D materials, boron nitride nanosheets (BNNS) and exfoliated
graphite/graphene nanoplatelets (GNP) are excellent candidates for manufacturing
functional polymer nanocomposites with potential application across a wide range of
industries such as automotive, aerospace, energy and electronics. BNNS/GNP have
outstanding mechanical properties, thermal stability, thermal conductivity and electrical
(GNP only) conductivity, ideal for improving the performance of the final composite (e.g.
strength, toughness, thermal and electrical conductivity, barrier properties). Furthermore,
the in service-life of the composite can be extended, thus reducing waste, reducing the

environmental impact of both the manufacturing process and disposal [10-15].
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This project explores the properties of BNNS and GNP, produced and provided by the
industrial partner Thomas Swan & Co. Ltd (TS). Both have a number of target applications,
including as functional fillers for polymers. Both BNNS and GNP are prepared by high
pressure homogenisation (HPH), a proprietary technique developed by TS and described in
the patent [16]. In HPH, the bulk material, i.e. hexagonal boron nitride or graphite, are fed
into the homogeniser as a liquid dispersion. The head of the homogeniser imparts high
pressures onto the solid particles, which are forced to pass through conduits inclosing the
main body of the homogeniser, thus, delaminating the bulk particles of hexagonal boron
nitride and graphite to obtain BNNS and GNP, respectively. The morphology of the bulk
materials, the solvent/surfactant present in the liquid dispersion, as well as the pressure
applied and the timing before harvesting the final product determine the morphology and
geometry, crystalline structure and surface chemistry of the BNNS and GNP.

1.2-  The research problem, strategy, sustainability and challenges

Thermoplastics are polymers that can be heated above their melting temperature (or
glass transition temperature in the case of amorphous polymers) so as they can be shaped and
formed as desired. The heating process is reversible and ideally it is possible to setup several
heating-cooling cycles without damaging the structure of the polymer. Thermoplastic polymers
can be classified as commodities (e.g. PE, PP, PVC, PS), technical thermoplastics (e.g. PA,
PMMA, PPE, PET, PBT) and specialty thermoplastics (e.g. PEEK, PEI), used for a variety of
applications such as car tailoring, cables, packaging, electronics, aeronautics and aerospace.
The drawback of thermoplastics is their relatively low mechanical strength and resistance to
creep when re-heated and re-used overtime, thus, lowering their in-service life. Furthermore,
thermoplastic polymers are thermal and electrical insulators, which limits their application

where high thermal and/or electrical conduction is required (e.g. electronics) [17-22].

The addition of BNNS and GNP could overcome some of these limitations related to
thermoplastics. The key requirements to exploiting this potential are, filler geometry (platelets
size, shape and thickness), filler surface chemistry, the extent of interfacial interactions
between filler and polymer and the level of filler dispersion and distribution in the polymer
matrix. It is now understood that large platelets of BNNS/GNP (up to tens of micrometres),

intimate adhesion with the host polymer, uniform distribution/dispersion of BNNS/GNP in the

2
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matrix- eventually as a percolated 3D network of filler particles- are essential to enhancing
mechanical, thermal and electrical (GNP composites only) properties of the final composites.
[17-22].

The challenges related to the application of the BNNS and GNP as functional additives
in polymers are numerous. BNNS and GNP tend to agglomerate in the polymer matrix due to
their high surface energy, typical of materials having high surface-areas, thus hindering
homogeneous composites from being manufactured [23]. The surface chemistry as well as the
geometrical features of BNNS and GNP depend on the processing adopted to prepare them,
thus making each grade of BNNS and GNP unique. The mechanisms of the chemical-physical
interactions between BNNS/GNP and the matrix change when using different polymers
therefore, each polymer-filler system needs to be studied separately. In addition, the processing
method adopted to prepare composites of thermoplastics and BNNS/GNP affect the properties
of the final product. The relevant industrial technologies adopted to prepare functional
thermoplastic composites are melt-mixing-based such as extrusion and injection moulding,
since they are cost-effective, environmental friendly and allow for high throughput. Yet, there
is little information available in the literature on the processing-structure-property relationships
for composites of BNNS/GNP and thermoplastics prepared by such manufacturing techniques,

a further challenge to this research [24-29].

1.3- EngD portfolio and Innovation report: structure

The EngD portfolio is constructed of reports describing the different phases of the EngD

project. Table 1 summarises the reports written by the author.
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Table 1.1: List of reports as written by the author and submitted for the EngD portfolio.

Report (Submission)

Title

1

Thermal conductivity of 2D nano-structured boron nitride

(BN) and its composites with polymers.

Thermal conductivity of 2D nano-structured graphene
platelets (GNP) composites with thermoplastics and their
application in 3D printing.

2D Boron Nitride Nanosheets (BNNS) and graphene
nanoplatelets (GNP)  prepared by  High-Pressure
Homogenisation: Structure and Morphology.

Inclusion of 2D materials: X-BNNS-SC and X-GNP-SC as
functional fillers for polypropylene (PP) and high density
polyethylene (HDPE) prepared by micro-scale processing.

Application of X-BNNS-SC and X-GNP-SC as functional
fillers for polypropylene (PP) and high density polyethylene
(HDPE) prepared by melt processing.

X-BNNS-T and X-GNP-L as functional fillers for
polypropylene (PP) prepared by melt mixing.

Application of Y-BNNS-L, Y-GNP-L and Z-GNP-T as
functional fillers for polypropylene (PP) and high-density
polyethylene (HDPE) by melt-mixing

Submission 1-2 are literature reviews of BNNS and GNP properties and their applications as

functional filler in polymers, with a particular focus on the thermal conductivity of both

BNNS/GNP alone and their composites. At the very beginning of this project the applications

of BNNS/GNP composites of interest to TS were focused on thermal conductive devices (e.g.

electronics). However, it became clear that a full study on the structure and properties of both

BNNS and GNP prepared by HPH and their composites with polymers- which had not been

done before - was required.

Submission 3 describes the main features of the first grades of BNNS and GNP produced,
successively named as X-BNNS-SC and X-GNP-SC, to distinguish the different grades of
BNNS and GNP as received by TS.
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Submission 4 describes the results on the studies of composites of X-BNNS-SC/X-GNP-SC
with isotactic polypropylene (PP) and high density polyethylene (HDPE) prepared by micro-
scale processing (laboratory scale extruder and micro-injection moulding).

Submission 5 reports the results on the studies of composites of X-BNNS-SC/X-GNP-SC with
PP and HDPE prepared with a parallel twin screw extruder, a 16-mm co-rotating twin screw
extruder and micro-injection moulding.

Submission 6-7 report the main findings from studies on composites of PP (model polymer)
with alterative grades of BNNS and GNP as provided by TS. A stand-alone study was
performed on the electro-rheological properties of composites of HDPE at the University of
Huelva (Spain) as part of the International Placement. The experimental is described in report
1.

The nomenclature of the different grades of BNNS/GNP and their composites is presented in
Chapter 3.

The Innovation Report (Thesis) gathers and condenses the most relevant results of the
project and is structured as follows:
Chapter 2 provides and overview of the technologies adopted to prepare BNNS and GNP and
their properties (thermal, electrical, mechanical). The chapter also describes the main
techniques exploited to manufacture composites of BNNS/GNP with thermoplastics, with a
particular focus on the melt-mixing process and the properties of the BNNS/GNP composites
with thermoplastics prepared by such techniques.
Chapter 3 reports the materials used in this project, i.e. the polymer matrices, PP and HDPE
and the different BNNS and GNP grades provided by TS, along with the nomenclature used
throughout the thesis. The chapter also describes the method adopted to prepare composites of
BNNS/GNP with PP and HDPE and the techniques exploited for the characterization of the
different grades of BNNS/GNP and their composites.
Chapter 4 describes the key properties of BNNS and GNP grades in terms of morphology,
crystalline structure, surface chemistry and thermal stability. The chapter also describes the
properties of PP and HDPE composites with the different BNNS and GNP grades, specifically,
the morphology, crystalline structure, rheological and mechanical properties. An overview of

the potential applications of thermoplastic-based composites using TS BNNS/GNP is given.
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1.4-  Contribution of the thesis: innovation, knowledge and industrial partner

The innovative aspect of the research is the use of unique forms of BNNS and GNP,
particularly the former, prepared by the HPH process, as functional additives for polymers.
This thesis and the associate journal papers are the first to be published on this topic. The
ultimate target of the work is to create functional composites for important applications,
including electronics and automotive. Furthermore, the innovative approach adopted
throughout, i.e. the processing techniques used to manufacture the composites, i.e. extrusion
and injection moulding, are industrially relevant, over and above the solution mixing

approaches preferred by the majority of academic groups.

This Innovation report contributes to the knowledge base in this subject area
significantly. The primary value of the present research is the knowledge derived from the
characterization of the different grades of BNNS and GNP. Specifically, this thesis proposes
mechanisms of correlations between processing, structure and properties of the composites
with BNNS/GNP. The limited literature available on BNNS and GNP and their composites
with thermoplastics prepared by extrusion and injection moulding (see Chapter 2) highlights
the novelty of the work described in this thesis and it contributes to the understanding required
for designing new functional and sustainable composite materials based on these two 2D

nanomaterials.

The outputs from the research project were considered significant to TS in that it confirmed
the importance of the following:

- BNNS/GNP surface chemistry as prepared by HPH, i.e. the solvent and surfactant used
during the preparation, and the role the surfactant played when the filler was added to
the polymer.

- The morphology of the bulk materials and the parameters set during HPH to achieve
optimal exfoliation and produce the 2D materials with large platelets (known to a point
to be required to achieve excellent composite mechanical and thermal properties).

- Build up the know-how on the properties of TS BNNS and GNP and their application
in polymers.

- Identifying the key strengths of TS competitors so TS can better target their products

to applications, other product development areas and potential clients.
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1.5- Aims and objectives

The aims of the project are to:

VI.

Investigate the morphology, crystalline structure, surface chemistry and thermal
properties of the BNNS and GNP.

Prepare composites of BNNS and GNP with thermoplastics, in particular, isotactic
polypropylene (PP) and high density polyethylene (HDPE), by industrial relevant
processing techniques, i.e. extrusion and injection moulding.

Investigate the morphology, structure, thermal, rheological and mechanical properties
of the composites prepared.

Correlate the structure and morphology of BNNS/GNP with the properties of the
composites, i.e. structure-property relationships.

Propose explanations on the role of BNNS/GNP surface chemistry- e.g. surface
functionalities and surfactants- on distribution/dispersion in the polymer matrix as well
as on the crystalline, rheological and mechanical properties of the composites prepared.

Identify possible applications of composites of BNNS/GNP and polymer for TS.

The objectives of the project are to:

VI.

Investigate the morphology, crystalline structure, surface chemistry and thermal
properties of different grades of BNNS and GNP namely, X-BNNS-SC, X-BNNS-T,
Y-BNNS-L, X-GNP-SC, X-GNP-L, Y-GNP-L by Scanning Electron Microscopy
(SEM), X-Ray Diffraction (XRD), Raman spectroscopy, X-Ray Photoemission
Spectroscopy (XPS), Sessile tests, Thermo-gravimetric analysis (TGA).

Measure the thermal stability of the BNNS, GNP, PP and HDPE by TGA to determine
the temperature profiles for the manufacturing of composites.

Compound composites of PP and HDPE with the X-BNNS-SC and X-GNP-SC at 0-5
wt% using a laboratory scale (twin conical screw) extruder.

Compound composites of PP and HDPE with X-BNNS-SC and X-GNP-SC at 0-10wt%
by 16mm co-rotating twin-screw extruder.

Compound composites of PP (model polymer) with X-BNNS-T, Y-BNNS-L, X- GNP-
L, Y-GNP-L at 0-10wt% using al6mm co-rotating twin-screw extruder.

Prepare specimens for testing and characterization by micro-injection moulding.
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VII.  Investigate the morphology, crystalline structure, thermal, rheological and mechanical
properties of the as prepared composites by SEM, XRD, Differential Scanning
Calorimetry (DSC), Oscillatory rheology, Tensile tests and thermal conductivity.

VIIl.  Correlate the morphology and structure of the different grades of BNNS/GNP and
processing set-up to the properties of the as prepared composites by XRD, DSC,
Oscillatory rheology and Tensile tests.

IX.  Correlate the morphology and structure of the different grades of BNNS/GNP and
processing set-up to the polymorphism of PP by XRD and DSC. In particular, determine
the nucleating effect of the different grades of BNNS and GNP in PP by DSC.
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CHAPTER 2

LITERATURE REVIEW: COMPOSITES OF BORON NITRIDE NANOSHEETS
(BNNS) AND EXFOLIATED GRAPHITE NANOPLATELETS (GNP) WITH
THERMOPLASTIC POLYMERS PREPARED BY MELT MIXING

2.1- Introduction

Hexagonal boron nitride (h-BN) and graphite are extensively used as additives or
precursor of functional fillers for polymers as they can have high thermal conductivity,
electrical conductivity (graphite only), structural stability and mechanical properties [1-18]. h-
BN is a synthetic material, consisting of equal number of boron (B) and nitrogen (N) atoms
and is isoelectronic to graphite. Both h-BN and graphite show layered sp?-bonded packed
sheets arranged in the hexagonal crystal structure. In graphite the valence electrons are
conjugated along the basal plane whereas in h-BN the valence electrons are localised around
the N atoms, thus imparting to h-BN partial ionic characteristics with electrical insulating
properties [2, 19]. The optical properties of h-BN and graphite reflect their structural difference
as h-BN is white whereas graphite is black [20-25]. The layers of h-BN are perfectly arranged
in the “registry” configuration where each atom of a layer eclipses the atoms of the upper and
lower layers, whereas in graphite the layers are arrayed in the Bernal sequence (AB) [26].

Figure 1 shows the difference between h-BN and graphite layer configuration.

Figure 2.1: h-BN (a, b) with layers in registry-it is not possible to discern one layer
from another. Graphite (c, d) with layers disposed according to Bernal crystal structure, where

it is possible to distinguish two overlapping layers [26].
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h-BN can be exfoliated and shaped in different nanostructures such as 2D BN nanosheets
(BNNS)[21, 27-30] and OD BN spherical nanoparticles (BNNP)[31, 32]. It is also possible to
synthetize 1D BN nanotubes (BNNT) [33-37] by air plasma treatment or chemical vapour
deposition (CVD).
Likewise, graphite can be exfoliated to form a few layered structure (2-5 layers), multilayered
structure (5-10 layers), nanoplatelets (GNP, thickness less than 100nm), up to one single layer,
known as graphene, a two-dimensional layer (2D material) having a honeycomb structure made
of sp?-hybridized carbon atoms arranged in regular hexagons, which can be rolled up to obtain
0D fullerenes or 1D nanotubes. The w-conjugation confers extraordinary mechanical, electrical
and thermal properties, which have made graphene increasingly attractive in both academia
and industry over the last few years. Presently, different procedures have been adopted to
prepare graphene, however, it is difficult to obtain a perfect single layer or a few layered
structure on an industrial scale. It is more realistic to discuss a GNP structure, which shows

similar properties to graphene mono/multilayers [38].

The next section will provide an overview on the technologies adopted to prepare
BNNS and GNP.

2.2- Methodologies adopted to prepare BNNS and GNP and their properties

Mechanical exfoliation or cleavage [39] of h-BN was initially used to exfoliate BNNS.
The technique relies on the use of an adhesive tape to peel off BN layers from the bulk material,
which are successively attached onto a substrate such as Si/SiO2. The procedure is not viable
on an industrial scale due to the strong interactions between BN layers, which makes the
peeling step difficult on large scales [40, 41]. The introduction of an additional shear force, e.g.
ball milling or sonication, in presence of a suitable solvent (N,N-dimethylformamide (DMF),
chloroform, 1,2-dichloroethane and methanesulfonic acid (MSA)) or hydroxides (NaOH,
KOH) may help break the VVan der Waals interactions among the BN layers [26, 28, 41, 42].
The chemical reaction between boric acid (HzBOz3) and urea (CO(NH2)2) at 900 °C under a
nitrogen flux was adopted to synthesize BNNS [41, 43]. The reaction allows for the thickness
to be tuned by adjusting the urea concentration [2]. Template-free solid phase reaction in the

presence of NaBF4, NH4Cl and NaN3z powders were also exploited to synthesize BNNS. The
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reaction occurs in autoclave at 300°C for 20h, followed by further sonication to separate thin
flakes of BNNS[44]. The chemical blowing of NH3BHj3 at high temperatures (up to 1400°C)
was proposed as an alternative technique to manufacture BNNS. It is basically a
dehydrogenation reaction of the precursor to obtain BNNS, which have been reported to show
a few layered structure with lateral dimensions of about 100um [45, 46]. BNNS was also
prepared by the combustion-annealing processes, where a viscous gel consisting of H3BOs,
CH4N20, NaNsz and NH4Cl in water was ignited at 600°C in a muffle furnace, followed by
washing with water and ethanol, vacuum drying and annealing at 1000-1400°C under nitrogen
[47]. An alternative approach for BNNS synthesis consists of a chemical reaction between
B203, Zn, N2H4-2HCI in an autoclave at 500°C for 12h before washing with HCI, followed by
filtration and dry [48]. In addition, substitution reactions from graphene sheets have been
explored for the synthesis of BNNS. The principle of this technique relies on the substitution
of an atom (or functional group) in a compound with another atom (group). B2Oz and graphene
powders react in a graphite crucible in presence of molybdenum oxide (MoOs3) as reaction
promoter, at 1650 °C for 30 mins under a nitrogen flux [49], which lead to the formation of
BNNS by substituting the carbon atoms in the graphene precursor with the boron and nitrogen
atoms from B2Osz and nitrogen flux respectively. BNNS has been also synthesized by chemical
vapour deposition (CVD) using different precursors such as BF3-NHs, BCl3-NHs, borazine
(BsNzHs), trichloroborazine (BsN3zHs) or hexachloroborazine (BsN3Clg) [50-58] in presence of
a transition metal such as Pt(111), Ru(001), Ni(111), Cu(111), Pd(111), Pd(110), Fe(110),
Mo(110), Cr(110), Rh(111)[59-70], at high temperature (1000K). The reaction is basically a
dehydrogenisation of the precursor and the morphology of the product depend on the metal
used as the interfacial interaction between the precursor and the metal substrate are different
[57]. By way of example, the morphology known as nanomesh (one corrugated BNNS layer)
is obtained when using Rh(111) [59]. In some cases, the low-pressure CVD was adopted to
synthesize BNNS from BH3-NHz3 in presence of Cu as substrate at 70-90 °C, where little
triangular island of the BNNS grow and merge with each other to form a complete layer on the
metal [23, 71]. Electron irradiation was explored by Jin et al.[72] and Meyer et al. [73] in 2009
to fabricate a single layer of BNNS with the use of intensive electron beam irradiation, a

method tested first in a TEM instrument.

Geim and Novoselov isolated a single layer of graphene for the first time in 2004 by

mechanical exfoliation, with the aid of a tape to peel off single layers of graphene from bulk
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graphite. The peeled layers were then transferred onto a substrate. It is an easy procedure but
it does not allow for the production of a large quantity of material [39, 74]. Graphene was also
prepared by CVD using Ni or Cu as metal substrates in presence of gaseous hydrocarbons (e.g.
methane, ethylene, or liquids such as hexane or pentane) at high temperatures (1000K). The
degradation of the precursors entailed the production of carbon atoms, which nucleate on the
surface of the metal and grow to form a single layer of graphene, before being transferred onto
the substrate of interest [75-78]. The liquid phase exfoliation was investigated as an alternative
process to prepare GNP. The procedure involves three steps, namely the dispersion of the
precursor in a suitable solvent (e.g. N-methyl-pyrrolidone (NMP), dimethyl-formamide
(DMF), dimethylsulfoxide (DMSO), tetrahydrofuran (THF), aqueous surfactant suspensions
or aqueous mixtures of inorganic salts such as NaCl and CuCl>) by sonication, followed by
ultracentrifugation to separate the thin flakes of GNP and purification to remove the solvent.
The procedure is neither environmentally nor economically viable due to the use of large
quantities of organic solvents and surfactants as well as long sonication times [79-85].
The erosion of a graphite electrode in presence of an electrolyte (e.g. LiClOa4) in a liquid
solution and under electrical current is known as electrochemical exfoliation, an alternative
approach to prepare GNP. 1It’s a one-step procedure, yet, it exploits large amounts of
surfactants and ionic liquids and, as a result less eco-friendly [86-90].
Ruoffs’ group in 2006 reported the chemical reduction of graphene oxide (GO) as viable route
to prepare GNP. The first step of the procedure requires the oxidation of graphite by either
Hummers, Staudenmeier or Brodle methods, to produce the intermediary GO, which was
further exfoliated by applying mechanical energy before being reduced by thermal annealing
in presence of a reducing agent (e.g. hydrazine), crucial step to remove the oxidised groups.
The use of hazardous materials such as hydrazine for reduction, along with the high stability
of GO during the exfoliation step, make this procedure not viable on industrial scale [91-101].
The thermal exfoliation of acid-intercalated graphite (precursor) was also explored to prepare
GNP. The precursor was fast heated at 1050 °C (> 2000 °C/min), which caused the evaporation
of the intercalated acid, thus, the expansion and ultimately the exfoliation of graphene layers.
This technique is commonly used to prepare high quantities of GNP with a thickness in the
order of 10 nm [101-103].

Table 2.1 lists the properties of BNNS and GNP as reported in the literature.
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Table 2.1: Chemical structure, thermal, electrical and mechanical properties of BNNS/GNP.

The mechanical and thermal properties reported are theoretical values unless specified.

Thermal stability

Properties Ref.
Characterisation
BNNS GNP BNNS/GNP
Colour White Black [104]/116]
Bonding Covalent/ionic Covalent [104]//]16]
Electronic
5-6 eV band gap 0 eV band gap [104]/116]
structure
D 1350 cm™)
G 1580 cm™) [23, 105,
Raman E2q (1360 cm™) D'¢1620 cm™) 106]/[38, 107-
GI2D 2700 cm™) 109]
IG“G <2
B-N-B (bending, 800-830
C=C 1600 cm™)
cm?) [110-112]/1113,
IR ) C=0 1700 cm™)
B-N (stretching, 1370-1378 114]
COOH 3400 cm™)
cm?)
uv Sharp peak at 203nm - [23]
C=C (284.2¢eV)
B*-N (190eV) C-C/C-H (284.8 eV)
XPS B-OH (192.5 eV) C-0O (286 eV) [23, 115,
B-N* (397.5 eV) C=0 (287 eV) 116]/[117, 118]
N-H (400eV) 0=C-0 (288.7 eV)
n-1* (289.9 eV)
(002) at 26=26°; lattice (002) at 26=26°; lattice
YRD parameters: a=0.250nm, parameters: a=0.250nm, [105, 110,
¢=0.666nm; interlayer ¢=0.666nm; interlayer 115]/[112, 117]
spacing:0.333nm spacing:0.333nm
Mechanical Elastic Modulus: 220-510 Elastic Modulus: 1-1.1
] [104]/[16, 119]
properties N/m? TPa
Thermal Up to 2000 W/mL
conductivity @ 300-360 W/mK Up to 8000 W/mK [104, 120]/[121]
RT (experimental)
>600°C >400°C [110]/[118]

14



CHAPTER 2: LITERATURE REVIEW: COMPOSITES OF BORON NITRIDE NANOSHEETS (BNNS) AND
EXFOLIATED GRAPHITE NANOPLATELETS (GNP) WITH THERMOPLASTIC POLYMERS PREPARED BY
MELT-MIXING

At the present, BNNS and GNP cannot replace reinforcements such as carbon fibres

(CF) to improve the performance of the final composites, particularly for mechanical
properties. Indeed, it has been reported that CF can increase the polymer stiffness and strength
up to one order of magnitude compared to the neat matrix, which has not currently achieved
by admixing BNNS/GNP to thermoplastics. Yet, CF are expensive, and the processing used to
prepare composites with polymers is less versatile than the processing used to prepare
composites with BNNS/GNP, in terms of processing configuration (extrusion, fibre/polymer
impregnation, cooling, shape/sizing of the final composites). Therefore, the study of
composites of polymers with BNNS and GNP has intensified in the recent years since the
addition of BNNS/GNP was proven to enhance the mechanical, electrical (GNP), thermal and
barrier properties of the polymer matrix. Such composites could be exploited for a variety of
industrial applications ranging from, automotive to aerospace, electronics and energy (e.g.
capacitors, solar cells). Yet, there is still poor information about composites of GNP/ BNNS
with thermoplastic polymers, which limits their uptake in the market. The next section is an
overview on the processing adopted to manufacture composites of thermoplastics and
BNNS/GNP as reported in the literature, with a particular focus on the properties of the

thermoplastic composites obtained by melt mixing [119, 122-143].

2.3-  Processing of composites of thermoplastic polymers with BNNS and GNP

The optimal distribution and dispersion of BNNS/GNP in thermoplastic polymers is a
challenge when manufacturing functional and homogeneous composites, since BNNS/GNP
tend to agglomerate upon mixing with the polymer matrix, due to high energetic state of the
nanoplatelets [144-146]. The main techniques adopted to manufacture composites of
thermoplastic polymers with BNNS and GNP are: in-situ polymerization, solution mixing, melt
mixing.

In-situ polymerization requires the BNNS/GNP to be dissolved in the liquid monomer
to facilitate the swelling of the platelets, thus, favouring the diffusion of the initiator. The
reaction starts by applying heat or a radiation and occurs directly onto the BNNS/GNP surface.
Therefore, in in-situ polymerization the polymer attaches on the BNNS/GNP surface as the
polymerization occurs, resulting in intimate adhesion between the forming polymer and the

filler particles, essential to transfer any external impulse (mechanical, electrical, thermal) from
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the polymer to the BNNS/GNP throughout the composite [144, 147]. In-situ polymerization

was adopted to prepare composites of BNNS with polystyrene (PS)[148],

poly(methylmethacrylate) (PMMA)[149, 150], poly(caprolactone) [151], as well as to
manufacture composites of GNP with PS and PMMA ([144] and references therein).

In solution mixing, BNNS/GNP are dissolved in a suitable solvent such as water,
acetone, tetrahydrofuran (THF), dimethyl fomamide (DMF), toluene to facilitate the
delamination of the platelets, before the addition of the polymer, which adheres on the
delaminated BNNS/GNP layers. The evaporation of the solvent causes the reassembly of the
BNNS/GNP sheets, thus sandwiching the polymer [144, 152, 153]. This processing requires
up to 24 hours for the solvent to completely evaporate and the homogeneity of the final
composites strongly depends on the mixing efficiency of the BNNS/GNP and polymer in the
solvent (e.g. sonication)[145]. The solution mixing has been exploited largely for epoxy-resin
composites, yet in some cases this procedure have been used to prepare composites of GNP
with polypropylene (PP) [154] and poly(vinyl alcohol) (PVA) [155].

Melt mixing or melt compounding involves the mixing of the BNNS/GNP within the
molten polymer matrix using extruders, internal mixers, two roll mills and injection moulding.
Melt mixing is environmental friendly as it does not require solvents and it is industrially viable
as it allows to scale-up large quantities (on the tons scale) of composites. The high shear
stresses realized during melt mixing breaks BNNS/GNP agglomerates, thus, facilitating their
dispersion and distribution in the polymer matrix. Different parameters govern melt mixing,
for instance during extrusion, the screw speed, mixing time, screw configuration and
temperature profile must be optimized to guarantee a constant output and homogeneous
composites [156]. Usually, the higher the screw speed the better the distribution/dispersion of
BNNS/GNP in the polymer, yet, if the screw speed is too severe, the platelets can be eroded,
thus, reducing the aspect ratio of the filler particle which could be detrimental for the properties
of the final composites (see next section). At a given temperature/screws profiles, the higher
the concentration of BNNS/GNP the higher the viscosity of the polymer-filler system and the
longer the residence time, which could promote the polymer degradation and BNNS/GNP
particles erosion [145]. The screw configuration plays a key role in melt mixing. The screw
elements, including the kneading elements, define the shear stress applied on the filler particles,
thus determining the state of filler distribution and dispersion [157]. The temperature profile
defines the molten state of the polymer matrix in terms of viscosity profile. The lower the

temperature, the higher the viscosity which could prevent the BNNS/GNP from diffusing

16



CHAPTER 2: LITERATURE REVIEW: COMPOSITES OF BORON NITRIDE NANOSHEETS (BNNS) AND
EXFOLIATED GRAPHITE NANOPLATELETS (GNP) WITH THERMOPLASTIC POLYMERS PREPARED BY
MELT-MIXING

through the molten polymer, thus lowering the optimal distribution and dispersion. Yet, high
viscous states impart high shear stresses onto the filler particle, which promote the exfoliation

thereof [144, 145, 147].

2.3.1- Composites of thermoplastic polymers with BNNS and GNP prepared by melt mixing.

Melt compounding is extensively used in industry to prepare composites of
thermoplastic polymers with BNNS/GNP, yet, this topic has been poorly studied and reported
in the literature. Table 2.2 shows, at the time of writing of the thesis, the published literature
on composites of thermoplastics with BNNS/GNP prepared by melt mixing, including the
mixing technology employed- e.g. extrusion, internal mixers, hot press injection moulding-
the materials used, the properties attained and the comments as reported by the author of each
individual paper listed.
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Table 2.2: Composites of thermoplastic polymers with BNNS and GNP prepared by melt mixing: materials, procedures and properties. The comments

reported refer to the remarks given by the authors of each individual paper listed. In case of hybrid filler systems, only carbonaceous materials and boron

nitride derivatives have been considered.

Composites of thermoplastics with BNNS prepared by melt mixing

Mechanical Properties,

Materials Procedure/Equipment Rheological and Barrier Properties Comments Ref.
Coati ; BN ith Surface treatment of BN particles
Ola I_nlg % luti W ncrease of Young’s modulus of 12% | improved the adhesion with PA66
PAG66+BN(20wt%) réotys:jaza+neH 3{50 ution MIXING | 304 5796 when adding non-coated BN | and the processing favoured the BN | [158]
Xtruder + HOt press (composites | 5y coated BN respectively. particle alignment in PA6, thus
manufacturing) .
enhancing stress transfer.
PBT  (polybutylene terephthalate)
+BN(15wt%) . ry , dul .
PBT + BN(15wt%)+CF(15wt% ncrease o oung s modaulus up to . .- .
(BN: bomn(nitride )artid(es 5_11)m Extruder + Injection moulding | 200% and 350% when adding BN and Synergistic .EffeCt of CF with BN [159]
: P , H . increasing stiffness of PBT.
agglomerates, 3pm length, 0.1-0.2um BN+CF respectively.
thickness; CF: carbon fibre, 200um
length, 10um diameter)
Increase of Young’s modulus up to . .
TPU+BN(3wi%) 490% n-7_interaction betwe_en BN _and
: o . : Extruder + Hot press ' . TPU improved interfacial adhesion, | [160]
(BN: boron nitride particles, 100nm size) Increase of Tensile strength of ca
thus stress transfer.
50% (no error reported on the values).
Estane (polyether based The chemical-physical interaction
polyurethane) + BN (7.5wt%) Extruder + Injection moulding | Increase of Young’s modulus of 60%. | between BN and the matrix | [161]
(BN: boron nitride particles, 4-8nm size) facilitated stress transfer.
SEBS(70) (styrene-ethylene-
buthylene-styrene):EVA(30) ~ (poly- Increase of Young’s modulus of | The large size of BNNS facilitated
(etlylene-co-vinyl ~ acetate) ~ +BN | Extruder + Hot press & the str egs transfer. [162]

(50wt%)
(BN: boron nitride particles, 7.5um size)

500%.
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Thermal and Morphological

Materials Procedure/Equipment . Comments Ref.
Properties
. . Surface treatment of BN particles
Coatl_ng of BN .W.'th . improved the adhesion with PA66
PA66+BN(20wt%) polysilazane by solution mixing | Increased thermal conductivity up to :
(BN: boron nitride particles) Extruder + Hot press (composites | 230% and. the processing. favoured BN | [158]
' . P P ' particle alignment in PAG, thus,
manufacturing) f
enhancing heat transfer.
PPS  (polyphenylene sulfide)+ N MWCNT  surface treatment
BN(50wWt%) +MWCNT (1wt%) H,0, treatment of MWCNT Increased thermal conductivity by | enhanced adhesion with the BN
(BN: boron nitride powder, MWCNT: | Extruder + Injection moulding | 368% and 461% when adding BN and | particles and bridged BN and PPS | [163]
multi walled carbon nanotube 10pm | (composites manufacturing) BN+MWCNT respectively. domains, thus facilitating heat
length, 20-100nm diameter) transfer.
PET+BNNS(3v%) Decrease of oxvaen permeation rate The even dispersion/distribution of
(BNNS: boron nitride nanosheets, 1.7um | Extruder + Hot press by 75% ygen p BNNS in PET decreased diffusion | [164]
length, 4.5um thickness) y 0- of oxygen.
PBT  (polybutylene terephthalate)+ !3N agglom_erates Increase th_ermal
BN(15wt%) mterfa_tce resistance. The_ breaking of
PBT + BN(15wt%)+CF(15wt%) _— _INo improvement in thermal | Into smaller fibres after
(BN: boron nitride particles, 5-11um | EXtruder + Injection moulding conductivity extrusion and  the .rgnd_om [159]
agglomerates, 3um length, 0.1-0.2um ' orientation of CF after injection
thickness; CF: carbon fibre, 200pm moulding prevent the formation of a
length, 10um diameter) 3D thermal path.
PBT+BN(15.WF%) No improvement in  thermal BN agglomerates and the random
(BN: boron nitride platelets, 10-60um | py i1 dar+ Injection moulding P orientation after processing lead to | [165]
size, 0.1-2.5 pm thickness, surface area conductivity. . .
0.3-10 m?g) high thermal resistance.
. . High  concentration of filler
PPS+BN(30wt%) Extruder + injection moulding Increase in thermal conductivity up to saturated the polymer matrix and | [166]

(BN: boron nitride particle, 12um size)

500%.

generated a thermal path.
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Thermal and Morphological

Materials Procedure/Equipment . Comments Ref.
Properties
The m-w interaction between BN and
TPU+BN(3wt%) Slight  increase  in  thermal | TPU improved the interfacial
(BN: boron nitride particles, 100nm size) Extruder + Hot press conductivity of 50%. adhesion, thus reducing the thermal [160]
resistance at the interface.
PVDF+BN(20wWt%) Solutl_on mixing o_f PVDF, BN, Increase in thermal conductivity by T.he pre-mix in DMI_: faC|_I|tated the
PVDF+BN(20wt%)+CNT(2wt%) | CNT in DMF, drying. 0 0 . dispersion of the filler in PVDF.
A\ / 300% and 450% when adding BN and . . [167]
(BN: boron nitride particles; CNT: carbon | Lab scale compounder + Hot BN+MWCNT. respectivel CNT bridged the BN particles
nanotubes) press (composites preparation) » €SP Y creating a 3D thermal path.
The processing adopted favoured
Extruder containing . - the even distribution, dispersion and
FBiffyogggﬂg?)amcles 3-5um size) laminating/multiplying Isrgar;ase in- thermal conductivity of alignment of filler particles. Yet | [168]
' P ' SoH elements+ Hot press o high concentration of BN are
needed to form a thermal path.
The filler  alignment  when
. . processing the composites
PP+_BN(4O\./%) . Extruder + Injection moulding I_n crease In thermal conductlv_lty 20 facilitating the formation of a | [169]
(BN: boron nitride particles) times higher than the neat matrix. .
thermal path. Yet, high
concentration of BN are needed
The filler surface modification
Surface modification of BNNS . . improved the interfacial adhesion
PPSH?’NNS (40wt%) with silane groups Increase in thermal conductlv_lty 20 with PPS, yet high concentration of | [170]
(BNNS: boron nitride nanosheets) o h . times higher than the neat matrix .
Extruder+ Injection moulding BN are needed to increase the
thermal conductivity.
SEBS(70) (styrene-ethylene-
buthylene-styrene): EVA(30) (poly- Hiah filler loadi ded
(etlylene-co-vinyl acetate) +BN i ivi High Tiler loading are needed to
(50Wt%) Extruder + Hot press Increase in thermal conductivity up to improve  thermal  conduction, | [162]

(BN: boron nitride particles, 7.5um size)

166%.

probably due to the BN small size.
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Composite of thermoplastics with GNP prepared by melt mixing

Mechanical, Rheological and

Materials Procedure/Equipment X . Comments Ref.
Barrier Properties

TPU+GNP (1wt%) The improved state of dispersion of
(GNP:  graphene nanoplatelets, - 1-3 | |ntarnal Mixer + Hot Press Increase in Young’s modulus of 50%. | GNP could have caused an increase | [171]
graphene monolayers, 10um length, 1.0- . .
2.0 nm thickness) in the stiffness.
TPU+GNP (3.9v%) Pre-mix of TPU/GNP/DMF+ Increase In Young’s r.HOdulus O,f The high stiffness of GNP caused an

: , T : 300%. Increase of stiffness (E', | . :
(GNP: exfoliated graphite nanosheets, | filtration/drying. DMA) up to 200% increase in Young modulus. [172]
100nm thickness) Internal Mixer + Hot Press P > o

Decrease of T4 of ca 8°C.

TPU+GNP(0.5wt%) _
TPU+GNP(0.25wt%)+CNS(0.25 Extrusmn_ (masterbatch
wt%) manufacturing at 6wt% each type of | . jmprovement  in - mechanical | The GNP did not alter the elasticity
(GNP: graphene nanoplatelets, 15um | filler loading) + Internal mixer properties of the TPU [173]
length, ca 6nm thickness; CNS: carbon | (dilution with matrix to desired ' '
nanostructures, lakes-70 pm long and 10 | composition)+HO0t Press
um thick, nanotube- diameter 9 nm)
PP(80):PS(20)+GNP(1wt%) Poor dispersion and interfacial
(GNP: exfoliate graphene nanoplatelets, a4 No improvement in mechanical | adhesion between GNP and PP:PS
thickness ca 6-8nm, surface area 120-150 Internal Mixer + Hot Press properties. obstructed  stress-transfer  (no [174]
m?/g) mechanical reinforcement).
Alcryn*2265UT (thermoplastics o
elastomer, partially ~ cross-linked The combination of large GNP
chlorinated olefin interpolymer alloy) + | Internal Mixer + Injection | Increase in Young’s modulus of ca | platelets and interfacial interaction [175]
GNP (11v%) moulding 450%. with the matrix facilitated stress
(GNP: graphene nanoplatelets, 25um transfer.
length, 6-8nm thickness)
PET+GNP (1wt%) . The good adhesion between the
(GNP: graphene nanoplatelets, no | Internal Mixer+ Hot Press Increase in flexural modulus of ca filler and matrix improved the | [176]

information reported)

64%.

flexural modulus.
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Mechanical, Rheological and

Materials Procedure/Equipment Barrier Properties Comments Ref.
TPU+GNP (2wt%) . Lab. Scale compounder+ In%rease in Ygung s modulus of ca | Interfacial bo'nds between GNP and
(GNP: graphene nanoplatelets, size 11- | | io oo ouldin 35%. Increase in shape memory up to | the polymer increased the stiffness | [177]
15nm, surface are 50-80 m?g ) ! g 100%. and the elastic recovery.
Increase in flexural modulus .Of ‘@l GNP particle size and distribution
112% and flexural strength at yield of ffected f h h
HDPE+GNP(15wt%) ca 60%. a_fe;cte strgss:rans er, ;2] USf the
(GNP: graphene nanoplatelets, 5um | Ey i der+ Injection moulding | Decrease of oxygen permeation by up | SUMess and the strength of the |, ;q)
length, 6nm thickness, surface area 120- 10 50% composites. The relative uniform
150 m?/g) ' : filler distribution improved barrier
Decrease of fuel vapour permeation roperties
by up to 73%. prop '
PC+GNP(15wt%)
PC+GNP(15Wt%)+MWCNT (1wt
%) . . . Filler particle agglomeration results
(GNP: graphene nanoplatelets, Sum | Internal Mixer+ Hot Press No improvement in Hardness o Iofl)ver Her d%?ass Ualue, [179]
length, 6-8nm thickness; MWCNT:
multi-walled carbon nanotube, 9.5nm
diameter, 1.5um length)
PC+GNP (2wt%) _ _— anical | i )
(GNP:  graphene nanoplatelets, 5um Extruder+ Injection moulding No |mprovement in the mechanica (_3N_P_ agglomerated in PC, thus, [180]
length, 6-8nm thickness, surface area properties. limiting stress transfer.
120-150 m?/g)
TPEE  (thermoplastic polyester Surface modification of GNP
?glliltgmﬂ)’f'?'\”:’ (C)-lV\/I'[‘i/OI)t . ISr:?Sr-nbaclmdei;lT;Cr;;g-G:\rll ;Dection Increase of Young’s modulus of ca | improved interfacial interaction [181]
. graphene nanoplatelets, 8um 0 : : :
length, 10nm thickness, aspect ratio 500- | Moulding 56%. with TPEE, thus, increasing the

2000)

stiffness.
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Mechanical, Rheological and

Materials Procedure/Equipment Barrier Properties Comments Ref.

