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ABSTRACT OF THE DISSERTATION

SPARK PLASMA SINTERING OF 2D NITRIDE AND CARBIDE BASED CERAMICS

by
Archana Loganathan
Florida International University, 2019
Miami, Florida
Professor Arvind Agarwal, Co-Major Professor
Professor Benjamin Boesl, Co-Major Professor

Two-dimensional (2D) nanomaterials have stimulated significant interest among the
materials community due to a wide variety of applications ranging from functional to structural
properties. Boron nitride nanosheets (BNNS), boron-carbon-nitride (BCN), and MXene
(Mn+1Xn, transition metal carbides, nitrides or carbonitrides) belongs to the 2D materials family
with van der Waals bonding between the layers. The research on synthesis and properties of
BNNS, BCN and MXene has been predominantly explored for single- or multi-layered 2D
nanosheets. In this study, the focus is to synthesize bulk layered BNNS and BCN, using single
or multilayered 2D nanomaterials by spark plasma sintering (SPS). The rapid processing
conditions of SPS allow retention of nanoscale structure in the bulk form.

Monolithic BNNS with 92% dense structure was prepared by SPS. The monolithic
BNNS with h-BN structure displayed a preferred orientation of basal plane (0002) along the
top-surface and this is ascribed to BNNS high aspect ratio. During high-load indentation, the
total energy dissipation along the top-surface was 50% higher than the cross-section of the
BNNS pellet. Ternary BCN phase was synthesized from 2D graphene nanoplatelet (GNP) and
BNNS using reactive SPS technique from temperature range of 1650 - 1750 °C. Hexagonal

BCN phase with minor cubic BCN phase was formed in the reactive sintered pellets.
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Tribological behavior of sintered BNNS and BCN was studied at room temperature and 600
°C. The coefficient of friction (COF) increased with the formation of cubic BCN at room
temperature but reduced at 600 °C due to a graphitized transfer layer. Room temperature wear
rate of BCN synthesized at 1750 °C increased compared to BCN synthesized at 1650 °C due
to higher level of densification.

In this study, the other van der Waals 2D material MXenes multi-scale damping
properties were explored for the first time. Multiscale damping behavior of MXene showed
high loss tangent (tan o) of 0.37 and it was 200% higher than pure MAX. It has been
hypothesized that the bond contraction operates within a single MXene layer, compression and
sliding/shearing of MXene sheets operates between MXene layers. After 50,000 long cycle
test, MXene layers exhibit highly stable damping behavior suggesting its suitability as a

dampener.
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Chapter I: Introduction

Graphene was the first 2D material discovered in the 2D materials paradigm. Beyond
graphene, two-dimensional (2D) carbide and nitride based ceramics have attracted immense
attention for their intriguing mechanical properties. The purpose of this study is to unravel the
mechanical and tribological behavior of sintered two-dimensional (2D) carbide and nitride
based ceramics with respect to their orientation. Monolayer 2D materials have been widely
studied due to their unique properties and investigated primarily. In this study, multilayered
two-dimensional materials are developed by spark plasma sintering and detailed analysis on
the in-plane and out-of-plane deformation mechanisms are investigated in the sintered 2D
materials. Mechanical and multiscale tribological properties of multilayered 2D material with
respect to their orientation are investigated and this study will enable the wide range of novel

applications.

1.1. Two-dimensional Nanostructured Materials

Nanostructured materials are low-dimensional materials in relation to their size, shape
or layer thickness varying in the range of 1-100 nm. Nanostructured materials are classified
based on their size and structure as zero-dimensional (OD), one-dimensional (1D), two-
dimensional (2D) and three-dimensional (3D) [1]. Schematic representation of nanostructured
materials are shown in Figure 1.1 [2]. Nanostructured materials exhibit unique mechanical,
electrical, optical or magnetic properties due to their nanosize range and large surface area.

Two-dimensional materials are layered structure (two dimensions — length and
thickness) with high aspect ratio and thickness in nanometer range [3]. The 2D materials vary
from monolayer - single atomic layer, to multilayer — multiple atomic layers. They have strong

in-plane chemical bond (covalent or ionic) and weak out-of-plane bond between the layers [4].



Due to this weak bonding between the layers, 2D materials can be cleaved into individual
nanosheets. They can be synthesized by several methods such as hydrothermal synthesis,
mechanical exfoliation, liquid exfoliation, chemical vapor deposition [5-8]. The different type
of 2D nanostructure materials are nanoplates, nanosheets, nanowalls, nanodisks, nanoprisms
and branched structures [9-13]. The properties of 2D materials vary with respect to their
number of layers (single or multilayer) and they exhibit different electronic transport,
mechanical, chemical, optical, thermal and magnetic properties [4]. Also, 2D materials are
classified as (i) graphene family (van der Waals solids), (ii) 2D transition metal
dichalcogenides (TMDs), (iii) 2D oxides, and series of 2D materials in each family are listed
in Table 1.1 [14]. Recently, a new system has emerged in the 2D family, which is a structural
analogue of graphene, known as MXene (Mn+1Xn) [15]. The most promising applications of
2D materials are electronic devices (sensors, superconductors), optoelectronic devices
(photodiode), energy storage systems (supercapacitors, battery, and fuel cells), photocatalysts,
inert coatings and reinforcements in nanocomposites [4, 16, 17]. Since the discovery of
graphene [6], the interest in 2D materials has been rekindled and the family of 2D materials
have received great attention. Unraveling the novel properties of a monolayer to multilayer and

hybrid 2D systems will instigate further research and innovative applications.
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Figure 1.1: Schematic representation of nanostructured materials [2]



Table 1.1: Classification and list of 2D materials [4]
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1.2. Significance of Two-dimensional Materials

The growing interest in 2D materials in the recent years arises from their quantum size
effect (nanometer-scale thickness) and high surface area. The monolayer or few layers of 2D
material exhibit unique physical, chemical, electronic and optical characteristics. In terms of
optical properties, 2D materials vary over a wide range of electromagnetic spectrum from
ultraviolet (UV) to infrared (IR) because of zero band gap nature [18]. This distinct feature has
significant role in modern device applications, such as photodetectors, solar cells, electronic
semiconductor devices and optical coatings. The 2D materials broadly comprises of various
compositions covering several elements from the periodic table and this results in fabrication
of electronic devices from metals, semimetals, semiconductors to insulators. Heterostructures
can be constructed by stacking different layered 2D materials, as their surface are smooth,
passivated which results in excellent interface and these layers are bonded by weak van der
Waals force [19]. In addition, for certain applications, the surface nature of 2D materials are
custom tailored (ligand-surface interactions) by surface treatments [20]. Layers of 2D
nanosheets have weak interactions between the sheets as they are bonded by weak van der
Waals force, these 2D layered materials can be used as lubricants and additives for lubricating

oils. Graphene, BNNS, WS;, MoS;, graphene oxide and MXene are few example of lubricants.



Monolayer graphene has exhibited high Young’s modulus and tensile strength [21, 22]. So,
this study suggests, it is possible to use 2D materials as reinforcements in composites to
enhance their mechanical properties. This emphasizes the mechanical properties of 2D
materials are equally interesting and will result in new avenue of potential applications. In the
present research, mechanical and tribological properties of multi-layered van der Waals solids
such as (i) boron nitride nanosheets, (ii) boron-carbon-nitride system and (iii) MXene are

studied.

1.2.1. Boron Nitride Nanosheets (BNNS)

Hexagonal boron nitride (h-BN) are present in the 2D form as boron nitride nanosheets
(BNNS), also called as white graphene, it is a structural analog of graphene [23]. They are
generally found in stable form as a single monolayer or few layers of thin sheets of h-BN. The
boron and nitrogen atoms within the plane have strong covalent bonding, and thus have
superior thermal, chemical and mechanical properties. The weak van der Waals bond between
BN layers facilitates gliding of layers against each other which enables them to be used as an
excellent solid lubricant. It has been previously reported that functionalized BN nanosheets
dispersed in various oils, exhibited enhanced lubrication compared to h-BN powder [24].
BNNS have also been used as a reinforcement in composite materials for improved mechanical
properties [25-28]. BNNS have wide range of additional applications including deep ultraviolet
emitter, functional composites, self-cleaning coatings, optoelectronic and nanoelectronic
devices [24, 29-31]. Though 2D-BNNS are finding applications as reinforcement in
composites, still their orientation effect on the mechanical and tribological properties are of

great interest.



1.2.2. Boron-Carbon-Nitride System (BCN)

Layered boron carbon nitride (BCN) is a ternary system comprising of boron, carbon,
nitrogen atoms arranged in graphene structure. 2D-BCN system has varying atomic
arrangements and stoichiometry. Layered BCN system are mostly synthesized by chemical
vapor deposition (CVD), physical vapor deposition (PVD), magnetron sputtering, chemical
doping of graphene with B and N, mechanical alloying, high pressure high temperature
methods [32-36]. Most of the synthesized BCN system comprises of graphene and h-BN
phases, where it is difficult to identify the real BCN as X-ray diffraction patterns (h-BCN,
graphene, h-BN) overlap with each other. So, it has been challenging to synthesize single phase
BCN. The BCN system have shown good electronic and magnetic properties, these properties
can be tailored by varying the arrangement or concentration of B, C, and N atoms. The BCN
system have interesting applications in electronic devices, nano-devices, field emission, wear

protective coatings.

1.2.3. MXene

The recent addition to the family of 2D materials are layered transition metal carbides,
nitrides or carbonitrides called as MXene. They are synthesized by chemically etching out ‘A’
layers from MAX (Mn+1AXn,) phases, where M is the transition metal, A is from A-group
element, X could be either nitrogen or carbon, n - 1, 2 or 3 [37-39]. This results in the formation
of multilayer 2D MXene (Mn+1Cn), which is a structural analogue of graphene. For example,
TisCo, MXene was formed by chemical etching of metallic Al layer from TizAIC; by aqueous
hydrofluoric acid (HF) at room temperature [40]. Newly synthesized MXene has very high
surface energy, so it is susceptible to surface functionalization of -OH, -F or -O groups. MXene
layers are easily separable after synthesis, as it weakens the interactions between MXene layers

after the Al layers have been etched. MXene has exceptional electronic properties, good



magnetic, optical and thermal properties, these properties can be customized by controlling and
modifying MXene surface terminations. MXene has been studied for wide range of
applications, such as batteries, supercapacitors, sensors, electromagnetic shielding and
hydrogen storage [41-45]. Theoretical studies on MXene has shown good mechanical
properties, especially the functionalized MXene display enhanced mechanical properties [40].
So, MXene are further explored for other potential properties and applications, such as

reinforcements for structural applications, flexible devices and lubricants.

1.3. Importance of Understanding the Mechanical and Tribological Properties of 2D Materials

In general, there are only few reports on mechanical properties of bulk 2D materials.
Experimental study on mechanical properties of monolayer graphene has shown excellent in-
plane stiffness and strength [21, 22]. The understanding of mechanical properties of monolayer
or multilayer 2D materials are vital in improving their functionality of potential applications.
Elastic properties of most monolayer 2D materials are primarily studied, as the atomically thin
2D materials can be deformed by in-plane stretching or out-of-plane bending. Based on first
principle calculations, 2D materials elastic properties are predicted. The strength and toughness
of 2D materials are imperative in the research of their mechanical properties, as the major
concern in device applications of 2D materials is the fracture behavior. Concurrently, it is
important to discern the fundamental fracture mechanisms of both monolayer, multilayer and
bulk 2D materials. Recognizing these fundamental mechanical properties of 2D materials will
lead to novel applications.

Layered 2D materials as lubricants are widely used, due to its unique frictional and
wear properties. Most of the lubricants are from graphene family and metal dichalcogenides.
As the layered materials have smooth surface and weak van der Waals interactions between

the layers, it offers easy interlayer sliding, resulting in excellent tribological behavior. During



tribological studies, layered materials have the ability to separate as single layer and form
protective film on worn surface, thereby enhancing the lubrication. In addition, surface
treatments of 2D materials enables homogeneous dispersion of layered materials in oil or liquid
medium, indicating layered materials can be used as additive in typical lubricants [46, 47].
Monolayer or multilayered 2D materials can be used in engine components, reinforcement in
coatings for joint implants, micro (or nano) electromechanical systems (MEMS/NEMS) to
reduce the friction and simultaneously improve the wear resistance. These properties and
developments have fostered further research on layered 2D materials for tribological
applications.

In the previous studies, the research was focused mostly on mechanical properties of
monolayer 2D materials and tribological properties of mono/multilayer 2D materials as
additives. In the present study, we emphasize the mechanical properties, deformation
mechanisms and tribological properties with respect to their orientation of multilayered bulk

2D materials sintered by spark plasma sintering.

