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ABSTRACT

Synthesis, Properties, and Applications of 3D hBN/graphene Reinforced CuNi Composites

Zahid Hussain
Advisor: Prof. Choi, Byung-Sang
Department of Advanced Materials Engineering

Graduate School of Chosun University

Three dimensionally interconnected network of graphene or hBN can be a promising
structure to improve the mechanical, thermal, and chemical properties of metal matrix
composites. In this dissertation, a simple two-step process was used to fabricate
Cug 7Nig 3 composites reinforced by such networks of graphene or hBN. A simple two-
step process involves the compaction of micronsized Cu (70wt.%) and Ni (30wt.%)
particles followed by chemical vapor deposition (CVD). hBN reinforced CuNi (3Di-hBN
CuNi) composite was fabricated using the decaborane and ammonia precursors whereas
graphene reinforced CuNi (3DiGr CuNi) composite was fabricated using the methane
as precursor. By using various characterization techniques such as optical microscopy,
scanning electron microscopy, transmission electron microscopy, and X-ray diffraction
analysis, it was shown that graphene or hBN layers surround the CuNi grains and thus
impart interesting attributes to the composite.

Uniaxial tensile investigations showed that 3Di-hBN positively influenced the
mechanical properties of 3Di-hBN CuNi composite; ~16.3%, ~ 11.67%, and ~ 27.9%
higher yield strength, UTS, and fracture toughness, respectively, compared to PM
CuNi alloy which was prepared under similar conditions except MOCVD. The overall
improved mechanical performance of 3Di-hBN CuNi composite was attributed to the
formation of 3Di-hBN layers at the interfaces of Cu-Ni grains, which enable the

composite to withstand the applied load through the mechanisms of load transfer,

X1v
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dislocation strengthening, and grain refinement. The electrochemical performance was
examined by potentiodynamic polarization and electrical impedance spectroscopy while
thermal performance was investigated by thermal gravimetric analysis and high-
temperature oxidation experiment. The results indicated that 3Di-hBN CuNi composite
displayed 6 times higher corrosion resistance than PM CuNi alloy (without hBN)
during the electrochemical potentiodynamic corrosion experiments. Furthermore, high-
temperature oxidation experiment performed at 900 °C revealed that 3DihBN CuNi
composite gained ~36% less weight compared to PM CuNlNi alloy indicating its better
resistance to high-temperature oxidation. In addition, thermal conductivity of 3Di-hBN
CuNi composite was found ~10% higher than that of PM CuNi alloy. The improved
chemical and thermal stabilities of 3Di-hBN CuNi and 3DiGr CulNi composites can be
attributed to the impermeability and thermal stability of hBN/graphene, i.e. its ability
to block the penetration/diffusion of atoms, ions or molecules at high temperatures.
Similarly, 3DiGr CuNi also showed 58% higher thermal conductivity, ~25.9% yeild
strength than PM CuNi alloy. The improved properties were associated with the ability
of 3D graphene network of providing conducting path channels for electron mobility and

blocking the dislocation motion against the externally applied load.

XV
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1 INTRODUCTION

Metal matrix composites (MMCs) are increasingly becoming the focus of research
due to their outstanding properties in a wide spectrum of applications. Higher strength
to weight ratio, corrosion resistance, wear resistance, damping capacity ,and thermal
stability compared to the metals and alloys without reinforcement [1-9]. Moreover,
the properties of MMCs can be modified depending on the application by exploiting
the properties and morphology of the reinforcing material. MMCs are fabricated using
a variety of techniques. However, powder metallurgy (PM) rout is one of the most
efficient techniques for fabrication as the composites are produced at a relatively
lower temperature than casting, minimising the likelihood of entrapment of unwanted
impurities in the structure [10—12]. As a result, the mechanical, thermal, and tribological
properties of MMCs prepared by PM route are improved. In addition, a wide variety of
materials can be processed at relatively low production costs [13-15].

There are different types of reinforcement materials such as fibers, particles, and
flakes to reinforce MMCs [16, 17]. MMCs reinforced by fibers such as SiC [18], boron
[19], and Al,O3 [20] have been shown to exhibit better mechanical properties under the
mechanism of load transfer. Nonetheles, when the matrix is reinforced by 2D materials
such as graphene or hBN, it is referred to as reinforcement by flakes. Reinforcement by
2D materials is receiving enormous attention as it offers tremendous potential to improve
properties for a wide range of applications [21-23].

This is because 2D materials have the potential to alter the properties of metals
at the nanoscale. A single layer of hexagonal boron nitride (hBN) is structurally
similar to graphene (carbon system) in which the hexagonal lattices are occupied
by boron and nitrogen atoms. hBN has a lattice parameter of 25 nm and possesses
extraordinary properties, such as high chemical stability [24], high mechanical strength
[24], low density [25], high thermal stability [26], and high thermal shock resistance

[27]. These excellent properties can be utilized to improve the performance of various
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metal matrix composites (MMCs) through the in-situ construction of three-dimensionally
interconnected (3Di) hBN layers in their grain boundaries. Similar approaches have been
employed by other researchers, who used 3D-networked graphene to tailor the properties
of MMC:s [28-30]. For instance, Chen et al. [29] enhanced the yield and tensile strengths
of copper by wrapping graphene around copper grains using chemical vapor deposition
(CVD). They reported that the graphene acted as a barrier for dislocation movement, and
consequently, the elastic modulus and strength were improved. Li et al. [28] reported that
Cu-graphene composites had a higher thermal conductivity than pure copper because
graphene offered an effective path for heat transfer between the Cu grain boundaries.
Other properties, such as corrosion resistance and wear resistance, were improved also
[31, 32].

Because of its structural similarity with graphene, the hBN introduced to metal
matrices can also impart similar effects. Several researchers have used boron nitride
nanoparticles to enhance the strength, hardness, wear, and corrosion resistance of metallic
alloys [33-37]. For instance, the microstructure and properties of BN/Ni-Cu composites
fabricated by powder technology were reported by Tantaway et al. [12]. They found that
the BN content led to a decrease in density and an increase in the hardness, electrical
resistivity, and saturation magnetization of the composite. Omayma et al. [25] fabricated
Cu/hBN nanocomposites by the PM route, in which powder mixtures of Cu and hBN
were compacted and sintered at various temperatures ranging from 950°C to 1000°C.
They found that the physical, mechanical and tribological properties of the composite
were influenced by the hBN. Still, however, to avail full benefit of hBN as a reinforcement
material, much remains to be discussed.

Recently, various techniques have been utilized to fabricate reinforced MMCs
through the incorporation of graphene. For instance, Xiong et al. [38] introduced
graphene in Cu by the reduction of reduced graphene oxide through sintering. Similarly,

ball milling, molecular-level synthesis, spark plasma sintering, and epitaxial growth have
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been used to improve the strength of composites using graphene as a reinforcement
[29, 39-42]. However, each of these strengthening techniques has some limitations.
For instance, ball milling and molecular-level mixing may allow a uniform dispersion
of the reinforcement material but may impart structural defects due to the shear stress
and the contamination during the fabrication process. A well-ordered/-aligned, uniformly
dispersed, and continuous graphene network is essential to attain the best reinforcement
results [29]. Kawk et al. [43] introduced a simple, economically efficient two-step
process with the potential to deliver better-quality products with uniformly dispersed
and continuous graphene networks.

High-temperature oxidation is one of the major causes of component failure in
power generation systems such as power plants, heat exchangers, etc. and is referred
to as a material deterioration process in which metals and alloys react with oxygen
to form oxides at high temperatures [44]. Similarly, metals and alloys deteriorate in a
corrosive environment that leads to the loss of capital and sometimes catastrophic failure.
Therefore, it is a matter of paramount importance to increase the resistance of metals
and alloys against high-temperature oxidation and corrosion, in addition to improving
their strength for structural applications. Various approaches such as mechanical alloying,
composite coatings etc. were adopted for this purpose [45, 46]. Nonetheless, reinforcing
with hBN via a simple two-step process PM route could be more economical and easier
to conceive.

1.1 Contributions

In this work, three dimensionally interconnected hexagonal boron nitride networked
Cug 7Nip 3 (3Di-hBN CuNi)and three dimensionally interconnected graphene networked
Cug7Nig3 (3DiGr CuNi) composites were fabricated using a similar simple two-step
process. We adopted a powder-based strategy to construct in-situ three dimensionally
interconnected hexagonal boron nitride (or graphene) (3Di-hBN or 3DiGr) in Cu-Ni

matrix through a simple two-step process, such that hBN (or graphene) layers surround
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the grains of Cu-Ni matrix. Various characterization techniques were employed to
confirm the formation of 3Di-hBN (or 3DiGr) surrounding the grains of the Cu-Ni
alloys. CuNi-based alloys have been applied in various industries, such as shipbuilding,
construction, and processing, owing to their high mechanical strength and corrosion
resistance at elevated temperatures [47].

The reinforced composites are expected to deliver better corrosion, mechanical, and
wear characteristics than the CuNi alloy. The properties of hBN and graphene were
utilized to improve the mechanical, chemical, and thermal properties of the solid solution
of Cu and Ni. For instance, the hBN/graphene is practically impermeable to almost all
the ions and molecules and, thus the inclusion of three-dimensionally-interconnected
hBN (3Di-hBN) is likely to enhance the resistance against chemical corrosion which is
promoted by the transportation of ions at the interface of metal and corrosive electrolyte.
Furthermore, hBN is stable at high temperature (~1000°C) and, therefore reinforcement
of hBN into the Cu-Ni matrix is expected to improve the performance of 3Di-hBN CuNi
composite at elevated temperatures. Moreover, the 3Di-hBN layer, a foam-like 3D porous
structure, separated from 3Di-hBN CuNi composite can be applied in 3DiGr CuNifields
of biomedicine, electronics, and energy storage [48—50]. In addition, the surface of three-
dimensionally interconnected graphene-reinforced CuNi alloy can be modified to form
a large-area network of graphene, which can potentially be used in energy applications
such as current collectors for Li-ion batteries or as cathodes in fuel cells [51, 52]. To

summarize,

1. 3Di-hBN CuNi and 3DiGr CuNi composites were synthesized using a simple two-
step process that involve the compaction of metallic powders followed by chemical

vapor deposition (CVD).

2. The composites were characterized with various characterization tools including

OM, SEM, TEM, EDS and XRD analyses.
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3. The influence of 3Di-hBN and 3DiGr on the mechanical, corrosion, and thermal
properties was analyzed. We demonstrated that 3Di-hBN and 3DiGr improved the
mechanical strength, corrosion resistance and thermal conductivity of the CuNi

matrix.

1.2 Thesis Organization

The rest of this thesis is organized as follows. In chapter II, we review related
literature on the synthesizing techniques, properties, and applications of MMCs. In
chapter I1I, we introduce materials and methods used to synthesize and analyse the hBN
and graphene reinforced CuNi matrix. Then, experimental outcomes are discussed in
chapter IV. Finally, a brief summary and our conclusions on this work, and future scope

of this work are given in chapter V.
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2 BACKGROUND

2.1 Two-dimensional (2D) Materials

Nanomaterials can be broadly classified into zero-dimensional (Figure 2.1 (a)),
one-dimensional (Figure 2.1), two-dimensional (b)), two-dimensional (Figure 2.1(c)),
or three-dimensional (Figure 2.1 (d)) [53]. Zero-dimensional materials have all
dimensions at the nanoscale, such as atomic clusters, nanoparticles, filaments, etc.
When nanomaterials are nanoscale in one dimension, such as a surface film,
they can be considered as one-dimensional. Fibers are the example of two-
dimensional nanomaterials. Three-diomensional nanomaterials have no dimensions at
nanoscale. These materials include bulk powders, multinanolayers, three dimensionally
interconnected networks of 2D layers, etc. Each type is shown in Figure 2.1. Nanoscale
materials have different physical, chemical, electrical, optical, and magnetic properties
(than bulk materials) and are used in the field of nanotechnology.

Graphene is the first known 2D material consisting of a single layer of carbon atoms
arranged in a hexagonal lattice. It was first isolated from graphite in 2004 by Novoselov
and Geim using the scotch tape method. Since then, research on graphene and other 2D
materials such as hexagonal boron nitride, borophene, etc., has advanced at a rapid pace

due to their unique and fascinating properties and applications [55].

Figure 2.1: (a) Zero-dimensional clay and cluster (b) One-dimensional nanofibers, wires and
rods (c) Two-dimensional plate and networks (d) Three-dimensional nanomaterials [54]. (Reused
under a Creative Commons Attribution (CC BY) license. See Appendix 'E’)
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2.1.1 Hexagonal Boron Nitride

In recent years, much attention has been paid to 2D boron nitride (hBN), which
is intrinsically an electrical insulator with an ultra-flat surface and an extremely
stable structure. Although hBN is an electrical insulator, it can be tuned to have
different properties and functionalities through various strategies incuding doping,
substitution, functionalization, and hybridization [56]. It can also be used to tune the
carrier mobility of other two-dimensional materials such as graphene, MoS;, and two-
dimensional black phosphorus when they properly interact due to the reduced Coulomb
scattering and excellent interfacial properties. hBN protects these active materials from
contamination, oxidation, and thermally/electrically induced degradation [56]. Due to
the expected enormous technical potential, single- and multilayer hBN nanosheets have
been successfully developed and investigated, and they have been shown to exhibit many
attractive properties for technologically challenging applications, such as deep ultraviolet
photonic devices [57], dielectric tunneling [58], power devices [59], electronic packaging
[60], fuel cells, [61] and biomedicine [62].

Figure 2.2 (a) schematically shows the structure of hBN, in which boron and nitrogen
atoms are alternately linked to form a hexagonal crystalline lattice structure.The unit
cell is represented by red dashed lines in Figure 2.2(a). The lattice constants and other

structural parameters are given in Table 2.1 [63].

Table 2.1: hBN structural parameters.

Lattice constants Bond length  Interlayer spacing
a=b=25A,c=664A
o = B —90°. y=120° 1.45 A 33A

The boron and nitrogen atoms are arranged in a zigzag or armchair fashion, as
shown in Figure 2.2 (b). Various geomatric configurations/patterns such as nanotubes,
nanoflakes, nanoribbons, and naoscrolls can be derived from monolayers of hBN, as

shown in 2.2 (c). Boron nitride nanotubes were first synthesized in 1995 by Chopra et
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Figure 2.2: (a) Geometrical structure of hBN; the unit cell is represented in red dash lines (b)
Displaying the probable atomic distribution of B and N atoms in different orientations [63].
(Reused with permission from John Wiley and Sons under license number 5179680229222. See
Appendix 'E’)

al. [64]. They reported that boron nitride can be transformed into various nanostructures
like graphene. Boron nitride nanotubes can be single or multi-walled and, like carbon
nanotubes, can have a variety of diameters and chirality. However, unlike carbon

nanotubes, the properties of boron nitride nanotubes do not vary as a function of size
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and chirality and tend to exhibit similar electronic properties to hBN with a large band
gap around 6 eV.

Due to its excellent corrosion and oxidation resistance, hBN can be used as a
dielectric and topcoat to protect the active material element and device from structural
decay and chemical degradation [65]. Since hBN is electrically insulating, has a wide
band gap of ~6 eV, and is optically transparent, it can be used as a barrier and active layer
to implement tunneling devices and tune the carrier dynamics and optical properties.
Its high thermal stability (up to 1000°C in air and 1400°C in vacuum) [66], excellent
thermal expansion coefficient (1-layer, 2-layer and 9-layer correspond to —3.41 x 1072,
—3.15x 1072, and —3.78 x 1072 cm~! K~!, respectively ), thermal conductivity (484
W m~! K7!), and excellent mechanical strength (elastic constant of 220-510 Nm~!
and elastic modulus of 1.0 TPa) [67, 68] further make it a suitable candidate for other
applications such as reinforcing the polymer and metal matrix composites. Of course,
the quality of 2D nanosheets mainly affects the performance of hBN-based devices.
Therefore, the synthesis process must be tightly controlled to synthesize high-quality
hBN with minimal defects. This has led researchers to develop new strategies to control
the growth process and understand the mechanisms of formation [68, 69].

Despite the great progress made so far, current research on hBN still faces three major
challenges: (a) growth of hBN at large scale with controlled layer quality and appropriate
transfer technology, (b) integration of hBN into other nanomaterials, polymer and metal
matrices, (c) effective modulation of electronic structures by other strategies (including

energy bands and charge carriers) in hBN [70].