PAG6+GNP (6wt%)
PAB66+GNP(3wt%)+MWCNT (3w Increase in Young’s modulus of ca | The even distribution of GNP and
t%) Lab. scale  compounder+ | 44% and ca 52% when adding GNP | MWCNT facilitated the stress [182]
gcsmpzS?Zr:phiszaréinogllrg;elegséologlggj Injection moulding and GNP+MWCNT in PAG6, | transfer. MWCNT prohibited the
MWCNT: ;”nulti walled carbon nanotube: respectively. agglomeration of GNP.
aspect ratio 67)

Increase in Young’s modulus of ca
PAG+GNP (20wt%) 376%. Uniform dispersion of GNP assisted
I(gl'zf;' g&arﬁhﬁgﬁgtﬁa”g%ﬁet%ic;r?e'szs"' Extruder+ Hot Press Increase in stiffness (G’, Oscillatory | stress transfer resulting in increased | [183]
surface area 120-150 m?/g) ’ rheology) by up to 3 orders of | stiffness.

magnitude.
PP+GNP (1.05v%) Ball milling GNP in solvent Increase  of complex  viscosity The high aspect ratio and rigidity of
(GNP: graphene nanoplatelets, 0.1-5pm | +centrifugation (oscillatory rheology) by up to 200% GNP increased the complex | [184]
length, <5 nm thickness) Internal mixer + Hot Press y gy) by up " | viscosity of the final composites.
LLDPE+GNP (10wt%) _ _ _ _ o
(GNP: graphene nanoplatelets, 2-15 | =yt der+ Hot Press No improvement in mechanical | Agglomeration of GNP limited [185]
layers, 5um length, 6-8nm thickness, 120- properties. stress-transfer.
150 m?/g)

. _ The restriction of the polymer
E;zﬁml\grets(gﬁgeréiﬁi |e?1r§t$1hleti Extruder + Hot Press Increase in Young’s modulus of ca | chains and entanglements around [186]
8nm thickness, 120-150 n’qz/g) ’ 130% . '[Crcl)em CE)ISISF;tgsrtlcles stiffened the final
PP (70): NR (20) (natural rubber): L : Uniform dispersion of GNP and
LNR (liquid natural rubber) (10)+ Ultra-sonication LNR+GNP Increase in Young’s modulus by up to improved intgrfacial adhesion with
GNP (1.5wt%) Internal mixer of | 33%. [187]

(GNP: graphene nanoplatelets,
length, 5-15nm thickness)

S5um

PP+NR+LNR/GNP + Hot Press

the matrix and increased stress-
transfer.
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Mechanical, Rheological and

Materials Procedure/Equipment ; . Comments Ref.
Barrier Properties
The even distribution of GNP
PLA+GNP(5wWt%) Increase in Young’s modulus of ca | enabled a more efficient stress-
(GNP: graphene nanoplatelets, 1-2um . 39%. transfer in spite of poor interfacial
length, 10-20nm thickness, surface area Batch Mixer + Hot Press Increase in stiffness (E’, DMA) by up | adhesion with the matrix and [188]
750 m?/g) to 40%. resulted in increased composite
stiffness.
The high aspect ratio and the
Increase in Young’s modulus of | intrinsic rigidity of GNP along with
PP+GNSs (3W1%) 100% and tensile strength of 81% (no | the favourable interactions with the
S (3wt% :
) error reported on the values) polymer matrix promoted stress
Erclsiglsr.]ess)graphene nanosheets, inm | Lab. scale extruder + Hot Press Increase of stiffness (G’, oscillatory | transfer at the polymer-GNP [189]
rheology) up to 4 orders of |interface, and restricted polymer
magnitude. chain  mobility  (increase in
stiffness).
PLA(30): ABS(70) + o _ _ _
GNP(0.4wt%) Slight increase in Young’s modulus | The high aspect ratio of GNP
(GNP: graphene nanoplatelets, 6-8nm Extruder+ Hot Press of 14%. favoured stress transfer. [190]
thickness, 120-150 m?/q)
PP (70): NR (20) (natural rubber): Increase in Youne’s modulus of ca | 1€ StTONg interactions ~between
LNR  (liquid natural rubber) (10)+ | yjtrasonic bath LNR+GNP o Y oung GNP and the polymer matrix
GNP (5wt%) Internal mixer 157% and impact strength of ca i . . . [191]
proved filler dispersion and the
(GNP: graphene nanoplatelets, <30 100%. mechanical properties
layers, 5-10um length, 4-20nm thickness) prop )
PP+GNP(Sw1%) (GNP: graphene | | 5 gcale  compounder+ | Increase in Young’s modulus up to | Strong polymer-filler interactions
nanoplatelets, 6 nm thickness, 120-150 [192]

m?/g)

Injection moulding

67%.

improved stress-transfer.
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Mechanical, Rheological and

Materials Procedure/Equipment ; . Comments Ref.
Barrier Properties
PP+GNP(20wt%) Mixing batch+ Hot press Increase of micro-hardness by up to The polymer chains were aligned
PE+GNP(20wt%) ECMAE (equal-channel multiple- ca 100% (ECMAE. proc?dure) for during ECMAE, thus increasing | [193]
(GNP: graphene nanoplatelets, 2pm ) both sets of composites with PP and . ’
length. 10 nm thickness, aspect ratio 200) angular extrusion)+ Hot press PE. matrix hardness.
EDPM+GNP (26.7v%) . , The increase in_ mecr_]anical strength
(GNP: graphens F;Iatelets, 356 nm | Two roll mill- Hot press Increase in Young’s modulus of ca | is due to the high st_lffness o_f GNP [194]
thickness) 560% and tear strength of ca 400%. | and the .GNP _partlcles acting as
crosslinking points.
PP modification with MA-g-PP
PP (75wt%)+MAPP  (MA-g-PP ) Increases in Young’s modulus of ca | promoted interactions with GNP
(5wt%)  +KF  (Kenaf  Fibre) 38%, flexural modulus of ca 1500% | thus  increasing  mechanical
(ZOV‘_’t%)+ GNP (5phr)  (GNP: | Extruder + Injection moulding | and flexural strength of ca 50%. properties. [195]
fé(:;’t't']at%‘:]n?rfiﬂzigzsgazgfg‘éz'gféa5{*52 Decrease in water adsorption of ca | Addition of KF prevents GNP from
mz/g)’ ’ 83%. agglomerating and reduced the
water uptake.
(PGPJSNrPa(r?éSQIO/r?e)mO et 150U Increase in Young’s modulus of ca | L€_Nigh aspect ratio and level pf
length, ZQOnIr)n thickness,psurface, area EO— Extruder+ Injection Moulding 30% and flexural modulus of ca 80%. QNP dispersion in the polymer | [196]
80 m?/g) improved stress-transfer.
PP+GNP (5.2 v%) _ _ _
(GNP: graphene nanoplatelets, 15um | Lab. scale compounder + | Increase in Young’s modulus of ca | GNP interacts to some extent with [197]
length, 6-8nm thickness, surface area | Injection moulding 54%. PP thus improving stress-transfer.
120-150 m?/g)
PLA+GNP (0.25wt%) ) _ ) ) )
(GNP: graphene nanoplatelets, 1-2Um | |Liarnal mixer + Hot oress No lrr_lprovement in  mechanical | GNP ag_glomeratlons thus lowering [198]
length, <2nm thickness, surface area 750 properties. mechanical performance.

m?/g)
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Mechanical, Rheological and

Materials Procedure/Equipment ; . Comments Ref.
Barrier Properties
E;(atrlrjl?tlgn rgtgstg:ggﬁgﬁ tl;te IT(I)DVT/ Extensional flow increase with the | Exfoliation of graphite in PP to
PP+ graphite (1wt%) drap . extensional stress whereas the shear | obtain  PP+GNP a result of
, : mixing effect) + Capillary . . [199]
(flake graphite 150pum size) . .7 | flow decrease with the shear stress | extensional stress rather than shear
rheology (to exfoliate graphite . X
in GNP) (Capillary + Rotational rheology). stress.
GNP increases PET crystallinity
. Increase in Young’s modulus of ca | thus, increasing the stiffness.
PGEI\EGI;”T' (t165Wt /(r)m)t latelets, | Extruder+ Hot press 26%. The ~ high — aspect ~ratio of [200]
26 - EXIOUFeC grapni’e Nanoplatelets, P Reduction of oxygen permeability up | impermeable GNP flakes along
pm length, 4.5nm thickness) o L
to 99%. with increased crystallinity in PET
enhanced barrier properties.
PP+GNP (3v%) . . The high aspect ratio of
(GNP: exfoliated graphite nanoplatelets, La_b. _ scale c_ompounder + | Reduction of oxygen permeability of impenetrable GNP flakes enhanced | [201]
<1pm length, <0.01pm thickness, aspect | Injection moulding ca 20%. - -
ratio <100, surface area 100m?/g) barrier properties.
PLA(50): TPU(50)+GNP (3wt%) Increase in elongation at break of ca | GNP  interconnected in  the
(GNP: graphene nanoplatelets, 2-10nm | Internal mixer + Hot press 600% (no error reported on the | PLA:TPU blend altered blend | [202]
thickness) values). morphology
The high aspect ratio of GNP
PLA+GNP (15wWt%) enhanced  stress-transfer.  The
PBAT  (poly(butylene  adipate-co Increase in Young’s modulus of 67% | agglomeration of GNP in PLA at
terephthalate) ) +GNP(15wt%) Internal mixer + Hot press and 350% when adding GNP to PLA | high content (weak interfacial | [203]
(GNP: graphene nanoplatelets, 6-8nm and PBAT, respectively. interaction) lead to a lower increase
thickness, surface area 120-150 m?/g) in Young’s modulus to a value less
than that of PBAT.
. Maste_rbatch manufacturing by The high aspect ratio and degree of
PAL1+GNP(5w1%) extrusion. | Increase in Young’s modulus of 56% | dispersion of GNP along with the
(GNP: graphene nanoplatelets, 4-5 layers, | Extruder + Injection moulding [204]

<2um length, 8nm thickness)

(dilution with PAl1l to the desired
composition)

and tensile strength of 25%.

increase in crystallinity in PA1l
improved the stress-transfer.
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Mechanical, Rheological and

Materials Procedure/Equipment ; . Comments Ref.
Barrier Properties
Sonicati ¢ GNP with LDPE . Thgalig_nmentofGNP_and polyr_ner
onication o wi Increase in Young’s modulus up to | chains in the extrusion direction
LDPE+GNP(7.5w1%) powder (coating step) 100% and yield strength up to 62%. | made the material rigid.
I(Sn';tFt){, g_rgrﬁ’;‘f“tehicﬂﬁgggla;i'reffée 5;:(3’2 E:r:;l::cﬂ?;ajterfatgtruder i Decrease of CO2 permeability of | Inclusion of GNP reduced polymer | [205]
120-150 m, surface area 120-160 m2/g) manufacturing of desireq | L7270- Decrease of SFe permeability | chain mobility ~ and  the
composition) of 80.5%. concentration of voids, thus,
enhancing the barrier properties.
PLA+GNP(3wt%) The increase in crystallinity and the
(GNP: exfoliate graphite nanoplatelets, 1- | Lab scale compounder + melt | Increase  in  stiffness  (storage | rigidity of polymer chains upon [206]
2um length, 10-20 nm thickness, surface | spun + Hot press modulus) up to 75%. GNP incorporation resulted in a
area 750 m2/q) stiffening effect.
Isothermal  crystallization  under . .
PLA+GNP(3wt%) quiescent conditions: increase in g;(;lg“igit:;esceglf C?ﬁg'tlogjl'yr:;
(GNP: graphene nanoplatelets, 5-25Um | |yiarnal mixer + Hot press stifiness (storage modulus) up to increases upon GNP addition, thus, | [207]
length, 6-8nm thickness, surface area 40%; decrease in crystallization e . o !
120-150 m2/ . - , .| astiffening effect is obtained. GNP
m/g) induction time of 5 times (nucleating :
o . has a nucleating effect on PLA.
effect upon filler incorporation).
Internal - mixer + hot press/ Increase in  stiffness  (storage
foaming by drop pressure (0-20 modulus) up to 150% 9¢ | GNP affects the morphology of the
bar) in presence of CO2- one P Y cell-structure upon foaming, thus
step foamin Increase —in stiffness  (storage stiffness. Furthermore, in the one-
PC+GNP(0.5Wt%) P g modulus) by up to one order of - ’
Internal mixer + hot press/ . . step foaming the cells formed are
(GNP graphene nanoplatelets, 15um | oo 0 composites  in magnitude (two step foaming). smaller than in the two ste [208]
length, 6-8nm thickness, 120-150 m?/g) POSI Decrease in  stiffness  (storage . P
presence of CO. + heating at 0 foaming. Therefore, the latter are
. o~ _ | Mmodulus) by up to 350% when . .
high temperatures (165°C) . denser, which lead to a major
. comparing the one and two step | . . .
two steps foaming. . increase in the stiffness.
foaming processes.
. — . GNP evenly distributed in PEEK
0, > 0
PEEK+GNP(10wt%) Internal mixer + Injection | Increase in Young’s modulus of 40% reinforcing the matrix and reducing | [209]

moulding

and creep resistance of ca 33%.

the creep.
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Mechanical, Rheological and

Materials Procedure/Equipment Barrier Properties Comments Ref.
| . , The GNP well dispersed and
¥ ncreases in Young’s modulus of ca reinforcing  the  matrix.  The
(PGPI\TFE;tprfo(Ii\tledO)graphite 1um length Lab. scale compounder + | 38%, flexural strength of ca 29% and variation in GNP alignmént and | [210]
10nm thickness) injection moulding impact strength of ca 83%. aspect ratio lead to higher impact
strength.
PP+(_3NP(5Wt%)+GF(15Wt%) Lab. scale compounder + Increases in Young’s modulus up to | The increase in interfacial shear
(GNP: graphite - nanoplatelets, = Sum | =5 omp 127%, tensile strength up to 13% and | strength when adding GNP+CF to | [211]
length, 10-20nm thickness; GF: glass | Injection moulding : h 65% PP enhanced th f
fibre, 6.50mm length, 15.3um diameter) impact strength up to 65%. enhanced the stress-transfer.
PET(70): PP(30): SEBS-g-MA Increases in Young’s modulus up to _ _ _ _
(10phr) +GNP (3phr) - . 43%, tensile strength up to 37% and | The uniform dispersion of GNP in
(GNP: exfoliated graphite nanoplatelets, Extruder + Injection moulding impact strength of 45%. the matrix enhanced stress-transfer. [212]
5um length, 10nm thickness)
PP+GNP(5v%) Poor adhesion between GNP and
PP+GNP(4v%)+CNT(1v%) Batch mixer + Hot press No improvement in mechanical | CNT with PP prevented the stress [213]
(GNP: graphene nanoplatelets, Sum P properties. from being transferred throughout
length, 7nm thickness; CNT: carbon .
nanotube, 1.5um length, 9.5nm diameter) the composite.
Increase in Young’s modulus up to
HDPE+GNP(7.5wt%) Lab. scale extruder + Iniection | 150% and flexural modulus up to | The high aspect ratio and the limited
Sm longth, anm tickncss, surface res | mouldin R 7 aggregation of GNP enhanced stress | [214]
150_150%12}9) ’ 9 E)g;rease of oxygen permeation up to | transfer and barrier properties.
0.
o Solution mixing to coat GNP | Decrease in oxygen permeation of up
HDPE+ GNP (5‘_"’“0) with paraffin or thermoplastic | to 42% and 33% when GNP was . o
(GNP: exfoliated graphene . . The uniform distribution of GNP
elastomer (ethylene-octene) coated with paraffin and . . [215]
nanoplatelets, 15um length, 6nm enhanced the barrier properties.

thickness, 120-150 m?/g)

Lab scale extruder + injection
moulding (composites preparation)

thermoplastic elastomer, respectively.
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Mechanical, Rheological and

Materials Procedure/Equipment ; . Comments Ref.
Barrier Properties
The rigid GNP particles increased
PP+GNP (1wt%) the stiffness of the matrix. Yet, the
(GNP: graphene nanoplatelets, 1pm o . , o, | GNP tendency to aggregate limited
length, <2um thickness, surface area 750 Extruder + Hot spinning Increase In Young’s modulus of 22%. interfacial adhesion with the matrix, [216]
m?/g) thus, preventing efficient stress-
transfer.
PADFGNP (Lwtih) No i [ hanical | GNP did di ly i
(GNP: graphene nanoplatelets, grade H R . 0 Improvement In mechanica Id not aisperse properly In
from XG Sciences, no other information Extruder + Injection moulding properties. PAG, thus, limiting stress-transfer. [217]
available)
PAG6 +GNP (2wt%) . . Increase in Young’s modulus of 50% The uniform distribution of GNP
(GNP: graphene nanoplatelets, 6-8nm | Extruder + Injection moulding d tensile strenath up to 30% increased to some extent the | [218]
thickness, surface area 120-150 m?/g) and tensiie strength Up to 0 stiffness of the composite.
PEI (polyetherimide)+GNP(5wt%) Increase in flexural modulus up to The even 51|str|but|on of GNP in the
(GNP: graphene nanoplatelets, 15pm | Extruder+ Hot press 30% matrix increased the flexural | [219]
length) 0 strength of PEL.
. The poor dispersion of GNP and/or
PGPNJFSNP (r?'\tNt/O) atelets. 2x10 Extruder + Iniection mouldin No improvement in mechanical | the limited interfacial interactions [220]
gize’ élg;?nptr'“ikgzgsp BIElEls, oxaoHm J g properties. with the matrix_ led to poor
mechanical properties.
HDPE+ GNP (1wt%) -
(GNP: graphene nanoplatelets, | Extruder Increase in flexural strength of 60%. The large GNP platelets facilitated [221]
2 the stress-transfer.
surface area 500 m</g)
PLA+PEO (polyethylene oxide) Ultra-sonication of PEO+GNP
+GNP (1wt%) (PEO:GNP=1:1) freeze drying No improvement in mechanical | The aggregation of GNP inhibits [222]
(GNP: graphene nanoplatelets, 5-10um | Extruder+ Injection moulding | properties. stress transfer.

length, 4-20nm thickness)

(PLA+PEO+GNP)
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Thermal and Morphological

Materials Procedure/Equipment . Comments Ref.
Properties
. The uniform distribution and
TPU+GNP (3.9v%) Pre-mix _of TPU/GNP/DMF | oease in ignition time of ca 50%. | dispersion of GNP hindered the
(GNP: exfoliated graphite nanosheets, | filtration/drying diffusion of oxvaen thus increasin [172]
100nm thickness) Internal Mixer + Hot Press the ignition timzzg g
PP+GNP (1.05v%) Ball milling GNP in solvent - :
(GNP: graphene nanoplatelets, 0.1-5um | +centrifugation Increase in Taeg (TGA) of ca 9%. ?nqerovgg?her;arfgle::abi{iitlo GNP [184]
length, <5 nm thickness) Internal mixer + Hot Press P y
PP+GNP (0.3v%) Ball milling GNP in solvent | Increase in Tc (DSC, 1%t cooling) of ca | The GNP nucleated the PP and the
(GNP graphene nanoplatelets, 8-100um | 4 contrifygation 9% and ty (crystallization half time, | PP crystals grow from the large | [223]
length, <100 nm thickness, surface area . . .
35 m?/g) Internal mixer + Hot Press optical microscopy) up to 67%. GNP surface.
LLDPE+GNP (10wt%) | i th | ductivity of - | . £ GNP
(GNP: graphene nan0p|ate|ets, 2-15 ncrease In thermal con UC“V'tyO ca e agg omeration 0
layers, 5um length, 6-8nm thickness, 120- Extruder+ Hot Press 50% (no error reported on the values). | generated a thermal path. [185]
150 m?/g)
LPNL;T(;erEe(riV\I::/r?gpIatelets size 11. Lab. scale  compounder+ | Increase in thermal conductivity of | The high concentration of GNP [177]
15nm. surface are 50-80 m?/g ) Injection moulding 20%. improved thermal conduction.
PC+GNP(15wt%) | i th | conductivity of
PC+GNP(15wt%)+ ncr;easeln ermaocon UCUVItY OTC& 1 i filler concentration and the
MWCNT(1wt%) 160% and ca 240% when GNP and . .
. hybrid  interconnected ~ GNP/
length, 6-8nm thickness; MWCNT: respectively (no error reported on the thermal ath
multi-walled carbon nanotube, 9.5nm values). path.
diameter, 1.5um length)
PC+GNP (2wt%) Increase in thermal conductivity of ca | 1\ ieo o dictribution of GNP
(GNP: graphene nanoplatelets, 5Um | ey der+ Injection moulding | 150% (no error reported on the [180]

length, 6-8nm thickness, surface area
120-150 m?/g)

values).

increased thermal conduction of PC.
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Materials Procedure/Equipment : Comments Ref.
Properties
PP+GNP(7.5wt%) i i
(GNP: graphite nanoplatelets, 5um size, | Laboratory scale compounder+ Ilré)%r(%:l se(rl]r(ljtheerrrrgfl igngﬂzzw%()ftﬁi GNP formed a 3D thermally [224]
6-8nm thickness, surface area 120-150 | Hot Press P conductive network.
m2/g) values).
PAG+GNP (20wt%) Increase in T (DSC, 1% cooling) of ca
fg/';'rz gﬂaﬁhﬁgﬁgtﬂa"gﬂﬁ'e?iclir?e's: Extruder+ Hot Press 4%. GNP had a nucleating effect on PA6 | [183]
surface area 120-150 m?/g)
Microscopy (SEM, TEM, Optical) - | The high speed mixing of
PC (40%)+SAN(59%)+GNP(1%) GNP localize in the PC phase when | SAN+GNP  breaks GNP into
(GNP: graphene nanoplatelets, 5pm | Lab. scale compounder blended with SAN. GNP located in | smaller particles, which diffuse | [225]
length, 6-8nm thickness) both PC domains and at the SAN/PC | from the SAN phases to the PC
interface. domains and SAN/PC interface.
PP+GNP (5wt%) (GNP: graphite ; st .
nanoplatelets, 2-15 layers, 5um length, 6- | Extruder + Hot Press Ilr:l%;ease inTe (DSC, 17 cooling) of ca GNP nucleated PP. [186]
8nm thickness, 120-150 m?/g) 0-
PP (70): NR (20) (natural rubber): Ultra-sonication LNR+GNP Modest increase in  thermal
LNR  (liquid natural rubber) (10)+ : Increase in thermal conductivity of ca | conductivity achieved is caused by
GNP (1.5wWt%) Internal mixer of . . ; [187]
36% (no error reported on the values). | the interfacial thermal resistance
(GNP: graphene nanoplatelets, 5pm | PP+NR+LNR/GNP + Hot Press . .
length. 5-15nm thickness) between the filler and the matrix.
PP+GNss (3wt%) Increase in T¢ (DSC, 1% coolin i
) , g) of ca | Heterogeneous nucleation of PP by
'Ef?i?lfﬁess%raphene nanosheets,  1nm | Lab. scale extruder + Hot Press 7%, GNP resulted in an increase in Te. [189]
Increase in T¢ (DSC, 1% cooling) of ca
PP+GNP(1v%) + Iniecti 7% and crystallization rate (optical | GNP nucleate PP. The shape and
(GNP: exfoliated graphite nanoplatelets, Lab. scale extruder + Injection microscopy) up to 790%. morphology of GNP affect the | [226]

>10 layers, 15um length, 5nm thickness)

moulding

B-nucleating effect of GNP for PP
(XRD).

polymorphism of PP.
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Materials Procedure/Equipment . Comments Ref.
Properties
GNP nucleates HDPE, yet at high
concentration, GNP aggregation
. st , limits polymer chain mobility to
HDPE+GNP (15 v%) Lab. scale compounder + Incre(?ses in Te (DSC, 1 cooI:)ng) of growing in larger crystals. The even
(GNP: exfoliated graphene nanoplatelets, Injection moulding ca 5%, Tonset (TGA) of ca 5% and dispersion of GNP along with the [227]
15pm length, <10nm thickness ) thermal conductivity of ca 200%. A Y.
relative high aspect ratio increased
the thermal conduction and thermal
stability of HDPE.
PC+GNP(19wt%)+MWCNT (1wt
%) . - MWCNT bridged the gaps between
(GNP: graphene ~ nanoplatelets, SUm | |nterna] Mixer+ Hot Press Increase in thermal conductivity of ca | particles, thus creating a | [228]
length, 6-8nm thickness; MWCNT: multi 480%. thermal path ’
walled carbon nanotube, >20um length, '
20-200nm diameter)
Decrease in thermal expansion up to
24% and 32% for composites of PP
and PE respectively, prepared by
mixing batch + hot press.
PP+GNP(20W1%) Decrease in thermal expansion up to
0 0 0 .
PE+GNP(20wWt%) Mixing batch+ Hot press gé’ rZQSeitliv/gI;OLfgprz&%sgssEzT\/l?:g The ECMAE process aligned the
(GNP: graphene nanoplatelets, 2um | ECMAE  (equal-channel multiple- ’ polymer chains thus leading to a | [193]

length, 10 nm thickness, aspect ratio 200)

angular extrusion)+ Hot press

+ hot press.

Decrease in thermal expansion up to
100% for composites of PP and PE
when comparing the samples
prepared by mixing batch + hot press
and ECMAE+ hot press.

(No error reported on the values).

reduction in thermal expansion.
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EDPM+GNP (26.7v%) Increase in thermal conductivity of ca | SN GNP-GNP - and = GNP-
(GNP graphene platelets, 3.56 nm | 1y ro]| mill- Hot press 300% (no error reported on the polymer interactions reduce phonon [194]
thickness) values) scattering thus increasing thermal
' conduction.

PP (7SWt%)+MAPP  (MA-g-PP ) Increase in thermal conductivity of ca
(5wt%)  +KF  (Kenaf  Fibre) 600% and decrease in thermal | The GNP interacted with the
(20wt%)+ GNP (5phr)  (GNP: | Extruder + Injection moulding | expansion of ca 100% (no error | polymer matrix efficiently thus | [195]
exfoliated graphene nanoplatelets, Spm reported on the values of the | dissipating the applied heat.
length, 6nm thickness, surface area 158 .
me/g) composite).
PP+GNP (9.3v%) I inTe (DSC, 1% cooling) of
(GNP: graphene nanoplatelets, 150um P : ncrease In ¢ , 17 co0ling) or ca
length, 20nm thickness, surface area 50- Extruder+ Injection Moulding 6%. GNP nucleates PP. [196]
80 m?/g)
PP+GNP (7.5v%) Increase in thermal conductivity up to | The combination of filler shape and
(GNP: graphite nanoplatelets, 5um :;ab' scale compounder + Hot 100% (no error reported on the | aspect ratio facilitated the formation | [229]
length, 6-8nm thickness, 120-150 m#/g) | ' ' o> values). of a conductive path.
PP+GNP (25v%) ) . _ ) o
(GNP: exfoliated graphite nanoplatelets, | Lab. scale compounder + | Increase in thermal conductivity of | The high concentration/distribution [201]
<1pm length, <0.01pm thickness, aspect | Injection moulding 500%. of GNP favoured heat dissipation.
ratio <100, surface area 100m?/g)
PLA+GNP (15wt%) _ o
PBAT  (poly(butylene  adipate-co Increase inT. (DSC, 1% cooling) of :
terephthalate)) +GNP(15wt%) Internal mixer + Hot press 17% and 22% when ad_ding GNP to Sol:ll? p%ﬁ;;seg nucleating agent for [203]
(GNP: graphene nanoplatelets, 6-8nm PLA and PBAT respectively. '
thickness, surface area 120-150 m?/g)
PET(60.87):PP(26.09):SEBS-g- o _
MA(8.70) + GNP (5phr) Increase in thermal conductivity of GNP ‘randomly distributed in the
(GNP: exfoliated graphite nanoplatelets, | Extruder + Hot press matrix interconnect and form a | [230]

5um length, 6nm thickness)

225% and time of ignition by 75%.

thermal path.
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Masterbatch manufacturing by
PA11+GNP(5wt%) extrusion.
(GNP: graphene nanoplatelets, 4-5 layers, | Extruder + Injection moulding | Increase in T¢ of 6%. Nucleating effect of GNP for PA11. | [204]
<2pm length, 8nm thickness) (dilution with PA11 to the desired
composition)
Sonication of GNP with LDPE The interfacial phonon scattering
LDPE+GNP(7.5Wt%) powder (coating step) between GNP and LDPE is low in
(GNP: graphene nanoplatelets, 5um | Extruder (masterbatch | Increase in thermal conductivity up to | the direction thermal conductivity [205]
length, 6-8nm _thickness, surface area | manufacturing) + Extruder (film | 900%. was measured due to the higher
120-150 m, surface area 120-160 m*/g) | manufacturing of desired interfacial area of the GNP platelets
composition) in that direction.
Pre-mix HDPE+GNP powder
HDPE+GNP(5wt%) by ball mill P Decrease of crystallization half-life | Nucleating effect of GNP for
(GNP: graphene nanoplatelets, 5um . . 0 [231]
length. 10nm thickness) Internal  mixer  (composite | by up to 30%. HDPE.
preparation)
LDPE (70): NR (20) (natural rubber): o GNP percolated to yield a 3D
LNR' (liquid natural rubber) (10)+ | Ultra-sonication LNR+GNP Increase in thermal conductivity up to | thermally conductive structure in 232
(%EE(S:QH r(:/:rze nanoplatelets, 5-10 nm :(I:’]cfg;oaslitesrrr]r::neurfac:-urirll-;]?t PIEss | s0%. the  polymer, thus, lowering [232]
length, EJ1—28nm thickneis, <30 iayers) interfacial phonon scattering.
CBT (cyclic butylene terephthalate)+ ] ] o
GNP (10wt%) No increase in thermal conductivity Synergistic effect on thermal
CBT+GNP(15wt%)+CF(5wt%) Internal mixer + Hot press when GI\.IP added to CBT. . conduction when adding GNP and | [233]
(GNP: graphene nanoplatelets, 5um Increase in thermal conductivity of 25 CE to CBT
length, 6-8nm thickness; CF: carbon times when adding GNP+CF to CBT. '
fibre, 200um length)
PP+GNP(0.5wt%) _ _
(GNP: graphene nanoplatelets, 1-6 layers, | gy ¢, qer No Improvement n the | GNP did not form a 3D network. [234]

<10pm length, <5um thickness, surface
area 200 m?/g)

decomposition temperature.
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PET(70):PP(30)+GNP(7.5 phr) : i :
(GNP: exfoliated graphite nanoplatelets, | Extruder + Hot press Ilr;%;ease i thermal conductivity of ﬁgfcog;]se%?ge?he?;gl f:trrr]n ed an [235]
5um length, 10nm thickness) 0- patn.

Materials Procedure/Equipment Electrical Properties Comments Ref.
TPU+GNP (2wt%)
TPU+GNP(1.5wt%)+CNS(0.5wt No change in electrical resistance
%) when adding GNP. Increase of 2 . .
(GNP:graphene nanoplatelets, 15um | |nternal Mixer + Hot Press orders of magnitude when adding Cil\\/lesagrécljgcetsrict;ﬁ Ci'(\)ls dﬁgtrit\l/zlezttho [236]
length, 6nm thickness; CNS: carbon GNP-+CNS to TPU (o error reported g y patn.
nanostructures, branched carbon h |
nanotube flakes, 70um length, 10um on the values).
thickness, 9nm diameter)
HDPE+GNP(8v%) Increase in electrical conductivity by . .
(GNP: graphene nanoplatelets, 15pm | Extruder + Hot Press 5 orders of magnitude (no error GaI:IhP percolated in a 3D electrical [237]
length, surface area 150 m2/g) reported on the values). pain.
PET+GNP (1wt%) Increase in electrical conductivit i i

. y by | The even dispersion of GNP
: + . - X
i(ri?ri']aﬁgﬁggi?fed) nanoplatelets,  no | Interal Mixer+ Hot Press up to 1 order of magnitude. facilitated the electrical transfer. [176]
LLDPE+GNP (10wt%) Increase in electrical conductivity of | 1, 0 G e onp
(GNP:_ graphene  nanoplatelets, 2-15 | pyyrder+ Hot Press 5 orders of magnitude (no error 99 : [185]
layers, 5um length, 6-8nm thickness, 120- generated an electrical path.
150 m?/g) reported on the values).
SEBS+GNP(16wWt%) Increase in electrical conductivity of The GNP gradually percolated to
wit% ;

(GNP: graphene nanoplatelets, 25pm | Internal Mixer+ Hot Press 10 orders of magnitude (no error form a 3D elecirical path, probably [238]

length, 6-8nm thickness, 120-150 m?/g)

reported on the values).

due to the Ilimited interfacial
interaction with the matrix.
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PC+GNP(15wt%)
PC+GNP(15wt%)+MWCNT (1wt Increase in electrical conductivity of | High filler concentration and the
%) Internal Mixer+ Hot Press 10 and 14 order of magnitude when | hybrid interconnected GNP/ [179]
I(;’g';: %rzpnhgneth?calilnoezlsa}td?\/lts\,/vcsl\ll{rl? adding GNP and GNP+ MWCNT to | MWCNT network generated an
muIti—\’/vaIIed carbon nano'tube, 9.5nm PC, respectively. electrical path.
diameter, 1.5um length)
TPU+GNP(0.5wt%) " i she dislectri When adding CNS+GNP to TPU, a
TPU+GNP(0.25Wt%)+CNS(0.25 Extruder (masterbatch No change in the dielectric constant hiah icle- icle i facial
. . . igher particle-particle interfacia
Wt%) manufacturing at 6wt% each type of | when adding GNP to TPU. Increase in S .
0 ) ) 3 . > polarization is attained, due to the
(GNP: graphene nanoplatelets, 15um | filler loading) + Internal mixer | the dielectric constant by up to 57% | /- . ! [173]
© grap _nanop , 15U o : _ ; : high electrical conduction of CNT
length, ca 6nm thickness; CNS: carbon | (dilution with matrix to desired | when adding GNP+CNS (no error d to GNP. thus i :
nanostructures, lakes-70 um long and 10 | composition)+Hot Press reported on the values). compared to , thus increasing
um thick, nanotube- diameter 9 nm) the dielectric constant.
PP+GNP(7.5wt%) i iotivi
(GNP: graphite nanoplatelets, 5pm size, | Lab. scale compounder+ Hot Increase in volume_re3|st|V|ty of ca 9 GNP formed a 3D electrical
i ' ’ orders of magnitude (no error . [224]
6-8nm thickness, surface area 120-150 | Press conducting network.
m2/g) reported on the values).
PAG+GNP (20wt%) Decrease in volume resistivity of 6 | The even distribution of GNP
(GNP: graphene nanoplatelets, 18-24 | v der+ Hot Press orders of magnitude (no error | generated an electrical conducting | [183]
layers, 5um length, 6-8nm thickness,
surface area 120-150 m?g) reported on the values). path.
_ Increase in electrical conductivity of
PAT  FonGuiens oadlpate_ 8 order of magnitude. GNP percolated to form a 3D
coterephthalate)) +GNP (15wt%) Internal Mixer+ Hot Press Increase  in EMI  shielding P : [239]
(GNP: graphene nanoplatelets, 6-8nm fecti t0 12 dB electrically conductive network.
thickness, surface area 120-150 m?/g) eftectiveness up to '
(no error reported on the values).
PP (70): NR (20) (natural rubber):
LNR (liquid natural rubber) (10)+ | Ultra-sonication LNR+GNP Increase in electrical conductivity of | The uniform distribution of GNP
GNP (1.5wt%) Internal mixer of | 9 orders of magnitude (no error | percolated to yield a 3D electrical | [187]

(GNP: graphene nanoplatelets,
length, 5-15nm thickness)

S5um

PP+NR+LNR/GNP + Hot Press

reported on the values).

structure.
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Materials Procedure/Equipment Electrical Properties Comments Ref.
. Extruder (masterbatch
PP+GNP(1wt%):MWCNT (1wt% . . .
(GNP grgpheneO) nanomate,et(sl 5u?,)] preparation  of  PP+GNP, _ _ N The different geometries of GNP
length, 5-8nm thickness, surface area | PP*MWCNT) Increase in electrical conductivity up | and MWCNT facilitated the [240]
120-150 m%g; MWCNT: multi walled | Extruder to 190-200%. formation of a 3D interconnected
carbon nanotube, 1.5um length, 9.5nm | (PP/GNP+PP/MWCNT) + Hot network for electrical conduction.
diameter, surface area 250-300 m?/g) Press
. The processing adopted dispersed
PGPJP(_BN? I('5tVdA)) hite. 15um lenath. | Extruder + Iniection mouldin Increase in electrical conductivity of | GNP in the matrix in a way that a [154]
ilo”rhiﬁigkfegs)grap e, Loum fength, J 9 | up to 8 orders of magnitude. 3D electrically conducting path
formed.