1.4. Research Objectives

The overall objective of the proposed work is to understand the bulk behavior of
sintered 2D nitride and carbide based ceramics with respect to their orientation. The overall
objective will be achieved through following specific aims:

e Spark plasma sintering (SPS) of 2D boron nitride nanoplatelets (BNNS)

e Reaction synthesis of BNNS and graphene nanoplatelets (GNP) using SPS to form the
ternary boron carbon nitride (BCN) system

e Exploring the friction and wear properties of the sintered BNNS pellets along the in-

plane and out-of-plane direction



e Exploring the friction and wear properties of the sintered BCN pellets along the out-
of-plane direction

e In-situ high load indentation studies on the sintered BNNS and BCN pellets along the
in-plane and out-of-plane direction — in order to identify the deformation with respect
to their orientation

e Synthesizing 2D MXene from MAX phase, and understanding their basic mechanical
and tribological properties

Figure 1.2 shows the summary of the research carried out in this study.

The dissertation has been organized in the following chapters, Chapter 2 presents the
detailed literature review of BNNS, BCN and MXene, highlights the motivation for this
research study. The experimental procedure and characterization methods used for this research
are discussed in Chapter 3. The results and detailed scientific analysis based on the objective
of this research are presented and discussed in Chapter 4. The key findings and conclusions are
summarized in Chapter 5. The thesis ends with Chapter 6 comprising of recommendations for

future research.
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Figure 1.2: Work plan of the present research
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Chapter Il — Literature Review

2.1. Two-dimensional Materials

Since the discovery of graphene, two-dimensional (2D) materials have garnered
significant attention in the research world. The 2D materials are layered crystalline materials.
Graphene has excellent electrical, mechanical and thermal properties, they are used in various
applications from energy storage, photovoltaics, electronics, and light-weight composite
materials to lubrication application. Similarly, there are other 2D materials existing with
diverse physical and chemical properties. The 2D materials will unravel the new generation of
applications in energy, electronic and optoelectronic devices. Most of the 2D materials can be
synthesized as monolayer or multilayered materials with varying atomic thickness. The varying
atomic thickness of 2D materials can influence the physical, mechanical and chemical
properties. In this chapter, the synthesis, structure, physical, mechanical properties and
applications of boron nitride nanosheet, 2D ternary boron-carbon-nitride system and MXene
are discussed. Finally, the literature review leads us to the scope of exploring certain properties

of bulk nanostructured 2D materials are presented.

2.2. Hexagonal Boron Nitride Nanosheets

Boron nitride nanosheets (BNNS) are two-dimensional layered materials comprising of
single or multilayered h-BN. They are structurally similar to graphene. In each layer of BNNS,
boron and nitrogen atoms are arranged alternate to each other in a honeycomb lattice. The sp?
hybridized alternating B-N atoms comprises of partial covalent and ionic bonding, unlike pure
covalent C-C bonding in graphene and the layers are held by weak van der Waals force. So,
BNNS are distinct from graphene and they have unique properties, like electrically insulating,

wide band gap, high mechanical strength (monolayer BNNS), high thermal conductivity, high
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temperature stability, low dielectric constant, good chemical stability and good lubrication.
BNNS are synthesized by top-down exfoliation (mechanical exfoliation, ball milling) and
bottom-up (CVD, PVD) growths. BNNS are used in wide range of diverse applications, deep
ultraviolet photodetectors, solid lubricants, protective coatings, dielectric gates, thermal fillers,
anti-oxidant lubricants, cosmetics, light emitting diodes, insulators, neutron captures, catalyst,

capacitors and flexible electronics.

2.2.1. Synthesis of BNNS

In the initial days, monolayer boron nitride nanosheet was grown epitaxially on single
crystalline metal surface (Ni, Pd, Pt, Rh) by thermal decomposition and high temperature
chemical vapor deposition (CVD) of borazine [1, 2]. This monolayer boron nitride was
observed by scanning tunneling microscope as displayed in Fig. 2.1. With the discovery of
graphene, free-standing monolayer hexagonal boron nitride was discovered by
micromechanical cleavage technique [3]. So, BNNS can be prepared by several methods such
as, mechanical exfoliation, chemical exfoliation (sonication), ball-milling, high-energy
electron beam irradiation, chemical vapor deposition (CVD), physical vapor deposition (PVVD),

and wet chemical reaction of urea and boric acid [4-10].
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Figure 2.1: Scanning tunneling microscope image of monolayer boron nitride grown on
Rh(111) surface by high temperature CVD [2]
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Mechanical Exfoliation - This technique is one of the easiest way to synthesize high-quality
BNNS. The layers of boron nitride were peeled off from h-BN powders using an adhesive
tape. Average crystallite size of peeled BNNS was about 10 um with the thickness of BNNS
varying between 3.5 nm to 80 nm as shown in Fig. 2.2(a) [4]. The drawback of this

technique is the lateral size of BNNS.

(b) Chemical Exfoliation — This technique is also referred as sonication by ultrasonic energy.

(©)

Monolayer and multilayer BNNS can be exfoliated by this method. Han et al. for the first
time synthesized mono/few-layered nanosheets from the single crystalline h-BN through
ultrasonication in an organic solution (Fig. 2.2(b)) [5]. Various solvents were used in this
technique for chemical exfoliation of BNNS and the solvents were required to be with
similar surface energy as h-BN [11, 12]. BNNS with thickness of 2-10 nm was exfoliated

and this technique is scalable.

Ball Milling - The h-BN powders was ball milled under a controlled nitrogen atmosphere
to obtain thin BNNS [6]. High quality nanosheets were produced by optimizing ball milling
conditions, so the BNNS shear more gently. Further, the ball milled h-BN were sonicated
in liquid medium for a shorter duration (0.5 h) to achieve thin BNNS as shown in Fig.

2.2(c). Advantage of this technique is to produce high yield BNNS.

(d) Chemical Vapor Deposition (CVD) - Large area and large quantity BNNS were produced

by CVD. By catalyst free CVD technique, thick BNNS can be produced [13]. Deposition
temperature was low, adjusted from 1100 to 1300 °C and BNNS in the size range of 25-50
nm were produced. In certain CVD methods, thin BNNS can be synthesized by
combination of different precursors such as BFs/NH3, BCIls/NHs, BoHe/NH3 or single
precursor such as ammonia borane, borazane, and borazine [14-17]. Using thermal CVD
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method, vertically aligned BNNS were produced on Si/SiO: substrates by using B, MgO
and FeO precursors under NHs flow in furnace as shown in Fig. 2.2(g) [18]. The major
disadvantage of CVD technique was the contamination, where mostly it has metal or metal

oxide impurities.

(e) Wet Chemical Reaction — Multilayered BNNS were synthesized by chemical reaction at
900 °C between boric acid and urea in nitrogen atmosphere [10]. Varying the concentration
of boric acid and urea, the number of BNNS layers were regulated and for example with

increase in urea concentration, the nanosheet thickness decreases.
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Figure 2.2: Transmission electron microscope image of exfoliated BNNS by (a) mechanical exfoliation
[4], (b) chemical exfoliation. Scanning electron microscope image of (c, d) exfoliation from the edge of

h-BN particle and (e, f) peeling off thin sheet from the top surface of h-BN particle [6], (g) vertical
aligned BNNS synthesized by CVD at 900 -1200 °C for 30 and 60 min [18]
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2.2.2. Consolidation Methods for h-BNNS

Consolidation of 2D BNNS in the bulk form have not been studied till date. Mostly
BNNS were used in the consolidation process as reinforcement in composite materials for
suppressing grain growth, improving the strength and toughness. Various consolidation process
for BNNS as reinforcement, includes pressureless sintering, spark plasma sintering (SPS),
plasma spraying, hot isostatic pressing and hot pressing [19-23]. In case of conventional h-BN
powders consolidation, they were mostly sintered using sintering aid by hot pressing,
pressureless sintering or spark plasma sintering [24-26]. The densification of monolithic
compact depends on heating rate, cooling rate, sintering temperature, holding time and the

applied pressure. Compared to different consolidation methods, spark plasma sintering will be
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an effective method for densification of h-BNNS without losing their 2D nature. This can be
accomplished by faster heating of the die and sample with shorter dwell times during sintering,

which results in minimum grain growth of sintered BNNS.

2.2.3. Structural and Anisotropic Properties of BNNS

Monolayer hexagonal BNNS is a structural analogue of graphene and they are often
referred as white graphene. BNNS has a honeycomb structure, in a 2D lattice plane the sp?
bonded B and N atoms are arranged alternatively, where each hexagonal ring comprises of 3
boron and 3 nitrogen atoms. Unlike graphene, the layers are stacked in a peculiar way, where
the hexagonal rings are superposed and along the c-axis, B and N atoms are in series. Typical
BNNS structure is shown in Fig. 2.3. The BNNS interlayers are held together by weak van der
Waals forces. Boron and nitrogen atoms within the plane exhibit a strong covalent (¢) bonding.
In addition, the insulating nature of BNNS arises from partial ionic bonding observed because
of the electronegativity difference between B-N atoms [27]. The interlayer distance between
two BNNS layers is 0.334 nm and structural parameters are summarized in Table 2.1 [28]. Due
to the large interlayer spacing and weak bonding between the layers, sliding of layers occurs
easily against each other. The edges of BNNS can be either zig-zag B/N or BN paired armchair
edge [29]. Most of the properties of monolayer BNNS are similar to graphene because of their
structural similarity. BNNS layers shows AA’ stacking - along the c-axis, hexagonal rings are
stacked with B and N atoms alternate to each other, whereas graphene displays AB stacking
sequence — each layer is shifted by half a hexagon. So compared to graphene, BNNS AA’
stacking sequence has a strong interlayer interaction which results in poor exfoliation or

functionalization.
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Table 2.1: Structural parameter of hexagonal boron nitride nanosheet [28]

Type of h-BN

material
I

Crysta Hexagonal
structure
B-Nbond | 144 nm

length

Lattice a=0.250 nm
parameter ¢ =0.666 nm
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Figure 2.3: (a) Crystal structure of BNNS and (b) model of monolayer 2D BNNS [29]

One of the prominent physical property of hexagonal boron nitride nanosheet is the
ability to exhibit highly oriented structure. This arises from the symmetry of h-BN itself as-per
the law of crystal physics [30]. BNNS anisotropy results from the bonding nature difference
along the in-plane (strong covalent bonding within the hexagonal planes) and out-of-plane
(weak van der Waals forces between the planes). Additionally, anisotropic nature of the BNNS
are instigated by the synthesis and processing techniques. For example, BNNS coating on
Si/SiO; substrate at 1000 °C by CVD technique displayed partially vertically aligned BNNS
[18]. Similarly, hot pressing of h-BN under uniaxial pressure allows the particles to rearrange,
where the particles were arranged perpendicular to the pressing direction [31]. The anisotropic

nature has a significant role on the physical and mechanical properties of hexagonal boron

20



nitride nanosheet. Sometimes, this textured nature may contribute in better electrical,

mechanical, thermal or optical properties compared to isotropic BNNS.

2.2.4. Physical Properties of BNNS

The h-BN has high thermal conductivity, theoretical calculations on thermal
conductivity (k) of 2D BNNS showed the values in the range of 300 — 2000 Wm™K! [32-35].
BNNS thermal conductivity value was mostly higher than certain metals and ceramic materials,
but their value was comparatively lesser than graphene thermal conductivity, 1500 — 2500 Wm"
1K1, Though graphene and BNNS exhibit similar crystal structure and lattice constants, the
difference in thermal conductivity arises from the atomic mass differences of the B-N atoms
and BNNS softer phonon dispersions [32]. As graphene is thermally and electrically
conductive, they cannot be used for certain applications such as high speed dielectronics and
electronics [36]. For these applications, they require a material with quick heat conducting and
electrically insulating in nature. Single layer BNNS has higher thermal conductivity compared
to multilayer BNNS, this is attributed to the decreased interlayer phonon scattering. BNNS has
good oxidation resistance and chemical stability up to 850 °C compared to graphene [37].
BNNS have wide band gaps of 5.0-6.0 eV and they are electrical insulators [38, 39]. In BNNS,
the wide ban gap exist along the thickness and lateral direction of the layer. Similarly, h-BNNS
have wide optical band gap of 5.7 eV to 6 eV [40-42]. BNNS has good absorption in the
ultraviolet range and for the visible range it has no absorption. BNNS has considerable
photoluminescence property. Hexagonal BNNS in infrared and visible range is transparent. In
terms of magnetic properties, pristine 2D BNNS is a non-magnetic in nature, by introducing
defects or adding dopants to 2D BNNS structure, will results in spontaneous magnetization
[43, 44]. Si et al. showed spontaneous magnetization of h-BNNS, by creating vacancy defects

of B or N atoms in the h-BN structure [45]. In terms of wetting properties, Pakdel et al. showed
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the vertically aligned BNNS on Si substrates has good water repellency [18]. So the contact
angle for water on BNNS surface increased from 51° to 150°. Thus, the BNNS surface changed
from hydrophobic surface to super-hydrophobic surface. Also, the change in pH of water will
not affect the wetting properties of BNNS because of its chemical inertness [18, 46]. The
surface roughness of BNNS has a significant effect on the wetting nature. Simulation studies
on wetting of wrinkled monolayer BNNS has shown smaller contact angle, this was due to the

difference in B-N polarity and this initiates the interaction with polar water molecules [47].