2.1.2 Graphene

Graphene is a single layer of carbon atoms that are connected in hexagonal lattice to
form honey comb structure. Thanks to its excellent thermal, mechanical, structural and

optical properties [71-74], graphene has gained a huge attention of research scientists.
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These outstanding properties are shown by graphene because of its unique electronic
structure and hexagonal arrangement of carbon atoms in lattice [75]. Graphene could
be combined with other materials to synthesize graphene reinforced metal matrix
composites (Gr-MMCs). Such composites take the benefit of extraordinary properties
of graphene and, therefore, also exhibit excellent properties.

Carbon atom has electronic configuration of 1s?> 2s> 2p?. When two carbon atoms
combine together, sp” hybridization occurs because one electron from 2s orbital transfers
to 2p-orbital thereby bringing three orbitals 2s, 2px, and 2py to same energy level [76].
This enables single carbon to form strong covalent bond with three carbon atoms thus
forming a hexagonal lattice [77]. The C-C planar sigma bond has bond length of 0.142 nm
imparts graphene exceptionally high planar strength [78]. Excellent functional properties
of graphene are imparted by unhybridized 2pz orbitals which form delocalized electronic
clouds over the hexagonal ring [79]. Due to unique atomic structure and electronic
interactions, Dirac cones are formed at each edge of hexagonal ring. Graphene has
zero bandgap nature because of these Dirac cones [80]. High charge carrier mobility
of graphene results in its excellent thermal and electrical conductivities because of the
presence of massless Dirac fermions and ballistic charge transport [81].

As mentioned earlier, the properties of graphene depend on the structure of
carbon lattice and functional groups associated with each of its derivatives. Graphene
derivatives can be classified into several types based on layers number, functional groups
and crystallographic structure [82]. On the basis of number of layers, the graphene
derivatives are categorized into single-layer graphene, few layered graphene (FLG),
multilayered graphene (MLG), and graphene/graphite nanoplatelets (GNPs) [83]. In
addition, graphene has excellent mechanical properties; the tensile strength of graphene
measured by the experiment is about 130 GPa [71], which is 100 times that of ordinary
steel; its fracture strength can reach 42 Nm~2, about 200 times that of steel [71]. At

the same time, the elastic elongation of graphene is also higher than that of all other

10
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crystals, and the elongation rate can reach 20%; the elastic constant of graphene is 1~ 5
Nm~!, and the Young’s modulus is as high as 1.02 TPa [71]. These excellent properties
of graphene materials generated huge interests in applying it in a myriad of device and in
the fields of thermoelectric and optoelectronic devices, ultrastrong paper-like materials,
electrocatalysts, novel composite materials, energy conversion materials, and so on.
Figure 2.3 shows the overview of applications of graphene in various sectors. In this

dissertation, the potential of graphene to reinforce metals and alloys will be focused.

High speed Transistor Conductive ink
RFIC, Sensor EMI screen ink

Flexible Display

Touch Panel Chemical sensors

Solar cell, Battery
Supercapacitor

LED lighting

Automobile
Air plane components

Figure 2.3: Overview of applications of graphene in different sectors [84]. (Reused under a
Creative Commons Attribution (CC BY) license. See Appendix "E’)

Graphene and hBN materials hold a prominent position among nanomaterials due
to their colossal potential to improve the properties of metals and alloys [16]. In order

to benefit from their typical functional and structural properties, scientific community

11
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continues to research on developing MMC:s reinforced by graphene or hBN. Despite of
all the researches that have been performed on this topic, there are still some gaps which
need to be filled and true potential of graphene or other 2D materials is yet to be explored.
The fabrication techniques to develop 2D reinforced metal matrix composites (MMCs)
are continuously flourishing; efficient and economical methods need to be introduced for

the fabrication of 2D materials reinforced MMCs.

2.2 2D Materials Metal Matrix Composites

Metal-matrix composites are metals or alloys that incorporate particles, whiskers,
fibers, or hollow micro balloons made of a different material, and offer unique
opportunities to tailor materials to specific design needs [85-87]. These materials can
be tailored to be lightweight and with various other properties including high specific
strength and specific stiffness, high hardness and wear resistance, low coefficients of
friction and thermal expansion, high thermal conductivity, and high energy absorption
and a damping capacity [87]. In addition to these properties, new MMCs are being
developed with self-healing, self-cleaning, and self-lubricating properties, which can
be used to enhance energy efficiency and reliability of automotive systems and
components [88]. Since the last three decades, metal matrix composites (MMCs) have
been intensively studied in order to develop high performance materials exhibiting
distinguished properties.

MMCs can be reinforced by fibers, particles, or flakes [16, 17]. Fibers such as SiC
[18], boron [19], and Al,O3 [20] were used to improve the mechanical properties of
the matrix through the mechanism of load transfer. Reinforcement by particles such as
BN, SiC, Al,Os, etc. has also been used by researchers to improve the hardness and
tribological properties of the matrix [16]. However, reinforcement by flakes, including
2D materials such as graphene or 2D hexagonal boron nitride (hBN), is increasingly

seeking the attention of researchers because of their colossal potential to improve the

12
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mechanical, thermal, chemical, and electrical properties of the matrix [21-23].

2.3 Current Challenges for Fabricating 2D Materials MMCs

Proper dispersion of graphene/hBN in a metal matrix is essential to achieve MMCs
with desired properties. The incorporation of graphene/hBN should be carried out such
that there is no agglomeration, uniform distribution, good interfacial attachment, and
proper structural integrity. Agglomeration occurs as a result of Van der Waal’s forces
between graphene sheets [89]. Commonly, graphene reinforced metal matrix composites
(Gr-MMCs) are fabricated using graphene nano plates and multi layer graphenes which
contain 10~100 layers of carbon atoms [90]. As a result, there is a big difference in
properties between these multilayer graphene derivatives and single layer graphene.
With the multilayer graphene derivatives, agglomeration is one of the basic problems
because this can unavoidably lead to the large porosity in the structure of MMCs.
This may in turn cause premature failure of the composite because of premature crack
initiation and propagation [21, 91, 92]. Another serious concern is the inhomogeneous
dispersion of graphene in metal matrix [93] which leads to the poor properties of
MMCs. Inhomogeneous distribution of graphene results in increase in porosity and
decrease in yield strength, thermal, and electrical conductivities of composite [94].
Furthermore, in order to ensure good properties of MMCs, wettability between the
reinforcement material and metal matrix is also an important parameter to consider. If
the wettability is low, there is weak interface between enforcement material and metal
matrix and hence composite is expected to possess low strength [83]. Unfortunately,
conventional methods of fabricating MMCs impose harsh processing conditions leading
to deteriorating the actual structure of graphene. Various types of deteriorations include
thermal decomposition of graphene, high defect density in graphene sheets and lateral
size reduction etc. [95, 96]. It must be noted here that the hBN is structurally analogous

to graphene having almost all comparable properties to graphene. In this perspective, the
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challenges toward the development of hBN reinforced metal matrix composites (hBN-
MMCs) are the same as towards the development of Gr-MMC:s. In the coming section,
we therefore present various processing techniques to fabricate Gr-MMCs with their

advantages and limitations.

2.4 Fabrication Methods

Incorporation of graphene in metal matrices has been carried out by utilizing
various techniques since last decade [8, 95, 97]. The main focus was to address the
aforementioned challenges in the fabrication of Gr-MMCs. The processing techniques

can be broadly classified into following classes.
1. Mechanical alloying (MA)
2. Semi powder metallurgy (SPM)
3. Molecular-level mixing (MLM)

4. Electrochemical deposition (ELD)

91

. In-situ growth

The forthcoming section illustrates an overview of processing techniques to highlight

their scope and applications.

2.4.1 Mechanical Alloying (MA)

MA involves the mixing and blending of graphene and metal powders. This technique
is widely being employed for fabrication of Gr-MMCs [98-102]. Mixing and blending
are mostly carried out by using ball milling technique which not only blends the graphene
and metallic particles but also controls the morphology of metallic powders. During the

ball milling process, metallic particles are subjected to severe shear stress and therefore
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their fracture occurs. This ensures the good distribution of graphene in metal matrix.
Also, interfacial attachment between graphene and metal matrix is controlled by various
processes occurring during ball milling such as cold welding, particle fracture and
rewilding of metallic powders [21].

Dispersion of graphene in metal matrix depends upon various factors such as milling
medium, time, atmosphere, graphene content and ball to powder ratio. It is obvious
that longer milling time will ensure better dispersion. However, if milling time is too
long, this would adversely affect the morphology of graphene [96, 103]. Post blending
process includes compaction and consolidation of composite powders. Compaction and
consolidation can be carried out in single step such as press sintering [96]. Nonetheless,
compaction and sintering could be performed in separated stages as well. Furthermore,
efficient alternatives have also been employed for consolidation of composite powders
[100]. For example, spark plasma sintering (SPS), and microwave sintering processes
are considered best alternatives of conventional sintering. As the essential outcome of
sintering process, however, there is always porosity in the structure which causes in
the weakening of properties of the composites. Some researchers have also utilized
some further processing on the sintered samples in order to improve properties. These
processing techniques include hot extrusion, rolling, annealing etc. [104]. Extrusion and
rolling can help in bringing partial alignment of graphene sheets. Several metals and
alloys such as Cu, Ni, Ti based alloys etc. have been processed through MA to incorporate

graphene.

2.4.2 Semi Powder Metallurgy (SPM)

SPM, also known as solution mixing, is widely used technique to address the
challenges of dispersion and interaction of graphene with metal matrix. SPM is different
from MA in a sense that it uses solvent (liquid) to disperse the graphene in metallic

powders [105, 106]. The advantage of using solution mixing is that it not only provides
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good mixing but the structure of graphene is also preserved [106, 107].

The process is carried out in the following steps. Initially, graphene reinforcement
is dispersed in the solvent by using sonication. This is followed by the mixing with
metallic powders [108]. In order to get uniform distribution of graphene, several blending
processes such as ball milling, mechanical mixing and ultrasonication are performed on
composite powder [108]. Then solvent is removed by filtering process followed by the
drying and heat treatment processes under reducing environment to remove any oxides.
Next, consolidation is performed either by conventional sintering, hot pressing or SPS
[108]. The schematic of SPM is shown in Figure 2.4.

In SPM process, surfactants are also used to provide better interfacial attachment
between graphene and metal particles [108]. These surfactants enhance interaction either
by electrostatic interaction or by covalent bonding. This method has tunable processing
parameters and can be employed on industrial scale. Various materials such as Al, Ni,

Cu, Fe, Ti, Mg etc. have been processed by using this technique [22].

2.4.3 Molecular-level Mixing (MLM)

MA and SPM are good at overcoming the graphene dispersion problem. However,
due to low wettability of graphene, interfacial bonding between graphene and metal
matrices is not strong enough to deliver the desired properties [108, 110]. Strengthening
efficiency can be improved by employing a molecular-level bonding at the interface
[111]. In molecular-level mixing technique, graphene sheets are first exfoliated by
ultrasonication, then mixed and dispersed with metal salts and lastly, metallic ions are
reduced on graphene sheets to give metal-decorated reduced graphene sheets in the form
of powder [112]. The most commonly used graphene reinforcement material for MLM
is graphene oxide (GO). Presence of functional group on GO surface results in strong
interaction between GO and other atoms [113, 114]. Metallic ions find nucleation sites on

GO surface because of the existence of oxygen-based functional groups on GO surface. In
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Figure 2.4: Fabrication procedure of the composites by SPM [109]. (Reused under a Creative
Commons Attribution (CC BY) license. See Appendix "E’)

this way, strong covalent bonding between metal and carbon atoms is formed due to these
functional sites which would not be possible otherwise [115]. The consolidation of the
composite powder (metal-decorated reduced graphene) can be carried by conventional
sintering processes, hot pressing or SPS [116, 117]. MLM process is schematically shown

in Figure 2.5.
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Figure 2.5: Schematic diagram of MLM process for preparing rGO/Cu composite materials [118].
(Reused with permission from John Wiley and Sons under license number 5179690150881. See
Appendix 'E’)

MLM improves not only wettability between graphene and metal particles but
also helps prevent the agglomeration of graphene sheets. Metallic particles attached
on the graphene surface during MLM process also act as spacers thereby preventing
agglomeration. However, MLM is mostly limited to Cu only because of the ease of the
attachment of copper ions on GO surface. Some reports have also included attachment
of Ni, Ag, and Mg particles on graphene surface, whilst using metal decorated graphene

sheets as reinforcement in Cu, Al, and Ag matrix composites [119].

2.4.4 Electrochemical deposition (ELD)

ELD is considered a reliable technique to fabricate graphene reinforced metal matrix
coatings. This technique is known for many attributes such as low cost, high yield, and
customizable processing parameters [120, 121]. In this process, electrochemical cell is
used that contains plating solution, target electrode, and power source to provide electric
current as shown schematically in Figure 2.6.

To fabricate graphene reinforced MMCs coatings, graphene is dispersed in plating
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Figure 2.6: (a) Experimental setup of electrodeposition, (b) and (c) Schematic representation of
the current waveforms and the co-deposition of Cu and Gr, (d) and (e) Cu-Gr nanocomposite foils
prepared by DC and PRED, respectively [122]. (Reused under a Creative Commons Attribution
(CC BY) license. See Appendix 'E’.)

solution containing metallic ions, by using ultra sonication. When current is applied,
graphene sheets along metallic ions are deposited on the target electrode; thereby
generating graphene reinforced MMCs coatings. Constant stirring in the electrochemical
bath is required so that graphene sheets do not aggregate and hence graphene is uniformly
deposited. Additionally, surfactants are also used to enhance dispersion of graphene
sheets in plating solution and hence their distribution in metal matrix [123]. Since ELD
process is driven by external power source, the parameters for current have a direct
effect on morphology of deposited coating, including grain size, microstructure, and
graphene distribution along the metal matrix. The parameters which affect the properties
of the deposit to the most are current density, current flow type, deposition time, external

voltage, bath composition, and concentration of graphene. ELD has been used to fabricate
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graphene-reinforced composite coatings with metal matrices such as Cu, Al, Co, Ni, and

Cr.

2.4.5 In-situ Growth

In this process, metallic powder is mixed with carbon or hBN source and is
subjected to high temperature in a chemical vapor deposition (CVD) furnace. The source
dissociates to constituent atoms which diffuse into metal particles at high temperature
[124]. After diffusion, these atoms join together to form graphene (or hBN) surrounding
the metal grains. In this way, graphene is dispersed and attached with metal interface
without any damage to graphene lattice. Graphene embedded powder can then be
consolidated using hot pressing, compaction, and conventional sintering or SPS [125].
The basics of in-situ growth of graphene are simply to grow graphene on metallic
particles, which are then subjected to consolidation without the need of any further
processing [29]. Schematic diagram is shown in Figure 2.7. A solid or gaseous carbon
source supplies carbon atoms, which undergo deposition at high temperature, typically in
a CVD furnace. Similar to other techniques, many different routes have been investigated
for in-situ growth of graphene in metal matrix. Type of carbon source, carbon quantity,
growth temperature, and growth time are the key parameters which effect the crystallinity,
number of layers and hence quality of graphene layers [126]. In order to enhance
distribution of graphene layers, preprocessing is also carefully carried out to ensure a
good mixing and hence maximized interaction of carbon source with metallic particles
[127].

The in-situ processing technique is widely being used because of its simplicity
and applicability. The fabrication of composites containing well-ordered (aligned) and
uniformly dispersed graphene composites via in-situ method could be economically
preferred option. Various studies suggest that strength of materials can be increased

without any compromise on their other properties such as thermal and electrical
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Figure 2.7: Schematic illustration of the in-situ growth for graphene reinforced Cu composite
[127]. (Reused with permission from Elsevier under license number 5179690877080. See
Appendix 'E’)

conductivities, corrosion resistance etc. Some researchers [29, 43, 126, 127] introduced a
simple two-step process which comprises simply two steps, i.e. powder compaction and
CVD. The spaces in the compacted sample act as catalyst sites (template) for graphene
growth during CVD. This method ensures not only uniform dispersion of graphene in
matrix but also helps in the formation of three dimensionally interconnected network
of graphene surrounding the grains of matrix [43]. Thus, this process has potential to
improve mechanical, thermal, chemical and wear properties simultaneously.