. The GNP particles randomly
E;RE-E;S):?;&%X@ nanoplatelets Lab. scale compounder + No change in electrical resistivity aligned along the measurement [227]
150m length, <10nm thickness ) " | Injection moulding dlrect]on, thus_ _Iowerlng the

electrical conductivity.
PP (70): NR (20) (natural rubber): o _ )
LNR  (liquid natural rubber) (L0)+ | Ultra-sonication LNR+GNP Increase in electrical conductivity of The GNP dispersed in the polymer
GNP (5wt%) Internal mixer of 8 orders of magnitude matrix and formed a 3D electrical | [191]
(GNP: graphene nanoplatelets, <30 | PP+NR+LNR/GNP + Hot Press ' network.
layers, 5-10pum length, 4-20nm thickness)
EDPM+GNP (26.7v%) _ Decrease in eIectrlgaI resistivity of 9 GNP dispersed and formed a 3D
(GNP: graphene platelets, 3.56 nm | Two roll mill- Hot press orders of magnitude (no error network [194]
thickness) reported on the values). '
PC+GNP (0.48 wt%)+MWCNT
(0.32wt%) GNP-MWCNT-GNP interactions
(GNP+MWCNT=0.8\A/t%) Increase in electrical conductivity of | along with the =-m interactions
(GNP: multilayer graphene nanoplatelets, | |nternal mixer+ Hot press 12 order of magnitude (no error | between the polymer matrix and | [241]

5-25um length, 8-10nm thickness;
MWCNT: multi walled carbon nanotube,
1.5um length, 9.5nm diameter, surface
area 250-300 m?%/g)

reported on the values).

fillers, facilitated the formation of a
3D electrically conductive network.
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Materials Procedure/Equipment Electrical Properties Comments Ref.
(PGPJENP (E-3V%) relets. 150 Electrical  percolation  threshold | /¢ 1arge GNP aspect ratio allowed
. graphene nanoplatelets, um Po— ; ; :
length, 20nm thickness, surface area 50- Extruder+ Injection Moulding formed at 3vol% GNP for a relatively low percolation | [196]
80 m?/g) threshold value.
PP+GNP (7._5v%) Lab. scale compounder + Hot Decrease in elt_actrlcal resistivity of 11 | The comblnatlor] pf filler shape gnd
(GNP: graphite nanoplatelets, 5um | order of magnitude (no error reported | geometry  facilitated  electrical | [229]
length, 6-8nm thickness, 120-150 m?/g) ress on the values). conduction.
PC+GNP (2 pph of resin) The poly-dispersity of the GNP
(GNP: graphene nanoplatelets, from | Extruder+ Hot Press No change in electrical resistivity. particles prevented a conductive | [242]
Timenano, no other information reported) network from being formed.
PLA+GNP (15wt%) Increase in electrical conductivity of .
PBAT  (poly(butylene adipate-co 14 and 10 orders of magnitude when The GNP percolated in the polymer
%) Internal mixer + Hot press . matrix thus increasing the electrical | [203]
terephthalate) ) +GNP(15wt% adding GNP to PLA and PBAT, n
(GNP: graphene nanoplatelets, 6-8nm tivel conductivity.
thickness, surface area 120-150 m?/g) respec y
. Masterbatch manufacturing by Homogeneous GNP dispersion in
P(ﬁ\llF}"’GNhP@Wt/O)I lets 45 extrusion. | Increase in dielectric constant of | PA11 created sites with high [204]
(GNP: graphene nanoplatelets, 4-5 layers, | Extruder + Injection moulding | 50qgy, polarizability, thus, increasing the
<2pm length, 8nm thickness) (dilution with PA11 to the desired . .
composition) dielectric constant.
PLA+GNP(3wt%) Lab scale compounder + melt The random distribution of GNP
(GNP: exfoliate graphite nanoplatelets, 1- P No change in electrical properties. prevented the electrical network | [206]
2pm length, 10-20 nm thickness, surface | spun + Hot press :
area 750 m?/g) from being made.
TPU+GNP(0.5wt%)+CNS(1.5wt . . -
%) Increase in electrical c_onduct|V|ty by _ _
(GNP: graphene nanoplatelets, 15um | |nternal mixer + Hot press up to 7 orders of magnitude. CNS bridged the GNP particles [243]

length, 6nm thickness; CNS: branched
carbon nanotubes, flakes of 70um length,
10pum thickness, 9m diameter)

Increase in dielectric constant up to 4
order of magnitude.

forming a 3D conductive path.
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Materials Procedure/Equipment Electrical Properties Comments Ref.
AS (acrylonitrile-styrene copolymer) + o
GNs (18wt%) Sonication of AS and GNs for in electrical resi b Theh elor!?ated Zhape of the GNs
_ _ ] the masterbatch production Decrease in electrical resistance by up | with uniform dispersion in AS [244]
(GNs: - graphite - nanosheets, 5-20um ' to 10 orders of magnitude. facilitated the formation of a
length, 38-80 nm thickness, aspect ratio | Extruder ;
200-500) conductive path.
HDPE+GNP(15V%) Lab. scale compounder + | Decrease in electrical resistivity by up GNP dl_spersed in HDPE formegl a
(GNP: exfoliated graphene nanoplatelets, | | io 0 mouldin t0 10 order of maanitude conductive path, although high | [245]
15um length, 5nm thickness) J 9 g ' GNP content is required.
PP+GNP(5v%) No change in electrical resistivity on | GNP alone did not form an
PP+GNP(4v%)+CNT(1v%) adding GNP to PP. interconnected network in PP
(GNP: graphene nanoplatelets, 5um | Batch mixer + Hot press Reduction in electrical resistivity of | whereas the CNT bridged the GNP | [213]
length, 7nm thickness; CNT: carbon up to 14 order of magnitude when | particles, thus enhancing electrical
nanotube, 1.5um length, 9.5nm diameter) adding GNP+CNT to PP. conduction.
LDPE (70): NR (20) (natural rubber): o _
LNR (liquid natural rubber) (10)+ | Ultra-sonication LNR+GNP Increase in electrical conductivity by GNP formed an interconnected
GNP (3wt%) Internal mixer + Hot press . network with electrically | [232]
) . up to 5 order of magnitude. .
(GNP: graphene nanoplatelets, 5-10 nm | (composites manufacturing) conductive paths.
length, 4-20nm thickness, <30 layers)
GNP are evenly distributed in the
matrix, yet the presence of polymer
PEI (polyetherimide)+GNP(5Wt%) chains between the GNP particles
(GNP: graphene nanoplatelets, 15pm | Extruder+ Hot press No change in electrical conductivity. | along with the reduction of GNP | [219]

length)

lateral ~size  after  extrusion,
prevented the filler particles from
percolating a 3D electrical structure.
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Materials Procedure/Equipment Electrical Properties Comments Ref.
PP+GNP(55wt%)+MWCNT (5wt
%)
(GNP: graphene nanoplatelets, 15um & Incr in electrical conductivity b Synergistic effect of GNP and
2um length, 5-8nm & 1-5nm thickness, | |nternal mixer + Hot press crease In electrical CONAUCIVIY BY | \AwCNT — improving — electrical | [246]
surface area 120-150m2%g & 500m¥g; up to 10 orders of magnitude. conduction
MWCNT: multi walled carbon nanotube, '
9nm diameter, surface area 250-300 m?/g
)
PLA(50):TPU(50)+GNP (3wt% . . s GNP interconnected to form
(GNP:( gr)aphene(nazoplateletg, 2-10r)1m Internal mixer + Hot press Decrease in electrical resistivity by up electrical paths, thus, decreasing | [202]

thickness)

to 6 order of magnitude.

electrical resistance.
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As evident from Table 2.2, the manufacturing of functional composites of polymers and 2D
materials such as BNNS and GNP depends on several aspects including; i) filler geometry, ii)
filler-polymer interactions at the interface, iii) filler dispersion and distribution, iv) filler
alignment and v) processing. These factors are coupled and affect the properties of the final
composites differently, therefore each polymer-filler system needs to be studied as a unique
case.
It is understood that the geometry of BNNS/GNP platelets in terms of shape, lateral
dimensions, thickness and aspect ratio determine the mechanism of stress-transfer, phonon and
electron scattering. Large platelets (tens of um) with high aspect ratio (length/thickness, order
of hundreds) are the most effective at withstanding mechanical stresses (e.g. tensile, flexural,
impact), since they expose larger areas to the applied stress [175, 178, 184, 189, 190, 196, 203,
204, 214]. Large particles with regular and smooth surfaces minimize phonon and electron
scattering, thus enhancing the thermal and electrical (for GNP composites as BNNS are
electrical insulators) conductivity of the final material [184, 196, 219, 227, 229, 244]. In
addition, composites with large and impermeable GNP platelets show improved barrier
properties to gases and liquids such as oxygen, fuel and water [200, 201, 214].
The geometry of filler particles alone is not sufficient to improve the stress transfer to the
matrix. The BNNS/GNP particles need to intimately adhere with the polymer to minimize
interfacial resistance, responsible for localizations of high stress-concentration spots as well as
phonon and electron scattering sites, thus, obstructing the dissipation of the mechanical stress,
thermal and electrical impulses [158, 160, 161, 170, 181, 187, 191, 192, 194, 195, 197, 213,
241]. It follows that polymer-filler interactions at the interface play a key role when
manufacturing functional composites. The mechanism of interactions between BNNS/GNP
and the hosting polymer depends both on the chemical structure of the polymer and on the
surface chemistry of the filler particles. By way of example, it has been reported that BNNS
and GNP may interact with aromatic polymers by n-n interactions, which in some instances
has been exploited as way of modifying the surface chemistry of BNNS and GNP in an effort
to design functionalised particles to interact with the host matrix. Other studies report the
modification of BNNS and GNP particles by chemical reactions between the oxidised groups
present on the BNNS/GNP surface and either commercial products or ad-hoc synthetized
structures [21, 146, 247-258] (the concentration of the oxidised groups onto BNNS/GNP
surface depends on the process adopted to prepare BNNS/GNP). It follows that a study of

composites of polymers with BNNS/GNP encompasses a wide range of chemistry (inorganic
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and organic chemistry) variables, which add complexity to the manufacturing of functional
materials on industrial scale.
The combination of BNNS/GNP particle geometry and dimensions along with particle-
polymer interactions govern the state of filler dispersion and distribution possible in a given
matrix for a given manufacturing procedure. Contrasting opinions are reported when describing
the effect of BNNS and GNP dispersion and distribution on the properties of the final
composites. In one sense, the higher the degree of dispersion and distribution, the higher the
reinforcement of the matrix, due to both of polymer entanglements around the filler particles
and to the intrinsic stiffness and rigidity of BNNS and GNP [172, 178, 179, 182, 183, 185-188,
194, 198, 209, 210, 212, 216-220]. In another sense, a high level of BNNS/GNP dispersion and
distribution could reduce the free volume in the amorphous region of the polymer matrix and
generate a tortuous path for gases and liquids to diffuse, thus enhancing barrier properties [164,
195, 205, 215]. On the other side, for a given level of dispersion, the higher the degree of BNNS
and GNP distribution in the matrix, the higher the average particle-particle distance, which
prevent a 3D network of filler particles from being formed, essential for thermal and electrical
conduction [136, 219, 224]. In other words, as the average distribution of BNNS and GNP in
the polymer increases, a dilution of filler particles occurs locally, thus increasing the phonon
and electron scattering (thermal and electrical resistance). Certainly, the concentration of
BNNS/GNP as well as the particle size and shape needs to be considered [176, 180, 204, 229,
235, 259] since for a given concentration and distribution state, the particle-particle distances
of large particles shorten compared to the smaller particles. It is been understood that the
combination of particles of different dimensions and geometry could bridge small particles
together, thus, overcoming the limitation of particle-particle distance at high distribution state.
The bridging phenomenon induces a synergistic effect in the mechanical reinforcement and
could facilitate the percolation of a 3D thermal/electrical conductive path [159, 163, 167, 173,
179, 182, 191, 202, 203, 228, 232-234, 236, 237, 239, 243, 246]. It has been also reported that
in some cases a discrete degree of agglomeration (lower distribution state) of BNNS/GNP
particles could help the thermal/electrical conduction by generating a 3D segregated
morphology where the filler particles exclude and space out the non-conductive polymer
domains [185, 260].
The BNNS and GNP alignment along a specific direction contributes to mechanical
reinforcement, yet, in some instances a random distribution is preferred, particularly when

attempting to improve the performance of the composites under impact deformation. Indeed, a
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random distribution of BNNS and GNP particles provide the final composites with higher
toughness, which is not likely to occur if BNNS/GNP are aligned un-directionally [193, 205,
210]. The alignment of BNNS and GNP particles plays a decisive role in the thermal and
electrical conduction [146, 168, 169, 206, 227]. BNNS and GNP are thermal and electrically
(GNP) conductive along the basal plane but not along the thickness (anisotropic 2D materials)
where phonon and electron (GNP) scattering occur. Therefore, BNNS and GNP need to align
in a way that the basal plane is oriented parallel to the direction where the thermal/electrical
conduction is desired [261-263].
The processing of polymer composites influences their properties as it contributes to the state
of dispersion and distribution of BNNS/GNP as well as the morphology of the final composites
[26]. As discussed earlier in this report, melt mixing is exploited ordinarily by industry to
compound polymer composites, as it is cost-effective (high throughput), environmental
friendly (no solvents) and relatively easy to set-up [264]. Particularly, extrusion is one of the
most effective processes for dispersing and distributing BNNS/GNP in thermoplastics on large
scale, since it is a continuous process that can impart sufficient shear stresses to break
BNNS/GNP agglomerates [168, 240]. Yet, the crucial post-processing procedures essential to
shape compounded materials can alter the state of filler dispersion and distribution as well as
the morphology of the polymer. By way of example, it has been reported that injection
moulding generates specimens with the so-called ‘skin-core’ morphology, a layered structure
where the filler particles locate across the thickness at the centre of the specimen, but a polymer
rich phase forms on the skin of the moulded part [265]. In some cases, injection moulding
changes the polymorphism of the polymer matrix, thus, affecting composite properties. For
instance, the combination of GNP particle dimension/shape and injection moulding parameters
induced the B-polymorph of PP, known to be stiffer and tougher than the more common a-form
[266-271].

Both BNNS and GNP could act as nucleating agents for polymers, which change the
crystallization mechanism as well as crystallite shape and dimensions during processing of the
composites, again affecting the properties of the resultant material [186, 189, 196, 203, 204,
223, 226, 227, 231, 268]. Clearly, the addition of BNNS/GNP changes the structure and
morphology of the host polymer, therefore, each polymer-filler system (composite) requires a
tailored strategy to ensure the optimum properties enhancements are achieved on inclusion of
BNNS or GNP in polymers.
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2.4-  Conclusions

BNNS and GNP have been prepared by using a plethora of technologies such as
mechanical exfoliation, including ball milling and sonication in presence of appropriate
solvents (liquid exfoliation), chemical reactions and chemical vapour deposition (CVD).
Interest in BNNS and GNP is increasing as functional additives for thermoplastic polymers due
to their high thermal conductivity, electrical conductivity (GNP only) structural stability and
mechanical properties. Yet, the preparation of functional composites with thermoplastics and
BNNS/GNP is a non-trivial task embracing an ensemble of factors which must be considered
including, filler geometry and morphology (platelets shape, length, aspect ratio and thickness),
surface chemistry, polymer-filler interfacial interactions, platelet alignment and processing
methodology. The breakthrough required to get these composites to market and prepared using
industrially relevant processing technologies (e.g. extrusion, injection moulding) has not been
realised. The limited published literature available on this topic and the lack of an in-depth
understanding of the processing-structure property relationships of such composites must be
addressed urgently.

This thesis focuses on the study of different grades of BNNS and GNP provided by
Thomas Swan & Co Ltd. (TS), as functional fillers for model thermoplastics, specifically
isotactic polypropylene (PP) and high-density polyethylene (HDPE). As described in Chapter
1, the aim of the project is to propose a R&D strategy for the industrial partner that can be used
moving forward as a reference for the optimization of preparation of BNNS and GNP and their
applications as functional additives for polymers. Furthermore, the aim is to provide the
industrial partner with a deeper knowledge about BNNS and its use as a filler in thermoplastics,

which has been much less studied when compared with GNP (Table 2.2).
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CHAPTER 3: MATERIALS AND METHODS

3.1- Materials and equipment

The BNNS and GNP were kindly provided by our industrial partner Thomas Swan &
Co. Ltd (TS) and prepared by High-Pressure Homogenisation (HPH) (Chapter 1). The grades
studied were X-BNNS-SC, X-BNNS-T, Y-BNNS-L, X-GNP-SC, X-GNP-L, Y-GNP-L. The
letters X and Y indicate the bulk materials used in the HPH and define the different
morphologies thereof. Specifically, X-BNNS-SC/X-BNNS-T and Y-BNNS-L were exfoliated
from BN-X and BN-Y respectively, whereas X-GNP-SC/X-GNP-L and Y-GNP-L were
exfoliated from graphite-X and graphite-Y respectively. The letters SC, T, L indicate the
surfactants used during HPH. SC is sodium cholate, which is an ionic hygroscopic surfactant
whose structure is reported in Figure 3.1, whereas T and L are non-ionic amphiphilic
surfactants with a polyether-polyol structure containing aromatic units. In particular, the
surfactant T presents a branched aromatic head whereas the surfactant L displays an aromatic
head with no functionalities. The chemical structures of the surfactants T and L are not reported
as confidential for the industrial partner.

HO"

Figure 3.1: Sodium Cholate structure. The hydroxylic groups confer hydrophilic and

hygroscopic characteristics to the molecule.

The grades of isotactic Polypropylene (PP) and high density polyethylene (HDPE) used
are Exxon PP 1063L1, MFR=8.0g/10min and Exxon HDPE 6081, MFR=8.0g/10min. The
materials were purchased from the distributor Plastribution, St Ives, Cambridgeshire, UK. The
PP and HDPE pellets were cryo-milled in the freezer mill SPEXSamplePrep and dried
overnight in an oven (50°C) before admixing them with BNNS and GNP.
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3.1.1- Composites of PP and HDPE with X-BNNS-SC and X-GNP-SC by laboratory scale

extruder and micro injection moulding.

The manufacturing of composites of PP and HDPE with X-BNNS-SC/X-GNP-SC by
laboratory scale extruder was carried out as initial study phase to understanding the behaviour
of these grades of BNNS and GNP (starting model grades) in the matrices on the small scale

production.

PP and HDPE powders were individually mixed with X-BNNS-SC and X-GNP-SC at different
loadings in a beaker before being fed to the extruder (the formulations prepared are reported in
Table 3.2). The laboratory scale extruder used is a Thermo Scientific, HAAKE Lab Il. The
composites exiting from the extruder were directly fed in to the injection moulding tool (Micro-
injection moulding Thermo Scientific, Multijet Plus) in order to prepare the specimens for
testing and characterisation. Figure 3.2 shows the equipment utilised and Table 3.1 the

processing parameters applied.

Micro injection moulding
Laboratory scale extruder
1- Extruder panel control
2- Feeder
3- Screws
4- Recycling
5- Recycling controller
6- Exit
7- Disk, Bar, Dumbell moulds
8- Thermal Conductivity mould
9- Harvesting cylinder
10- Injection moulding panel control
11- Mould holder

Figure 3.2. Laboratory scale extruder and micro-injection moulding used to prepare PP and
HDPE composites with X-BNNS-SC and X-GNP-SC. The extruder reported shows a conical
screws profile. The mould used to shape the final products are also reported. Specifically, the
circle shape was used to mould the molten materials for rheology measurements and XRD
analysis. The dumbbell was used to prepare the specimens for tensile testing.
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Table 3.1: Processing conditions adopted to prepare PP and HDPE composites with X-

BNNS-SC and X-GNP-SC by micro-processing.

T t T T Injection | Post-
Sust barrel | harvesting | cylinder | mould | pressure | injection | t pressing
stem
Y (°C) (min) (°C) (°C) (bar) pressure (s)
(bar)
PP+X-
BNNS-SC
175 190-200 70
PP+X-
GNP-SC )
3-4 min 500-600 200 5
HDPE+X-
BNNS-SC
175 190-200 70
HDPE+X-
GNP-SC

3.2 lists the composites prepared by micro-processing.

The processing temperatures set for extrusion and injection moulding were taken from between
the melting and degradation points of the polymers, obtained by performing Differential
Scanning Calorimetry (DSC) and thermo-gravimetric analysis (TGA) measurements on the
raw materials. The temperature window was verified and set between 150-250 °C for PP and
150-400 °C for HDPE. The temperature in the extruder was set in a way that the polymer flowed
with no bridging phenomenon at the feeding zone whereas the conditions for the injection
moulding were set in a way that the polymer could flow through the cylinder to the mould

without clogging and crystallize in regular, uniform, smooth and levelled specimens [1]. Table
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Table 3.2: Composites of PP and HDPE. X-BNNS-SC and X-GNP-SC as provided by TS,

prepared by micro-processing.

PP composites

PP+X-BNNS-SC 0.1wt% PP+X-GNP-SC 0.1wt%
PP+X-BNNS-SC 0.3wt% PP+X-GNP-SC 0.3wt%
PP+X-BNNS-SC 0.5wt% PP+X-GNP-SC 0.5wt%
PP+X-BNNS-SC 1wt% PP+X-GNP-SC 1wt%
PP+X-BNNS-SC 3wt% PP+X-GNP-SC 3wt%
PP+X-BNNS-SC 5wt% PP+X-GNP-SC 5wt%

HDPE composites
HDPE+X-BNNS-SC 0.1wt% HDPE+X-GNP-SC 0.1wt%
HDPE+X-BNNS-SC 0.3wt% HDPE+X-GNP-SC 0.3wt%
HDPE+X-BNNS-SC 0.5wt% HDPE+X-GNP-SC 0.5wt%
HDPE+X-BNNS-SC 1wt% HDPE+X-GNP-SC 1wt%
HDPE+X-BNNS-SC 3wt% HDPE+X-GNP-SC 3wt%
HDPE+X-BNNS-SC 5wt% HDPE+X-GNP-SC 5wt%

3.1.2- Composites of PP and HDPE with different grade of BNNS and GNP prepared by 16-

mm co-rotating twin-screws extruder and micro-injection moulding

The 16mm co-rotating twin-screw extruder used in this work was a PRISM ThermoFischer
Scientific, L/D = 40 for the production of composites on a few hundreds of grams scale (up to
500 g/h). The machine is a parallel twin-screw extruder and more industrially relevant than the
micro-extruder (laboratory scale extruder). The advantage of the parallel twin-screw extruder
over the conical extruder (laboratory scale extruder) was the ability to modulate the screw and

temperature, key factors when distributing and dispersing BNNS/GNP evenly in PP/HDPE.

The screws were fitted with feed screw (FS) 45/45 forward and mixing elements of 3mm

thickness, properly oriented to each other to guarantee optimal mixing conditions. The screw
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configuration was based on the optimization of the highest mixing conditions (0-90°) with the
lowest one (0°), as suggested by the manufacturer. The profile was set as follows:

e 10 FS followed by 0-90°/4/12, 0°/4/12, and 90-0°/4/12 mixing elements, with respect

to the last FS element offset;

e 6 FS elements followed by 0°/6/18 mixing elements;

e 9 FS elements followed by 0°/4/12, 0-90°/8/24 mixing elements;

e 7 FS elements to close the screws assembling.
The PP/HDPE powder were individually mixed with the BNNS/GNP grades manually in a
plastic bag before being placed in the feeder connected to the extruder. The molten composite
filament was drawn from the extruder, cooled in a water bath, and pelletized using a laboratory
pelletizer. The pellets were collected, dried in the oven at 50°C overnight and processed using
the same micro-injection molding conditions as per Table 3.1.
Figure 3.2 shows a schematic of the equipment used along with a photograph of the screws and

temperature profile set in the extruder.

| Feeder |
: Extruded polymer pelletizer ~ Polymer pellets
Extruder . / rollers ‘/
Die[\____(_)_ [~ | | Collecting basket
Cooling bath

Kneading elemends Volumetric | Screws
feeder rate | speed
Screws § (%) (RPM)

T(°C)
. 205 | 200 | 195 | 195 | 190 | 190 | 185 | 185 | 180 | 170 15 100

T(°C)
T 210 | 205 | 205 | 200 | 200 | 195 | 190 | 185 | 180 | 170 15 100

Figure 3.3: Schematic of the extrusion process adopted to prepare the composites of PP/HDPE
with BNNS and GNP. The polymer/filler powders were fed into the extruder where melt

mixing occurred. The filament exiting the extruder was cooled down in a water baths before
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being pelletised. The screw and temperature profiles adopted when using the 16mm co-rotating

twin screw extruder are also reported.

The temperatures selected for the extrusion and injection moulding were decided based on the
window for the melting and degradation points of the polymers and BNNS/GNP studied, as
reported in section 3.1.1. The temperature settings along the barrel were monitored (from the
monitor attached to the extruder) and adjusted in a way that the actual profile matched with the
set-points, the system equilibrated to a constant output and no bridging phenomenon occurred
at the feeding zone [2]. It should be underlined that the study of different screws-profiles, die
geometries, temperature profiles, feeding configurations is beyond this project.

Table 3.3 list the composites prepared by 16mm co-rotating twin-screws extruder and micro-

injection moulding.

Table 3.3: composites of PP and HDPE with the BNNS/GNP grades as provided by TS,
prepared by 16-mm co-rotating twin-screws extruder and micro-injection moulding. Only the
PP was admixed with the entire set of BNNS/GNP as it was exploited as model polymer. The
compositions were chosen based on data reported in the literature (see Chapter 2). The
maximum filler loading was set at 10wt%, since higher loadings make the mixing more difficult

due to an increase of the viscosity of the molten polymer.

Composites of PP

PP+X-BNNS-SC 0.1wt% PP+X-BNNS-T 0.1wt% PP+Y-BNNS-L 0.1wt%

PP+X-BNNS-SC 0.3wt% PP+X-BNNS-T 0.3wt% PP+Y-BNNS-L 0.3wt%

PP+X-BNNS-SC 0.5wt% PP+X-BNNS-T 0.5wt% PP+Y-BNNS-L 0.5wt%

PP+X-BNNS-SC 1wt%

PP+X-BNNS-T 1wt%

PP+Y-BNNS-L 1wt%

PP+X-BNNS-SC 3wt%

PP+X-BNNS-T 3wt%

PP+Y-BNNS-L 3wt%

PP+X-BNNS-SC 5wt%

PP+X-BNNS-T 5wt%

PP+Y-BNNS-L 5wt%

PP+X-BNNS-SC 10wt%

PP+X-BNNS-T 10wt%

PP+Y-BNNS-L 10wt%

PP+X-GNP-SC 0.1wt%

PP+X-GNP-L 0.1wt%

PP+Y-GNP-L 0.1wt%

PP+X-GNP-SC 0.3wt%

PP+X-GNP-L 0.3wt%

PP+Y-GNP-L 0.3wt%

PP+X-GNP-SC 0.5wt%

PP+X-GNP-L 0.5wt%

PP+Y-GNP-L 0.5wt%

PP+X-GNP-SC 1wt%

PP+X-GNP-L 1wt%

PP+Y-GNP-L 1wt%

PP+X-GNP-SC 3wt%

PP+X-GNP-L 3wt%

PP+Y-GNP-L 3wt%

PP+X-GNP-SC 5wt%

PP+X-GNP-L 5wt%

PP+Y-GNP-L 5wt%
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PP+X-GNP-SC 10wt% PP+X-GNP-L 10wt% PP+Y-GNP-L 10wt%

Composites of HDPE

HDPE+X-BNNS-SC 0.1wt% HDPE+X-GNP-SC 0.1wt% HDPE+Y-BNNS-L 5wt%

HDPE+X-BNNS-SC 0.3wt% HDPE+X-GNP-SC 0.3wt%

HDPE+X-BNNS-SC 0.5wt% HDPE+X-GNP-SC 0.5wt%

HDPE+X-BNNS-SC 1wt% HDPE+X-GNP-SC 1wt%

HDPE+X-BNNS-SC 3wt% HDPE+X-GNP-SC 3wt%

HDPE+X-BNNS-SC 5wt% HDPE+X-GNP-SC 5wt%

3.2- Characterization of BNNS and GNP grades

Scanning Electron Microscopy (SEM) X-ray Diffraction (XRD) and Raman
spectroscopy were used to determine the morphology and crystalline structure of the different
grades of BNNS and GNP. As reported in the literature, particle shape and dimensions along
with imperfections in the crystal lattice affect the properties of BNNS/GNP. Particularly, large
and smooth platelets with low defect concentrations in the lattice structure are known to be
required to optimise the mechanical properties, thermal and electrical (GNP only) conduction
(Chapter 2) of the composites.

A Zeiss Sigma field emission instrument, provided with a Gemini column, was used to perform
the SEM analysis. The images were recorded with the InLens detector at a working distance of
up to 3.2 mm and an acceleration voltage of up to 5 kV. Before SEM imaging, the samples
were placed on SEM stubs previously covered with carbon adhesive tape. The samples were
then sputter coated (up to 10 nm) using a Pd/Pt metal target (Cressington 108 auto), to minimize
charging effects on the surface of the samples due to the back scattering of the electron beam
when hitting non-electrical conductive materials and under a weak argon atmosphere.

For Wide-angle X-ray Diffraction (WAXD, just named XRD afterwards) studies, a
PANalytical Empyrean X-ray diffractometer was used. The instrument was equipped with a
Co (Ka1 () = 1.789 A) source, a PIXcel®P detector, a tube voltage of 45 kV and current of 40
amps. The tests were set in reflectance mode with a stage speed of 1 rps.

Raman spectroscopy was performed with a Renishaw inVia™ Reflex confocal Raman
microscope (Gonzo) equipped with a 532 nm solid state laser, x5, x20, x50 objectives,
Renishaw CCD detector (Visible — NIR) and a 10 mW laser, which was spot focused on the

samples with an exposure time up to 2 min and 5 collections.
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The surface chemistry of the different grades of BNNS and GNP was investigated by
X-Ray photoemission spectra (XPS) and Sessile tests. An understanding of the chemistry of
the BNNS/GNP is essential since it in part determines the chemical-physical interactions with
the polymer matrix. XPS measurements were performed using a Kratos Axis Ultra delay-line-
detector XPS, provided with a magnetic immersion lens and charge neutralisation system with
spherical mirror and concentric hemispherical analysers. The Al Ko monochromatic ray (1.487
keV; emission = 10 mA) with electrostatic lens (for BNNS grades) and hybrid lens (for GNP
grades) was used for the survey spectra, registered in the range of binding energy 0-1200 eV
(1eV per step). The core spectra were registered using the same Al Ky monochromatic ray and
the same lenses used for the survey spectra. The Bls, N1s (for the BNNS grades), Cls and Ols
(for the GNP grades) were detected in the range of 180-190 eV, 388-398 eV, 280-300 eV, 526-
550 eV respectively. The detector was placed at 90° with respect to the samples and
measurements taken on the nominal area of 300 um-700 pm. The results were analysed using
CasaXPS analysis software.
A Dyne Testing-ThetaLite instrument, provided with a camera and a light source for optical
measurements, was used to perform sessile tests. The samples were pelletized before being
placed onto the stage and the measurements started after a drop of distilled water ¢6 pL) was
placed onto the samples by using a manual dispenser. Five measurements were performed at
five different points on the pellet. The images were recorded at room temperature, for 10
seconds and at 10% FPS. The Young-Laplace method was set for data elaboration.

The thermal stability of the different grades of BNNS and GNP was determined from
TGA, data essential for the temperature set-up during extrusion with PP/HDPE. The analysis
was performed with a Mettler Toledo TGA1-STARe system. The samples were placed in to 70
pL alumina pans and heated from room temperature to 800 °C at a constant heating rate of 10

K/ min under oxidative conditions.

3.3- Characterization of composites of PP and HDPE with BNNS and GNP grades.

The morphology and crystalline structure of the composites of PP/HDPE with the
different grades of BNNS/GNP was investigated by SEM, XRD and DSC. Specifically, the
SEM was exploited as way of visual screening of the BNNS/GNP distribution and morphology
in the polymer matrix. XRD and DSC measurements were performed to assess the effect of

BNNS/GNP on the crystalline structure and polymorphism of PP and HDPE.
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The microscope used for SEM imaging is the same described in section 3.2. The images were
collected with an InLens detector, a working distance up to 3.2 mm and an acceleration voltage
up to 5 kV. The samples were cryo-fractured and placed on carbon adhesive tape mounted on
an aluminium SEM stub. Before imaging, the samples were sputter coated (up to 10 nm) using
a Pd/Pt metal target (Cressington 108 auto). The coating was applied to minimize charging on
the surface of the samples.

The diffractometer used for the XRD analysis is the same as reported in section 3.2.

The DSC measurements were carried out in a Mettler Toledo DSC1. The fist heating cycle was
realized from 25°C to 200°C at 10 K/min. The samples were held at 200°C for 2 min before a
cooling step to 25°C at 10 K/min. The samples were held at 25°C for 1 min before a second
heating ramp to 200°C at 10 K/min. Equation (3.1) was used to calculate the crystalline fraction
of the samples:

AH,

Xc(%) = - (3.1)

AH¢,00° P (PP,HDPE)

where, @pp @yppg 1S the mass fraction of PP or HDPE in the composites, AH, is the enthalpy
of crystallization during the first cooling and 4H, ., is the enthalpy of crystallisation of a
theoretical PP/HDPE crystal of infinite dimensions (i.e. 207.1 J/g for PP and 293 J/g for HDPE
[3]).

The degree of distribution and dispersion of BNNS/GNP in PP/HDPE was assessed by
oscillatory rheology. Indeed, it has been understood that when the filler particles percolate in a
3D network in the polymer matrix, the rheology of the composite in question shifts from
‘liquid-like’ behaviour to more ‘solid-like’. The extent of which BNNS/GNP distribute and
disperse in PP/HDPE determines to a large extent the final properties of the composites,
particularly it affect both the mechanical properties and thermal conductivity [4-6].
Oscillatory rheology measurements were performed using a controlled-stress rheometer, a
Thermo-HAAKE MARS 111 which is fitted with an air convection oven set at a constant
temperature (210°C for PP and its composites and 200°C for HDPE and its composites) and
operating in plate-plate geometry (25 mm diameter, 1.4 mm gap). The optimal measurement
temperature was chosen by performing a temperature sweep test at a frequency of 1Hz, a stress
of 10 Pa, in the range of 180-220°C for PP and 180-250°C for HDPE. The thermal stability
during the experiment was verified by performing a time-sweep test at a frequency of 1Hz, a
stress of 10Pa, at 210°C for PP and 200°C for HDPE [4, 7].
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Amplitude sweep tests were performed on the pure matrices and on the composites with the
highest filler loading in order to check the range of linear viscoelasticity (LVE) passing from
the neat polymer to the composites. In the amplitude sweep test the amplitude of shear stress
was varied at constant frequency of 1Hz. The results were obtained by plotting G'and G"as a
function of shear stress and the LVE regime was determined as the range of shear stress where
the moduli are constant. Then, the frequency sweep tests were performed by changing the
frequency from 0.1 to 500 rad/s while the amplitude of shear stress was kept constant at a fixed
value, chosen in the range of LVE. In particular, the value of stress of 10 Pa was chosen since
for all the samples it fell within the LVE [4, 7].

The effect of BNNS and GNP onto the mechanical properties of the composites with
PP/HDPE was assessed from tensile testing. The tensile tests were carried out using a Shimadzu
tensile tester according to the standard ASTM-D638-02a, “Standard Test Method for Tensile
Properties of Plastics”. The instrument was fitted with a 10kN load cell and equipped with a
twin TRViewX non-contact digital video extensometer having a 500 nm and a 120 nm field of
view. The samples were deformed at 10mm/min. The Young’s modulus was calculated using
the secant method within the linear region before yield. The measurements were performed on
an average of 6 specimens per composition. The data were statistically elaborated with the
function t-student and only the values with p<0.05 were considered for the evaluation.

Thermal conductivity measurements were performed to detect whether the inclusion of
the BNNS/GNP altered the thermal conduction characteristics of the polymer matrices. The
analysis were performed at Thomas Swan Advanced Materials Laboratory, using a MTPS
instrument (reference thermal conductive material= water). The measurements were performed
on three points on the front face of the samples and each value reported is the average of five
measurements. Measurements at three points of the back face of the samples were also
performed.

As part of the EngD programme, the Engineer researcher was required to attend an
International placement. The author had a secondment at the University of Huelva, Spain to
conduct electro-rheology measurements on the composites of HDPE with BNNS grades to
better understand the effect of the filler particles on the rheology of the polymer matrix and to
study the formation of a 3D filler network.

The electro-rheology measurements were performed on the composites of HDPE+X-BNNS-
SC (5wt%) and HDPE+Y-BNNS-L (5wt%) to detect whether the application of an electrical
stimulus could induce the alignment of the polarizable BNNS particles, thus facilitating the

formation of a 3D network (rheological percolation) [8-13]. The two grades of BNNS were
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chosen on the basis of their particle size (see Chapter 4). The instrument used was a strain-
controlled rheometer Ares G2, fitted with a Peltier heating system, which could not heat above
150°C, therefore the author analysed the composites of HDPE only (PP melting point: ca
160°C). The Peltier system was coupled with an ER accessory, connected via cable to the upper
plate of the rheometer. Therefore, after the positioning the sample between the upper plate and
the Peltier base, a closed electric circuit was created. The strain sweep tests were performed at
150°C to detect the LVE and a value of y (strain) of 0.01% was selected for the successive
frequency sweep measurements. The frequency sweep experiments were performed at 150°C
both without and with electric current for comparison. A preliminary ramp test at 150°C was
performed to detect the minimum voltage to be applied to cause a structural change in the
composites. Specifically a voltage of 1500V was applied throughout the electro-rheology
measurements.

Electro-rheology measurements were also carried out on composites of HDPE+X-
GNP-SC (5wt%). However, under electrical impulses, the X-GNP-SC particles could align and
create an electrically conductive path, which interferes with the applied external electrical field.
The internal electrical field could lead to a misreading of the experimental results, since the
internal current could either oppose or align to the external current, thus, altering the effective

applied electrical stimulus.
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CHAPTER 4: RESULTS AND DISCUSSION
4.1- Introduction

Composites of polymers with functional additives such as BNNS and GNP have been
increasingly exploited in a variety of industries including electronics, automotive and
aerospace, yet, the literature still lacks fundamental understanding of the effects of BNNS and
GNP on composite structure and properties (e.g. thermal, electrical, rheological and
mechanical). Very few publications are available on the manufacturing of thermoplastics-based
composites with BNNS and GNP prepared by melt mixing, e.g. extrusion and injection
moulding, which are presently the most industry relevant technologies for large-scale

production of thermoplastic composites (Chapter 2).

This chapter describes the characterization of the different grades of BNNS and GNP
studied, namely X-BNNS-SC, X-BNNS-T, Y-BNNS-L and X-GNP-SC, X-GNP-L, Y-GNP-L
(Chapter 3). Specifically, the morphology and crystalline structure of BNNS/GNP grades was
investigated by Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD) and Raman
Spectroscopy. The surface chemistry was analysed by X-Ray Photoemission Spectroscopy
(XPS) and Sessile (contact angle) measurements. The temperature of degradation was assessed

by Thermo-gravimetric Analysis (TGA).

The grades X-BNNS-SC and X-GNP-SC were melt mixed with polypropylene (PP)
and high density polyethylene (HDPE) at filler loading up to 5wt% by laboratory-scale extruder
and test specimens prepared using injection moulding (Chapter 3). The composites were
analysed by SEM, XRD, differential scanning calorimetry (DSC) to determine the effect of the
filler inclusion on the morphology and crystalline structure of the polymer matrix. The
rheology of the composites prepared was investigated by oscillatory rheology, to assess the
extent of dispersion and distribution of the X-BNNS-SC and X-GNP-SC in PP/HDPE and if
the formation of a 3D filler-filler network in the matrices was attained (i.e. rheological
percolation). Thermal conductivity measurements (TC) were performed to determine whether
the inclusion of the thermal conductive particles BNNS/GNP in PP/HDPE could form a thermal
path throughout the polymer matrix. Tensile testing was performed to investigate the

mechanical properties of the composites prepared.

PP was used as a model polymer to prepare composites with X-BNNS-SC, X-BNNS-
T, Y-BNNS-L, X-GNP-SC, X-GNP-L and Y-GNP-L in the range of compositions, 0-10wt%
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by 16mm co-rotating twin-screws extruder/injection moulding (Chapter 3). The composites
were investigated by SEM, XRD, DSC, Oscillatory rheology, Tensile tests and TC.
Composites of HDPE with X-BNNS-SC and X-GNP-SC were prepared by 16-mm co-
rotating twin-screws extruder/injection moulding (Chapter 3) and characterized again by SEM,
XRD, DSC, Oscillatory rheology and Tensile tests. Composites of HDPE with Y-BNNS-L
(5wt%) were prepared as well and analysed by electro-rheology along with the composites of
HDPE with X-BNNS-SC (5wt%), to assess the effect of the electrical impulses on the
alignment and eventually on the rheological percolation of the polarizable BNNS particles with
different lateral sizes (X-BNNS-SC= up to 200 nanometre (nm) length, Y-BNNS-L=up to 10

micrometre (um) length, see next section).

The chapter also provide insights of the possible applications of TS BNNS and GNP as

functional additives in thermoplastics for the manufacturing of masterbatches.

4.2- Characterization of X-BNNS-SC, X-BNNS-T, Y-BNNS-L, X-GNP-SC, X-GNP-L, Y-
GNP-L

The following tables show concisely the results on the characterization of X-BNNS-SC, X-
BNNS-T, Y-BNNS-L, X-GNP-SC, X-GNP-L and Y-GNP-L in term of morphology and

crystalline structure, surface chemistry and thermal stability.
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Table 4.1: Key outcomes from the characterization of Boron Nitride Nanosheets (BNNS) grades. X-BNNS-SC/X-BNNS-T/Y-BNNS-L= exfoliated materials; BN-

X/ BN-Y= bulk materials, in terms of morphology, crystalline structure, surface chemistry and thermal stability.

TS BNNS GRADES
X-BNNS-SC X-BNNS-T Y-BNNS-L

Property | Technique

Morphology and Crystalline structure
SEM
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Property | Technique X-BNNS-SC X-BNNS-T Y-BNNS-L
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*dooz = Py ﬁ% (thickness along the plane (002), Scherrer’s equation). A = X-Ray wavelength source (nm), 6
002 002

= diffraction angle (rad) of the plane (002), Boo2 = FWHM of the peak (002), k=constant related to the shape of the crystallites with values between 0.89-0.94. In
this case, the value of model spherical crystallites have been used (k=0.9). Ref.: [1-7]. ** Raman spectra references: [1, 8, 9]

(interlayer distance, Bragg’s law), Lo, =
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Property | Technique X-BNNS-SC X-BNNS-T Y-BNNS-L
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* Lorentzian/Gaussian combined profiles. Ref.: [1, 2, 10-12]. At(%)= atomic percentage as detected from the Survey spectra reported in the Appendix Part I.
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Property | Technique X-BNNS-SC X-BNNS-T Y-BNNS-L
04 n0 40°£3° at Os 45°+4° at Os
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* The TGA graphs are reported in the Appendix part |.
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The SEM imaging of X-BNNS-SC, X-BNNS-T and X-BNNS-L revealed a distribution
of flakes having different shapes and dimensions, particularly, round platelets of few
nanometre (nm) lengths for X-BNNS-SC/X-BNNS-T and square platelets of a few micrometre
(um, up to 10um) in length for Y-BNNS-L. The morphology of the bulk BN dominates the
mechanism of fragmentation occurring during the HPH. Specifically, the BN-X is likely to
exfoliate by edge fragmentation in presence of the surfactants SC and T, whereas the BN-Y
probably exfoliates according to the bulk fragmentation mechanism in presence of the
surfactant L [1, 13].

The crystalline structure of BN-X and BN-Y is retained in the X-BNNS-SC, X-BNNS-
T and X-BNNS-L as evident from the sharp and intense peak in the XRD spectra at 26=31°,
due to the crystallographic plane (002) typical of hexagonal boron nitride and confirmed by the
interlayer distance doo2=0.335 (Bragg’s law). The crystallite dimension Loo2 (Scherrer’s
equation) decreases from 30nm to 20nm when BN-X is exfoliated into X-BNNS-SC and X-
BNNS-T, whereas Loo2 decreases from 40nm to 20nm when BN-Y is exfoliated into Y-BNNS-
L, suggesting that during HPH BN-Y in the presence of L exfoliated more than BN-X did in
presence of SC and T under the same processing conditions. It should be borne in mind that
the Looz values are only indicative since the Scherrer’s equation fails in the nm scale, due to the
fact that the model equation does not take into account the poly-dispersity of nano-materials
[1-7].

The Raman shift of the Exq peak is 1360cm™ for the BN-X and for the exfoliated
materials X-BNNS-SC/X-BNNS-T and 1363cm™ for the BN-Y and for Y-BNNS-L. The
FWHM of the E»q peak decreases from 15.5cm™ to 11.7cm™ and to 11.8cm™ when BN-X is
converted into thinner X-BNNS-SC and X-BNNS-T respectively, whereas the FWHM of the
Ezq decreases from 26 cm™ to 21.7cm™ when BN-Y changed into Y-BNNS-L. These results
confirmed that the HPH exfoliated to some extent bulk BN-X and BN-Y. Furthermore, the
FWHM of the Eg in BN-Y is higher than the FWHM of the Exq in the BN-X, probably due to
the presence of functionalities on the BN-Y [1, 8, 9]. This observation is of support to the
industrial partner, since it highlights the crucial importance of the bulk material properties as
key factors in determining the properties of the exfoliated products, in line with the SEM and
XRD findings.

The surface chemistry analysis of the X-BNNS-SC, X-BNNS-T and Y-BNNS-L
revealed impurities and/or functionalities on the platelets, confirmed by the presence of carbon
and oxidised groups. Specifically, the B-O/N-H groups in the X-BNNS-SC and B-O/N-O
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groups in the X-BNNS-T and Y-BNNS-L identified from the Lorentzian/Gaussian de-
convolution of B1s and N1s peaks [1, 2, 10-12] suggests the hydrophilic characteristics of these
grades of BNNS, and further confirmed from the sessile tests. The B:N ratio in X-BNNS-SC
is 1:1 as expected in an hexagonal boron nitride structure, whereas the B:N ratio in X-BNNS-
T and X-BNNS-L is 1:4 and 1:3, respectively. Probably, the morphology of BN-X and BN-Y
- not reported as sensitive to the industrial partner- combined with the conditions adopted
during the HPH and the chemistry of the surfactants T and L lead to unsaturation on the surface
of X-BNNS-T and Y-BNNS-L, which are likely to take-up impurities from the atmosphere
during the post-processing procedure adopted by the industrial partner and/or any procedure
adopted before their use. Yet, this type of study is beyond this thesis.