2.2.5. Mechanical and Tribological Properties of BNNS

Monolayer graphene has shown exceptional mechanical properties, as BNNS is
structural analogue of graphene, monolayer BNNS is expected to be stronger [48-50].
Compared to most of the 2D materials, BNNS remains to be stronger [51]. First principle
calculations on monolayer BNNS showed the in-plane strength to be 267 N/m [51].
Experimentally, the mechanical properties of multilayered BNNS has been studied by
nanoindentation and atomic force microscope [52]. The breaking stress and modulus of free
standing BNNS were measured by indenting at the center of BNNS layer using diamond tip.
The thickness of BNNS was 1-2 nm, the resulting breaking stress was 8-16 N/m and modulus
was 220-510 N/m. The reported modulus was less than the modulus of monolayer BNNS (270
N/m) measured by first principle calculation. This difference in modulus with respect to
experimentation is attributed to the defects in BNNS (intrinsic vacancy). Similarly, single
crystalline BNNS by sonication method varied in thickness from 25 nm to 300 nm [53].
Bending modulus of single crystalline BNNS was measured by three-point bending test using
atomic force microscope. The flexibility of BNNS enhances with decrease in thickness of

nanosheet, this was due to the layer distribution of stacking faults.
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Two dimensional BNNS has excellent friction and wear properties similar to graphene.
This behavior was observed in bulk h-BN and graphite. The weak van der Waals bond between
BN layers facilitates gliding of layers against each other which enables them to be used as an
excellent solid lubricant. In addition, BNNS has outstanding chemical inertness, good strength
and smooth surface, these properties further enhance the tribological properties. Recent study
revealed the frictional properties of 2D BNNS depends on the thickness of the layer [54]. BN
nanosheets dispersed in various lube oils exhibited enhanced lubrication properties compared

to h-BN powder [55].

2.2.6. Application of BNNS

BNNS has wide range of applications because of its various physical and mechanical

properties.

(a) Electronic application — BNNS is an outstanding dielectric material and used in electronic
devices as field-effect tunneling transistor, where BNNS separated two graphene layers and

acts as a gate insulator [56]. They can also be used in future as field emitters or catalyst.

(b) Optical application — BNNS exhibit excellent optical properties (i.e) ultraviolet (UV)
luminescence emissions. BNNS are promising candidates for optoelectronic applications. Deep
UV photodetectors were used for optical storage, pollution monitoring, water purification,

photocatalysis, space communications, light emitting diodes and optical sensor [57].

(c) Thermal application — BNNS thermal conductivity and specific heat are substantially good.
So, BNNS can be used as thermal fillers in composite and thermal rectifiers for microelectronic

processor, calorimeters and refrigerators [58, 59].
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(d) Mechanical applications — BNNS has excellent mechanical properties, they are used widely
as reinforcement material in ceramic and polymer composites. For example, SisN4 with boron
nitride nanosheets were prepared by hot isostatic pressing. Compared to monolithic SizNa,
ceramic composites (SisN4/BNNS) displayed an increase in fracture toughness especially with
an addition of 5 wt% of BNNS [60]. BN nanosheets were also employed in PMMA as
reinforcement, which showed 22% improvement in elastic modulus and 11% increase in

strength of PMMA with significant improvement in thermal conductivity of the composite [61].

(e) Wetting application — Hydroxyl functionalized BNNS surface change in their wetting
behavior, by hydrophobic or super-hydrophobic compared to smooth BNNS film [62]. Hence,
BNNS films can be used in self-cleaning coatings, water-repellency coatings, anti-corrosion

and anti-fouling systems.

(f) Tribological application — Two dimensional h-BNNS has excellent friction and wear
properties, which is due to the weak van der Waals forces between the layers. BNNS can be
used as lubricating oil additive, high temperature lubricant, solid-state lubricant and as

lubricating additive in ceramic, polymers and metals.

(9) Cosmetic application — BNNS is transparent in nature, has high oil absorption and good
moisture binding effect. BNNS are used in cosmetics as raw powder in small quantity range
from 0.1 wt% to 70 wt%. They are used in eye-shadow, foundation, lipsticks, shampoos and

skincare creams.

2.3. Boron-Carbon-Nitride System

Ternary boron-carbon-nitride (BCN) system can typically form cubic BCN structure
and 2D layered BCN structure comprising of B, C, N atoms arrange themselves in graphene

structure. In addition, the B-C-N system has varying compositions. The 2D BCN and cubic
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BCN systems can be synthesized by different techniques such as pulsed laser deposition (PLD),
chemical doping of graphene with B and N, magnetron sputtering, high pressure high
temperature methods, chemical vapor deposition (CVD), by mechanical alloying [63-67]. The
synthesized BCN system mostly after synthesis, undergoes phase separation, in the 2D BCN
systems after synthesis it comprises of h-BN and graphene. This results in the major difficulty
of BCN phase identification, as the strongest peak of h-BCN, graphene and h-BN overlap with
each other. Hence, the major challenge is to synthesize single phase BCN. The properties of
BCN system can be tailored by optimizing the composition and structural arrangement of B,
C, and N atoms in the layered structure. Also, the 2D layered BCN nanosheets have been held
by weak van der Waals forces and they are part of the layered van der Waals 2D nanomaterials
along with graphene, BNNS and graphene oxide. The 2D BCN system have wide range of

application from wear protective coatings, electronic devices, nano-devices and field emitters.

2.3.1. Synthesis of BCN

In two-dimensional materials, one of the important ternary system is hexagonal BCN
(h-BCN). The major drawback of BCN system is the phase separation and homogeneous
synthesis [68]. Similar to other 2D materials, BCN can be synthesized as single or multilayered
BCN nanosheets. The h-BCN nanosheets are structurally similar to graphene. The most widely
used method for synthesis of BCN is the chemical vapor deposition (CVD) technique. Using
B, C, N sources, large area atomic layer of h-BNC was synthesized with compositions varying
from h-BN to graphene [69]. Jin et al. synthesized crumpled h-BCN nanosheets by catalyst
free bottom-up CVD method and thermally decomposing the precursors (urea, boric acid and
polyethylene glycol (PEG)) with the tunable B and N bond [70]. Figure 2.4 shows the scanning
transmission electron microscopy (STEM) image of synthesized BCN. In another study,

conducting graphene was used for direct controlled chemical conversion to ternary high quality
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semiconducting h-BNC. The synthesized h-BNC films were highly crystalline without
compromising the electronic properties and the original structure of graphene [71]. Another
technique used for BCN synthesis was the pulsed laser deposition (PLD). Using this technique,
thin films with controlled composition and structure can be synthesized. BCN thin film was
synthesized by PLD technique using BN and C dual targets in vacuum and nitrogen atmosphere
[72].
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Figure 2.5: TEM image of BCN with the composition distribution of B, C, and N elements
[73]
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Figure 2.6: Cross-sectional SEM micrographs of (a) BC1, (b) BC2, (c) BC3 and (d) BC4
demonstrating microstructural changes of BCN films with increasing N2 content [78]
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Figure 2.7: Schematic representation of BCN nanosheet synthesis [79]
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Pyrolysis method was used to synthesize the BCN nanosheets by carbon doping of h-
BN nanosheets (Fig. 2.5). Glucose percentage was varied in a mixture containing boron oxide
and urea. These mixtures was kept in tube furnace for 5 h at 1250 °C in a controlled ammonia
atmosphere [73]. Ternary BCN in bulk form was synthesized by in-vacuum thermolysis
method at high temperature around ~1000 °C, by decomposition of ethane 1,2-diamineborane
on Cu foil. This study was carried out in ultra-high vacuum environment to reduce the presence
of oxides on BCN surface. Chemically homogeneous BCN ternary system was synthesized by
this technique [74]. The ternary h-BCN was also synthesized by thermal substitutional method
through substitutional carbon doping of h-BNNS at 850 °C. This method was favorable to
adjust the band-gap of h-BCN by controlling the amount of C in h-BN nanosheets and this 2D
BCN showed an excellent non-linear optical performance [75, 76]. Thick h-BCN films can be
prepared by magnetron sputtering [77, 78]. On steel and Si substrates thick h-BCN film of 400
nm (Fig. 2.6) was deposited by reactive DC magnetron sputtering, using sintered B4C as target
by varying the proportion of N2 (precursor) and Ar (reactive gas) sputtering gas. Ternary h-
BCN nanosheets of few layer was synthesized by solid-state combustion reaction method.
Initially the magnesium, boron trioxide and melamine were mixed by ball milling and then by
combustion for 40 min, magnesium in the presence of melamine reduces boron trioxide to form
BCN nanosheets as shown in Fig. 2.7 [79]. Huang et al. synthesized amorphous BCN
[(BN)o.5Cos] by ball milling of h-BN and graphite. The amorphous BCN was treated at 7.7 GPa
and 2300 °C by high-pressure high-temperature (HPHT) conditions, it resulted in phase
segregation of amorphous C, BN and turbostratic graphite [80]. Graphene and boron nitride
nanosheets have been used to prepare the covalently bonded BCN composites [81]. This BN1-
XGx (x —0.25, 0.5, 0.75) composite was synthesized by carbodiimide reaction where it uses
covalent cross-linking with organic linkers. So, the h-BCN system can be synthesized by

several chemical and mechanical routes.
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2.3.1.1. Solid-State Reactive Sintering Method

The solid-state reactive sintering method has been generally performed using spark
plasma sintering (SPS). This method has also been referred as reactive spark plasma sintering.
This technique has been generally used for synthesizing nanostructured materials and
consolidation of nanopowders. The reactive sintering technique was carried out in vacuum
atmosphere by protecting the nanomaterials from oxidation. In the meantime, chemical
reactions for the synthesis of new phase can be performed in SPS with simultaneous
densification of nanomaterials. The initial sample preparation, involves by placing the mixed
solid reactants in graphite die, and the nanomaterials in dies were subjected to uniaxial pressure
with pulsed electric current. In addition, initial characteristics of reactant materials like grain
size, uniform mixture with minimum agglomeration and initial chemical properties will dictate
the successful synthesis of new nanostructured material by reactive SPS. The chemical
reaction will be initiated at different contact points of the reactant mixture, resulting in the
synthesis of new phase nanostructured materials. So the interfacial reaction between the
nanostructured materials happens majorly at the point of contact between the materials and it
IS good to create more contact points for effective chemical reaction during SPS. To improve
the number of nucleation sites for the chemical reaction to occur, it has been important to
prepare the starting materials with good interfaces. This could be achieved with fine particle
size and thorough mixture of particles without any agglomeration. So, mechanical milling
would be a good sample preparation technique before reactive SPS. In this milling process,
there will be grain size reduction, defect formation, uniform mixing with increased interfacial
area between the starting materials. This will create multiple nucleation sites and will be
favorable for chemical reaction during reactive SPS. Hence, reactive SPS will be a successful

synthesis technique for synthesizing BCN bulk nanostructured material.
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2.3.2. Different Structure and Bonding Nature of BCN
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Figure 2.8: Ternary phase diagram of the B-C-N system [82]

The boron-carbon-nitride ternary system can form cubic boron-carbon-nitride (c-BCN),
which has been considered to be one of the superhard material with high hardness or layered
hexagonal boron-carbon-nitride system (h-BCN) which have semiconducting and lubricating
properties [82]. The 2D graphetic B-C-N ternary system comprises of sp? bonding, where the
coordination is trigonal in nature and structurally similar to h-BN or graphite. The hexagonal
B-C-N ternary system can form different layered phases as shown in the white dashed line of
the BCN phase diagram (Fig. 2.8) [82]. In the 2D BCN nanosheet, the graphenic sites will be
filled with the boron, nitrogen, carbon atoms as their atomic parameters have been identical,
their stacking sequence was ABAB... and they have different composition, resulting in various
number of hexagonal BxCvyNz compounds [83-85]. The different layered hexagonal structures
of B-C-N ternary systems have been h-BCN, h-BC>N and h-BCsN. In this ternary h-BCN
system, boron, carbon, nitrogen atoms can be arranged in three different ways as shown in
Figure 2.9. Three different chemically ordered structures of h-BCN, basically conserve the

primary three bonds - B-C, C-N and B-N. Based on DFT calculations, the h-BCN were
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metastable in nature due to the strong bonding nature between the atoms (B, C and N) and high
energy was required to break these bonds [86]. In the Figure 2.9 for h-BCN structure, the
coordination of (B/C/N) atoms in all the three structures were different around the boron,
carbon, and nitrogen atoms. The stability of the BCN structure were dictated by the nature of
bonds formed between B-C-N atoms and they form different bonds such as B-N, C-C, N-N, B-
B, B-C, N-C. Each bond has different bond energy as listed in Table 2.2 [87]. The bonds with
highest bond energy will contribute to the stabilization of crystal structure with specific
arrangement. Based on Table 2.2, the B-N and C-C bonds have highest bond energy compared
to other bonds. So, in the BCN structure, the upsurge in the count of B-N and C-C bonds will
be the most stable structure. In some structures, the atomic arrangement can have equal number
of B-N and C-C bonds. On such conditions the dictating factor for structure stability will be
based on the stress between the layers. Also, the three atoms (B, C, N) have different
electronegativity and based on their electronegativity, there will electrostatic attraction or
repulsion, this dictates the type of bond formed and stability of the structure. Depending on the
above mentioned factors, among the three different arrangements in h-BCN structure (Fig. 2.9
), v3 was the most stable structure with maximum B-N/C-C bonds compared to v1/v2 and v1
was stable compared to v2 structure [86, 88]. Similarly, Figure 2.10 shows the different
arrangement present in the h-BC2N structure [87, 89]. The h-BC2N structure has five different
atomic arrangement and the most stable structure was type Il compared to the rest four
structures.