Zhang et al. [128] developed a powder metallurgy-based strategy to fabricate 3DiGr-
Cu composites, in which a three dimensionally interconnected graphene network (3DiGr)
is grown in-situ on Cu powder by rapid thermal annealing. During CVD process,
3DiGr directly adheres to the Cu grains to form a three-dimensionally interconnected
graphene network in the composites due to the discrepancy of the thermal expansion
coefficient and the associated thermal stress between 3DiGr and Cu. Thus, the highly
interconnected nature of 3DiGr is not only leads to the better load transfer capability and
higher strengthening efficiency, but also greatly minimizes the scattering of electrons at

the interfacial regions, creating pathways for electron transport throughout the matrix.
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This leads to an improvement in mechanical properties as well as electrical and thermal
conductivities, simultaneously. Furthermore, this viable bottom-up approach to forming
graphene into a continuous network architecture during powder consolidation can open
new avenues for designing 3D network structures from 2D building blocks in metal
matrix composites, without the pervasive limitations of currently used melting-related
processing methods.

In our research, we proposed an in-situ growth route starting from CuNi powders
and using a simple two-step process. Here, the whole fabrication process of 3DiGr CuNi
or 3Di-hBN CuNi composites could be mainly divided into two steps; compaction and
CVD (or MOCVD). We have applied this method for the synthesis of graphene or hBN
reinforced CuNi composites and accomplished excellent results in terms of properties

and applications.

2.4.5.1 Process Chemistry of In Situ Growth via CVD (or MOCVD)

In general, when CVD is performed with transition metal substrates, two types
of diffusion mechanisms can cause the crystal to grow. These two mechanisms are
referred to as surface-mediated growth and diffusion precipitation growth [129]. Which
mechanism dominates mainly depends on the solubility of the growth species in the
substrate, in addition to other CVD parameters such as temperature, pressure and cooling
rate, etc. [130].

Based on C isotope labelling, it has been reported that graphene grows by surface
diffusion when the solubility of C in the substrate (e.g. Cu) is low [130]. C diffuses on the
substrate surface and its concentration increases. When a critical supersaturation reaches,
nucleation occurs and crystals grow as shown schematically in Figure 2.8. Thus, the
growth of graphene is entirely controlled by a vapor-surface reaction, commonly referred
to as a self-limiting growth process (surface-mediated growth). In comparison, growth
in metal substrates with high C solubility occurs through the segregation of C from the

saturated substrate (e.g. Ni) [130]. This process involves diffusion of active C species
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into the bulk substrate until the solubility limit is reached, at which point nucleation
occurs through precipitation-segregation process (diffusion-precipitation growth) as
shown schematically in 2.8. Even though the CVD growth of single-layer graphene on
Cu is self-limiting, it is challenging to obtain a large area single crystal and to control
the number of graphene layers. Especially, if 3DiGr is to be built up along the Cu grain
boundaries of the sintered disk. On the other hand, the use of a Ni substrate leads to

inhomogeneous graphitic films with different thicknesses due to the high C-solubility of

Ni [131].
( ' . , Diffusion-precipitation
Oadsorption W growth
® ®e -
oP :
Surface-mediated @em/drogenatlon
growth ~

nucleation Surface

& growth fegregati
_/éOut-diffusion

Figure 2.8: Schematic illustrating the surface-mediated and diffusion-precipitation growth
mechanisms [131]. (Reproduced with permission from Royal Society of Chemistry. See
Appendix 'E’)

ediffusion

Both theoretical studies and experimental investigations have shown that alloying Ni
with Cu decreases the solubility of C in the Cu-Ni system. The combination of the high
catalytic activity of Ni with the low C solubility of Cu is a promising way to control
the number of graphene layers during CVD growth [132]. Xie et al. reported the growth
of bilayer graphene (BLG) with a domain size of 300 micrometers AB -stacked using
Cu vapor on a 25 micrometer thick electrodeposited Cu85-Nil5 alloy (by atomic ratio)
[133]. Liu and co-workers achieved 95% coverage of single-layer graphene (SLG) on
a 300 nanometer thick Cu94.5-Ni5.5 film substrate; however, increasing the Ni content

to 10.4% produced 89% BLG [134]. Ruoff et al. investigated the CVD of graphene on
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commercial Cu31-Ni67.8 and Cu90-Nil0 alloys (by atomic ratio); they found that the
thickness of the deposited graphene is affected by both the growth temperature and the
cooling rate [135, 136]. A thin film of Cu-Ni alloy was previously used to synthesize
graphene by Jeon et al. who found that the number of graphene layers can be controlled
by controlling the Ni content in the Cu-Ni thin film [137].

The increasing thickness of graphene with increasing Ni content correlates with the
increase of C solubility at higher Ni content. Moreover, the introduction of Ni increased
not only the C-solubility but also the catalytic activity of the alloy for the decomposition
of hydrocarbons. The C-solubility of the growth substrate should also affect the growth
time of the graphene. Figure 2.9 shows the time required to grow a graphene film (e.g.
SLG, BLG) as a function of Ni content and compares it with the C-solubility values of
each alloy. As one can see, the growth time increases as the C solubility of the Cu-Ni alloy
increases. This observation is consistent with the fact that CVD graphene growth on Cu-
Ni alloy is a bulk diffusion precipitation process. When the hydrocarbon (—CH) interacts
with the metal surface, C atoms are released by breaking the C—H bond and diffuse
into the bulk metal. The C concentration in the metal bulk increases up to the solubility
limit for a given substrate. When the precursor supply is stopped and the substrate is
cooled, growth of graphene occurs by C precipitation on the surface. The incubation
time (the time required to reach the solubility limit) depends on the growth parameters
(temperature, pressure, and composition of the starting material) and the C solubility.
The two competing mechanisms (surface-mediated and diffusion-precipitation) lead to
the growth of 3DiGr in CuNi composites. Due to the increased solubility from 0.001 at.
% to 0.03 at. % with the addition of Ni (30 wt.%) in Cu, however, would lead to the
dominance of diffusion-segregation mechanism.

When mixed CuNi powders of CuNi are densified, the vacant spaces between the
particles serve as a template for graphene growth. During the CVD process, carbon

atoms easily enter each part of the disc through the vacant spaces and two processes
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Figure 2.9: Change of C solubility with Ni content and its effect on growth time [132]. (Reused
under a Creative Commons Attribution (CC BY) license. See Appendix E’)

could take place. Some of the C atoms nucleate heterogeneously when the concentration
reaches a supersaturation level, and thus the graphene grows along the grain boundaries
of the CuNi solid solution. In other words, the grain boundaries serve as a active sites
for graphene growth by surface-mediated growth process. However, some of the C atoms
dissolve in the CuNi solid solution to form the CuNi-C solid solution, in which the C
atoms occupy the interstitial sites of the FCC-CuNi alloy. These carbon atoms precipitate
out (segregation) upon cooling and thus graphene grows along the grain boundaries of
the CuNi alloy. We believe that the mechanism of diffusion-segregation dominates over
the surface-mediated growth for graphene growth in our system due to the increased
solubility of C atoms by Ni. Hu et al. have shown that the solubility behavior of B and N
in transition metals is similar to that of C [138]. Therefore, we can assume that the growth

of hBN in CuNi solid solution is similar to that of graphene in CuNi solid solution.
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2.5 Applications of Gr/hBN MMCs
2.5.1 Mechanical Properties

MMCs reinforced by 2D materials have shown excellent mechanical properties
including yield strength, tensile strength, toughness and etc. Chu et al. [21] found that Gr-
Cu composite showed enhancement in yield strength and Young’s modulus upto 114%
and 37%, respectively compared to unreinforced Cu. Chen et al. [29] investigated on
in-situ grown graphene reinforced Cu matrix composites and found 177% and 27.4%
enhancement in yield and tensile strength over pure copper. Similarly, various researchers
have observed a substantial increment in mechanical properties of the metal matrix
as shown in Table 2.2. Shu et al. [139] reported the improved mechanical properties
of Cu/Ti3S5iC,/C nanocomposites due to synergetic effect of graphene and hBN. The

mechanisms explaining the reinforcing effect of graphene (or hBN) are given below:

Table 2.2: Mechanical properties of graphene reinforced MMCs.

Ultimate tensile strength (MPa)

Processing method (Compared to Cu) Reference
MLM + SPS 319 (increase 25%) [140]
Sonication + Spark plasa sintering 131 (decrease 24%) [92]

Ball milling + Equal speed rolling 315.1 (decrease 0.7%) [98]

A in-situ two-step process 218 (increase 20%) [141]
Sonication + Hot pressing 271 (increase 18%) [142]
Ball milling + Sparking plasma sintering 355 [143]
In-situ growth + Hot pressing + Hot rolling 275 (increase 27%) [127]
Ball milling + in-situ growth + Hot pressing 274 (increase 27.4%) [29]

2.5.1.1 Load Transfer

3DiGr or 3Di-hBN, having strong interfacial bonding to the metal matrix, can transfer
the externally applied load. This network carries the applied load as a whole rather than
as isolated graphene or hBN pieces. Therefore, the overall strength of the reinforced

composite is enhanced [29]. The mechanism of load transfer is shown in Figure 2.10.
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Figure 2.10: Schematic diagram of load transfer: (a) the initial composite material with randomly
distributed graphene (b) the matrix deforms and the graphene rotates after being stressed (c) the

graphene is deformed and elongated and (d) the graphene finally breaks [144]. (Reused under a
Creative Commons Attribution (CC BY) license. See Appendix 'E’)

(b)

Figure 2.10 (a) shows the perfect interfacial bonding of graphene to the matrix and the
strong bonding. This bonding leads to effective transfer of stress to the matrix (Figure
2.10 (b)) when the load is applied along the 2D direction, as shown in Figure 2.10 (a).
When a load is applied, the matrix is initially stretched and deformed, which causes the
graphene to be elongated and deformed as well (Figure 2.10 (c)). Therefore, the final
rupture is further delayed. However, when the load is further increased, the structure of
the graphene deforms significantly and finally breaks (Figure 2.10 (d)).

Yan’s et al. reported that the mechanism of load transfer increases yield strength of
the composite according to the following equation (2.1) [145].

Vf(s + 4)

=1

+ (1 =V @2.1)

where 0y and k are constants associated with the crystal type, d is the matrix size,
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Figure 2.11: Load transfer by 3D interconnected network of 2D layers.

Vr is the graphene’s volume fraction, and s is the aspect ratio of the graphene. This
equation (2.1) shows that for a given value of V¢, a higher value of aspect ratio
leads to a higher yield strength. The theoretically predicted value of yield strength of
graphene-Ni/Cu composites based on this model agrees with the experimental results
[146]. The load transfer mechanism is considered to be the main reason for increasing
the strength of the composite. However, this mechanism ignores other negative effects
such as agglomeration, especially when the content of 2D reinforcement is too large.
Theoretical studies [104] revealed that the efficiency of load transfer effects within Gr-
MMC:s is determined by the aspect ratio, dispersion, orientation direction of graphene
and interfacial structure. Furthermore, load is also transfered by architecture of 2D layers
as shown schematically in Figure 2.11. Load is transfered by one layer to other connected
layer and in this manner the entire interconnected network absorbs the load to increase

the strength of the composite.
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2.5.1.2 Dislocation Strengthening

When external load is applied on the composite, the graphene or hBN can act as a
barrier to inhibit the dislocation motion, leading to the dislocation accumulation nearby
the interface [147]. Chu et al. [148] explained that improved tensile properties of Gr-
Cu composites can be attributed to the accumulation of dislocations at metal-graphene

interfaces after tensile deformation.

2.5.1.3 Grain refinement

The inclusion of graphene or hBN in the metal matrix is quite likely to inhibit the
grain growth during the synthesis process which leads to refinement in the microstructure
[21]. The grain size affects the yield and tensile strength of the sample according to the
classic Hall-Petch equations [149, 150]:

Oys = Oys + kysd'/? 2.2)

ours = oyrs + kyrsd/? (2.3)

where, Oys and oyrs correspond to the yield strength and the ultimate tensile strength,
respectively. These equations indicate that the strength of a material increases with the

decrease in grain size.

2.5.2 Thermal properties

Graphene has high thermal conductivity, so its inclusion in the metal matrix
composite would increase the thermal conductivity. Zhang et al. [128] found that three-
dimensional network of graphene in Cu matrix contributed to more than 10% increment
in thermal conductivities. They explained their findings by conducting molecular
dynamic simulations to prove that three-dimensional network of graphene provides
effective conducting path channel for electrons and phonons motion. Li et al. [28] adopted

a simple two-step process route to fabricate three dimensionally interconnected network
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Table 2.3: Thermal conductivities of graphene reinforced MMCs.

Processing methods Thermal conductivity (W/m - K) Reference
Electrodeposition 300.5 (increase 5%) [151]
MLM + SPS 362 (decrease 3%) [152]
Stirring + Hot pressing 370 (increase 3%) [153]
Pasting on Cu foil 445.91 (increase 34%) [154]
Ball milling + SPS 359 (increase 8%) [155]
In-situ two-step process 409 (increase 70%) [28]
Ball milling + Hot pressing 296 (increase 15%) [156]
MLM + SPS 294 (decrease 18%) [157]
Ball milling + Hot pressing 253 [158]
Sonication + Vacuum infiltration +SPS 375 (increase 10%) [159]

of graphene Cu composite and found a substantial increase in thermal conductivity. Table
2.3 summarizes the thermal conductivity of graphene reinforced Cu composites produced

via various processing methods.

2.5.3 Corrosion Properties

One of the important applications of 2D materials is their ability to increase the
corrosion resistance of MMCs. Graphene and hBN are impermeable to ions, molecules
and atoms [160]. Therefore, they can hamper the transfer of ions and molecules across
the interface and as a result, increase the corrosion resistance of the composite. Mahveash
et al. [160] reported that the CVD grown hBN reduces the Cu corrosion rate by an
order of magnitude compared to bare Cu. Li et al. [161] investigated the corrosion
resistance of three-dimensionally interconnected networked graphene-Cu composite
by potentiodynamic polarization tests and concluded that three-dimensional graphene
structure effectively protected the Cu against corrosion. Because of impermeability,
graphene or hBN does not let atomic hydrogen entering in the atomic structure and
therefore can significantly enhance the resistance of metals and alloys to hydrogen
embrittlement. Nam et al. [70] reported that graphene coating could be a protective

barrier against the hydrogen embrittlement. Li et al. [161], through the series of
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electrochemical experiment, also reported the higher tendency of three dimensionally
interconnected graphene reinforced Cu composite to block the penetration of atomic

hydrogen.

2.6 Summary

In summary, graphene or hBN has a potential to improve the chemical, mechanical
and thermal properties of metal matrix composites due to their outstanding properties.
We found that there are several studies which discuss the properties of metal matrix
composites reinforced by 3DiGr. However, a very limited amount of research has been
done on the metal matrix composites reinforced by 3Di-hBN, despite the fact hBN has
excellent mechanical, thermal, and chemical properties. Therefore, in this dissertation,
we particularly explored the applications of hBN in CuNi matrix. We reported the
mechanical, corrosive, high temperature oxidation, and thermal properties of 3Di-hBN
reinforced CuNi composites fabricated by using a simple two-step process. Nevertheless,
we also fabricated 3DiGr reinforced CuNi composite, and determined their scope to be

used in the energy field.
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3 EXPERIMENTAL

3.1 Research Objectives

In this dissertation, we aim to fabricate and characterize the three-dimensionally
interconnected network of graphene or hBN reinforced CuNi composites via a simple
two-step process. In a simple two-step process, a powder-based strategy is used to
construct in-situ three-dimensional network of graphene (3DiGr) or hBN (3Di-hBN) by
CVD process. The mechanism of formation of 3DiGr or 3Di-hBN will be discussed
by analyzing various characterization techniques such as OM, Raman, TEM, and SEM.
Furthermore, mechanical, thermal, and chemical properties will be investigated to
analyze the effect of 3Di-hBN and 3DiGr. A flow chart shown in Figure 3.1 describes
the overall objectives of the whole research process. The details of main reagents and
devices which were used to synthesize 3Di-hBN CuNi and 3DiGr-CuNi composites are
mentioned in Appendix “A”. The rest of the chapter is devoted to providing the material
selection, synthesis condition, and characterization of 3Di-hBN CuNi and 3DiGr CuNi

composites.

