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ABSTRACT

Compared to metals, polymers are less susceptible to corrosion and scale formation
caused by high salinity water. Therefore, replacing metals with polymers in heat
exchangers that use seawater would result not only in mitigating the corrosion problems
but also in substantial cost savings because of the low price and density of polymers.
However, the low thermal conductivity of polymers must be significantly increased for
their application as heat transfer surfaces. Herein, thermally conductive polyethylene
nanocomposites based on hexagonal boron nitride (h-BN) and their 2-D exfoliated
nanosheets were prepared by melt blending using twin-screw extruder and dry mixing
using ball milling. h-BN was successfully exfoliated to h-BNNS via ball milling
technique. In addition, h-BN exfoliation was optimized by studying the effect of milling
time on the h-BN crystallite size, particle thickness, and h-BNNS yield. Subsequently,
the impact of h-BN sheet size, thickness, and loading as well as the h-BN composite
processing method on the physical and thermomechanical properties of polyethylene (PE)
composites were studied.

It was found that the incorporation of h-BN enhanced the thermal conductivity,
thermal stability, and mechanical properties of PE composites. Moreover, milled h-BN/PE
composites showed better thermal conductivity and mechanical properties improvement
compared to the bulk h-BN/PE composites. After successfully aligning h-BN particles,
maximum thermal conductivity enhancement of over 1300 % was achieved. Conversely,
the incorporation of h-BN was detrimental to the wettability of h-BN/PE composites.

Nevertheless, the wettability of the composites was improved by plasma treatment.



Particularly, the CA of 50 wt. % h-BN/LLDPE composite decreased from 107.6°£2.57° in
the untreated to 21.05°+2.34° after the plasma treatment. Furthermore, this treatment
showed only slight deterioration with aging demonstrating good applicability. Our results

indicate that low cost polymer heat exchanger for seawater desalination can be a reality.
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1. INTRODUCTION AND LITERATURE REVIEW
1.1. Introduction

Inspired by the successful isolation of graphene from graphite by mechanical
cleavage exfoliation in 2004, other 2D materials has gained significant interest in the
scientific community [1]. 2D nanomaterials such as graphene and hexagonal boron nitride
nanosheets (n-BNNSs) have extraordinary and exceptional properties [2], which enables
their application in various fields including but not limited to electronics packaging ,
thermal managements, nanocomposites, and filtrations [3][4][5][6][7]1[8].

Recently, hexagonal boron nitride nanosheets (h-BNNSs) has been intensively
researched. h-BNNSs is an isoelectronic analogue to graphene, usually named white
graphene [9]. Similar to graphene, h-BNNSs possess high mechanical, physical, and
thermal properties, but unlike graphene h-BNNSs have a wide band gap and better thermal
stability [9][10][11]. The combination of these valuable properties play a major role in
their various applications, such as a dielectric substrate for electronic devices [5][12],
ceramics [13][14], nanocomposites [15], coating [16], lubricants [17], cosmetics [18] and
automotive [19]. Driven by the wide range of h-BN applications, the global market of h-
BN is expected to grow above $900 million by the year 2023.

This thesis research aims to synthesize thermally conductive polyethylene
nanocomposites for utilization as heat transfer surfaces. To do so, h-BN and their 2D
nanosheets were incorporated into the polymer matrix via melt blending and dry ball
milling. To study the effect of h-BN loading, particle size, and thickness on the

nanocomposite properties, h-BNNSs synthesis were optimized by studying the effect of

1



milling time on the h-BNNSs vyield, crystallite size, and particle thickness. Subsequently,
the impact of incorporating this material on the nanocomposite properties, including
thermal conductivity, thermal stability, tensile strength, and wettability was also
investigated.
1.1.1. Motivation

Qatar meets its water demand mostly by the desalination of seawater. For instance,
seawater desalination provides 99 % of the total domestic water demand in Qatar [20][21],
mainly by utilizing thermal desalination processes such as multistage flash (MSF) and
Multi-Effect Distillation (MED) desalination [22]. Metal heat exchangers used in these
processes suffers from extreme corrosion, scaling, and fouling due to the high salinity of
the Arabian Gulf Sea. These problems are currently mitigated by using corrosion-resistant
exotic metals or metal alloys, such as Cu-Ni alloy and Titanium, and by frequent cleaning
and scale removal leading to a high capital and operating cost. A less common but a very
good alternative to metals are polymers, being relatively resistant to seawater corrosion,
fouling, and scaling. Furthermore, other polymer attributes such as lightweight, low cost,
and ease of fabrication provide additional benefits, which play role in the reduction of the
total cost. However, polymers have poor thermal and mechanical properties. Nevertheless,
these properties can be enhanced by the incorporation of thermally conductive fillers
inside the polymer matrix.
1.1.2. Overview of Polymer Heat Exchangers

In the past few decades, polymer heat exchangers have been intensively studied

due to their corrosion resistance, lightweight, low cost, and ease of fabrication [23][24].



However, the thermal and mechanical properties of polymer is poor and inferior to metals.
Therefore, it is desirable to fabricate polymers with enhanced properties that are
comparable to metals and their alloys.

In general, the performance of heat exchangers is dictated by their overall heat

transfer coefficient (U), which is given by:

1 1 1 t 1
E_h_i+h_0+/1_i+; 1.1

where ‘h;” and ‘ho’ are the inner and the outer convective heat transfer coefficients, (t) is
the wall thickness, ¢ Ai’ is the thermal conductivity, and ‘F’ is the fouling factor. As shown
in egn. 1.1, U depends on the thermal conductivity, wall thickness, and fouling. However,
the thermal conductivity of most polymers is in the range of 0.1- 0.5 W m K* which is
approximately 35-500 times lower than that of metals commonly utilized in corrosive
environments [24][25]. Particularly, the thermal conductivities of stainless steel, titanium,
and Cu-Ni (90/10) alloys are 52-57, 17, and 50 W m™* K1, respectively [24].

Beside the thermal conductivity, U can be improved by reducing the heat
exchanger’s wall thickness. Scheffler and Leao reported that 20-50 um thick high density
polyethylene (HDPE) and polypropylene films have approximately 60-105 % of the U
value of 1 mm thick Cu-Ni alloy depending on the internal and external convection
coefficients [26]. Similarly, Christmann et al. indicated that 25 pum polyetheretherketone
film resulted in a conductive thermal resistance comparable to 1.5 mm thick stainless steel
[27]. In addition, they reported that this film thickness with a proper spacer geometry
offers adequate mechanical stability in MED plant. With that being said, the relatively

low yield strength of most polymers limits the minimum allowable wall thickness.
3



Therefore, there is a need to enhance the thermal conductivity and lower the wall
thickness to the extent that both high U value and physical integrity of the heat exchanger
are achieved.

1.2. Literature Review
1.2.1. Polymer Composites Used for Thermal Management Applications

Polymers and polymer composites are widely used industrially and in our daily
life including in electronics, pipes, trash bins, and sport goods. Polymers are
macromolecules made of sequences of several atoms or subunits, mainly carbon and
hydrogen, linked to each other. Compared to metals or ceramics, polymers have low
density and melting point, which makes their processing relatively easy [28]. Moreover,
polymers are ductile and flexible, and hence they can be fabricated into complex shapes.
Polymer attributes such as light weight, corrosive resistance, electrical resistivity, ease of
fabrication, and low cost make them very attractive for many applications [29][30]. One
of the most important applications of polymer composites is in thermal dissipation
management of electronic devices. Recently, thermal management applications of
polymers have remarkably increased, such as in electronics, heat exchangers, appliances
and machinery [31]. However, the thermal conductivity of polymers is very low due to
their amorphous structure, backbone, defects, and type of bonds. Thus, it is important to

address heat transport mechanisms in polymers and their composites.



1.2.2. Thermal Conductivity
Fourier’s law of heat of conduction, states that the conductive heat flux is
proportional to the temperature gradient [32]. In one dimension the conductive heat flux

is written as:

= 4%
q= —Ag 1.2

) ) . .. dr, .
where ‘q’ is the conductive heat flux, ‘A’ is the thermal conductivity, and ‘é’ is the

temperature gradient. Heat transfer in solid is mainly quantified by the thermal
conductivity, which defines how fast heat energy is transported through a material. The
thermal conductivity () can be expressed by:
A= apC, 1.3
where ‘a’ is the thermal diffusivity, ‘p’ is the density, and ‘C,,’ is the specific heat capacity
at constant pressure [33].
1.2.2.1. Mechanism of Thermal Conductivity

In solids, heat can be transferred by electrons, phonons i.e. crystal lattice
vibrations, electromagnetic waves, spin waves, or other excitations [34]. The most
important parameter of heat transfer in solids is the thermal conductivity. Usually, the total
thermal conductivity is written as the sum of all excitation components:
A=A 1.4

where i represents an excitation component [34].



Electrons are the dominant heat transporter in metals, while phonons are the major
contributors in insulators i.e. polymers [29][34]. The thermal conductivity can be

estimated by Debye equation:

g =G 1.5
3

where ‘Cy’ is the specific heat capacity per unit volume, ‘v’ is the phonon velocity, and ‘I’
is the phonon mean free path [29][35].

When an atom is heated it gains a vibrational energy (speed), part of the energy is
transferred to an adjacent atom inducing a vibrational energy in the adjacent atom, leading
to a further propagation which in turns induce another propagation to cover the entire
material [35]. These atomic vibrations are called Phonons. Phonons depend on many
factors, including crystal structure, dislocations, defects, grain boundaries, and molecular
bond [34][35]. Defects, dislocations, and grain boundaries are the major causes of thermal
interface resistance. For instance, the irregularities in crystal structure, which can be
interpreted as discontinuity of atomic vibrations, are the major causes of phonon

scattering, as shown in Fig. 1, [35].

Point defect

Dislocation

Grain boundary

Fig. 1: Phonon scattering due to different defects. Adapted from [35].
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1.2.2.2. Thermal Conductivity of Polymers

Polymers are generally insulators with phonons as the dominant heat transporters.
Polymers have chains that are connected by weak van der Waals bonds and have very
complex morphology that contribute significantly  to the phonon scattering
[36][37][38][39][40][41]. As a result, the thermal conductivity of most polymers is in the
range of 0.1-0.5 W m?* K [42]. The thermal conductivities (1) and the coefficients of
thermal expansion (CTE) of typical polymers are summarized in Table 1, as per Huang et
al. [43].

Table 1: Thermal conductivities (A) and coefficient of thermal expansion (CTE) of
common polymers.

Polymer A(Wm K1) | CTE (ppm °C™1)
LDPE 0.33 180-400
HDPE 0.45-0.52 106-198
Polypropylene (PP) 0.14 143
Polystyrene (PS) 0.04-0.14 90-150
Polyethylene terephthalate (PET) | 0.29 117
Polymethyl methacrylate (PMMA) | 0.15-0.25 90-162
Polytetrafluoroethylene (PTFE) 0.25 126-216
Epoxy 0.17-0.21 81-117
Nylon 6,6 0.25 144
Nylon 1,1 0.36 184




1.2.2.3. Thermal Conductivity of Polymer Composites

The thermal conductivity of polymers is frequently enhanced by the addition of
inorganic fillers. Fig. 2 illustrates the major factors that affect the thermal conductivity of
polymer composites. Fillers improve the thermal conductivity of polymer composites by
forming thermally conductive networks [44] or pathways [42], which act as a bridge for
heat transfer.

In principle, the thermal conductivity of polymer composites is affected by both
the polymer and the filler thermal conductivities. However, the effect of polymer thermal
conductivity is only significant at low filler loading, because of the absence of filler-filler
thermal networks. So, heat must pass through both the polymer matrix and the fillers. At
higher filler loading, the effect of polymer thermal conductivity is usually neglected due
to the formation of thermal networks. It is therefore safe to say that the thermal
conductivity of composites depends on the filler loading, filler type, and filler attributes
such as aspect ratio, particle size, and particle shape [29][45][46][15].

Filler loading is a first factor when dealing with polymer ‘A’ enhancement. The
dependence of ‘A’ on the filler content is obvious from the fact that fillers have
substantially higher ‘A’ compared to polymers, and hence their incorporation would
definitely improve the resultant composites” ‘A’. The dependence of ‘A’ on the filler
content is not usually linear, as illustrated in Fig. 3. In Fig. 3, the composites” ‘A’ shows a
small change at a low filler fraction (below 0.4). Then there is a sudden jump in ‘A’ at a
filler loading above 0.4. This jump might suggest the presence of thermal percolation

threshold, which is a point of sudden increase in the thermal conductivity. Thermal
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percolation threshold is caused by the formation of thermal networks and pathways.
Kargar et al. [47], indicated the presence of thermal percolation threshold in h-BN and
graphene/epoxy composites. They specified that the composites’ ‘A’ dependence on the
filler content changed from linear to super-linear above 23 vol. % h-BN and 30 vol. %
graphene filler contents.

The intrinsic ‘A’ of fillers is indispensable for improving ‘A’ of polymer
composites. For example, the value of ‘A’ of graphene is 5000 W m* K [48] and that of
h-BN is 185-300 W m™* K[29], which indicates substantial difference in the thermal
conductivity of their composites. Kargar et al. found that graphene fillers surpassed boron
nitride fillers in the thermal conductivity improvements [47]. However, there are
limitations on how far ‘A’ improves with the increase in the filler ‘A’. Bigg found that
there is no significant improvement in the composites’ ‘A’ as the ratio between the filler
and the polymer thermal conductivities exceeds 100 [31]. Fig. 3 demonstrates this by
theoretically calculating the composites’ ‘A’ using Neilson model for spherical particle
with packing fraction of 0.637. The result showed no clear improvement in the
composites’ ‘A’ as the ratio of the particle ‘Ap’ to the polymer ‘Am’ was raised above 100
[42].

Filler shape is another important factor. For instance, many fillers have non-
spherical shapes. Thus, during fabrications the non-spherical fillers are aligned in different
directions which causes anisotropy in the thermal conductivity [29]. Similarly, the filler

aspect ratio plays a crucial role in enhancing ‘A’. Bigg indicated that at a given filler



volume fraction, the higher the filler aspect ratio the greater the relative increase in ‘A’

[49].

Filler

thermal
conductivity, aspect
ratio, shape,
content, and
functionality.

Thermal
conductivity Processing

blending method,
filler treatment, filler
orientation, and
processing
conditions

Polymer

density, crytallinity,
and chemistry.

Fig. 2: Factors that affect the thermal conductivity of polymer composites.
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Fig. 3: The ratio of composite to polymer thermal conductivity of different fillers
as function of filler contents. Adapted from [42] copyright line © 2011 IEEE.
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Interfacial interactions between the polymer and filler also play an important role
in enhancing the composites’ ‘A’ [43][29]. For example, enhancing the interfacial
interactions can greatly reduce the interfacial thermal resistance, which therefore help
improves ‘A’.

1.2.3. Modeling the Thermal Conductivity of Composites

Theoretical calculation of “A’ is very essential in nanocomposites applications. For
instance, this calculation helps in the experimental design by approximating the possible
outcomes for a specific set of filler loadings [29]. Many models have been devised to
describe the effective ‘A’ of the composites including Maxwell Model [50], Rayleigh
Model [51], Hasselman-Johnson Model [52], Bruggeman Model [53][29][54][55], Lewis-
Nielsen Model [56], and Agari Model [57][58]. Here, Maxwell, Rayleigh, Bruggeman,
Lewis-Nielsen, and Agari models are reviewed briefly due to their frequent uses in
estimating ‘A’.

Maxwell considered a dilute dispersion of spherical fillers of thermal conductivity
‘A’ in a big continuous solid phase, a matrix, of thermal conductivity ‘Am’ [50]. Maxwell
assumed very small filler concentration (dilute dispersion), and hence there is no filler-

filler interaction. The model is written as follows:

3V
Ae = Am 1+/1f+# 1.6

Ap=2m Vi

where “A¢’ is the composite thermal conductivity and “Vy’ is the filler volume fraction.
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Rayleigh derived his equation by considering spherical fillers arranged in a cubic

lattice embedded in a continuous solid phase. Rayleigh’s model is expressed as follows:

i _ 3Vg
Am - Af+2im

1.7

) 10
-V ¢+1.569 g V?+"'
fr 3ip=4im) f

if—lm
Unlike Maxwell, Rayleigh considered filler-filler interaction in his derivation.
However, it has been shown that filler-filler interaction is small even at the maximum
possible ‘V¢ of cubic lattice arrangement [32]. Thus, being simpler Maxwell’s model is
usually preferred over Rayleigh’s model.
Both Maxwell and Rayleigh models fails to fit experimental data at high filler
loadings ( above 25 vol. %) [59]. At this condition, Bruggeman model give more realistic
thermal conductivity predictions. In Bruggeman model, filler interactions are considered

using mean field approach making it suitable near the thermal or electrical percolation

threshold [29]. Bruggeman model is expressed as follows:

1
(1-vp) = () (&) 18

Lewis-Nielsen model is a quite popular model for its simplicity and good thermal
conductivity prediction at low to moderate filler concentration [56][59]. This model was
formed by modifying Halpin Tsai equation for elastic moduli of composites. The model

is written as follows:

1+ABV
de= A !

™ 1-9BVf 1.9

A=K, -1 1.10
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B = ﬁj} 1.11
gl
=1+ (1_*V’;> 2 1.12
(vf)

(3 2

where ‘A’ is a shape factor that depends on the filler aspect ratio, ‘K,’ is the Einstein
coefficient, and ‘Vf*’ 1s the maximum filler volume fraction. The values of ‘A’ and ‘V}*’

for many systems are readily available in many tabulated data [60]. The inclusion of the
shape and the maximum particle packing factors strengthen the ability of this model to
fairly predicts the thermally conductivity of most composites especially at low to moderate
filler concentration [59].

Agari started from the two extreme thermal conductivity models, series and
parallel models, and modified these models by accounting the effect of filler on the
polymer matrix and the effect of forming conductive networks [58]. Agari model is
expressed as follows:
log(4,) = V;Crlog(As) + (1 — V;)10g(CrnAm) 1.13
where ‘Cn’ 1s the coefficient that accounts for the effect on the polymer crystal structure
and ‘Cy’ is the coefficient that accounts for the formation of thermal networks [57][58].
The values of these coefficients are determined by fitting the model to an experimental
data [61][62][63].