In the ternary BCN system, the other common structure has been the cubic BCN with
sp® bonding and tetrahedral coordination. The cubic BCN has been structurally similar to cubic
boron nitride (c-BN) or diamond. Similar like hexagonal B-C-N, the cubic BxCyNz has
different chemical compositions and the compounds are namely — c-BCN, ¢c-BC2N and c-BCsN

[90-92]. Among all the cubic BCN compounds, c-BC2N has been mostly widely studied and
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its hardness has been comparable to diamond [90, 93]. The c-BC2N compound has different
arrangement of boron, carbon and nitrogen as shown in Fig. 2.11 [93]. Stability of the cubic
BC:N has been dictated by the nature of bonds formed between the boron-carbon-nitrogen
atoms, the favored atomic arrangement will have maximum C-C and B-N bonds. Among the
seven different possible arrangements, the stable structures have been the type (i) and (ii)
compared to the rest 5 arrangements. The N-N and B-B bond was not found in type (i) and (ii)
structure, and the formation energy for both these structure were the lowest. The other five
structure have positive formation energy, leading them to be metastable in nature with c-BC2N
transforming to cubic boron nitride and diamond. Thus, structural stability was best observed

for type (i) and type (ii) structure in c-BC2N.
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Figure 2.9: Different structural arrangement of hexagonal BCN [86]

Table 2.2: List of different bonds present in BCN and their corresponding bond energy[87]

Bond Bond energy (eV)
B-B 2.32

C-C 3.71

N-N 211

B-C 2.59

B-N 4.00

C-N 2.83
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Figure 2.11: Different structural arrangement of cubic BC2N [93]

2.3.3. Mechanical and Tribological Properties of BCN

The mechanical properties (hardness, elastic modulus) of the ternary B-C-N system
vary depending on the synthesis technique (powder, pellet, or coating), the crystal structure it
forms, and the hardness measurement technique. The mechanical properties of ternary BCN
system are listed in Table 2.3. The ternary cubic BCN system has been considered as one of
the potential superhard material after diamond. Among the different compounds of cubic B-C-

N system, the BC2N compound has high hardness of 76 GPa due to the sp® type of atomic
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bonding and it is considered as the second hardest material [91]. The cubic BC2N was prepared
by diamond anvil cell compression of graphitic-BN-C at high pressure and temperature. In
addition, the cubic BC2N system is stable and ductile in nature. The hardness and Young’s
modulus values of cubic BC2N are higher than cubic boron nitride and lower than diamond.
Zhao et al. prepared cubic BC2N and BCsN by sintering the ball milled mixture of graphite/ h-
BN. In addition to the ternary BCN phase formation, diamond and cubic BN phase were also
observed [92]. The hardness of both cubic BC.N/BC4N (Table 2.3) phase were higher than
cubic BN. First principle calculations of cubic BCsN revealed the estimated theoretical
hardness to be 84.3 GPa by Vicker’s method [94]. In another study, cubic BC2N synthesized
by self-propagating high temperature synthesis showed 95 GPa nanohardness and 600 GPa
elastic modulus, these values were comparable to diamond [95]. High pressure and high
temperature technique was used to synthesize bulk cubic BCN pellet and the cubic BCN
hardness measured by Knoop indentation method was 52 GPa [96]. Sun et al. predicted the
cubic BC2N hardness by ab-initio pseudopotential DFT and the theoretical Vicker’s hardness
was 72 GPa [97]. Overall, based on Table 2.3, it is evident that cubic BC2N is one of the
superhard material and the hardness is higher than cubic BN. For the hexagonal BCN, mostly
they were studied as coatings for electronic applications. Mannan et al. synthesized hexagonal
BCN (h-BCN) films on silicon substrate by microwave plasma chemical vapor deposition [98].
The microhardness of 2 um thick h-BCN film varied between 3.8 GPa to 4.4 GPa. The
mechanical properties of 2D hexagonal B-C-N system (2D B-C-N) was theoretically explored
so far, especially in terms of their elastic properties. Jiao et al. studied the elastic properties of
monolayer BC2N theoretically by first-principle DFT calculations. The Young’s modulus (309
GPa/m), shear modulus (128 GPa/m), and bulk modulus (195 GPa/m) were calculated for the
monolayer BC2N [99]. These calculated Young’s modulus of monolayer BC2N was higher than

hexagonal boron nitride elastic property and lower than graphene elastic property. Recently,

34



the elastic properties of monolayer h-BCN was studied by classical molecular dynamics [100].
At zero kelvin, the calculated Young’s modulus of monolayer h-BCN along the ‘x’ direction
was 786 GPa and ‘y’ direction was 830 GPa. Theoretical calculations using first-principle DFT
on graphene like BCsN revealed their elastic modulus to be 157 Pa [101]. Mostly the
mechanical properties of 2D h-BCN were calculated for monolayer and by theoretical
approach.

Table 2.3: Mechanical properties of ternary B-C-N system

. Young
Comp;)rs]gézn and H?é%giss Modulus Technique References
(GPa)
76 - Vicker’s indentation
c-BC2N - : [91]
75 980 + 40 Nanoindentation
c-BC2N 62 - Vicker’s indentation [92]
c-BCsN 68 - Vicker’s indentation [92]
84.3 : .
. Theoretical — First
c-BCsN (T\r;?flzgl,zal - principle [94]
calculations
hardness)
c-BC2N 95 600 Nanoindentation [95]
c-BCN 52 412 (Bulk Knoop Indentation [96]
modulus)
72 Ab-initio
i (Calculated i pseudopotential
¢-BCN Vicker’s density functional [97]
hardness) method
h-BCN 3.8-4.4 - Nanoindentation [98]

Ternary B-C-N system has been considered as one of the potential lubricating coatings.
Deng et al. studied the tribological properties of ternary BCN coatings deposited by ion beam
assisted deposition (IBAD) at room temperature and high temperature (300 °C) [102]. The
coefficient of friction (COF) at room temperature of the BCN coating was 0.2 - 0.3 and it
decreased to ~0.1 at high temperature test (300 °C). This decrease in COF was attributed to the
transfer layer (graphitized carbon) formed at high temperature. BCxN stoichiometry films

prepared by IBAD method had a hexagonal structure and with larger carbon content, the BCxN
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was diamond-like structure [103]. The COF with varying carbon content was in the range of
~0.18-0.35. The wear rate decreased with increasing carbon content due to the formation of sp®
bond in BCxN system. The tribological properties of cubic BCN [104-108] coatings has been
studied extensively compared to hexagonal BCN or 2D h-BCN. So, the tribological properties

of hexagonal B-C-N nanosheets remain elusive and has to be probed in the future.

2.3.4. Applications of BCN

BCN nanosheets have a band gap of 0 — 5.5 eV and it can be tuned by varying the
concentration of boron, carbon or nitrogen. The photo luminescent BCN nanostructure can be
used for biomedical applications and optoelectronics [109]. BCN Monolayers with tunable
elemental compositions can be used for carbon based energy applications [110, 111]. BCN
nanosheets are used in wide variety of energy applications from supercapacitors to lithium-ion
batteries to fuel cells, due to their heteropolar bonding nature which triggers their
electrochemical behaviors [112-114]. BCN nanosheets and bulk BCN have been studied for
lithium storage properties, where they have achieved good capacity and cyclability as anode
materials for Li-ion batteries [115-118]. Lie et al., synthesized BCN nanosheets of large surface
area with 2-6 atomic layers and they were used as anode for lithium half cells. Compared to
bulk BCN, nanosheets showed good storage capability for lithium batteries. After 5000 cycles,
they showed stable capacity (100 mAh/g at 2 A/g) [118]. The 2D BCN nanosheets as a catalyst
have been highly efficient in oxygen reduction reactions (ORR) in polymer electrolyte fuel
cells [119]. In addition, 2D BCN exhibited good tolerance with methanol compared to
platinum/carbon catalyst. Graphene like BCN can be also used as ORR catalyst for metal-air
batteries [120]. They are relatively stable and cost effective compared to commercial
platinum/carbon catalyst. Also, 2D BCN has the potential to be next generation ORR catalyst

for fuel cells and metal-air batteries. In hydrogen evolution reaction (HER), BCN has displayed
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excellent electrocatalytic activity for hydrogen generation [121]. Theoretical studies on this
metal free BCN catalyst showed a good stability and HER activity. BCN as electrodes in
supercapacitors, have displaced good capacitance and stability [112, 122]. In supercapacitors,
compared to un-doped graphene, BCN graphene electrode materials have displayed superior
rate capability and good capacitance, due to their high surface area and conductivity [123]. For
gas adsorption, BCN have been used and they have the ability to selectively uptake CO: higher
compared to CHa, N2, and Hz [111, 124]. Especially, BC2N has shown good gas absorption
nature due to their high surface area and with increase in surface area their gas uptake increases.
In addition, BCN tunable band gap and conducting nature allows them to be used as good
microwave absorbers [125]. BCN has the ability to sense the uric acid and dopamine, where
they are used as electrochemical sensors [126]. Their ability to selectively detect (uric acid and
dopamine) in electrochemical sensors, where the effective electron transfer happens because
of their high surface area nature with good electronic conductivity and the edges available in
their structure. The semiconducting nature of BCN with their energy gap, allows them to be
used in field effect transistors (FET) [127]. The boron enriched BCN films can also be
employed for solid-state neutron detectors as the boron isotope has the ability to capture high-
neutrons [128]. Hexagonal BCN has good frictional and wear properties because of their
interlayer sliding nature. So the h-BCN systems has been studied for tribological applications,
where they can be used for MEMS, NEMS, automotive lubrications and adhesive contacts

[129].

2.4. MXene

MXene is the emerging new class of 2D layered material and they are 2D transition
metal carbides, nitrides or carbonitrides. MXenes are synthesized by etching away ‘A’ atomic

layer from the layered MAX phase. Since 2011 with the discovery of TisCz, MXenes research
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has been growing fast [130]. After that 19 new compositions have been synthesized
experimentally and theoretically some more compositions have been predicted as shown in Fig
2.12 [131-134]. The general formula of MXene are of three different type, M2X, M3X> and
M4sX3 (M - early transition metal, X - C and/or N). The early transition metal in the MXene
general formula are of three different forms, (i) one M element, (ii) two M elements exist to
form solid solution and (iii) two M elements exist to form ordered phases. Compared to solid-
solution MXenes, ordered MXenes are energetically stable. Further, the X site forms solid
solution carbonitrides. So far, 50-60 MXene compositions have been synthesized [135, 136].
The 2D layered MXene displays unique physical, electrical, chemical and mechanical
properties. So, they can be used in wide range of applications, including energy storage devices,
catalysis, hydrogen storage, supercapacitor, biosensors, absorption studies, structural

composites and electromagnetic interference shielding.
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Figure 2.12: Different type of MXene structure and their corresponding compositions [132]
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2.4.1. Synthesis of MXene

MXenes (Mn+1Xn) are mostly synthesized by selective etching of ‘A’ layer from the
MAX (Mn+1AXn), where M is early transition metal, A is the element from group 13 and 14 of
the periodic table, X is C and/or N. The M-X bond is strong bonding of covalent or ionic nature
and M-A bond is purely metallic in nature. Due to weak bonding nature of M-A bond, it’s easy
to selectively etch ‘A’ element layers from MAX phase. Acid solutions comprising of aqueous
fluoride was used mostly for selective etching of A-elements. The acid solutions generally used
are hydrofluoric acid (HF) or ammonium fluoride with ammonium hydrogen bifluoride or
hydrochloric acid with fluoride reacts internally to form HF [135, 137, 138]. Among the
different ‘A-element’, Al was the only one element to be successfully etched from MAX
phases. Recently, MXene was synthesized from different precursor other than MAX. From
Mo.Ga,C composition, Ga layered were etched to form Mo2CTx and ZrzCoTx MXene was
obtained by etching of Al>Cs layers from ZrsAlsCs[139, 140]. At high temperature around 550
°C, TisN3 MXene synthesis from TisAIN3 MAX phase was achieved by selectively etching Al
layer using molten fluoride salt mixture in argon atmosphere [141]. Monolayer MXene was
synthesized by bottom up synthesis approach, Mo.C MXene was grown by chemical vapor
deposition on Mo foils and it was few nanometers thick with 100 um in size [142]. Different

synthesis technique of MXene are presented in the following subsections.