3.2 Fabrication of 3Di-hBN CuNi Composite
3.2.1 Compaction of CuNi powders

In a simple two step process, the metallic powders are first compacted into a disc then
CVD/MOCVD is perforemd. We purchased Cu and Ni particles having sizes of 14-25 um
and ~1 pm, respectively from Sigma-Aldrich. These particles had spheroidal shape and
were used after heat treating at 200°C for 2 h in reducing environment of hydrogen gas in
order to eliminate any moisture or oxide contents. The XRD patterns shown in Figure 3.2
confirmed that the powders contained only crystalline Cu and Ni with no other chemical
residuals. Cu powder (70 wt.%) and Ni powder (30 wt.%) were mixed in a mortar with

care not to change the particle size distribution. Then, the mixture was compacted in a
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Figure 3.1: Flow chart illustrating the overall objectives.

mold using a double-action oil hydraulic press as shown in Figure 3.3 at the compaction
pressures of 60, 110, 220, 280, 335, and 390 MPa. High compaction pressure on the
spheroidal particles caused mechanical cold lock among the particles forming the disc
shape with diameter of 15 mm or 20 mm (depending upon the mold size) and thichness
of about 1.2 mm. Figure 3.4 shows the fractured surface of compacted disc where one
can see the large Cu particles being deformed and producing mechanical interlock, while

small Ni particles filling the gaps between the Cu particles.
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Figure 3.2: XRD patterns of Cu and Ni powders.
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Figure 3.3: Mold and hydraulic press used for powder compaction.
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Table 3.1: Chemical compositions of Cu and Ni powders.

Material  Purity Trace metals in ppm

Cu >99.5% Fe 80.0, Na 9.42, Mn 7.6, Mg 4.69, Al 4.4, and B 1.98
Ag1.3,Al117.9,Ba0.8 Ca27.9, Cr3.6, Cu305.2, Fe 383.7
Mg 2.0, Mn 2.6, Na 11.1, Pd 8.0, Ti 144.5, and V 25.4

Ni >99.5%

3.2.2 Metal Organic Chemical Vapor Deposition (MOCVD)

MOCVD was carried out in a Qartz glass tube furnace having a tube diameter of 23
mm and capable of reaching 1100°C. The system for the preparation of 3Di-hBN CuNi
composites is schematically shown in Figure 3.5 (a). The compacted discs were placed
in the furnace and MOCVD was performed under the conditions shown in Figure 3.6. At
the beginning, air was removed from the system by purging with argon gas at least three
times. Then the temperature was raised to 400°C in 24 min and held for 60 min to remove
any oxides (deoxidation). The temperature was then increased to 1000°C in 36 minutes
(16.67°C min~") and held constant for 15 or 30 min (sintering). The pressure during the

deoxidation and sintering processes was kept at 330 Torr (Figure 3.6). Finally, MOCVD

Figure 3.4: Cu and Ni particles shown at the fracture surface of the disc after compaction [162].
(Reused under a Creative Commons Attribution (CC BY) license. See Appendix 'E’)
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was performed using decaborane (BjgHj4) and ammonia (NH3) as boron and nitrogen
sources, respectively, for 15 min at a pressure of 450 Torr. Preferably, decaborane was
used because it is easy to handle, commercially available, and stable. It is well suited
to minimize the by-products at elevated temperature and increase the hBN yield [163].
Decaborane has a melting temperature of 98-100°C and its vapors were transported by
carrier gas (argon) in the MOCVD growth zone, as shown in Figure 3.5 (a). The flow rate
of carrier gas (argon) was kept at 1 sccm, while the flow rate of ammonia was 2 sccm. At
elevated temperature (1000°C), decaborane and ammonia decomposed according to the

following equations 3.1 and 3.2.

3
NH3(g) — [N] —|—§H2(g) (3.1)
Bl()H14(g) — IO[B] +7H2(g) (3.2)

Deoxidation, sintering and MOCVD were all carried out in reducing enevironment
of hydrogen gas having flow rate of 10 sccm. The specifications of MOCVD system used
for the fabrication of 3Di-hBN CuNi composites are given in Appendix ”B”. The 3Di-

hBN CuNi composite fabricated using a simple two-step process is shown in Figure 3.5

(b).

3.3 Fabrication of 3DiGr-CuNi Composite
3.3.1 Compaction of CuNi Particles

The same procedure was followed as described in Section 3.2.1 for the compaction

of Cu and Ni powders to synthesize 3DiGr CuNi composites.

3.3.2 Chemical Vapor Deposition (CVD)

Figure 3.7 shows the conditions for the preparation of 3DiGr CuNi composites. The

compacted discs were put into a quartz tube furnace with a tube diameter of 80 mm
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Figure 3.5: (a) Schematic illustration of the fabrication of 3Di-hBN CuNi composite and (b)
disc-shaped 3Di-hBN CuNi composite fabricated using a simple two-step process [162]. (Reused
under a Creative Commons Attribution (CC BY) license. See Appendix 'E’)

capable of reachong 1100°C. The pressure inside the furnace is controlled by a throttle
valve in conjunction with a pressure regulator. Before starting the CVD process, the
system was purged with Ar gas at least three times to remove any air in the furnace
tube. Then, the temperature of the system was increased to 400 °C at the rate of 16.67°C
min~! and then kept in a reducing hydrogen environment at 330 Torr for 60 min to
remove any oxides (deoxidation). Then, the temperature was increased to 1000°C at the
rate of 16.67°C min~' and held for 30 min, before CH4 was introduced into the system
for 30 min with a mass flow rate of 5 sccm at 450 Torr. The system was then cooled
to room temperature. Deoxidation, sintering and CVD were all carried out in reducing
enevironment of hydrogen gas having flow rate of 10 sccm. The specifications of CVD
system used for the fabrication of 3Di-hBN CuNi composites are given in Appendix

”B”. To compare the electrochemical corrosion resistance, thermal conductivity and
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Figure 3.6: MOCVD conditions for fabrication 3Di-hBN CuNi composite [164]. (Reused with
permission from Springer Nature under license number 5196180570802. See Appendix E’)

mechanical properties, a powder metallurgy CuNi (PM CuNi) alloy was also fabricated

under similar conditions except CVD, as schematically shown in Figure 3.8.
3.4 Characterization of Synthesized Composites

3.4.1 Density of Composite

Density measurements were made for at least three important reasons: (1) for the
determination of mass and volume of samples, (2) the quality of the samples and (3)
selecting the optimal experimental conditions. Sample density varies with powder size,
compaction pressure, and experimental condition of CVD. The densities of synthesized
3Di-hBN CuNi composites were measured using Archimedes immersion technique. The

samples were weighed in air and in distilled water, then the density was calculated
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Figure 3.7: Experimental conditions for fabricating 3DiGr CuNi composites [28]. (Reused under
a Creative Commons Attribution (CC BY) license. See Appendix 'E’)
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Figure 3.8: Schematic of fabrication of PM CuNi alloy and 3DiGr CuNi composite [161].
(Reproduced under a Creative Commons Attribution (CC BY) license. See Appendix "E’)

CuNi particles 3DiGr-CuNi

according to equation 3.3.

Density of composite = _Ma (3.3)

Wa — Wy

where w, and wy, are the masses of the sample in air and water, respectively.
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3.4.2 Microstructural Characterization

3.4.2.1 Optical Microscopy (OM)

In this research, OM was used to find the optimum CVD conditions for the synthesis
of 3Di-hBN CuNi and 3DiGr CuNi composites. Microstructure of the composites
prepared under various CVD conditions and compacting pressures was examined using
OM in order to observe the relative pore density. OM investigations of samples were
conducted after the sample was cut in half and the cutting surface was polished with
emery papers of size down to 4000 grit. The sample preparation method for OM
investigation is given in Appendix “C”. The polished surface was etched at room
temperature using a mixed solution of 0.5 M FeCl; and 2 M HCI to reveal the
microstructure [43]. The procedure to make this etchant is also given in Appendix “C” in

detail.

3.4.2.2 Scanning Electron Microscopy (SEM)

In scanning electron microscopy, the surface of sample is scanned in a raster pattern
by the beam of high-enegy electrons. It has become a widely used tool for studying the
surface morphology, microstructure and composition of various materials under vacuum.
The structures of 3Di-hBN and 3DiGr were examined by scanning electron microscope.
To extract 3Di-hBN or 3DiGr from the composites, 3Di-hBN CuNi (or 3DiGr CuNi) was
placed in the etching solution of HCI and FeCl; for a sufficiently long time so that all the
metallic content is etched away, leaving 3Di-hBN (or 3DiGr). After complete removal
of the CuNi matrix, 3Di-hBN (or 3DiGr) was washed a few times with DI water and
then freeze-dried to obtain a 3D structure [165]. The sample preparation for SEM and

the freeze-drying method are described in detail in Appendix "C”.

3.4.2.3 Transmission Electron Microscopy (TEM)

The TEM is a powerful technique to probe the nanostructed materials. The image
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on TEM is mainly formed by the transmitted signals passing through a thin sample.
The resolution of TEM extends to the atomic level due to the very small wavelength
of the electrons. This property of TEM makes it possible to analyse a wide variety of
materials in many fields, such as bioengineering and chemical engineering. For TEM
measurements, the 3Di-hBN CuNi composites were mechanically polished to a thickness
of 100 am and cut into small pieces of 3 mm diameter (see Appendix "C”). Then the
CuNi was etched out in the etching solution of HCI and FeCls, leaving only the 3Di-hBN

foam, which after thorough cleaning was transferred to the TEM grid for examination.

3.4.2.4 X-ray Diffraction (XRD)

XRD measurements were performed on clean and flat wafers to investigate the
crystal structure of PM CuNi alloy, 3DiGr CuNi, and 3DihBN CuNi composites. The
working principle of X-ray diffraction can be understood as follows. When X-ray
radiation with monochromatic wavelength falls on a sample, it interacts with the valance
electrons, which cause the scattering of the incident electromagnetic wave. Since atoms
in crystalline materials are arranged periodically in a lattice and the distance between
planes is approximately same as the wavelength of the incident radiation, the scattered
wave can interfere either constructively or destructively. Diffraction occurs when X-rays
are emitted at characteristic angles based on the distance between atoms arranged in
crystallographic planes. In general, crystals have a multiple set of planes having a specific
interplanar distance. This unique interplanar distance gives rise to the characteristic
angle of diffracted X-rays. The wavelength, atomic spacing and, angle are corelated
according to Bragg’s equation [166]. In the present report, qualitative and quantitative
phase analyses of the composites was carried out by XRD technique using Cu Ka

radiation with a wavelength of 1.54 A and scan range of 20° to 100°.
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Figure 3.9: Schematic of potentiodynamic polarization test, (a) specimens to be tested (b)
experimental set-up which is composed of (1) a working electrode, (2) a reference electrode,
(3) a graphite counter electrode, (4) 3.5wt% NaCl solution, and (5) a specimen to be tested [161].
(Reproduced under a Creative Commons Attribution (CC BY) license. See Appendix 'E’)

3.4.3 Electrochemical Corrosion Experiments

The electrochemical corrosion behaviorof 3Di-hBN CuNi, 3DiGrCuNi composites
and PM CuNi alloy were analyzed by potentiodynamic polarization experiments in 3.5
wt% NaCl solution at 25°C using a potentiostat (Bio Logic VMP3) with a three-electrode
electrochemical cell. The samples were prepared by attaching a copper wire on the rear
side of the sample using a conductive epoxy resin, followed by mounting with an epoxy
resin (Figure 3.9 (a)). The surface (to be investigated) was polished with emery paper
having grit size up to 4000. The surface was then cleaned with DI water and sonicated
to remove microparticles that had become lodged on the surface as a result of polishing.
After sonication, the samples were dried with N gas. A conventional three-electrode cell
was set up with the sample, a saturated calomel electrode, and graphite as the working,

reference, and counter electrodes, respectively, as shown in Figure 3.9 (b) . Only the
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surface of 0.28 cm? of the sample was exposed, while the rest of the surface was covered
with waterproof tape. Before starting the potentiodynamic polarization experiment, the
electrolyte (NaCl solution) was degassed with nitrogen for at least 1 hour. The open
circuit potential (OCP) was continuously monitored until steady state was reached. The
potentiodynamic polarization measurements (cathodic and anodic) were performed with
a voltage sweep rate of 1 mV s~! in a scan range of —0.5 to +0.5 V. To determine
the corrosion current density (I.orr), @ Tafel analysis of the logarithm of current density
(I) versus potential (V) was performed for both oxidation and reduction reactions. The
prepared samples and schematic diagram of the experimental setup are shown in Figure
3..

In addition, electrochemical impedance spectroscopy (EIS) of 3Di-hBN CuNi
composite and PM CuNi alloy was performed to further evaluate their corrosion behavior.
The frequency was varied from 10 mHz to 0.1 MHz by applying a sinusoidal AC potential
of 10 mV. Bode and Nyquist plots were constructed to understand the corrosion behavior.
In Nyquist plot, imaginary impedance is plotted against the real impedance, while Bode
plots contain frequency plotted against the magnitude of impedance (Z) and negative
phase angle (0) [167]. Lastly, the effect of corrosion on the microstructure was analyzed

using SEM.

3.4.4 High-Temperature Oxidation

The stability of hBN at high temperatures prompted us to investigate the resistance
of 3Di-hBN CuNi composite to high-temperature oxidation. For the high-temperature
oxidation experiments, the disk samples with a diameter of ~15 mm were cleaned with
acetone and then dried in an oven. The samples were then weighed using an analytical
balance with an accuracy of 0.01 mg. The weighed samples were placed on alumina
crucibles and heated to 900°C in an electric muffle furnace. The temperature of 900°C

was maintained for the duration of 12 h, 24 h, 36 h and 48 h. Upon cooling, the weight
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of the samples was measured again to calculate the mass gain due to oxidation. The
oxidation behavior at high temperatures was then analyzed by plotting the graph between
the mass gain per unit area and the oxidation time. Moreover, the same experiment was
performed for PM CuNi alloy for comparison. The effect of temperature on oxidation

behavior was also analyzed using an OM.

3.4.5 Uniaxial Tensile Tests

The mechanical properties of 3Di-hBN CuNi, 3DiGr CuNi composites, and PM CuNi
alloy were investigated by uniaxial tensile tests. The dogbone-shaped specimens with a
gauge length of 4 mm and a cross section of about 2 mm x 1 mm were prepared from
the discs (diameter 18.9 mm) by wire cutting (Figure 3.10 (a)), and the uniaxial tensile
test was performed in a tensile testing machine (H10KS) with a cross-head spead of 0.09
mm min~'. The stress-strain curves obtained from the uniaxial tensile tests were further
analyzed to determine the yield strength, ultimate tensile strength (UTS), elongation
at break, and fracture toughness. The tensile testing machine with the loaded tensile
specimen is shown in Figure 3.10 (b). The yield strength was measured using the 0.2%
offset method, while the fracture toughness was calculated by finding the area under the
stress-strain curve, which gives the total energy absorbed before fracture [168]. Appendix

”D” describes in detail the method used to determine the mechanical properties.

3.4.6 Thermal Conductivity Measurement

Accurate measurements of density and thermal properties such as thermal diffusivity
and specific heat capacity are required to accurately determine thermal conductivity

[169]. Thermal conductivity (k) is given by the following equation 3.4 [169].

k= a xp xcp (3.4)
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Figure 3.10: (a) Technical drawing of composite disc and the tensile sample prepared by wire
cutting operation [164], (Reused with permission from Springer Nature under license number
5196180570802. See Appendix "E’), (b) tensile sample loaded in tensile tester.

where a, p, and ¢, are the thermal diffusivity, density, and specific heat capacity,
respectively of the sample whose thermal conductivity is to be measured. In our
experiment, the thermal diffusivity of the disk sample with a diameter of 12.7 mm and a
thickness of 1 mm was measured with the instrument (NETZSCH LFA 447) according
to the well-known method [170], in which the front side of the sample was heated with
a laser source and the eventual temperature rise on the rear surface was recorded with an
infrared detector according to Parker’s law [170]. The resulting curve of temperature rise
versus time was analyzed to determine the thermal diffusivity. Next, the density of the
sample was measured using the Archimedes immersion technique as explained in Section
3.4.1. In addition, the specific heat capacity was determined by preparing rectangular
samples of size 4 mmx 4 mm x 0.5 mm using differential scanning calorimetry (TA
instrument DSC Q2000) technique. The measurement of ¢, is described in detail in

Appendix "D”.
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4 RESULTS AND DISCUSSIONS

This chapter will discuss the outcomes of the experiments which were carried out
as described in previous chapter. The results were explained to highlight the influence
of three dimensionally interconnected network of hBN or graphene on the properties of

synthesized 3Di-hBN CuNi and 3DiGr CuNi composites.