1.2.4. Hexagonal Boron Nitride
Boron nitride (BN) is a compound with equal number of boron and nitrogen atoms

[10]. BN does not exist naturally, thus they are synthesized from materials such as boric
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acid and boron trioxide [64]. Balmain, 1842, was able to prepare the first synthetic BN
compounds by the reaction of molten boric acid and potassium cyanide [10][65].
However, these BN compounds were unstable, thus many methods were devised to
stabilize them. This problem minimized their applications in a commercial level,
accordingly they were studied in laboratories only. In 1950’s, Carborundum and Union
Carbide companies were able to produce BN powders and shaped BN in a large scale
using hot-pressing techniques [65]. Thanks to the advancement of technologies and the
various applications of BN, nowadays the production of BN is economically feasible.

BN can be produced in wurtzite, cubic, or hexagonal structures. The latter two
structures are analogous to naturally existing carbon compounds, for instance cubic BN
and hexagonal BN are structurally similar to diamond and graphite, respectively [66]. BN
is available in the market in both amorphous and crystalline boron nitride forms [67].

Among ceramic fillers, BN and aluminum nitride have the highest thermal
conductivities [29][45]. Han et al. examined the effect of different fillers on the thermal
properties of epoxy resin at 40 °C [68]. The fillers they studied included BN, alumina,
diamond, silicon carbide, and silicon nitride, and their particle sizes ranged from micro to
nano sizes. Among the fillers investigated, the result indicates that BN was the best filler

for improving the thermal conductivity of epoxy resin.
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Fig. 4: Schematic diagram of h-BN and graphite. Adapted from [69].

h-BN nanosheets structure are formed by equal number of alternating boron and
nitrogen atoms arranged in a honeycomb configuration, hence are structurally similar to
graphene [11], as illustrated in Fig. 4. h-BNNSs possess similar properties to graphene
such as high thermal conductivity (300-2000 W m™ K?) [33][30][11], and superb
mechanical properties [11][70]. However, unlike graphene, h-BNNSs have electrical
insulating property with a bandgap of ~ 5.5 eV [30][71][72] making them excellent
candidates in electronics. In addition, h-BNNSs are thermally and chemically stable,
therefore are more suitable than graphene in high temperature applications [11] [70] [71].

The thermal conductivity of bulk boron nitride is in the range of 29-300 W m?* K-
1 143] and that of h-BNNSs at room temperature, estimated by numerical solutions of
phonon Boltzmann transport equation, is more than 600 W m™ K [11]. These values are
lower than that of graphene, however other attributes such as electrical insulation and
thermal stability make them good alternative for graphene in nanocomposite applications.

The in-plane structure of h-BN is made up of nitrogen and boron connected by a
strong covalent bond forming one layer, and each layer is connected to its neighboring

layers by a weak Van der Waals bonds or forces. This unusual crystal structure of h-BN
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is the reason for its anisotropic ‘A’. For example, the in-plane ‘A’ of h-BN is ~ 300 W m
K1, whereas the through-plane ‘A> of h-BN is ~ 2 W m® K™ [29].

The mechanical properties of h-BNNSs have not been experimentally measured,
however, the calculated values of Young’s modulus and breaking strength are 0.71-0.97
TPaand 120-165 GPa, respectively [70]. These values are comparable to the experimental
values of the Young’s modulus and the breaking strength of graphene, which are 1.0 TPa
[10][70] and 130 GPa [70], respectively.

Consequently, several techniques have been developed to exfoliate bulk h-BN to
a single or few layered h-BNNSs, including but not limited to mechanical cleavage [73],
solvent assisted sonication [74][75], chemical vapor deposition [11][73], and thermal
exfoliation[76].
1.2.4.1. Synthesis of Hexagonal Boron Nitride Nanosheets (h-BNNS)
1.2.4.1.1. Mechanical Exfoliation

In 2008 Pacile et al. were the first to synthesis a few and ten atomic layers of h-
BN on SiO; or freely suspended [77]. The h-BN layers were peeled off using adhesive
tape attached to SiO2. They succeeded to isolate h-BN layers of thickness varying from
3.5nmto 80 nm.

Shear force is another approach to mechanically exfoliate h-BN. Lee et al. were
able to exfoliate h-BN in aqueous NaOH solution using a ball milling technique [74]. The
h-BN particles reacted with the OH™ group which reduced the required shear force to peel

the h-BN sheets, as shown in Fig. 5. The combined effect of the reaction and the
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mechanical force resulted in flakes with average particle sizes of 1.5 um and a high yield
of up to 18 %.

In another work Tominaga’s group investigated the effect of using different
mechanical exfoliation methods, such as wet-jet milling (W), ultrasonication (U), and
vortex fluid (V) [78]. They found that the particle sizes of the h-BNNS exfoliated by ‘W’
were approximately the same size as that of the pristine h-BN, meanwhile that of ‘U and
V’ were less than 70 % of the original particle size. In addition, they specified that ‘W’
resulted in a particle thickness smallest than the other two methods leading to h-BNNSs

with a high aspect ratio.

Hydroxyl-Functionalized

Fig. 5: Schematic diagram and corresponding SEM images of h-BN exfoliation
steps. The dissection step (a) and (b), the peeling step (b) and (e), and hydroxylation
step (c) and (f). Adapted from [74].
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1.2.4.1.2. Liquid Exfoliation

The preparation of a single or a few-layered h-BN by a liquid exfoliation method
was first achieved in 2008 by Han’s group [79]. In this study, 0.2 mg of h-BN crystals
were mixed with a 5 ml of 1,2-dichloroethane solution containing 0.6 mg of poly (m-
phenyl-enevinylene-co-2,5-dictoxy-pphenylenevinylene). Then, the solution was
sonicated for 1 h to disintegrate and disperse the h-BN crystals into a few-layered h-
BNNSs. Subsequently, this led to many similar studies that focused in selecting
appropriate solvents that have surface energy similar to h-BN [11].

Coleman et al. exfoliated several fillers, such as BN, MoSz, and WS, in a number
of solvents of varying surface tension [80]. Their analysis of Hansen solubility parameter
theory suggested that successful solvents are those with polar, hydrogen bonding, and
dispersive component of the cohesive energy density that match the solubility parameter
of the layered materials. Thus, they indicated that N-methyl-pyrrolidine (NMP) and
isopropanol (IPA) are the best solvents for the liquid exfoliation of these fillers.

The above studies indicate that the solute-solvent interaction is a vital tool for
successful exfoliation. For instance, solvents that form solvent-BN mixture with a
minimum Gibbs free energy of mixing are the once favored for BN exfoliation [75]. Many
studies have shown that h-BN is favorably exfoliated in NMP, IPA, and dimethyl
formamide (DMF) [75].

Zhang et al. exfoliated h-BN for the first time using aqueous solution of
monoethanolamin (MEA) [75]. In their experiment, 200 mg of h-BN was mixed with a 50

ml MEA or aqueous MEA solution, the mixture was then sonicated for 4 hours in a 6-L
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bath sonicator at 50 °C. In addition, they compared MEA with several classical solvents,
including NMP, IPA, DMF, tert-butyl alcohol (BA), and water. The yield of h-BNNSs in
the different solvents was 33.7 % (MEA), 12% (DMF), 9.5% (NMP), 8.4% (BA), 4.5%
(IPA), and 1.5 % water. Moreover, they have shown that up to 42 % yield of h-BNNSs
can be achieved by ultrasonic exfoliation of h-BN in MEA-30 wt % H-O solution. These
results were explained by the similarity in the solubility parameter of h-BN and MEA, for
example, the specific surface tension of MEA is 44.8 mJ/m? and that of h-BN is 20 ~ 40
mJ/m2. The pristine h-BN and h-BNNSs exfoliated by MEA solution images are shown in
Fig. 6. The lateral dimension of the pristine h-BN was ~ 0.5-5 um and its thickness was
more than 100 nm. The atomic force microscope (AFM) image shows that most h-BNNSs

thicknesses are less than 5 nm, implying excellent exfoliation.

Fig. 6: SEM images of pristine h-BN (a) and h-BNNSs (b), AFM image of h-BNNSs
(c), and TEM images of h-BNNSs (d and e). Modified from [75].
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1.2.4.1.3. Chemical Vapor Deposition (CVD)

CVD is an epitaxial growth of BN monolayer on different substrates of preferred
orientation [10][11][81]. In CVD different precursors such as borazine (BsNsHs) [82],
trichloroborazine (BsN3HsClz) [83][84], and a mixture of ammonia and BF3 [85], BCls
[86], or BH3[87] are used as an initiating materials for BN synthesis . The atomic ratio of
boron and nitrogen in borazine is 1:1 making it very special precursor, because this atomic
ratio helps in avoiding the use of two or more gaseous components as in BFs-NHs or BCls-
NH3 [10][33].

h-BN monolayer or multilayer can be fabricated on different transition metal
substrates such as Pt (111) [88], Ru (001) [89], Ni (111) [90], Cu (111)[91][92], Pd (111)
[93], Fe (110) [94], Mo (110) [95], Ir (111) [96], and Rh (111) [97][98]. For example, in
1990 Paffett et al. were able to produce h-BN monolayer on Pt(111) and Ru(001)
substrates by the adsorption and decomposition of borazine precursor [99]. The type of
precursor and metal substrates are very crucial and play a major role on the resultant h-
BN’s vyield, morphology, orientation, and electronic structure [11].
1.2.4.1.4. Thermal Exfoliation (TE)

In this method, h-BN is simply exfoliated by thermal treatment [76][100][101]. In
TE, h-BN is heated in open air at a very high temperature above 800 ° C for several hours,
i.e. at or above the oxidation temperature of h-BN. Cui et al. oxidized h-BN thermally to
form BNO of impressively high yield up to ~ 65 % [100]. This high yield was achieved
by the combinatory effects of the thermal treatment (oxidation) and the subsequent

hydrolyzation in hot water. Similarly, Ko et al. synthesized highly stable h-BNNS, of more
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than one month, by thermally treating h-BN powder [76]. However, they reported that
their h-BNNS was produced solely due to a physical change, i.e. the h-BN was not
oxidized. TE method has many advantages over other exfoliation methods such as low
cost, ease of handling, functionalization, high yield, and short processing time.
1.2.4.2. Fabrication of h-BN/Polymer Composites

Polymer nanocomposite can be prepared by chemical and mechanical processes,
of which in situ polymerization, melt intercalation, sol gel, and direct powder mixing
methods are the most frequently used methods [102]. These preparation methods play
essential part in enhancing the properties of the composites. In the following paragraphs
in situ polymerization, melt intercalation, and solvent blending methods are briefly
discussed.
1.2.4.2.1. In Situ Polymerization Method

In this method, the fillers are mixed with the monomer solution so that the
monomer intercalate between the filler layers to cause filler swelling [103] [102] [104].
The resultant is then polymerized using techniques, like initiator, radiation, and heating.
Consequently, the polymer chains are formed between the filler layers which induce fillers
exfoliation [104] [105], as shown in Fig. 7. The chemical reaction in this method
(polymerization) results in a covalent bonding between the polymer and the filler [64]. As
a result, fillers are well dispersed inside the polymer matrix leading to excellent composite
properties. This method is frequently used for thermosets synthesis, such as epoxy,
polyimide and benzoxazine [106]. Sadej et al. prepared BN or Si3N4/methacrylate

polymer composites by in situ-photo-polymerization [106]. They found significant
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improvement in the polymer ‘A’ at a very low filler loading. Grafting polymerization is a
typical example of in situ polymerization. Jiang et al. grafted poly (glycidyl methacrylate)
(PGM) on to the surface of h-BN by a free radical polymerization technique to form a
PGM grafted h-BN (PGM/h-BN) [107]. The thermal conductivity of the epoxy composites
improved by 60%, 203%, and 505% up on the addition of 3, 5, and 15 vol. % of the
PGMA/h-BN.
1.2.4.2.2. Melt Intercalation Method

Melt intercalation is a simple, cost effective, and environmental friendly blending
method, i.e. no solvent is required, thus it is widely used in industry [105][104]. In this
method, the filler is mixed with a molten polymer with the aid of mechanical force such
as shear mixer [105][104][103][102], as illustrated in Fig. 8. Melt intercalation is typically
used for fabricating thermoplastic nanocomposites [104]. Kahraman et al. prepared nano-
h-BN/polyurethane composites, a thermoplastic composite, by a melt blending method
using twin screw extruder and hot pressing [108]. The composites showed significant
improvements on the mechanical, physical, and thermal properties. However, melt
intercalation shows reduced filler dispersion compared to solvent mixing [104]. In
addition, the high viscosity encountered at high filler loading limits the use of this method
at low filler loading only.
1.2.4.2.3. Solvent Blending Method

In this method, the fillers are initially dispersed in a solvent to cause swelling.
Subsequently, the polymer solution is added to the mixture resulting in the intercalation

and displacement of the solvent [103], as shown in Fig. 9. Finally, the solvent is separated

22



by either evaporation or coagulation techniques [102]. Zhu et al. prepared densely packed
BN polymer composites by solvent blending and compression molding methods [109].
The resultant composites displayed anisotropic ‘A’, with in-plane ‘A’ up to 21.3 W m? K
! Similarly, Wang et al. prepared poly(vinylidene fluoride)/h-BNNS composites by
solution blending and hot pressing [110]. At 4 wt. % filler loading, the in-plane and
through-plane ‘A” were 4 W m? Ktand 0.23 W m™ K, respectively. However, solvent
blending is economically unfeasible because of the combined cost of the solvents and their

separation processes [105], which limit their large scale applications.

olactam clay mineral
o a layer of clay nylon6

Fig. 7: Nanocomposite fabrication through in situ polymerization method. Adapted
from [111].
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Fig. 8: Nanocomposites synthesis through melt intercalation method. Adapted
from [112].
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Fig. 9: Nanocomposite fabrication through solvent blending method. Adapted from
[112].

1.2.4.3. Thermal Conductivity of h-BN/Polymer Composites

The thermo-physical attributes of boron nitride nanosheets, including superb
mechanical properties, high thermal conductivity, and electrical resistivity, account for
their frequent applications in polymer nanocomposites [11]. The theoretical value of a

single layered h-BN thermal conductivity at room temperature, estimated by numerical
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solutions of phonon Boltzmann transport equation, is more than 600 W m* K* [11].
However, that of bulk h-BN, calculated is 400 W m™ K [11][10] and measured is 100-
270 W m* K [70]. The huge difference in the thermal conductivities of bulk h-BN and
h-BNNSs are because of the reduction of phonon-phonon scattering in the mono layered
h-BN. Nevertheless, the thermal conductivity of bulk h-BN is significantly higher than
that of polymers. Therefore, the incorporation of these fillers is expected to improve the
thermal conductivity of polymer composites. For instance, at 50 wt.% h-BN content ‘A’
increased from 0.22 W m* K*to 1.2 W m* K [113]. Equally, Song et al. prepared h-
BN/polyimide composites with ‘A’ of 7 W m™* K at 60 wt. % h-BN concentration [114].
Beside filler content other factors, such as filler alignment and treatment, particle size, and
aspect ratio, play crucial roles. Kuang et al. studied the effect of h-BNNSs orientation on
the thermal conductivity of silicon rubber [115]. The thermal conductivity increased from
1.56 W m K in the randomly dispersed h-BNNSs to 5 W m™ K in the oriented h-
BNNSs at 30.8 vol. % h-BNNSs loading.
1.2.4.3.1. Factors that Affect the Thermal Conductivity of h-BN/Polymer Composites

Beside the filler intrinsic thermal conductivity; filler content, size, geometry,
aspect ratio, orientation, and treatment play very essential role in improving the thermal
conductivity. In the following paragraphs, the effects of these factors are briefly discussed.
1.2.4.3.1.1. Filler Content

Generally, the thermal conductivity of composites is a function of filler content or
loading. This dependence is usually nonlinear [29]. For example, at low filler loading, i.e.
below 35 vol.%, the change in the thermal conductivity is relatively small, whereas at
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higher loading, i.e. above 35 vol. %, the change is substantial, possibly because at higher
loading more conductive pathways are created [29]. Nonetheless, there is practical
limitations to the amount of filler that can be incorporated. For example, high loading
might lead to a poor mechanical performance, difficulty in fabrication, and high cost
[29][25][44]. In addition, high loading tends to cause filler agglomeration. The
consequences of agglomeration is not clear; they might enhance the thermal conductivity
or act as an initiator for mechanical failure [25].

Wattankul et al. studied the thermal conductivity and mechanical properties of BN
filled epoxy (EP) composite as a function of filler loading, mixing conditions, and BN
agglomerate sizes [45]. They observed parabolic increase in ‘A’ with the increase in filler
contents, see Fig. 10. They obtained a maximum ‘A’ of 1.97 W m K at 28 vol. % loading,
mixing speed of 80 rpm, and mixing time of 30 min, followed by sonication. In addition,
they observed monotonic increase in ‘A’, with the increase in mixing speed, time, and
temperature, see Fig. 11. They suggested that mixing actions break down the
agglomerates, and hence they increase the filler aspect ratio which improved the thermal

conductivity.
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Fig. 10: The thermal conductivity of BN-EP composite at different filler content.
Mixing condition: 80 rpm & 300 rpm, 30 min, and 30 °C. Adapted from [45].
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Fig. 11: The thermal conductivity of BN-EP composites at different mixing
conditions. (a) mixing speed (30 min, 30 °C), (b) Mixing time (80 rpm, 30 °C), and
(c) mixing temperature (80 rpm, 30 min). Adapted from [45].

1.2.4.3.1.2. Filler Size

Generally, composites loaded with large fillers have less polymer-filler interfaces

compared to those filled with smaller fillers. Thus, composites loaded with large fillers

have lower interfacial thermal resistance producing composite with higher ‘A’ [29].
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Shin et al. investigated the effect of BN content and particle size on the thermal
properties of BN and high density polyethylene (HDPE) composites [46]. They found that
the thermal conductivity and thermal diffusivity of the composites filled with larger
particle sizes were higher than that filled with smaller particles. Likewise, Li et al.
developed thermally conductive polyimide (P1) composites by incorporating micro and
nano-size BN fillers inside the polymer matrix [116]. In their study they investigated the
effect of micro and nano size particles alone and their hybrid on the composite ‘A’. They
showed that micro sized BN particles (mBN) are better than nano size BN particle ( nBN)
in improving the composites ‘A’, as illustrated in Fig. 12. In addition, they indicated that
mBN and nBN hybrids were better in enhancing the thermal conductivity than mBN or
mBN alone. These finding were explained by the fact that in the hybrid composites, the
micro-size particles form thermal conductive networks and the nano-size particles connect
those networks.