(a) Selective Etching using Hydrofluoric Acid

Different types of MXenes (Mn+1Xn — M2X, M3Xz MaX3) are synthesized using
hydrofluoric acid. The major synthesis parameters are HF concentration, reaction time and
temperature [135, 137, 143]. Typical example of MAX phase before and after HF treatment is
shown in Fig. 2.13 [136]. Based on the early transition metal (M) in MAX phase, the selective

etching conditions differ, also it relies on the nature of bonding, type of structure and initial
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particle size of MAX phase. Table 2.4 summarizes some of the etching conditions for different
MXene synthesis [136, 140, 144-148]. Simple reaction steps in the etching process of MXene
(M3X2) from MAX (M3AlX;) phase at room temperature with 50% hydrofluoric acid for 2 h
are as follows,
(i) Mns1AlX + 3HF — AlF3 + Mps1Xn + 1:5H2
(i)Mp+1Xn + 2H20 — Mp+1Xn (OH)2 + H2
(1ii)Mpn+1Xn + 2HF — Mp+1Xn F2 + H2

The key finding from most of the synthesis with HF clearly indicate, as the atomic
number of M increases — the acid concentration has to be increased with longer reaction time
as the M-Al bonding becomes stronger (since M has larger valence electrons) [135]. Similarly,
MAX (Mn+1AXn) phase with larger ‘n’ value, needs a stronger acid concentration for etching
and longer reaction time to form desired MXene. These observations show that MXene

synthesis with selective etching using HF acid is a kinetically driven process.

Figure 2.13: SEM images of (a) TisAlC, before HF treatment and (b) TisAIC, after HF
treatment forms TisC [136]

Table 2.4: Synthesis conditions for M Xene using HF acid

MXene Concentration Duration and
MXene Precursor Reference
Type (Wt%) Temperature
. . 10 h, Room
Ti2CTx Ti2AIC 10 temperature [136]
M>X "
. . 2.5 h, Room
Ti2CTx Ti2AIC 40 temperature [144]
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90 h, Room

VoCTy VZAIC 50 emperatore [145]
Nb,CTx Nb,AIC 50 fe?nr;)e?aotag [145]
(Ti,Nb)2CTx | (Ti,Nb)2AIC 50 tze?nr;e?a‘lﬁg [136]
TisCaTy TisAIC, 50 tgrngZ?uTe [136]

MaXo | (TiV)sCoTx | (TiV)3AIC 50 tle?nr;e?a‘lﬁg [146]
ZrCoTx | ZraAlCo 50 Zezmr;)e?a‘;ﬁg [140]
NbiCsTx | NbsAICs 50 fe?nr;)e?a‘;ﬁf; [147]

MaXs | (Nb,Ti)eCaTs | (Nb,Ti)sAICa 50 90 h, 50 °C [148]
TaCsTx | TaAICs 50 Zezmr;)e?aotﬁ:z [136]

(b) Selective Etching using Fluoride Salt

MXenes (Mn+1Xn — M2X M3X2, M4X3) are synthesized using fluoride salt and strong
acid in this method [138, 149-151]. For example, HCI acid with LiF salt are used for MXene
synthesis, where the acid and salt react to form HF acid for selective etching of A layer. Table
2.5 summarizes the selective etching conditions using fluoride salt for different MXene
synthesis. Similarly for MXene synthesis, HF acid with LiCl salt are used for etching away of
A atoms [152]. The main advantage of the salt method is easy delamination of MXene with no
further processing, as the etching of A layers occurs with metal halide formation and Li* ions
with water intercalate the MXene layers, resulting in weak interaction and increased spacing

with MXene layers. Figure 2.14 shows the typical example of MAX phase before and after

etching with HCI acid/LiF salt.
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Figure 2.14: SEM images of powders of, a) Mo2Ga>C, b) Mo,CTy etched in HF for 160h c)
Mo2CTx-Li etched in LiF/HCI for 6 days and, d) Mo2CTx-Li etched for 16 days [149]

Table 2.5: Synthesis conditions for MXene using fluoride salt (HCI —LiF)

MXene Concentration Duration and
MXene Precursor Reference
Type (Wt%) Temperature
9M HCI- 15 o
M2oX Mo,oCTx Mo2Ga,C mol LiF 72 h,35°C [149]
TisCaTx Tialc, | SMACESMOL o4 35 ec [150]
M3 X5
CraTiCoTyx crTiAlc, | M HEi"F5 mol 42 h, 55 °C [132]
12M HCI- 10 o
(Nb, Zr)aCsTx | (Nb, Zr)sAICs mol LiF 168 h, 50 °C [148]
M4y X3
. . Molten salt o
Ti4N3sTx TizAlIN3 LiF, NaF, KF 0.5 h, 550 °C [141]
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2.4.2. Functionalization of MXene

MXene are mostly synthesized by selective etching of A layers from MAX phase with
aqueous hydrofluoric (HF) acid or fluoride based acid solutions. MXene have a mixture of
surface terminations and the functional groups are -OH, -O or -F. The general formula of
MXene with surface termination are Mn+1XnTx, Where T is the surface terminations. The
schematic representation of MXene with surface termination is shown in Fig. 2.15 [153]. The
MXenes synthesized so far have surface terminations. Computational studies on pristine
MXenes and MXenes with surface terminations are considered for their property evaluation
[133, 154, 155]. For computational studies, MXenes with mixed surface functionalization or
specific surface functionalization are taken into account [131, 156-159]. The MXene surface
terminations have an important role on the electronic, mechanical and charge transport
properties. For example, in terms of electronic properties, pristine MXene (TizCz) is metallic
in nature, with surface terminations certain MXenes (Ti3C2F2, TizC20OH>) are semiconducting
in nature [131, 135]. Also, the surface termination ordering with M and X atoms determines
their stability and properties. The most stable stacking sequence with surface termination is

ABCABC for M, X, and T respectively.

A A b b A 4

b & 5 4
RRRARA LERERR

Ti,C Ti,C (OH)
A A A A A S

RN -’\ KA Q‘)‘\
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N R R
o

Ti,C, (OH)

Figure 2.15: Schematic of MXene monolayer with and without surface terminations [153]
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2.4.3. Structural and Physical Properties of MXene

Mostly MXenes are synthesized by selective etching of particular atomic layers from
the MAX phase material. The precursor MAX phase is hexagonal layered close packed (hcp)
structure with P63/mmc space group. The general formula for MAX phase is Mn+1AXn, d block
early transition metals are M (e.g. M =Ti, V, Cr, Mo, Hf, Zr), the main-group sp elements are
A (Il Aor IV A), and C or N or C/N are X in MAX [160-162]. The M atoms are structured
based on hexagonal close packing and X atoms occupy the octahedral interstitial sites, where
the A layer of atoms are between the Mn+1Xn layer. In MAX phase, the M-X bond is a mixture
of strong covalent/ionic bonding and M-A bond is a pure metallic bond. During chemical
etching, it’s easier to extract A layer from MAX phase (M-A bond is weaker than M-X bond)
and this results in the formation MXene layers (Mn+1XnTx). The newly formed MXene layers
are stable with Ty the surface functional groups —O (oxygen), -OH (hydroxyl), —F (fluorine)
and the value of ‘n’ dictates the thickness of MXene layers [160, 135, 163]. Based on the
formula, MXene are of three different type M2X, M3X> and M4Xs. Figure 2.16 shows the
schematic illustration of MXene synthesis from MAX phase. Most 2D materials such as
graphite or BNNS are synthesized by mechanical exfoliation or sonication methods due to their
weak van der Waals interactions between the layers, while MXene cannot be synthesized by
such methods due to their relatively strong bonding nature of M-A bond [164]. The pristine
MXene (Mn+1Xn) is hexagonal close packed structure with P63/mmc symmetry. The MXene,
MX layers are in general held together by weak bonds (hydrogen bond and van der Waals
forces). At high temperatures, the MXene layers forms the rocksalt like 3D Mn+1Xn structure
[132]. The ordering of M atoms changes for the different MXenes (M2X, M3Xz and M4Xz3). For
M2X structure, ABABAB is the preferred stacking sequence for M atoms (hcp stacking). For
M3X2 and M4Xs, ABCABC is the preferred stacking sequence for M atoms (face centered cubic

(FCC) stacking). The synthesized MXene layers can delaminated to single layer by sonication
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methods. During the process of washing and sonication, the surface functional groups can be
replaced, where MXene functionalized with —O/-OH are comparatively stable than —F
(washing MXene in water replaces the —F with —OH surface group). Similarly, at high
temperature exposure or metal adsorption process, the —OH terminations in MXene are
changed to —O surface groups [165, 166]. Pristine M Xene can be synthesized by decomposition

of —O terminated MXene while it’s in contact with metals (Al, Mg, Ca).

M
MLAX, AX3

MAX

Figure 2.16: Schematic representation of MXene structure synthesized from MAX phase
[135]

In Mn+1XnTx MXene, each element M, X, surface terminations (T) and n, the number
of layers have significant effect on their physical, chemical, mechanical and thermal properties.
In terms of chemical properties, the titanium based MXenes (TizC2Tx) react with oxygen in air
or pressurized water or CO2 and the MXene layers oxidize to form anatase TiO> (Fig. 2.17).

After oxidation, TiO; particles adhere to the surface of amorphous carbon sheets [167, 168]. In
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another study, in-situ TEM studies revealed, anatase TiO2 nanoparticles formed during the flash
oxidation of MXene layers and with longer oxidation time, anatase TiO> nanoparticles
transformed to thin sheets of nanocrystalline rutile [169]. Figure 2.18 shows the schematic of
anatase and rutile TiO formation based on flash and slow oxidation conditions. The same trend
of anatase TiO; to rutile TiO2 phase transformation was observed for Ti.CTx MXene at high

temperature [144].

400 nm

Figure 2.17: SEM image of (a) as-synthesized TisC2Tx MXene and (b) after oxidation of
TizC2Tx MXene [167]
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Figure 2.18: Schematic illustration of oxidation under different conditions [144]

Magnetic behavior of pristine MXene have been studied, especially the ferromagnetic
and antiferromagnetic properties [131, 154, 170, 171]. Theoretical studies on titanium based
MXenes (Ti2X (C, N)) revealed the possible defects such as vacancies (single-type and
Shottky-type double) present in the systems and such system were magnetic in nature because
the 3d-orbitals have unpaired electrons [172]. The layered MXene magnetic properties are
useful for application like spintronic. Using density functional theory, Cr.CTyx and CroNTy are
identified to have magnetic moments, however these MXene are yet to be studied
experimentally [170]. In terms of chemical properties, surface functional groups present in the
MXene systems play a significant role. The contact angle with most MXene surface are small
and they are hydrophilic in nature [136]. The TizC2Tx with OH and O surface groups contribute
in creating strong bond to the water molecules present in solvent solutions and with different
semiconductors [173]. Redox reactions are stronger in the MXene metal sites (example — Ti,
V, Nb) and in the sulfuric acid solution, MXenes are stable [138]. The optical properties of
MXenes depend on the type of functional groups terminated along their surface. Among the
three surface functional groups (O-, OH-, F-), the TisC, with O- termination has the ability to
absorb light in the visible light spectrum. Compared to pure TisC>, MXene or the OH-/F-
terminated TisCo, the O- terminated TisC> has higher optical properties, due to the O- density
of states formed near the fermi energy [174, 175]. The layer thickness, out-of-plane and in-
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plane anisotropic nature of MXene, will dictate MXenes ability to absorb light [176]. Based on
the optical properties of MXene, they can be used in photovoltaic devices especially the
polarized light driven type, conductive MXene film as transport electrodes in optical device,
and broadband optical switch in photonic device [177-179]. The surface properties of pristine
MXenes and functionalized MXenes (O-, F-, OH-) are different. The surface functionalization
of MXene results in the modification of the surface dipole moments due to the polarity of the
surface functional groups, and charge redistribution within the MXene surface and surface
functional groups [180]. The OH-terminated MXenes in half occupied nearly free electron
states can act as absorbents, so certain gas sensors based applications can use this surface

terminated MXenes [181].