4.1 Synthesis of 3Di-hBN CuNi composites
4.1.1 Mechanism of hBN Formation at Grain Boundaries

The processes involved in the synthesis of 3Di-hBN CuNi composite are
schematically shown in Figure 4.1. Cu and Ni particles are compacted into a disc after
carefully mixing as explained in Section 3.2.1. During sintering, the excess surface free
energy of the particles acts as the driving force for the diffusion which leads to the
reduction in volume and eventual formation of solid solution of Cu and Ni [171, 172]. As
a result, the volume of the compact disc shrinks and thus densification occurs. We believe
that the 3Di-hBN formed in 3Di-hBN CuNi composites in following stages [28]. (i) The
diffusion of metal particles under the action of driving force due to reduction of surface
energy (consolidation), (ii) the formation of solid solution of Cu-Ni due to diffusion of
Cu to Ni or vice versa, (iii) durring MOCVD, the diffusion of boron and nitrogen in the
solid solution of CuNi, and (iv) precipatation of boron and nitrogen atoms out from CuNi
solid solution, nucleation and growth of 2D hBN layers along the interfaces of CuNi
grains resulting in the formation of 3Di-hBN CuNi composite [173].

As the solid solution of Cu and Ni is formed, small pores or voids cab be formed,
probably due to the insufficient sintering time or excessive free space among the particles.
hBN can nucleate and grow in these pores because of the possibility of these pores acting
as catalytic sites for the nucleation and growth during subsequent MOCVD process thus

forming bulk hBN at these sites [162]. The small lighter gray areas (some of which are
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Figure 4.1: Schematic showing the process of formation of 3Di-hBN CuNi composite [162].
(Reused under a Creative Commons Attribution (CC BY) license. See Appendix 'E’)

indicated by small white loops) in Figure 4.2 indicate the bulk hBN that accumulated
on pores during the MOCVD process. Excessive formation of bulk hBN may result in
poor properties of 3Di-hBN CuNi composites including mechanical, thermal and wear.
Therefore, it is important to find the optimal conditions in order to minimize these pores

(generated during sintering) and bulk hBN (formed during MOCVD).

4.1.2 Optimal Conditions for Forming 3Di-hBN

Figure 4.3 shows the density of 3Di-hBN CuNi composites as a function of
compaction pressure (during compaction) and sintering time. The increase of the
compaction pressure leads to an increase of the density up to a critical point (280
MPa), where the density of the composite starts decreasing. The increase in density with
increasing compaction pressure is understandable because the particles have to travel a

shorter distance during sintering when the compaction pressure is higher. Hence better
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Figure 4.2: OM images of 3Di-hBN CuNi composites under various conditions [162]. (Reused
under a Creative Commons Attribution (CC BY) license. See Appendix 'E’)

densification is likely to occur. This trend is obvious in Figure 4.2, where the white
dotted circles represent pores formed during sintering and filled with bulk hBN during
MOCVD. Although these pores were filled with bulk hBN during MOCVD, the density
of the composite did not increase as the densities of hBN (~2.1 gcm—3) and CuNi alloy
(~8.9 gecm™?) differ significantly. A relatively small number of pores was observed with
increasing compaction pressure as shown in Figure 4.2. However, the decrease in density
with further increase in compaction pressure is due to the excessive friction between the
particles. The particles at the top and bottom of the disk were compressed with greater
force than the particles in the middle, so the particles in the middle have to travel a longer
diffusion distance due to their lower density, resulting in the formation of larger pores or
irregular shrinkages, as shown in Figure 4.4 (b). Moreover, the density of 3Di-hBN CuNi

composite also depends on the sintering time, as shown in Figure 4.3. A longer sintering
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time resulted in fewer pores (i.e., a lower volume fraction of bulk hBN), as can be seen

in Figure 4.2, and consequently more densification.
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Figure 4.3: Density of the 3Di-hBN CuNi composite as a function of compacting pressure and

sintering time [162]. (Reused under a Creative Commons Attribution (CC BY) license. See
Appendix 'E’)

Figure 4.4: OM images of 3Di-hBN CuNi composites processed at compaction pressures of (a)
280 MPa and (b) 335 MPa [162]. (Reused under a Creative Commons Attribution (CC BY)
license. See Appendix 'E’)
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4.1.3 Microstructural Investigation

The analyses of SEM and EDS results revealed that boron and nitrogen atoms were
found in excess at the grain boundaries as discussed in our published work [162].
Moreover, the pores created during sintering were later filled with bulk hBN during the
MOCVD process as we have reported in Ref. [162] that these pores also serve as catalytic
sites for the nucleation and growth of hBN. Figure 4.5 (a) shows the SEM image of 3Di-
hBN CuNi composite and Figure 4.5 (b) indicates the presence of boron and nitrogen

atoms at the grain boundaries of CuNi matrix (inset of Figure 4.5 (a)).

Trr T T T a e
05 1 15 2 25 3 35 4 45
[Full Scale 1967 cts Cursor: 0.000 ke

Figure 4.5: (a) SEM image showing the grains of 3Di-hBN CuNi composite produced under
compaction pressure of 280 MPa and sintering time of 30 min (b) EDX result at grain boundary
of grains of 3Di-hBN CuNi (inset of Figure 4.5 (a)).
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Figure 4.6 shows the SEM image of the 3Di-hBN foam obtained after etching the
3Di-hBN-CuNi composite. It can be seen that the hBN layers form an interconnected
network, which has a foam-like structure with channels and pockets. The metallic
particles in the 3Di hBN-Cu-Ni composite are mostly in direct contact with each other.
When the composite is placed in an etchant, these metallic particles etch out and form
channels, as shown in Figure 4.6, completely removing the CuNi matrix from the 3Di
hBN-Cu-Ni composite and leaving 3Di-hBN behind. The pockets (Figure 4.6) are formed
when the CulNi grains are etched away while the surrounding hBN layers are retained.
The average size of the pockets is 10-20 um, which is consistent with the average grain
size of 3Di-hBN CuNi composite (Figure 4.2), implying that hBN layers form around the
CuNi grains.

hBN Layers

G3D-01 15.0kV 8.9mm x2.00k SE(M) C 20.0um

Figure 4.6: SEM image showing the 3D interconnected network of hBN in 3Di-hBN CuNi
composite produced under compaction pressure of 280 MPa and sintering time of 30 min,
respectively [162]. (Reused under a Creative Commons Attribution (CC BY) license. See
Appendix 'E’)

The crystallinity of 3Di-hBN CuNi composite was confirmed by XRD analysis, as

can be clearly seen from the sharpness of the different diffraction peaks (Figure 4.7
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(a)). The XRD pattern shows that a face-centered cubic solid solution of Cu-Ni was
formed and no other diffraction peaks were observed than the characteristic planes
shown in Figure 4.7 (a) (JCPDS 04-0836). Moreover, Figure 4.7 (b) shows the elemental
distribution map of 3Di-hBN CuNi composite. Cu and Ni are uniformly distributed along

the surface (100 um x 100 pm), implying the formation of a CuNi solid solution.

@
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Figure 4.7: (a) XRD pattern of 3Di-hBN CuNi composite and (b) Elemental distribution map
of 3Di-hBN CuNi composite [162]. (Reused under a Creative Commons Attribution (CC BY)
license. See Appendix 'E’)

TEM inspection of 3Di-hBN was also performed, as shown in Figure 4.8. The low
magnification bright field TEM in Figure 4.8 (a) shows a complex morphology with
curvatures and overlapping structures in which the 3D layers of hBN form a porous
structure (see Figure 4.8). The structure collapsed under the action of capillary force
during drying when 3Di-hBN was transferred on TEM grid. The high-resolution TEM
image (Figure 4.8 (b)) shows 2-6 hBN layers with an interlayer spacing of about 0.35
+ 0.02 nm (inset in Figure 4.8 (b)). The interlayer spacing of ~0.35 nm implies the
thickness of one layer of hBN which is consistent with theoretically predicted value
[139, 174, 175]. Figure 4.8 (c) shows the lattice pattern of 2D hBN transferred on TEM

grid. The inset in Figure 4.8 (c) shows the lattice profile of hBN, indicating the lattice
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parameter of 0.24 nm which is consistent with the theoretical value [176]. Moreover,

EDX analysis shown in Figure 4.8 (d) reveals the presence of B and N atoms, indicating

the chemical composition of hBN.

Counts (a.u.)

Energy (KeV)

Figure 4.8: TEM investigation: (a) low-magnification bright-field TEM image of 3Di-hBN, (b)
HR-TEM image showing 2—6 layers of hBN (inset shows a interlayer distance of 0.35 nm, (c)
lattice pattern of 2D hBN(inset showing the lattice profile) and (d) EDS analysis of hBN [162].
(Reproduced under a Creative Commons Attribution (CC BY) license. See Appendix "E’)

In summary, 3Di-hBN CuNi composites were prepared by a simple two-step process.
The maximum density of the composite was measured when the Cu and Ni particles were
compacted with a compaction pressure of 280 MPa, and the sintering time was kept 30
min. Various characterization techniques such as OM, SEM and TEM showed that these
conditions were optimal for forming three dimensionally interconnected network of hBN

layers in 3Di-hBN CuNi composite.
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4.2 Properties of 3Di-hBN CuNi composites
4.2.1 Mechanical Properties

The densities of 3Di-hBN CuNi composites as a function of compaction pressure are
given in Table 4.1. The relative densities of 3Di-hBN CuNi composites can be calculated
by comparing their densities with the density of PM CuNi alloy (7.9 g cm?). As discussed
earlier in Section 4.1.3 that the pores generated during sintering were filled later with bulk
hBN during MOCVD and that no other microstructural defects were present in 3Di-hBN
CuNi composites. This information leads to approximating the amount of hBN present

in 3Di-hBN CuNi composites as given in following equation (4.1).

hBN content (wt.%) = Density of hBN x (1 — Relative density) 4.1)

The density of hBN is ~2.1 g cm™> and therefore, amount of hBN for sample D was
calculated to be 3.9 wt%.

Table 4.1: Actual and relative densities of 3Di-hBN CuNi composite and PM CuNi alloy.

Material Sample Name Compaction Pressure (MPa) Actual Density (g cm~3) Relative Density (%)
A 55 6.72 85.06
3Di-hBN CuNi B 210 7.21 91.26
composite C 250 7.32 92.66
D 280 7.75 98.10

The stress-strain curves for 3Di-hBN CuNi composites and PM CuNi alloy are shown
in Figure 4.9. The inset in Figure 4.9 shows the macro image of the tensile sample. The
increase in the density of 3Di-hBN leads to a significant increase in the yield strength,
UTS, and ductility. When the density of 3Di-hBN CuNi composite was at its highest
(sample D), the composite exhibited a yield strength, UTS, and fracture toughness of
252 + 8 MPa, 340 £ 9 MPa, and 96 + 6 MPa, respectively. In contrast, the lowest density
sample (Sample A) exhibited a yield strength, UTS, and fracture toughness of 136 +

12 MPa, 172 +£ 9 MPa, and 11 + 3 MPa, respectively. It was assumed that the excessive
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amount of bulk hBN in the low-density samples would affect the mechanical performance
of the composites. In contrast, 3Di-hBN CuNi composite with maximum density (~7.75
g cm™>) was assumed to have a well-established interconnected hBN network with good
interfacial bonding to the metal matrix grains.

In addition, the mechanical properties of 3Di-hBN CuNi composite (sample D) were
compared with those of PM CuNi alloy (7.9 g cm ™), as shown in Table 4.2. In Figure 4.9,
sample E shows the stress-strain curve of PM CuNi alloy. Encouragingly, 3Di-hBN CuNi
composite showed yield strength, UTS, fracture toughness and elongation of 3Di-hBN
CuNi composite, ~16.3%, ~11.67%, ~27.9% and 20.1% higher than those of PM CuNi

alloy, respectively, mainly due to the unique three-dimensional architecture of hBN.

—O—Sample A—7/— Sample B—— Sample C
—C— Sample D —C—Sample E (PM CuNi alloy)
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Figure 4.9: Stress-strain curves of 3Di-hBN CuNi composites and PM CuNi alloy [164]. (Reused
with permission from Springer Nature under license number 5196180570802. See Appendix 'E’)
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Table 4.2: Mechanical properties of 3Di-hBN CuNi composite and PM CuNi alloy having
densities of 7.75 g cm ™3 and 7.9 g cm 3, respectively.

. Yield Strength  Elastic Modulus ~ UTS  Elongation Toughness
Materia

(MPa) (MPa) (MPa) (%) (MPa)
PM CuNi 211 £7 6083 £ 28 3007 28909 70+£5
3Di-hBN CuNi 252 +7 7872 £32 340+£9 362%14 97+6

High and low magnification SEM images of the fractured surfaces of the tensile
specimens are shown in Figure 4.10. In these images, the typical ductile fracture for
both 3Di-hBN CuNi composite (Figures 4.10 (a-b)) and PM CuNi alloy (Figure 4.10
(c)) can be discerened. The fractured surfaces clearly show the pronounced dimples. The
nucleation of dimples occurs when the bond between the reinforcement and the matrix
breaks during deformation [177]. In ductile fracture, nucleation, growth, and coalescence
of dimples occur to form microcracks. The arrows in Figure 4.10 (a) indicate the hBN
accumulated on the surface after fracture. Next, Figures 4.10 (b) and (d) show the
presence of hBN detected by EDX analysis on the surface of the dimples. The continuous
network of hBN blocks the propagation of cracks, thereby enhancing material’s strength.

In addition to blocking dislocation movement and crack propagation, the hBN
network also retards fracture by absorbing any externally applied load, giving the
composite a toughening effect. This leads to improved ductility [7, 21, 29, 177]. In
addition, the higher elastic modulus of hBN likely improves the toughness of the
composite, leading to an increase in ductility while making fracture more difficult [29].
More ductile materials exhibit greater dimples and hence the dimple size is proportional
to the ductility [177]. In Figure 4.9, the stress-strain curves show improved ductility of
the material. This means that the CuNi matrix and the hBN bond are strong enough to
prevent premature cracking at the interface.

Researchers have observed an increase in the mechanical performance of the metal
matrix when boron nitride is incorporated [178—-180]. This enhanced 3Di-hBN CuNi

composite strength (Figure 4.11 (a)) can be explained with three possible mechanisms:
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Figure 4.10: (a) SEM micrograph of 3Di-hBN showing the interconnected hBN (b-c) TEM
images showing hBN layers of 3Di hBN [164]. (Reused with permission from Springer Nature
under license number 5196180570802. See Appendix 'E’)

load transfer, dislocation strengthening, and grain refinement [181].

A high load transfer efficiency is guaranteed by strong interfacial bonding of the
reinforcing agent to the metal matrix. When attached with metal grains, hBN enhances
the load-transfer efficiency since it possess a large specific area and high aspect ratio [29].
It was reported by Rui et al. that hBN strongly attaches to the metal matrix owing to its
good wettability at atomic level [139]. The in-situ grown hBN accomplished by a simple
two-step process is fairly thin as shown in 4.11 (b) and (c) as the solubility of B and
N in CuNi is very low [138, 182]. It therefore develops a well-contacted interface with

the CuNi matrix. The architecture of 3Di-hBN is responsible for its better reinforcing
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efficiency in 3Di-hBN CuNi composite. 3Di-hBN can sustain the load as a whole unit
instead of isolated layers (load transfer) [29].

In Figure 4.12 (a) the XRD patterns are shown and indicate broadened peaks of
deformed 3Di-hBN CuNi composite compared to PM CuNi alloy. Using the Williamson-
Hall technique [183], the dislocation density (p) vis-a-vis dislocations per unit area can

be quantified through XRD analyses of the deformed samples. The dislocation density

Channels

hBN layers

03 15.0kV 15.3mm x1

Figure 4.11: SEM micrographs form the fracture surfaces of (a-b) 3Di-hBN CuNi composite,
(c) PM CuNi alloy, and (e) EDX spectrum of rectangular section in (b) [164]. (Reused with
permission from Springer Nature under license number 5196180570802. See Appendix 'E’)
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calculated is given in the following equation:

2/3¢
p =

b 4.2)

where €, d and, b are lattice strain, crystallite size and, burgers vector (0.254 nm for
CuNi), respectively. € and d can be calculated from XRD patterns and are related by

following equation (4.3) based on Williamson-Hall method [184].
KA
Bcos6 = v + 4esin® 4.3)

where B is XRD peak broadening of full-width at half maximum (FWHM) in radians, K
is shape factor and is constant (0.9), A is wavelength of Cu Ka radiation (0.154 nm), and
0 is the Bragg’s angle. € and d were found by linear-fitting of the plot between Bcos6
and 4sinf as shown in Figures 4.12 (b). These values were then populated in equation
(4.2) to give the dislocation densities of 3Di-hBN CuNi composite and PM CuNi alloy.