However, some researchers have different opinion on the effect of particle size. Fu
et al. studied the effect of surface treatment and particle size (micro and nano) of Al2O3
and BN fillers on the performance of thermally conductive epoxy adhesive [117]. They
reported that the composites loaded with nano-particles showed better ‘A’, mechanical
strength, and electrical insulation compared to those filled with micro-particles. Zhou et
al. also observed a higher ‘A’ value of rubber filled with Al,O3 nanoparticles compared to
those filled with microparticles [118]. However, they explained this result by the fact that

nano particles had higher intrinsic ‘A’ than micro sized particles.
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Therefore, when comparing the effect of particle size on the thermal conductivity,
it is very difficult to eliminate other parameters such as surface chemistry, filler
morphology, filler preparation, and filler dispersion, which might lead to a different filler
properties [29]. For instance, Zhou et al. studied the effect of platelet-shaped BN particles
dispersion states on the thermal conductivity of HDPE composites [62]. They found that
the smaller the particle the better the dispersion and hence the higher the ‘A’ value.
1.2.4.3.1.3. Filler Shape

Filler particle shapes also contributes substantially to the thermal conductivity
[29][119]. The theoretical and experimental investigations of the effect of filler shapes,

such as 0D particles, 1D nanotubes, 2D nanosheets, and other shapes, indicated that
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specific shapes tend to form thermal conductive pathways relatively easier, resulting in a
higher thermal conductivity [119]. For example, compared to OD and 1D BN
nanomaterials, 2D BN nanosheets have higher thermal conductivity as well as better
dispersibility making them more suitable in nanocomposites applications[8].
Lin et al. prepared h-BNNSs by liquid exfoliation and studied their effect on the thermal
conductivity of epoxy composites [15]. They found that the ‘A’ value was improved by
113 % at a very low filler loading of only 5 wt. % of h-BNNSs, whereas 28 wt. % of
pristine h-BN was added to get the same result.
1.2.4.3.1.4. Aspect Ratio

Fillers with a high aspect ratio tend to form thermal conductive network at low
filler loading, because these fillers reach percolation threshold at low filler concentration
[25][120]. Consequently, these fillers enhance the thermal conductivity of the composites
by reducing the interfacial thermal resistance [120]. In addition, with these fillers low filler
content is sufficient to achieve enhanced composite properties. Moreover, the low filler
loading in these systems lead to a better processing due to the low density and low
viscosity of these composites [25]. Huang et al. investigated the effect of morphology,
crystallinity, and content of spherical (s-BN) and flakes (f-BN) boron nitride fillers on the
thermal, mechanical, and electrical properties of epoxy composites [121]. They found that
the composites filled with f-BN showed significantly improved ‘A’ compared to those
filled with s-BN, because of the higher aspect ratio and crystallinity of f-BN fillers. For
instance, the ‘A’ values were 0.933 and 0.464 W m™* K at 30 wt. % of f-BN and s-BN

loading respectively, as shown in Fig. 13.
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1.2.4.3.1.5. Filler Orientation

The nonsphericity of many fillers, including platelet BN, fibers, carbon nanotubes,
graphene sheets, wires, and graphite flakes, lead to anisotropic thermal conductivity [29].
Therefore, alignment of such fillers inside the polymers might significantly affect the
thermal and mechanical properties of the polymer composites. For instance, the thermal
conductivity of platelet BN improves by approximately a factor of 20 when it is oriented
parallel to the heat flow (in-plane) compared to when it is aligned perpendicular to the
heat flow (through-plane) [122].

Yuan et al. oriented BN platelets in to different microstructures using magnetic
field and investigated their effect on the thermal conductivity of the resultant composites
[123]. They stated that the ‘A’was improved by 44.5 % when the BN platelets were
oriented parallel to the heat flow and was lowered by 37.9 % when the BN platelets were
aligned perpendicular to the heat flow. Equally, Sun et al. reported a maximum ‘A’ of 3.09
W mtK*at BN loading of 18 vol.% when BN plates were aligned in polycarbonate (PC)
composite using hot-pressing [124]. They stated that such arrangements provide thermal
pathways for phonon transport which significantly reduce the thermal resistance, thereby
and enhancing the thermal conductivity. Fig. 14 (a) and (b) show the thermal conductivity
and the thermal conductivity enhancement of BN/PC composites for horizontally oriented
BN (HoBN/PC) and randomly oriented (ROBN/PC). The better performance of HoOBN/PC
compared to RoBN/PC shown in Fig. 14 (a) and (b) is illustrated in Fig. 14 (c) by the

presence of thermal pathways in HOBN/PC composites.
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Fig. 13: Thermal conductivity and thermal conductivity enhancement of epoxy
composites filled with s-BN and f-BN fillers at different filler content. Adapted
from [121].

1.2.4.3.1.6. Filler Treatment

Polymers being organic are mostly hydrophilic in nature. Thus the inorganic
fillers, such as metals and ceramics, encounter some interfacial bonding resistances with
the polymer matrix. Interfacial thermal resistance is one of the main limitations of thermal
enhancement in polymer nanocomposites [29]. This problem can be mitigated by filler

treatments; such as filler surface treatment, filler purification, or filler functionalization

[25].
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By far, Organo-Silanes are the most effective and widely used surface modifier
[29] [25]. Donnay et al. stated that high concentration of silane coupling agent has
beneficial effect on the thermal conductivity of BN epoxy composites [125]. Also, Fu et
al treated BN by silanes and diisocyanate, and then added them to epoxy polymers [117].
They indicated that the addition of surface modifier was useful for the thermal
conductivity, by reducing the interfacial thermal resistance.

Beside organo-silanes, there are several chemicals and methods of reducing

interfacial thermal resistance. Ahn et al. indicated that BN/poly (vinyl butyral) treated

with amphiphilic agent such as C14HsOs and Co7H27N302 showed better ‘A’ enhancement
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than that of untreated composites [122]. Jiang et al. grafted poly (glycidyl methacrylate)
(PGM) on the surface of h-BN to form h-BN/PGM complex [107]. Afterwards, the h-
BN/PGM was added to epoxy (EP) to form a composite with a high “A’. They stated that
the thermal conductivity of the resultant composites was improved by 60%, 203%, and
505% up on the addition of 3, 9, and 15 vol. % of h-BN/PGM, respectively.

1.2.4.4. Mechanical Properties of h-BN/Polymer Composites

Besides having exceptionally high thermal conductivity, h-BNNSs possess
peculiar mechanical properties. For instance, the calculated values of Young’s modulus
and breaking strength of h-BNNSs are 0.71-0.97 TPa and 120-165 GPa respectively, i.e.
comparable to graphene [70]. The mechanical properties of few layered h-BN do not show
clear dependence on the number of sheets, i.e. unlike graphene [126]. For instance, the
Young’s modulus values of 1 and 9 layered h-BN are 0.865 + 0.073 and 0.856 + 0.003
TPa, respectively [126]. Similar to h-BNNSs, multilayered h-BN shows very high
mechanical properties. For example, the Young’s modulus of multilayered h-BN is 1.16
+ 0.1 TPa [94] or 0.81-1.3 TPa [127]. For these exceptional mechanical properties, h-BN
are frequently used in polymer composites reinforcements [10][11].

The incorporation of h-BN in polybutylene terephthalate lowered the elongation at
break and improved the tensile strength to reach a maximum at 15 wt. % h-BN loading
[128]. Similarly, the flexural strength and modulus of h-BN/epoxy composites rose from
25.7 MPa and 2.46 GPa in pure polymer to 47.6 MPa and 3.1 GPa at 37 vol. % h-BN
content, respectively [45]. The storage modulus also shows similar dependence. For

example, at 15 vol. % h-BN loading the storage modulus of epoxy increased from ~ 1.79

34



GPato ~ 3.19 GPa [107]. Equivalently, upon the addition of 1.5 wt. % h-BN on 20 wt. %
graphene/polystyrene (20GP) composites, the Young’ Modulus increased from 4.7 to 6.3
GPa [129]. However, at a very high filler loading the mechanical properties of the
composites, such as the tensile strength [128] and the impact strength [45], deteriorates,
i.e. the composites become brittle. These deteriorations in the mechanical properties are
attributed to the formation of filler agglomeration which can act as a source of mechanical
failure [25].

1.2.5. Overview of Hexagonal Boron Nitride-Polyethylene Composites

Polyethylene (PE) is a polyolefin thermoplastic made by the polymerization of
ethylene monomer [130][131]. PE possess very good properties such as chemical stability,
toughness, moisture resistance, electrical insulation, and ease of fabrication
[132][133][134]. PE has extremely large field of applications including in pipes,
packaging, insulating electric cables, and automobiles, making it the most widely used
plastic in the world [131][132][133].

PE is classified based on its degree of branching into high density PE (HDPE),
linear low density PE (LLDPE), and low density PE (LDPE) [130][133]. The degree of
branching affects the properties of PE, such as its density, crystallinity, and thermos-
mechanical properties. For instance, HDPE contains less branches compared to LLDPE
and LDPE, hence it has higher density, crystallinity, and thermal conductivity [130]. Table

2 summarizes the most common properties of LDPE, LLDPE, and HDPE.

35



Table 2: Common properties of LDPE, LLDPE, and HDPE

Property LDPE LLDPE HDPE Reference

Density (g/cmq) 0.915- 0.90-0.94 0.941- | [130][133]
0.925 0.965
Crystallinity (%) from 30-54 22-55 55-77 [130]
calorimetry
Melting point (°C) 98-115 100-125 125-132 | [130]
Tensile strength (MPa) 10-20 25-45 13-51 [130][135][136][137]
Tensile modulus (GPa) | 0.13-0.3 | 0.26-0.52 | 0.5-1.1 | [130][135][136][137]
Flexural modulus 0.23-0.25 0.28- 0.75-1.6 | [135][136][137]
0.735

Thermal conductivity 0.32-0.4 0.32 0.45-0.52 | [43][138][139]
(W m? K1

1.2.5.1. h-BN/PE Composites

Although the attributes of pristine PE polymers such as chemical inertness,
electrical insulation, and ease of processing play great role in their applications [133],
other properties such as mechanical and thermal properties requires improvements [140].
For instance, enhancing the thermo-mechanical properties of PE polymers is vital for their
utilization in thermal management applications. Thus, inorganic fillers, such as h-BN and
graphene, are frequently used to boost these properties.

Many researches have been done to study the effect of incorporating h-BN on the
thermo-mechanical properties of PE composites [46][141][142][143]. For example, the
thermal conductivity of HDPE was improved from 0.35 W m™ KX for pure HDPE to 2.08
W m? Ktat 50 wt. % h-BN concentration [144]. Similarly, the thermal conductivity of
LDPE improved by 22 % at 5 wt. % h-BNNSs loading [145]. Also, the thermal

conductivity of LLDPE showed clear dependence on h-BN content [146].
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Shin et al. studied the effect of BN content and particle size on the thermal
properties of HDPE composites [46]. They indicated that the thermal diffusivity increased
with BN content. At the same BN loading, the thermal diffusivity increased with the
increase in BN particle size, for instance the thermal diffusivity at 50 wt. % was 2.253,
2.548, and 2.653 mm?/s for 3, 10, and 20 um BN particle sizes, respectively. Zhang et al.
investigated the effect of improving BN and HDPE interfacial interaction on the properties
of the composites [143]. They treated the surface of h-BN with KF550 agent, in addition,
they prepared h-BN/HDPE with the addition of polyethylene-g-maleic (PGM) anhydride.
As expected, they found that the filler treatment and the addition PGM was very beneficial
in improving the thermal conductivity. For more examples of h-BN/PE composites, refer

to Table 3.
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Table 3: Thermal Conductivity of h-BN/PE composites.

Filler Matrix Processing (W mK'lK'l) Ref.
Multi-stage extrusion: (1)
i i compounding in twin screw extruder
h BSNO \(A:’;tso/“m) HDPE | running at 200 rpm and temperature of 1.21 [63]
70 80, 180, 180, and 170 °C and (2)
stretching in a single screw extruder.
Melt blending using Roller mixer with
h_BSNO \(Azft_so/um) HDPE | roller temperature of 153 °C front and 2.08 [144]
7P 150 °C back.
h-BN (20 pm) Melt blending at 200 °C and 30 rpm for N
50vol.% | TDPE |50 min, 46 | [46]
) Melt blending at 180 °C and 30 rpm for
h leg \(/\Af't'lo/tlm) HDPE | 8 min. The interfacial interaction was ~2.6 [143]
' enhanced by adding PGM.
h-BN ( 10 um
and 50 nm
ratio 3:1) was . .
treated with L DPE Powder mleé] ?nd;(])ot p;essmg at 170 0.95 [143]
silane agent or L mif.
KH550.
40 wt. %
LDPE was ground to powder of 250-
500 um average sizes. The
h-BN (6 pm) compositewas prepared by powder N
27.63 vol. % LDPE mixing and pressed at room 2.6 [147]
temperature for 1 min under 20 MPa,
followed by hot pressing
h-BN (60 pum) Melt blending in twin screw extruder at N
33.3vol. % LLDPE 150 °C for 10 min. 2.8 [146]
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2. RESEARCH OBJECTIVES
One of the most important applications of polymer composites is in thermal

dissipation management of electronic devices. However, polymers suffer from poor
thermal and mechanical properties. Thus, the properties of polymers are commonly
enriched by the incorporation of fillers, such as metals and ceramics. Due to their
similarity with graphite and 2D graphene, h-BN and h-BNNSs possess high mechanical,
physical, and thermal properties [9][10][11], making them suitable for nanocomposites
applications. Unlike graphene, the exfoliation of h-BN to h-BNNS is very difficult
especially in a large scale. In addition, h-BNNS is not commercially available.
Consequently, it is of high interest for researchers to devise a facile method for the
production of h-BNNS in a large scale.
This work aims to synthesize thermally enhanced polyethylene (PE) polymer
composites and nanocomposites based on h-BN and its exfoliated nanosheets (h-
BNNS)
Tasks:

1. Exfoliation of h-BN

2. Fabrication of h-BN-PE composites with different h-BN loadings

3. Fabrication of h-BNNS-PE nanocomposites with different h-BNNS loadings

4. Characterization of h-BN and h-BNNS

5. Characterization of the fabricated composites and nanocomposites
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Key Questions to Answer

What is the impact of processing method on the composite and nanocomposite
thermal conductivity, thermal properties, crystallinity and mechanical properties?
What is the impact of the h-BN exfoliation on the processing and the properties of
the nanocomposites?

What is the impact of the h-BN and h-BNNS loading on processing and properties
of the composites/nanocomposites?

What is the impact of h-BN particle size on the processing and the properties of

the composites/nanocomposites?
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3. METHODOLOGY
As previously mentioned, composites depend on many factors as shown in Fig. 2.
Here, the impact of h-BN particle size, polymer matrix, processing method, and h-BN

exfoliation on the composite properties are studied, see Fig. 15.

h-BN particle size

Composites

Composite Processing h-BN Exfoliation

Fig. 15: Factors to be addressed in this thesis.

In general, in this thesis the process methodology can be divided into three main
experimental steps: h-BN exfoliation and characterization, h-BN/PE composites
fabrication, and h-BN/PE composites characterization as shown in Fig. 16. In the first
step, h-BN powder is exfoliated to h-BNNS through ball milling method. The exfoliation
is confirmed using different characterization techniques, such as XRD, SEM, AFM, TEM,
EDS, and XPS. In the second step h-BN and h-BNNS/PE composites are fabricated by

melt and dry blending methods. The composites is melt blended by twin screw extruder,
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and dry mixed using a ball mill. In the final step, the composites is characterized for

several desired properties, including thermal, physical, and mechanical properties.

h-BN Exfoliation and cgﬁgfsﬁgs
Characterization Eabrication

Fig. 16: Generalized experimental steps

3.1. Materials

In this thesis, h-BN powder was provided by Asbury Carbon with 6 and 35 pm
average particle size and 99.0% purity. LDPE pellets and LLDPE powder with densities
and melting points of 0.923 g/ cm®and ~108 °C, 0.916 g/ cm® and ~122 °C, respectively,
were kindly supplied by QAPCO. HDPE pellets with density and melting point of 0.938
g/ cm® and ~134 °C, were kindly supplied by Q-chem. IPA (99% purity) was purchased
from Research Lab, India. Important h-BN and PE polymers properties are given in Table
4 and Table 5 respectively.

Table 4: Important h-BN properties

Property hBN6 | hBN35
p [kg/m?] 2280 | 2280
Ain-plane [Ww m1K?] 300 | 300
Athrough-plane [W m? K_l] 3 3
L [um] 6 35
t [um] 0.5 2
A [m?g] 15 |14
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Table 5: PE polymers properties.

Properties LDPE
Lotrene

Grade FD0274
Density (g/cm?®) 0.923
Melt Flow index (190 °C/ 2.16 24
kg) '
Melting Temperature (°C) 108
Tensile Strength MD/TD
(MPa) 11/11

Secant Modulus @ 1 %
MD/TD (MPa)
Elongation at break MD/TD

(%) 300/600

3.2. Experimental Work

3.2.1. h-BN Exfoliation

Several techniques have been devised to synthesis h-BNNS, including mechanical,
liquid, and thermal exfoliation techniques. Results from liquid and thermal exfoliation
methods are given in appendix A. In this work, ball milling method was used for h-BN
exfoliation. Ball milling is one of the easiest and efficient methods for h-BN exfoliation
[148][149]. However, ball milling method is known to create defects and reduce the
particle size catastrophically [150]. Nevertheless, these problems can be mitigated by
controlling: ball size, ball to powder ratio, milling frequency, and milling time. Another
solution is wet ball milling, in which h-BN is milled in a solution [148][149][74]. Here,
the effect of milling time on the h-BNNS vyield was investigated. In addition, the impact

of adding LLDPE to h-BN during the ball milling treatment on the h-BNNS and their
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nanocomposites was investigated. Throughout the study the ball to powder ratio and the
milling frequency are kept constant
3.2.1.1. Dry Mixing of Pure h-BN

h-BNNS was synthesized using Retsch Mill CryoMill, as shown in Fig. 17 (a). In
each run, 3 to 4 g of bulk h-BN and 8 mm diameter steel balls (~ 2 g) were loaded into the
steel vial, as shown in Fig. 17 (b), at a ball to powder ratio of 10:1 and at a milling
frequency of 30 Hz. The milling time was changed depending on the purpose as follows:

» To study the effect of milling time on the h-BNNS yield, h-BN was milled for

05,1,15,3,and4.5h

» For composites synthesis, h-BN was milled for 1.5 h
3.2.1.2. Dry Mixing of 80%h-BN

To alleviate the ball milling action LLDPE was added to the h-BN powder at a
ratio of 1:4. In each run, 4 g containing 80 wt. % h-BN and 20 wt. % LLDPE (80%h-BN)
and 8 mm diameter steel balls (~ 2 g) were loaded into the steel vial, at a ball to powder
ratio of 10:1 and at a milling frequency of 30 Hz. The mixture was milled for 0.75 and 1.5
h.