2.4.4. Electronic Properties of MXene

The electronic properties of MXene are mostly widely studied and researched. First
principle calculations on pristine MXene (Mn+1Xn) shows them as good electrical conductors
[133]. Similar to MAX phases, MXenes is metallic in nature which arises from their similar
high density of states (DOS) at the fermi level and electron density distribution. Naguib et al.
cold pressed MXene disks have good electrical conductivity and they are comparable to
multilayer graphene [136]. So, the monolayer MXene can be postulated to have higher
conductivity. The metallic property of titanium nitride MXene is higher than titanium carbide
MXene, as the nitrogen atom has one extra electron than the carbon atom and the density of
states at fermi level decreases as the thickness of MXene layer increases because of the Ti-C
or Ti-N bond formation [182]. MXene layers with surface terminations -O, -F or -OH
functional groups have a predominant effect on electronic properties. Thus, functionalized
MXene are semiconducting in nature with narrow band gap, it relies on the MXene composition

and the surface terminations orientation [131, 135, 183, 184]. Few examples of surface
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terminated MXenes have band gaps like Sc2CO,, Sc.CF2, TioCO», Hf2CO2, ScoC(OH)2 and
Zr,C0O2[131, 185-187]. Similarly, pristine TizC2 MXene is a metal and functionalized TisCzF2/
Ti3C2OH: are semiconductors. In pristine MXene (Mn+1Xn), d bands of M and below it is the p
bands of X are separated by narrow band gap. With surface functionalization of MXene, there
is hybridization between the functional groups p bands and d bands of M, resulting in the
generation of new bands below the fermi level. The semiconducting nature in functionalized
MXene arises from the lower electronegativity, where M donates the electrons to X and T
(surface functional groups), and M becomes positively charged. In addition, phase transition
between the T- and H-phases (MXene) arises from the atomic stacking order of transition metal

M layer, this causes the semiconducting and metallic phase transition [188].

2.4.5. Mechanical and Tribological Properties of MXene

The mechanical properties of MXene have been studied theoretically by first-principle
DFT approach. By this approach, the mechanical properties of pristine and functionalized
MXene have been predicted. Kurtoglu et al. primarily studied the elastic properties of pristine
MXene by first-principle DFT [133]. The basal plane of pristine MXene was subjected to a
uniform tensile and compressive deformations, till 0.003 of maximum strain. The elastic
constant ‘C11’ values are summarized in Table 2.6. This study revealed an impressive elastic
modulus of most pristine MXene (along the basal plane) system exceeding 600 GPa. Wang et
al. carried out the DFT calculations on the mechanical properties of TioC monolayer, where
their elastic constant was 137 N/m, Young’s modulus was 130 N/m and Poisson’s ratio was
0.23 [189]. It is revealed monolayer Ti.C to be weaker than graphene and BNNS but stronger
than MoS2. Guo et al. used first-principle calculations to evaluate the stress-strain curves and
Young’s modulus of the pristine and oxygen functionalized 2D Tin+1Cn (n=1, 2, 3) [190]. This

study demonstrated that Ti>C functionalized with O can withstand up to 28% strain due to their
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enhanced mechanical flexibility and MXene in the future can be used for flexible device
applications. Yorulmaz et al. used first-principle calculations to study the mechanical
properties of pristine and functionalized MXene, M>XT, with M = Ti, Hf, Sc, Zr, Mo, X = C/N
and T = -O/-F [155]. The computed lattice constant (a, A), band gap (Eg, eV), elastic constant
(C11, €12, N/m) and Young’s modulus (Y, N/m) values are summarized in Table 2.7. This study
has demonstrated the mechanical and electronic properties for different type MXene, these
findings will contribute in the synthesis of new 2D MXene materials. Borysiuk et al. employed
classical molecular dynamics (MD) for estimating the Young’s modulus from the stress-strain
curves upon tensile loading [191]. The estimated Young’s modulus values by molecular
dynamics for Ti2C, TisC», and TisCs MXenes were close to the values reported earlier by DFT
approach. This study suggests that the molecular dynamics method can be used to explore the
properties of MXene. Lipatov et al. measured the elastic properties using atomic force
microscopy by indentation method for the mono- and bi-layer TisC>Tx MXene [192]. The bi-
layered TizC,Tx MXene expanded upon indentation, while the Young’s modulus measured on
monolayer TisC>Tx was ~0.33 TPa. The DFT calculations predicted the MXene functionalized
with oxygen to have excellent mechanical strength compared to pristine and —F/-OH
functionalized MXene [193-197]. Figure 2.19 summarizes the oxygen functionalized M>C
MXene (M2CO2) having excellent mechanical properties compared to other 2D materials
[196]. This is due to the electron charge transfer after functionalization from the M-C inner
bonds to M-O outer bonds. However, oxygen functionalized MXene has lower electrical
conductivity compared to fluorine and hydroxyl functionalized MXene, while the other two
have high electrical conductivity [193, 198]. The authors report this to be the highest modulus
among other ‘solution-processed’ 2D materials. MXene is also found to exhibit pseudo-
negative compressibility, as it undergoes expansion along its crystallographic c direction when

subjected to compression in the presence of water. This is accomplished by extensive slipping
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between the individual layers [199]. Based on these studies on mechanical properties of
MXene, researchers have attempted to use it as a promising reinforcement candidate for
developing nanocomposites [200, 201]. Ling and co-workers demonstrated the addition of 40
wt.% TisC2Tx to polyvinyl alcohol (PVA) matrix film by vacuum assisted filtration resulted in
a 200% increase in stiffness and tensile strength due to functionalization by -OH group which
improved the interfacial bonding between the MXene sheets and PVA [200]. Despite these
theoretical studies, the mechanical properties of MXene experimentally remain unexplored.
This gives us the opportunity to explore the mechanical properties of MXene experimentally.

Table 2.6: Calculated elastic constant ‘c11” of MXene and
the MAX phase values are the one in brackets [133]
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Table 2.7: Calculated mechanical and electronic properties for pristine and

functionalized MXene [155]
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Figure 2.19: Computed mechanical properties of oxygen functlonallzed MXenes compared
with the other 2D materials [196]

The layered structure of MXene with weak van der Waals bond between the MXene
sheets are similar to graphene, this nature of MXene, makes it a potential candidate for
tribological applications. This property is advantageous for enhancing the frictional and wear
properties of MXene based composites as additives [202-205]. In the conventional lubricating
solutions such as base oil, solvents such as ethanol, MXene can be used as additives [206-209].
The tribological studies of MXene sheets from the literature are listed in Table 2.8. In addition,
theoretically by first-principle DFT calculations, the frictional properties of MXene have been
studied [210, 211]. The frictional properties of all three different type titanium based MXene
system (Tin+1Cn (n=1, 2, 3)) were studied by computational DFT approach [210]. This study
revealed the pristine MXene systems with oxygen vacancy defect on the surface will have the
coefficient of friction less than 0.31. The functionalized (-OH, -OCHj3) Titanium based MXene

systems will have coefficient of friction in the range of 0.10 to 0.14. Zhang et al. studied the
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frictional properties of pristine M>C (M = Ti, Ta, Zr, Hf, Nb, W, and Mo) and oxygen
functionalized M>C by DFT [211]. The pristine MXene like Ti>C will have larger resistance to
sliding compared to oxygen functionalized Ti>C. The larger lattice constant of the oxygen
functionalized M>C will reduce the resistance to sliding. Experimentally the tribological
property of MXene was explored by Yang et al. for the TizC> MXene [209]. The as-synthesized
Ti3C2 MXene was added to lubricating base oil as additive and the concentration of MXene in
the base oil was varied from 0 wt.% to 1.0 wt.%. The coefficient of friction decreased from
0.125 (pure base oil) to 0.063 with addition of TisC> MXene to base oil. The tribological
properties of functionalized TizC2(OH)2. MXene in base oil as additive was studied by ball-on-
disc tribology test [206]. The coefficient of friction decreased to less than ~0.09 for 1 wt.%
MXene + base oil compared to base oil under the load of 15 N and 200 rpm. MXene is a
potential filler for polymer-based nanocomposites and metal-matrix nanocomposites due to the
lamellar structure [202-204]. TisC>Tx MXene — epoxy nanocomposite displayed a superior
frictional properties compared to pure epoxy [203]. The coefficient of friction for the 2.0 wt.%
TisCoTx MXene — epoxy nanocomposite (0.228) was twice lower than pure epoxy (0.673) at
0.3 m/s of sliding velocity and smooth wear track surface without any damage was observed
for the MXene-epoxy nanocomposite. Mai et al. studied the tribological properties of
TisCo/copper composite coating prepared by electrodeposition technique [204]. The COF of
TisCo/copper composite coating reduced by 0.27-0.3 (40-46%) compared to COF (0.5) of pure
copper coating. Also, the wear rate decreased by 8 to 19 times for the copper coating with TisC>
nanosheets. The above studies support MXene to be a promising candidate for solid lubricant
additive in lubricating oil and lubricating nanofillers for polymer- or metal- based

nanocomposites.
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Table 2.8: Tribological properties of MXene

Coefficient of

Composition .. Comments References
friction
Tin+1Cn (n=1, 2, 3) Less than ~0.31 | Computational study (DFT) [210]
Tin+1Cn (n:]., 2, 3) _ .
with —OH. -OCHs 0.10-0.14 Computational study (DFT) [210]
. 1.0 wt.% Ti3C2 MXene
TisCz 0.063-0.07 added as additive to base oil [209]
1.0 wt.% TizC2(OH)2
Ti3C2(OH): Less than ~0.10 | MXene added as additive to [206]
base oil
0.8 wt.% TisC2Tx MXene
TisCaTx 0.114 added as additive to PAO8 [208]
base oil
1.0 wt.% TiO2/TisCaTx
: , hybrid nanocomposite in 205
Ti0/TisCTx 0.073 base oil under 20 N load [20°]
and 150 rpm
0.15 (0.5 N load i '
TisCs coating ( ) TisC2 coating on copper [207]
0.19 (1 N load) plate
2.0 wt.% Ti2CTx— epoxy
A nanocomposite under 98 N 203
Ti2CTEpoxy 0.228 load and sliding velocity of [203]
0.3mf/s
TizCo-UHMWPE 2.0 wt.% TisCz —

_ UHMWPE nanocomposite 202
(ultrahigh molecular 0.13 under 200 N load and 200 [202]
weight polyethylene) rpm

o 26-40-TizC2 — copper
TisCa-Copper Less than ~0.3 | coating under 1 N load and [204]

coating

200 rpm
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2.4.6. Applications of MXene

The 2D layered MXene have unique electrical, chemical, physical, ion-transportation,
mechanical and tribological properties. These properties would lead to a variety of potential
applications in several fields, from batteries, catalysis, fuel cells, sensors, adsorption devices,
and supercapacitors.

(a) Li-ion batteries — MXene is being examined as the new electrode material (anode) for Li-
ion battery application by replacing the current anode material (graphite). Since graphite has
moderate specific capacity and poor rate capability. Theoretical storage capacity of TizCoLi>
was comparable to graphite and pristine TisC> has outstanding rate performances. In general,
surface terminated MXenes have lower performance, while —O terminated MXenes have
higher capacity [165, 166, 183, 212]. Experimental studies at 1C rate, revealed reversible
capacities of Ti2CTx (110 mAh/g), V2CTx (260 mAh/g), and Nb2CTyx (170 mAh/g) [144, 145,
213]. Computational studies of MXene as anode have shown good stability of MXene structure
and good rate capability. For example, Ti.C MXene under the influence of strain has shown Li
absorption properties [214].

(b) Na-ion batteries — MXene is being studied for sodium-ion batteries (NIB) electrode
materials. TisC2Tx MXene was used as anode in NIB study, during sodium-ion intercalation
and de-intercalation, there was expansion of interlayer space. Also, during electrochemical
reaction there was no structural change, it exhibited good rate capability and capacity after 100
cycles [215]. Similarly, good capacity and rate capability was achieved for TioCTx and V.CTyx
MXene materials [135, 216]. TisC> with CNT was used as composite anode material for
sodium-ion battery. The composite electrode material showed a good cyclability after 500
cycles and good capacity [217].