The X-BNNS-SC appear to be stable under oxidative conditions up to 323°C (Tonset)
with a total weight loss of 10wt%. The weight loss registered below the Tonset (6 Wt%) is
probably due to the evaporation of water onto the surface of this BNNS and/or the
evaporation/degradation of the surfactant SC. The X-BNNS-T starts to degrade at 323°C
(Tonset) With a total weight loss of 0.03wt%. The weight loss of 0.01wt% registered below the
Tonset IS @gain probably due to the evaporation of water. The Y-BNNS-L appear to be stable
under the oxidative conditions adopted up to 800°C. Although X-BNNS-T and X-BNNS-L
have a relatively high content of oxidised groups (At% O1s =ca 20%, XPS), they appear more
thermally stable than the X-BNNS-SC. Evidently, the type of surfactant affects the degradation
mechanism when comparing these grades of BNNS under the same TGA experimental
conditions. Particularly, the ionic surfactant SC, present in traces on the X-BNNS-SC is
hygroscopic, thus, facilitating the accumulation of humidity on the surface of this BNNS,
which could promote degradation (the TGA of the surfactant SC is reported in Appendix part
I. The TGA of the surfactants T and L were performed but not reported as sensitive data to the

industrial partner).
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Table 4.2: Key outcomes from the characterization of Exfoliated Graphite Nanoplatelets (GNP) grades. X-GNP-SC/X-GNP-L/Y-GNP-L= exfoliated materials;

graphite-X/graphite-Y= bulk materials, in terms of morphology, crystalline structure, surface chemistry and thermal stability.

hni TS GNP GRADES
Property | Technique X-GNP-SC X-GNP-L Y-GNP-L

Morphology and Crystalline structure
SEM
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Property | Technique X-GNP-SC X-GNP-L Y-GNP-L
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(thickness along the plane (002), Scherrer’s equation). A = X-Ray wavelength source (nm),

0 = diffraction angle (rad) of the plane (002), Boo2 = FWHM of the peak (002), k=constant related to the shape of the crystallites with values between 0.89-0.94.
In this case, the value of model spherical crystallites have been used (k=0.9). Ref.: [5, 6]. ** Raman spectra references [14-17].
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Property | Technique X-GNP-SC X-GNP-L Y-GNP-L
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* Lorentzian/Gaussian combined profiles. Ref.: [18-20]. At(%)= atomic percentage from the Survey spectra reported in Appendix Part I.
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Property | Technique

X-GNP-SC

X-GNP-L

Y-GNP-L

Thermal
behaviour
TGA (%)

Tonset: 430°C

Tdeg: 630°C
Weight loss at Tonser: 10Wt%
Weight loss at Tgeg: 70Wt%

Tonse[: 550°C

Tdeg: 680°C
Weight loss at Tonset: 1wWt%
Weight loss at Teeg: 3Wt%

Tonset: 560°C
Tdeg: 680°C
Weight loss at Tonser: 1.2Wt%
Weight loss at Teeg: 3Wt%

* TGA graphs reported in Appendix Part .
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The SEM imaging of X-GNP-SC, X-GNP-L and Y-GNP-L revealed a distribution of
flakes having irregular square-shaped platelets of few um’s in length. The morphology of the
bulk graphite-X and graphite-Y dominate the mechanism of fragmentation occurring in the
HPH, specifically, the graphite-X and graphite-Y are likely to exfoliate by bulk fragmentation
[13, 21].

The crystalline structure of graphite-X and graphite-Y is retained in the X-GNP-SC, X-
GNP-T and Y-GNP-L as evident from the sharp and intense peak in the XRD spectra at
206=31°- due to the crystallographic plane (002) and confirmed by the interlayer distance
do02=0.335 (Bragg’s law). The crystallite dimension Loo2 (Scherrer’s) decreases from 30nm to
20nm as the graphite-X and graphite-Y are exfoliated into thinner X-GNP-SC/X-GNP-L and
Y-GNP-L respectively [5, 6].

The Raman spectra of graphite-X, graphite-Y and the X-GNP-SC, X-GNP-L and Y-
GNP-L identified the D, G(E2g), D", G* and G'(2D) bands as indicated in the respective pictures
in Table 4.2. The G band is the most intense due to the inelastic phonon-phonon scattering
(first order Raman scattering), in particular, it refers to the doubly degenerate in-plane/out-of-
plane vibrational modes of sp? hybridized carbon orbitals. The shift of the G band to lower
Raman shifts when comparing graphite-X and graphite-Y with X-GNP-SC, X-GNP-L, Y-
GNP-L indicates that the HPH partially exfoliated the bulk materials. In this case, the G band
decreases from 1584 cm* and 1583 cm™ for the graphite-X and graphite-Y respectively to 1580
cm?, 1581 cm™ and 1581 cm™ for the X-GNP-SC, X-GNP-L and Y-GNP-L respectively. The
D and D’bands in the exfoliated products are weak due to the low concentration of defects in
the crystal lattice. The G" (2D) band in X-GNP-SC, X-GNP-L and Y-GNP-L is slightly
decentred denoting an exfoliated flake structure as further confirmed by the ratio Igepy/lc,
which reduces from 0.45 (graphite-X) to 0.40 (X-GNP-SC/X-GNP-L) and from 0.42 (graphite-
Y) to 0.40 (Y-GNP-L), suggesting that the bulk materials were exfoliated to some extent as a
consequence of the shear stresses applied during HPH [14-17].

The XPS analysis of X-GNP-SC, X-GNP-L, Y-GNP-L identified the atomic species
C1ls, Ols at 284 eV and 532.5 eV. The presence of oxygen (and sodium where detected) is due
to impurities from both the atmosphere and the surfactants (SC, L) used during the exfoliation
process. The higher resolution core-level photoemission spectra of C1s show an asymmetric
and broad peak for carbon for both the X-GNP-SC, X-GNP-L and Y-GNP-L, where the C1s
spectra were fitted by six combined Lorentzian/Gaussian curves as indicated in the XPS images

reported in Table 4.2. The shape of the Cls peak of X-GNP-L appears to be decoupled
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compared with the C1s peak of X-GNP-SC and Y-GNP-L. The decoupling effect in X-GNP-
L could be associated to the signal of two different carbon domains, namely the C1s from the
X-GNP-L surface and the C1s from the surfactant L. This phenomenon is less prominent in X-
GNP-SC/Y-GNP-L, which suggests that the C1s spectra resulted from one carbon domain,
most likely the surface of X-GNP-SC/Y-GNP-L platelets interacting with the surfactants SC/L.
Evidently, the combination of bulk-material morphology- again, not reported as sensitive data
to the industrial partner- and surfactant determined the chemistry of the exfoliated materials
post HPH. It is possible to speculate that the surfactants SC and L appear to interact with the
graphite-X and graphite-Y respectively more than surfactant L did with graphite-X during HPH
[18-20]. Probably, the mechanism of interactions between the surfactants and the bulk
materials during HPH depends on both the morphology of the starting graphite, the chemical
structure of the surfactants and perhaps the conditions adopted during the HPH. Yet, this type
of study is beyond the objectives of this thesis.

The surface chemistry of X-GNP-SC/X-GNP-L/Y-GNP-L was further investigated by sessile
tests, which revealed hydrophilic characteristics of the X-GNP-SC/X-GNP-L/Y-GNP-L
surfaces, likely due to the oxidised groups present as different functionalities on the platelets
and/or impurities from the surfactants (XPS).

X-GNP-SC started to degrade at 423°C (Tonset) With a total weight loss of 70 wt%. The
weight loss registered at lower temperatures than the Tonset is probably due to the evaporation
of water from the surface of this GNP and/or the evaporation/degradation of the surfactant SC.
The X-GNP-L and Y-GNP-L appear to be stable under the oxidative conditions adopted up to
550°C (Tonset) With a total weight loss of 3wt%. As noticed with the BNNS grades, under the
experimental conditions used, it is clear that the combination of graphite morphology and
surfactant used affects the thermal stability of the exfoliated products. Again, the surfactant SC

appears to promote the degradation of X-GNP-SC.

The following paragraph summarises concisely the properties (dimensions, crystallinity,
surface chemistry, degradation) of the BNNS and GNP grades here examined:
> Lateral size (I): BNNS grades 200nm < | < 10um; GNP grades 0.5um < | < 5um
» Aspect Ratio (AR, length/thickness from SEM): BNNS grades 5 < AR < 20; GNP grades
5<AR<10
» Crystallite dimensions (L): BNNS grades 20nm < L < 40; GNP grades 20nm < L < 30nm
» Oxidation (O): BNNS grades O =20 At (%); GNP grades 9 At% < O < 20 At (%)
» Hydrophilicity (contact angle v): BNNS grades 40° <y < 60°; GNP grades 60° <y < 70°
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» Degradation temperature (T): BNNS grades T > 360°C; GNP grades T > 400°C

4.3- Characterization of the composites of PP and HDPE with X-BNNS-SC and X-GNP-

SC prepared by micro-processing.

X-BNNS-SC and X-GNP-SC were admixed with polypropylene (PP) and high-density
polyethylene (HDPE) by laboratory scale extrusion and post-processed by micro-injection
moulding. The as obtained composite materials were thoroughly characterized and the
morphology, crystalline structure, rheological and mechanical properties determined.

4.3.1- Study of the morphology and crystalline structure of composites of PP and HDPE with
X-BNNS-SC and X-GNP-SC.

SEM imaging was carried out on the composites to study the extent of the dispersion
and distribution of X-BNNS-SC and X-GNP-SC in PP and HDPE. On one hand, the sate of
dispersion of the filler in the matrix is related to the exfoliation of the layers of X-BNNS-SC/X-
GNP-SC upon mixing with PP. On the other, the state of distribution of the fillers in the matrix
is associated to the separation of the BNNS/GNP clusters (agglomerates of flakes) upon mixing
with PP.

Figure 4.1 shows the representative SEM images of PP+X-BNNS-SC and PP+X-GNP-SC at a
filler loading of 5wt%.
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Figure 4.1: SEM images of PP composites with X-BNNS-SC (a) and (b) and X-GNP-SC (c)
and (d) at 5wt% of filler. The magnification of the SEM images increases from left to right.

X-BNNS-SC and X-GNP-SC agglomerate in PP. The red arrows point to the filler particles.

X-BNNS-SC and X-GNP-SC agglomerate when admixed in PP (Figure 4.1 a)-d)), probably
caused by the strong particle-particle interactions which limited the distribution and dispersion
of the two fillers in the matrix and/or by the limited efficiency of the processing adopted at
imparting adequate shear forces to separate and distribute the flakes of the filler throughout the
polymer matrix.

Figure 4.2 shows the SEM images obtained for the HDPE composites, with X-BNNS-SC and
X-GNP-SC at 5wt%.
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lpm - =2 ;&;

yir:

Figure 4.2: SEM images of composites of HDPE with X-BNNS-SC (a) and (b) and X-GNP-
SC (c) — () at 5wit% of filler. d) and f) are the magnified images of the areas encircled in red
of ¢) and e), respectively. The magnification of the SEM images increases from left to right.
HDPE retains a fibrillar morphology when adding X-BNNS-SC, as seen in the red square in
(). The X-BNNS-SC is not detectable in HDPE. The poor wettability of HDPE onto the X-

GNP-SC favoured the formation of voids around the filler platelets.

Figure 4.2 a) and b) show the SEM images of HDPE+X-BNNS-SC at 5 wt% where HDPE
shows a fibrillary morphology, which has been associated to the stretching of the HDPE chains
along the injection direction during injection moulding. The insert in Figure 4.2 a) depicts the
SEM images of the HDPE alone as a way of comparison. The specimen of HDPE+X-BNNS-
SC at 5wt% was exhaustively scanned in different sections, yet, it was not possible to detect
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filler particles, probably due to either the relative small dimensions of this grade of X-BNNS-
SC (lateral size few nm) compared to the fibrils of the HDPE and/or to the inhomogeneity of
the specimen characterized. Figure 4.2 c) —f) depict the SEM images of HDPE+ X-GNP-SC
at 5wt%, where it is still possible to detect a fibril structure of HDPE. Voids formed around the
irregular X-GNP-SC platelets, as evident from Figure 4.2 d) and f), which are the magnified
images of Figure 2 c) and e) respectively (red encircled regions). The presence of the voids
could be associated to the limited wetting of the HDPE onto the X-GNP-SC particles.

The crystalline structure of the composites was analysed by XRD. Figure 4.3 a) and b)
show the XRD diffractograms of PP and composites of PP with X-BNNS-SC and X-GNP-SC,
whereas Figure 4.3 c) and d) report the fraction of the B-form of the PP polymorph (Kg) within
the composite samples as a function of filler loading. It was estimated from equation (4.1) [22,
23]:

HE (4.1)

ﬁ - Hﬁ+Ha1+Ha2+Ha3

where, Hp is the intensity of B (300) peak while Haa, Haz, Has are the intensities of a(100),
a(040) and a(130) peaks respectively, as detected from the XRD patterns of PP and its
composites with X-BNNS-SC and X-GNP-SC.
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Figure 4.3: XRD of PP and composites of PP with X-BNNS-SC (a) and X-GNP-SC, (b)
fraction of B-crystals of PP (Kg) in function of the X-BNNS-SC loading, (c) and X-GNP-
loading (d)). The data are a replica of 3 measurements. The error on Kg falls on the first decimal

cipher, not significant for this type of work.

The XRD patterns (Figure 4.3 a) and b)) show the most intense peaks for PP at 26 = 16.5°
a(100), 19.2° B(300), 20° a(040), 22° o(130) and X-BNNS-SC/X-GNP-SC at 26=31° (002).
The diffraction angles of the registered peaks are shifted compared to the ones reported by
other researchers since the X-ray source used in this work was Co ((Kal (A) = 1.789 A) [24-
26]. The fraction of B-spherulites (Kg) increases from 14% (PP) to 32% and 37% for 0.1wt%
of X-BNNS-SC and X-GNP-SC respectively, before decreasing and plateauing to 24% at filler
content > 0.3wt% (Figure 4.3 c) and d)). When the concentration of X-BNNS-SC/X-GNP-SC
IS < 0.3wt%, the PP chains are free to arrange and orient onto the filler platelets and the number
of PP chains able to orient in the B-conformation is high (increase in Kg). Yet, when the
concentration of X-BNNS-SC/X-GNP-SC is >0.3wt%, the filler particles constrain the
movement of PP chains, which limits the formation of more B-crystals (Kg tends to plateau)
([26] and references therein).

The Kg of the neat PP is 14% (Figure 4.3 c¢) and d), dashed line), which is due to both the pre-

existent B-crystals in the neat as received polymer and the B-crystals formed during injection
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moulding (induced crystallization) of the composites [22]. That is, the further increase in Kg
after adding X-BNNS-SC and X-GNP-SC is solely due to the contribution of the filler [27].

The XRD diffractograms for HDPE and composites of HDPE with X-BNNS-SC and
X-GNP-SC are shown in Figure 4.4.
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Figure 4.4: XRD spectra of HDPE and its composites with X-BNNS-SC (a)) and X-GNP-SC

(b)). The data are a replica of 3 measurements.
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The XRD patterns (Figure 4.4 a) and b)) depict the most intense peaks for HDPE at 20 = 25°
(orthorhombic (100)), 27.7° (orthorhombic (200)), 35° (monoclinic (210)), 42.3°
(orthorhombic (020)) and X-BNNS-SC/X-GNP-SC at 26=31° (002). The registered peaks are
shifted slightly compared to those reported previously due to the different X-ray source used
[28, 29]. The presence of X-BNNS-SC and X-GNP-SC in HDPE is evident by the characteristic
peak at 26=31", which increases with increasing filler loading. Unlike the composites with PP,
the addition of X-BNNS-SC and X-GNP-SC did not change the polymorphism of HDPE. The
crystallinity (%) calculated for the neat HDPE was 50% and the addition of X-BNNS-SC/X-
GNP-SC did not change the crystalline content. One possible explanation may be that it is
known the crystallization kinetics of HDPE are very rapid but, the presence of X-BNNS-SC/X-

GNP-SC even up to 5wt% did not affect the crystal content/morphology and nucleation/growth.

The DSC analysis was carried out to further investigate the crystallinity of the
composites of PP and HDPE with X-BNNS-SC and X-GNP-SC. The thermograms registered

during the DSC measurements are reported in Figure 4.5 and 4.6.
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Figure 4.5: DSC thermograms of PP and its composites with X-BNNS-SC (a)-c)) and X-GNP-
SC (d)-f)).

The first heating thermograms (Figure 4.5 a) and d)) show broad and asymmetric peaks, which
confirm the coexistence of a-iPP and B-iPP crystals. The first cooling thermograms (Figure 4.5
b) and e)) show a shift toward higher temperatures upon filler incorporation. The major shift
around 9°C is detected as low as 0.1wt% X-BNNS-SC and X-GNP-SC and remains constant
for higher loadings of X-BNNS-SC whereas it continues increasing by ca 4°C more for a X-
GNP-SC loading of 5wt%. These results prove the nucleating effect of X-BNNS-SC and X-
GNP-SC for PP. The B-iPP form is totally absent for both X-BNNS-SC and X-GNP-SC based
composites, probably due to the formation of the mainly a-form [27]. The second heating
thermograms (Figure 4.5 c¢) and f)) show broad peaks after X-BNNS-SC and X-GNP-SC
addition, yet more symmetric than the ones obtained in the first heating. The controlled cooling
cycle realized during DSC measurements should have produced a material with a narrower
crystallite distribution compared to the material cooled during injection molding, i.e. narrower
peaks during second heating should be recorded. However, the melting peaks of the composites
in the second heating thermograms are as broad as the ones in the first heating curves. The

reason again may be associated with the B-a phase transition, which caused the superimposing
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of the peaks related to the B-a recrystallization and/or B-spherulite melting and a-spherulite
melting [22, 23, 27].

Table 4.3 summarizes the DSC results for the composites of PP with X-BNNS-SC and X-GNP-
SC.

Table 4.3. Melting temperature (Tm), crystallization temperature (Tc), enthalpy of melting
(AHm), enthalpy of crystallization (AHc) and crystallinity (Xc (%)) of PP and its composites
with X-BNNS-SC and X-GNP-SC. The data reported were obtained from the DSC
thermograms. The AHc related to a theoretical PP crystal with infinite dimensions used to
calculate the crystallinity is 207 J/g [30]. The results are a rapresentration of three
measurements per each composition. The error calculated for Tm, Tc amd X (%) falls on the

first decimal, which is not significant for the present study.

sample Tm(°C) Te(°C) AHm(J/g) AHc(J/g) Xc(%0)
1% heating | 2" heating | 1% cooling | 1% heating 2" heating | 1% cooling 1% cooling
PP 168 170 116 88 102 97 47
0.1 wt% X-BNNS-SC 167 164 125 97 107 96 47
0.3 wt% X-BNNS-SC 169 163 123 97 106 97 47
0.5 wt% X-BNNS-SC 168 163 125 96 104 94 45
1 wt% X-BNNS-SC 164 162 125 95 106 93 45
3 wt% X-BNNS-SC 165 163 125 92 103 97 46
5 wt% X-BNNS-SC 166 163 126 94 103 96 44
0.1 wt% X-GNP-SC 167 163 125 96 101 97 47
0.3 wt% X-GNP-SC 166 163 124 97 106 99 47
0.5 wt% X-GNP-SC 165 164 123 86 103 95 45
1 wt% X-GNP-SC 166 164 124 94 106 97 46
3 wt% X-GNP-SC 168 164 130 86 101 94 44
5 wt% X-GNP-SC 165 164 130 94 98 90 41

From Table 4.3 it should be noted that the melting temperature Trm of PP during the first heating
cycle does not particularly change when comparing neat PP to the composite with 5wt% X-
BNNS-SC or X-GNP-SC, whereas during the second heating cycle the Tr decreases by ca 5°C
when 5wt% of filler was added to PP. The shear forces imparted by the screws on the filler
particles during the melt mixing with PP generated a distribution of X-BNNS-SC/X-GNP-SC

aggregates with irregular shape and/or size, i.e. surface areas, which could have hindered the
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crystallization of PP chains during injection moulding, especially at higher filler loadings, thus
a larger fraction of PP amorphous phase formed and Tm was depressed ([27] and references
therein). Conversely, the crystallization temperature Tc increases by 10°C and 14 °C when
adding 5wt% of X-BNNS-SC and X-GNP-SC respectively, confirming the nucleating effect of
X-BNNS-SC/X-GNP-SC in PP. The variation of melting enthalpy AHm during the first heating
of PP+X-BNNS-SC composites increases compared to the neat PP, probably due to a change
of lamellar dimensions upon filler incorporation, whereas random values were detected for
composites with X-GNP-SC. This may be due to the irregular shape of the X-GNP-SC flakes,
which obstructs the crystallization of polymer chains, especially at high filler loadings [27, 31].
However, this difference is not evident during the second heating cycle perhaps due to the fact
that the material experienced a previous controlled cooling step before the second heating
cycle, thus, the internal stresses generated upon the fast crystallization during injection
moulding are released, the polymer chains relax and the obstructing effect of the irregular
shaped-flakes of X-GNP-SC is less dominant compared to the first heating cycle, therefore the
polymer matrix displays the same behaviour with both the fillers [32-34]. Overall, X.(%)
decreases from 47% (PP) to 44% (5wt% X-BNNS-SC) and 41% (5wt% X-GNP-SC), probably
due to the constraint imparted by the filler particles onto the PP chains during crystallization.
Furthermore, the higher thermal conductivity of X-BNNS-SC and X-GNP-SC may locally
produce faster heat transfer forcing the near neighbour PP chains to cool quicker than those
further away during the cooling cycles, reducing the PP crystalline content [35]. In future work,
the modulated DSC analysis coupled with the hot-stage polarised optical microscopy analysis
both under isothermal and non-isothermal condition could be carried out to further assess the
mechanisms of nucleation and growth of the PP crystallites upon inclusion of X-BNNS-SC/X-
GNP-SC.
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Figure 4.6: DSC thermograms of HDPE and its composites with X-BNNS-SC (a)-c)) and X-
GNP-SC (d)-f)).

The melting peaks in the thermograms related to the first and second heating of the composites
of HDPE+X-BNNS-SC (Figure 4.6 a) and c)) and HDPE+X-GNP-SC (Figure 4.6 d) and f))
show a broadening compared to the melting peak of the neat HDPE. Similarly, the cooling
peaks in the first cooling thermograms of HDPE+X-BNNS-SC (Figure 4.6 b)) and HDPE+X-
GNP-SC (Figure 4.6 e)) broaden compared to the peak for neat HDPE. These results suggest

that a broader crystallite size distribution is realized upon addition of filler.

In Table 4.4, the main parameters determined from DSC analysis of the composites of HDPE
with X-BNNS-SC and X-GNP-SC are reported.
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Table 4.4. T, Tc, AHm, AHc and X¢ (%) of HDPE and its composites with X-BNNS-SC and
X-GNP-SC, obtained from the DSC thermograms. AH¢, related to a theoretical HDPE crystal
with infinite dimensions, used to calculate the crystallinity was taken as 287 J/g [30]. The error
calculated for Tm, Tc amd X¢ (%) falls on the first decimal, which is not significant for the

present study.

Tm(°C) Te(°C) AHm(J/g) AH(J/9) Xe(%0)
Samples
1% heating | 2" heating | 1% cooling | 1%t heating | 2" heating | 1% cooling | 1% cooling

HDPE 134 134 120 177 205 202 69

0.1 wt% X-BNNS-SC 137 136 121 187 216 210 72
0.3 wt% X-BNNS-SC 136 136 121 187 223 219 75
0.5 wt% X-BNNS-SC 141 136 120 187 224 222 75
1 wt% X-BNNS-SC 141 135 121 187 224 222 78
3 wt% X-BNNS-SC 138 135 121 192 227 225 75
5 wt% X-BNNS-SC 133 136 122 194 220 217 70
0.1 wt% X-GNP-SC 135 134 121 184 212 202 69
0.3 wt% X-GNP-SC 138 134 121 184 216 208 71
0.5 wt% X-GNP-SC 137 135 120 175 213 210 71
1 wt% X-GNP-SC 135 135 121 192 219 215 73
3 wt% X-GNP-SC 136 135 120 193 230 230 76
5 wt% X-GNP-SC 136 136 121 179 221 222 72

From Table 4.4, it can be noted that both the melting temperature Tm and crystallization
temperature T do not change when comparing neat HDPE to the composites with 5wt% of X-
BNNS-SC/X-GNP-SC. The variation in melting enthalpy (AHm) for HDPE+X-BNNS-SC and
HDPE+X-GNP-SC calculated for the peak registered during the first and second heating cycles
increases compared to neat HDPE, probably due to the crystallization of either larger or thicker
HDPE lamellae upon filler incorporation. In addition, the AHm calculated for the second
heating cycle increases compared to the AHm calculated for first heating cycle peaks for both
sets of composites with X-BNNS-SC and X-GNP-SC, which could be caused by the formation
of either larger or thicker lamellae formed during the first cooling cycle. The variation of
crystallization enthalpy, AH. follows the same trend as AHm, i.e. the increase of AHcupon filler
incorporation could be associated with a change of HDPE crystallite size dimensions. Xc(%)
increases from 69% (HDPE) to 75% when adding X-BNNS-SC up to 3wt% before decreasing

to 70% at Swt% of filler loading. The first increase could be associated with a better dispersion
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and distribution of the small platelets of this BNNS in HDPE, providing higher surface area
for crystallization of HDPE under the controlled conditions realised during the DSC
experimental. The following decrease of X¢(%) at 5wt% of X-BNNS-SC could be caused by a
combined effect of filler particle constraint onto the HDPE chains dynamics and/or aggregation
of this BNNS at higher loadings, which reduced the surface areas available for the
crystallization of HDPE. X¢(%) does not change when comparing HDPE with its composites
with X-GNP-SC. Probably, the larger size of this GNP (few pum) compared to the X-BNNS-
SC (few nm) constrained the HDPE chains more than the small X-BNNS-SC platelets. As
already mentioned for the composites of PP, future hot-stage polarised microscopy could
support to predict the mechanisms of nucleation and growth of the HDPE crystals in presence
of X-BNNS-SC and X-GNP-SC.

4.3.2- Study of the rheological and mechanical properties of composites of PP and HDPE with
X-BNNS-SC and X-GNP-SC.

Oscillatory rheology measurements were performed on composites of PP and HDPE with X-

BNNS-SC and X-GNP-SC to assess the extent of filler dispersion and distribution in the matrix,
see Figures 4.7 and 4.8.
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Figure 4.7: complex viscosity [n*| and storage modulus G" as a function of angular frequency

(w) for PP and its composite with X-BNNS-SC (a)-(b) and X-GNP-SC (c)-(d).

The structure of polymers, in terms of chain arrangement, is altered when a 3D filler-filler

network is formed. In particular, the storage modulus G’tends to form a plateau with frequency

when a percolated network is attained, whereas the viscosity tends to increase at low

frequencies, since the material passes from displaying pseudo- ‘fluid like’ to a more pseudo-

‘solid like’ behaviour. The graphs in Figure 4.7 are reported in double logarithmic scale to

better visualize the behaviour at low frequency. Indeed, at low frequencies, it is possible to

study the structure at long-range between particles, thus detecting the eventual formation of a

3D network or rheological percolation [36]. The rheological profiles of the as prepared

composites are not different when compared with neat PP. The complex viscosity |n*| is

constant with the frequency at @ < 1 rad/s (Newtonian profile) both for PP and its composites

with X-BNNS-SC and with X-GNP-SC, before linearly decreasing (power law) with frequency

(Figure 4.7 a) and c)). An increase in viscosity of 1000 Pa.s at 5wt% filler was detected in the
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Newtonian region, which was expected with such relatively high filler content. The storage

modulus, G'(stiffness) increases with frequency and the trend does not change when comparing
neat PP with both sets of composites with X-BNNS-SC and X-GNP-SC, that is, no percolation

was detected (Figure 4.7 b) and f)). This could be associated to the strong particle-particle

interactions during melt-mixing- partially caused by the presence of the surfactant SC- and the

limited mixing efficiency of the adopted processing, which obstructed the optimal dispersion

and distribution of the filler particles in PP during melt-mixing, thus preventing the formation
of an interconnected 3D network of these BNNS/GNP grades in the matrix.
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Figure 4.8: |n*| and G’ in function of w for HDPE and its composite with X-BNNS-SC (a)-b))

and X-GNP-SC (c)-d)). The data are a replica of 3 measurements on a batch of 3 specimens

per compositions.

The rheological profiles of the composites of HDPE with X-BNNS-SC and X-GNP-SC do not

differ from the rheological profiles of the neat HDPE, suggesting that rheological percolation
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was not attained. |n*| is constant with frequency at @ < 1 rad/s (Newtonian profile) both for
HDPE and its composites with X-BNNS-SC and with X-GNP-SC (Figure 4.8 a) and c)), before
decreasing linearly with the frequency (power law). As already seen for the composites of PP
with X-BNNS-SC and X-GNP-SC, |n*| increases to 1000 Pa.s at 5%wt of filler loading. No

change in G'was detected (Figure 4.8 b) and d)), that is no rheological percolation was attained

with the processing adopted and in the range of compositions explored. As already noticed for

the composites of PP, the strong particle-particle interactions and the limited mixing efficiency

under the adopted processing conditions could prevent the formation of a 3D network of X-

BNNS-SC/X-GNP-SC in HDPE, thus no rheological percolation is detected.

The mechanical properties of the composites of PP and HDPE with X-BNNS-SC and

X-GNP-SC were investigated by tensile tests. The representative stress-strain curves are

reported in Figure 4.9 for the composites of PP and 4.10 for the composites of HDPE, along

with the trends and values of the Young’s modulus (E) and stress at yield (oy) in function of

the X-BNNS-SC and X-GNP-SC loadings.
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Figure 4.9: Representative stress-strain curves for PP and its composites with X-BNNS-SC (a))
and X-GNP-SC (d)). Young’s modulus (E) in function of X-BNNS-SC loadings (b)) and X-
GNP-loadings (e)). Stress at yield (oy) in function of X-BNNS-SC loading (c)) and X-GNP-

loading (f)).
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The stress-strain curves of PP and its composites with X-BNNS-SC and X-GNP-SC at
different filler loadings are reported in Figure 4.9 a) and d) respectively. The presence of the
filler particles appear to reduce the elongation at break of PP. Internal fractures occurred after
yield, as evident from the noise detected in the plastic region, probably due to the dissipation
of the internal stresses generated during the processing and/or by the presence of the filler
particles acting as spots of stress accumulation. In addition, there could be some hydrophobic
interactions between the cyclo-hexane rings of the surfactant SC (see Chapter 3) and PP, which
could break as the polymer chains disentangle and stretch during the tensile tests. Further work
should be addressed toward the study of the mechanism of interactions between the surfactant
SC and PP by solid state 3 CNMR to confirm the mechanism of interactions between the
BNNS/GNP and PP.

The inclusion of the X-BNNS-SC and X-GNP-SC resulted in an increase of the
Young’s Modulus (E) from 1.33+0.06 GPa for the neat PP to 1.74+0.02 GPa and 1.57+0.02
GPa at 5wt% of X-BNNS-SC and X-GNP SC respectively. The first major increase of E is
detected at a filler content as low as 0.1 wt% before linearly increase with the X-BNNS-SC/X-
GNP-SC content, as depicted in Figure 4.9 b) and e). The stress at yield (oy) follows the same
trend as E as reported in Figure 4.9 ¢) and f), specifically oy increases from 35.3+0.6 MPa for
the neat PP to 38.7+£0.2 MPa and to 37.6+£0.5 MPa at 5wt% of X-BNNS-SC and X-GNP-SC
respectively. The increase of E and oy could be associated to a combination of factors including
the intrinsic rigidity of the BNNS and GNP particles, the formation of entanglements of
polymer chains around the filler particles and the change in polymorphism of PP upon filler
incorporation. Indeed, as previously noticed in the XRD results (Figure 4.3), the addition of X-
BNNS-SC and X-GNP-SC promoted the crystallization of the B-PP, which is known to be
stiffer than the a-PP. Further study should be addressed toward the comprehension on the
contribution of filler particle rigidity, polymer entanglements and polymer polymorphism onto
the mechanical properties. By way of example, a modelling study on the melt-flow during melt-
mixing, particularly during injection moulding, could support the research at understanding the
extent of distribution and dispersion of the filler particles along the specimen being injected,
the melt flow of the polymer and the crystallization dynamics as the polymer crystallizes in the
dumbbell mould [37-42].
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Figure 4.10: Representative stress-strain curves for PP and its composites with X-BNNS-SC
(a@)) and X-GNP-SC (d)). E in function of X-BNNS-SC loadings (b)) and X-GNP-loadings (e)).
oy in function of X-BNNS-SC loading (c)) and X-GNP-loading (f)).

The stress-strain curves of HDPE and its composites with X-BNNS-SC and X-GNP-SC at
different filler loadings are reported in Figure 4.10 a) and d) respectively. The presence of the
filler particles appear to reduce the elongation at break as already noticed in PP. Again, the
release of the internal stresses- generated during the processing and/or by the presence of the
filler particles acting as spots of stress accumulation- could cause internal fractures manifested
as a noise in the stress-strain curves after yield.

Both E and oy slightly decrease upon filler incorporation. The XRD confirmed that the addition
of the filler did not change the crystallinity of the HDPE, therefore the reduction of E and oy is
unlikely due to a decrease in the crystallinity of the polymer. Probably, the X-BNNS-SC and
X-GNP-SC agglomerated during melt-mixing/injection moulding, perhaps due to the known
rapid crystallization kinetics of HDPE, which could cause the exclusion of the X-BNNS-SC/X-
GNP-SC from the crystalline domains and favour the agglomeration of the filler particles [37-
42]. Again, a modelling study on the melt-flow of the composites during injection moulding
could help to predict the mechanisms of distribution and dispersion of the filler particles in
HDPE, as well as the dynamics of crystallization as the polymer flows in the mould, which

ultimately affect the mechanical properties.
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In the perspective of using TS BNNS and GNP composites in thermal conductive
devices, thermal conductivity measurements were performed at TS (Chapter 3). The results are

reported in the next section.

4.3.3- Thermal Conductivity (TC) of the composites of PP and HDPE with X-BNNS-SC and
X-GNP-SC

Figure 4.11 shows the TC of PP and its composites with X-BNNS-SC (a)) and X-GNP-
SC (b)) and for HDPE and, its composites with X-BNNS-SC (c)) and X-GNP-SC (d)).
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Figure 4.11: Thermal conductivity (TC) of PP and its composites with X-BNNS-SC and X-
GNP (a) and b)) and HDPE and its composites with X-BNNS-SC and X-GNP-SC (c)-d)) as a

function of filler loadings.

No difference in TC can be seen for both PP and HDPE composites. The irregular-shape flake
of the filler and the particle-particle interactions preferred over the particle-polymer
interactions contributed to the production of inhomogeneous composites during melt-mixing
where a conductive 3D network of X-BNNS-SC/X-GNP-SC was not attained. In addition, the
presence of the surfactant on the surface of the X-BNNS-SC/X-GNP-SC platelets, the
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randomness of these BNNS/GNP flake distribution in the sample along the direction of the TC
measurements (through thickness) could result in a high interfacial resistance i.e. phonon

scattering, which depressed the thermal conduction [43] (and references therein).

The next section shows the results of the characterization of the composites with PP-
model matrix- and the different grades of BNNS and GNP, namely X-BNNS-SC, X-BNNS-T,
Y-BNNS-L, X-GNP-SC, X-GNP-L and Y-GNP-L (see section 4.2). The composites were
prepared by 16mm co-rotating twin screw extruder and post processed by micro-injection
moulding. The extruder used allowed for the setting of the temperature profile along the barrel
and for the variation of the screw configuration, key parameters when processing functional
composite materials. In one sense, the temperature profile defines the molten state of the
polymer matrix in terms of viscosity (i.e. flowability), which in turn is a contributing factor
with regard the distribution/dispersion of the filler. On other, the combination of the extensional
flow realized along the helical elements and the shear forces achieved by the mixing elements
along the screws in the parallel twin-screw extruder can assist the exfoliation of filler
agglomerates, thus improving the mixing of the filler particles with the polymer matrix.
Furthermore, the capacity of the equipment used is up to 500g/h, which better simulate the

scale-up on industrial scale.

4.4- Characterization of the composites of PP with TS BNNS and GNP prepared by 16mm

co-rotating twin-screws extruder and micro-injection moulding

4.4.1- Study of the morphology and crystalline structure of the composites of PP with X-
BNNS-SC, X-BNNS-T, Y-BNNS-L

The morphology and crystalline structure of the composite of PP with the X-BNNS-
SC, X-BNNS-T and Y-BNNS-L were investigated by SEM, XRD and DSC.
Figure 4.12 depicts the SEM images of the composites of PP and the examined grades of BNNS
at 5wt% and 10wt% of filler loading.
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Figure 4.12: SEM images of the composites of PP with X-BNNS-SC at 5wt% (a)-c)) and
10wt% (d)-f)), X-BNNS-T at 5wt% (g)-i)) and 10wt% (1)-n)), Y-BNNS-L at 5wt% (0)-q)) and
10wt% (r)-t)). The magnification of the SEM images increases from left to right.

|

Good dispersion and distribution of the X-BNNS-SC in the polymer matrices was
achieved at both 5wt% and 10wt% filler loading (Figure 4.12 a)-f)), when processed using the
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16mm extruder (images examined across the length scales). The application of shear and some
extensional flow in the parallel twin screw extruder was more effective at breaking down filler
agglomerates during mixing with PP when compared with the laboratory scale extruder (Figure
4.1). The images a) and d) show an even distribution of X-BNNS-SC on the pum scale, but
agglomerates are present on the nanometre scale (b, c).

The SEM images of PP+X-BNNS-T at 5wt% filler loading (Figure 4.12 g)-i)) show a
relative homogeneous distribution of the X-BNNS-T in PP, particularly on the micrometre
scale (g) whereas at 10wt% (Figure 4.12 1)-n)) large agglomerates of X-BNNS-T formed
(dimension of agglomerate up to 1um, image m)), probably due to the fact that the mixing
conditions adopted did not exfoliate the platelets into thinner flakes when adding such
relatively high quantities of this BNNS. In addition, the X-BNNS-T are highly hydrophilic (see
sessile tests section 4.2.), which could lead to stronger particle-particle interactions when added
in high amounts. The particle-particle interactions are preferred over polymer-particle
interactions.

The SEM images of PP+Y-BNNS-L at 5wt% (Figure 4.12 0)-q)) and 10 wt% (Figure
4.12 r)-t)) of filler loadings show voids (as depicted in t)) around the Y-BNNS-L particles
formed upon injection moulding, although a relative good distribution and dispersion of Y-
BNNS-L in PP is attained on the micrometre scale (o, r). The presence of the voids could be
caused by the limited wettability of the PP chains onto this BNNS particles, perhaps as a result
of the hydrophilic irregular square-shaped of this BNNS, which prevented an intimate contact
between the PP and the filler particles during crystallization.

Systematic SEM imaging should be carried out on a statistical number of samples along
different sections of the specimens to assess accurately the effect of injection moulding and
filler morphology/content onto the morphology of the resulting composites. In addition, it
would be interesting to perform a modelling study on the melt flow of the PP composites, to
better understand the state of dispersion, distribution and alignment of the filler particles in the

matrix as PP crystallize during injection moulding.

The XRD data on the composites of PP with the different grades of BNNS are reported
in Figure 4.13. Specifically, the XRD patterns are reported in Figure 4.13 a)-c) whereas the
fraction of B-crystals (Kg), a-crystals (Kq) and total crystalline fraction (X¢(%)) of PP as a
function of filler loadings for the three sets of composites with X-BNNS-SC, X-BNNS-T, Y-
BNNS-L are reported in Figure 4.13 d)-f). The Kg was calculated using equation 4.1. X¢(%)
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was calculated by integrating the XRD patterns in OriginPro. The K, was calculated by
subtracting the Kg values from the X¢(%) values, since the PP used crystallized only in the a

and B forms.
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Figure 4.13: XRD patterns of PP and its composites with X-BNNS-SC (a)), X-BNNS-T (b)) and Y-BNNS-L (c)). Fraction of B-crystallites (Kg),
fraction of a-crystallites (Kq) and total crystalline fraction (X¢(%)) of PP in the composites with X-BNNS-SC (d)), X-BNNS-T (e)) and Y-BNNS-

L (f)) in function of the filler loading. The results are from three replicates. The error calculated on the Ko, Kg, Xc(%) falls on the first decimal

point, which is not significant for this type of study.
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The XRD patterns reported in Figure 4.12 a)-c) showed the most intense peaks for PP
at 20 =16.5° a(100), 19.2° B(300), 20° a(040), 22° a(130), and for the X-BNNS-SC/X-BNNS-
T/X-BNNS-L at 26 = 31° (002). The intensity of the single peak in the X-BNNS-SC/X-BNNS-
T/Y-BNNS-L patterns at 26= 31° due to the crystallographic plane (002) increased with
increasing filler loading, as expected, probably due to the agglomeration of filler particles at
high loading [44].

The total crystalline content of B-crystals (Kg) of PP in the composites of X-BNNS-SC
as a function of filler loading (Figure 4.12 d)) increased from 14% (PP, partially due to the pre-
existent B-crystal in the material as received and partially derived from induced crystallization
during injection moulding) up to 24% for X-BNNS-SC = 0.5 wt % and remained constant at
higher X-BNNS-SC loadings, highlighting a B-nucleating effect of X-BNNS-SC for PP ([27]
and references therein). Interesting insights can be made when further analysing the crystalline
structures of the composites of PP with X-BNNS-SC in terms of total crystalline content of a-
crystals (K,) and the total crystallinity X¢(%) of PP in the composites as a function of X-BNNS-
SC loading (Figure 4.12 d)). At X-BNNS-SC loadings up to 0.5wt%, K, Kg, Xc(%) increase
whereas at higher filler loadings the trends in K, Kg, Xc(%) differ from each other. In
particular, Kg remains constant at higher X-BNNS-SC whereas K, and X¢(%) first decrease at
a filler loading between 0.5wt% and 3wt% before plateauing at higher filler loadings. The X-
BNNS-SC favoured the nucleation/growth of both the a-crystals and B-crystals when added in
concentrations between 0.1wt% and 0.5wt%, resulting in the increase of the total crystal
fraction X¢(%) compared with PP alone. At a concentration between 0.5wt% and 3wt%, X-
BNNS-SC favoured the nucleation/growth of PP B-crystallites over the a-crystallites whereas
at higher filler loadings there is no competition between the formation of a and B crystallites
of PP.