To study the effect of milling time on the h-BNNS vyield, particle size, and particle
thickness, 6 um h-BN powder (h-BN6) was milled for 0.5, 1, 1.5, 3, and 4.5 hours (h).
The resultant was dispersed in isopropanol (IPA) at a concentration of 2 mg/ml. h-BN/IPA
mixture was sonicated in a bath sonicator (Branson 2510) for 3 hours to disintegrate the

h-BN agglomerates created by the ball milling action and to stabilize the suspension.
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To calculate h-BNNS yield, the h-BN suspension was centrifuged using Sigma 3-
18KS, 12159 H rotor, at 1500 rpm for 10 minutes. The supernatant was separated, dried,

and used to calculate the h-BNNSs yield.

Fig. 17: Ball milling setup. (a) Ball mill and (b) Steel vial loaded with h-BN powder.

3.2.2. Composites Synthesis

As mentioned previously, composites fabrication methods have profound impact on
their properties. Therefore, the choice of fabrication method is very vital to achieve their
desired properties. Commonly, polymer nanocomposites are prepared by in situ
polymerization, melt intercalation, sol gel, and direct powder mixing methods [102]. Of
which, dry mixing and melt blending are experimentally simpler and environmentally
friendly, due to the absence of solvents or reagents. Fig. 18 illustrates the general
methodology followed in preparing the composites.

In this work, the effect of h-BN content, pure h-BN particle sizes, and particle

thickness on the composite properties were investigated. In addition, the effect of
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processing, composite sheet thickness, and the type of polymer matrix on the composite
properties were also investigated. The impact of polymer matrix and h-BN loading was
carried by using LDPE, LLDPE and HDPE as a matrix and h-BN content was varied from
0-60 wt. %. The effect of particle size was investigated by incorporating two particle sizes:
h-BN6 (6 um) and h-BN35 (35 pum). The influence of h-BN particle thickness was
addressed by incorporating bulk and exfoliated h-BN. Finally, to investigate the the effect
of processing and sheet thickness, the composites were prepared by dry mixing and melt
blending methods. Afterwards the composites were pressed into 0.5-1 mm and 1-2 mm

thick sheets.

Ball Milling . . Composite
Compression Molding Sheets
o
B~ L "
h-BN/h-BNNS
B
D,

Fig. 18: Composites preparation process.

3.2.2.1. Dry Mixing
h-BN/LLDPE composites and h-BNNSs/LLDPE nanocomposites of several filler

loading were prepared by ball milling method. The composites were fabricated using
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Retsch Mill CryoMill. Each batch containing 4 g of the filler and LLDPE powders along
with 8 mm diameter steel balls (~ 2g) were loaded into the steel vial at ball to powder ratio
of 10:1. Then, the mixture was milled at 30 Hz for 45 min.
3.2.2.2. Melt Blending

h-BN/PE composites and h-BNNS/PE nanocomposites were prepared by Xplore
Twin Screw 15 ml Micro-Compounder, see Fig. 19. In each batch, 5-9 g of the composites
(h-BN powder and PE), were premixed and fed to the extruder slowly to prevent h-BN
powder scattering. The process conditions were optimized initially, and hence all
experiments were conducted at the optimum operating conditions. These conditions

include uniform temperature of 210°C, 100 rpm rotation rate, and 12 min residence time.

Fig. 19: Twin Screw Extruder (Micro-Compounder).
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3.2.2.3. Compression Molding

Compression molding was accomplished using Craver Bench Top Heated
Manual Press (Model 4386), as shown in Fig. 20. The composites were pressed into ~
0.5 — 2 mm sheets at a temperature of 180°C and a pressure of ~ 10 bar for 5 min. The

composites were pressed into sheets for characterization purposes.

Fig. 20: Craver Bench Top Heated Manual Press.

3.3. Characterization
Characterization is an important part of material science and engineering. Material
characterization help in providing information such as mechanical, thermal, chemical, and

morphological properties; which play a vital role in process design [151].
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In this work, various characterization techniques were utilized, playing a crucial
role in achieving our ultimate objective. The characterization techniques were divided into
four groups; thermal properties, surface chemistry, morphology and crystal structure, and
mechanical properties characterizations.

3.3.1. Thermal Properties
3.3.1.1. Thermogravimetric Analysis (TGA)

TGA is a technique used to measure the weight change of materials as a function
of time or temperature [134] [133]. Usually, in this method the temperature is changed at
a constant rate and the change in the sample mass over time is measured. TGA can be
conducted under several environments, such as nitrogen, air, helium, or even vacuum. This
technique is a very useful method to determine the thermal and chemical (oxidation)
stability with temperature [152]. In addition, TGA is commonly used to find the
composition of materials. For instance, the filler contents of composites are usually
determined by heating the composites to a temperature at which the polymer decomposes,
then from the reminder the filler content is calculated.

In this study, TGA was performed using Discovery TGA (TA) in a temperature
range of 25 °C to 700 °C, at a heating rate of 10°C/min, and under nitrogen environment.
3.3.1.2. Differential Scanning Calorimeter (DSC)

DSC is a thermal technique that detects temperature and heat transfer of materials,
associated with transitions or phase change, as a function of time and temperature [153].
DSC measures the amount of heat absorbed or released by a material as a function of

temperature and time. DSC provides several thermal properties such as glass transition
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temperature, crystalline phase transition temperatures, melting point, specific heat
capacity, heat of fusion, and heat of vaporization [153]. For PE composites, DSC
measurements are usually conducted under nitrogen environment, heating and cooling at
temperature range of 30 °C to 200 °C, and at a heating rate of 10 °C/min [133].

In this thesis, DSC measurements were done using Q2000 DSC (TA). All
measurements were performed under nitrogen environment at a heating and cooling rate
of 10 °C/min. In each run, 5 mg sample was heated from 25 °C to 200 °C and then cooled
from 200 °C to 25 °C at a heating rate of 10 °C/min and 3 °C/min under nitrogen
atmosphere.
3.3.1.3. Thermal Conductivity Measurement

There are two main techniques used to measure the thermal conductivity of
materials: steady state and transient state. From the name in steady state the measurement
is performed in an isothermal condition, while in transient the measurement is performed
during the process of heating [154].

In this study, LINSEIS LFA 500 Laser Flash Diffusivity instrument was used to
determine the thermal diffusivity and the thermal conductivity of the composites, see Fig.
21 and Fig. 22. In laser flash diffusivity the front of the material is subject to heating and
the temperature change at the rare of the sample is observed by infrared scanner as a
function of time. To calculate the thermal diffusivity and thermal conductivity, sample
information such as thickness, surface area, density, and specific heat capacity are
required. The machine determines the half time (ti2), which is the time required by the

sample to reach half the maximum temperature. The thermal diffusivity () is calculated
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from the sample thickness (I) and half time (t2), as shown in equation 3.1. Subsequently,
the thermal conductivity (K) is calculated from the thermal diffusivity («), the specific

heat capacity (Cp), and the density(p) of the material, as shown in equation 3.2.

12
a= O.13879t— 3.1
1

2
K=alCpp 3.2

LFA 500 is equipped with sample holders of different sizes and shapes. In this
work, square specimen holder of 10 cm by 10 cm dimensions was used. Therefore, the
samples were cut by 10 cm by 10 cm square die and the surface of the samples were
smoothed by sand papers to keep their thickness in the range of 0.1 mm-2 mm. Afterward,
the specimens were coated with graphite spray to aid their ability to absorb and emit
radiation. The measurement was conducted at room temperature and repeated several

times for statistical purposes.
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Fig. 21: LINSEIS Laser Flash Diffusivity instrument used for thermal conductivity
measurements.
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Fig. 22: Schematic Diagram of Laser Flash Thermal Diffusivity.
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3.3.2. Surface Chemistry
3.3.2.1. X-ray Photoelectron Spectroscopy (XPS)

XPS is a very strong surface analysis technique that can provide elemental and
chemical state data. XPS can analysis is limited to the sample surface due to its limited
penetration to about 2-5 nm depth. In XPS, the sample is irradiated with x-rays which lead
to sample excitation as a result the sample emits photoelectrons. The binding energy which
is related to the Kkinetic energy of the emitted electrons, is a unique characteristic of each
atom, is used to construct spectrum [155]. All atoms in the sample are assigned to each
peak in the spectrum. As a result, information such as atomic concentration and chemical
bonding can be acquired from XPS data.

In this work, XPS was utilized to analyze h-BN before and after the ball milling
treatment.
3.3.2.2. Energy-Dispersive X-ray spectroscopy (EDS)

EDS is a technique used to determine and quantify elemental compositions of a
material. EDS is assembled in conjunction with SEM, in which the electron beams from
the SEM bombard the sample which excites the samples causing it to release x-rays. The
x-rays are detected by an energy dispersive detector of the EDS. The detector measures
the intensity (quantity) and energy of the emitted x-rays constructing spectrum. Each peak
in the spectrum is ascribed to a specific element in the sample [156]. Beside elemental
quantification, EDS is a very strong technique for elemental mapping especially that it can

analyze materials in a micrometer scale.
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In this study, EDS was done using AMETEK EDAX integrated in QUANTA 400
SEM. EDS was used to characterize h-BN before and after the ball milling treatment.
3.3.3. Morphology and Crystal Structure
3.3.3.1. X-ray Diffraction (XRD)

X-ray diffraction is a technique used to determine the crystal structure of materials.
XRD provides information such as the average atomic spacing, crystal structure, phases,
sample purity, average grain size, and defects [157]. In XRD the samples are irradiated
with x-rays at different angles and the diffraction or scattering of these rays caused by the
different lattice plane are used to produce different peaks. The interaction of the sample
and the incident rays form constructive interference if they satisfy Bragg’s Law:
ny = 2dsin(0) 3.3
where ‘y’ is the wave length of the incident ray, ‘d’ is the inter-planar spacing (d-spacing),
and ‘0’ is the diffraction angle or Bragg’s angle. All parameters in eqn. 3.3 are known
except the d-spacing, thus it can be easily calculated.
XRD data can also be used to approximate the crystallite size (Cs) using Scherrer equation

as follows [158][159]:

_ fv
s = B Cos (8) 3.4

Where ‘f” is the shape factor usually taken as 0.89 or 0.94, ‘y’ is the wave length, ‘f’, also
written as FWHM, is the full width as maximum height, and ‘0’ is the Bragg’s angle.
In this work, XRD was done by Ultima IV X-RAY DIFFRACTOMETER. CuK (alpha)

(0.1542 nm) radiation at 40 kV and 20 mA was used to analyze h-BN, h-BNNSs, and their
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composites. The process conditions were: 0.02° step size, 1 s dwell time, and 10-60° scan
range.
3.3.3.2. Scanning Electron Microscopy (SEM)

Scanning electron microscope scans the sample surface with strong focused
electron beam to create high resolution images of up to ~ 1 nm. As a sample is bombarded
by the electron beams three main signals are created: electrons back-scattering, the sample
emitting secondary electron, and x-ray being emitted. X-ray can be used for elemental
analysis as aforementioned in EDS. While back-scattered and secondary electrons are used
for morphological analysis. SEM provides surface information such as texture, defects,
particle size, and particle shape [156][160][161].

Here, FEI Nova NanoSEM 450 was used to analyze the morphology of h-BN, h-
BNNSs, and their composites. Because of the insulative nature of h-BN and their
composites, the specimens in this work were coated with gold prior to the SEM analysis.
The analyses were performed at 5-30 KV, high vacuum, and magnification of 10000 to
400000.
3.3.3.3. Transmission Electron Microscope (TEM)

TEM is another electron microscsopy techniques where electrons are transmitted
through the sample creating high resolution images. Unlike SEM, TEM give information
beyond the surface of the sample, such as crystal structure, chemical composition of
phases, defects, orientation, and even mechanical properties. In addition, the electron

beams in TEM is above 100 KV enabling it to give high resolution images in a molecular
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level [156][161][162][163]. In TEM, the sample preparation is very vital; typically the
sample thickness is in the range of 100-200 nm [156].

In this study, FEI Talos F200X TEM was used to analyze the morphology of h-
BNNSs. Images with resolution ranging from 5 nm to 200 nm were captured.
3.3.3.4. Atomic Force Microscopy (AFM)

AFM is a high-resolution surface characterization technique that use a tip to study
the surface topography and the properties of materials at atomic level. AFM works by
scanning the sample by a tip attached to a spring cantilever. As the tip move close to the
sample the atoms of the sample and the tip interact by an attractive and repulsive force.
The deflection of the tip is detected by the laser analyzing the surface topographies of the
material. AFM provides information on surface topography, including sample roughness,
thickness, and height giving 3D images. In addition, AFM can also provide atomic level
mechanical, electrical, magnetic and even chemical properties [156][164].

In this work, BRUKER DIMENSION icon was used to perform AFM analysis on
h-BN before and after BM. The samples were dispersed in IPA with the help of bath
sonicator. Afterwards, one drop of the suspension was placed in a mica sample holder.
Finally, the analysis was conducted under a peak force QNM in air mode, at 0.3-0.5 Hz
scan rate, and 5-20 um scan area.

3.3.4. Mechanical Properties

Knowing the mechanical properties of a material is very essential for the

engineering design and material fabrication process. For instance, polymers are very

flexible making their processing relatively easier. The incorporation of h-BN in the PE
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matrix is known to enhance their mechanical properties [63][165]. However, at high h-BN
loading the mechanical properties of PE composites deteriorate. Moreover, the composites
become very viscous leading to difficulty in processing. Therefore, studying the
mechanical properties is indispensable in nanocomposites.

Generally, the mechanical properties of a material are determined by subjecting
the material to a force and the change in the material behavior is translated into specific
properties. Mechanical properties of PE is usually characterized by tensile, flexural,
impact, and hardness tests. Tensile test is the most common mechanical test, in which a
material of known dimensions is subjected to an axial load pulling the specimen at one
end. The change in the material dimension is recorded as a function of the load; which is
afterward used to obtain stress-strain curve. The stress-strain curves provide information
such as Young’s modulus, yield stress, elongation at break, and ultimate tensile strength.
Depending on the measurement conditions such as temperature, load, and applied strain,
PE composites can be glassy, brittle, or elastic [133].

In this work, tensile test was performed using MTS Insight Electromechanical testing
system (1 kN). The polymer samples were prepared using a dumbbell-shaped ASTM
D638-5 die.

3.3.5. Wettability

Wettability is a surface property of a material that determines the wetting ability of a
liquid in contact with a solid surface. Wettability is governed by the intermolecular
interactions, cohesive and adhesive forces, between a fluid and a solid. When two fluid

phases, such as water and air, are in contact with a solid surface; the wetting ability of one
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of the phases is characterized by the contact angle (CA) formed between that phase and
the solid phase. A wetting fluid will spread and form a low CA (< 90°) indicating good
wettability. In contrast, a non-wetting fluid will contract and minimize the contact with
the solid surface and form a high CA (>90°) [166].

Many researches has shown that the wettability a heat transfer surface has tremendous
impact on the heat transfer performance [167][168][169]. The wettability of PE polymers
is very poor due their nonpolar hydrophobic surface. Nonetheless, the wettability of these
polymers can be enhanced by several treatments, including plasma treatment, chemical
etching, corona discharge, mechanical abrasion, primers, and UV irradiation [170].

In this thesis, the CA measurements were used to evaluate the wettability of the h-
BN/PE composites. The CA measurements were conducted using Kruse drop shape
analyzer DSA25. The Sample preparations included cutting the composite into a small
stripe with a flat surface. A 2 pl DI water droplet was placed on the top of the composite
stripe and the contact angle of the water droplet was measured. The measurement was

repeated three times or more for statistical purposes.
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4. RESULTS AND DISCUSSION

4.1. Bulk h-BN

h-BN is composed of equal number of boron and nitrogen elements. Table 6
displays the atomic surface composition of bulk h-BN6 and h-BN35 obtained from XPS.
The data are in good agreement with the h-BN purity (~ 99 %) provided by the
manufacturer. The XRD patterns (Fig. 23) of h-BN6 and h-BN35 confirmed presence all
the typical peaks of h-BN located at at 20 of 26.66° 41.7° 43.9° 50.2°, and 55.4°
corresponding to (002), (100), (101), (102), and (004) planes, respectively [75][171][172].
Both h-BN6 and h-BN35 showed very high crystallinity demonstrated by the very sharp
peaks, which is a very common feature of h-BN. The XRD pattern of h-BN35 showed
relatively sharper peaks which might be attributed to their larger crystallite, i.e. number of
layers (stacking).

Fig. 24 shows the SEM images of h-BN6 and h-BN35. The particles of both h-
BNG6 and h-BN35 appear as agglomerated multilayered sheets with range of particle sizes.
The average h-BN particle sizes ranged between 1 to 6 pum and that of h-BN35 ranged
from 10 pum to 50 pum. These values are in also good agreement with the data provided by

the manufacturer, which are 6 um for h-BN6 and 35 um for h-BN35.

Table 6: Surface atomic composition of bulk h-BN6 and h-BN35.

Sample B 1s (%) N 1s (%) 0 1s (%)
Bulk h-BN6 53.5 439 2.6
Bulk h-BN35 46.7 50.9 2.4
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Fig. 23: XRD spectra of bulk h-BN6 and h-BN35.

4.2. h-BN Exfoliation

To investigate the impacts of BM treatment on h-BN features, h-BN of two particle
sizes, h-BN6 and h-BN35, were used as a raw material. Most of the exfoliation
experiments were performed on h-BN6. After the BM treatment, h-BN6 was analyzed
using various characterization methods, including yield and stability, XRD, AFM, SEM,
TEM, EDS, and XPS. Thereafter, the effect of exfoliation on the two h-BN particle sizes

was studied as well. Finally, ways of improving the BM treatment was examined.
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Fig. 24: SEM images of bulk h-BN; h-BN6 ((a) and (b)) and h-BN35 ((c) and (d)).