(c) MXene based electrodes, as cathode were also studied for Li-S batteries [218, 219]. For Li-

S battery, Ti.C MXene phase was used as cathode and it exhibited very good 2D electron

55



conductivity and terminal Ti sites formed strong Ti-S interaction. Due to this interaction, they
showed good discharge capacity and stable cycle life [220]. In addition, MXenes can be used
as anode for Al-, K-, Ca- and Mg-ion batteries because they have the capability to
accommodate different ions between the MnaXnTx layers [166]. Figure 2.20 shows the

theoretical capacities of Li-ion and post Li-ions for surface terminated MXene sheets with

oxygen.
B0
SO0
:_ £000 - o
=
-
g ER
B N Na
s B 3 K
E3 Mg
bL0E]
B La
Ea Al
5] L ]

TiCD v LD MbE CO T b

Figure 2.20: Theoretical capacities of Li- and non-Li-ion batteries with oxygen terminated
MXene nanosheets [166]

(d) Supercapacitors — Similarly to batteries, MXenes are promising electrode material for
supercapacitors. MXene are preferred as electrodes for supercapacitors because of their surface
area and morphological nature. TisC2Tx has been widely used for supercapacitor electrodes
[200, 221-223]. The TisC2Tx MXene has been fabricated as pure films and in few other studies,
they were used as MXene-based composite films such as MXene-carbon nanotube and MXene-
polymer (polyvinyl alcohol — PVA). In the cyclic test of about 10,000 cycles, the volumetric
capacitance of MXene based electrodes remained stable without any degradation [138, 200,
221-223].

(e) MXene have been widely studied for different variety of sensors from electrochemical

sensors, solid state gas adsorptive sensors, piezo resistive wearable sensors, photo-luminescent
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sensors, terahertz sensor, bio-sensors and based on MXene, surface enhanced Raman
spectroscopy with advanced sensing system has also been developed [224]. Among the
different properties of MXene, bio-compatibility of MXene has been one of the important
properties, where they are used as matrix material for bio-sensing applications.

(F) Microwave absorbers — Near the fermi level, the single layer MXene which are metallic in
nature will have high density of electrons, which contributes to MXene dielectric properties
and electrical conductivity [135]. Based on these properties, MXene can be used in microwave
absorbers as additives to polymer-based composites. TisC> MXene has shown absorption
greater than 92% in a wide frequency range and they have demonstrated to be a potential filler
to composites for microwave absorbers [225].

(9) Hydrogen storage — MXene is a potential and new material for hydrogen storage. Initially,
Ti>C, ScoC and V2C materials hydrogen storage potential was investigated theoretically by
first-principle pseudopotential calculations [226]. In case of Ti.C MXene, hydrides are formed
by dissociation of molecular hydrogen absorbed on the surface and the consecutive MXene
layers below the surface absorbs the hydrogen in molecular form. The reversible capacity of
molecular hydrogen is higher and the reversible hydrogen storage will occur in Ti.C MXene.
An important prediction reveal the ability of 2D Ti>C to store hydrogen from liquid nitrogen
temperature, room temperature to high temperature. Experimentally the hydrogen storage
performance was improved by adding TisC> MXene to the 4MgH2-LiAIH4 composite [227].
The re-hydrogenation kinetics was significantly enhanced for the 4MgH»-LiAlH4 composite.
(h) The Sc.C with oxygen (O-) functionalization (Sc2CO-) on the surface can be used for
ferroelectric and piezoelectric applications [178, 228]. By applying electric field in a
ferroelectric MXene semiconductors, the polarity of the material will be reversed. As Sc2CO-
MXene are 2D material, their polarizations are different along the in-plane and out-of-plane

directions.
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(1) Thermoelectric performance of MXene materials with surface functionalization are
promising due to the enhanced Seebeck coefficient and electrical conductivity [134]. The
potential MXene materials for thermoelectric applications are the O-functionalized M>C (M =
Ti, Hf, Zr) and Sc.CT2 (T = O, OH, F) [229-231].

(1) MXene has been a promising material for electromagnetic interference (EMI) shielding.
TisCoTx exhibits a superior EMI shielding performance, due to their high electrical conductivity
and low reflections [232]. The flexibility of the MXene allows them to be used for EMI
shielding applications of different shapes and MXene based composites are also used for EMI

shielding [232, 233].

2.5. Scope on Exploring the Properties of Bulk Structured 2D Nanomaterials (BNNS, BCN)

and Damping Properties of MXene Nanosheets

The literature review on the layered van der Waals nanomaterials, namely the 2D
BNNS, B-C-N ternary system and MXene, indicate the extensive research experimentally and
theoretically on single layered or multilayered 2D materials, and as additives in polymer or
metal based nanocomposites. Despite these studies, there are hardly any research reported so
far on the properties of bulk nanostructured 2D (BNNS, BCN) materials and on multilayered
MXene damping properties. Based on the above literature review, the research will focus on
experimental investigation of bulk nanostructured 2D (BNNS and BCN) materials
mechanical/tribological properties and MXene damping properties. This study will result in the
exploration of new avenue of applications in future.
2D BNNS

- So far there have been reports of BNNS used as filler material in composite and those

composite materials were sintered by spark plasma sintering. This study will explore
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the sintering of purely 2D BNNS into a bulk nanostructured material by spark plasma
sintering, without addition of any sintering aid.

Due to the high temperature exposure during SPS, detailed study on phase formation,
microstructural change, interfacial bonding between the nanosheets and texturing of
BNNS in the bulk form will be performed. In addition, the bulk nanostructured 2D
BNNS mechanical and tribological properties will be explored and the aim is to

understand the deformation of mechanisms of BNNS in bulk form.

2D BCN

Using 2D nanomaterials (BNNS and GNP) as starting material to form the layered BCN
system by reactive spark plasma sintering has not been reported so far. During this high
temperature synthesis by reactive SPS process, it can transform some of the layered
BCN phase formed to cubic BCN phase. Understanding the possible phases formed
during this reactive spark plasma sintering will be interesting.

After reactive SPS process, the interfacial bonding between the nanosheets, mechanical
properties, tribological properties and deformation mechanisms for the layered BCN
system are studied in this work. Can the small fraction of cubic BCN phase present in

the bulk nanostructure, affect the mechanical and tribological properties!

2D MXene

Mechanical properties of MXene have been extensively studied by theoretical
approaches such as first-principle DFT and molecular dynamics. This gives us the scope
to explore the mechanical properties of HF treated MXene particles.

In addition, the 2D MXene sheets morphology and structure is analogous to graphene,
suggesting the possibility of damping behavior in MXene. Also, in MXene the
intralayer bonding is different from graphene due to heteroatomic Ti-C bonds as

opposed to sp? hybridized C-C bonding in graphene. Hence, unique deformation could
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be expected from MXene and those could be different from the deformation of graphene
nanosheets. In this study, the dynamic deformation characteristics of multi-layer

MXene will be explored.
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Chapter 111: Experimental Procedure

This chapter discusses the materials used, synthesis methods and consolidation
technique. The characterization techniques used for structural, microstructural, mechanical and

tribological properties are also discussed.

3.1. Monolithic BNNS Preparation — Spark Plasma Sintering

Two-dimensional boron nitride nanosheet (2D BNNS) is the starting material used for
consolidation. The commercial BNNS powder was purchased from pH Matter LLC, Columbus,
Ohio. The as-received powder was white in color and have flake-like morphology. BNNS
powder surface area was 60 m?/g [1]. The BNNS average powder size was measured from the
SEM image of as-received BNNS as shown in Figure 3.1 using ImageJ software. The average

powder size was varying from 100 nm — 3 um with varying nanosheet thickness (40 — 65 nm).

Figure 3.1: SEM image of the as-received BNNS

Spark plasma sintering (SPS, Thermal Technologies model 104, LLC, Santa Rosa,
CA, USA) technique was followed to consolidate as-received BNNS powder. A cylindrical

graphite die of 20 mm diameter was used for consolidation of BNNS owing to graphite’s high
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thermal and electrical conductivity. The graphite foil was wrapped between the BNNS powder
and graphite die to aid electric current concentration during sintering, and to avoid the reaction
between die and powder. The temperature of graphite die was monitored by using a pyrometer
focused on the predrilled hole of graphite die. As-received BNNS was sintered at 1650 °C for
20 min at the heating rate of 100 °C/min under a uniaxial pressure of 50 MPa. After sintering,
the pellet was polished to remove the graphite foil. Sintering parameters for 2D BNNS were
optimized based on the literature values reported for spark plasma sintering of h-BN powders.
The density of as-received BNNS powders was measured by Helium gas pycnometer (Accupyc
1340, Micrometrics Instrument Corporation, Norcross, GA, USA). For the BNNS SPS pellet,
the relative density was measured by Archimedes’ method and true density of the pellet was

measured by Helium gas pycnometer.

3.2. Synthesis of BCN System

3.2.1. BNNS and GNP Mixing — Ball Milling

BNNS powder details are discussed in section 3.1. Graphene nanoplatelets (XGNP-M-
5) were purchased from XG Sciences (Lansing, MI). Figure 3.2 shows SEM images of as-
received GNP. The average particle size of GNP was 5 - 10 um with a thickness of 6 - 8 nm
approximately and surface area of as-received GNP varied from 120-150 m%g [2]. The
individual GNP comprised of 10-20 sheets of graphene and each layer of graphene thickness
varied from 0.35 nm to 0.37 nm [3, 4]. For BCN synthesis, initially the powder mixture of two-
dimensional boron nitride nanosheet and graphene nanoplatelets was prepared by high energy
ball milling method. This method was chosen to obtain uniform mixture of BNNS and GNP
for the synthesis of BCN phase. In addition, ball milling will break down the agglomerates of

starting BNNS and GNP powder.
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3.2.2. Reaction Synthesis of BNNS and GNP - Spark Plasma Sintering

Figure 3.2: SEM image of the as-received GNP

BCN phase was synthesized using ball milled BNNS and GNP powders by reactive

spark plasma sintering method. The amount of mixed powders used for each sintering condition

is ~ 3 g. Variable sintering temperature, pressure and holding duration are summarized in Table

3.1. Different parameters were chosen to understand their influence on the BCN phase

formation in the compacts by reaction synthesis and their role on the mechanical properties of

the synthesized BCN phase. For all the samples, the heating rate of 100 °C/min was used to

reach the sintering temperature and holding time. BCN samples of 20 mm diameter and 5 mm

thickness were consolidated in argon atmosphere using graphite die and punches.

Table 3.1: Reactive spark plasma sintering conditions for BCN phase

Sintering Sintering Pressure N .
Sample ID Temperature (°C) (MPa) Holding time (min)
BCN-1 1650 50 10
BCN-2 1650 50 30
BCN-3 1750 50 10
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3.3. Synthesis of MXene — Hydrofluoric Acid Treatment

MAX phase Ti2AIC powder was procured from Sandvik Materials Technology,
Sweden. The as-received MAX powder showed an irregular particle shape with broad particle
size distribution of 100 nm to 20 pm. The MAX powders exhibited lamellar structure with a
flake like grains (Fig. 3.3). For MXene synthesis, the as-received Ti2AlC powder was immersed
in 25% hydrofluoric acid (HF) solution for different time intervals (1 h, 2 h, and 4 h) at room
temperature [5, 6]. The solution was continuously stirred with a Teflon coated magnetic stirrer
at 100 rpm. After HF treatment, powders were washed using de-ionized water and further
separated by centrifuge technique. These powders were filtered and dried in the vacuum oven

at 80 °C for 30 minto 1 h.

Flgure 3.3: SEM |mage of the as-received MAX (leAIC) powder

3.4. Structural Characterization

3.4.1. X-ray Diffraction — Phase Analysis

X-ray diffraction (XRD) studies were performed to identify the phases present in the
as-received powder (h-BNNS, GNP, MAX), milled powder BCN powders and HF treated

MXene powder. Also, the phases present in the spark plasma sintered bulk 2D pellets were
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characterized and very important for its property evaluation. The lattice parameters were
calculated for the powders and sintered pellets using non-linear least-squares fitting with
pseudo Voigt function. XRD was carried out using Siemens D-5000 X-ray diffractometer with
Cu Ky (A = 1.542 A) radiation. The operating voltage and current were set as 40 kV and 40
mA, respectively. The XRD data were collected in the 26 range of 10-90°, with a scan rate of
0.02°/min and a step size of 0.01°. Using the JCPDS and ICSD standard database, the phases

present in the powder and pellet were determined.

3.4.2. Raman Spectroscopy and Fourier Transform Infrared Spectroscopy

Raman spectroscopy studies were performed on the powder and sintered pellets for
phase confirmation. Raman spectra shows the type of bonds present in the powder and sintered
pellets. Raman measurements were obtained using Ti:Sapphire laser as the excitation source
(514 nm) with a power of 18 mW. The model used was 3900S from Spectra Physics,
California, USA. The backscattered spectra was detected by holographic imaging spectrograph
from Kaiser Optical Systems, Inc (Michigan, USA) equipped with volume transmission
grating, charge coupled device detector and holographic notch filter. The Raman spectra were
recorded for an exposure time of 300 s with a spectral resolution of 4 cm-1. Similarly for BCN
studies, in order to understand the bond formation after sintering, Fourier Transform Infrared

Spectroscopy (FTIR, JASCO FT-IR 4100 spectrometer) was used for the analysis.