From the trend in Kg for PP composites with X-BNNS-T (Figure 4.12 e)), it is clear that
this grade of BNNS had a B-nucleating effect on the PP. Specifically, Kg calculated increased
up to 24% for 0.5wt% X-BNNS-T and remained constant at higher filler loadings. There was
no further B-nucleation above 0.5wt% of X-BNNS-T, probably because at higher filler loadings
X-BNNS-T particles constrained the movement of PP chains and no more chains could align
and orient onto the filler platelets, thus, limiting the formation of more p-crystals [26]. At X-
BNNS-T loading up to 0.5wt %, K, Kp and Xc(%) increase (Figure 4.12 e)), suggesting that at
low filler concentrations (<0.5wt%) X-BNNS-T facilitated the crystallization of both a and 3
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crystallites of PP, which results in an increase in the total crystalline fraction X¢(%) compared
to the neat PP. At higher filler loadings (>0.5wt%) the trends in Ko, Kg and X¢(%) differ from
each other. Indeed, Kg remains constant, whereas K, and X.(%) decrease with the increase of
the filler content. This result suggest that X-BNNS-T favoured the formation of the f-
crystallites of PP at the expense of the a-crystallites and the total crystallinity X¢(%) decreases.

The Kg increased from 14% (PP) up to 21%, at 0.5wt % of Y-BNNS-L (Figure 4.12 1)),
before decreasing at ca 10% at 3wt% of Y-BNNS-L, where it remained constant at higher filler
loadings. Clearly, this grade of BNNS favoured the B-crystals nucleation/growth at low filler
content but the B-nucleating effect is depressed at Y-BNNS-L >0.5wt%. At a Y-BNNS-L
loadings up to 0.5wt%, K, Kg, X¢(%) (Figure 4.12 1)) all increase, suggesting that at low filler
concentrations (<0.3wt%) Y-BNNS-L facilitated the crystallization of both o and B crystallites
of PP, which resulted in an increase of the total crystalline fraction X¢(%) compared to the neat
PP. Yet, at higher filler loadings Kq, Kg, Xc(%) decrease before plateauing at 3wt% of Y-
BNNS-L, suggesting that the filler hindered the PP chains dynamic during crystallization, thus,
obstructing the formation of either a or B crystallites.

The XRD results highlight the role of BNNS morphology and surface chemistry on the
polymorphism of PP. The morphology of the different grades of BNNS depends mainly on the
morphology of the bulk BN and the conditions adopted during the exfoliation thereof in the
HPH by TS, whereas the surface chemistry is determined by the surfactant and liquid medium
used during the exfoliation of the bulk materials.

The two grades of BNNS exfoliated from the bulk BN-X, namely X-BNNS-SC and X-BNNS-
T, differ from each other by the presence of the surfactants SC and T respectively. The different
trends of K, Kg, Xc(%) when comparing the two sets of composites of PP with X-BNNS-SC
and X-BNNS-T could be a result of the different surface chemistry of the two BNNS. Indeed,
the presence of functional groups on the surface of the filler particles (see XPS section 4.2) and
the different chemical structures of the surfactants SC and T could affect the way the PP chains
rearrange near the X-BNNS-SC and X-BNNS-T particles during crystallization. At low filler
content (<0.5wt%), Kq, Kg, Xc(%) increase for both set of composites but the Kg of the PP+X-
BNNS-T appear to increase slower than Kg of the PP+X-BNNS-SC, whereas the K, and X(%)
of the composites with X-BNNS-T appear to increase faster than the composites with X-
BNNS-SC (allowing for the error in the calculation). Probably, the X-BNNS-T particles
obstructed the crystallization of the near PP chains in B-form more than the X-BNNS-SC did,
perhaps due to the high concentration of oxidised groups onto the X-BNNS-T, which could
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favour the particle-particle interactions, i.e. agglomeration, and less filler platelets are available
for PP to crystallize on, thus favouring the more stable a-crystallites to nucleate/grow. At
higher loadings (=0.5wt%), K., Xc(%) decrease but Kg plateaus for the composites with X-
BNNS-T, whereas K,, Kg, Xc(%) all plateau for the composites with X-BNNS-SC. Probably,
it becomes more difficult to distribute and disperse the filler in the matrix with the adopted
processing procedure -due to different factors, including the viscosity of the system and the
strong particle-particle interactions- therefore no further increase in Kg was noticed and Kp
plateau for both sets of composites with X-BNNS-SC and X-BNNS-T.

The morphology of the bulk BN-Y determined the geometry of the resulting exfoliated Y-
BNNS-L which showed large square platelets with lateral lengths up to 10 um (SEM section
4.2). The geometry of the Y-BNNS-L reflects the trends obtained for Ko, Kgand X¢(%), which
are completely different from the K, Kg, X¢(%) for X-BNNS-SC and X-BNNS-T. Specifically,
the values of K,, Kg, Xc(%) for the composites with Y-BNNS-L registered the first major
increase at 0.1wt% before gradually decreasing, starting from a filler content as low as 0.3wt%.
The large Y-BNNS-L platelets could hinder the PP chains dynamics during the crystallization
of the polymer. As a consequence, Ko, Kg, Xc(%) depressed with the inclusion of more Y-
BNNS-L particles.

In future work it would be interesting to carry out Small-Angle X-Ray scattering (SAXS)
coupled with Wide-angle X-Ray diffraction (WAXD) measurements to assess the crystal

geometry in which the PP chains arrange near and perhaps around the BNNS particles.
The DSC analysis was performed to further assess the nucleation effect and crystallinity

of PP upon inclusion of X-BNNS-SC, X-BNNS-T and Y-BNNS-L. The results are summarised
in Figure 4.14 and Table 4.5.
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Figure 4.14: DSC thermograms for PP and its composites with X-BNNS-SC (a)-c)), X-BNNS-
T (d)-f)) and Y-BNNS-L (g)-i)) at different filler loadings.
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The first heating thermograms of the composites of PP with X-BNNS-SC (Figure 4.14
a)) show broad and asymmetric peaks confirming the coexistence of a-PP and B-PP crystals,
as evident from the shoulder in the melting peaks at around 165.5 °C, for a X-BNNS-SC
loading of 0.1wt%, 3wt% and 5wt%. These results suggest a change in PP polymorphism upon
filler incorporation, as previously confirmed by XRD experiments. However, the B-PP
polymorph content increased on going from the neat PP to the composites with 0.5 wt % X-
BNNS-SC (XRD), but a similar trend was not visible in the DSC thermograms. The reason for
this discrepancy could be associated with the f—a phase transition during the first heating step
in the DSC experiment, which resulted in overlapping of the peaks related to the two
polymorphic forms [27, 45, 46]. The first cooling thermograms (Figure 4.14 b)) show a shift
toward higher temperatures upon X-BNNS-SC incorporation. In particular, T¢ increased from
116 °C for the neat polymer to 126 °C for the composites with 5 wt% X-BNNS-SC, confirming
the nucleating effect of this BNNS for PP, manifested as an increase in the T, of PP, obtained
for X-BNNS-SC loading as low as 0.1 wt %. Further increases in the loadings of X-BNNS-SC
did not result in more nucleation or increased T¢, probably due to the X-BNNS-SC particles
constraining the PP chains dynamics, thus delaying crystallization. The second heating
thermograms (Figure 4.14 c¢)) show broad peaks after X-BNNS-SC addition, yet are more
symmetric than those obtained during the first heating. The controlled cooling cycle realized
during the DSC measurements should have produced a material with a narrower crystallite size
distribution compared to the material cooled by injection moulding (i.e., narrower peaks should
have been recorded during the second heating cycle), perhaps due to an annealing effect.
However, the melting peaks of the composites in the second heating thermograms are as broad
as the ones in the first heating curves. This was because of the f—a phase transition, which
caused superimposing of the peaks related to the p—a phase transition and a-spherulite melting
[23, 46].

The first heating thermograms of the composites of PP with X-BNNS-T (Figure 4.14 d))
show broad and asymmetric peaks confirming the coexistence of a-PP and B-PP crystals,
suggesting a change in PP polymorphism upon inclusion of X-BNNS-T, confirming the XRD
results. However, the B-PP content increased from the neat PP to the composites with 0.5 wt%
of X-BNNS-T from the XRD but a similar trend was not visible from the DSC thermograms.
Again, the B—a phase transition occurring during the first heating step in the DSC experiment
resulted in overlapping of the peaks associated with the two polymorphic forms ([27] and
references therein). The first cooling thermograms (Figure 4.14 e)) show a shift toward higher

temperatures upon X-BNNS-T incorporation. In particular, T¢ increased from 116 °C for the
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neat polymer to 130 °C for the composites with 10wt% of X-BNNS-T. As already noticed for
the composites with X-BNNS-SC, the major leap of T occurred at a filler loading as low as
0.1wt% and the addition of more X-BNNS-T did not cause a further increase of T, probably
due to the constraint of the filler particles onto the PP chains dynamics. The second heating
thermograms (Figure 4.14 f)) show broad peaks after X-BNNS-T addition, yet are more
symmetric than those obtained during the first heating, perhaps caused by the annealing
phenomenon. The melting peaks of the composites in the second heating thermograms are as
broad as the ones in the first heating curves, probably due to the f—a phase transition ([27] and
references therein).

The first heating thermograms for the composites of PP with Y-BNNS-L (Figure 4.14 g))
show broad and asymmetric peaks, confirming again the coexistence of a-PP and B-PP crystals
(XRD spectra). However, it is not possible to identify the peak related to the melting of the B-
crystallites due to the B—a phase transition during the first heating step in the DSC experiment
[27, 45, 46]. The first cooling thermograms (Figure 4.14 h)) show a shift toward higher
temperatures upon filler incorporation, with T¢ increasing from 116 °C (PP) to 126 °C at 10wt%
of Y-BNNS-L, confirming the nucleating effect of this BNNS on PP. As already noticed for
the composites with X-BNNS-SC and X-BNNS-T, the major leap is detected at a filler loading
as low as 0.1wt% and the addition of more Y-BNNS-L caused small increase of Tc. Again, the
constraint effect of the filler particles could limit the PP chains dynamics, thus, delaying the
crystallization, manifested in small increase of the T at high filler loadings. The second heating
thermograms (Figure 4.14h)) show broad peaks after the addition of the filler, which appear to
be as broad as the ones in the first heating curves, probably due to the superimposing of the
peaks related to the f—a phase transition and a-spherulite melting [23, 27].
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Table 4.5: Tm, T¢, AHm, AHc and X (%) of PP and its composites with X-BNNS-SC and X-
BNNS-T and Y-BNNS-L as obtained from the registered DSC thermograms during. The AH¢
related to a theoretical PP crystal with infinite dimensions used to calculate the crystallinity is
207 J/g [30]. The error calculated for Tm, Tc amd Xc (%) falls on the first decimal, which is not

significant for the present study.

Sample Tm(°C) T(°C) AHn(J/9) AH:(J/g) Xe(%0)
1 heating | 2" heating 1%t cooling | 1% heating | 2" heating 1%t cooling 1%t cooling
PP 168 170 116 88 102 97 47
0.1 wt% X-BNNS-SC 165 164 124 83 106 100 48
0.3 wt% X-BNNS-SC 168 163 125 90 111 101 49
0.5 wt% X-BNNS-SC 164 163 125 94 118 94 45
1 wt% X-BNNS-SC 167 163 126 91 110 96 46
3 wt% X-BNNS-SC 166 164 128 86 108 98 46
5 wt% X-BNNS-SC 165 164 128 77 92 81 37
10wt% X-BNNS-SC 168 165 129 90 107 106 48
0.1 wt% X-BNNS-T 163 165 124 90 104 99 47
0.3 wt% X-BNNS-T 168 163 125 92 106 99 48
0.5 wt% X-BNNS-T 167 163 125 92 106 98 48
1 wt% X-BNNS-T 166 164 125 87 105 97 48
3 wt% X-BNNS-T 164 165 126 89 106 95 47
5 wt% X-BNNS-T 167 165 128 89 106 95 51
10wt% X-BNNS-T 166 166 130 88 108 97 57
0.1 wt% Y-BNNS-L 168 166 121 103 117 110 53
0.3 wt% Y-BNNS-L 168 166 124 103 117 110 55
0.5 wt% Y-BNNS-L 168 165 125 104 119 113 55
1 wt% Y-BNNS-L 168 166 125 105 120 112 55
3 wt% Y-BNNS-L 168 166 126 103 120 108 54
5 wt% Y-BNNS-L 170 165 127 106 115 107 54
10wt% Y-BNNS-L 170 166 126 105 115 108 54

In Table 4.5, it should be noted that the T of PP after the second heating cycle
decreased by ca 5 °C when 5 wt % X-BNNS-SC were added. The addition of irregular shaped
X-BNNS-SC platelets may have hindered the crystallization of PP chains, especially at higher

filler loadings, thus a larger fraction of PP amorphous phase formed and Tm was depressed.
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This phenomenon was evident from the change in crystalline content (X¢(%)), which increased
from 47% (PP) to ca 50% when X-BNNS-SC were added at the 0.3wt % before decreasing to
37% when X-BNNS-SC were added at loadings up to 5 wt %. At X-BNNS-SC < 0.5 wt%, PP
chains were free to crystallize in defined geometries, which was more unlikely to happen at
filler loadings >0.5 wt% due to the constraint on polymer chain mobility caused by the fillers
particles [26, 27]. Furthermore, the BNNS particles are thermally conductive with values of up
to 360 W/mK (at room temperature) reported [43, 47], in contrast, PP is a thermal insulator,
thus, more efficient thermal dissipation was possible during the cooling cycle where the filler
particles were present, forcing nearby neighbour PP chains to crystallize faster than those
further away. This could have contributed to the formation of the amorphous phase. Yet, at
10wt% the crystallinity is again 48%, probably due to some agglomeration of X-BNNS-SC in
PP, which imparted less constraint onto the long-distant PP chains, thus allowing more crystals
of PP to nucleate and grow under the controlled conditions set for the DSC measurements. AHm
(second heating) and AH. of the composites increased upon addition of up to 0.5 wt% of X-
BNNS-SC to PP, but the Tm (second heating) decreased i.e., either thicker/larger lamellae or
more imperfect crystals of PP formed during the heating and cooling cycles in presence of the
X-BNNS-SC. When 5wt% of filler were added, AHm and AH. decreased, probably due to the
increase in the amorphous phase of PP (reduction of X¢(%)) ([27] and references therein).
The Tm of PP after the second heating cycle decreased by ca 3-5 °C when X-BNNS-T
was included up to 10wt% whereas the crystalline fraction X¢(%) increases from 47% (PP) to
57% (10wt% X-BNNS-T). Differently from the composites of X-BNNS-SC, the small size of
X-BNNS-T facilitated the crystallization of higher amount of small and/or imperfect PP
crystals, manifested with the decrease of Tm but increase of X¢(%). One of the possible reasons
of the differences in the X¢(%) for the two sets of composites with X-BNNS-SC and X-BNNS-
T could be due to the tendency of X-BNNS-T to agglomerate more than X-BNNS-SC, thus
imparting less constraint onto the PP chains than the X-BNNS-SC did, which ultimately
facilitated the crystallization of PP, albeit small and/or imperfect crystals formed.
The T of the composites increases from 116°C (neat PP) to 130°C at 10wt% of X-BNNS-T,
confirming the nucleating effect of the filler on the crystallization behaviour of PP as suggested
earlier from XRD. AHm and AH. of the composites with X-BNNS-T increase compared to the
neat PP, with AHn increasing more (up to 6 units higher than PP) than AHc (up to 2-3 units
higher than PP), probably due to the formation of more but smaller/imperfect crystallites than

in the PP alone.
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The Tm of PP composites with Y-BNNS-L after the second heating cycle decreased by
ca 3-4 °C at 10wt % of filler content, whereas X¢(%) increased from 47% (PP) to 54% (10wt%
Y-BNNS-L). This result suggests that after the first cooling during the DSC a higher number
of smaller crystallites formed, similarly to the composites with X-BNNS-T, yet, the
mechanisms of crystallization are likely to be different. Specifically, the formation of small PP
crystallites in the composites with Y-BNNS-L during the DSC measurements is more likely
caused by the constraining derived from the large Y-BNNS-L uniformly distributed in PP,
whereas the aggregation of the highly hydrophilic X-BNNS-T during melt-mixing probably
caused the crystallization of the small crystallites during the DSC experiments. The T¢ of the
composites increases from 116°C (neat PP) to 126°C at 10wt% of Y-BNNS-L, confirming the
nucleating effect of the filler on PP. Both AHm and AHc of the composites with Y-BNNS-L
increased compared to PP, probably due to the increase of the crystal content.

It would be interesting for future work to assess the mechanisms of crystal nucleation and
growth, particularly the mechanisms of B-nucleation, upon inclusion of these BNNS grades in
PP by modulated DSC coupled with polarized hot-stage optical microscopy both under

isothermal and non-isothermal conditions.

4.4.2- Study of the rheological and mechanical properties of the composites of PP with X-
BNNS-SC, X-BNNS-T, Y-BNNS-L

The rheology of the composites of PP with X-BNNS-SC, X-BNNS-T and Y-BNNS-L
was studied by Oscillatory rheology to further investigate the state of dispersion of the three
grades of BNNS here studied in PP whereas the mechanical properties of the resulting
composites were assessed by Tensile tests.

Figure 4.15 summarise the results on the rheological measurements performed.
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Figure 4.15: Complex viscosity (|n*|) and storage modulus (G’) as a function of the angular

frequency (o) for PP and its composites with X-BNNS-SC (a)-b)) and X-BNNS-T (c)-d)). [n*|

and G’ in function of o (e)-f)), Cole-Cole plot (g)) and Van-Gurp-Palmen plot (d)) for PP and

its composites with Y-BNNS-L. The data are a replica of 3 measurements on a batch of 3

specimens per compositions.
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No differences in the rheological profiles are evident when comparing PP with the composites
with X-BNNS-SC. The complex viscosity [n*| is constant with frequency at @ < 1 rad/s
(Newtonian profile) both for PP and its composites with X-BNNS-SC, before linearly
decreasing (power law) with frequency (Figure 4.15 a)). An increase in [n*| of 7000 Pa.s at 10
wit% filler was detected in the Newtonian region, which was expected for the composites with
high filler content. The storage modulus, G/, increases with frequency and the trend does not
change for PP and the composites with X-BNNS-SC, i.e. no percolation was detected (Figure
4.15 b)). Probably, the small BNNS platelets and/or agglomeration (strong particle-particle
interactions in part caused by the presence of the surfactant SC) prevented the filler particles
from percolating in PP.

No differences in the rheological behaviour was detected when comparing PP with its
composites with X-BNNS-T. |n*| is constant with frequency at ® < 1 rad/s (Newtonian profile)
both for PP and PP+X-BNNS-T, before linearly decreasing (power law) with increasing
frequency (Figure 4.15 c)). An increase in [n*| of 6000 Pa.s at 10wt% of filler was detected in
the Newtonian region, as expected in composites with high filler content. G' decreases at 1ow
frequencies both for PP and its composites with X-BNNS-T, that is, no rheological percolation
was detected (Figure 4.15 d)). Again, the small size of this BNNS (few nm) along with the
strong particle-particle interactions preferred over the particle polymer interactions (X-BNNS-
T highly hydrophilic, sessile tests section 4.2) caused agglomeration of the filler upon inclusion
in PP, thus preventing a 3D network from percolating.

Figure 4.15 e)-h) show the rheological profiles for the composites of PP with Y-BNNS-
L at 0-10wt% in terms of m*| vs @ (e)), G’ vs @ (1)), G’ vs G” (g)) (Cole-Cole plot) and 6 (phase
angle) vs |G*| (h)) (Van-Gurp-Palmen plot). The rheological percolation at 5wt% for Y-BNNS-
L is detected as there is a change from a Newtonian profile to a ‘pseudo-plastic’ profile at low
frequency (Figure 4.15 e)), which indicates the passage from ‘fluid-like’ behaviour to a more
‘solid-like” behaviour, symptomatic of the formation of a 3D network [36] of Y-BNNS-L in
PP. The 3D network formed could be due to a combination of filler particle-particle
connectivity and filler particle-polymer connectivity through the entanglement of the polymer
chains [48] near the Y-BNNS-L platelets. The rheological percolation is confirmed by the
plateauing of G at low frequency (Figure 4.15 f))) and the plateauing of G’ vs G” typical of a
material tending to a more solid-elastic behaviour (Figure 4.15 g)). The Van-Gurp-Palmen plot
(Figure 4.15 h)) unequivocally depicts the rheological percolation at 5wt% of Y-BNNS-L,
where the phase angle § drastically diverges from that for neat PP as well as from that for the

composites at lower filler loadings [49]. At |G*| > 10* Pa the composites are stiff and more
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elastic-(solid-like), thus, & tends to zero (low values), whereas at |G*| < 10*Pa the composites
are more viscous- (liquid-like), thus, & tends to 90°. Yet, at 5wt% of Y-BNNS-L the phase
angle decreases up to 15° at |[G*| < 10* (1500 Pa precisely), indicating that the composite
behaves as solid-like material i.e. a percolated structure is attained. Interestingly, the
rheological percolation is not detected at 10wt% of Y-BNNS-L, probably due to the non-
uniform distribution and dispersion of the filler at such high a concentration — it becomes more
difficult to disperse and distribute the filler at high loadings. The processing conditions
employed was not effective at forming a percolated network. It is possible to assert that at low
filler content (<bwt%) the particle-particle and particle-polymer connectivity either was not
achieved or was too weak to create a stable structure persistent for long times (low frequencies)
and high temperatures (measurement temperature =200°C). At 5wt% of Y-BNNS-L, the
particle-particle and particle-polymer connectivity is strong enough to persist for long times at
high temperatures, thus, the rheological percolation is detected [48]. Clearly, the larger lateral
size of this grade of BNNS facilitated the formation of an interconnected 3D network. At 10
wt% Y-BNNS-L, agglomerations obstructed the particle-particle and particle-polymer
connectivity, therefore, no rheological percolation is detected. A schematic illustration of a
physical interpretation of the structures realized at different Y-BNNS-L loadings is shown in
Figure 4.16.
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Figure 4.16: Schematic of PP+Y-BNNS-L hypothetical structures before and after the rheological measurements.
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The composites of PP with X-BNNS-SC and X-BNNS-T show the same rheological profiles
with no rheological percolation, whereas the composites with Y-BNNS-L percolated at a filler
loading of 5wt%, yet the percolated structure is absent at 10wt% Y-BNNS-L. Clearly, the large
particle size played a key role at determining the formation of a 3D network of Y-BNNS-L
with respect to the smaller particles of the X-BNNS-SC and X-BNNS-T. In addition, the
surfactant L could promote the distribution and perhaps dispersion of the Y-BNNS-L in PP.
Further insights on the possible mechanisms of interactions between the surfactants SC, L and
T are given in the tensile tests section.

At 10 wt% of Y-BNNS-L, the agglomeration of the filler due to a combined effect of particle-
particle interactions and mixing conditions adopted, hindered the formation of rheological
percolation for the three sets of composites, i.e. with X-BNNS-SC, X-BNNS-T and Y-BNNS-
L.

Another aspect to consider is the secondary processing procedure, i.e. the injection
moulding for the preparation of the disk-shape specimens used for the rheology measurements.
The melt flow realised during injection moulding could force the PP chains to align along
specific directions when cooling. This mechanism could lead to an exclusion phenomenon
where the filler particles migrate toward the middle of the disk-shaped samples, thus producing
specimens with a skin-core morphology, characterized by a rich-polymer phase skin and rich-
particle phase core. In that case, the filler particles are forced to settle in a confined space,
which could favour agglomeration, thus, preventing the formation of a 3D network (rheological
percolation). This mechanism is more likely to occur with the small platelets of X-BNNS-SC
and X-BNNS-T since they do not have enough inertia to resist polymer flow/crystallization,
thus being dragged toward the middle of the disk-shaped mould as the polymer flows. On the
contrary, the larger platelets of Y-BNNS-L could more easily oppose the PP flow during
injection, overcoming the centripetal drag force in the mould. This generates samples where
the Y-BNNS-L are likely to be more evenly distributed in PP throughout the disk shaped-
samples compared to the X-BNNS-SC and X-BNNS-T composites. Although the injection-
moulded samples of PP with X-BNNS-SC and X-BNNS-T did not show rheological
percolation, it is not possible to exclude that the filler particles percolated in PP during
extrusion. In other words it is possible that X-BNNS-SC/X-BNNS-T percolated during-melt
mixing but the post-processing procedure (injection moulding) could have destroyed the
particle-particle 3D network [50-54].

The disk shape test specimens used for rheology were used for XRD analysis. The two

techniques appear to confirm that Y-BNNS-L were distributed and perhaps dispersed more
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uniformly in PP than X-BNNS-SC/X-BNNS-T, probably due the combination of the large

platelets and more optimal interactions between the Y-BNNS-L and PP. In the next paragraph

the results on the mechanical properties are reported and described, along with a possible

mechanisms of interactions between the filler particles/ surfactants and PP.

The Tensile tests were performed on a replica of six (6) specimens per compositions

and representative stress-strain curves are reported in Figure 4.17 along with the values and

trends of the Young’s modulus (E) and stress at yield (oy) in function of the filler loading.
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Figure 4.17: Stress-strain curves of PP and its composites with X-BNNS-SC (a)), X-BNNS-T
(d)) and Y-BNNS-L (g)). G in function of the filler loading (b)-h)) and oy in function of the

filler loading (c)-1)).
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The stress-strain curves of PP and its composites with X-BNNS-SC at different filler loadings
are reported in Figure 4.17 a). The presence of the filler particles appear to reduce the
elongation at break of PP as already noticed for the counterpart composites prepared by
laboratory scale extruder. The noise detected in the plastic region has been ascribed to the
release of the internal stress generated during the processing and/or derived from the presence
of the filler particles acting as spots of stress accumulation. Furthermore, as already explained
for the composites prepared by laboratory scale extruder, there could be some hydrophobic
interactions between the surfactant SC and PP, which could break during the tensile tests. [37-
42].

The inclusion of the X-BNNS-SC resulted in an increase of the E from 1.33+0.06 GPa for the
neat PP to 1.51+0.03 GPa at 10 wt% of filler (Figure 4.17 b)) and an increase of oy from
35.3+0.6 MPa for the neat PP to 38.7+0.2 MPa and 39.0+0.3 MPa at 10wt% of X-BNNS-SC
(4.17 ¢)). The increase of E and oy could be associated the intrinsic rigidity of the BNNS, the
formation of entanglements of polymer chains around the filler particles and the crystallization
of B-PP upon inclusion of X-BNNS-SC, as observed in the XRD results (Figure 4.13) [37-42].

The stress-strain curves of PP and its composites with X-BNNS-T at different filler

loadings are reported in Figure 4.17 c¢). The presence of the filler particles appear to reduce the
elongation at break of PP. Again, the internal stress generated during the processing and/or
derived from the presence of the filler particles acting as spots of stress accumulation are
probably released by internal fractures, as evident from the noise detected in the plastic
deformation region [37-42].
The inclusion of X-BNNS-T induced a decrease in E from 1.33£0.06 GPa for the neat PP to
0.96+0.02 GPa at 5wt% of filler loading, before increasing to 1.47+0.02 GPa at 10wt% of X-
BNNS-T (Figure 4.17 d)). The same trend is observed for oy as depicted in Figure 4.17 e),
where it is clear that the oy decreases from 35.3+0.6 MPa for the neat PP to 34.5+0.3 MPa at
5wt% of X-BNNS-T, before increasing to 39.1+0.3 MPa at 10wt% of filler loading. The
decrease of E and oy at low filler content (<5wt%) could be ascribed to the agglomeration of
relative large clusters of X-BNNS-T [37-42]. The agglomeration could derive from the high
hydrophilicity (see sessile tests section 4.2) of X-BNNS-T, thus limiting the distribution and
dispersion of X-BNNS-T in PP.

The stress-strain curves of PP and its composites with Y-BNNS-L at different filler
loadings are reported in Figure 4.17 g), where it is possible to note that the inclusion of Y-
BNNS-L appear to reduce the elongation at break of PP as already noticed for the composites
with X-BNNS-SC and X-BNNS-T. The noise detected in the plastic region can be again
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ascribed to the release of the internal stress generated during the processing and/or derived
from the presence of the filler particles acting as spots of stress accumulation [37-42].

The inclusion of the Y-BNNS-L caused an increase of the E from 1.33+0.06 GPa for the neat
PP to 1.50+0.05 GPa at 10 wt% of filler (Figure 4.17 h)) and an increase of oy from 35.3+£0.6
MPa for the neat PP to 38.1+0.6 MPa at 10wt% of Y-BNNS-L (4.17 i)). The increase of E and
oy could derive from: i) the intrinsic rigidity and large dimensions of the Y-BNNS-L, ii) the
formation of entanglements of polymer chains around the filler particles and the crystallization
of B-PP upon inclusion of Y-BNNS-L, as previously noted in the XRD results (Figure 4.13)
[37-42]. Yet, the XRD showed a decrease of both the B-crystal content and total crystal content
with the addition of the Y-BNNS-L at high loadings (>3wt), therefore the increase of E and oy
at 5Swt% and 10wt% of Y-BNNS-L is probably related to the high content of large and rigid Y-
BNNS-L particles.

It is interesting to note how the mechanical properties of the composites of PP with X-BNNS-
T are very different from the mechanical properties of the composites with X-BNNS-SC. The
lateral dimension of the X-BNNS-SC and X-BNNS-T is comparable (few nm), therefore, the
reason behind the differences in the mechanical properties could be ascribed to the different
surface chemistry, particularly the surfactants used during the HPH process by our industrial
partner to prepare X-BNNS-SC and X-BNNS-T. The surfactant SC (Chapter 3) is ionic and
exposes cyclo-hexane rings to the PP when preparing the composites with X-BNNS-SC. The
coexistence of X-BNNS-SC with PP is therefore favoured by the hydrophobic interactions
between the cyclo-hexane rings of SC and the polymer chains. The surfactant T is amphiphilic
and exposes the polyether-polyol tails to PP when admixing X-BNNS-T with the polymer,
therefore facilitating the hydrophilic particle-particle interactions over the particle-polymer
ones. The difference in the chemical structure of SC and T translated in a relative good
distribution and perhaps dispersion of X-BNNS-SC in PP compared to the X-BNNS-T. This
results are in line with the XRD study.

The mechanical properties of the composites of PP with X-BNNS-T and Y-BNNS-L are
different. Certainly, the large lateral dimension of Y-BNNS-L (up to 10 um) compared to the
small X-BNNS-T platelets (lateral dimension few nm) play a key role at enhancing the stiffness
of the PP. However, the fact that G and oy decreases when adding X-BNNS-T whereas G and
oy increase when including Y-BNNS-L could indicate a different mechanism of interaction
between the surfactant T and PP compared to the surfactant L. Both surfactants are amphiphilic
with a polyether-polyol tails, however T shows an aromatic head with branched functionalities

whereas the aromatic head of L does not contain such functionalities. The amphiphilic L could
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“flip” when admixing the Y-BNNS-L in PP, thus exposing the aromatic head to PP and the
polyether-polyol tails to the BNNS. In this way, the coexistence of Y-BNNS-L in PP could be
favoured by the hydrophobic interaction between PP and the aromatic head of L - most likely
between the © conjugated system of the aromatic ring and the CH> groups of PP [55] -, which
lead to a relative good distribution and perhaps dispersion of the Y-BNNS-L in PP. The
amphiphilic T could also potentially “flip” upon incorporation of X-BNNS-T in PP, however,
the steric hindrance of the branched functionalities on the aromatic head make “flipping” less
probable. As a consequence, the dangling polyether-polyol chains are more likely to expose to
the hydrophobic PP, thus facilitating the particle-particle interactions over the particle-polymer
interactions, that is, the X-BNNS-T is prone to agglomerate when admixed in PP. This results
are in line with the XRD and rheology results.

The mechanism of interactions between the surfactants SC, T and L with PP should be carried
out in future work to better understand the mechanisms of interactions between the filler
particles and the PP. For that purpose, the 3 CNMR analysis could be used. In addition, a
modelling study on the melt-flow during injection moulding could predict the mechanism of
distribution and dispersion of the filler particles, the melt flow of the polymer and the
crystallization dynamics as the polymer crystallizes in moulds of different shapes and
dimensions during injection moulding, thus supporting the understanding on how the inclusion
of X-BNNS-SC, X-BNNS-T and Y-BNNS-L affect the properties of PP.

The variability of the properties of the composites with the type of processing,
particularly the influence of post-processing, has been seldom reported in the literature (see
Chapter 2). Yet, this information is crucial when addressing the properties of the final
composites and optimizing production on an industrial scale.

The detection of the rheological percolation with the Y-BNNS-L is a promising result in the
manufacturing of these functional composites e.g. thermal conductive materials where the Y-

BNNS-L percolate in a conductive path.

4.4.3- Thermal conductivity measurements of the composites of PP with Y-BNNS-L

Thermal conductivity measurements were performed on the PP+Y-BNNS-L (5wt%),
since a percolated structure was detected by rheology and so it is possible a phonon-path for
the thermal conduction formed. The results are shown in Table 4.9 for the composites with
0.1wt%, 1wt% and 10wt% Y-BNNS-L.
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Table 4.6: Thermal conductivity (TC) of PP and its composites with Y-BNNS-L. The results
are an average taken from six (6) replicates.

Sample TC (W/mK)
PP 0.25+0.01
0.1wt% Y-BNNS-L 0.27+0.01
1 wt% Y-BNNS-L 0.28+0.01
Swt% Y-BNNS-L 0.28+0.01
10wt% Y-BNNS-L 0.28+0.01

The TC values of the composites with Y-BNNS-L increase a little compared to the neat PP.
The TC of the composites at 5wt% of Y-BNNS-L, which showed rheological percolation, is
the same as for the composites at 0.1wt%, 1wt% and 10wt% of Y-BNNS-L. The very modest
improvement in TC may be due to. (i)- The samples used for the TC measurements were
different from the samples used for the rheology measurements, i.e. the morphology of the two
types of samples may not be the same as a result of different melt flow during injection
moulding. Therefore, there may be no rheological percolated network for the TC specimens
and no particle-particle connectivity achieved, i.e. no thermal path for conduction was realised.
(ii)- The presence of polymer-polymer connectivity surrounding the filler network will depress
the TC as the polymer chains are insulators and facilitate phonon-scattering. (iii)- The irregular-
shaped Y-BNNS-L flakes combined with its surface chemistry (e.g. presence of the surfactant
L) could increase the interfacial thermal resistance through phonon-scattering, hence, the
depression of the thermal conduction. (iv)- The Y-BNNS-L could randomly distribute during
injection moulding, thus lowering the TC. (v)- The way the TC measurements were performed
could affect the TC results. The MTPS instrument (see Chapter 3) averages the TC
measurements along the different directions of the samples, that is, even if the Y-BNNS-L
managed to align along the injection moulding direction and facilitated TC in that specific
direction, the phonon scattering occurring along the transversal directions to the injection
direction will depress the resulting TC ([43] and references therein).

The TC measurements appear to confirm that although the use of large particles of
functional filler is crucial, it is not sufficient alone at improving thermal conduction properties
(e.g. thermal conductivity) of the final composites. The optimization of the interfacial

interactions between the filler and the polymer along with optimal processing conditions and
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filler alignment is fundamental to manufacturing composites with enhanced properties
(thermal, mechanical). Furthermore, it is important to recognize the limitation of the
instruments used for the characterization of the samples, since the behaviour of the material in
question as observed by certain techniques could not necessary reflect the real structure of the

samples.

4.4.4- Study of the morphology and crystalline structure of the composites of PP with X-GNP-
SC, X-GNP-L, Y-GNP-L

SEM imaging and XRD and DSC analysis were performed to study the morphology
and crystalline structure of the composites of PP with the different GNP grades.
The SEM images of the composites of PP with the three grades of GNP examined are reported
in Figure 4.18.
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Figure 4.18: SEM images of the composites of PP with X-GNP-SC at 5wt% (a)-c)) and 10wt%
(d)-f)), X-GNP-L at 5wt% (g)-i)) and 10wt% (1)-n)), Y-GNP-L at 5wt% (0)-q)) and 10wt% (r)-

t)). The magnification increases from left to right. The red arrows point to the GNP particles.
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X-GNP-SC is uniformly distributed in PP (particles evenly separated as depicted in Figure 4.18
a)-c)), probably due to the application of shear and some extensional flow in the parallel twin
screw extruder, which enabled the break-up of large filler aggregates into smaller and perhaps
thinner flakes when admixed in the polymer melt. In addition, as already noticed in the
composites of PP with X-BNNS-SC, the surfactant SC could favour to some extent the wetting
of the X-GNP-SC with PP, thus facilitating the distribution of this GNP. Yet, some large
agglomerates of non-uniform particles are present on addition of X-GNP-SC at 10wt% (red
arrows Figure 4.18 d)-f)). Clearly, at high filler loading (up to 10 wt%) the distribution and
dispersion of the X-GNP-SC becomes more challenging with the processing methods used.

The SEM images of PP+X-GNP-L at 5wt% and 10wt% (Figure 4.18 g)-n)) show a good
distribution of the filler in the matrix (as indicated by the red arrows in pictures g-h), yet large
voids formed upon mixing (h, i, m), probably due to the poor wetting between PP and X-GNP-
L, in part due to the irregular square-shape flakes of this filler (i), thus favouring the formation
of voids upon cooling as PP chains crystallize. Yet, the relative good distribution of this GNP
let us speculate that there could be some interactions between the filler particles and PP. As
already noticed for the composites with Y-BNNS-L, the surfactant L could perhaps interact to
some extent with the PP, thus limiting the particle-particle interactions, resulting in a more
uniform distribution.

The SEM images of PP+Y-GNP-L at 5 wt% (Figure 4.18 0)-q)) and 10 wt% (Figure
4.18 r)-t)) show a good distribution of the filler in the matrix (o, r), yet large voids are obvious
(p), due to the limited wetting between PP and Y-GNP-L, probably caused by the irregular-
shape platelets of this GNP (s, t). However, the relative good distribution of the filler in the
matrix could be symptomatic of the partial interactions between Y-GNP-L and PP, perhaps
through the surfactant-polymer interactions, as seen for the composites with Y-BNNS-L.

The results from the XRD analysis on the composites of PP with the different grades of GNP
are reported in Figure 4.19. Specifically, the XRD pattern are reported in Figure 4.19 a)-c)
whereas the Kp, K, and Xc(%) trends of PP in function of the filler loadings for the three sets
of composites with X-BNNS-SC, X-BNNS-T, Y-BNNS-L are reported in Figure 4.19 d)-f).
The Kp was calculated according to equation 4.1. Xc(%) whereas the K, and Xc(%) values,
were calculated as described for the composites of BNNS (XRD results section 4.4.3).
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Figure 4.19: XRD patterns of PP and its composites with X-GNP-SC (a)), X-GNP-L (b)) and Y-GNP-L (c)). Kg, Ky and Xc(%) of PP in the
composites with X-GNP-SC (d)), X-GNP-L (e)) and Y-GNP-L (f)) in function of the filler loading. The results are a replica of 3 measurements

per sample on a batch of three disks per compositions. The error calculated on the Ko, Kg, X¢(%) falls on the first decimal cipher , which is not

significant for this type of study.
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The XRD patterns reported in Figure 4.19 a)-c) show the most intense peaks for PP at 26 =
16.5° a(100), 19.2° B(300), 20° a(040), 22° a(130), and for the X-GNP-SC/X-GNP-L/Y-GNP-
L at 20 = 31° (002) [26, 56]. The intensity of the peak related to the crystallographic plane
(002) of the fillers in the composites with PP increased with increasing filler loading, as
expected, probably due to the agglomeration of these GNP particles at high loading as reported
by Tajaddod et al. [44].

The plot of Kg as a function of the filler content in the composites (Figure 4.19 d)-f),
black curves) increased from 14% (PP, partially due to the pre-existent B-crystal in the material
as received and partially derived from induced crystallization during injection moulding) to
24% at 0.5wt% of X-GNP-SC and to 18% at 0.5wt % of X-GNP-L and Y-GNP-L. The Kg
remained constant at 24% and 18% when adding more X-GNP-SC and X-GNP-L respectively,
whereas Kg first decreased to ca 15% at 3wt% of Y-GNP-L before plateauing at higher filler
loadings. Clearly, after a critical concentrations of these grades of GNP there was no further 3-
nucleation, probably due to either a constraint effect of the filler particles onto the PP chains,
which limited the alignment thereof in the B-conformation, or to a competition effect with the
crystallization of a-form of PP.