4.2.1. Yield and Stability of h-BN6 after the BM Treatment

Yield and stability of h-BNNS were used to determine the optimum BM time. Fig.
25 displays h-BNNSs yield as a function of BM time. The yield of h-BNNSs was
surprisingly high, ranging from 38 % at 0.5 h to 61 % at 4.5 h. In the first 4 milling times,
0.5, 1, 1.5 and 3 h, the yield showed significant improvements ranging from 38 % at 0.5
h to 58 % at 3 h; suggesting very strong dependence on milling time. In contrast, no clear
improvement was observed when the milling time was increased further to 4.5 h. For
example, the yield only increased by 3 factors to reach 61 %. It seems that at lower BM
time the exfoliation effect is significant producing light h-BN particles. However, at higher

milling time, i.e. 4.5 h, the exfoliated product starts to agglomerate resulting in heavy h-

61



BN particles. Namba et al. stated that at a high BM rotation speeds h-BN formed
agglomeration [171], which suggest similar results at a high milling time as in this study.
Obviously, the lighter the particles the higher the yield. Therefore, based on the yield
results the optimum BM time is in the range of 1.5 — 3 h. Nevertheless, the high h-BNNS
yield even at 0.5 h milling time indicates a very high efficiency of this method. The high
h-BNNS vyield in this work is comparable to literature values of similar BM methods

[74][149][173], and it is much higher than liquid exfoliation method [75].
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Fig. 25: h-BNNS yield, synthesized from h-BN6, as a function of BM time.

The stabilities of h-BN ball milled at a various milling time were investigated by
dispersing them in IPA, as shown in Fig. 26 (a). After 2 weeks, these suspensions exhibited
a milky white color, indicating very high stability. Moreover, h-BN 1.5 h and h-BN 3 h

were dispersed in water with the assistance of a mild bath sonication (3 h) and compared
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with aqueous suspension of h-BN prepared by vigorous bath sonication (24 h), i.e. liquid
exfoliation, as shown in Fig. 26 (b). The aqueous suspensions of h-BN 1.5 h and h-BN 3
h demonstrated a milky white color with a high stability of more than 1 week. However,
the liquid exfoliation product displayed a slightly transparent suspension indicating

limited exfoliation.

(b)

- Ba}tir 1.5h 3h -
Sonication*24 h

Fig. 26: Stability of h-BNNS, synthesized from h-BN6, prepared by BM and liquid
exfoliation. (a) Compare the stability of h-BNNS in IPA prepared by various
milling time (after 2 weeks) and (b) Compare the stability of h-BNNS in water
prepared by 24 h of bath sonication with that prepared by BM (after 1 week).

Driven by the high h-BNNS vyield and excellent stability. The BM products were
further studied using XRD, SEM, TEM, XPS, AFM and EDS. It is worth noted that all
analyses were conducted right after the BM treatments without additional separation step,

i.e. separation of the exfoliated h-BN from the bulk h-BN.
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4.2.2. Morphology and Crystal Structure of h-BN6 after the BM Treatment

The XRD patterns of bulk h-BN (0 h), as well as h-BN ball milled for several
milling time are shown in Fig. 27. Bulk h-BN showed peaks at 2 6 values of 26.66°, 41.7°,
43.9° 50.2° and 55.4° which corresponds to the (002), (100), (101), (102), and (004)
planes respectively [75][171][172]. These peaks diminished significantly or almost
disappeared with increasing milling time. Clear reduction in the (002) peaks was observed
when the milling time was increased from 0.5 h to 1.5 h. However, no significant reduction
was observed above 1.5 h milling time, i.e. at 3 h and 4.5 h, suggesting that most h-BNNSs
were formed at or below 1.5 h. The XRD results clearly agrees with the yield and stability
results discussed earlier.

In addition, the (002) peaks broadened and shifted to the left as the milling time
progressed. As compared to the bulk h-BN, the ball milled h-BN exhibited higher d-
spacing and FWHM, which is a sign of exfoliation. For example, the d-spacing and
FWHM increased from 3.3406 and 0.2741 of bulk h-BN (0 h) to 3.3891 and 3.5262 of h-
BN 4.5 h, respectively. Moreover, the average crystallite sizes of h-BN 0 h and h-BN 4.5
h, calculated by Scherrer’s equation (eqn. 4.3), were found to be approximately 29 nm and
2.3 nm respectively. Furthermore, the number of nanosheets (layers) was approximated
by dividing the average crystallite size by the d-spacing. The average number of layers of
bulk h-BN and h-BN milled for 4.5 h were approximately 90 and 7 layers respectively.

The summary of the XRD analyses are given in Table 7.
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Fig. 27: XRD patterns of h-BN before and after BM for various durations.

Table 7: Position of (002) peak, d-spacing, and crystallite size of bulk h-BN, and h-
BN milled for various milling time.

Milling Time 20 (°) | d-spacing FWHM Crystallite size Layers
(h) (nm) ) (nm)

0 26.66 | 0.334 0.274 29.8 90

0.5 26.66 | 0.334 0.487 16.7 50

1 26.62 | 0.335 0.928 8.8 27

1.5 26.47 | 0.337 2.19 3.7 11

3 26.45 | 0.338 2.91 2.8 9

4.5 26.27 | 0.339 3.53 2.3 7

Fig. 28: SEM images of (a) Bulk h-BN6 and h-BN6 milled for (b) 0.5 hours, (c) 1.5
hours, and (d) 3 hours.
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Fig. 28 (a-d)) shows SEM images of h-BN before and after BM treatment. Pristine
h-BN presented as an agglomerated sheets of different particle sizes with an average of ~
4-6 um. Clearly, the average particle size dropped significantly with the increase in milling
time. The average particle size of h-BN 0.5 h was similar to the pristine h-BN, however at
1.5 and 3 h the average particle size dropped drastically to below 500 nm. The reduction
in the average particle size is usually accompanied by the reduction in the particle
thickness, which is an indication of h-BN exfoliation. As in the XRD, yield, and stability
results, the average particle size demonstrated no variation between h-BN 1.5 h and h-BN
3 h, suggesting sufficient exfoliation at 1.5 h.

The TEM images displayed in Fig. 29 (a-c) confirmed the presence of single and
few-layered h-BN nanosheets. In Fig. 29 (a), an agglomerated h-BN nanosheets are
shown, in addition, a single transparent sheet is shown at the bottom left corner. Fig. 29
(b and c) displays h-BNNSs of various thickness, ranging from less than 5 nm to 10 nm,

validating the average crystallite size values found in the XRD analyses.
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Fig. 29: TEM images of h-BN6 milled for 1.5 h.

4.2.3. Surface Chemistry of h-BN6 After the BM Treatment

Fig. 30 displays the XPS spectra of h-BN6 before and after the BM treatment. Bulk
h-BN6 exhibited a clear peak at 190.4 eV related to the B-N group, see Fig. 29 (a). In
addition, the bulk h-BN had a weak peak at 191.1 eV which was assigned to the B-O
group, similar peak at 193.1 eV was found by Namba et al [171], which they assigned to
an oxidized boron. After the BM treatment the peak related to the B-O group intensified
and partially shifted to 191.8 eV. The presence of a weak B-O group peak in the bulk h-
BN spectrum is caused by the small atomic concentration of oxygen (~2.58 %). The
atomic concentration of oxygen increased to 10.23 % after the BM treatment, justifying
the B-O group peak intensification. However, the actual oxygen group is not determined,
for example, Namba’s group assigned the oxygen group to an OH group. Nevertheless,
the existence of chemical reaction was manifested during the BM treatment. For instance,

the color of h-BN changed from white initially to beige after the ball milling treatment,
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and then to off white after few seconds of atmospheric exposure, indicating a chemical
change, as shown in Fig 31.

Since no vacuum was utilized during the BM experiment, oxygen was present
during the BM treatment. Therefore, the first discoloration, beige color, might be caused
by the oxidation and the second discoloration, off white, might be caused by the absorption
of moisture. N 1s XPS spectra, shown in Fig. 30 (b), had a peak at 398 eV, which
broadened and weakened after the ball milling treatment. In contrast, O 1s XPS spectra,
displayed in Fig. 30 (c), had a peak at 532.6 eV, which intensified after the ball milling
treatment. The changes in the N 1s and O 1s spectra might be caused by the increase in
the atomic concentration of oxygen, which was accompanied by the reduction in the
atomic concentration of nitrogen. Table 8 summarizes the surface compositions (atomic

concentration) of h-BN6 before and after the ball milling treatment.
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Fig. 30: XPS and EDX spectra of bulk h-BN6 and ball milled h-BN6 for 1.5 h. XPS
spectra: (a) B 1s, (b) N 1s, and (c) O 1s. (d) EDX spectra.
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Fig. 31: h-BN6 color change after the BM treatment.

Fig. 30 (d) shows EDX spectra of h-BN6 before and after the ball milling
treatment. As expected, bulk h-BN (0 h) had two peaks attributed to boron and nitrogen.

As in the XPS, a new peak ascribed to oxygen appeared after the ball milling treatment.

Table 8: The surface compositions, atomic concentration (%), of h-BN6 before and
after the BM treatment

Sample B 1s (%) N 1s (%) O 1s (%)
Bulk h-BN6 53.5 43.9 2.6
Ball milled h-BN6 | 50.3 39.1 10.5

4.2.4. The Effect of the BM Treatment on the Particle Sizes of h-BN6 and h-BN35
From the above results, the optimum BM time was chosen to be 1.5 h. Thereafter,
the effect of BM (1.5 h) on two h-BN particle sizes, h-BN6 and h-BN35, was explored.
Fig. 32 shows the XRD patterns of h-BN6 and h-BN35 after the BM treatment. The XRD
patterns of h-BN6 and h-BN35 displayed a similar trend. For instance, both h-BN6 and h-
BN35 exhibited (002) and (100) peaks and lost the other peaks. Nonetheless, their average

crystallite size, FWHM, and d-spacing, showed slight differences. For instance, the
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crystallite sizes of h-BN6 and h-BN35 after the BM treatment were ~3.7 nm and ~ 6.4 nm.
This was expected since the pristine h-BN35 is much bigger than h-BN6. Nevertheless,
their crystallite sizes reduced drastically which is an indication of exfoliation. The
exfoliation of both h-BN6 and h-BN35 was also supported by their remarkable stability in
IPA, more than one month, as shown in Fig. 33.

The SEM images, shown in Fig. 34 (a-d), illustrates the effect of ball milling
treatment on the particle sizes of h-BN6 and h-BN35. Substantial lowering on the average
particle sizes was noticed in both h-BN6 and h-BN35, as shown in Fig 34 (b and d). In
particular, the average particle size of h-BN6 and h-BN35 dropped from 6 pm and 35 pm

in the pure h-BN to below ~ 500 nm and ~ 1 um after the BM treatment, respectively.
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Fig. 32: XRD pattern of h-BN6 and h-BN35 after 1.5 h of BM treatment.
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Fig. 33: Stability of h-BN6 and h-BN 35 after 1.5 h of BM treatment in IPA (1
month).

Fig. 34: SEM images of bulk h-BN (a) 6 um and (c) 35 um and h-BN milled for 1.5
h (b) 6 um and (d) 35 pm.

4.2.5. Drawbacks of BM Exfoliation and Proposed Mitigation
4.2.5.1. Drawbacks of the BM Treatment

As discussed above, the milling action has catastrophic impacts on the particle
size. The substantial drop on the average particle size rises some concern on their
subsequent application, i.e. in thermally conductive nanocomposites. As aforementioned
previously, bigger particles tend to form network easily inside the polymer matrix, hence

they are more suitable for the thermal conductivity enhancement.
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Beside particle size, the BM treatment might lead to filler defects and
amorphization [150]. For example, the milling action could lead to a positive shear force
that pill the h-BN layers or could lead to bends and defects, as illustrated in Fig. 35 (a-d).
For example, Fig. 35 (a) shows the splitting of h-BN layers, which prompts exfoliation,
whereas Fig. 35 (b) shows the bending of h-BN layers. Obviously, bending is undesired
because it acts as source of defects, which as previously discussed are the main causes of
phonon scattering. As stated earlier, phonon scattering deteriorates the thermal
conductivity. Thus, it is highly desired to minimize the impacts of the BM treatment;
substantial reduction on particle size, defects formation, and filler amorphization.
4.2.5.2. Mitigation

The side effects of the BM treatments are usually tackled by reducing the milling
time, using small balls (light-weight), lowering the ball to powder ratio, lowering the
milling frequency, or by adding materials, such as solvents or polymers, to alleviate the
shear force [74] [171][174][149].

Here, the problems of defects formation and amorphization are mitigated by the
incorporation of LLDPE powder along with h-BN35 during the BM treatment. For
example, a mixture of h-BN35 and LLDPE containing 80 wt. % h-BN35 (80%h-BN35)
was ball milled for 45 min, 90 min, and 120 min, and their products were analyzed by

XRD, SEM, and XPS.
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Fig. 35: TEM images, SEM image, and Schematic diagram of h-BN illustrating the
effect of the BM action. TEM images (a) Splitting of h-BN layers, (b) Splitting and
bending of h-BN layers, and (c) Separating of h-BN layers. (d) SEM image illustrate
splitting of h-BN layers. (e) Schematic diagram illustrating the effect of BM action;
splitting and bending. Fig 35 (e) was modified from [70].

Fig. 36 shows the XRD patterns of h-BN35 and 80%h-BN35 after 90 min of BM
treatment. The XRD spectrum of h-BN35 shows two asymmetrically broadened peaks
corresponding to the (002) and the (100) planes. Peak asymmetry is frequently seen in BM
treatment and it is ascribed to the defects formation and amorphization [150][175][176].
In contrast, the XRD pattern of 80%h-BN35 shows clearly symmetrical (002) peak.
However, the left side of peak (002) seems to be swelled, which is caused by the presence
of two neighboring peaks at 260 values of 21.56° and 23.7° corresponding to the crystalline
and amorphous phases of LLDPE respectively [177][178]. In addition, the (101) peak

almost disappeared in 80%h-BN35 while it is present in h-BN35, whereas the (004) peak
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is present in 80%h-BN35 and it is absent in h-BN35. Li et al [179], reported high quality
h-BNNS synthesis using BM method. The XRD pattern of their h-BNNS showed the
disappearance of all other peaks but (002) and (004) peaks after 2 h of BM curing. They
stated that their h-BNNS preferred an orientation or alignment parallel to the (002) basal
plane.

Fig. 37 shows the XRD spectra of BMd-80%h-BN35 at various milling time. Bulk
h-BN35 showed peaks at 2 6 values of 26.72° 41.5° 43.8° 50.1° and 55.1° which
corresponds to the (002), (100), (101), (102), and (004) planes respectively
[75][171][172]. The XRD spectra of 80%h-BN35 showed clear reduction in the (100),
(101), and (102) peaks as the milling time was raised. In addition, the (002) peak
demonstrated slight weakening functionality with milling time. As stated above, this might
be caused by the preferential orientation of the milled 80%h-BN35. Besides, the (002)
peak of the milled 80%h-BN35 broadened and shifted to the left, implying exfoliation.
For example, the d-spacing and FWHM increased from 0.33335 nm and 0.2382° of the
un-milled h-BN35 (0 h) to 0.3371nm and 0.3261° of the milled (0.75 h) 80%h-BN35,

respectively. The summary of the XRD analyses are given in Table 9.

Table 9: Position of (002) peak, d-spacing, and crystallite size of bulk h-BN35, and
80%h-BN35 milled for various milling time.

Milling 20() d-spacing | FWHM | Crystallite | Number
Time (h) (nm) (°) size (nm) | of Layers
0 26.72 | 0.333 0.238 34.3 103

0.45 26.69 | 0.337 0.326 25.0 74

15 26.69 | 0.337 0.400 20.4 61

2 26.72 | 0.333 0.398 20.5 62
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Fig. 36: XRD patterns of h-BN35 and h-BN35/LLDPE mixture ball milled for 1.5
h.
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Fig. 37: XRD patterns of h-BN35 and 80%h-BN35/LLDPE at several milling time.
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4.3. h-BN/PE Composites

Aforementioned in chapter 3, the ultimate goal of this work is to synthesis PE
composites with enhanced thermal, mechanical, and physical properties. The thermal and
mechanical properties of polymers, PE in this case, are frequently enhanced by the
incorporation of fillers. In general, the properties of the resultant composites depend on
many variables, such as filler type and features, polymer type and features, filler and
polymer composites preparation methods. Here, the effect of composite processing
method, type of polymers, and filler features on the physical, thermal, and mechanical
properties of PE composite were examined.
4.3.1. Morphology and Crystal Structure of h-BN/PE Composites

Fig. 38 shows the XRD spectra of h-BN/LLDPE composites. The magnified XRD
spectrum of pure LLDPE shows two peaks at a 26 values of 21.56° and 23.94° which
correspond to the (110) and (221) planes, respectively [180]. Beside the above LLDPE
peaks, the XRD spectra of h-BN6/LLDPE and h-BN35/LLDPE shows two clear h-BN
peaks at a 20 values of 26.7° and 55.1° which correspond to the (002) and (004) planes.
The presence of (002) and (004) peaks and the absence of (100), (101), and (102) peaks
in the h-BN/LLDPE composites are usually associated with the h-BN orientation inside
the polymer matrix, in this case horizontal orientation [181]. Similar results were found
for h-BN/LDPE composites, and the results are included in Appendix B, Fig. B. 1.

Fig. 39 shows the SEM images of pure LLDPE and h-BN35/LLDPE composites.
The cross-sectional surface of pure LLDPE is shown as a smooth surface, see Fig. 39 (a).
Fig. 39 (b) and Fig. 39 (c) display the SEM images of h-BN35/LLDPE composites, in

76



which the h-BN particles were arranged horizontally and vertically, respectively.
Obviously, h-BN orientation plays vital role on the thermal conductivity enhancement.
For instance, the in-plane and through-plane ‘A of h-BN are 300 and 3 W m?* K%,
respectively. In the horizontal arrangement, h-BN is oriented in the through plane
direction, thus the ‘A’ value is 3 W m™ KX, While, in the vertical arrangement, h-BN is
oriented in the in-plane direction, and hence the ‘A’ value is 300 W m?* K. Clearly,

vertical arrangement is favored for better thermal conductivity improvement.

L h-BN35/LLDPE
A J A

o JL h-BN6/LLDPE

10 15 20 25 30 35 40 45 50 55 60
20

Fig. 38: XRD spectra of h-BN6/LLDPE and h-BN35/LLDPE composites.

Fig. 40 and Fig. 41 shows the SEM images h-BN35/LDPE and h-BN6/LDPE
composites at various h-BN loading, respectively. As expected, at low h-BN loading more

h-BN LDPE interfaces are available. These interfaces diminish at high h-BN loading, at
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which h-BN particles tend to form networks. In h-BN35/LDPE composites less h-BN-
LDPE interfaces were available as compared to h-BN6/LDPE, and that is due to their

relatively bigger particle size.