The dislocation density of the deformed 3Di-hBN CuNi composite was 50.2% higher
than that of PM CuNi alloy (Figure 4.12 (d)). This explains the dislocation strengthening
mechanism in 3Di-hBN CuNi composite. At the CuNi grain boundary, hBN caused an
accumulation of dislocations resulting in a relatively larger dissipation of applied energy
applied which delayed the fracture [148]. The dislocation densities calculated for the
undeformed specimens of 3Di-hBN CuNi composite and PM CuNi alloy are shown in
Figure 4.12 (d). It can be seen that the undeformed 3Di-hBN CuNi composite has a higher
dislocation density compared to the undeformed PM CuNi alloy. This can be attributed
to the lattice mismatch between hBN and CuNi substrate. Due to this lattice mismatch,
thermal stresses come into play and lead to the formation of more dislocations in 3Di-
hBN CuNi composite.

Lastly, a relatively more grain refinement in the structure of 3Di-hBN CuNi

composite is achieved by the formation of hBN layers at the CuNi matrix interfaces,
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Figure 4.12: (a) XRD patterns of deformed 3Di-hBN CuNi and PM CuNi samples, Lattice strain
and crystallite size calculation of (b) deformed PM CuNi and (c) deformed 3Di-hBN CuNi, and
(d) Dislocation densities of deformed PM CuNi and 3Di-hBN CuNi composite [164]. (Reused
with permission from Springer Nature under license number 5196180570802. See Appendix 'E’)

which inhibits the grain growth (diffusion) during the MOCVD process [139]. A greater
refinement is indicated in the structure of 3Di-hBN CuNi composite by OM images and
XRD patterns compared with PM CuNi alloy (Figure 4.13). The smaller the grains,
the larger the stress required for material’s deformation. As a result, 3Di-hBN CuNi

composite exhibits improved strength according to the Hall patch relationship [149].

4.2.2 Thermal Conductivity Analysis

Kostecki et al. [185] reported that the in-plane thermal conductivity of 2D hBN is
as high as 400 W m~'K~!, which is higher than that of bulk crystalline hBN. Although
the thermal conductivity of hBN is much lower than that of graphene (4000 W m~'K~')
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Figure 4.13: OM micrographs showing the microstructures of (a) 3Di-hBN CuNi composite and
(b) PM CuNi alloy, and (¢) XRD patterns of 3Di-hBN CuNi composite and PM CuNi alloy
[164]. (Reused with permission from Springer Nature under license number 5196180570802.
See Appendix 'E’)

[186], the formation of hBN around the grains should somewhat improve the thermal
conductivity of the composite. Moreover, the reinforcement by hBN is beneficial in
certain applications where high thermal conductivity and low electrical conductivity
are required, because hBN is an electrically insulating material [5, 187, 188]. The
thermal conductivities of 3Di-hBN CuNi composite (18 + 0.5 W m~'K~!) and PM CuNi
alloy (16 = 0.5 W m~'K™!) are shown in Figure 4.14. It was found that the thermal

conductivity of 3Di-hBN CuNi composite (with a density of 7.75 g cm—3) was ~10%
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Figure 4.14: Thermal conductivities of 3Di-hBN CuNi composite and PM CuNi alloy at room
temperature.

higher than that of PM CuNi alloy. This improvement could be due to the good alignment
of the 3Di-hBN as well as its good bonding to the matrix, which provides a thermal

conduction path along the in-plane direction [169, 185].

4.2.3 Electrochemical Corrosion Behavior

The potentiodynamic polarization curves of 3Di-hBN CuNi composite and PM
CuNi alloy are shown in Figure 4.15 (a). The intersection of the cathodic and anodic
polarization curves gives the corrosion current density (I.or) and the corrosion potential
(Veorr)- 3Di-hBN CuNi composite exhibited better corrosion resistance than PM CuNi
alloy. The corrosion potential of 3Di-hBN CuNi composite (—182.59 mV) was shifted in
a more positive (upward) direction than that of PM CuNi alloy (—373.72 mV), as shown
by the polarization curves of 3Di-hBN CuNi composite and PM CuNi alloy in Figure
4.15 (a). It was also found that the .oy of 3Di-hBN CuNi composite (14.0 pA cm™2) was
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about 6 times lower than that of PM CuNNi alloy (85.1 pA cm~2). The lower value of I.qy
also indicates that the corrosion resistance of 3Di-hBN is significantly improved. The
improvement in electrochemical corrosion resistance can be attributed to the formation
of an interconnected network of hBN layers anchored around the grains of the CuNi
matrix, as shown by the EDS analysis (Figures 4.5 (a-b)) of 3Di-hBN CuNi composite.
The interconnected network of hBN layers in 3Di-hBN CuNi composite, as shown in
Figure 4.15 (b) resists the chrage transfer due to the impermeability of hBN to ions
and molecules [160]. Therefore, the corrosion reaction speed is reduced because fewer
ions flow across the metal-electrolyte interface as the exposed metal surface is reduced
by hBN, as schematically shown in Figure 4.16. Consequently, the addition of a 3D
interconnected network of hBN could effectively reduce the corrosion rate of the metal
matrix in 3Di-hBN CuNi composites [160, 189—-191].

Following equation (4.4) can be used to calculate the corrosion rate (CR) as per

ASTM standard G102.
I
CR=K [;”} x (EW) (4.4)

where K is a constant and is equal to 3.27 x107> mm g pA~'cm~'year~! , EW is the
equivalent weight of CuNi solid solution and is equal to 31.05, p is the density of the
material (7.75 g cm ™~ for 3Di-hBN CuNi composite and 7.9 g cm~> for PM CuNi alloy).
The values of CR for PM CuNi alloy and 3Di-hBN CuNi composite were calculated
to be 1.09 mm year! and 0.183 mm year~!, respectively, using the equation 4.4. This
clearly means that CR was significantly reduced by 3Di-hBN at the grain boundaries of
3Di-hBN CuNi composite; the value was reduced by ~16.67%, indicating more than six
times better corrosion resistance. Table 4.3 lists the electrochemical corrosion parameters
of PM CuNi alloy and 3Di-hBN CuNi composite.

The SEM images of the surfaces of 3Di-hBN CuNi composites and PM CuNi alloy

after performing electrochemical corrosion experiments are shown in Figures 4.17 (a)
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Figure 4.15: (a) Potentiodynamic polarization curves of 3Di-hBN CuNi composites and PM CuNi
alloy, (b) and (c) SEM images and EDS analysis of 3Di-hBN CuNi composite, and (d) SEM image

of 3Di-hBN.
Table 4.3: Electrochemical corrosion parameters.
Material Veor MV) Lo (MAcm™2) CR (mm year ')
PM CuNi —373.72 85.1 1.09
3Di-hBN CuNi  —182.59 14.0 0.183
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Figure 4.16: Schematic explanation of 3Di-hBN blocking the ions transport at metal-electrolyte
interface.

and (b). The surface of PM CuNi alloy is much more corroded and rougher with large
corrosion pits and depressions (Figure 4.17 (b) ) compared to 3Di-hBN CuNi composite
(Figure 4.17 (a)). Therefore, the examination of the SEM images further confirms the
better corrosion resistance of 3Di-hBN CuNi composites compared to PM CuNi alloy.
The corrosion behavior of 3Di-hBN CuNi composite and PM CuNi alloy was also
investigated by EIS. Bode plots are shown in Figures 4.18 (a) and (b) which indicate the
plots of impedance (Z) versus frequency and phase engle versus frequency, respectively.
Figures 4.18 (a) shows that impedance of 3Di-hBN CuNi composite was substantially
higher (25%) than that of PM CuNi alloy which can be associated to a rise in charge
transfer resistance owing to 3Di-hBN layers surrounding the Cu-Ni grains in 3Di-hBN

CuNi composite. In particular, highe value of Z at low frequency implies the higher
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Figure 4.17: SEM images of the specimen surface for (a) 3Di-hBN CuNi composite and (b) PM
CuNi alloy taken after electrochemical corrosion experiments.

corrosion resistance [192]. Figure 4.18 (b) shows a broad time constant that occurred in
the high and medium frequency ranges for both 3Di-hBN CuNi composite and PM CuNi
alloy [160, 192]. Nyquist plots along with equivalent electrical circuit (EEC) model for
3Di-hBN CuNi composite and PM CuNi alloy are shown in Figure 4.18 (c).

The larger size of the Nyquist plot of 3Di-hBN CuNi composite than that of PM CuNi
alloy suggests the better anti-corrosion behavior of 3Di-hBN CuNi composite [193]. For
both EIS spectra, an intercept at high frequency corresponding to electrolyte resistance,
a portion of the semicircle at middle frequency, and an inclined line in the low frequency
range corresponding to the Warburg impedance were observed (Figure 4.18 (c)). At lower
frequencies, straight lines indicate that the corrosion mechanism is controlled not only
by the charge transfer process but also by the diffusion of charged species through the
corrosion products [194]. As shown in the EEC model (inset of Figure 4.18 (c)) for fitting
the EIS spectra, Rg, R and Wy represent solution resistance, charge transfer resistance
and Warburg impedance, respectively. For PM CuNi alloy, the values of Rg, R, and
W, were found to be 29.26 Qcm?, 2 x 10* Q cm? and 1.2 x 10° Q cm?, respectively
which were smaller than those for 3Di-hBN CuNi composite (36.21 Q cm? for Ry, 2.7 x
10° Q cm? for Ry, and 1.5 x 106 Q cm? for W) as illustrated in Figure 4.18 (d). This
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suggests the higher corrosion resistance of 3Di-hBN CuNi composite than that of PM
CuNi alloy which can be attributed to the network of 3Di-hBN layers. 3Di-hBN network
is likely to reduce the rate of electrochemical kinetics due to its high charge transfer
resistance and block the diffusion of corrosion species into/out of the composite due to

its impermeability.
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Figure 4.18: Bode plots of (a) impedance magnitude of 3Di-hBN CuNi and PM CuNi alloy (b)
phase angle of 3Di-hBN CuNi and PM CuNi alloy, (c) Nyquist impedance plots for 3Di-hBN
CuNi and PM CuNi alloy (Inset showing the ECC model), and (d) Electrochemical corrosion
parameters obtained from EEC model.

4.2.4 High-Temperature Oxidation Behavior

The high-temperature oxidation behavior of 3Di-hBN CuNi composite and PM CuNi

alloy was investigated by heating in air at 900°C for 48 h maximum. The formation
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of oxides at high temperatures resulted in weight increase of both materials [195].
Nevertheless, the mass increase of 3Di-hBN CuNi composite was lower than that of
PM CuNi alloy at each time point, as shown in Figure 4.19 (a). Thus, 3Di-hBN CuNi
composite gained ~36.7% less mass (0.77 mg mm~2) than PM CuNi alloy with a mass
gain of 1.22 mg mm~2. Moreover, Figure 4.19 (a) shows that PM CuNi alloy also gained

mass faster than 3Di-hBN CuNi composites.
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Figure 4.19: (a) High-temperature oxidation test results for 3Di-hBN CuNi composites and PM
CuNi alloy, OM images of cross-sections of (b) 3Di-hBN CuNi composite and (c) PM CuNi alloy,
and (d) Schematic illustrating the mechanism of hBN layers acting as barriers to oxygen diffusion
to the interior of 3Di-hBN CuNi composite.

The improved anti-oxidation behavior of 3Di-hBN CuNi composite can also be
observed from the OM images of 3Di-hBN CuNi and PM CuNi alloy obtained after

performing high-temperature oxidation experiments, as shown in Figures 4.19 (b) and
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(c). After oxidation of the samples at 900°C for 48 h, the cross-section was observed
microscopically by cutting the oxidized disk into two halves. Figure 4.19 (b) shows that
an oxide layer of ~90 um was formed on 3Di-hBN CuNi composite, while an oxide layer
of ~380 um was formed on PM CuN:i alloy, as shown in Figure 4.19 (b). The oxide layer
formed on 3Di-hBN CuNi is at least four times thinner than that formed on PM CuNi
alloy, which may be due to the fact that 3Di-hBN blocks the penetration of oxygen into
the metal matrix at the interfaces of CulNi grains at high temperatures.

We believe that following two properties of hBN are responsible for 3Di-hBN CuNi
composite to exhibit such behavior. (i) Unlike graphene, hBN is thermodynamically

stable at high temperatures [195-199]. The high-temperature stability of 3Di-hBN was
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Figure 4.20: TGA analysis of 3Di-hBN CuNi composite.

indirectly confirmed by performing thermogravimetric analysis (TGA) of 3Di-hBN CuNi

composite, as shown in Figure 4.20, up to a temperature of 900°C in N, environment.
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The results indicate negligible bulk degradation of 3Di-hBN CuNi composite up to
~900°C, suggesting thermodynamically stable hBN in 3Di-hBN CuNi composite.
(i) The impermeability of hBN enables it to block the penetration of small atoms,
ions and molecules [160, 189, 191]. Therefore, 3Di-hBN resists oxygen penetration
into 3Di-hBN CuNi composite at elevated temperature while being themodynamically
stable, as schematically shown in Figure 4.19 (d). The improved high-temperature anti-
oxidation behavior due to hBN has been extensively reported in the literature [195, 200].
Considering the high-temperature applications of CuNi-based alloys in industry, hBN

reinforcement could be of great benefit.

4.3 Synthesis of 3DiGr CuNi Composites
4.3.1 Mechanism of Formation of 3DiGr

The synthesis of 3DiGr CuNi composite is shown schematically in Figure 4.21. Cu
and Ni particles are compacted into a disc after carefully mixing as explained in Section
3.2.1. During sintering, the excess surface energy of the particles acts as the driving force
for the diffusion which leads to the reduction in volume and eventual formation of solid
solution of Cu and Ni [171, 172]. As a result, the volume of the compact disc shrinks
and thus densification occurs. At a certain time when CVD started, methane decomposed

into C and hydrogen at 1000°C according to the following equation (4.5).
CH4(g) — [C]+ 2H2(g) 4.5)

These carbon atoms diffused into the interior of the disc. The concentration gradient
leads to the diffusion of the C atoms into the free spaces in the disc. In this way, a solid
solution of Cu, Ni and C is formed at 1000°C, in which the carbon atoms occupy the
interstices of the CuNi alloy. Eventually, the diffused carbon atoms precipitate out of

the CuNi alloy upon cooling, nucleate and grow along the grain boundaries, forming a
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Figure 4.21: Synthesis of 3DiGr CuNi composites.

3DiGr CuNi composite [43]. To summarize, 3DiGr is formed in 3DiGr CuNi composite

in following steps:

* The reduction of distance between Cu and Ni particles during sintering under

driving force due to reduction of surface energy.

The diffusion of Cu into Ni and vice versa.

¢ The formation of CuNi1 solid solution.

The diffusion of atomic carbon in the solid solution of CuNi during CVD.
* The precipitation of C atoms out from CuNi grains during cooling.

* The nucleation and growth of graphene along the grain boundaries of CuNi.

4.3.2 Microstructural Investigation

The densities of 3DiGr CuNi composite as a function of compaction pressure are

shown in Figure 4.22 (a). As the compaction pressure increases, the density also increases
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until a certain value of the compaction pressure is reached above which the density stops
increasing. This trend of density-pressure relationship has been discussed in detail in
Section 4.1.2. Figures 4.22 (c) and (d) are the OM images of 3DiGr CuNi composites
prepared at compaction pressures of 55 MPa and 280 MPa, respectively. In these images,
the graphite-filled voids (some of which are shown with dashed white circles) and CuNi
grains can be seen. The number of graphite sites is higher in the composite prepared under
a compaction pressure of 55 MPa (Figures 4.22 (c)) compared to the composite prepared
under a compaction pressure of 280 MPa (Figures 4.22 (d)). This is consistent with the
XRD patterns shown in Figures 4.22 (b), which show that more graphite was formed
at lower compaction pressure (55 MPa), as indicated by the visible graphite peak (002)
at 26.7°. However, no graphite peak (002) was observed at higher compaction pressure,
suggesting that mostly graphene layers were formed at the grain boundaries of the CuNi
matrix [21].

Figure 4.23 (a) shows the SEM image of the 3DiGr foam obtained by etching,
washing, and freeze-drying, as explained in Section 3.4.2.2. The graphene layers are
interconnected and form a network with channels and pockets. Moreover, the partially
etched surface of 3DiGr CuNi composite contains an interconnected network of graphene
layers with a large surface area, as shown in Figure 4.23 (b). EDS of the partially etched
3DiGr CuNi surface revealed that the surface is composed of carbon atoms, Cu, and Ni as
shown in Figures 4.23 (c) and (d). We believe that such CuNi-graphene composites can
be used either directly or after slight modification in devices used for energy generation
or storage.