For a X-GNP-SC/X-GNP-L/Y-GNP-L loading up to 0.5wt %, K, X¢(%) of the composites
increased compared to the PP, suggesting that at low filler concentrations (<0.5wt%) these
GNP facilitated the crystallization of both a and P crystallites of PP, resulting in an increase of
the total crystalline fraction Xc(%) compared to PP alone. The three fillers act as f-nucleating
agents for PP without obstructing the formation of the a-crystallites. Specifically, the K,
increased from 25% (PP) up to 35%, 40% and 30% when adding 0.5wt% of X-GNP-SC, X-
GNP-L and Y-GNP-L respectively, suggesting that the X-GNP-L facilitated the crystallization
of the a-form more than the X-GNP-SC and Y-GNP-L did. Probably, the more irregular-shaped
flakes of the X-GNP-L limited the alignment of the PP in B-form, thus facilitating the
crystallization of the more stable a-crystals.

At higher filler loadings (>0.5wt%), Ko, Xc(%) of the composites decrease before plateauing
at 3wt% of X-GNP-SC/X-GNP-L/Y-GNP-L and the same trend was observed for the Kg. The
three fillers hindered the PP chains dynamics during crystallization, thus, obstructing the
formation of further a and/or B crystallites, therefore the Ko, Kp, Xc(%) tend to be constant at
higher loadings of these GNP.

The fact that K, Kg, Xc(%) all tend to plateau (no increase) could be also due to the mixing

efficiency of the adopted manufacturing process. Indeed, the mixing of the GNP particles in
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PP becomes more challenging at higher loadings up to 10wt%- as already noticed for the
composites of PP with the BNNS grades- thus, limit the crystallization of more PP chains onto
the GNP platelets.

The XRD results of the composites of PP with X-GNP-SC, X-GNP-L and Y-GNP-L
reveal the importance of the filler geometry and surface chemistry (particularly the surfactant)
onto the crystallization of PP in the composites, more evident by a direct comparison of the K,
Ksg, Xc(%) trends for the composites of PP with X-GNP-L and Y-GNP-L. These two grades of
GNP were exfoliated in the presence of the surfactant L and differ from each other by the
starting graphite used during HPH. At low filler content (<1 wt%) the X-GNP-L appear to
favour the crystallization of PP (either o or B form) more than Y-GNP-L did, whereas at higher
filler loadings (>1 wt%) the two filler affect the crystallization of PP similarly. Probably, at
low filler content, the more irregular shape of X-GNP-L imparted lesser constraint onto the PP
chains than Y-GNP-L- particularly on those further away from the filler particles- and the
geometry of the GNP platelets is more dominant at determining the crystallization of PP. Yet,
at higher filler loadings, the agglomeration of the filler particles is more dominant at affecting
the crystallization of PP, thus the two sets of composites of PP with X-GNP-L and Y-GNP-L
present similar crystalline profiles. As already mentioned for the composites with the BNNS,
it would be interested for future work to combine the WAXD analysis to the SAXS
measurements to assess the crystalline geometry and chain arrangement of the PP near and
perhaps around the GNP particles.

Further investigation on the nucleating effect and polymorphism of PP by X-GNP-SC,

X-GNP-L and Y-GNP-L inclusion was carried out by DSC analysis. The results are reported
in Figure 4.20 and Table 4.8.
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Figure 4.20: DSC thermograms of PP and its composites with X-GNP-SC (a)-c)), X-GNP-L
(d)-f)) and Y-GNP-L (g-i)) at different filler loadings.

The first heating thermograms (Figure 4.20 a)) of the composites of PP with X-GNP-SC show

broad and asymmetric peaks confirming the coexistence of a-PP and B-PP crystals. The first

cooling thermograms (Figure 4.20 b)) show a shift toward higher temperatures upon X-GNP-

SC incorporation. In particular, T¢ increased from 116 °C for the neat PP to 128 °C for the

composites with 10 wt% X-GNP-SC. The biggest increase in the T of PP was registered at X-
GNP-SC loading as low as 0.1 wt % and the addition of further amounts of X-GNP-SC did not

result in more nucleation, and little increases of T were registered. This could be associated
with the even distribution of X-GNP-SC throughout the PP matrix, which constrained PP

chains in a confined space delimited by filler particles, thus delaying crystallization with no

further increase in Tc. The second heating thermograms (Figure 4.20 c)) show broad peaks after

X-GNP-SC addition, yet the peaks are more symmetric than those obtained during the first
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heating. One of the possible reasons may lay in the annealing effect as already noticed in the
composites of PP with X-BNNS-SC. The melting peaks in the second heating thermograms are
as broad as the ones in the first heating curves, probably due to the p—o phase transition, which
caused superimposing of the peaks related to the f—a phase transition and a-spherulite melting
[23, 46].

The first heating thermograms (Figure 4.20 d)) of the composites of PP with X-GNP-L show
broad and asymmetric peaks confirming the coexistence of a-PP and -PP crystals, suggesting
a change in PP polymorphism upon inclusion of X-GNP-L. The first cooling thermograms
(Figure 4.20 e)) show a shift toward higher temperatures upon X-GNP-L incorporation. In
particular, T¢ increased from 116 °C (PP) to 130 °C for the composites with 10wt% of X-GNP-
L. The second heating thermograms (Figure 4.20 f)) show broad peaks after X-GNP-L addition,
yet they are more symmetric than those obtained during the first heating. The controlled cooling
cycle realized during the DSC measurements produced a material with a narrower crystallite
size distribution compared to the material cooled by injection moulding (annealing effect).
However, the melting peaks of the composites in the second heating thermograms are as broad
as the ones in the first heating curves, probably as a results of the p—a phase transition ([27]
and references therein).

The first heating thermograms (Figure 4.20 g)) of the composites of PP with Y-GNP-L show
broad and asymmetric peaks, confirming the coexistence of a-PP and -PP crystals. However,
it is not possible to identify the peak related to the melting of the B-crystallites due to the f—a
phase transition during the first heating step in the DSC experiment, which resulted in
overlapping of the peaks associated with the two polymorphic forms [27, 45, 46]. The first
cooling thermograms (Figure 4.30 h)) show a shift of the cooling peak toward higher
temperatures upon filler incorporation. In particular, T increased from 116 °C (PP) to 128 °C,
at 10 wt% of Y-BNNS-L. The second heating thermograms (Figure 4.20 i)) show broad peaks
after the addition of the filler, which appear to be as broad as the ones in the first heating curves,
probably due to the superimposing of the peaks related to the p—o phase transition and a-
spherulite melting [23, 27].
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Table 4.7: T, Tc, AHm, AHc, Xc (%) of PP and its composites with X-GNP-SC and X-GNP-L
and Y-GNP-L as detected by the DSC thermograms. The AHcrelated to a theoretical PP crystal

with infinite dimensions used to calculate the crystallinity is 207 J/g [30]. The results are a

representation of three measurements per each composition. The error calculated for Tm, T¢

amd Xc (%) falls on the first decimal, which is not significant for the present study.

Sample Tm(°C) T(°C) AHn(J/9) AH:(J/g) Xe(%0)
1 heating | 2" heating 1%t cooling | 1% heating | 2" heating 1%t cooling 1%t cooling
PP 168 170 116 88 102 97 47
0.1 wt% X-GNP-SC 166 163 124 92 109 100 48
0.3 wt% X-GNP-SC 166 163 124 95 111 103 50
0.5 wt% X-GNP-SC 168 163 124 92 110 102 49
1 wt% X-GNP-SC 168 164 125 89 109 99 47
3 wt% X-GNP-SC 166 164 125 85 105 94 44
5 wt% X-GNP-SC 166 165 126 89 102 93 44
10wt% X-GNP-SC 168 165 128 93 108 109 48
0.1 wt% X-GNP-L 169 164 124 122 117 138 67
0.3 wt% X-GNP-L 164 164 124 116 115 124 60
0.5 wt% X-GNP-L 167 164 125 95 117 119 58
1 wt% X-GNP-L 168 166 125 94 115 120 58
3 wt% X-GNP-L 166 166 127 88 109 115 58
5 wt% X-GNP-L 166 166 127 88 109 115 58
10wt% X-GNP-L 166 166 127 89 108 116 59
0.1 wt% Y-GNP-L 168 165 124 92 112 108 52
0.3 wt% Y-GNP-L 166 165 124 81 113 125 60
0.5 wt% Y-GNP-L 168 165 125 94 115 116 56
1 wt% Y-GNP-L 169 167 124 83 110 101 49
3 wt% Y-GNP-L 166 164 128 91 111 114 57
5 wt% Y-GNP-L 166 166 127 91 110 127 64
10wt% Y-GNP-L 167 167 128 90 110 127 63

The Tm of PP in the composites with X-GNP-SC after the second heating cycle decreased
by ca 5 °C when 10wt % X-GNP-SC were added. The addition of irregular shaped X-GNP-SC
platelets may have hindered the crystallization of PP chains, thus either a larger fraction of PP

amorphous phase or imperfect/small PP crystals formed upon cooling and Tm was depressed.

132




CHAPTER 4: RESULTS AND DISCUSSION

This phenomenon can be better explained by analysing the trend of the total crystalline fraction
(Xc%). Xc(%) increased from 47% (PP) to 50% when X-GNP-SC were added at loadings up
to 0.5wt%, then X.(%) decreased at loadings between 0.5wt% and 5wt% before increasing
again to 50% when 10wt% of X-GNP-was included in PP. At X-GNP-SC < 0.5 wt%, the PP
chains were free to crystallize in defined geometries, thus more but probably smaller/imperfect
crystals of PP formed compared to the polymer alone. At higher filler loadings, between
0.5wt% and 5wt%, the constraint effect of the X-GNP-SC particles on the polymer chain
mobility lead to a reduction of the crystallinity [26, 27]. Furthermore, GNP particles are
thermally conductive with values of up to 7000 W/mK (at room temperature) [43, 47] whereas
PP is a thermal insulator, thus, more efficient thermal dissipation was possible during the
cooling cycle where X-GNP-SC particles were present, forcing nearby neighbour PP chains to
crystallize faster than those further away. This may have contributed to the formation of the
amorphous phase. Yet, this explanation seem to contrast the results obtained at 10wt% X-GNP-
SC, where an increase in the crystallinity was registered. Probably, at such high concentration,
the X-GNP-SC could agglomerate more, thus imparting less constraint onto the long-distant
PP chains, which manifested as an increase in the crystallinity. Yet, the Tm of the composites
at 10wt% of X-GNP-SC decreased, which let us speculate that the increase in the crystallinity
was probably due to the formation of a higher amount of small crystallites compared to PP.
AHm and AH. of the composites follow the same trend as X¢(%), i.e. AHm and AHc first increase
when adding the X-GNP-SC at 0.5wt%, then AHm and AH. decrease when adding the filler up
to bwt% before increasing again at 10wt% of X-GNP-SC. The change in the crystalline
amounts and/or dimensions upon filler incorporation reflect the change of the AHm and AHc.
The Tm of PP in the composites with X-GNP-L after the second heating cycle decreased
by ca 3-5 °C at 10wt % of X-GNP-L whereas X¢(%) first increases from 47% (PP) to 67% at
0.3wt% of filler loadings, before decreasing to 59% when adding 10wt% of X-GNP-L. This
result suggests that after the first cooling during the DSC a higher number of smaller and/or
more imperfect crystallites formed when comparing the composites of X-GNP-L with the neat
PP. Probably, the irregular shape of this GNP favoured the crystallization of small and/or
imperfect crystals of PP under the controlled conditions adopted during the DSC. The trend of
Xc(%) is probably due to a diverse constraint effect of the X-GNP-L onto the PP chains when
adding the filler in higher amounts, probably due to different levels of nano-filler dispersion
and distribution. AHm and AH. of the composites with X-GNP-L follow the same trend as Tm

and Xc¢(%). Again, the change in the crystalline amounts and/or dimensions upon filler
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incorporation reflect the change of the AHm and AHc, as a result of the diverse constraint effect
of the polydispersed nano-foller particles onto the PP chains dynamics.

The Tm of PP in the composites with Y-GNP-L after the second heating cycle decreased
by ca 3-4 °C at a 10wt % of Y-GNP-L, probably due to the formation of smaller and/or more
imperfect crystals of PP when adding Y-GNP-L. X¢(%) increases when comparing the PP with
the composites of Y-GNP-L, yet it is not possible to identify a specific trend, probably due to
a diverse state of distribution and dispersion of this grades of GNP, which imparted a different
constraint effect onto PP chains, resulting in the formation of a distribution of imperfect crystals
of PP. AHm and AHc increase compared to the neat PP but it is not possible to identify a trend,
which can probably be associated to the correspondent change in the crystalline fraction.

The DSC results appear to confirm the crucial role of the GNP geometry and state of
dispersion onto the properties- crystallinity and nucleation effect- of the composites with PP,
as already noticed for the composites with the BNNS. It seems that the Y-GNP-L present a
more diverse state of distribution and perhaps dispersion in the PP compared to the grades X-
GNP-SC and X-GNP-L, probably caused by the combined effect of the morphology derived
from the starting graphite-Y and the surface chemistry (i.e. surfactant L and surface
functionalities).

In future work, the modulated DSC and polarised hot-stage microscopy could support the
understanding on the mechanisms of nucleation, particularly the B-nucleation, of PP upon

incorporation of the GNP particles.
4.4.5- Study of the rheological and mechanical properties of the composites of PP with X-
GNP-SC, X-GNP-L, Y-GNP-L
Further analysis on the state of distribution and dispersion of the TS GNP grades was
performed by Oscillatory rheology whereas the Tensile tests were performed to determine the

mechanical properties of the composites prepared.

The results from the rheological study are reported in Figure 4.21.
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Figure 4.21: n*| and G’ as a function ® for PP and its composites with X-GNP-SC (a)-b)), X-
GNP-L (c)-d)) and Y-GNP-L (e)-f)). The data are a replica of 3 measurements on a batch of 3

specimens per compositions.

No difference in the rheological profiles were detected when comparing the neat PP with the
three sets of composites of X-GNP-SC, X-GNP-L, Y-GNP-L. The complex viscosity [n*| is

constant with the frequency at o < 1 rad/s (Newtonian profile) both for PP and its composites,

before linearly decreasing (power law) with frequency (Figure 4.21 a), c), €)). An increase in
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In*| of 8000 Pa.s at 10wt% of filler was detected in the Newtonian region, which was expected
in composites with high filler content. The storage modulus G increases with frequency and
the trend does not change when comparing the composites of these grades of GNP with PP and
no rheological percolation was detected (Figure 4.20 b), d), f)). Probably, the irregular shaped-
flakes of these GNP, the surface chemistry - presence of the surfactants SC and L - and the
melt flow during the injection of the composites all prevented the filler particles from
percolating in a 3D interconnecting structure, thus no rheological percolation was attained.
Further insights on the mechanisms of interactions between PP and the surfactants SC and L
present on the GNP particles are given in the tensile tests section.

The rheology of the composites of PP with X-GNP-SC, X-GNP-L, Y-GNP-L, confirm the
complexity of the particles dimensions, surface chemistry and processing optimization to
manufacturing homogeneous and functional composites. As already noticed for the composites
of PP with the BNNS grades, a melt-flow modelling study could help to predict the state of

distribution and dispersion of the examined GNP particles in PP during injection moulding.
The mechanical properties of the composites with PP and X-GNP-SC, X-GNP-L, Y-

GNP-L (replica of 6 specimens per composition) were analysed and the results are reported in
Figure 4.22.
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Figure 4.22: Stress-strain curves of PP and its composites with X-GNP-SC (a)), X-GNP-L (d))
and Y-GNP-L (g)). G in function of the filler loading (b-h)) and oy in function of the filler

loading (c-i)).

The stress-strain curves of PP and its composites with X-GNP-SC, X-GNP-L and Y-GNP-L at
different filler loadings are reported in Figure 4.22 a)-g). The addition of the GNP reduced the

elongation at break of PP and probably acted as spots of stress accumulation, released by giving

internal fractures, as evident from the noise detected in the plastic deformation region [37-42].

Both E and oy increase upon inclusion of X-GNP-SC in PP. E increases from 1.33+0.06 GPa
for the neat PP to 1.46+0.02 GPa for the composite with 10wt% of X-GNP-SC, whereas oy
increases from 35.3+0.6 MPa for the neat PP to 38.1+0.5 MPa at 10wt% of filler loading. As

already noticed for the counterpart composites prepared by laboratory scale extruder, the

increase of E and oy could derive by the formation of entanglements of PP around the GNP
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particles, the intrinsic rigidity of GNP and the crystallization of the B-PP crystals upon filler
incorporation- as reported in the XRD analysis [37-42].

The mechanical properties of the composites of PP+X-GNP-L and PP+Y-GNP-L display
similar trends. E decreases from 1.33+0.06 GPa for the neat PP to 1.26+0.04 GPa at 10wt% of
X-GNP-L and to 1.11+0.03 GPa at 10wt% of Y-GNP-L. oy decreases from 35.3£0.6 MPa for
the neat PP to 34.4+0.4 MPa at 10wt% of X-GNP-L and to 33.50+0.06 MPa at 10wt% of Y-
GNP-L. The trends of E and oy could be ascribed to the agglomeration of the X-GNP-L and Y-
GNP-L upon incorporation in PP [37-42].

The three GNP grades here studied show similar lateral dimensions (few pm), yet the
mechanical properties of the composites of PP with X-GNP-SC are different from the
mechanical properties registered for the composites of PP with X-GNP-L and Y-GNP-L. As
already noticed for the composites with the BNNS grades, the difference in the mechanical
properties of the composites could be ascribed to the mechanism of interactions between the
surfactants present in traces on the surface of the nanoparticles examined and PP.

SC appear to favour the coexistence of the X-GNP-SC in PP, perhaps through the hydrophobic
interactions between the cyclo-hexane rings of SC with the polymer chains. The amphiphilic
surfactant L contains an aromatic head interacting with GNP and a polyether-polyol tail
exposing out of the GNP flakes. As anticipated for the composites with Y-BNNS-L, the
surfactant L could ideally “flip” when admixing the X-GNP-L/Y-GNP-L in the polymer, to
exposing the aromatic head to the hydrophobic PP and the polyether-polyols tails to the GNP.
However, this mechanism is unlikely to occur in the composites with the GNP, since the stable
aromatic structure of GNP could repulse the polyether-polyol tail of L, which is therefore
exposed to the polymer matrix. This type of arrangement, would promote the particle-particle
interactions over the particle-polymer interaction, thus, causing the agglomeration of the filler
particles when X-GNP-L/Y-GNP-L are admixed in PP, which could justify the decrease of E
and oy of the composites compared to the neat PP. These results are in line with the XRD, DSC
and rheology findings.

As explained for the composites with the BNNS grades, future work should focus on the study
on the mechanisms of interactions between the surfactants SC and L with PP by way of
13CNMR. In addition, a modelling study on the melt-flow of the PP composites during injection
moulding could support the research to understanding the mechanisms and the state of
distribution and dispersion of the GNP in PP as the polymer crystallizes in the moulds of

different shapes and dimensions.
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4.5- Characterization of composites of HDPE with X-BNNS-SC, Y-BNNS-L, X-GNP-SC

prepared by 16mm co-rotating twin-screws extruder and micro-injection moulding.

Composites of HDPE with X-BNNS-SC (lateral size few nm) and X-GNP-SC (lateral
few um) were prepared with a filler loading in the range 0-5wt% and the morphology,

crystalline structure, rheological and mechanical properties determined.

A stand-alone study was carried out on the electro-rheological properties of the composites of
HDPE+Y-BNNS-L (5wt%) (lateral size up to 10 of um) and HDPE+X-BNNS-SC (5wt%), to
assess the effect of two grades of BNNS presenting two different lateral sizes onto the
rheological properties of HDPE. The electro-rheology measurements were performed at the

University of Huelva (Spain) as part of the International Placement (Chapter 3).

4.5.1- Study of the morphology, crystalline structure, rheological and mechanical properties of
the composites of HDPE with X-BNNS-SC and X-GNP-SC.

The composites of HDPE with X-BNNS-SC and X-GNP-SC were characterized in
terms of morphology, crystalline structure (SEM, XRD, DSC), rheological and mechanical
properties (oscillatory rheology and tensile tests), to assess the effect of the filler on the
polymorphism of HDPE, which was previously noticed in PP, and the extent of distribution

and dispersion of the fillers in the matrix.

Figure 4.23 depicts the SEM images of the composites of HDPE at 5wt% of filler loading.
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Figure 4.23: SEM images of HDPE+X-BNNS-SC (a)-c)) and HDPE+X-GNP-SC (d)-f)). The
magnification increases from left to right. X-BNNS-SC and X-GNP-SC dispersed to some
extent in HDPE. The poor wettability of HDPE onto X-GNP-SC favoured the formation of
voids around the filler platelets. The red arrows point to X-BNNS-SC and X-GNP-SC particles.

Good dispersion and distribution of the X-BNNS-SC and X-GNP-SC in the polymer matrices
was achieved. The composites of HDPE with X-BNNS-SC present a smooth surface with
relatively small voids around the BNNS particles. However, the composites of HDPE with X-
GNP-SC appear to present large interfaces (voids), probably due to the known rapid
crystallization kinetics of HDPE, which could cause the exclusion of X-GNP-SC particles from
the crystal domains by creating large interfaces. This phenomenon is not evident in the
composites of HDPE with X-BNNS-SC, probably due to the smaller particle length (few nm)
and round-shape platelets this BNNS.

The crystalline structure of the composites of HDPE with X-BNS-SC and X-GNP-SC
at different filler loadings was investigated by XRD. The results are reported in Figure 4.24.
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Figure 4.24: XRD patterns of HDPE and its composites with X-BNNS-SC (a)) and X-GNP-
SC (b)). The data are a replica of 3 measurements on a batch of 3 specimens per compositions.

The XRD patterns (Figure 4.24) show the most intense peaks for HDPE at 20 = 25°
(orthorhombic (100)), 27.7° (orthorhombic (200)), 35° (monocline(210)), 42.3° (orthorhombic
(020)) and X-BNNS-SC/X-GNP-SC at 26=31° (002). As already noticed for the composites of
PP, the registered peaks may be shifted compared to the ones reported due to the different X-
ray source used in this work [28, 29]. The presence of X-BNNS-SC and X-GNP-SC in HDPE
is evident by the characteristic peak at 26=31", which increases with increasing filler loading.
Unlike the composites with PP, the addition of X-BNNS-SC and X-GNP-SC did not change
the polymorphism of HDPE. The crystalline content (%) of HDPE is 50% and the addition of
the filler particles did not induce any change in the content of crystalline fraction. This may be
associated with the rapid crystallization kinetics of HDPE, thus the presence of X-BNNS-
SC/X-GNP-SC even up to 5wt% did not affect crystal content, nucleation/growth.

Further analysis on the effect of the X-BNNS-SC and X-GNP-SC particle onto the

crystallinity of HDPE was carried out using DSC. The results are reported in Figure 4.25 and
Table 4.9.
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Figure 4.25: DSC thermograms of HDPE and its composites with X-BNNS-SC (a)-c)) and X-
GNP-SC (d)-f)) at different filler loadings.

HDPE

Both the heating and cooling thermograms of the composites of HDPE with X-BNNS-SC show
a slight broadening of the melting peak when comparing the neat HDPE to the composites with
X-BNNS-SC. This is due to a broader crystallite size distribution upon filler incorporation.
However, the peak broadening does not follow a specific trend when comparing one
composition to another, probably due to the poor distribution/particles aggregation of the filler
in the matrix, which produced inhomogeneous materials.

The thermograms related to the composites of HDPE with X-GNP-SC show the same trends
as the thermograms related to the composites HDPE+X-BNNS-SC. The peaks in both the
heating and cooling thermograms of the as prepared composites appear slightly broader than
the heating/cooling peaks of the neat HDPE, probably due to a broadening in the crystallites
size upon X-GNP-incorporation. The broadening does not follow a trend, which is likely
caused by the inhomogeneity of the samples.

It is interesting to note that neither X-BNNS-SC nor X-GNP-SC have a nucleating
effect on HDPE (no change in T¢). The Kkinetics of crystallization of HDPE is much more rapid
than PP, that is, HDPE crystallization is less sensitive to the effect of X-BNNS-SC/X-GNP-SC
loadings [57].
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Table 4.8: T, Tc, AHm, AHc and X¢ (%) of HDPE and its composites with X-BNNS-SC and
X-GNP-SC as obtained from the DSC thermograms. The AHc related to a theoretical HDPE
crystal with infinite dimensions used to calculate the crystallinity is 287 J/g [30]. The results
are a representation of three measurements per each composition. The error calculated for T,

Tc amd Xc (%) falls on the first decimal, which is not significant for the present study.

samples Tm(°C) Te(°C) AHn(J/9) AH:(J/g) Xe(%0)
1% heating 2" heating 1%t cooling 1% heating 2" heating 1%t cooling 1tcooling

HDPE 134 134 120 177 205 202 69

0.1 wt% X-BNNS-SC 137 136 122 203 251 247 86
0.3 wt% X-BNNS-SC 138 137 122 201 245 244 85
0.5 wt% X-BNNS-SC 137 135 122 196 240 236 83
1 wt% X-BNNS-SC 139 135 121 203 246 244 86
3 wt% X-BNNS-SC 135 135 123 197 243 238 85
5 wt% X-BNNS-SC 137 135 123 193 232 229 84
0.1 wt% X-GNP-SC 136 135 122 205 254 247 86
0.3 wt% X-GNP-SC 138 137 122 194 241 238 83
0.5 wt% X-GNP-SC 137 135 122 202 243 239 84
1 wt% X-GNP-SC 137 134 122 202 248 246 86
3 wt% X-GNP-SC 136 135 122 191 238 231 83
5 wt% X-GNP-SC 136 136 122 189 233 227 83

From Table 4.12 it is possible to note that both the melting temperature Tm and crystallization
temperature T¢ do not change when comparing the neat HDPE to the composite with 5wt% of
X-BNNS-SC/X-GNP-SC in both the first and second heating cycles. The variation of melting
enthalpy AHm increases when comparing the first heating with the second heating cycle for
both the composites with X-BNNS-SC and with X-GNP-SC. Similarly, AHm increases when
comparing the HDPE alone with the composites of X-BNNS-SC and with X-GNP-SC, i.e.
either larger or thicker lamellae formed during the first cooling cycle. The variation of
crystallization enthalpy AHc follows the same trend as AHm and reflects the change in the
dimensions of the crystallites lamellae. The X¢(%) increases from 69% (HDPE) up to 83%
(5wt% X-BNNS-SC) and 83% (bwt% X-GNP-SC). Clearly, under the controlled
cooling/heating conditions realised during the DSC measurements, the filler particles favoured
the crystallization of HDPE. One of the possible reasons could be ascribed to the fact that the

slow cooling during the DSC facilitated the crystallization of the polymer chains around the
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filler particles. As already noticed with the composites of PP, for future work it would be

interesting to investigate the composites of HDPE by hot-stage polarised optical microscopy

both under isothermal and non-isothermal conditions, to assess the mechanism of nucleation

and growth of the polymer crystallites in presence of the filler particles.

The extent of distribution and dispersion of the X-BNNS-SC and X-GNP-SC in HDPE
was again assessed by Oscillatory rheology (Figure 4.26) whereas the mechanical properties

were investigated by Tensile tests (Figure 4.27).
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Figure 4.26: [n*| and G’ as a function ® for HDPE and its composites with X-BNNS-SC (a)-

b)) and X-GNP-SC (c)-d)). The data are a replica of 3 measurements on a batch of 3 specimens

per compositions.

No difference in the rheological profiles between the neat HDPE and the composites with X-

BNNS-SC and X-GNP-SC is visible, that is no rheological percolation was attained. In fact,

the viscosity is constant with the frequency at o < 1 rad/s (Newtonian profile) both for HDPE
and its composites with X-BNNS-SC and with X-GNP-SC (Figure 4.26 a), c)). Then, the
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viscosity decreases linearly with frequency (power law). As already reported for the PP
composites, the viscosity also increases, but to 1000 Pa.s at 5%wt filler loading. No change in
G"was observed (Figure 4.26 b), d)) that is, the rheological percolation was not realized using
the adopted mixing procedure in the range of compositions explored. Probably, the
agglomeration of the filler particles - due to both the strong particle-particle interactions and
the aggregation/exclusion from the polymer domains during the crystallization of the HDPE -
prevented a 3D network of X-BNNS-SC/X-GNP-SC from percolating.

The representative stress-strain curves from the tensile testing of HDPE composites
with X-BNNS-SC and X-GNP-SC (0-5wt%) are reported in Figure 4.27, along with the trends

and values of G and oy in function of the filler loading.
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Figure 4.27: Stress strain curves of HDPE and its composites with X-BNNS-SC (a)) and X-
GNP-SC (b)), at different filler loadings. The curve are a results of 6 replica per set of
compositions. G in function of X-BNNS-SC content (b)) and X-GNP-SC content (e)). oy in
function of X-BNNS-SC loading (c)) and X-GNP-SC loading (f)).

The stress-strain curve (Figure 4.27 a), d)) of the HDPE and its composites with X-BNNS-SC
and X-GNP-SC show a reduction of the elongation at break upon filler incorporation along
with internal fractures, manifested as a noise in the plastic deformation region. The release of
the stress accumulated during the processing and perhaps aggregation of the filler particles

could explain the internal fractures [37-42].
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The addition of X-BNNS-SC/X-GNP-SC up to 5wt% caused a decrease in the values of E and
oy compared to the neat HDPE, probably due to the agglomeration of the filler particles as a
result of the strong particle-particle interactions over the particle-polymer interactions and/or
the rapid kinetics of crystallization of HDPE during injection moulding, which could exclude
the filler particles from the polymer domains, thus favouring the aggregation of relative large
clusters of X-BNNS-SC/X-GNP-SC. The addition of 10wt% of the fillers in HDPE increased
both E and oy, probably as a result of the presence of a high amounts of agglomerates of rigid
filler particles [37-42].

As already noticed for the composites of PP, a modelling study on the melt-flow during
injection moulding could support the understanding of the state of filler distribution and
dispersion during the crystallization of HDPE in the dumbbell, thus the resulting mechanical
properties.

4.5.2- Study of the electro-rheological properties of the composites of HDPE with Y-BNNS-L
(5wt%) and X-BNNS-SC (5wt%)

The rheological measurements on the composites of PP with Y-BNNS-L showed a
percolated structure at 5wt% filler loading. However, the addition of 5wt% of Y-BNNS-L in
HDPE did not show rheological percolation (the results on the rheological measurements of
HDPE+Y-BNNS-L are reported in Appendix Part 1), which confirmed that the properties of
the polymer matrix (e.g. viscosity and crystallization mechanisms) play a dominant role in
achieving rheological percolation. In particular, the fast crystallization kinetics and high melt
viscosity of this grade of HDPE could prevent the alignment and interconnection of the Y-
BNNS-L particles under the applied processing conditions. To verify this hypothesis, electro-
rheology measurements were performed on the HDPE+Y-BNNS-L (5wt%) and HDPE+X-
BNNS-SC (5wt%) composites, for comparison (lateral dimension X-BNNS-SC= few nm,
lateral dimension Y-BNNS-L= up to 10um). The electrical stimulus during the electro-
rheology measurements should orientate the polarizable particles of these two grades of BNNS
along a specific direction, thus facilitating the formation of a 3D network [58-63] (see Chapter
3). Due to the limitations of the heating device on the instrument used, only the composites of
HDPE were studied.

Preliminary measurements were performed to detect the minimum voltage needed to
initiate a change in sample structure and, was determined to be a voltage of 1500V. The

following measurement cycle was developed: i) a frequency sweep with no voltage applied
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(FS1), ii) a frequency sweep at 1500V (FS2@1500V) and iii) a frequency sweep with no
voltage applied (FS3). FS1 was performed as a reference whereas FS3 was performed to
explore the reversibility of any structural changes that occurred after ii).

The variation in [n*| and G’ as a function of ® and the Van-Gurp-Palmen plot (phase angle 6
vs complex modulus |G*|) for HDPE+X-BNNS-SC (5wt%) and HDPE+Y-BNNS-L (5wt%)

were constructed from electro-rheology measurements, see Figure 4.27.
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HDPE+X-BNNS-SC (5wt%) did not show any change in rheological profile after the
application of the electrical impulse (Figure 4.27 a)-c)), whereas HDPE+Y-BNNS-L (5wt%)
appeared to percolate upon electrical impulsion (FS2@1500V), evident from the plateau in [n*|
and G’ at low frequencies (Figure 4.27 d), e)), and the divergence of § in the Van-Gurp-Palmen
plot (Figure 4.27 f)). Yet, the percolated structure is not stable (FS3) and the rheological
behaviour of HDPE+Y-BNNS-L partially reverses to a non-percolated structure (FS1) when
the electrical impulse is removed. This behaviour may be associated with the fact that
polymer/polymer and polymer/filler interactions attained upon orientation of Y-BNNS-L
particles under the electrical impulse are relatively weak and the percolated structure partially
reverses to a non-percolated structure once the electrical impulse was removed.

The electro-rheological results presented prove that under a critical platelet length, the
geometrical structure of the filler is more dominant in determining rheological percolation as
is the case for the X-BNNS-SC composites. Whereas at the critical platelet length or above the
properties of the matrix and/or the processing conditions employed determine the formation of
a 3D network, as seen for Y-BNNS-L composites. In addition, the electro-rheology
measurements proved it is possible to manipulate the structure of HDPE+Y-BNNS-L (5wt%)
reversibly.

Further electro-rheology measurements should be carried out at different voltages to explore
the effect of current on the reversibility of the formation of percolated structures and examine
the relationship between filler platelet length and applied current (energy).

4.6- Summary of the experimental and possible applications of TS BNNS/GNP for the
masterbatch production

The X-BNNS-SC, X-BNNS-T, Y-BNNS-L display a distribution of flake shapes and
dimensions. X-BNNS-SC and X-BNNS-T platelets are round and a few nm in length whereas
the Y-BNNS-L are square platelets of up to 10 of um in length. Examination of X-GNP-SC,
X-GNP-L and Y-GNP-L revealed a distribution of flakes, having irregular square-shaped
platelets of few um in length. The HPH process produced exfoliated BNNS/GNP with low
defect concentration in the crystal lattice. The use of the solvent (water) and the surfactants SC,
T and L during HPH introduced functionalities onto the surface of the filler particles (e.g.
oxidised groups) which resulted in the production of hydrophilic BNNS/GNP. The X-BNNS-
SC, X-BNNS-T, Y-BNNS-L, X-GNP-SC, X-GNP-L and Y-GNP-L are thermally stable under

the oxidative conditions (T¢eg> 300°C @ air rate 15mL/min).
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TS BNNS and GNP promoted the B-crystallization of PP, particularly at low filler
contents (up to 0.5wt%). At higher loadings (>0.5wt%) the combination of particles length
and/or particle aggregation limit the B-nucleating effect of the filler in PP. In addition, the
examined BNNS/GNP show a nucleating effect in PP, manifested by an increase of the T up
to 10-15°C compared to the neat polymer. This aspect is helpful when scaling up the
manufacturing of PP composites with the BNNS/GNP here explored, since the increase in T¢
could reflect into a reduction of the injection moulding temperature cycles, i.e. less energy
consumption, which translates into a more sustainable processing with a reduction of both the
environmental impact and costs.

The traces of the surfactant present on the surfaces of the BNNS and GNP grades
examined affected the state of distribution and dispersion in the polymer matrix, thus the
mechanical properties. It was found that the surfactant SC and L facilitated the distribution and
perhaps the dispersion in PP of BNNS more than the surfactant T, manifested by an increase
of the Young’s modulus up to 20% when including the X-BNNS-SC and Y-BNNS-L in PP,
whereas a decrease of ca 20% was registered when X-BNNS-T was added in PP. The surfactant
SC also facilitated the distribution and the dispersion to some extent of the GNP particles,
manifested again by an increase of the Young’s modulus up to 20% compared to PP. However,
the surfactant L appeared to favour the GNP particle-particle interactions - thus agglomeration-
upon inclusion of X-GNP-L and Y-GNP-L in PP, which caused a decrease of the Young’s
modulus by ca 20%. It should be borne in mind that the intrinsic rigidity of the BNNS/GNP
particles and the change in PP polymorphism (B-crystallization) upon filler incorporation could
have contributed to the increase of the Young’s modulus for the composites with X-BNNS-
SC, Y-BNNS-L and X-GNP-SC.

The addition of X-BNNS-SC and X-GNP-SC in HDPE did not change the
polymorphism or crystalline content (as determined by XRD) of the matrix. In addition, a
reduction in the Young’s modulus of ca 20% was detected upon filler incorporation. The results
were ascribed to the agglomeration of the filler particles, probably caused by the high viscosity
and perhaps the known rapid crystallization kinetics of HDPE during injection moulding,
which could cause the exclusion and agglomeration of the filler particles as the molten
composites flowed into the mould.

Fillers with large particles, such as the Y-BNNS-L (lateral length up to 10um),
facilitated the formation of a 3D network in the PP, yet, the type of mould used during injection
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moulding could prevent the filler particles from percolating. Indeed, the shape and dimension
of the moulds used could force the BNNS/GNP particles to settle/aggregate as the polymer
chains cool down and crystallize. Furthermore, high viscous polymers with rapid kinetics of
crystallization, such as HDPE, could obstruct the percolation of the BNNS/GNP into a 3D
network. The application of an external electrical field may help the filler particles to align and
overcome the inertia of the polymer chains in the molten state, thus, percolating in an
interconnected particle-particle and/or particle-polymer structure, as detected in the case of the
composites of HDPE with Y-BNNS-L at 5wt% of filler loading.

Table 4.9, the properties of the composites of PP with the BNNS and GNP (5wt%) are
compared against the data reported in the literature and theoretical models (where possible) to
benchmark the results obtained and described throughout the chapter.

Table 4.9: increment of crystallization temperature (T¢), increment of crystallinity content (Xc),
Young’s modulus (E) and thermal conductivity (TC) of the composites of PP with BNNS and
GNP (5wit%, i.e. 2v%)) as reported in this work (reference, R) compared to benchmark data
(benchmark, B).

Property
Material | Tc increment (%) | Xcincrement (%) | E (GPa) TC (W/mK)
R B R B R B R B
BNNS |<9 NA <16 NA <150 |<10 none <40
(2v%)
GNP <9 <14 <30 <10 <1.26 | <500 none <160
(2v%)

Tc and X were benchmarked against the data reported in the literature. E and TC were
benchmarked against the rules of mixture (RoM) and parallel conductor model (PCM)
respectively.

RoM: Ec= n*no* FVF*Er + (1-FVF)*Ewm [64]; where Ec¢ is the Young’s modulus of the
composites, n; is the length efficiency factor (aspect ratio), nois the Krenchel orientation factor,
FVF is the volume fraction of GNP/BNNS, (1-FVF) is the volume fraction of PP, Er is the
Young’s modulus of BNNS/GNP (theoretical values as reported in the literature, see Chapter
2 Table 2.1) and Ewm is the Young’s modulus of PP (from tensile tests data). n; has been
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estimated as 50 (average aspect ratio of BNNS/GNP particles), whereas a value of 8/15 has
been considered for nosince it is more likely that the BNNS and GNP are randomly distributed
in PP (see SEM, DSC). The FVF was calculated by converting the FMF on a basis of 100g of
composites (m) and considering the density of exfoliated graphite (ca 2.2 g/cm®) and exfoliated
boron nitride (ca 2.1 g/cm® for GNP and BNNS respectively. FVF= (FMF*m/pg)/(
FMF*m/pg)+((1-FMF)*m/pm), where pr and pwm are the density of the fillers and PP
respectively.

PCM: TC:= FVF* TCg + (1-FVF)* TCwm, where TCc is the thermal conductivity of the
composites, TCr and TCwm are the thermal conductivity of the filler and the matrix respectively.
For the TC of GNP and BNNS, the theoretical values as reported in the literature (see Table
Chapter 2-2.1) were considered, whereas the TC of PP was taken from the experimental data.

The increment in the crystallization temperature (T¢) for the composites of PP with BNNS and
GNP (5 wt%) was registered as high as 9% compared to the neat PP. There are no benchmark
data for the BNNS composites (at the time of writing) whereas the benchmark data (as collected
from the literature, see Chapter 2- references [184], [186]) for the composites with GNP show
an increase of T of 14% upon filler incorporation. This discrepancy could be associated to the
higher aspect ratio of the GNP grade used by the benchmark data.

The crystallinity content (X¢, DSC) increased up to 16% and 30% when BNNS and GNP were
added to PP respectively. No benchmark data are available for the BNNS composites (at the
time of writing) whereas a benchmark value of 10% was reported for the composites with GNP
(see Chapter 2- reference [226]). The difference between the increment reported in this work
and the one from the benchmark data could be associated to the higher content of GNP used in
the present work (5wt%, ca 2v%).

The Young’s modulus (E) of the composites of PP with BNNS and GNP (5wt%) was registered
as high as 1.50 GPa and 1.26 GPa respectively. The RoM used assumes a perfect bonding
between the filler and the matrix, BNNS/GNP particles randomly distributed/dispersed in PP
and low aspect ratio of the BNNS/GNP (AR < 50). It appears that the low AR of the
BNNS/GNP along with the limited adhesion between the filler particles and PP depress the
mechanical properties of one order of magnitude for BNNS and two orders of magnitude for
GNP composites.

The thermal conductivity (TC) of PP with BNNS and GNP showed no change compared to the
neat polymer, whereas an increase of up to 40 W/mK and 160 W/mK was predicted by the
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parallel conductors model. The results could be ascribed to the fact that the aspect ratio of
BNNS and GNP here examined is relatively low (AR <50), therefore phonon scattering occurs
upon application of thermal stimuli, which lower the TC. Furthermore, the random
distribution/dispersion of the anisotropic BNNS/GNP in PP along with the presence of
functionalities (oxidised groups) onto the filler particles could increase the interfacial thermal

resistance, thus lowering the thermal conduction.