22.5 vol. % h-BN35/LLDPE composites. (b) Horizontally arranged h-BN35 and (c)
Vertically arranged h-BN35.

Fig. 40: SEM images of h-BN35/LDPE composites at different h-BN loading
prepared by MB method. (a) 4.6 vol. %, (b) 22.5 vol. %, and (c) 39.6 vol. %.
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Fig. 41: SEM images of h-BN6/LDPE composites at different h-BN loading
prepared by MB method. (a) 22.5 vol. %, and (b) 39.6 vol. % h-BN6/LDPE.

4.3.2. Thermal Conductivity

Generally, the thermal conductivity of h-BN/PE composites increase with h-BN
loading because the intrinsic thermal conductivity of h-BN is much higher than that of PE
polymers. At lower h-BN loading, i.e. below 22.5 vol. %, the thermal conductivity
enhancement is insignificant. However, at above 22.5 vol. % h-BN loading, there is a
sudden jump in the thermal conductivity. That is because at a very high loading thermal
networks and bridges are produced leading to low thermal interface resistance. This was
demonstrated in Fig. 40 and Fig. 41, where the h-BN networks are very obvious at 39.6
vol. % h-BN loading. Beside, h-BN/PE composites are influenced by many other factors
such as processing method, composite sheet thickness, PE polymer type, h-BN particle
size, h-BN exfoliation, filler alignment, and specimen thickness. In the following section

these factors are thoroughly studied.

79



4.3.2.1. Factors that Affect the Thermal Conductivity h-BN/PE Composites
4.3.2.1.1. Effect of Composite Processing

To study the effect of processing method, the composite were prepared using MB
and BM methods. Moreover, the composites were pressed into thin and thick sheets with
sheet thicknesses of 0.5 mm and 2 mm, respectively.

Fig. 42 displays the thermal conductivity of h-BN35/LLDPE composites at
different h-BN loading prepared by MB and BM methods. At all h-BN content, BM
method demonstrated improved thermal conductivity compared to MB method. At low h-
BN loading, BM method manifested obvious improvement in ‘A’ to reach 1.15 W m? K-
! at 22.5 vol. % compared to 0.8 W m™* K'* of MB method. However, at high h-BN loading
there was no significant difference in ‘A’. In the MB method, h-BN was uniformly
distributed in the polymer matrix forming more LLDPE-h-BN interfaces. Conversely, in
the BM method h-BN is unevenly distributed in the polymer matrix forming agglomerates
and networks, as shown in Fig. B. 2. These agglomerates and networks provide bridges
for heat transfers, and hence improves ‘A’. Kim et al. [182], reported a relatively better
thermal of h-BN/polyphenylene sulfide composites prepared by a powder mixing method
as compared to those prepared by a MB method. In addition to agglomerate formation,
BM method might initiate h-BN exfoliation, and thereby improving the thermal
conductivity.

Fig. 43 shows the thermal conductivity of h-BN35/LLDPE composites with sheet
thicknesses of 0.5 mm and 2 mm. Clearly, the 2 mm sheets exhibited better thermal

conductivity than the 0.5 mm sheets. For example, at ~ 40 vol. % the thermal
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conductivities of 0.5 mm and 2 mm sheets were 1.07 W m?* K'and 1.8 W m?! K?,
respectively. As provided in Table 4, the thermal conductivity of h-BN is highly dependent
on the h-BN orientation, i.e. anisotropic, and hence their composites are anisotropic as
well. Due to the geometry of h-BN sheets, h-BN particles tend to arrange themselves
during the compression molding. In the thin sheets, h-BN particles are forced to align in
the horizontal direction, as illustrated in Fig. B. 3 (a) and (b), a direction where the thermal
conductivity of h-BN is 3 W m? K, leading to a lower thermal conductivity. However,
in the 2 mm sheets h-BN particles tend to take a random orientation, as shown in Fig. B.

3 (c) and (d), leading to a relatively better thermal conductivity.

—o—BM(2mm)
2 —A—MB(2mm)

0 10 20 30 40
h-BN content (vol. %0)

Fig. 42: The thermal conductivity of h-BN35/LLDPE composites prepared by BM
and MB methods.
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Fig. 43: The thermal conductivity of BN35/LLDPE composites with sheet
thicknesses of 0.5 and 2 mm.

4.3.2.1.2. Effect of Polymer Type and h-BN Particle Size

To study the effect of the polymer matrices, three different polymers were used;
HDPE, LLDPE, and LDPE. HDPE and LDPE were available in pellets forms only.
Therefore, their composites were prepared using melt blending method. However, LLDPE
was available in a powder form, thus it was fabricated using both MB and BM methods.
Moreover, the effect of h-BN particle sizes was also investigated by preparing h-BN6 and
h-BN35/PE composites.

Fig. 44 shows the thermal conductivity of h-BN35/LDPE, h-BN35/LLDPE, and h-
BN35/HDPE. At low h-BN loading, LDPE and LLDPE showed similar thermal

conductivity trends. However, at high h-BN loading LLDPE showed slightly higher
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thermal conductivity improvement. Conversely, at all h-BN loading, HDPE composites
displayed higher thermal conductivity improvements compared to the LDPE and LLDPE
composites. For example, the thermal conductivities of LDPE, LLDPE, and HDPE
increased from 0.256, 0.269, and 0.384 W m™* K in the pure polymer to 1.40, 1.80, and
2.72 W mt K1 at ~ 40 vol. % h-BN content, respectively. Theoretically speaking, HDPE
have higher intrinsic ‘A’, higher density, higher crystallinity, and less branches compared
to LDPE and LLDPE. The high crystallinity and less branches of HDPE help in reducing
phonon scattering. In addition, the highest density and viscosity of HDPE seem to help in
h-BN particle orientation, especially during the compression molding step, leading to a
better thermal conductivity enrichment.

Fig. 45 shows the effect of incorporating h-BN6 and h-BN35 on the thermal
conductivity of LLDPE and HDPE. In both LLDPE and HDPE polymers, the effect of h-
BN particle size was prominent only at high h-BN loading. For instance, the thermal
conductivities of h-BN6/HDPE and h-BN35/HDPE at 4.6 vol. % were 0.493 and 0.476 W
m?* Kt and at 39.6 vol. % were 1.12 and 1.43 W m™* K%, respectively. Similar results were
found in h-BN/LLDPE composites. For example, (Fig. 46) h-BN35/LLDPE composites
exhibited higher thermal conductivities than h-BN6/LLDPE composites. In general, big
particle sizes tend to form networks relatively easier, and hence reducing the thermal
interface resistance [29]. Fig. 40 and Fig. 41 shows the SEM images of h-BN35/PE and
h-BN6/PE composites at different loading. At 22.5 vol. % h-BN/PE, PE h-BN35/PE
composites had less filler to polymer interfaces than h-BN6/PE composites, leading to a

lower thermal interfacial resistance, and hence better thermal conductivity.
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Fig. 44: The thermal conductivity of h-BN35/LDPE, h-BN35/LLDPE, and HDPE.
The composites were prepared by MB (2 mm).

—4—h-BN6/HDPE
—e—h-BN35/HDPE
h-BN6/LLDPE
—6—h-BN35/LLDPE

0 20 40
h-BN content (vol. %)
Fig. 45: The thermal conductivity of HDPE and LLDPE polymers filled with h-

BN6 and h-BN35 at different h-BN loading. The composite were prepared by MB
(0.5 mm).
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Fig. 46: The thermal conductivity of h-BN6/LLDPE and h-BN35/LLDPE
composites prepared by BM method. Note the composites sheet thickness is 2 mm.

4.3.2.1.3. Effect of Exfoliation and Defect Mitigation

To study the effect of filler features, h-BN of two particle sizes were utilized. In
addition, the effect of exfoliation was investigated by treating h-BN using a BM technique.
In addition, the effect of adding LLDPE to the h-BN, in a ratio of h-BN to LLDPE of 4:1,
during the BM treatment was also investigated, e.g. to prevent defect formation and lateral
size reduction. Finally, the effect of BM time was also examined. Due to difficulty in
processing BMd-h-BN35/LLDPE composites, the h-BN loading was limited to below
30.4 vol. %.

Fig. 47 shows the thermal conductivity of h-BN35/LLDPE and BMd-h-

BN35/LLDPE composites for 0.5 mm and 2 mm-sheets. As was found earlier, the 2 mm-
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sheets performed better than the 0.5 mm-sheets. In the 0.5 mm-sheets, BMd-h-
BN35/LLDPE demonstrated improved thermal conductivity compared to h-
BN35/LLDPE. Meanwhile, in the 2 mm-sheets the BMd-h-BN35/LLDPE showed better
thermal conductivity than h-BN35/LLDPE only at intermediate h-BN loading, e.g. at 9.8
and 15.7 vol. % h-BN concentrations. In contrast, at high h-BN loading h-BN35/LLDPE
demonstrated higher thermal conductivity. From Fig. B. 4, the SEM images of BMd-h-
BN35 showed h-BN as agglomerates with spherical or oval shape. It seems that the
circular agglomeration makes them unsusceptible to a forced orientation during the
compression molding step. Thus, in the 0.5 mm-sheets, the thermal conductivity of the
BMd-h-BN35/LLDPE composites were relatively higher than that of bulk h-
BN35/LLDPE. While in the 2 mm-sheets, the effect of compression molding is slightly
alleviated in the h-BN35/LLDPE, enhancing their ‘A’. Still at low h-BN concentration, h-
BN35/LLDPE demonstrated relatively lower thermal conductivity compared to the BMd-
h-BN35/LLDPE composites. It seems that the h-BN agglomeration in the BMd-h-
BN35/LLDPE helps in building networks with relative ease, intensifying their ‘A’.
However, at high loading h-BN35/LLDPE already formed h-BN networks, so their ‘A’
was expected to increase. The higher ‘A’ of the h-BN35/LLDPE compared to that of BMd-
h-BN35/LLDPE was attributed the purity and crystallinity of the bulk h-BN. For instance,
the oxygen functionalization and amorphization, which are known to cause phonon
scattering [35][183][184], of the BMd-h-BN were expected to lower the thermal

conductivity.
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Despite the slightly improved ‘A’ of the BMd-h-BN35/LLDPE composites. Their
SEM images displayed agglomerates, which are not desirable especially from the
mechanical properties’ perspective. To mitigate this problem as well as the h-BN crystal
defects and h-BN oxidation caused by the BM process; LLDPE was mixed with h-BN
during the BM process.

Fig. 48 shows the thermal conductivity of the BMd-h-BN35/LLDPE and the BMd-
80%h-BN35/LLDPE composites. Noticeably, the BMd-80%h-BN35/LLDPE displayed
improved ‘A’ relative to the BMd-h-BN35/LLDPE. For example, at 30 vol. % the thermal
conductivity of the BMd-80%h-BN35/LLDPE was 1.46 W m K1, which was about 74
% higher than that of the BMd-h-BN35/LLDPE. Fig. B. 5 ((a) and (b)) shows the SEM
images of the BMd-h-BN35/LLDPE and the BMd-80%h-BN35/LLDPE composites. The
h-BN particles of the former are shown as agglomerates, while the h-BN particles of the
latter are shown as sheets uniformly distributed and vertically oriented. Beside their better
alignment, less defects, and good dispersion inside their composites, BMd80%h-BN35
have low oxygen groups justifying the high ‘A’ of their composites.

Fig. 49 shows the thermal conductivity of 80%h-BN35/LLDPE composites, where
the h-BN is milled for 0, 45, and 90 min. Please note that ‘0 min’ represents bulk h-
BN35/LLDPE composites. Apparently, the thermal conductivity shows functionality with
BM time. For instance, the thermal conductivity of the bulk (0 min) h-BN composites was
lower than 45 min composites, which was in turn lower than that of 90 min composites.
Fig. B. 6 shows the SEM images of the 0, 45, and 90 min composites. Clearly, there was

reduction in particle sizes with the increase in milling time. In addition, 45 min and 90
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min composites showed relatively higher number of h-BN particles due to this reduction.
In addition, the h-BN particles in these composites were uniformly distributed, i.e. better
dispersion. The better dispersion of h-BN particles in 45 min and 90 min composites might

be caused by the increase in the aspect ratio of the h-BN particles due to exfoliation.

1.1
—o—h-BN35 (2 mm)
1 F —a—BMd-h-BN35 (2 mm)
0.9 h-BN35 (0.5 mm)

0.8 —2—BMd-h-BN35 (0.5 mm)

0.7
0.6
0.5
0.4
0.3
0.2

A (W/m K)

0 10 20 30
h-BN content (vol. %)

Fig. 47: The thermal conductivity of h-BN35/LLDPE and (BMd-h-BN35)/LLDPE
composites of 0.5 and 2 mm sheet thicknesses. Please note that h-BN35 was BMd
for 90 min.
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Fig. 48: The thermal conductivity of BMd-h-BN35/LLDPE and BMd-80%h-
BN35/LLDPE prepared by MB method. Please note that h-BN35 was BMd for 90
min.
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Fig. 49: The thermal conductivity of h-BN35/LLDPE and (BMd-80%h-BN35)
prepared by MB method.
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4.3.2.1.4. Effect of h-BN Alignment

To study the effect of h-BN alignment, the thermal conductivities of a highly
aligned h-BN35/LLDPE composites were determined. The h-BN alignment was
accomplished through three steps. Firstly, h-BN35/LLDPE composites were pressed into
a very thin sheets forcing the h-BN particles to align horizontally. Secondly, the thin sheets
were stacked upon each other forming a thick sheet with a 10 mm thickness. Finally, the

10 mm sheet was cut and rotated 90°, to get vertical alignment. Fig. 50 shows schematic

of these steps.
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Fig. 50: Schematic of h-BN alignment steps in h-BN35/LLDPE composites to
analyze the cross-section thermal conductivity.
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Fig. 51 shows the cross-section and through plane thermal conductivities of h-
BN35/LLDPE composites. The cross-section thermal conductivity exhibited remarkably
higher thermal conductivity compared to the through-plane. For instance, the thermal
conductivity of the cross-section showed approximately 300 and 600 improvement over
the through-plane at 9.8 vol. % and 22.5 vol. % h-BN loadings, respectively. Obviously,
this remarkable improvement in the thermal conductivity was cause by the highly aligned
h-BN particles in these composites, as shown in Fig. 39 (c). Similar results was reported

by Yang’s group [181], in which they aligned h-BN in a similar fashion.

E = Through Plane

£ m Cross Section

9.8 22.5

h-BN35 Content (Vol. %)

Fig. 51: The through-plane and cross-plane thermal conductivity of h-
BN35/LLDPE composites.
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4.3.2.1.5. Effect of Removing the Top and Bottom Specimen Layers (Skins)

Finally, the effect of removing the top and bottom layers on the thermal
conductivity of h-BN35/PE composites was examined. To do so, starting from h-BN35/PE
specimen of 2 mm thickness the top and bottom layers was removed by simple grinding
to a desired specimen thickness For example, the specimen thickness was reduced from ~
2 mm to ~ 0.5 mm at an interval of 0.5 mm, and the thermal conductivity at different

specimen thickness was determined, as illustrated in Fig. 52.

—

N
'I-!

(2 mm) (1-1.5 mm) (0.5 mm)

Fig. 52: Schematic diagram of specimen at various thickness. This was done by
removing the top and bottom layers (skins)

Fig. 53 Fig. 53 shows the thermal conductivities of 39.6 vol. % h-BN35/LLDPE,
39.6 vol. % h-BN35/HDPE, and 22.5 vol. % cross-section h-BN35/LLDPE composites at
different removed layer thickness. Cross-section h-BN35/LLDPE specimen was used as a
control to find out the main cause of the change in thermal conductivity, i.e. alignment or
sheet thickness. As shown, cross-section specimen showed insignificant change in the
thermal conductivity when the thickness was reduced from 2 mm to 0.5 mm. Therefore,
this result ruled out the effect of specimen thickness. In contrast, h-BN35/LLDPE and h-
BN35/HDPE composites showed significant improvement in the thermal conductivity

when the thickness was decreased. For example, when the thickness was reduced from ~
92



2 mm to ~ 0.5 mm the thermal conductivities of h-BN35/LLDPE and h-BN35/HDPE
composites were increased by 60 % and 30 %, respectively. From the cross-section result
it was deduced that the cause was not originated from the specimen thickness, leaving the
effect of alignment. Fig. B. 7, shows the SEM images of 30.4 vol. % h-BN35/LLDPE
composite, 2 mm thick, at different locations. Fig. B. 7 ((a) and (c)) show the edge and the
middle of the specimen, respectively. In the edge, the h-BN particles were aligned
horizontally, whereas in the middle they were aligned vertically. Fig. B. 7 (b) shows an
intermediate location, the h-BN particles in this part were aligned with an angle, i.e.
greater than ‘0°” and lower than ‘90°’. These clearly support that the change in the thermal
conductivity with thickness was caused by the change in h-BN alignment. For instance,
when the specimen was polished the areas where the h-BN particles were aligned
horizontally were removed approaching the part where the h-BN particles were aligned

vertically (center).
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Fig. 53: The thermal conductivity of 39.6 vol. % h-BN35/LLDPE. 39.6 vol. % h-
BN35/HDPE, and Cross-Section (22.5 vol. % h-BN35/LLDPE) at different removed
layer thickness.

4.3.2.2. Comparing Experimental and Modeling Thermal Conductivities

Models are commonly utilized to describe the thermal conductivity of composites.
Models help in experimental design by predicting the thermal conductivity for various set
of experimental conditions. Here, Maxwell, Rayleigh, Bruggeman, Lewis-Nielsen, Agari
models were used to fit the experimental data. Please refer to section 1.2.3 for their

equations. In Lewis-Nielsen model, the values of ‘A’ and ‘V;” were 4.07 and 0.51 for the

composites that were prepared by MB method (MB-composites) and 7.34 and 0.7 for those
prepared by BM method (BM-composites), respectively. These values were comparable

with literature values, such as tabulated data or values used in modeling the thermal
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conductivity of h-BN/PE composites [60][56][46]. In Agari model, the values of ‘Cm’ and
‘C¢’ were found by fitting the model with the experimental thermal conductivity. The
values of ‘Cm’ and ‘Cs’ are summarized in Table 10.