Recently, it has been reported that metals as caytalysts in oxidation-reduction
reactions (ORR) do not contribute to the catalytic function, however, play a role in the
formation of active sites [21]. Carbon materials such as carbon nanotubes, graphene and
graphite foam can function as electrochemically active materials for ORR [201, 202]. In

our work, the electrolytic activity of the free-standing interconnected graphene network
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Figure 4.22: (a) Compaction pressure-density relationship, (b) XRD patterns for 3DiGr CuNi
composite, and OM images of 3DiGr CuNi composite at compaction pressure of (c) 55 MPa and
(d) 280 MPa.

on the surface of 3DiGr CuNi composite was investigated by performing voltammograms
of the rotating ring-disk electrode.

Figure 4.24 shows the cyclic voltammogram of the partially etched 3DiGr CuNi
composite for different scan rates. It can be seen that the large surface area graphene
network on the surface of 3DiGr CuNi composite shows the catalytic activity. The net
peak current density approaches 320 mA and the capacitance stabilized at ~32% at
a scan rate of 100 mV s~!. However, recent studies suggest that the catalytic activity
for ORR is enhanced when carbon materials are doped with nitrogen [201]. Since the
electronegativity of nitrogen is higher than that of carbon, it attracts the electrons of

neighboring carbon atoms, resulting in partially positively charged carbon atoms that
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Figure 4.23: (a) Microstructure of 3DiGr, (b) microstructure of partially etched 3DiGr CuNi
composite, and (c-d) EDS analysis of partially etched 3DiGr CuNi composite.
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Figure 4.24: (a) Voltammogram and (b) capacitance vs scan rate of fuel cell for 3DiGr CuNi
composite being used as electrode.
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act as active sites for the activation of the O, molecule in the ORR [201]. Therefore,
this study can be extended to fabricate a three-dimensional interconnected network of
N-doped graphene to further improve the electrochemical performance.

In our nanomaterials laboratory, a simple two-step process was used to form the three
dimensionally interconnected network of graphene in the Cu matrix. After complete
etching of the Cu matrix, the quality of the graphene was investigated by Raman
spectroscopy [43] as shown in Figure 4.25. Typical D, G and 2D peaks are seen at 1350
cm™!, 1580 cm~! and 2700 cm ™!, respectively. Generally, the D band is known as the
defect band and is associated with disorder between graphene layers, while the G band
reflects the crystallization and symmetry of graphene [203]. Moreover, the 2D band is a
double phonon resonance peak and reflects the stacking degree of graphene, which is a

typical symbol of the existence of graphene [203]. The intensity ratio (Ip /1) reflects the

2D

Intensity (arb. units)

0 500 1000 1500 2000 2500 3000
Raman Shift (cm™)

Figure 4.25: Raman spectrum of 3DiGr [43]. Analyzed based on Ref [204]. (Reused with
permission from Elsevier under license number 5207361331890. See Appendix "E’)
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defects of graphene structure. In the present three dimensionally interconnected network,

the ratios Ip/Ig and Ip/Ig were found to be 0.28 and 1, respectively, indicating the

high-quality graphene with few layers.

4.4 Properties of 3DiGr CuNi Composites

4.4.1 Thermal Conductivity

The thermal conductivities of 3DiGr CuNi composite (25.6 + 1.4 W m~'K™!)
and PM CuNi alloy (16 = 0.5 W m~'K™!) are shown in Figure 4.26. It was found
that the thermal conductivity of the 3Di-Gr CuNi composite was ~ 58% higher than
that of PM CuNi alloy. The uniform and homogeneous distribution of graphene in
the metal matrix is required to achieve an improvement in thermal conductivity [205].
The enhanced thermal conductivity of 3DiGr CuNi composite suggests that a three-
dimensionally interconnected network of graphene must form surrounding the grains of

CuNi to facilitate the electron movement [28].
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Figure 4.26: Thermal conductivities of PM CuNi and 3DiGr CuNi composite.
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4.4.2 Electrochemical Corrosion Behavior

The potentiodynamic polarization curves of PM CuNi and 3DiGr CuNi composite
are shown in Figure 4.27. The intersection of the cathodic and anodic polarization curves
gives the corrosion current density (Icoy) and the corrosion potential (Vo). 3DiGr
CuNi composite exhibited better corrosion resistance than PM CuNi alloy. The corrosion
potential of 3DiGr CuNi composite (—0.220 V) was shifted in a more positive (upward)
direction than that of PM CuNi alloy (—0.373 V), as shown by the polarization curves
of 3Di-hBN CuNi composite and PM CuNi alloy in Figure 4.27. It was also found that
the I.orr of 3DiGr CuNi composite (4.16 pA cm™2) was lower than that of PM CuNi
alloy (85.1 pA cm2). The lower value of I, also indicates that the corrosion resistance

of 3DiGr CuNi is significantly improved [206, 207]. In corrosion thermodynamics, the
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Figure 4.27: Potentiodynamic polarization curves of PM CuNi and 3DiGr CuNi composite.
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Figure 4.28: (a) YS and UTS (b) XRD patterns of 3DiGr CuNi and PM CuNi alloy, OM images
of (¢) PM CuNi alloy and (d) 3DiGr CuNi composite.

higher the V.o is, the better the anti-corrosion property is [206, 207]. Similarly, a
lower I.o is @ measure of better anti-corrosion property (higher corrosion resistance).
In corrosion kinetics, the corrosion rate (CR) is directly proportional to I.oy; this means

that a higher value of I.o; would result in a larger CR.

Table 4.4: Electrochemical corrosion parameters for 3DiGr CuNi and PM CuNi.

Specimen type  Ieorr (WA cm™2)  Veorr, (V)

PM CuNi 85.1 —0.373
3DiGr CuNi 4.16 —0.220
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4.4.3 Tensile Strength

Figure 4.28 (a) shows that 3DiGr CuNi composite has ~25.9% and ~10.1% higher
YS and UTS, respectively, compared to PM CuNi alloy. The higher strength could be due
to the graphene at the grain boundaries of 3DiGr CuNi composite, which acts as a barrier
to the dislocation motion [141]. The higher strength of 3DiGr CuNi composite can be
further related to the higher grain refinement in its microstructure compared to PM CuNi
alloy. Figure 4.28 (b) shows the XRD pattern of 3DiGr CuNi composite and PM CuNi
alloy. The peak of 3DiGr CuNi composite was found slightly broader than that of PM
CuNi alloy, suggesting that the structure of 3DiGr CuNi composite was more refined.
The magnified peaks (111) are shown in the inset of Figure 4.28 (b) as an example. Grain
refinement can also be seen when viewing the OM images (Figures 4.28 (c) and (d)).
The average grain size for 3DiGr CuNi composite was 20-30 um compared to PM CuNi
alloy with a grain size of 40-50 um. The grain refinement in the microstructure could
be related to the fact that the graphene inhibits the grain growth of the CuNi matrix
at the time of synthesis (diffusion), resulting in smaller grains. This in turn leads to
an increased strength of 3DiGr CuNi composite according to the classical Hall-Petch

relationship [149].
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S CONCLUSIONS AND FUTURE SCOPE

5.1 Conclusions

3Di-hBN CuNi and 3DiGr CuNi composites were succefully fabricated using a
simple two-step process that involves the compaction of the powder followed by
MOCVD or CVD. Microstructural invetigations revealed that three dimensionally
interconnected networks of hBN and graphene were formed surrounding the grains of

CuNi matrix. The experimental outcomes can be summarized as folllows:

5.1.1 3Di-hBN CuNi Composite

1. The mechanical properties increased with increasing density. 3Di-hBN CuNi
composite showed 16.3%, 11.67% and 27.9% higher yield strength, UTS, and
fracture toughness, respectively, compared to PM CuNi alloy. This improvement in
mechanical properties could be related to the three dimensionally interconnected
network of hBN (3Di-hBN) formed around the grains of CuNi matrix. 3Di-hBN
served as a load transfer unit when the composite is subjected to deformation due
to (i) a continuous network of hBN layers and (ii) good interfacial bonding of hBN
to the matrix. Strong interfacial bonding likely prevents dislocation movement and
crack propagation when an external load is applied. In addition, the formation of
3Di-hBN at grain boundaries during MOCVD prevents excessive grain growth and

thus improves mechanical performance through grain refinement.

2. The thermal conductivity of 3Di-hBN CuNi composite was ~10% higher than
that of PM CuNi alloy, which may be due to the fact that 3Di-hBN provides a

conductive path for electron movement at the grain boundaries.

3. Electrochemical corrosion experiments showed that 3Di-hBN CuNi composites
exhibited better anti-corrosion behavior than PM CuNi alloy. The corrosion rate

of 3Di-hBN CuNi composite was calculated to be 0.183 mm year~' which is
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about one-sixth of the corrosion rate of PM CuNi alloy. These results show
that the corrosion resistance of 3Di-hBN CuNi composite is increased by more
than six times compared to PM CuNi alloy. It was shown that 3Di-hBN in
3Di-hBN CuNi composite effectively blocked the penetration of molecules or
ions into the composite, thereby improving the corrosion resistance. Moreover,
the electrochemical impedance spectroscopy results confirm the improved anti-

corrosion property of 3Di-hBN CuNi composites.

4. The mass gain versus oxidation time curves showed that 3Di-hBN CuNi composite
gained about 36% less weight during the high-temperature oxidation for 48 hours
at 900°C; 3Di-hBN CuNi composite is more stable at high temperature and less
affected by the environment compared with PM CuNi alloy. This could be due
to the formation of the network of 3Di-hBN layers at the interfaces of CuNi
grains. Since hBN is stable at high temperatures and impermeable to oxygen, the
oxide formation (oxygen penetration/diffusion) in 3Di-hBN CuNi composite was

significantly reduced.

5.1.2 3DiGr CuNi Composite

1. The voltammograms of the rotating ring-disc electrode showed the catalytic
activity on the modified surface of the 3DiGr CuNi composite, indicating that the
slightly modified surface can be used in energy storage devices such as batteries

and fuel cells.

2. 3DiGr provided a conductive path for electron mobility, resulting in ~58% higher
thermal conductivity compared to PM CuNi alloy without 3DiGr. This was
attributed to the good interfacial bonding of graphene to the CuNi matrix and its

high thermal conductivity.

3. Finally, the yield strength and ultimate tensile strength of 3DiGr CuNi composite

81

Collection @ chosun



were 25.9% and 10.1% higher than PM CuNi alloy, respectively, which can be
related to the grain refinement and dislocation strengthening in the structure caused
by graphene. During CVD, the formation of graphene at the grain boundaries
hinders the grain growth of the CuNi solid solution, resulting in grain refinement

of the structure.

5.2 Future Scope

Based on the present research work, the following work can be carried out as a future
scope to enrich/reveal this field further.

It has now been established by experimentation in this research work as well as in
several other researches that the presence of hBN or graphene at matrix grain boundaries
impart good attributes to the composites such as higher thermal conductivity, strength
and corrosion resistance. However, atomistic simulation can prove to be useful tool to
further refining and generalizing the results. For instance, molecular dynamics study for
the graphene/hBN reinforced Cu/CulNi composites needs to be conducted to characterize
their thermal, mechanical, and chemical properties. This can be done by modeling the
grains (from 2 to 4) and investigating the effect of graphene between the grain boundaries
under the effect of applied loading (chemical, thermal or mechanical). This could be
helpful in optimising the processing parametrs and reducing the associated cost and
energy.

Secondly, mechanical properties could be affected when a material is subjected
to hydrogen at high pressure and temperature and the phenomenon is known as
hydrogen embrittlement [208]. In this context, graphene (or hBN) at the interface of
Cu grains might act as an effective barrier to hydrogen penetration inside the composite
thereby maintaining the strength of the material subjected to severe hydrogen exposure.
Therefore, mechanical properties of 3DiGr CuNi and 3Di-hBN CuNi composites can be

investigated before and after exposure to the hydrogen environment. Furthermore, Cu
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and Ni based alloys are widely used in nuclear power plants, however, these materials
become embrittled over the time due to nuclear irradiation. Neutron irradiation leads to
formation of transmutation products, irradiation defects, dislocation loops, and stacking
fault tetrahedra and voids [209]. All these features result in reduction of electrical and
thermal conductivities. Various studies show that 2D materials are impermeable to the
particles having sizes as small as neutron [209]. In this context, physical and mechanical
properties of 3Di-hBN or 3DiGr reinforced Cu/CuNi composites must be investigated

under the effect of nuclear irradiation.
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APPENDIX A: Main Reagents and Materials

The reagents and materials used in this work are listed in Table A.1

Table A.1: Main Reagents and Materials.

Reagents and materials Quality
Copper powder 99% purity, 14-25 um (spherical)
Nickel powder 99.5% purity, 1~5 pum (spherical)
Hydrochloric acid Assay above 35% , extra pure

FeCl; - 6H,0 97.0-102.0%

Ethanol 99.5% purity

Acetone 99.5% purity
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APPENDIX B: Synthesis and Characterization Tools

B.1 CVD System

Two separate systems, CVD and MOCVD, were used to fabricate 3DiGr CuNi and
3Di-hBN CuNi composites.

1. The CVD apparatus used to fabricate 3DiGr CuNi composites had a gas
distribution system consisting of Hy (99.999%) and CH4 (99.995%) flowing
through each mass flow controller into a quartz tube furnace 1.5 m long and 80
mm in diameter, capable of reaching 1100°C. The gas pressure inside the chamber
was controlled by a throttle valve in conjunction with a pressure controller. The
system controlled the furnace temperature to + 0.5°C at 1000°C, gas flow rate to
+ 0.05 sccm at 10 sccm, and system pressure to + 0.01 Torr at 330 and 450 Torr.
The temperature profile within the chamber when the furnace was set at 1000°C
was accurately determined by a single thermocouple moved down the length of the
furnace, with measurements made at 2 cm intervals. A parabolic fit to the furnace

temperature data gave an R? value of 0.99.

2. The MOCVD apparatus used to produce 3Di-hBN CuNi composites had a
gas distribution system consisting of Hy (99.999%), Ar(99.999%), NHs and

decaborane evaporating system (shown in Figure 3.5 (a)).

B.2 Other Experimental Instruments

Table B.1 shows the other experimental instruments and their usage

B.3 Characterization Methods

Different instruments were employed in this study to characterize the materials

fabricated and trace the reactions during the synthesis processes and are given in
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Table B.1: Instruments and their usage.

Instrument Model Usage
Ultrasonic cleaner BRANSON 2210R-DTH Washing and cleaning
Drying oven HANBAEK SCIENTIFIC CO.,LTD (HB-501M) Drying
Vacuum glove box JISICO J-924 AHO Protection against moisture and oxidation
Polishing machine ALLIED TWINPREP 3 TM Surface polishing to reveal microsrture
Analytical Balances SHINKO DENSHICO.,LTD (AF-R220E-D) Weighing the samples

Table B.2. This section mainly introduces the graphene/hBN structure characterization
technology used in this work, and characterization of other chemical and physical
properties have been described in detail in section 3.4. These tools helped to optimize

the synthesis conditions of the composites.

Table B.2: Structural characterization tools.

Instrument Model
oM NIKON
XRD PANalytical CubiX3
SEM HITACHI S-4800
TEM TECNAI G20FEI
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Cl1

1.

C.2

Collection

APPENDIX C: Sample Preparation for Microstructural
Investigation
Sample Preparation for OM
Diamond cutting machine was used to cut the disc in two halves.

Then ultrasonic cleaner was used to clean the cut sample with alcohol to remove

cutting oil and debris.

. These samples were mounted in hot press mounting machine such that cross

section could be easily polished.

Sandpapers of 1000-4000 grits were gradually used to polish the sample to get a

smooth and scratch-free surface for subsequent examination.

. Ultrasonic cleaner was used again to clean the polished samples with alcohol to

remove the silicon and carbon particles (if any).

. Then the samples were etched for 2-3 min in a mixed solution of FeCl; and HCl to

reveal the microstructure. The method of making etchant is given below.

Etchant Preparation

. Take 120 ml of DI water using volumetric flask and pour it in a clean beaker.

. Weigh 10 g of FeCl3 solution and put in the beaker containing 120 ml of DI water.

Take 30 ml of HCI (11.67 M) and put it in mixture containing the FeCl; and DI

water.