The utilisation of a combination of complementary characterisation techniques is
crucial for a comprehensive understanding of the behaviour of composites of BNNS and GNP
with polymer matrices, thus addressing the properties of the final composites (e.g. thermal,
mechanical, rheological), which in turn determine the applications. The information provided
in this thesis could help TS to customise the BNNS/GNP grades to match the structure of the
polymer matrix (backbone chemistry, crystallinity, morphology), thus breakthrough the
masterbatch production market. The next section provides some insights into the possible
applications of TS BNNS/GNP grades as functional additives for the manufacturing of polymer
masterbatches. The comments reported are based on the information available in the literature
and partially on the knowledge acquired from the clients/competitor analysis that the author
performed during a secondment at TS (the complete client/competitor analysis is not reported

as it contains sensitive data in use by the industrial partner, TS).

4.6.1- Proposals to customise TS BNNS/GNP as functional additives in thermoplastic-based

masterbatches

Masterbatches have been exploited for years in the pigments and wide plastics
industries, particularly for packaging applications. With the growth of interest in
nanocomposites, masterbatch technology could find applications in new industrial fields
including aerospace, transportation and construction. A masterbatch of polymer-based
composites with a solid functional additive (filler) is a concentrated mixture where the filler
loading can reach values up to 30-40 wt%. Yet, for industrial applications the typical
concentrations varies between 10-20 wt%, since higher loadings make melt processing more
difficult, due to the increase of viscosity and hardness of the masterbatch being manufactured.
The preparation of masterbatches with nanoparticles such as BNNS and GNP is practical, cost-
effective and sustainable. Masterbatches allow for the storage of the nanomaterials as a pre-

formulation, which can be further diluted with polymer to the desired concentrations in a
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second step. In addition, the use of masterbatches provides for better control over composition
when manufacturing the end-composites, since the direct addition of nanoparticles in small
amounts (up to 1wt%)- typical of real applications- requires accurate scaling systems,
additional costs to processing. Furthermore, potential clients working with polymer composites
do not always possess facilities adequate to handle nanoparticles, thus, arousing health and
safety issues. Yet, the production of masterbatches by expert producers could support and
facilitate the distribution of nanoparticles as masterbatches from the manufacturers to the
clients [65-68].

One of the possible routes for TS to benefit from the masterbatch technology is the
customisation of the BNNS/GNP grades. Specifically, the embodiment of different classes (i.e.
chemical structures) of surfactants during the HPH process could tailor the surface chemistry
of the resulting BNNS/GNP, thus their applications in polymers. With this approach, the
surfactant becomes a functional additive to the BNNS/GNP-polymer system and assumes the
role of a coupling agent [69] between the filler particles and the polymer matrix.
Among the wide range of surfactants available on the market, the use of block-copolymers as
surfactants may be a valid strategy for the modification of the BNNS/GNP as functional
additives in polymers. Block copolymers are copolymers where the backbone is a repetition of
monomers alternated as clusters (blocks). The study of the different classes of block-
copolymers is beyond this project, yet the aim of this section is to propose ideas and
opportunities for the manufacture of composites of thermoplastics with TS BNNS/GNP. By
way of example, block-copolymers having aromatic units alternated by polyolefin units could
be used to prepare BNNS/GNP for polyolefins. Indeed, the aromatic block would interact with
the basal planes of the BNNS/GNP through n-n* interactions, whereas the polyolefin block
would ideally co-crystallize with matrix [70-72], thus linking the filler particles and the
polymer together. The optimization of the BNNS/GNP particle-polymer interactions, would
improve the state of distribution and dispersion of the filler in the matrix, which translates into
the manufacturing of uniform composites. Furthermore, the improvement of the interfacial
interactions particles-polymer would enhance the stress-transfer from the polymer to the filler
throughout the composites. In addition, the ideal co-crystallization of the polyolefin block
exposing out of the BNNS/GNP particles with the polymer matrix would facilitate the growth
of crystalline domains around the filler platelets, which could improve the thermal conduction
([43] and references therein).

The customization of the BNNS/GNP properties (particularly the surface chemistry)

would lead to the manufacturing of a variety of masterbatches not limited to the polyolefins. It
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would be interesting to manufacture BNNS/GNP prepared with block-copolymer surfactants
showing the aromatic units alternated by polyether, polyester or polyamide blocks. The as
prepared BNNS/GNP could be ideally embedded in a whole set of thermoplastics including
polyamides (PA6, PA6,6, PA11), polyesters (PET, PBT, PCL), polyetherketons (PEH, PEEK).
In those case, the interactions between the surfactants and the matrix would probably occur by
hydrogen-bonds and/or polar-polar interactions [73-76].

The interactions between the polymer matrix and the filler particles through the
surfactant could facilitate the control over the alignment and orientation of the filler particles
into a 3D network, ideally acting as thermal (or electrical, GNP) conductive path. The electro-
rheology results explained in this chapter revealed that the application of electrical stimuli
could align the polarizable particles of Y-BNNS-L in HDPE with the possibility to reversibly
control the rheology of the HDPE+Y-BNNS-L composites. The use of surfactants linking
polymer chains and BNNS together could favour the control over the orientation of the BNNS
in the HDPE, which could be useful in the production of masterbatches for soft-electronics
were the 3D network of BNNS in the matrix is triggered on-demand.

The manufacturing of masterbatches of thermoplastics with BNNS/GNP is not exempt
from challenges. A masterbatch contains high amounts of nanoparticles, thus, entailing
concerns on the health and safety. To minimize the handling of nanoparticles, it would be
interesting to use BNNS/GNP as concentrated-water dispersions, to be added in the polymer
matrix during extrusion. With the use of BNNS/GNP-concentrated water dispersions there
would be no need to handle the solid nanoparticles during the manufacturing of the
masterbatches [77]. Furthermore, the solvent used during the HPH by TS is water. The
preparation of BNNS/GNP-concentrated water dispersions would limit the evaporation step
during the HPH, thus optimizing the exfoliation process. Certainly, different issues are related
to the approach described. By way of example, the melt mixing of polymers at high
temperatures in presence of water could degrade the matrix. To prevent this phenomenon, it
may be helpful to use low melting temperature polymers (e.g. LDPE, PEG) and/or adding
thermal/oxidising stabilisers in the BNNS/GNP-concentrated water dispersions.

The proposals of using block-copolymers to design the surface chemistry of TS
BNNS/GNP are innovative and practical, yet a thorough study is required to investigate their

role as surfactants/compatibilizer for composites of polymers with BNNS/GNP.
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Composites of thermoplastic polymers with boron nitride nanosheets (BNNS) and
exfoliated graphite nanoplatelets (GNP) are increasingly sought after as, light, functional and
sustainable materials for exploitation in a variety of applications including automotive,
aerospace, electronics and energy.

The addition of BNNS and GNP (fillers) into polymers can enhance the properties of
the polymer matrix (e.g. thermal, electrical (GNP only), mechanical, and rheological) if
effective dispersion and distribution of the filler in the polymer phase is attained and interfacial
interactions between BNNS/GNP platelets and the polymer realized. Indeed, when the BNNS
and GNP are uniformly distributed and dispersed in the polymer matrix, ideally as a 3D
interconnected particle-particle network and the interfacial energy with the polymer chains is
minimized, it is possible to improve significantly the thermal and electrical conductivity and
mechanical properties of the polymer matrix of interest. Yet, there is little literature available
on the manufacturing of thermoplastic-based composites with BNNS/GNP using industrial
relevant manufacturing technologies, e.g. extrusion and injection moulding, limiting the

exploitation of these functional composites on a large scale.

In this thesis, composites of isotactic polypropylene (PP) and high-density polyethylene
(HDPE) with BNNS and GNP were manufactured by melt-mixing and the morphology,
crystalline structure, rheological and mechanical properties of the resultant composites studied
using a range of techniques. The nano-fillers were provided by the industrial partner Thomas
Swan & Co. Ltd (TS) and prepared using a proprietary high pressure homogenisation process
(HPH, Chapter 1). Various grades of BNNS and GNP were utilised, which differed from each
other depending on the type of bulk starting materials (hexagonal boron nitride for the BNNS
grades and graphite for the GNP grades) and the surfactant used during HPH. It was found that
the morphology of the bulk starting materials defined the geometry of the exfoliated BNNS
and GNP whereas the solvent (water) and the surfactants fed into the HPH process determined
the surface chemistry of the fillers. The BNNS and GNP studied had flake-like morphology
characterized by a distribution of irregular-shaped platelets with lateral dimensions ranging
from 100-200 nanometre (nm) up to 10 micrometre (um). The BNNS and GNP obtained were
highly crystalline with a low defect concentration in the crystal lattice. Some functionalities
(oxidised groups) were detected on the surface of the platelets, in part derived from the

surfactants present in trace amounts on the surface of the platelets, which imparted hydrophilic
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characteristics to the nanoparticles. The BNNS and GNP grades were stable under oxidative
conditions up to 300-400°C.

The 16mm co-rotating twin-screws extruder and micro-injection moulding (Chapter 3)
processes adopted to manufacture the composites of PP and HDPE with the BNNS and GNP
at loadings up to 10 wt% allowed for the preparation of composite materials with different
levels of filler particles dispersion and distribution. Some aggregation of the BNNS/GNP flakes
occurred upon mixing as a result of strong particle-particle interactions preferred over the
particle-polymer interactions. The presence of oxygen containing groups on the surface of the
nanoparticles along with traces of surfactant (i.e. sodium cholate (SC), T and L) played a key
role in determining the state of BNNS/GNP dispersion and distribution in PP. Specifically, it
was found that when the surfactant T was present on the surface of X-BNNS-T it was less
effective. This behaviour was associated with the different chemical structures of the three
surfactants, which in turn determined the mechanism of interactions with the host polymer. It
was proposed that the cyclo-hexane rings of the SC interacted with the non-polar PP, whereas
the polyether-polyol backbone of surfactant T promoted particle-particle interactions, resulting
in agglomeration of X-BNNS-T upon mixing with PP. The backbone of surfactant L has also
a polyether-polyol structure, yet it appeared that the Y-BNNS-L was better distributed and
dispersed in PP than was observed for X-BNNS-T. The reason was ascribed to the different
head structures of the surfactants T and L. Both surfactants are amphiphilic with aromatic
heads, yet the aromatic ring in T contains branched functional groups whereas the aromatic
head of L does not contain such functionality. The surfactant L could “flip” as Y-BNNS-L was
added to PP, thus exposing the aromatic head to PP, which could promote non-polar
interactions with the polymer chains - most likely between the m-conjugated system of the
aromatic head of L and the CH> groups of PP - therefore, facilitating the distribution and
perhaps some dispersion of Y-BNNS-L in PP. On the other hand, the branched functionalities
on the aromatic head of T make “flipping” less probable, therefore it is more likely that the
surfactant exposed the polyether-polyol tail when admixing X-BNNS-T into PP, thus
aggregation of the nanoparticles is more likely.

The inclusion of SC assisted the distribution and perhaps dispersion of X-GNP-SC in PP more
than the surfactant L (X-GNP-L/Y-GNP-L). It was proposed that for surfactant L the polyether-
polyol tails are exposed to the GNP platelets while attempting to “flip” upon inclusion in PP.
However, the relatively stable GNP aromatic structure repulsed the polyether-polyol tail of
surfactant L, thus making “flipping” less probable. As a consequence, the polyether-polyol tails

of L exposed to PP and resulted in filler agglomeration.
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The interactions between BNNS/GNP and PP, perhaps through the surfactant, the extent of
filler distribution and dispersion in the polymer - in part related to the mixing efficiency during
extrusion, the melt flow during injection moulding, filler-polymer interactions and the lateral
dimensions of the platelets - altered the polymorphism and nucleation behaviour of PP. It was
found that at low filler content (< 0.5wt%) the inclusion of X-BNNS-SC and X-BNNS-Y
favoured B-PP crystallization more than X-BNNS-T, perhaps as a result of the limited
interactions between X-BNNS-T and PP. At higher filler content (> 0.5wt%), the combination
of filler agglomeration and lateral size, particularly for the large platelets of Y-BNNS-L (up to
10 um), hindered polymer chain dynamics and thus the crystallization of B-PP (XRD).

The addition of X-GNP-SC, X-GNP-L and Y-GNP-L promoted the 3-crystallization of PP, yet
X-GNP-SC appeared to facilitate the crystallization of -PP more than X-GNP-L and Y-GNP-
L. Again, the reason of this discrepancy was associated to the more effective interactions
between PP and X-GNP-SC- probably due to the surfactant SC- compared to X-GNP-L and Y-
GNP-L (XRD).

The BNNS/GNP particles acted as nucleating agents in PP, manifested by an increase in the
crystallization temperature Tc up to 10-15°C compared to PP as determined by DSC. This
aspect is helpful in perspective of manufacturing composites of PP with BNNS/GNP on large
scale, since the increase of T¢ could result into a reduction of the injection moulding cycle (less
energy consumption, i.e. more sustainable process).

The lateral dimensions of the filler particles in combination with effective mixing determine if
percolation, i.e. formation of an interconnected 3D particle-particle network in the PP matrix,
occurs. The addition of 5wt% Y-BNNS-L (lateral size up to 10 um) in PP did achieve
rheological percolation. However, the formation of a 3D network of filler particles in the
polymer does not translate to an increase in composite thermal conductivity. Indeed, orientation
of filler particles as well as interfacial interactions with the polymer played a role in obtaining
limited increases in thermal conduction. Specifically, the random distribution and/or large
thermally resistant interfaces cause phonon scattering and lower the thermal conductivity (TC).
For that reason, no improvement in the TC was detected when comparing the composites
PP+Y-BNNS-L with the polymer alone.

The state of distribution and dispersion of the filler particles in PP, the intrinsic rigidity of the
BNNS/GNP and the change of the polymorphism of PP upon inclusion of the fillers examined
determined the mechanical properties of the prepared composites. The addition of X-BNNS-
SC, Y-BNNS-L and X-GNP-SC in PP determined an increase in the Young’s modulus of PP
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by 20%, whereas a decrease in the Young’s modulus of PP by ca 20% was registered when X-
BNNS-T, X-GNP-L and Y-GNP-L were added in PP.

The viscosity and crystallization mechanisms of the polymer matrix also play a fundamental
role in the distribution and dispersion of the nanoparticles upon mixing. The high melt viscosity
and the rapid crystallization kinetics of HDPE probably caused the exclusion and
agglomeration of the filler particles as the polymer crystallized during injection moulding. The
exclusion of the filler particles into aggregates upon crystallization of HDPE did not change
the crystalline content and polymorphism of HDPE - as determined by XRD - but affected the
mechanical properties of the final composites. Indeed, a decrease of ca 20% of the Young’s
modulus of HDPE upon inclusion of the X-BNNS-SC and X-GNP-SC was registered. The
exclusion and the agglomerations of the filler particles in HDPE also obstructed the rheological
percolation. However, it was proved that the addition of a filler with large platelets- such as the
Y-BNNS-L (lateral size up to 10 um) - and the application of electrical impulses could promote
the rheological percolation, as noticed by the electro-rheology measurements. Probably, the
application of an external electrical field aligned the large Y-BNNS-L particles in the molten

HDPE, thus favouring the particle-particle and/or particle-polymer connectivity.

5.1- Experimental proposal for future study

The outputs and ‘know-how’ acquired during the work described in this thesis has
supported TS in their understanding on the requirements for effective dispersion and
distribution of their 2D materials in polymers. In particular, the effect of BNNS/GNP addition
on the morphology, rheology, and mechanical properties of PP and HDPE is now better
understood.

In order to achieve optimum property enhancements of the polymer matrix of interest on
addition of BNNS or GNP, future work should address the following aspects:

I.  The mechanism(s) of interaction between SC, T, L, and other surfactants present in
traces amounts in BNNS/GNP with the PP require further study. For that purpose, solid
state *C Nuclear Magnetic Resonance (**C NMR) and Electron Energy Loss
spectroscopy (EELS) could be used.

ii.  The state of nano-filler dispersion and distribution in PP and HDPE during melt mixing,
particularly during injection moulding. For that purpose, capillary rheology (high shear)

coupled with a modelling study on the melt flow of the composites during injection
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moulding could help inform the mechanism of distribution and dispersion of
BNNS/GNP in the polymer matrix.

Polymorphism and crystallization behaviour of PP upon inclusion of BNNS or GNP by
using simultaneous Wide-Angle X-Ray Scattering (WAXS) to Small-Angle X-Ray
Scattering (SAXS), Modulated Differential Scanning Calorimetry (DSC) and polarized
hot-stage optical microscopy under both isothermal and non-isothermal conditions. The
aim is to understand the way the PP chains arrange, nucleate and crystallize near or on
the BNNS/GNP particles, thus determining the crystalline structures, which affect the
properties of the final composites e.g. mechanical, thermal and electrical (GNP
composites only) properties.

Kinetics of HDPE crystallization in the presence of BNNS/GNP by DSC and optical
microscopy. It would be interesting to explore methods to slow the kinetics of
crystallization of HDPE. By way of example, the introduction of co-monomer units of
PP in the HDPE backbone could delay crystallization.

Study composites of BNNS/GNP with more polar polymers than PP and HDPE, e.g.
PET, PAG6, PA11, to assess the effect of the surfactants (SC, T, L) on filler dispersion
in alternative polymers.

The addition of processing aids during melt-mixing to vary the melt viscosity of HDPE
or PP thus varying the shear stresses acting on the 2D materials during melt mixing. By
way of example, it would be interesting to synthetize ad-hoc block copolymers with
monomers of polyether-polyol alternated to monomers of i-PP. By doing so, the
polyether-polyol segments would interact with the tails of the surfactant T and L by
polar-polar interactions, whereas the i-PP segment would interact with the PP matrix -
ideally co-crystallize - thus promoting the interfacial interactions between the X-
BNNS-T, Y-BNNS-L, X-GNP-L, Y-GNP-L with PP. The optimization of the
interfacial bonds between the filler particles and PP would improve dispersion and the
stress-transfer between filler and polymer.

Optimization of the extrusion process. It would be interesting for future work to
perform a systematic study on the extrusion process to obtain the optimal conditions
for the manufacturing of composites of PP/HDPE with BNNS/GNP, including varying
the screw configuration, screw speed, temperature profiles and feeding protocol. It is
been reported in the literature that the narrower the width of the kneading elements, the
more efficient the distributive mixing, whereas the wider the kneading mixing elements

the better the dispersive mixing. Therefore, a combination of kneading elements of
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different widths could optimise the state of BNNS/GNP dispersion and distribution in
the polymer, without degrading the lateral dimensions of the platelets. The screw speed
determines the residence time of the material in the extruder. If the screw speed is too
high, the composite being processed may not have enough time to be evenly mixed. If
the polymer is shear sensitive, then degradation may occur. Therefore, for a given screw
configuration and temperature profile, a numerical/modelling analysis could predict the
optimal screw speed to maximise output of a uniform mixed composite material. It
would be also interesting to observe the effect of higher L/D ratios on the state of filler
distribution and dispersion (L/D=40 for the extruder used in this work). It is been
reported in the literature that high L/D ratios (longer flight length) generate more shear
heat with increased residence time, which could improve the homogeneity of the
composites.

The optimization of the temperature profile could be attained through a “progressive
temperature set-up” study. This approach consists of leaving the temperature profiles
as set in Chapter 3 but changing the temperature of one zone of the extruder at a time
(e.g. in increments/decrement of 10°C), starting from the zone 1. The output is then
measured and the optimal temperature per each zone would be that resulting in
maximum output. The feeding protocol can also play a crucial role in optimising the
extrusion process. Volumetric feeders guarantee better control and avoid the build-up
of material at the extruder feeding zone. However, when mixing powders of different
dimensions and density (i.e. polymer and filler powders), the composition inside the
feeder may be non-uniform as the feeder feeds the extruder. One possible solution to
this problem is the insertion of a screw inside the feeder coupled to an external
ultrasonic vibrating plate, which constantly mixes the powder along and across the
feeder from the upper side to the throat of the extruder.

Critically, the optimization of the extrusion process needs to be coupled with the
optimization of the injection moulding process (see point ii) in order to improve the
entire processability of the composites.
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APPENDIX

Al.l1- Additional experimental results of TS BNNS and GNP grades characterization

X-ray photoemission spectroscopy (XPS) survey spectra of TS BNNS and GNP
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Appendix 1: XPS survey spectra of X-BNNS-SC (a)), X-BNNS-T (b)), Y-BNNS-L (c)), X-
GNP-SC (d)), X-GNP-L (e)), Y-GNP-L (f)). The Binding Energy and the Atomic percentage

(At%) of each atom detected are also reported.



APPENDIX

Thermo-gravimetric analysis (TGA) graphs of TS BNNS and GNP grades
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Appendix 2: weight (%/100) and 1% derivative of weight (DTGA) profiles in function of the
temperature (T(°C)) for X-BNNS-SC (a)), X-BNNS-T (b)), Y-BNNS-L(c)), X-GNP-SC (d)),
X-GNP-L (e)), Y-GNP-L (f)). The temperature of onset-degradation (Tonset) are also indicated.
(9) depicts the TGA curves of the surfactant SC along with the TGA curves of the X-BNNS-
SC and X-GNP-SC.
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Al.l1l- Rheological profiles of composites of HDPE with Y-BNNS-L by oscillatory

rheology
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Appendix 3: Complex viscosity (Jn*|) and Storage modulus (G’) in function of the angular

frequency (w) for the HDPE and its composites with Y-BNNS-L (5wt%).
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Thermal conductivity makes hexagonal boron nitride (h-BN) a promising functional filler for polymers to produce
2D boron nitride composite materials where excellent thermal management is required, such as in electronic de-
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vices. Theoretical studies have revealed that two dimensional (2D) BN has higher thermal con-
ductivity (up to 400 Wm ™' K™%, in-plane) than bulk h-BN due to a reduction in phonon-phonon
scattering when scaling down the thickness of the material. For this reason, 2D boron nitride
nanosheets (BNNS) are gaining intense interest since they could be utilised in the design of
composite materials with excellent efficiency to dissipate heat. Various methods have been ex-
plored to produce 2D BNNS including mechanical and chemical exfoliation of pristine bulk BN,
chemical reaction, chemical vapour deposition (CVD) and electron irradiation. To facilitate the
dispersion of BNNS in polymers, different functionalization strategies have been applied for
surface-treatment of BNNS. In this review, the different synthesis approaches adopted for BNNS
are compared and the effects of BNNS dispersion on the thermal conduction of polymers are
discussed. The factors influencing the mechanism of thermal conduction such as materials
crystallinity, filler geometry, filler surface functionalization and alignment, filler/matrix inter-
face and processing conditions are discussed. Some perspectives and future directions on how to
generate high thermally conductive composites of BNNS and polymer are proposed.
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2D Boron Nitride Nano-sheets (BNNS) were prepared using a high-pressure homogenisation process to
exfoliate bulk hexagonal boron nitride (h-BN). The effectiveness of this process was studied by character-
ising bulk h-BN and BNNS post-processing using numerous techniques. The BNNS produced was com-
posed of a mixture of sheets having lengths on the nanometre (nm) scale, but lateral thicknesses on the
micron (um) length scale. The product was a macro-porous material containing slit-like pores with a
surface area of 170 m? g’l. It had a polycrystalline structure with dgg> = 0.335 nm and Lo, = 2 nm. From
the sharp E,4 peak in the Raman spectrum at 1360 cm™ (FWHM = 12.5 cm™), the sheets had a low
Received 9th August 2018, defect density and were highly exfoliated. X-Ray photoelectron spectroscopy (XPS) studies detected
Accepted 7th October 2018 B—-OH and N-H groups on the BNNS surface and the presence of residual surfactant. Contact angle
DOI: 10.1039/c8nr06429f measurements (60° + 3° (0 s); 40° + 2° (10 s)) confirmed a hydrophilic surface. The BNNS was thermally

rsc.li/nanoscale stable under oxidative conditions up to 323 °C.
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Characterisation of graphite nanoplatelets (GNP)
prepared at scale by high-pressure homogenisation
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Graphite nanoplatelets (GNP) were prepared by a high-pressure homogenisation process (HPHP) via
exfoliation of bulk graphite, yielding GNP in the form of square shaped platelets with lateral
dimensions on the micrometre

um) scale and thicknesses on the nanometre (nm) scale (<200 nm).
The platelets have a polycrystalline structure with dgg, = 0.335 nm and Lgg2 = 2 nm, with a low
crystalline defect concentration confirmed by weak D and D’ bands in the Raman spectra. The shift in
the G band from 1587 cm™! (graphene) to 1580 cm™ (GNP) and the asymmetric G’ band combined
with a decrease in Ig//lg from 0.45 for the bulk graphite to 0.40 for the GNP confirmed a partially
exfoliated structure. X-ray photoelectron spectroscopy (XPS) confirmed the presence of impurities on
the GNP surface due to the surfactant used during the exfoliation process. Contact angle
measurements (67° + 2° (0 s), 64° + 2° (10 s)) suggested the surface of the GNP was hydrophilic. The
as produced GNP is a macro-porous material with sheet-like particles having non-uniform shape and
size and a BET surface area of ca. 94 m? g~1. The GNP is thermally stable under oxidative conditions
up to 430 °C. The HPHP process is readily scalable and provides a cost effective route for the
production of GNP.

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. C, 2019, 7, 6383-6390 | 6383
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Abstract: The effects of graphene nanoplatelets (GNPs) on the nucleation of the 3-polymorph of
polypropylene (PP) were studied when melt-mixed at loadings of 0.1-5 wt % using a laboratory
scale twin-screw (conical) extruder and a twin-screw (parallel) extruder with L/D = 40. At low GNP
loadings (i.e., <0.3 wt %), the mixing efficiency of the extruder used correlated with the 3-nucleating
activity of GNPs for PP. GNP agglomeration at low loadings (<0.5 wt %) resulted in an increase
in the B-phase fraction (Kj) of PP, as determined from X-ray diffraction measurements, up to 37%
at 0.1 wt % GNPs for composites prepared using a laboratory scale twin-screw (conical) extruder.
The level of GNP dispersion and distribution was better when the composites were prepared using
a 16-mm twin-screw (parallel) extruder, giving a K increase of 24% upon addition of 0.1 wt %
GNPs to PP. For GNP loadings >0.5 wt %, the level of GNP dispersion in PP did not influence the
growth of B-crystals, where Kz reached a value of 24%, regardless of the type of extruder used.
From differential scanning calorimetry (DSC) measurements, the addition of GNPs to PP increased
the crystallization temperature (T¢) of PP by 14 °C and 10 °C for the laboratory scale extruder and
16-mm extruder, respectively, confirming the nucleation of PP by GNPs. The degree of crystallinity
(Xc%) of PP increased slightly at low GNP additions (<0.3 wt %), but then decreased with increasing
GNP content.

Keywords: poly(propylene); graphene nanoplatelets (GNPs); nucleation; 3-polymorph

1. Introduction

The microstructure of polymer polymorphs, in terms of crystalline content, crystallite type,
and size (i.e., packing geometries) formed upon cooling, is widely influenced by processing conditions
as well as the presence of additives [1]. Isotactic polypropylene (PP) (i-PP) is a polymorph thermoplastic
polymer with chains arranged in a helical conformation. The polymorphism of i-PP is derived from the
different crystalline geometries (unit cells) in which the helices pack, namely monoclinic («), trigonal
(B), and triclinic (y). A metastable smectic (5) phase consisting of helices with a highly disordered
arrangement can be obtained by quenching molten i-PP below 0 °C [2,3]. The x-form is the most
common and stable polymorphic phase of i-PP. However, with increasing requirements and demand
for lightweight materials, there has been significant interest regarding the (3-polymorph of i-PP, which
has a higher impact strength and toughness than the o-polymorph of i-PP [4-6]. The mechanical
properties of the 3-form are associated with its peculiar broad lamellae morphology. The lamellae
form coplanar stacks where the plane twists along the growth direction and the (3-spherulites form
exhibit 3D banded structure lamellae. A schematic of « and 3 crystals of PP is shown in Figure 1.
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a-PPcrystal  B-PP crystal

Figure 1. Schematic representation of oc and 3 crystals of polypropylene (PP) showing a spherical and
banded structure, respectively, as they would be seen under polarized light microscopy. The dotted
lines contour the simulated PP chain to highlight their different arrangements in the two crystals.

As aload is applied on (3-i-PP above the necking point, the banded lamellae start to separate and
defold, undergoing a 3- to a-phase transition. This leads to a slight increase in tensile stress (strain
hardening), especially at low deformation rates. The necked specimen then deforms to break at relative
high stress [7-10]. Furthermore, Jacoby et al. have reported that the coupling between the crystalline
and amorphous regions in (3-i-PP is weaker than in o-i-PP, thus enhancing the mechanical damping
behavior of the 3-form [11]. The combination of lamellae morphology, the (3- to a-phase transition,
and damping behavior make (3-i-PP tougher than o-i-PP.

Several methodologies, including shear-induced crystallization [12-16], crystallization in a
temperature field gradient, quenching from the melt, vibration-induced crystallization, ultraviolet
(UV) irradiation, and the addition of specific nucleating agents have all been applied in the past years
to produce (3-i-PP ([10] and references therein). Previous studies have reported that the addition of
1D/2D nanomaterials to i-PP promote the nucleation and growth of 3-spherulites, such as clay [17],
octadecylamine-functionalized single-walled carbon nanotube (SWCNTs) [18], and graphite [19]:
However, the effect of graphene nanoplatelets (GNPs) has been reported much less [3]. It has
been reported that GNPs promote a-nucleating formation in PP composites prepared by twin-screw
extrusion [3].

In this work, composites of i-PP and GNPs were prepared by melt mixing techniques
(i.e., extrusion and injection molding) in order to study the effect of GNP addition as a 3-nucleating
agent for PP. We show a correlation between mixing, depending on extruder type, and the 3-nucleating
efficiency of GNP. As research efforts on functional composites with carbon additives continue
to increase unabated for a range of diverse applications (e.g., automotive, electronics, tissue
engineering) [20-23], it is essential to understand the effects of processing on the properties of
the final composites. Therefore, this study aimed to correlate the effect of GNP addition on the
crystallization behavior of PP and understand the role that the processing conditions employed in
composite preparation play in inducing PP crystallization.

2. Materials and Methods

PP (material grade 1063L1, melt flow rate (MFR) = 8.0 g/10 min as reported in the data sheet
provided by the supplier) was purchased from ExxonMobil, Baytown, TX, USA, and delivered in
pellet form. GNP powder was kindly provided by Thomas Swan & Co. Ltd, Consett, UK, and had an
average lateral size on the order of 10 um and a thickness in the range of 100 nm to 200 nm.

The PP was cryo-milled to a powder in a freezer mill (SPEXSamplePrep) before being dry-mixed
manually with the GNP powder. Composites of PP with GNPs up to 5 wt % were first prepared using
a laboratory scale extruder (Thermo Scientific, HAAKE Lab, Waltham, MA, USA), which was fitted
with twin conical screws (nonmodular, screw diameter = 5/14 mm (conical), screw length = 109.5 mm).
Each composition post-melt mixing was fed directly to a microinjection molding machine (Thermo
Scientific, Multijet Plus, Waltham, MA, USA) to prepare test specimens for characterization. Table 1
lists the processing conditions used to produce all samples.
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Table 1. Laboratory scale microextruder and mini-injection molding processing conditions.

T €0 Injection Injection
Extrusion Molding T Molding T Injection Pressure after Time of
US19 (°C)-Harvesting (°C)-Mold Pressure (bar)  Injection (bar) Pressing (s)
Barrel .
Cylinder Holder
175 190 50 600 200 5

The same compositions were also prepared using a 16-mm co-rotating parallel twin screw extruder
(PRISM ThermoFischer Scientific), L/D = 40. The screws were fitted with feed screw (FS) 45/45
forward and mixing elements properly oriented to each other to guarantee optimal mixing conditions.
In particular, the adopted screw configuration starting from the feeding zone to the die was as follows:

e 10 FS followed by 0-90°/4/12, 0°/4/12, and 90-0° /4/12 mixing elements, with respect to the last
FS element offset;

e 6 FS elements followed by 0°/6/18 mixing elements;

e 9 FS elements followed by 0°/4/12, 0-90° /8/24 mixing elements;

e 7 FSelements to close the screws assembling.

The orientation of the mixing elements was based on the optimization of the highest mixing
conditions (0-90°) with the lowest one (0°), as suggested by the manufacturer. The advantage of the
parallel twin screw extruder over the conical one was its ability to modulate the screw configuration
according to the desired properties.

The temperature profile used from the feed to the die end was set to 170 °C, 180 °C, 185 °C, 190 °C,
190 °C, 195 °C, 195 °C, 200 °C, 205 °C. The molten composite filament was drawn from the extruder,
cooled in a water bath, and pelletized using a laboratory pelletizer. The pellets were collected and
processed using the same microinjection molding machine and processing conditions, as per Table 1.

In both instances, disks 25 mm in diameter and 1.7 mm thick were prepared, and samples were
taken from these discs for scanning electron microscopy (SEM), differential scanning calorimetry (DSC),
and X-ray diffraction (XRD) measurements.

SEM imaging was carried out using a Zeiss Sigma field emission instrument, provided with a
Gemini column. The images were recorded using an InLens detector, a working distance of 3.2 mm,
and an acceleration voltage of 5 kV. The samples were cryo-fractured and placed on a carbon adhesive
tape mounted on an aluminum SEM stub. Before testing, the samples were sputter-coated (10 nm)
using a Pd /Pt metal target (Cressington 108 auto), provided with a thickness controller. The coating
was applied to minimize charging on the surface of the sample due to the backscattering of the electron
beam when hitting non-electrically conductive materials and under a weak argon atmosphere.

The crystalline structure of the samples was analyzed by wide-angle X-ray diffraction (WAXD),
using a PANalytical Empyrean X-ray diffractometer. The instrument was equipped with a
Co (Ky7 (A) =1.789 A) source, a PIXcel3D detector, a tube voltage of 45 kV, and a current of 40 A. The
tests were set in reflectance mode with a stage speed of 1 rps.

The thermal properties of all composites, including melting temperature (T,), crystallization
temperature (T;), and degree of crystallinity (X.), were measured by differential scanning calorimetry
(DSC) using a Mettler Toledo DSC1. Two cycles were realized through heating from 25 °C to 200 °C
at 10 °’K/min and cooling to room temperature at 10 °’K/min. The samples were held for 2 min at
200 °C before the cooling step and for 1 min at room temperature before the second heating cycle. The
crystallinity fraction (X,) was calculated according to the following equation:

Xe(%) = G, M



J. Compos. Sci. 2019, 3, 38 40f11

where @pp is the mass fraction of PP in the mixture, AH, is the enthalpy of crystallization during
the first cooling, and AH,« is the enthalpy of crystallization of a theoretical PP crystal of infinite
dimensions (207.1]/g, [24]).

3. Results and Discussion

Figure 2 shows representative SEM images of the composite of PP with 5 wt % of GNPs prepared
with a laboratory scale extruder (Figure 2a—c) and the 16-mm extruder (Figure 2d—f). The differently
designed extruders imparted different levels of shear stress on the composites during melt mixing,
resulting in different levels of GNP dispersion and distribution per unit volume of PP matrix. This
contributed to the nucleation efficiency of GNPs for PP, particularly at low GNP loading.

—

§ L AT

—

Figure 2. Scanning electron microscopy (SEM) images of a composite of PP and 5 wt % graphene
nanoplatelets (GNPs) prepared by the laboratory scale extruder (a—c) and the 16-mm extruder (d—f) at
different magnifications.

Irrespective of the extruder used, it became more challenging to effectively disperse the GNPs
with increased loading. At 5 wt %, agglomerates of GNPs could be seen in the composite prepared by
the laboratory scale extruder (Figure 2a—c). In contrast, good distribution of the GNPs in the polymer
matrix was achieved when using the 16-mm extruder (Figure 2d—f) when this was examined across the
length scales. The application of shear and some extensional flow in the parallel twin-screw extruder
was more effective at higher GNP loadings for breaking down the GNP agglomerates during mixing in
PP, with flakes of ca. 90-nm thickness observed (Figure 2f). The mixing efficiency of the two extruders
influenced the crystallization behavior of PP upon addition of GNPs.

Figure 3a,b shows the XRD patterns registered for neat PP, GNPs, and their composites at different
GNP loadings prepared with both extruders. The fraction of PP 3-phase formed (Kj) for the composites
prepared with the two different extruders as a function of GNP loading was estimated using Equation
(2) [25,26]:

_ Hp
N H,B + Haq + Hap + Hag'

Kpg )
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where Hy is the intensity of the 3(300) peak in the XRD pattern, and Hay, Hay, and Haj are the
intensities of the «(100), x(040), and x(130) peaks, respectively.

38

-
36 4
i 344
/ ‘L GNP| 32
- 30 4
3
e ‘ .28
£ 5wi% GNP| =26 -
: 53
£ . 3wi% GNP| ~ 24+ s . .
W% GNP| 22
0.5wt% GNP 20
03wi% GNP, 18
0.1wi% GNP, .
{ 16 4
PP J
T T 14 - M B e e R B e e e A
40 45 50 00 05 10 15 20 25 30 35 40 45 50
(c) GNP (wt%)
26
|
I GNP
/ 24 ] w
- 224
e
s l
Z | 5wt% GNP | &= 20 -
c ™4
g 3wt% GNP
= W% GNP| 18-
1 ] 0.5wt% GNP|
0.3wt% GNP| 16 -
. 0.1wt% GNP
ey - PP | P ————————— ‘s
T T T T T T T 1 1.‘ L T T T T T Y LS T
15 20 25 30 35 40 45 S0 00 05 10 15 20 25 30 35 40 45 50
(b) 20() (d) GNP (wt%)

Figure 3. XRD patterns of PP, GNPs, and their composites at different GNP loadings prepared with
(a) a laboratory scale extruder and (b) a 16-mm extruder, and the fraction of 3-polymorph formed
(Kp) as a function of GNP loading for composites prepared by (c) a laboratory scale extruder and (d) a
16-mm extruder.

The XRD patterns reported in Figure 3a,b showed the most intense peaks for PP at 20 = 16.5°
«(100), 19.2° 3(300), 20° x(040), 22° «(130), and for the GNPs at 26 = 32° (002). The registered peaks
may have been shifted compared to those reported in other studies, since the X-ray source used in
this work was cobalt, K, (A) = 1.789 A [1,27]. The intensity of the single peak in the GNP pattern at
26 = 32° due to the crystallographic plane (002) increased with increasing GNP loading, as expected.
Furthermore, the peak at 26 = 19.2° 3(300) also increased with increasing GNP content, confirming the
GNPs had a 3-nucleating effect on this PP, irrespective of the extruder used to prepare the composites.
This observation was more evident from a plot of Kj (i.e., total fraction of 3-polymorph formed) as a
function of GNP content in the composite. Specifically, the Kg calculated for the composites prepared
by the laboratory scale extruder had a maximum of 37% at 0.1 wt % GNP, before decreasing to 24% at
0.3 wt % GNP and then remaining constant with increasing GNP loading up to 5 wt %. In contrast, the
Kp calculated for the composites prepared using the 16-mm extruder increased up to 24% at GNPs
= 0.5 wt % and remained constant at higher GNP loading. The difference in Ky at low GNP loading
was associated with the more effective combination of GNP dispersion and particularly distribution in
the 16-mm extruder. This created a system where there was greater interfacial interaction between
GNP filler particles and polymers, which in turn hindered polymer chain dynamics, thus favoring
the growth of -crystallites [1]. However, the difference in Kg was evident only for GNP <0.3 wt %,
since at higher GNP loadings, Kp was constant at 24%, regardless of the extruder used. Clearly, above
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a critical GNP loading of 0.5 wt %, further successive additions of GNP had no further effect on
B-nucleation, but it hindered polymer chain dynamics. GNP particles constrained the movement and
alignment of PP chains on GNP platelets, thus limiting the formation of more [3-crystals, regardless
of the processing method employed. There was no further 3-nucleation above 0.5 wt % GNP [1],
and p-crystallite growth was more sensitive to processing at low filler concentration. It should be noted
that the values for Kz may have had contributions from both processing effects and the incorporation
of GNPs in PP. It has also been reported previously that injection molding can facilitate the formation
of 3-crystals. The melt-flow realized inside the mold upon injection creates a sample with a so-called
“skin-core” morphology, where the skin is subject to high shear. That is, the skin of the sample is richer
in B-spherulites, whereas the core is richer in a-spherulites [7]. In Figure 2c,d, the Kg for the neat PP is
14% (dashed line), derived from both the pre-existent (3-crystals in the as-received raw material and
the 3-crystals formed upon injection molding. Therefore, any further increase in Kg was solely due to
the B-nucleation effect upon GNP addition.

The thickness of o- and p-spherulites within neat PP and its composites at different GNP loadings
was calculated using Scherrer’s equation [28]:

kA

Ly = 7——5—
BrkicosOpk

®)
where k is a constant depending on the modeled shape of the crystallites, with values between 0.89-0.94.
In this case, a k value of 0.90 was used, as pseudospherical-shaped crystallites were considered [29,30].
Here, By is the FWHM (i.e. the full width at half maximum in rad) of the peak corresponding to
the plane (kkl), and 0 is the diffraction angle (rad) of that plane. The thickness of the spherulites was
calculated along the (040) and (300) directions related to the crystalline planes «(040) and (3(300),
respectively. Regardless of the extruder employed, the thicknesses were estimated as 20 nm for the
-spherulites and 10 nm for the a-spherulites, in good agreement with the Transmission Electron
Microscopy (TEM) evidence reported in Reference [31]. Therefore, since Ky increased with GNP
loading up to 0.5 wt % GNPs and no change in the thickness of the 3-lamellae was detected, it is
possible to assert that GNPs facilitated the formation of either larger lamellae or a higher number of
comparable/smaller lamellae than neat PP. Table 2 summarizes the main results from the XRD analysis.

Table 2. X-ray diffraction (XRD) results summary.