Fig. 54 and Fig. 55 show the thermal conductivity of h-BN35/LLDPE composites
obtained from experimental data and calculated using various models. The ‘A’ values
calculated by Rayleigh models were much lower than the experimental values. Similar
results, not shown here, were obtained by Maxwell model. This was expected since both
Rayleigh and Maxwell models consider spherical fillers with negligible filler-filler
interactions. Although, Rayleigh considered filler-filler interaction, for cubical
arrangement these interactions are negligible even when the filler concentration is high
[32]. Despite the fact that at high filler loading Bruggeman model gives good thermal
conductivity predictions [62], here the model gave values lower than that of the
experimental ‘A’. Comparatively, Agari and Lewis-Nielson models predicted the
experimental ‘A’ better. This was expected because these two models have two variables
that can be subjected to fitting, thus giving a higher degree of freedom, and hence a better
fitting. Nonetheless, the two models showed slight difference. The two models
demonstrated good fitting for the MB-composites. In contrast, only Agari model exhibited
good fitting for the BM composites. With that being said, Neilson model showed slight
improvement in predicting the thermal conductivity at high h-BN loading (high ‘A’). The
better performance of the Agari model might be ascribed to the ability of this model to
account for the effect of both the polymer and the filler. The fitting parameters (Cm and

Cs) of Agari model were found to depend on the composite’s preparation methods. Among
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the two parameters, parameter ‘C¢’, which determine the ability of the filler to form
thermal bridges, showed greater variation with the processing method. The value of ‘C¢’
of the MB-composites was 1.02, whereas that of BM-composites was 1.97. This indicated
that the fillers of the MB-composites formed thermal networks at relative ease compared
to those of the BM-composites. However, the thermal conductivity of the BM-composites
was higher than that of MB-composites, as shown previously in Fig. 42. Similar results
was found by Zhang et al. [63]. Zhang’s group found higher ‘Cs” values for composites
with higher ‘A’ compared to those with lower ‘A’. They indicated that these was attributed
to the composite fabrication method. Equivalently, the value of ‘Cm’ in the BM-
composites was lower that of the MB-composites, supporting this argument. The little
variation in the ‘Cn’ values was anticipated because the crystallinity of PE showed small

variation with the h-BN loading, as will be discussed in section 4.3.3.
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Fig. 54: The thermal conductivity of h-BN35/LLDPE composites at different h-BN
loading; found experimentally (MB) and calculated using various models.
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Fig. 55: The thermal conductivity of h-BN35/LLDPE composites at different h-BN
loading; found experimentally (MB) and calculated using various models.
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Table 10: ‘Cw’ and “Cy’ values of Agari model obtained by fitting the model to the
experimental thermal conductivity.

MB-composites 0.64 |1.02

BM-composites | 0.45 | 1.97

4.3.3. Thermal Analysis

Thermal analysis was conducted using TGA, in which the weight change of the
composite was measured as a function of time and temperature. Through this method, the
non-oxidative thermal stability of h-BN/PE composites were thoroughly investigated. In
addition, TGA was used to determine the actual h-BN loading in the composites.
Fig. 56 shows the TGA curves of h-BN35/LLDPE composites for several h-BN loading.
The thermal decomposition temperature of these composites was enhanced with the
incorporation of h-BN. For example, Fig. 57 shows T5 and T50 of the composites, which
are the temperature at which 5 wt. % and 50 wt. % losses have happened, respectively.
The T5 and T50 decomposition temperature showed improvement with the increase in h-
BN loading. For instance, the T5 and T50 of pure LLDPE were 449 °C and 479 °C, and
that of 42 wt. % h-BN35/LLDPE were 452 °C and 489 °C, respectively. This was expected
knowing that h-BN possess a remarkable thermal stability and an unusual oxidation
resistance. Ayoab et al. [142], reported that the thermal decomposition of h-BN/PE
composites was enhanced upon the incorporation of h-BN. Similarly, Tanimoto et al.
[185], stated that the thermal stability of polyimides improved with the addition of h-BN.

Fig. 58 compares the thermal decomposition of h-BN6/LLDPE and h-

BN35/LLDPE composites. As shown earlier, the decomposition temperature of h-
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BN/LLDPE composites increases with h-BN loading for both h-BN particle sizes. Among
the two particle sizes, h-BN6 showed better enhancement in the thermal stability, as shown
in Fig. B. 9. For instance, the T5 of 52 wt. % h-BN6/LLDPE was 456 °C, whereas that of
54 wt. % h-BN35/LLDPE was 452 °C. The higher performance of h-BN6 might be caused
by their better dispersion. Jung et al. [141], reported higher decomposition temperature of
nano-h-BN/HDPE relative to micro-h-BN/HDPE composites. Similarly, Alaei et al. [186],
indicated that the thermal stability of silica/maleic anhydride grafted polypropylene
composites was deteriorated when the silica particle size was increased.

Fig. 59 compares between the thermal decomposition behaviors of h-
BN35/LLDPE composites prepared by MB and BM methods. The composites prepared
by the MB method showed higher thermal decomposition temperature at all h-BN loading
as compared to those prepared by BM method, see Fig. B. 10. The T5 temperature of the
MB composites were 446 °C (20.4 wt. %) and 452 °C (42 wt. %), whereas that of BM
composites were 426 °C (18.6 wt. %) and 436 °C (37.7 wt. %).

Fig. 60 shows the TGA curves of h-BN35/LLDPE and BMd-h-BN35/LLDPE
composites. Also, a zoomed portion of Fig. 60 is shown in Fig. B. 11. The T5 of 20 wt. %
and 46.1 wt. % BMd-h-BN35/LLDPE were 444 °Cand 442 °C, while that of 20 wt. % and
42.5 wt. % h-BN35/LLDPE were 446 °C and 452 °C, respectively. In addition, Fig. 61
shows an inverse functionality between T5 and h-BN concentration. The lower T5 values
of the BMd-h-BN35/LLDPE composites was ascribed to the presence of oxygen group or
absorbed moisture. For example, the onset temperature of 20 wt. % and 46.1 wt. % BMd-

h-BN35/LLDPE composites was ~ 100 °C, whereas that of pure LLDPE was ~ 369°C. At
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369 °C, the 20 wt. % and the 46.1 wt. % BMd-h-BN35/LLDPE composites had lost 1.38
% and 2.1 % of their weight, implying the loss of some functional groups related to BMd-
h-BN (i.e. oxygen group). Riaz et al. [187], stated that TGA curve of graphene oxide
showed 14.5 wt. % loss between the temperature values of 28 °C and 150 °C. They
assigned this mass loss to the physical desorption of moisture. Unlike the T5, the T50 of
BMd-h-BN35/LLDPE composites demonstrated improvement compared to the T50 of
pure LLDPE (Fig. 61). In addition, the T50 of BMd-h-BN35/LLDPE showed similar
values as that of h-BN35/LLDPE. For instance, the T50 of 20 wt. % h-BN35/LLDPE and
20 wt. % BMd-h-BN35/LLDPE were 481.26 °C and 481.22 °C, respectively.

Fig. 62 and Fig. B. 12 compare between the TGA profiles of h-BN35/LLDPE,
BMd-h-BN35/LLDPE, and BMd-80%h-BN35/LLDPE composites. The TGA curves
showed an improved T5 (450.36 °C) of 43.9 wt. % BMd-80%h-BN35/LLDPE compared
to that of 46.1 wt. % BMd-h-BN35/LLDPE (442 °C). The relatively modified thermal
stability of BMd-80%h-BN35/LLDPE composites was caused by the lower oxygen
content in the BMd-80%h-BN35 (2 wt. %) compared to the BMd-h-BN35 (10 wt. %). For
instance, the TGA profiles of BMd-80%h-BN35/LLDPE composites exhibited a trend

similar to that of h-BN35/LLDPE composites.
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Fig. 56: TGA curves of pure LLDPE and h-BN35/LLDPE composites of various h-
BN loading (wt. %0).
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Fig. 57: T5 and T50 of h-BN35/LLDPE composites at different h-BN loading.
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Fig. 58: TGA curves of h-BN6/LLDPE and h-BN35/LLDPE composites of different
h-BN loading (wt. %0).
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Fig. 59: TGA curves of h-BN35/LLDPE composites of different h-BN loading (wt.
%); prepared by MB and BM methods.
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Fig. 61: T5 and T50 of BMd-h-BN35/LLDPE at different h-BN loading.
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Fig. 62: TGA curves of h-BN35/LLDPE, BMd-h-BN35/LLDPE, and BMd-80%h-
BN35/LLDPE composites of several h-BN loading (wt. %6).

4.3.4. Thermal Transitions

In DSC the heat transfer of materials are measured as a function of time and
temperature. DSC is a very strong technigue in determining phase transition properties,
such as glass transition temperature, crystalline phase transition temperatures, melting
point, specific heat capacity, heat of fusion, and heat of vaporization [153]. In this thesis,
DSC was used to determine the effect of h-BN on the phase transition properties of h-
BN/PE composites, including specific heat capacity, heat of fusion, and melting point.

Using the heat of fusion, the degree of crystallinity of the composites was calculated as

follows:

AHf

X = ZI::;SZZZ;;? X 100 4.1
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where ‘y_’ is the degree of crystallinity (%), ‘AH;’ is the heat of fusion of the h-BN/PE
composite, ‘w’ is the h-BN weight fraction, and ‘AH;’ is the heat of fusion of 100 %

crystalline PE polymer, which is 293.6 J/g [188].

Table 11 display the DSC thermal parameters of h-BN6/LDPE and h-BN35/LDPE
composites. The crystallization temperature (Tm) of these composites demonstrated
insignificant variation with h-BN loading and h-BN particle sizes. The percentage of
crystallinity of these composites demonstrated a weak improvement at low h-BN loading,
i.e. below 40 wt. %. However, at high loading, i.e. ~ 57 wt. %, the crystallinity reduced
significantly. For instance, h-BN agglomeration tend to hinder the PE composites from
crystallization up on cooling. Zhang et al. [143], found similar results in h-BN/HDPE
systems. The improvement in the percent of crystallinity of h-BN/LDPE composites
suggests that h-BN is a nucleating agent [142][180]. Thus, h-BN improves the

crystallization behavior of LDPE by increasing their crystallization rate.

Table 11: Thermal transition parameters of h-BN/PE composites at various h-BN
loading obtained from DSC analysis.

h-BN wt. % Tm (°C) AH; (J/g) 2. (%)
h-BN6 | h-BN35 | h-BN6 | h-BN35 | h-BN6 | h-BN35 | h-BN6 | h-BN35
0 0 110.7 130.5 44.4

6.9 9.4 109.0 | 109.1 | 122.4 | 133.7 44.8 50.3
18.4 19.4 108.8 | 108.4 | 1116 | 123.7 46.6 52.2
36.9 39.6 109.2 | 108.5 | 83.32 90.7 45.0 51.1
56.5 57.8 107.8 | 108.5 | 51.91 49.1 40.7 39.6
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4.3.5. Mechanical Properties

For the thermal management applications of PE, it is not only indispensable to
enhance their thermal properties but also very vital to improve their mechanical properties.
In general, the mechanical properties of polymers are commonly enhanced by the
incorporation of inorganic fillers. Here, the mechanical properties of PE were modified by
the addition of h-BN. Thereafter, the mechanical properties of h-BN/PE composites were
investigated by tensile test.

Clearly, the tensile strength increases and the elongation at break decreases with
the increase in the h-BN loading (Fig. 63). Being very ductile, the neat LLDPE showed
the highest elongation at break. In addition, the pure polymer displayed the highest tensile
strength at break. In contrast, with the increase in the h-BN content, the composites
became brittle and broke at a lower strain values. Apparently, the neat LLDPE exhibited
strain hardening. This phenomenon, strain hardening, is caused by the alignment of
molecular chains during the deformation process, strengthening the polymer. Strain
hardening is usually affected by the experimental conditions, such as strain rate,
temperature, and specimen geometry [189][190][191]. In this work, the strain hardening
might be cause by the low strain rate (10 mm/min) at which the tensile test was performed.
Xu et al. showed that the elongation at break of PE polymers reduced with the increase in
the strain rate [189].

Fig. 64 shows the stress-strain curves of h-BN35/LLDPE and BMd-80%h-
BN35/LLDPE composites. Obviously, the BMd-80%h-BN35/LLDPE composites showed

higher tensile strength compared to h-BN35/LLDPE composites. For instance, the stress
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values of 10 wt. % BMd-8h-BN/LLDPE were higher than that of 23.9 wt. % h-
BN35/LLDPE at all strain values. The highest tensile strength of 18.7 MPa was obtained
at 43.9 wt. % of BMd-80%h-BN35/LLDPE.

4.3.5.1. Tensile Properties

Generally, the tensile strength of the bulk h-BN35/LLDPE, BMd-h-BN35/LLDPE,
and BMd-80%h-BN35/LLDPE composites demonstrated a similar trend with no clear
variation, as shown in Fig. 65. The tensile strength of these composites exhibited an
unusual behavior compared to literatures [63][143]. For instance, the tensile strength
decreased from 21.9 MPa at 0 wt. % (pure LLDPE) to a minimum (~ 12 MPa) at 20 wt.
%, and then increased again at ~ 40 wt. %. As stated earlier, the neat LLDPE composites
(Fig. 63) showed strain hardening which enhanced their tensile strength. Similarly, the
strain hardening effect was also noticeable at low h-BN loading (< 10 wt. %), justifying
their improved tensile strength compared to 20 wt. %. However, at high loading the effect
of chain alignment was inhibited, and therefore the variation in the tensile strength was
solely caused by the variation in the h-BN loading. This behavior was observed in all the
composites, see Fig. B. 19 and Fig. B. 20. Thus, instead the yield stress was used to study
the effect of h-BN loading for its high importance in engineering design.

Fig. 66, Fig. 67, and Fig. 68 show the yield stress, Young’s modulus, and
Elongation at break (%) of h-BN35/LLDPE, BMd-h-BN35/LLDPE, and BMd-80%h-
BN35/LLDPE composites. The BMd-80%h-BN35 composites demonstrated higher yield
stress and Young’s modulus compared to the other two composites at all h-BN loading.

The yield stress and Young’s modulus of the bulk h-BN35 and the BMd-h-BN35
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composites were low and presented similar values. Conversely, the elongation at break
(%) of the BMd-h-BN35/LLDPE was higher than the other two composites. This can be
ascribed to the comparatively lower Young’s modulus of the BMd-h-BN35 composites.
Fig. B. 5 and Fig. B. 6 show the SEM images of the three composites. Among these
composites, BMd-80%h-BN35 composites displayed better dispersion, justifying their
improved tensile properties. In contrast, the h-BN35 composites showed slightly random
dispersion, whereas the BMd-h-BN35 composites showed h-BN agglomeration which
might explain their relatively lower tensile properties.

Fig. 69, Fig. 70, and Fig. 71 study the effect of the composites fabrication methods,
MB and BM, on the yield stress, Young’s modulus, and elongation at break (%) of h-
BN35/LLDPE composites. At 20 wt. % the composites prepared by both processing
methods exhibited similar yield stress and Young’s Modulus. However, at ~ 40 wt. %, the
MB method presented better yield stress and Young’s Modulus. In contrast, at low loading
BM method exhibited higher elongation, meanwhile at high h-BN content it showed
slightly low elongation at break. The slightly deteriorated tensile properties of the BM
method might be cause by the presence of a relatively higher number of h-BN
agglomerates, especially at high h-BN loading, in the composites prepared by this method.
Agglomerates, aforementioned earlier, act as a source of mechanical failure. Kim et al.
reported lower tensile properties in the composites prepared by a powder mixing method
as compared to those prepared by a MB method [182].

Fig. 72, Fig. 73, and Fig. 74 study the effect of the h-BN particle size, h-BN6 and

h-BN35, on the yield stress, Young’s modulus, and elongation at break (%) of h-
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BN/LLDPE composites. At low h-BN loading (~ 20 wt. %), no clear difference was
observed in the yield stress and Young’s modulus. Conversely, at high h-BN loading (~
40 wt. %), the h-BN35 composites displayed higher yield stress and Young’s Modulus.
On the other hand, the elongation break of the h-BN6 composites was higher at all h-BN
loading. As with the thermal conductivity, the formation of filler networks seem to
enhance the tensile properties of h-BN35 composites. Cheewawuttipong et al. reported a
higher mechanical properties of h-BN/ polypropylene composites filled with a big h-BN

particle size compared to those filled with small particles, due to the formation of filler

networks [192].
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Fig. 63: Stress-Strain curves of h-BN35/LLDPE composites.
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Fig. 65: The tensile strength of h-BN35/LLDPE, BMd-h-BN35/LLDPE, and BMd-
80%h-BN35/LLPDE composites.
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Fig. 66: The yield stress of h-BN35/LLDPE, BMd-h-BN35/LLDPE, and BMd-
80%h-BN35/LLPDE composites.
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Fig. 67: The Young’s modulus of h-BN35/LLDPE, BMd-h-BN35/LLDPE, and
BMd-80%h-BN35/LLPDE composites.
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Fig. 68: The Elongation at break (%) of h-BN35/LLDPE, BMd-h-BN35/LLDPE,
and BMd-80%h-BN35/LLPDE composites.
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Fig. 69: The yield stress of h-BN35/LLDPE composites prepared by MB and BM
methods.

112



1000.0
g
s 800.0
3
=
8 600.0
=
= 400.0
>

0 10 20 30 40 50
h-BN content (wt. %0)

Fig. 70: The Young’s modulus of h-BN35/LLDPE composites prepared by MB and
BM methods.
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Fig. 71: The elongation at break (%) of h-BN35/LLDPE composites prepared by
MB and BM methods.
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Fig. 72: The yield stress of h-BN35/LLDPE and h-BN6/LLDPE composites.
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Fig. 73: The Young’s Modulus of h-BN35/LLDPE and h-BN6/LLDPE composites.
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4.3.6. Wettability

Wettability is a surface property of a material that determines the wetting ability of a
liquid in contact with a solid surface. A fluid with good wettability will spread and form
a low CA (< 90°) and vice versa. Being a surface property, wettability modification has
significant impacts on the performance as a heat transfer surface. PE polymers comprising
of only hydrogen and carbon have a very hydrophobic surface, and hence have poor
wettability. For PE composites to be used as a heat transfer their wettability must be
improved considerably. There are several techniques to improve the wettability of PE
polymers, such as plasma treatment, corona discharge, and mechanical abrasion. Here,

115



the wettability of h-BN/PE composites were improved by plasma treatment. The
wettability of the h-BN/PE composites were investigated by performing CA
measurements, see Fig. 75.