Continuously stir the mixture using magnetic stirrer until solution becomes

homogeneous.

. The etchant is the mixed solution of 0.5 M FeCl; and 2 M HCI solutions.
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C.3 Sample Preparation for SEM

1. Cut the small portion (one-fourth) of the composite disk and ultrasonicate it using

ethanol to remove the oil.

2. Place it in the etchant for a sufficiently long time leaving 3Di-hBN as a result of
complete etching of the metal matrix. The metallic particles in 3Di-hBN CuNi
composite are mostly in direct contact with each other. When the composite
is placed in etchant, these metallic particles etch out forming channels thereby

completely removing the CuNi matrix leaving behind 3Di-hBN or 3DiGr.

3. Wash 3Di-hBN and 3DiGr several times with DI water to remove the remains of

etchant.
4. Dry the samples using freez-drying method as explained in the section C.4.
5. Dried samples can be readily examined using SEM to investigate the
microstructure.
C.4 Freeze-Drying Method

This method was used so that 3Di-hBN or 3DiGr does not collapse during drying
under the effect of capillary force. Afetr wasing with Di water, 3Di-hBN and 3DiGr
foam were carefully placed in a container (like a small tube) alongwith DI water and
were frozen down to —60°C. In the last step, water content is removed under vacuum
while it is frozen. 3Di-hBN and 3DiGr foam have stable network of hBN or graphene
layers which can be further used for SEM or TEM examination.

C.5 Sample Preparation for TEM

1. Carefully polish the composite disk down to thickness of less than 100 um.

2. Make small pieces of diameter of 3 mm with the punching gun.
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3. Put these pieces in the etchant (FeCls and HCI solution)

4. When CuNi matrix is etched out completely, wash 3Di-hBN foam with DI water

several times to remove the contents of etchant.

5. Transfer the washed 3Di-hBN foam on TEM grid for TEM examination.
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D.1

1.

D.2

APPENDIX D: Properties Measurement

Mechanical Properties

Young’s modulus can simply be calculated by finding the slope of stress strain
curve in the elastic (linear) region. The value can be found as per following

equation D.1:

(o3
E=~ (D.1)

where ¢ and € are stress and strain at any point in elastic region.
Yield strength can be calculated by 0.2% offset method as follows:

* Take the linear section of the stress strain curve.
* Draw a line parallel to it that passes through the strain axis at 0.2% strain.

* At the intersection point of offset line and stress strain curve, note the value

of stress (y-axis). This value is yield stress.

. Ultimate tensile strength can be calculate by simply noting the stress value in stress

strain curve at the point where fracture starts.

. Toughness is the total energy absorbed by a specimen before final fracture and can

be calculated by approximating the area under the stress strain curve.

Heat Capacity Measurement with DSC Q2000

. First, perform basic calibration of DSC (baseline, cell constant, temperature) to

obtain specific heat conditions (heating speed 10°C min~!, type of purge gas N,

sample pan etc.).
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2. Stabilize the cooling device (Refrigerated Cooling Systems (RCS) are used to
perform DSC cooling experiments) in the equipment. Perform the following steps

to stabilize RCS.

* Check the cell status; ¢, must have a good baseline status to obtain reliable
data. Visually observe to remove contaminants or dust, and after running the
baseline in the measurement range, open the baseline file in the UA program
and adjust the Y-axis range to 1 mW. It is hoped that the baseline looks flat

near the heat flow value of 0.

* Turn on RCS at a speed of 20°C min~! while letting air pass through the
battery instead of N, upto 500°C . After gently wiping the battery with the
supplied glass fiber brush, follow the wind to remove fiber fragments and

other burning foreign objects, and then check the battery status again.

3. Use calibration mode to stabilize RCS, if the difference between the baselines in

each cycle is small, RCS running style can be considered stable.

4. Use three-run method to measure sample cp: this is a measurement method using
sapphire registered in the ASTM method. A total of 3 experiments are required to

measure the ¢, of a sample.
5. Prepare sapphire for reference measurement.

6. Prepare several sets of lids and pans of almost the same weight. (The difference of

each pair must not exceed 50 pg).

7. Put one pan + lid on the reference sensor, and put another pan + lid on the sample
sensor, and then measure the “blank” to obtain the heat flow value of the sample

pan.

8. Then, put the sapphire in the pot of the sample sensor and measure the “reference”

to obtain the heat flow value of the standard sample.
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9. Once done with sapphire, remove it from the pot of the sample sensor and insert

the sample to obtain the heat flow value of the sample.

10. After completing three experiments, follow the below method to calculate the
specific heat of the sample.
The specific heat of sapphire (Cp measured) 18 calculated by using following equation

D.2

c i d(T) . Wsapphire (T> - Wbaseline (T>
p,sapphire;measure =
Msapphire (T)AT

(D.2)

where Wy phire.measurea @0d Wpgserine are the heat flow values of sapphire and
blank at a given temperature T, respectively. Mgapphire 1S the mass of sapphire. The
following factor E(T') is calculated by dividing the c, value of sapphire taken from

NIST database (Cp,exact) and Cp, measured as follows:

E(T) _ Cp,sapphire;exact (T) (D.3)

Cp,sapphire;measured (T)

The specific heat of the sample (measured value) is given by below equation D.4

Wsampte (T) — Whasetine (T)
Cp,sample;measured(T) = Samp;lmmple(T)LZf:rlne (D4)

where Wyumpie measurea 18 the heat flow value and mgapple i the mass of the sample.
The exact c;, value of sample is calculated by multiplying its measured value with

the factor just calculated (equation D.3) according to the following equation D.5

Cp.sample;exact (T) =E (T) X Cp,sample;measured(T) (DS)
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APPENDIX E: Links to Permissions of Use

All data taken from outside sources have been properly cited in this dissertation with
permission from the source where needed. Some of the data have been reproduced from
sources registered under a Creative Common Attribution (CC BY) license. This license
allows copying and reproducing the data for non-commercial purposes. For more details,
the following url can be acccessed (https://creativecommons.org/about/cclice
nses/).

As an evidence of permission to reproduce, we intend to provide details of the data
reproduced here, and the relevant URL is easily accessible.

Figure 2.1:

https://www.iosrjournals.org/copyright-policy.html

Figure 2.2:
https://www.dropbox.com/s/2ru2q6fgdjr72t9/RightsLink’20Printable’,2
OLicense20%28Figure’202.2%29.pdf7d1=0

Figure 2.3:
https://pubs.rsc.org/en/content/articlelanding/2015/nr/c4nr01600a
Figure 2.4:
https://s100.copyright.com/AppDispatchServlet?title=Graphene’20nano
platelets’20induced’%20heterogeneous’,20bimodal?,20structural’,20magne
sium¥%20matrix’20composites’,20with,20enhanced’,20mechanicall,20proper
ties&author=Shulin%20Xiang%20et%20al&contentID=10.1038%2Fsrep38824
&copyright=The’20Author’%28s%29&publication=2045-2322&publicationDa
te=2016-12-12&publisherName=SpringerNature&orderBeanReset=true&oa=
CC%20BY

Figure 2.5:
https://www.dropbox.com/s/91ivyihtsglpyOr/RightsLink’20Printable’,2
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https://creativecommons.org/about/cclicenses/
https://creativecommons.org/about/cclicenses/
https://www.iosrjournals.org/copyright-policy.html
https://www.dropbox.com/s/2ru2q6fgdjr72t9/RightsLink%20Printable%20License%20%28Figure%202.2%29.pdf?dl=0
https://www.dropbox.com/s/2ru2q6fgdjr72t9/RightsLink%20Printable%20License%20%28Figure%202.2%29.pdf?dl=0
https://pubs.rsc.org/en/content/articlelanding/2015/nr/c4nr01600a
https://s100.copyright.com/AppDispatchServlet?title=Graphene%20nanoplatelets%20induced%20heterogeneous%20bimodal%20structural%20magnesium%20matrix%20composites%20with%20enhanced%20mechanical%20properties&author=Shulin%20Xiang%20et%20al&contentID=10.1038%2Fsrep38824&copyright=The%20Author%28s%29&publication=2045-2322&publicationDate=2016-12-12&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY
https://s100.copyright.com/AppDispatchServlet?title=Graphene%20nanoplatelets%20induced%20heterogeneous%20bimodal%20structural%20magnesium%20matrix%20composites%20with%20enhanced%20mechanical%20properties&author=Shulin%20Xiang%20et%20al&contentID=10.1038%2Fsrep38824&copyright=The%20Author%28s%29&publication=2045-2322&publicationDate=2016-12-12&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY
https://s100.copyright.com/AppDispatchServlet?title=Graphene%20nanoplatelets%20induced%20heterogeneous%20bimodal%20structural%20magnesium%20matrix%20composites%20with%20enhanced%20mechanical%20properties&author=Shulin%20Xiang%20et%20al&contentID=10.1038%2Fsrep38824&copyright=The%20Author%28s%29&publication=2045-2322&publicationDate=2016-12-12&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY
https://s100.copyright.com/AppDispatchServlet?title=Graphene%20nanoplatelets%20induced%20heterogeneous%20bimodal%20structural%20magnesium%20matrix%20composites%20with%20enhanced%20mechanical%20properties&author=Shulin%20Xiang%20et%20al&contentID=10.1038%2Fsrep38824&copyright=The%20Author%28s%29&publication=2045-2322&publicationDate=2016-12-12&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY
https://s100.copyright.com/AppDispatchServlet?title=Graphene%20nanoplatelets%20induced%20heterogeneous%20bimodal%20structural%20magnesium%20matrix%20composites%20with%20enhanced%20mechanical%20properties&author=Shulin%20Xiang%20et%20al&contentID=10.1038%2Fsrep38824&copyright=The%20Author%28s%29&publication=2045-2322&publicationDate=2016-12-12&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY
https://s100.copyright.com/AppDispatchServlet?title=Graphene%20nanoplatelets%20induced%20heterogeneous%20bimodal%20structural%20magnesium%20matrix%20composites%20with%20enhanced%20mechanical%20properties&author=Shulin%20Xiang%20et%20al&contentID=10.1038%2Fsrep38824&copyright=The%20Author%28s%29&publication=2045-2322&publicationDate=2016-12-12&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY
https://s100.copyright.com/AppDispatchServlet?title=Graphene%20nanoplatelets%20induced%20heterogeneous%20bimodal%20structural%20magnesium%20matrix%20composites%20with%20enhanced%20mechanical%20properties&author=Shulin%20Xiang%20et%20al&contentID=10.1038%2Fsrep38824&copyright=The%20Author%28s%29&publication=2045-2322&publicationDate=2016-12-12&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY
https://www.dropbox.com/s/91ivyihtsglpy0r/RightsLink%20Printable%20License%20%28Figure%202.5%29.pdf?dl=0
https://www.dropbox.com/s/91ivyihtsglpy0r/RightsLink%20Printable%20License%20%28Figure%202.5%29.pdf?dl=0
https://www.dropbox.com/s/91ivyihtsglpy0r/RightsLink%20Printable%20License%20%28Figure%202.5%29.pdf?dl=0

OLicense20%28Figure’202.5%29.pdf7d1=0

Figure 2.6:
https://s100.copyright.com/AppDispatchServlet?title=A%20New’,20Elect
rochemical’20Approach’20for’20the’20Synthesis’200£f%20Copper-Graphe
ne%20Nanocomposite’20Foils’20with¥%20High},20Hardness&author=Chokkaku
1a%20L.%20P. %20Pavithra20et’,20al&contentID=10.1038%2Fsrep04049&cop
yright=The’,20Author28s%29&publication=2045-2322&publicationDate=2
014-02-11&publisherName=SpringerNature&orderBeanReset=true&oa=CC%2
OBY-NC-ND

Figure 2.7:
https://www.dropbox.com/s/f4yyafzv8iqq0lu/RightsLink’20Printable’2
OLicense%20%28Figure’,202.7%29.pdf?7d1=0

Figure 2.9:

https://www.mdpi.com/openaccess

Figure 2.8
https://www.dropbox.com/s/tnf4d6z9qxcb2f3/Figure’202.8.pdf?7d1=0
Figure 2.10:
https://www.dropbox.com/s/tnf4d6z9qxcb2f3/Figure%202.8.pdf7d1=0
Figure 3.7

http://kjmm.org/journal/view.php?number=552

Figures 3.8 and 3.9:
http://kjmm.org/journal/view.php?doi=10.3365/KJMM.2021.59.11.821
Figures 3.4,3.5,4.,4.2,4.3,4.4,4.6,4.7, and 4.8:
http://kjmm.org/journal/view.php?number=769

Figures 3.6, 3.10 (a), 4.9, 4.10,4.11, 4.12, and 4.13:
https://www.dropbox.com/s/7bsgglwdiverup3/Mechanical’,20Properties,
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https://www.dropbox.com/s/91ivyihtsglpy0r/RightsLink%20Printable%20License%20%28Figure%202.5%29.pdf?dl=0
https://www.dropbox.com/s/91ivyihtsglpy0r/RightsLink%20Printable%20License%20%28Figure%202.5%29.pdf?dl=0
https://www.dropbox.com/s/91ivyihtsglpy0r/RightsLink%20Printable%20License%20%28Figure%202.5%29.pdf?dl=0
https://s100.copyright.com/AppDispatchServlet?title=A%20New%20Electrochemical%20Approach%20for%20the%20Synthesis%20of%20Copper-Graphene%20Nanocomposite%20Foils%20with%20High%20Hardness&author=Chokkakula%20L.%20P.%20Pavithra%20et%20al&contentID=10.1038%2Fsrep04049&copyright=The%20Author%28s%29&publication=2045-2322&publicationDate=2014-02-11&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY-NC-ND
https://s100.copyright.com/AppDispatchServlet?title=A%20New%20Electrochemical%20Approach%20for%20the%20Synthesis%20of%20Copper-Graphene%20Nanocomposite%20Foils%20with%20High%20Hardness&author=Chokkakula%20L.%20P.%20Pavithra%20et%20al&contentID=10.1038%2Fsrep04049&copyright=The%20Author%28s%29&publication=2045-2322&publicationDate=2014-02-11&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY-NC-ND
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https://s100.copyright.com/AppDispatchServlet?title=A%20New%20Electrochemical%20Approach%20for%20the%20Synthesis%20of%20Copper-Graphene%20Nanocomposite%20Foils%20with%20High%20Hardness&author=Chokkakula%20L.%20P.%20Pavithra%20et%20al&contentID=10.1038%2Fsrep04049&copyright=The%20Author%28s%29&publication=2045-2322&publicationDate=2014-02-11&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY-NC-ND
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https://s100.copyright.com/AppDispatchServlet?title=A%20New%20Electrochemical%20Approach%20for%20the%20Synthesis%20of%20Copper-Graphene%20Nanocomposite%20Foils%20with%20High%20Hardness&author=Chokkakula%20L.%20P.%20Pavithra%20et%20al&contentID=10.1038%2Fsrep04049&copyright=The%20Author%28s%29&publication=2045-2322&publicationDate=2014-02-11&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY-NC-ND
https://www.dropbox.com/s/f4yyafzv8iqq01u/RightsLink%20Printable%20License%20%28Figure%202.7%29.pdf?dl=0
https://www.dropbox.com/s/f4yyafzv8iqq01u/RightsLink%20Printable%20License%20%28Figure%202.7%29.pdf?dl=0
https://www.mdpi.com/openaccess
https://www.dropbox.com/s/tnf4d6z9qxcb2f3/Figure%202.8.pdf?dl=0
https://www.dropbox.com/s/tnf4d6z9qxcb2f3/Figure%202.8.pdf?dl=0
http://kjmm.org/journal/view.php?number=552
http://kjmm.org/journal/view.php?doi=10.3365/KJMM.2021.59.11.821
http://kjmm.org/journal/view.php?number=769
https://www.dropbox.com/s/7bsgglwdiverup3/Mechanical%20Properties%20%28Rights%20and%20Permissions%29.pdf?dl=0
https://www.dropbox.com/s/7bsgglwdiverup3/Mechanical%20Properties%20%28Rights%20and%20Permissions%29.pdf?dl=0
https://www.dropbox.com/s/7bsgglwdiverup3/Mechanical%20Properties%20%28Rights%20and%20Permissions%29.pdf?dl=0

207%28Rights%20and’%20Permissions’29.pdf7d1=0

Figure 4.25:
https://www.dropbox.com/s/02ohbvodwiqitqa/RightsLink’20Printable’2

OLicense20%28Fig%204.25%29 . pdf 7d1=0
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