Material 26 (°) Crystalline Planes
16.5 «(100)
19.2 3(300)
20 «(040)
PP 22 «(130)
25 «(111) + 3(301)
25.7 «(041) + x(131)
30 «(060)
GNPs 32 (002)
Kg 24% at GNP > 0.5 wt %
L -spherulites = 20 nm (0-5 wt % GNP)
ikt a-spherulites = 10 nm (0-5 wt % GNP)

Figure 4 shows the DSC curves for neat PP and composites of PP with different loadings of GNPs.
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Figure 4. Differential scanning calorimetry (DSC) thermograms (heating and cooling) of composites
of PP with GNPs at different loadings prepared using a laboratory scale extruder (a—c) and a 16-mm
extruder (d—f) and the change in crystallization temperature (AT,) as a function of GNP loading for the
samples prepared with a laboratory scale extruder (g) and a 16-mm extruder (h).

The first heating thermograms (Figure 3a,d) show broad and asymmetric peaks confirming the
coexistence of a-PP and (3-PP crystals, as evident from the shoulder in the melting peaks at around
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165.5 °C, for a GNP loading of 1 wt % for the samples prepared with the laboratory scale extruder and
0.1 wt % and 0.3 wt % for the ones prepared with the twin-screw extruder. These results suggest a
change in PP polymorphism upon filler incorporation, as previously confirmed by XRD experiments.
However, the 3-PP polymorph content increased from the neat PP to the composites with 0.5 wt %
GNPs in the XRD spectra, but a similar trend was not visible in the DSC thermograms. The reason for
this discrepancy may have been due to the 3—o phase transition during the first heating step in the
DSC experiment, which resulted in overlapping of the peaks associated with the two polymorphic
forms [3].

The first cooling thermograms (Figure 4b,e) show a shift toward higher temperatures upon GNP
incorporation. In particular, T, increased from 116 °C for the neat polymer to 132 °C and 126 °C for the
composites with 5 wt % of GNPs prepared by the laboratory scale extruder and the 16-mm extruder,
respectively. For composites prepared using the 16-mm extruder, the nucleation of PP upon addition
of GNPs manifested as an increase in the T, of PP, obtained for a GNP loading as low as 0.1 wt % GNP.
Further increasing the loadings of GNPs did not result in more nucleation or increased T,. This may
have been associated with the even distribution of GNPs throughout the PP matrix, which constrained
PP chains in a confined space delimited by filler particles, thus delaying crystallization with no further
increase in T,.

The second heating thermograms (Figure 4c,f) show broad peaks after GNP addition, yet are more
symmetric than those obtained during the first heating. The controlled cooling cycle realized during
the DSC measurements produced a material with a narrower crystallite size distribution compared
to the material cooled by injection molding (i.e., narrower peaks should have been recorded during
the second heating cycle). However, the melting peaks (T};) of the composites in the second heating
thermograms (Figure 4c,f) are as broad as the ones in the first heating curves. This was because of the
-« phase transition, which caused superimposing of the peaks related to the 3—o phase transition
and «-spherulite melting [10,26].

The variation in crystallization temperature (AT,) recorded during the first cooling cycle (for the
composites prepared with both extruders) as a function of GNP loading is reported in Figure 4g,h.
A nucleating effect (AT, increase) was detected for the samples prepared using both extruders:
However, AT, increased by up to 14 °C and 10 °C for the composites prepared using the laboratory scale
and 16-mm extruder, respectively, for a GNP loading of 5 wt %. The thermal properties determined
from the DSC measurements are listed in Table 3.

Table 3. Melting temperature (T);) and enthalpy of melting (AH;;) from the second heating;
crystallization temperature (T¢), enthalpy of crystallization (AH,), and crystallinity (X.%) from the first
cooling at different GNP loadings; a/b = samples prepared by 16-mm extruder/samples prepared by
laboratory scale extruder.

. T, (°C) AHy, (J/g) T, (°Q) AH, (J/g) X (%)
Fllle(rr fgr;tent Second Heating  Second Heating First Cooling First Cooling First Cooling
whre (a/b) (a/b) (a/b) (a/b) (a/b)

0 170 102 116 97 47
0.1 163/163 109/101 124/125 100/97 48/47
0.3 163/163 111/106 124/124 103/99 50/47
0.5 163/164 110/103 124/123 102/95 49/45

1 164/164 109/106 125/124 99/97 47/46

164/164 105/101 125/130 94/94 44/44
5 165/164 102/98 126/130 93/90 43/41

In Table 3, it should be noted that the T}, of PP after the second heating cycle decreased by 5 °C
when 5 wt % GNPs were added, regardless of the extruder type employed. The addition of corrugated
GNP platelets [32] may have hindered the crystallization of polymer chains, especially at higher filler
loadings, and thus a larger fraction of PP amorphous phase formed and T,, was depressed. This
phenomenon was evident from the change in crystalline content (X %), which increased to 50% when
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GNPs were added at 0.5 wt % before decreasing to 43% when GNPs were added at loadings up
to 5 wt % for the samples prepared by the 16-mm extruder. At GNPs < 0.5 wt %, PP chains were
free to crystallize in a defined geometry, which was more unlikely to happen at higher filler loadings
>0.5 wt % due to the constraint realized by GNP particles [1]. Furthermore, GNP particles are thermally
conductive (values of up to 7000 W/mK at room temperature have been reported [33,34]), whereas PP
is a thermal insulator: Thus, a more efficient thermal dissipation was realized during the cooling cycle
where GNP particles were present, forcing nearby neighbor PP chains to crystallize faster than those
further away. This might have contributed to the formation of the amorphous phase. Crystallinity
(%) did not follow any particular (allowing for DSC error) trend for the samples prepared with the
laboratory scale extruder, perhaps due to variable and non-uniform distribution of GNPs in PP.

The values of T, and the degree of crystallinity (%) for PP upon GNP addition revealed that
the most effective nucleating effect occurred for a GNP loading of 0.5 wt %, which coincided with a
saturation of the (3-nucleating effect (detected from XRD measurements) (Figure 3). However, it was
not possible to make informed conclusions on the 3-nucleation of PP by GNPs from the DSC results,
as the heating and cooling cycles resulted in an overlapping of the «—f3 transition and the x-polymorph
crystallization during the first cooling, regardless of the type of extruder used [7,10]. AH,, and AH, of
the composites prepared using the 16-mm extruder increased upon addition of up to 0.5 wt % GNPs to
PP (i.e., either thicker or larger lamellae formed during the heating and cooling cycles. When 5 wt %
GNPs were added, AH,;; and AH, decreased, probably due to the increase in the amorphous phase.
This trend was not detected for the samples prepared by the laboratory scale extruder due to the
inhomogeneity of the samples obtained with this process (GNP agglomeration, see Figure 2).

4. Conclusions

GNPs readily nucleated the 3-polymorph of PP regardless of the extruder type used to prepare
their composites (i.e., laboratory scale twin-screw (conical) extruder and L/D = 16 twin-screw (parallel)
extruder; see XRD). Furthermore, the mixing efficiency when preparing composites of PP and GNPs at
low filler loadings (<0.5 wt %) influenced the formation of 3-crystals within the PP matrix. For low
GNP loadings (<0.5 wt %), dispersion and distribution of GNPs was optimal, PP chain mobility was
more hindered, and the formation of the 3-conformation was preferred. However, the mixing efficiency
was less relevant at higher filler loadings (i.e., >0.5 wt %), since above this the GNP loading saturation
of the B-nucleating effect was obtained. For that reason, no further increase of the B-fraction (Kz) at
GNP loadings >0.5 wt % was observed, irrespective of the extruder used (i.e., low and high mixing
efficiency; see SEM, XRD), with a saturation value of 24% (see XRD).

The nucleating effect of GNPs on PP was also confirmed from the DSC experiments, with an
increase in T, of ca. 14 °C and 10 °C for the samples prepared using the laboratory scale extruder
and the 16-mm extruder, respectively. For the composites prepared with the latter, the 10 °C increase
in the T, of PP was obtained with just 0.1 wt % GNPs, and further successive increasing loadings
of GNPs up to 5 wt % had little or no effect (allowing for instrument error) on T.. The GNPs were
more widely distributed within the PP matrix, and the polymer chains were more constrained, which
delayed crystallization. The addition of GNPs at ca. 0.5 wt % increased the PP crystallinity to ca. 50%
when using the 16-mm extruder, whereas no difference was detected when using the laboratory scale
extruder, probably due to the high filler agglomeration in PP (see SEM). At filler loadings >0.5 wt %,
the crystallinity decreased and a higher fraction of amorphous phase formed. Moreover, during
cooling, there may have been a contribution to the crystallization behavior observed given the high
thermal conductivity of GNPs, which contributed to more efficient heat dissipation in the immediate
environment of the GNP particles, forcing nearby PP chains to crystallize faster than those further
away, leading to a reduction in crystalline content.
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Abstract

Composites of polymers and the graphene family of 2D materials continue to attract great interest due their potential
to dissipate heat, thus extending the in-service life of electronic and other devices. Such composites can be 3D printed
using Fused Deposition Modelling into complex bespoke structures having enhanced properties, including thermal
conductivity in different directions. While there are controversial opinions on the limitations of FDM for large-scale
and high volume production (e.g. long production times, and expensive printers required), FDM is an innovative
solution to the manufacture of small objects where effective thermal management is required and it is a valid
alternative for the manufacture of (micro)-electronic components. There are few papers published on the FDM of
functional composite materials based on graphene(s). In this mini-review, we describe the many technical challenges
that remain to successful printing of these composites by FDM, including orientation effects, void formation, printing
and feeding rates, nozzle and printing bed temperatures and the role each has in determining the thermal
conductivity of any composite product made by FDM. We also compare these initial reports with those on FDM of
other and related carbonaceous fillers, such as multi-walled carbon nanotubes and carbon fibre.

Keywords: 3D printing, Fused deposition modelling (FDM), Composites, Graphene nanoplatelets (GNP), Multi-walled
carbon nanotubes (MWCNTSs), Carbon fibre (CF), Polymers, Thermal conductivity (TC)

Introduction

The need for flexible devices driven by the exigence to
fulfil requirements from an immense variety of cus-
tomers is pushing technology companies towards the
manufacture of soft substrates, which can be folded,
rolled, are portable and environmentally friendly (e.g. re-
cyclable, low energy consuming and low waste). Flexible
nanotechnology is considered a new frontier for the pro-
duction of what are by now considered “primary” goods
such as smart phones, tablets and computers, in particu-
lar towards the idea to “transform” one object into an-
other by simple folding, connecting them or rolling
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them. However, when scaling down the dimensions of
an object, for instance in an electronic device, the heat
generated during operation can represent an issue if the
material the device is made from is not able to efficiently
dissipate heat. Indeed, the excess heat trapped inside the
object might lead to thermal degradation [1-5].
Composites of graphene nanoplatelets (GNP) and poly-
mers continue to arouse great interest as possible route to
dissipating heat, thus extending the in-service life of the
final product. In a crystalline material (regular homoge-
neous structure) the phonons propagates as harmonic
waves and the heat dissipates with no energy loss along
the thermal path. In polymeric systems, the amorphous
regions generates discontinuities (heterogeneous points)
where the phonons scatter, thus, disrupting the thermal
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path [6] (and references therein). For that reason, poly-
mers are thermal insulators yet the addition of functional
fillers such as GNPs, which are thermal conductors, to
polymers may allow the manufacturing of thermally
conductive composites. The basic concept is to create a
3D conductive interconnecting GNP network dispersed
and distributed throughout the polymer matrix so that the
external thermal impulse is transferred from the polymer
chains to the GNP particles throughout the composite [3,
7, 8], with negligible phonon scattering.

Fused deposition modelling (FDM) may be employed
as a manufacturing process to create highly thermally
conductive objects for applications such as flexible nano-
technology. To the best of our knowledge, just a few pa-
pers have been published on GNP composites with
thermoplastics processed by FDM [9, 10]. In this short
review, we highlight the role of FDM as an innovative
process and describe the technical challenges still to be
overcome to produce objects with enhanced thermal
conductivity (TC) made from composites of GNP and
thermoplastics by FDM.

Fused deposition model (FDM)

The ability to build up complex functional structures in
a relatively fast and inexpensive manufacturing process
makes additive manufacturing (AM) technology, com-
monly known as 3D printing, very attractive to both in-
dustry and academia [11-15]. It allows for objects to be
built layer-by-layer based on Computer-Aided Design
(CAD) software where the objects are modelled as a
series of cross-section slices [15]. With the increase de-
mand for light-weight materials having tailored proper-
ties suitable for specific applications, there continues to
intense interest in thermoplastics processed by AM.
While the AM approach has limitations currently with
regard large-scale production as well as with high vol-
umes of bulky objects (i.e. long production times and,
bespoke expensive printers are required), it is an innova-
tive solution to manufacturing micro-size objects [16,
17]. Indeed, the ability to control the size of objects on
small-scale dimensions renders AM a valid alternative in
application areas such as microelectronics.

To date, polymers such as acrylonitrile butadiene styr-
ene (ABS), poly(lactic acid) (PLA), poly (caprolactone)
(PCL), poly (carbonate) (PC) and poly (ether-ether-ke-
tone) (PEEK) among others have been printed by FDM,
a specific AM technique usually employed for thermo-
plastics [11, 18, 19]. In the FDM process with a platform
moving in the direction perpendicular to the nozzles (z
direction), a polymer filament is fed to the printer by a
roller mechanism and addressed to a liquefier where it is
heated above its glass transition temperature (Tg). The
filament, still solid, acts as a piston pushing the molten
polymer through the head print nozzle, which moves in
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the x-y plane, thus placing the material onto a sliding
platform moving in vertical direction (z). When the first
layer is completed, the platform slides down allowing a
second layer to be placed onto the previous one. The
layers adhere to each other as they cool down and the
process ends once the entire CAD-programmed struc-
ture has been built [9, 20, 21]. The FDM process is rep-
resented in Fig. 1 [22].

Requirements for FDM processing

EDM is basically an extrusion process where the homo-
geneity of the feedstock material as well as the thermal,
mechanical and rheological properties are key features
to guarantee the continuity of the printing process and
the quality of the final product [10].

(Nano) filler distribution and dispersion
The printing ability of thermoplastic composites is
highly affected by filler dispersion and distribution in the
polymer matrix since the filler particles can agglomerate
and may clog the print head nozzles causing print jam
[10]. This is detrimental for continuity of the process
hence the quality of the final product, since any inter-
ruption during the printing process produces poor qual-
ity products [10]. Therefore, a preliminary mixing step is
required for filled thermoplastic polymers to obtain
homogeneous composites. By way of example, extrusion
is the most common technique used to process thermo-
plastics and their composites since it is relatively cheap
and environment-friendly, thus very attractive to indus-
try. In particular, twin-screw extruders are largely
employed as they are effective mixer and have de-
volatilization capability. Moreover, the ability to modify
the shape of the die makes extrusion a flexible process
to manufacture material in long filaments with a desired
diameter suitable for feeding to FDM printers [23-26].
It is important to highlight that filler dispersion and
distribution in the polymer matrix depends on several
factors. Besides processing, compatibility between com-
posite components, surface interaction and filler particle
geometry are also key factors to consider in trying to
achieve homogeneous composites having enhanced
chemical, physical and mechanical properties [6, 27, 28]
(and references therein).

Thermal properties of the feedstock
An understanding of the thermal properties of the feed-
stock composite material is also essential. The material
must be heated above the glass transition temperature
(Tg) of the polymer matrix when extruded through the
nozzles and has to remain soft during printing to guar-
antee a suitable flow, without degrading.

For semi-crystalline polymers, the nozzle temperature
is set close to the melting temperature T, (glass
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transition temperature (Tg), for amorphous polymers),
which has not to be high, to prevent severe processing
conditions. On the contrary, the degradation
temperature Tqe, should be high enough and not fall
within the processing temperature range [29]. After
printing, the material is cooled down below its
crystallization temperature T, (T, in case of amorphous
polymers). It is important that the printed layer is still
slightly warm but not totally molten when the next layer
is deposited, to allow adhesion between the layers with-
out shape deformation. Experimental evidence has
shown that for a successful printing procedure T. and
T, should differ by about 5-10 °C [30].

Choosing the right range of temperature could be chal-
lenging when it comes to processing composites since the
filler may alter the properties of the neat polymer. For in-
stance, GNP may increase both Ty and Ty, of the polymer
[31-33], but not the T, thus reducing the range of pro-
cessing temperatures available. Therefore, the choice of
the right polymer matrix having a sufficient high Tge,
must also be considered for the FDM process.

To facilitate the printing procedure, the coefficient of
thermal expansion (CTE) of the material has to be low.
That is, neither expansion nor contraction has to occur
during processing [34]. This is important to guarantee a

consistent output when the material is extruded through
the nozzle and to achieve a consistent geometry when
the material cools down [10].

Rheology
The rheology of the composite material is critical in con-
trolling FDM processing in terms of product flow
consistency and continuity. The viscosity of the material
to be printed has to remain as constant as possible dur-
ing processing, since any fluctuation with temperature
and time results in inconsistent flow and the amount of
material deposited while printing. Additionally, the melt
viscosity has to be low enough, in the range of experi-
mental temperatures to guarantee ease of extrusion
through the nozzle head, thus avoiding high pressure at
the exit, which may damage the printer. The high flow-
ability is not only essential to effectively extrude the
composite material through the nozzle, it also improves
the adhesion between the printed layers when they cool
down, thus minimizing the number of interfaces (voids
generated between two or more touching filaments) [20,
33, 35].

Keeping composite viscosity constant within the range
of operation temperatures is not easy due to the visco-
elastic properties of the polymer matrix. The viscosity of
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the composite may change by passing from the liquefier
to the printing support (different temperatures) as well
as by changing the printing speed (deformation speed).
When the molten composite is extruded from the noz-
zles at a defined speed, it passes through high shear
stress regions (i.e. walls of the nozzles), which deform
the flowing material at a certain rate (shear rate). An in-
crease or decrease of the printing speed alters the shear
rate in the material being processed. As the viscosity of
non-Newtonian polymers depends on the shear rate, a
change in printing speeds may affect the viscosity of the
filament being printed [36, 37]. It follows that only a
range of optimal viscosities under the operative condi-
tions can be defined, which depends on several parame-
ters such as polymer matrix molecular weight, filler/
polymer interaction and filler concentration [20]. For a
given polymer/filler system (i.e. defined polymer molecu-
lar weight and polymer/filler thermodynamics), the vis-
cosity increases with filler content and reaches the
highest value when a percolated network of filler parti-
cles is formed in the matrix. Therefore, the main chal-
lenge to obtaining a consistent flow of thermally
conductive composite during printing is to achieve per-
colation at low filler content to keep the viscosity within
workable range. Therefore, to enhance TC, a low ther-
mal percolation threshold is necessary in order to
process the composite by FDM [38]. Different parame-
ters play a key role in defining the optimal percolation
value such as the cost of the functional material, the 3D
printer specifications (e.g. maximum acceptable pressure
at the nozzle head nozzle) and the polymer/filler system
(i.e. the percolation threshold will change depending on
the polymer/filler system).

Mechanical properties

The mechanical properties of the composites of interest
must also be studied before printing. Flexibility is neces-
sary to covert the composite material to filament before
being fed in to the FDM printer, but it has to be rigid
enough with high mechanical strength to draw it from the
feeding system without being plastically deformed. How-
ever, brittleness is not desired, since the material cannot
break while being pulled from the feeding system. Finally,
the material has to be hard enough to prevent surface
wearing and tearing [30]. The number of parameters to
consider is significant since they depend on the polymer/
filler system and the 3D printer specifications. Moreover,
authors usually pay attention to the properties of the
printed product and very few papers report the character-
istics of the feeding material [9, 21, 39].

Influence of FDM parameters on thermal conductivity
The different parameters discussed above affect the TC
of the FDM printed object although, it is not easy to
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compare quantitatively the effect of each parameter on
the TC after FDM since the printed samples can be
highly anisotropic. Moreover, the effects of voids and
printing orientation, feeding and printing rates, nozzle
and printing bed temperature also need to consider as
they too contribute to the final TC of the printed object.

Void formation and printing direction effects on TC

The layer-by-layer deposition of the composite material
is a key factor in modulating the properties of the final
product since different morphologies at the interfaces
are created. The molten material assumes a spherical
shape when it is extruded from the printer nozzle but, it
becomes more elliptical as deposited onto the substrate,
thus, creating voids between adjacent printed filaments.
The voids break the continuity of the material as insulat-
ing walls against thermal flow. However, if the voids are
aligned along a specific direction a continuous thermal
pathway is realized along the direction perpendicular to
that one. For instance, when an external heat stimulus is
applied to a 3D system x-y-z, a smooth constant thermal
conductive flow is realized along the y-axis if the voids
are all aligned in the x-z direction [9, 40]. It is possible
to control the alignment of voids, hence the thermal
flow, by properly tuning the printing direction as shown
in Fig. 2:

It is evident that when the three layers are all printed
along the y-axis, the voids are oriented in the x-z direc-
tions and a continuous pathway for thermal flow is real-
ized along the y-axis (Fig. 2 (a) and (b)). If one of the
three layers, the middle one in Fig. 2(c) is not aligned in
the same direction, then that specific layer becomes a
discontinuity to the heat flow and thermal conduction
along y-axis is lower, see Fig. 2 (d). In particular, for the
middle layer the voids are aligned along the y-axis and
act as insulating “bubbles” on the thermal flow along
that direction. Shemelys et al. [41] prepared both com-
posites of ABS with graphite and with CNTs by extru-
sion and post-processed them by FDM. The wide
distribution of the voids created upon printing resulted
in poor thermal conduction of the final printed compos-
ite (TC method: hot-disk). Yunchao et al. [40] were able
to improve the TC of polyamide 6 (PA6) with inclusion
of 50 wt% graphite from 0.5W/mK to 6 W/mK when
printing the layers along the same direction (TC method:
hot disk).

It must be highlighted that two conditions are neces-
sary to achieve a thermal pathway along the printing dir-
ection (y in the example above). Besides the alignment
of voids along the appropriate directions (x and z in the
example above), filler particle alignment along the print-
ing direction is also essential. Indeed, no thermal flow
can be realised along a given axis if the conductive parti-
cles are not aligned along that axis and form an
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interconnected 3D network within the matrix (perco-
lated structure) with negligible phonon scattering [6]
(and references therein). When dealing with 2D mate-
rials like GNPs, defining the concept of particle align-
ment is crucial to understanding the thermal
conductivity of their composites. Thermal conduction is
maximum along GNP particle length and minimum
along its thickness due to phonon scattering, which de-
creases with the reduction in the number of layers
(thickness) [42—-46]. It is essential for GNP composites
to be conductive along a specific direction such that the
GNP particles are arranged with the platelets facing
along that direction [47]. Figure 3 shows a schematic of
GNP particle alignment in a 3D printed layer:

When the GNP particles are aligned in a way that their
length lies along the y-axis, a thermal pathway is real-
ized, given there is a greater chance the particles are
touching then TC is detected along the y-axis when a
heat stimulus is applied. In contrast, if GNP particles are
not properly aligned along the y-axis, phonon scattering
dominates upon application of heat and no TC can be
detected in they-axis direction [40].

The alignment of filler particles in the printing direc-
tion can be achieved by orienting the polymer chains
[48, 49]. Polymer chains stretch as they are forced to
pass through the printer head nozzle acting as an orient-
ing pulling force onto filler particles and causing their
alignment in the printing direction [9, 50]. By way of ex-
ample, Zhu et al. [51] prepared composites of PA12 with
GNP (6wt%) with a co-rotating twin screw extruder
(screw diameter =20 mm; L/D ratio=40) and post-
processed them by compression moulding and FDM.
The FDM samples showed higher through-in-plane TC
than the compression moulded ones (1.2 W/mK and 0.2
W/mK respectively, TC method: laser flash) due to the
alignment of GNP along the printing direction. Liao
et al. [52] prepared composites of PA12 with carbon
fibre (10 wt%) with a co-rotating twin screw extruder
(screw diameter = 35 mm, L/D = 28) and fed the filament
to the FDM machine. The through-in-plane TC of the
final sample improved from 0.2 W/mK to 0.8 W/mK
when the carbon fibres were arranged in a way to create
an oriented path, thus facilitating thermal flow. How-
ever, the overall TC value was low probably due to the
voids in the TC direction (TC method: laser flash). In
some instances, the nature and the shape of the filler
particles prevents their alignment, as reported by Dori-
gato et al. [53], who prepared composites of ABS with
CNTs (6 wt%) by using a twin screw extruder (screw
diameter = 16 mm, L/D =25), before feeding the fila-
ments to a FDM. The final composites had a low ther-
mal conductivity (ca 0.25 W/mK) probably due to the
unfavourable orientation of the CNTs in ABS after
printing (TC method: laser flash).
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An interconnected system of filler particles (3D net-
work) is needed to create a conductive path. Lebedev
et al. [38] prepared composites of PLA with graphite and
CNTs using a mixer having counter-rotating blades be-
fore post-processing by FDM. They were able to obtain
a TC of 4W/mK for composites with 30 wt% graphite
and 1wt% CNTs (TC method: hot wire). The authors
asserted that the CNT bridged the graphite particles,
thus creating a three-dimensional hybrid network, which
ultimately improved the TC of the final composites.
Singh et al. [54]improved the TC of ABS with exfoliated
graphite (22 wt%) by adding the filler to a slurry of ABS
and acetone. The mixture was dried and the resulting
composites (recovered as a lump of materials) was
broken in to smaller pieces before extrusion. The ex-
truded filament was printed and the final material had a
TC of 17.60 W/mK (TC method: hot disk). The corre-
sponding composites prepared by direct mixing of the
same graphite with ABS had a TC of 4.65 W/mK. It ap-
pears that the sludge of ABS and acetone somehow bet-
ter facilitated the formation of a conductive graphite
network.

Effect of printing and feeding rates on TC

The printing rate (speed at which a filament is depos-
ited) and feeding rates (speed at which the material is
loaded into the nozzle) [20] influence the thermal con-
duction of the final composite in terms of filament adhe-
sion when printing. Layers not properly adhered to each
other create large interfaces (voids) which lead to pho-
non scattering, hence low thermal conduction [40, 41].
Overall, the higher the printing and feeding rates, the
better the adhesion, hence the smaller the interfaces be-
tween the printed layers. In fact, high printing rate as-
sures that the temperature of the extruded material is
closer to the T, (T, for semi-crystalline materials) than
the one printed using a slower printing rate, as the
former results in better interactions and bonding among
adjacent filaments [9, 55]. Likewise, for a given printing
rate (feeding rate), high feeding rate (low printing rate)
allows printing of thicker filaments, which are able to
adhere better than thinner ones, even though there is a
loss in geometrical resolution [9, 56].

Effect of nozzle and cooling bed temperature on TC

Nozzle temperature and the building platform
temperature (cooling bed) are crucial in determining
the quality of the final product since they influence
the physical properties of the printing materials in
terms of viscosity and crystallization [10, 20, 21].
Overall, a constant flow through the nozzle due to an
appropriate viscosity guarantees a uniform material
with a low concentration of defects, both on the
microscopic (i.e. voids, polymer chain adhesion) and
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macroscopic (i.e. constant shapes and regular amounts
of deposited material) level [56]. This reduces the
probability of phonon scattering hence better thermal
conduction is achieved [40]. Indeed, as explained be-
fore, the presence of defects generate structural dis-
continuities inside of the material, thus, disrupting
the phonon path, which ultimately causes phonon
scattering, hence low thermal conduction [6] (and ref-
erences therein). Additionally, crystallization realized
under controlled conditions produces more highly
crystalline materials, known to dissipate heat more ef-
ficiently [39, 57].

The nozzle temperature has to be set in a way to
ensure that the composite matrix material is fully
molten since the presence of un-melted polymer
leads to uneven temperatures inside the nozzle,
which may cause a reduction in crystallinity upon
material solidification [39]. Indeed, polymer chains
will not behave uniformly when they are not subject
to the same temperature regime during printing,
since they will experience different crystallization
rates when cooling. Some chains may crystallize
from very high temperatures, while others crystallize
from lower temperatures, leading to a product with
non-homogeneous properties [21]. Furthermore, the
nozzle temperature has to guarantee an easy flow of
the material as well as having a viscosity to keep
shape after printing [30].

The bed temperature mainly influences the
crystallization process. When the bed temperature is
much lower than the nozzle temperature, the printed
material will experience non-isothermal crystallization,
which may reduce polymer crystallinity. By contrast, if
the cooling temperature is closer to the nozzle
temperature, the printing material will experience a
quasi-isothermal crystallization, which ultimately may
produce a highly crystalline material [21].

Figure 4 shows a schematic diagram of the optimal
nozzle/ and bed temperature ranges for semi-crystalline
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polymers, constructed from experimental evidence re-
ported in literature.

Summary of composites of polymers and carbonaceous
additives prepared by FDM

Table 1 lists the main properties of 3D printed (FDM) of
composites of polymers with carbonaceous additives re-
ported in literature at the time of writing.

As evident from Table 1, composites of polymers and
GNP/graphene printed by FDM are seldom reported
and of those only a few authors focus their research on
studying TC. Likewise, the electrical properties of these
FDM printed composites are also rarely analysed. Gna-
nasekaran et al. [39], Wei et al. [10] and Yu et al. [67],
prepared composites of a polymer and graphene by
FDM and obtained EC values not higher than 1S/m.
The aggregation of graphene during printing caused in-
homogeneities, poor (nano) filler dispersion and distri-
bution, which ultimately resulted in poorly performing
FDM printed composites. Gnanasekaran et al. [39] also
studied the properties of composite of PBT and
MWCNTs and the final printed composites displayed an
increase in EC up to 10S/m. The author assigned the
improved performance to the alignment of the
MWCNTs upon printing.

Reports on CF based composites prepared by FDM are
much more common and the natural alignment of CF
along the printing filaments confers the final products
with exceptional mechanical properties (see Table 1).
However, GNP is a valid alternative to manufacturing
functional materials by FDM as proven by Dingchun
et al. [51], who prepare composites of PA12 and GNP
(6 wt%) showing similar mechanical properties to the
composites of PA12 with CF (6 wt%) prepared by Liao
et. al. [52] Indeed, the concurrent alignment of the voids
and GNP particles in the tensile direction resulted in an
increase in Young’s modulus of ca 50% with respect to
the neat PA12 and an increase of 7% compared to the

T bed g

Temperature settings for semi-crystalline materials

T nozzle

.

P .

\ 4

< >
| . | |
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: !
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Fig. 4 FDM temperature settings for semi-crystalline polymers and their composites
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Table 1 Main properties of composites of polymers with carbonaceous additives prepared by FDM as reported in literature. @ CF:
carbon fibre, ® CNT/MWCNTSs: carbon nanotube/multi-walled carbon nanotubes, © CB: carbon black, < PEI: Poly(ether imide)
Matrix Filler Properties References
Thermal properties
ABS °CF(13 wt%) CTE(UM/m°C):9.85; TC (W/mK):04 (in-plane) [58]
PLA PGraphite (30 wt9%)/CNT(1 TCW/mK):5 138]
wit9%)
PLA Graphene AT(°C): 0.5; (Voltage applied: 10V, time: 300 s) [59]
PA6 Graphite (50 wt%) TCW/mK):5.5 (through-plane) [40]
ABS CNT(8 wt%) AT(°C):250; (Voltage applied:24 V,10s) [53]
ABS Graphite (4.3vol%) CF(1.7vol%) TC(W/mK):04 (in-plane) [41]
TC(W/mK):0.2 (in-plane)
ABS Graphite (21.7w%) TC(W/mK):17.60 [54]
PA12 GNP(10 wt%) TCW/mK):1. [51]
PA12 CF(10 wt%) TC(W/mK):0.8 [52]
Electrical properties
ABS CNT (10 wt%) EC (S/cm)3.3x10°° [60]
PLA PMWCNT (10 wt%) EC (S/cm):6x10° [61]
PCL “CB (15 wt%) Electrical resistance (kQ)): 19 (60s) [62]
Epoxy  CNF(4 wt%) Surface resistivity ((/sg.):1000; Volume resistivity (Qcm):1000 [63]
TPU MWCNT (3 wt%) Relative resistance (R/R0):6 (tensile strain: 50%, 20 cycles) [64]
PLA CF(20 wt%) Relative resistance (R/R0):3.5 (tensile strain:1.7%, stress: 20 MPa) [65]
Relative resistance (R/R0):1.2 (tensile strain:5%, Force (N):100)
ABS CNT(8 wt%) Electrical resistivity (Qcm):1 [53]
dpE| MWCNT Resistance (Q):15.37 (220 s under cyclical mechanical loading) [66]
PBT CNT(0.04v0l%) EC(S/m):10 [39]
Graphene (0.09vol%) EC(S/m):1
ABS Graphene (8 wt%) EC(S/m):0.01 [10]
PLA Graphene (8 wt%) EC(S/m):1 [67]
CNT(8 wt9%) EC(S/m):1
ABS CB(1.32v0l%) EC(S/cm):1078 [68]
CNT(1.38v0l%) EC(S/cm).0.0
ABS CB(15 wt%) Resistivity (m):120@1 Hz
PLA GNP(8 wt%) Capacitance (uF): 28@0.5 pA [69]
PMMA GNP (10 wt%) EC(S/cm):14.2 [70]
Mechanical properties
ABS MWCNT (10 wt%) E (MPa): 1600; o(MPa): 56; €(%): 5 [60]
ABS CNT (3 wt%) + CF E (MPa): 3400 71
PLA CF (6.6 vol%) E (MPa): 20000; 6(MPa):180; €(%): 1 [72]
ABS CF (10 wt%) E (MPa):7900; o(MPa):37.4; €(%): 5 [73]
PLA Graphene (0.5 wt%) E (MPa):2000; o(MPa):40; €(%): 25 [74]
PLA MWCNT (0.5 wt%) E (MPa):2500; o(MPa):40; £(%): 25 [74]
ABS CF(7.5 wt%) E (MPa):2500; o(MPa):25; Ductility (%): 3 [75]
PLA CF (13 wt%) E increase (%):350; o(MPa):200 [76]
ABS CF (30 wt%) E (MPa):13000; 6(MPa):60 [77]
Epoxy  CF E (GPa):161.4;0(MPa):793 [78]

Flexural modulus (GPa):144; Flexural strength (MPa):202
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Table 1 Main properties of composites of polymers with carbonaceous additives prepared by FDM as reported in literature. @ CF:
carbon fibre, ® CNT/MWCNTSs: carbon nanotube/multi-walled carbon nanotubes, © CB: carbon black, < PEI: Poly(ether imide)

(Continued)
Matrix Filler Properties References

PLA CF Flexural modulus (GPa): 10; Flexural strength (MPa):180 (Tjquesier = 210 °C, layer thickness=0.5  [20]
mm)

PLA Modified CF Flexural modulus (MPa):91; Flexural strength (MPa):156 [79]

Epoxy  SiC/C (31vol%) E (GPa):24.5; 6(MPa):66.2 [80]

Nylon  CF (34.5v0l%) o (MPa):500; €(%): 1.7 (6CF layers) [81]

ABS CF(1.4vol%) o (kN):1.5; Stroke (mm):4.5 [82]

TPU MWCNT(3 wt%) o(MPa):3; €(%):50 (20 cycles, linear biaxial sensor) [64]

ABS CF(13 wt%) E (MPa):71; o(MPa):7 [58]

PLA CF(20 wt%) o(MPa):32.5; €(%): 1.7 [65]
Flexural strength (MPa):68.2; Flexural strain(%):5

PEI CNT o(MPa):120; €(%):5 [66]

PLA Graphene(8 wt%) 0(MPa):60; €(%):4 [50]

ABS Graphene (8 wt%) E (MPa):3500;0(MPa):2700 9]

ABS CF(18 wt%) o(MPa):58.6 [30]

PLA Recycled CF E (GPa):20,0(MPa):250 [83]
Flexural modulus (GPa):13;Flexural strength (MPa):250

ABS CNT(8 wt9%) 0(MPa):37;€(%):7 [53]

ABS Graphite(4.3vol%) 0(MPa):37.55; (%):6 [41]

CF(1.7vol%) 0(MPa):35.73; £(%):10

PA12 GNP(6 wt%) E (MPa):2252; o(MPa):41; €(%):12 [51]

PA12 CF(6 wt%) E (MPa):2700; o(MPa):80; £(%):5 [52]

PLA Graphene E (GPa):4; Nanohardness (MPa):146 [84]
Wear volume loss (mm?):3.5 (20 N, 30s)
Creep displacement (um):0.3 (25mN, 1's)

PLA Graphene (2 wt%) E (MPa):900; o(MPa):60 [67]
Flexural modulus (MPa):3070; Flexural strength (MPa):94.2

CNT (2 wt%) Flexural modulus (MPa):2620; Flexural strength (MPa):82

PA6 CF(25v0l%) E (GPa):53 [85]

PEEK MWCNT(5vol%) Ultimate strength (MPa): 105 [86]

PA6 CF(40vol%) E (GPa):68 + 6; 6(MPa):700 + 70 [87]

TPU/ GO(5 wt%) E (MPa): 55 [88]

PLA

PEEK CF(28v0l%)/GNP(5v0l%) E (GPa): 7 [89]

EVA Graphite (40 wt%) Compressive strength (MPa): 30; Hardness (Shore D): 28 [90]

PLA GNP(10 wt%) E:2.4 GPa; 0. 40 MPa [91]

ABS MWCNT(8 wt9%) E (MPa): 2150 + 80; o(MPa): 46.9 + 0.9; €(%): 40+ 0.7 [92]

PLA GNP(12 wt%) E (GPa): 3.5+£0.048 £ 0.257 [93]

correspondent compression moulded sample. The value
of E reported (2252 MPa) is close to that obtained by
Liao et. al [52] (2700 MPa). In some instances, a com-
bination of CF and GNP can improve the mechanical
properties of the matrix they are added to. Indeed, Papa-
georgiou at al [89]. increased the value of E for PEEK by

adding GNP (5vol%) and CF (28 vol%) and the authors
proposed that the high aspect ratio of both CF and GNP
limited the mobility of PEEK chains, thus increasing the
stiffness. GNP has also been added to biocompatible
polymers such as PLA and printed by FDM. By way of
example, Prashantha et al. [91] improved the mechanical
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properties of PLA by preparing composites with GNP
(10 wt%) by FDM and the authors proposed that this im-
provement was derived from the compatibility between
GNP and PLA, which in turn facilitated GNP dispersion
in the matrix. Composites of PLA with GNP were also
used to prototype capacitors manufactured by FDM.
Foster et al. [69] added GNP (8 wt%) to PLA and manu-
factured a pseudo-capacitor by FDM which had a cap-
acitance of ca 28 uF (under a current of 0.5 pA). The
authors asserted that even though the value obtained
was not as competitive as current capacitors on the mar-
ket, FDM presents an alternative route to prepare such
electronic devices.

Other authors have explored the viability of FDM to
print composites of polymer blends and modified GNP.
Chen et al. [88] prepared composites of TPU/PLA with
GO (5wt%) and they obtained improvement mechanical
properties which the authors ascribed to reduced poros-
ity of the printed part achieved by modulating the print-
ing direction of the filaments.

Conclusions

FDM may be employed to print composites of thermo-
plastics with GNP and other carbonaceous fillers (e.g.
MWCNTs, CF), in order to obtain objects with im-
proved TC and potentially other properties. To the best
of our knowledge, just a few papers have been published
on FDM of composites of polymers and graphene(s), yet
the concept is routinely proposed as a route to manufac-
ture products that not only could have enhanced proper-
ties but also have functional properties in different
directions in the same product, e.g. in battery applica-
tions. The technical challenges to successfully 3D print
filled polymers by FDM still remain and, there is an im-
mediate need for both innovative solutions and system-
atic studies that address these challenges.

In this mini-review, we have discussed the key parame-
ters that must be considered to successfully produce a
product from GNP filled polymers by FDM, with the
target of achieving enhanced TC. Ostensibly, FDM is an
extrusion process where the homogeneity of the feed-
stock material and the thermal, mechanical and rheo-
logical properties of the composite material are key to
ensuring continuity of the printing process and the qual-
ity and functionality of the final product.

Furthermore, there are a number of FDM processing
parameters that must be considered and which ultim-
ately will determine the TC value obtained, including
the presence of voids, orientation effects, feeding and
printing rates, nozzle and printing bed temperatures.
The voids break the continuity of the printing material
acting as insulating walls against thermal flow. However,
if the voids are aligned in a specific direction a continu-
ous thermal pathway is realized in the perpendicular
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direction. The printing and feeding rates influence the
thermal conduction of the final composite in terms of
filament adhesion during printing the material. Layers
not properly adhered to each other create large inter-
faces which lead to phonon scattering, hence low
thermal conduction. Overall, the higher the printing and
feeding rates, the better the adhesion, hence the smaller
the interfaces between printed layers. Nozzle
temperature and cooling bed temperature are crucial in
determining the quality of the final product since they
influence the physical properties (i.e. melt viscosity and
crystallization of the composite material. When the com-
posite matrix is a semi-crystalline polymer, the nozzle
temperature should be set close to the T,, (up to ca
30°C higher), while the bed temperature should be set
ca 10-20 °C below the T..

While the published literature on FDM of carbon fibre
based composites is more common and to a lesser
extent on CNTs, FDM of GNP based composites is a
viable alternative to preparing bespoke complex prod-
ucts having functional properties. Indeed, the alignment
of GNP in the printing direction will lead to products
with combinations of remarkable properties and in
different directions if required, e.g. thermal and mechan-
ical properties. However, if the hype is to be overcome a
more fundamental understanding of processing-
structure-property relationships is required if GNP filled
polymers can be printed by FDM in to useful products.
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