Fig. 76 shows the CA of h-BN/PE composites at different h-BN loading. The CA
showed functionality with h-BN loading. Apparently, the addition of h-BN increased the
hydrophobicity of PE composites. Zahirifar et al. stated that the addition of h-BN reduced
the wettability of polyvinylidene fluoride membrane by increasing the CA from 71 °at 0
wt. % to 130° at 2 wt. % h-BN loadings [193]. Conversely, Emrah et al. stated that the
wettability of polyurethane was improved by the incorporation of h-BN [108]. They
ascribed the hydrophilic nature of h-BN to its polarity and the presence of amine or
hydroxyl functional groups on its surface. The CA of bulk h-BN varies significantly
depending on the source of h-BN. For instance, Chen et al. reported a CA of untreated
bulk h-BN of 108 ° [194], meanwhile Wattankul et al. reported 86.8 ° [195]. In this work,
the h-BN acted as a hydrophobic compound reducing the wettability of PE composites.
This argument is supported by the slightly higher CA of h-BN6/PE composites compared
to h-BN35/PE composites. For instance, h-BN6 have more surface area compared to h-
BN35 and hence more contact surface with water increasing the CA, hereby reducing the
wettability.

The wettability of h-BN/PE composites was improved by plasma treatment. Plasma
treatment, which contains ions, electrons, and neutral gases, is commonly used to change
the surface properties of materials by changing the surface chemistry without affecting the

bulk properties [170]. The CA of h-BN/PE composites before and after the plasma
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treatment was measured. In addition, the aging behavior was also evaluated. Particularly,
the CA of 50 wt. % h-BN/LLDPE composite reduce from 107.6°+2.57° in the untreated
composite to 21.05°+2.34° at 0 h and 75.26°+5.3° after 1 month in the treated. Notably, the
plasma treatment enormously enhanced the wettability of the composite by inducing polar
functional groups on its surface. The deterioration in the properties after 1 month might

be caused by the effect of pollutant changing the surface chemistry of the composite [170].

. .

Fig. 75: The CA images of pure LDPE and 10 wt. % h-BN6/LDPE composite.
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Fig. 76: The CA of water and h-BN/PE composites at different h-BN loading.
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5. CONCLUSIONS AND RECOMMENDATIONS

In the first part of this thesis, h-BN was treated using a BM technique. The BMd-h-
BN exhibited a remarkable stability and an unusually high yield of up to ~ 61 %, at a short
BM time. The XRD analysis showed a clear shift and broadening of the (002) peak,
implying exfoliation. The exfoliation was also supported by the significant reduction in
their crystallite size of up to ~ 2.3 nm. The SEM analysis showed a substantial reduction
in the average particle size. In addition, the TEM analysis showed few-layers h-BN
sheets, clearly supporting the XRD and SEM results. The XPS and EDX analysis revealed
a new peak ascribed to the oxidation of h-BN. In addition, the atomic oxygen
concentration increased to 10 wt. %. Even though the BM treatment had shown high yield
and stability, the h-BN particle size was reduced drastically. In addition, the BMd-h-BN
showed signs of defects. Therefore, LLDPE was added to protect the h-BN particles
during the BM treatment. The later was found to be beneficial in mitigating defect
formation and amorphization, as well as improving the average particle size.

In the second part of the thesis, the thermo-mechanical properties of PE polymers were
heightened by the inclusion of h-BN fillers. The effect of several factors, including h-BN
particle size, composite processing method, composite sheet thickness, h-BN alignment,
and h-BN exfoliation was systematically studied. The incorporation of h-BN increased the
thermal and mechanical properties of PE composites. Owing to their bigger particle sizes,
h-BN35 was found to form networks at low loading leading to a better ‘A’ enhancement
relative to h-BN6. The composites prepared by BM method displayed uneven h-BN
distribution producing h-BN agglomerates and h-BN networks, leading to a higher ‘A’
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compared to those prepared by MB method. The 0.5 mm thick composites exhibited
orthogonal h-BN orientation, and hence low ‘A’. Afterward, the ‘A’ was improved by
increasing the sheet thickness to 2mm. Subsequently, the top and bottom layers of the 2
mm thick sheets were grinded and polished removing the layers where h-BN orientation
is orthogonal to the heat flux leaving the center where the h-BN orientation is parallel to
the heat flux. This resulted in a higher ‘A’ of up to 2.7 W m* K compared to 1.7 W m*
K7 in the original. Using this knowledge, h-BN was perfectly aligned parallel to the heat
flux leading to a maximum ‘A’ enhancement of over 1300 %. The BMd-80% h-
BN/composites demonstrated better ‘A’ enhancement compared to the bulk h-
BN/composites. However, their processing was difficult limiting them to low loading
only.

Having remarkable thermal stability, h-BN heightened the thermal stability of h-
BN/PE composites. Small particle sized h-BN6 demonstrated better thermal stability
enrichment compared to h-BN35, due to their better dispersion. Owing to their oxygen
contents BMd-h-BN35 showed lower thermal stability compared to pure h-BN35 and
BMd-80%h-BN35. The DSC results demonstrated nucleation ability of h-BN in the h-
BN/PE composites leading to a higher percentage of crystallinity compared to the pure
PE. However, at high h-BN concentration h-BN agglomerates deteriorating the percentage
of crystallinity.

Similarly, the addition of h-BN enhanced the mechanical properties of h-BN/PE
composites. Composites with good h-BN dispersion and less agglomeration was prepared

by MB method leading to a better mechanical properties compared to the composites
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prepared by BM method. Equivalently, BMd-80%h-BN35/LLDPE composites exhibited
good and uniform h-BN dispersion leading to the highest yield stress and Young’s
Modulus values of 18.5 MPa and 22.2 GPa.

Oppositely, the addition of h-BN deteriorated the wettability of h-BN/PE composites
showing CA in the range of 87 °- 113 °. Nonetheless, the wettability was improved by
plasma treatment. Afterward, the effect of aging on the wettability was analyzed. For
instance, the CA of 50 wt. % h-BN/LLDPE lowered from 107.6°+2.57° in the untreated
composite to 21.05°+2.34° at 0 h. However, after one month the CA increased to
75.26°+5.3° showing slight weakening in the wettability due to the adsorption of impurities
on the treated surface.

Based on the results discussed above it can be concluded that 30 vol. % BMd-80%h-
BN35/LLDPE composites was found to exhibit optimum performance in terms of thermal
conductivity, thermal stability, and mechanical properties. Moreover, it can be
hypothesized that employing HDPE instead of LLDPE in these composites would result
in better performance due to the higher crystallinity of HDPE relative to LLDPE.

The full potential of h-BN ability in improving the thermo-mechanical properties
of PE composites can be further achieved by including h-BN surface modification [25].
The chemical nature of h-BN limits their ability to disperse inside the polymer matrix
inducing interfacial thermal resistance. Organo-Silanes are commonly utilized as a surface
modifier to enhance the interaction between the filler and the polymer matrix [29] [25].
The work of Fu et al [117] and Donnay et al. [125] have shown that the addition of surface

modifier such as silane agent on h-BN have positive effect on the thermal conductivity of
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h-BN/epoxy composites. The interfacial thermal resistance can also be reduced by grafting
method. Jiang et al. [107], stated that grafting poly (glycidyl methacrylate) (PGM) on the
surface of h-BN upgraded the thermal conductivity of h-BN/epoxy composites.

This work has shown that the h-BN alignment inside the polymer by far has the
highest impact on ‘A’. For example, it was shown that the thermal conductivity of h-
BN/PE composite was improved by ~ 600 % when the h-BN orientation was changed
from horizontal to vertical. Similar work was reported by Yuan’s and Sun’s groups. Yuan
et al. [123] used a magnetic field to orient BN platelets, meanwhile Sun et al. [124] used
hot-pressing method to align h-BN. They reported significant improvement in the thermal
conductivity due to these alignments. For instance, Sun’s group reported a maximum ‘A’
of 3.09 W mtK?at 18 vol. % BN loading. Therefore, inventing a simple method to align
h-BN would not only improve the thermal conductivity but would also reduce the cost by
lowering the h-BN loading.

The effect of plasma treatment on the bulk properties such as the thermal
conductivity, thermal stability, and mechanical properties has not been studied in this
work. Thus, it would be very enlightening if the effect of plasma treatment on these

properties is investigated.
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APPENDIX A

h-BN Exfoliation

Liquid Exfoliation

Liquid exfoliation was done using (a) bath and (b) probe sonicators. (a) Pristine h-BN6
was mixed with several solvents, such as IPA, DMF, MEA, NMP, and DI water, at a ratio
of 2.5 mg/ml. Afterwards, the mixture was sonicated for 24 hours in an ultrasonic bath
sonicator (Branson 5210), see Fig. A. (1). The bath solution (water) was replaced every
90 min, and the maximum bath temperature was held at 50 °C. Then, the mixture was
centrifuged for 5 min in a SIGMA 3-18KS centrifuge using 12159-H rotor. Finally, the
supernatant was collected by a vacuum filtration and dried overnight in a vacuum oven at
100 °C. (b) Pristine h-BN was mixed with several solvent at a ratio of 4 mg/ml and
sonicated in a probe sonicator (Q700 Qsonica Sonicator) for 90 min, see Fig. A. (2). The
sonication was done in an interval of 2 min on and 1 min off pulses, and the maximum
temperature was held at 50 °C. Then, the mixture was centrifuged at 1500 rpm for 5 min
in a SIGMA 3-18KS centrifuge using 12159-H rotor. Finally, the supernatant was

collected by a vacuum filtration and dried overnight in a vacuum oven at 100 °C.

Fig. A. 1: Branson 5210 Bath Sonicator.
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Fig. A. 2: Q700 Qsonica Sonicator Probe Sonicator.

Thermal Exfoliation

Thermal Exfoliation was done using Thermolyne muffle furnace (Thermo SCIENTIFIC),
see Fig. A. (3). h-BN was heated at a temperature of 1000 °C and a heating rate of 50 °C/
min for 1 hour, 3 hours, and 5 hours. Afterwards, h-BN was mixed with water (4 mg/ml)
and dispersed in a bath sonicator. Afterward, the mixture was centrifuged at 3500 rpm for
5 minutes in SIGMA 3-18KS centrifuge (11180 rotor). The supernatant was collected,

dried, and prepared for characterization.

Fig. A. 3: Thermolyne Muffle Furnace (Thermo SCIENTIFIC).
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Liquid Exfoliation Results and Discussion
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Fig. A. 4: Yield of h-BNNS prepared by liquid Exfoliation (Probe Sonicator).

Fig. A. 5: SEM images of h-BN exfoliated in NMP solvents.

Fig. A. 4 displays the yield of h-BNNS prepared using several solvents. As was
expected, the h-BNNS yield from the liquid exfoliation method was low, i.e. less than 10
%, which is the usual case of liquid exfoliation [75][196]. NMP solvent demonstrated the
highest yield of ~ 9 %, followed by IPA ~ 5.3 % and then DMF ~ 4.4%. Meanwhile, MEA
and DI water showed very low yields. Fig. A. 5 shows the SEM images of h-BNNS

153



exfoliated by NMP solvent. The image shows h-BNNS agglomerates with particle sizes
varying from nanometers to less than ~ 5 um. Compared to the BM method, liquid
exfoliation produced h-BNNS with bigger particle sizes and less defects. However, the
yield of h-BNNS was comparatively very low making their utilization in a large scale for
nanocomposites fabrication impractical.
Thermal Exfoliation Results and Discussion

Table. A.1 shows the yield (supernatant) and the percent of weight increased due
to the thermal treatment. The weight of h-BN showed functionality with the thermal
treatment time. For instance the weight of h-BN increased by 10.6 %, 22.1 %, and 25.6 %
at 1, 2, and 3 h, respectively. The increase in mass was caused by the addition of oxygen

group, i.e. h-BN oxidize at ~ 800 °C [76][100][101].

Table. A. 1: Thermal treatment of h-BN at 1000 °C.

— Weight
Heatl(r;g time Increase Yield (%)
(%)
1 10.6 10
2 22.1 25
3 25.6 70
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Fig. A. 6: XRD patterns of h-BN heated for 5 hours at various temperature. Where
‘Exf’ represents supernatant.
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Fig. A. 7: XRD patterns of h-BN thermally treated at 1000 °C for 5 hours. Where
‘Exf’ represents supernatant.

Fig. A. 6 shows the XRD spectra of thermal treated h-BN at several temperatures.

The pure h-BN and the h-BN treated at 800 °C and 900°C manifested no change, implying
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no or low h-BN oxidation. Whereas, the h-BN treated at 950 °C and 1000 °C exhibited
two more peaks, in addition to the bulk h-BN XRD peaks, at 20 values of 14.6° and 28°
which were assigned to the oxidation product. Fig. A. 7 shows the XRD spectra of pure h-
BN, the h-BN treated at 1000 °C before and after the separation of the h-BN supernatant.
As above, treated h-BN displayed two peaks in addition to the pure h-BN peaks. However,
the pure h-BN peaks disappeared in the supernatant. Thus, the two new peaks, at 26 values
of 14.6° and 28° were related with the XRD peaks of boron trioxide (B203)
[197][198][199]. B2Os is a common oxidation product of h-BN. Fig. A. 8 shows the XRD
spectra of h-BN treated at 1000 °C for 1 h, 3h, and 5h. As in the 5h treatment, the two
peaks were also present at 1h and 3h thermal treatments with the absence of pure h-BN
peaks, indicating that the oxidation product was only B>Os. Table. A. 2 summarizes the
atomic concentration of the pure h-BN and of the thermally treated h-BN before and after
separating the h-BN supernatant. The pure h-BN consisted of approximately equal number
of boron and nitrogen making their ratio ~ 1. After the 3h of thermal treatment this ratio
increased to ~ 1.6, i.e. the percent of nitrogen reduced significantly while that of boron
decreased marginally, suggesting the evaporation of nitrogen oxides. In addition, the
percent of oxygen increased from 2.26 % to 25.6 % as a result of the thermal oxidation.
The h-BN supernatant showed a huge decline in the nitrogen concentration, where the
ratio of boron to nitrogen reached 6.7. Moreover, the oxygen concentration increased to
52.52 %. At 3h, the ratio of oxygen to boron was ~ 1.6, which is very close to the ratio of
oxygen to boron (1.5) in B20s. Finally, the supernatant was heated to 200 °C, and then to
450 °C. There was no change at 200 °C, above the melting point of boric acid (170.9 °C),
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eliminating the presence of boric acid. However, at 450 °C, which is the melting point of
B.O3, the supernatant melted, as shown in Fig. A. 8. This prove that at the followed

experimental conditions h-BN oxidize to B,Oz but does not exfoliate.

—1h

5h

L

10 20 30 40 50 60
20

Fig. A. 8: XRD pattern of the h-BN (supernatant) thermally treated at 1000 °C for
various hours.

Table. A. 2: Atomic concentration of pure h-BN and of the thermally treated (1000
°C) h-BN before and after separating the supernatant. Where the ‘Exf’ means the
h-BN supernatant.

Atomic
concentration Oh 3-h 3-h-Exf 5-h-Exf
(%0)
Carbon 4.06 5.8 9.17 8.43
Oxygen 2.26 25.6 52.52 54.83
Nitrogen 45.2 26.56 4.99 2.73
Boron 48.48 42.05 33.32 34.01
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Fig. A. 9: B.Os before (a) and after (b) melting.
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APPENDIX B
Composites

XRD Analysis

j _ hBN

J h-BN/LDPE

| LDPE

100 15 20 25 30 35 40 45 50 55 60

20
Fig. B. 1: XRD spectra of LDPE, h-BN, and h-BN/LDPE composite.

SEM Analysis

Composites Fabrication Methods

TS F WA

Fig. B. 2: SEM images of 30.4 vol. . h-BN35/LLDPE prepare by (a) MB method
and (b) BM method.
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Sheet Thickness

Fig. B. 3: SEM images of 30.4 vol. % h-BN35/LLDPE composites prepared by MB
method. (a and b) 0.5 mm thick samples and (c and d) 2 mm thick samples.

Effect of Exfoliation and Defect Mitigation

)

Fig. B. 4: SEM images of 30.4 vol. % BMd-h-BN35/LLDPE composites. Specimen
center (a) and (b) and Specimen edge (c)
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Fig. B. 5: SEM images of 30.4 vol. % h-BN35/LLDPE prepared by MB method;
where the h-BN was subjected to BM treatment. (a) h-BN35 BMd for 90 min and
(b) 80%h-BN35 BMd for 90 min.

JR— J— _ f

Fig. B. 6: SEM images of 30.4 vol. % 80%h-BN35/LLDPE composites in which h-
BN was BMd with PE powder prior to the composite fabrications at various milling
time. (a) 0 h, (b) 45 min, and (c) 90 min.
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Effect of Specimen Thickness and h-BN Alignment

m— —— 100 ym ——

Fig. B. 7: SEM images of 30.4 vol. % h-BN35/LLDPE with specimen thickness of 2
mm at different location starting from the edge to the middle of the specimen. (a)
Edge, (b) Intermediate, and (c) Middle.

y =
— 50 pm —

Fig. B. 8: SEM images of 22.5 vol. % h-BN35/LLDPE (cross-section) with specimen
thickness of 2 mm. (a) Middle of the specimen and (b) Edge of the specimen.
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Thermal Analysis
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Fig. B. 9: Zoomed TGA curves of h-BN6 and h-BN35/LLDPE composites of
various h-BN loading (wt. %0).
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Fig. B. 10: Zoomed TGA curves of h-BN35/LLDPE composites, prepared by MB
and BM methods, of several h-BN loading (wt. %o).
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Fig. B. 11: Zoomed TGA curves of h-BN35 and BMd-h-BN35/LLDPE composites
of different h-BN loading (wt. %0).
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Fig. B. 12: Zoomed TGA curves of h-BN35, BMd-h-BN35, and BMd-80%h-
BN35/LLDPE composites of different h-BN loading (wt. %).
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Fig. B. 13: TGA curves of LDPE, LLDPE, and HDPE.
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Fig. B. 14: TGA curves of h-BN35/LDPE composites of different h-BN loading (wt.
%).
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Fig. B. 15: TGA curves of h-BN6/LDPE composites of different h-BN loading (wt.
%).
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Fig. B. 16: TGA curves of h-BN6/LDPE and h-BN35/LDPE composites of several
h-BN loading (wt. %6).
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Fig. B. 17: TGA curves of h-BN35/HDPE composites of several h-BN loading (wt.

%).
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Fig. B. 18: TGA profiles of h-BN6/HDPE composites of various h-BN loading (wt.
%).
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Mechanical Properties
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Fig. B. 19: The tensile strength of h-BN35/LLDPE composites prepared by MB and

BM methods.
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Fig. B. 20: The tensile strength of h-BN35/LLDPE and h-BN6/LLDPE composites.

168