3.4.3. Crystallographic Texture Analysis

Crystallographic texture studies have garnered significant attention in hexagonal
materials over the years. In polycrystalline materials, preferred orientation will have an effect
on their physical and mechanical properties. For example are strength, toughness, elastic

modulus, electrical and thermal conductivity. Compared to cubic materials, hexagonal based
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materials have limited slip systems and activation of twinning [7]. This results in more
preferred orientation in hexagonal materials. The crystallographic texture studies were carried
out on the top surface and cross-section of monolithic pellets as shown in Figure 3.4. To
determine the degree of preferred orientation after sintering. This study was carried out via pole
figure measurements using Bruker D8 Discover X-ray diffractometer with Cu K, radiation in
Bragg-Brentano geometry and four circle goniometer equipped with automated X-Y-Z
movements. The data were collected for 0-360° with a step of 3° in Phi (¢) and tilting 0—75°
with a step of 3° in the Psi (y) range. The measured data were plotted and analyzed using

Labotex texture analysis software [8].

Figure 3.4: Schematic representation of sintered 2D materials, showing the region of interest
for texture studies

3.5. Microstructural Characterization

3.5.1. Scanning Electron Microscopy — Fracture Characteristics of Bulk 2D

Field emission scanning electron microscope (FESEM) was used for the
microstructural characterization of milled powder BNNS/GNP for BCN synthesis, HF treated
MXene powder and sintered pellets. SEM analysis was carried out using JEOL JSM-6330
(JEOL USA, Inc., Peabody, MA) with an operating voltage of 20 kV. Before SEM analysis,
samples were sputter coated with goal nanoparticles. Sintered pellets were sectioned using a
diamond blade and the sectioned pieces were fractured along the cross-section. The fracture

surface of the sintered pellets were observed under SEM to understand the interface of sintered
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2D nanosheets, porosity distribution, dense packing and deformation of 2D nanosheets. The
elemental analysis of samples were carried out using energy dispersive X-ray spectroscopy

(EDS) equipped with SEM.

3.5.2. Transmission Electron Microscopy — Interface Analysis of Bulk 2D Material
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Figure 3.5: Schematic representation of TEM sample preparation of sintered pellet

High resolution transmission electron microscopy (HR-TEM) images along with bright
field and dark field imaging experiments of sintered pellets were captured using FEI Tecnai F-
30 transmission electron microscope (TEM) equipped with a field emission source at 300 kV
operating voltage. HR-TEM image with lattice level resolution was captured to understand the
interface of sintered 2D layered materials. The d-spacing (lattice) was measured using the
HRTEM images by forward and inverse Fourier transform (FFT & Inverse-FFT) analysis,
Gatan, Inc. Digital Micrograph software. The schematic of TEM sample preparation for the
sintered pellet is shown in Figure 3.5. A thin sample of 1 mm thickness was sliced from the top

surface of the sintered pellet. From this sample, 3 mm disc was prepared by ultrasonic milling.
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To achieve the electron transparent region, the sample was milled using precision ion polishing
system (PIPS). Before imaging, the electron beam was precisely aligned normal to the thinned

sample top surface (basal plane), and then, TEM imaging was carried out.

3.6. Mechanical Properties

3.6.1. Microhardness

Microhardness was measured on the sintered pellets using Vickers microhardness tester
at a load of 500 g with a dwell time of 10 s. For BNNS and BCN sintered pellets, the samples
were first polished along the top surface and cross-section. The indentations were performed
on both the surfaces to compare their effect of orientation on the microhardness values. For
each sample, total of 6-8 indentations were performed, where the microhardness value with
standard deviations were computed. The microhardness tester used in this study was LECO

LM810AT (LECO Corporation, St. Joseph, MI).

3.6.2. Nanoindentation — Hardness and Elastic Modulus

The nanoscale hardness and elastic modulus of BNNS pellet, BCN pellets and HF
treated MXene powder were studied by nanoindentation tests. The test were carried out using
a Hysitron Triboindenter TI-900 (Hysitron Inc., Minneapolis, MN, USA) with 100 nm
Berkovich pyramidal tip. The experiments were performed in the quasi-static indentation mode
to measure the elastic modulus and hardness of the polished top surface and cross section of
the pellet. During the indentation, the load was increased from to 0 to 900 pN in 10 s, with a
holding time of 5 s and decreasing the load to 0 N in 10 s. The hardness (H) of the samples was
calculated using the equation mentioned below,

— Pmax

= Ahy) (3.1)
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where A(hc) is the area as a function of contact depth measured from tip-area calibration and
Pmax 1S the maximum applied load. Standard fused quartz substrate of known modulus (69.6
GPa) was used for tip-area calibration. Using the Oliver-Pharr method, the elastic modulus was
computed from the unloading region of the load-displacement curves [9]. Reduced modulus

(Er) of the sample was calculated based on equation 3.2,

Vi

E,. = 2\/A—(hc)s (3.2

where S is the contact stiffness based on the slope of unloading curve at the maximum load.

The sample elastic modulus (Es) can be calculated using the below equation,

2 2
1 1—v; 1-v
— = L+ > (3.3)
Ey E; Eg

where E;jand vj are the elastic modulus (1140 GPa) and Poisson’s ratio (0.07) for the indenter,

and vs is the Poisson’s ratio of the sample being indented.

3.6.3. In-situ High Load Indentation — Deformation Behavior of Bulk 2D Material

The in-situ high load indentation tests were carried out using the linear, screw driven
micro-load frame (MTI Instruments SEM tester 1000, Albany, NY) as shown in Figure 3.6
[10]. The load capacity of micro-load frame is 4500 N with 0.2 % accuracy and about 20 nm
of linear movement resolution. Using MTESTQuattro software (ADMET, Norwood, MA) and
an interface, the micro-load frame is controlled. For the high load in-situ indentation studies,
the sintered pellets were cut into two pieces. Before indentation, the top-surface and cross-
section of the pellet were subjected to ceramographic polishing. The polished sample was
loaded across a 1um, 120° conospherical diamond tip. This micro-load frame was inserted in
a dual-beam focused ion beam/SEM (JEOL JIB-4500) operated in vacuum. Indentation test
was performed on the displacement controlled mode at the rate of 0.05 mm/min up to 0.5 mm
for loading and the unloading was carried out at the same rate. During testing, the load-
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displacement curve was obtained using the MTESTQuattro software and the real time video of
the indentations was obtained using SEM. The high resolution real-time imaging with the
combination of load-displacement measurements in turn helps to unravel the deformation

mechanism of sintered 2D materials.
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Figure 3.6: In-situ high load indentation micro-load frame (a) Schematic diagram and (b)
image of it inside the SEM chamber [10]

3.6.4. Micro- and Nano-scale Damping Studies

Micro-scale (mN load range) damping behavior of 2D materials was studied by stylus
impact tests conducted using INNOWEP GmbH Universal Surface Tester (UST, Wurzburg,
Germany), to obtain dynamic response for larger displacement range (up to 100 um). A
spherical steel probe of 800 um diameter was used for these tests. The probe was dropped on
the specimen, with the applied loads of 1 and 5 mN. The damped oscillations of the bouncing
stylus generates height-time profile (Fig. 3.7) as raw data. This profile is theoretically
considered as time-dependent sine wave as shown in equation 3.4,

y(t) = Ae Ptsin(wt) (3.4)

where y(t) is the instantaneous amplitude at a given time t, A is the initial amplitude, B is the

damping constant and o is the angular velocity. From the profile, the logarithmic decrement
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will be obtained as the ratio of the heights of two subsequent extrema (yi and yi+1) as shown by

equation 3.5,

Vi
Yit1

A= In (3.5)

The loss tangent (tan ) will be computed from the logarithmic decrement as shown by equation
3.6,
A
tand = - (3.6)
Thus the damping characteristics are analyzed by loss tangent (tan 8), which is a measure of

damping capability.
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Figure 3.7: Height-time profile of HF treated MXene

Nano-scale dynamic mechanical (nanoDMA, uUN load range) tests were carried out on
the MAX/ MXene particles using Triboindenter T1 900 (Hysitron Inc., Minneapolis, MN,
USA). Berkovich diamond tip of 100 nm diameter was used for this test.For nanoDMA, a
dispersion of MAX/ MXene particles in ethanol was produced by ultrasonication. This slurry
was poured on the stub. The particle concentration in ethanol was kept very low (<5 mg/mL)
S0 as to obtain individual particles scattered around the stub as shown in the Figure 3.8.
NanoDMA tests were performed on these ‘individual’ MAX/MXene particles. Due to their 2D

morphology, the powder particles were oriented such that the indents were made on the top
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surface. This was confirmed by optically resolving the particles using an optical microscope
attached to the nanoindenter and identified’ prior to testing. The nanoDMA tests were
conducted for low static loads of 10 and 100 puN, with corresponding dynamic loads of 1 and
10 uN respectively. Damping characteristics are analyzed by determining the loss tangent (tan
d) over a range of frequencies from 10 Hz to 250 Hz. Also, the nano-dynamic tests were
conducted for 50,000 cycles to examine the stability of damping behavior over a large number
of loading-unloading cycles. The indentation depths are less than 10% of the particle thickness,
as the particles are ~3-5 pm in thickness and ~5-10 pm in width. The average displacements/

depths scale of these nanodynamic tests varies from about 9 nm to about 300 nm.

L3 5 .

Figure 3.8: Optical image of the dispersed powder particles on the metallic stub. The
particles were identified and resolved under the optical microscope to perform dynamic
nanoindentations to capture the damping properties of pure MAX and etched particles.

3.7. Tribological Behavior of Bulk 2D Materials

3.7.1. Ball-On-Disk: Macroscale Friction and Wear

Wear and friction properties of the 2D materials were examined using ball-on-disk
tribometer, Nanovea, CA. Using Al.Oz ball of 3 mm diameter as counterface, the test was
performed. During the wear test, the coefficient of friction (COF) was also continuously

recorded. After the test, the wear track profiles were scanned by a non-contact optical
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profilometer PS50 (Nanovea, CA). Wear depth was obtained from the optical profilometer
images using SPIP software (Image Metrology, Denmark). The average cross-section area of
the wear track was achieved by integrating the wear track depth profiles using Origin. A total
of 5 cross-sectional profiles were used for each calculation. From the 3D wear track profiles,
wear volume loss was computed by multiplying the cross-sectional area of the wear track and
circumference of the track,

Wear volume loss (mm®) = A x 2aR (3.7)

Where A - cross-sectional area of the wear track (mm?), R — radius of the wear track (mm).
Total of five cross-sections for each 3D wear track profiles were considered for computing

average wear volume loss.

3.7.2. Scratch: Micro- and Nano-scale Wear

Micro-scratch tests were performed on top-surface and cross-section of sintered 2D
materials using a Universal surface tester (UST) (Innowep GmbH, Wurzburg, Germany) in
ramp and constant loading modes. The load applied was in the range between 10-100 mN with
a constant velocity of 0.1 mm/sec. Using a 120° diamond tip, 10 mm scratch was made on the
polished samples. Scratches were imaged using a field emission scanning electron microscope
(JEOL JSM-6330F) to understand the wear mechanism.

Nano-scratch tests were performed on top-surface and cross-section of sintered 2D
materials using Hysitron Triboindenter (T1 900 and T1 950, Hysitron Inc., Minneapolis, USA)
at a low load of 7000 uN. The scratch tests were conducted using a 60-degree conospherical
diamond tip in both constant and ramp loading modes with a scratch length of 10 um. In-situ
scanning probe microscopy was carried out to image the wear tracks, and the images were
processed using a 3-D image processing software (SPIP™, version 5.1, Image Metrology A/S,

Denmark) and the depth profiles were obtained from these processed images. Wear volume for
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nanoscratch was measured (volume of scratch grooves) from the equation mentioned below

[11],

Wear volume (pum?) = f_lﬁz Adx x1 (3.8)

where ‘A’ is area of the cross-section (um?) and 7’ is the scratch length (um). Total of five
cross-sections for each nanoscratch profiles were considered for computing average wear
volume loss.
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Chapter IV: Results and Discussion

4.1. Monolithic BNNS Consolidated by Spark Plasma Sintering

The two-dimensional boron nitride nanosheets were consolidated by spark plasma
sintering (SPS) without any sintering aids. The major novelty of this work lies in following
facts: (i) using high aspect ratio 2D BNNS as starting powder instead of conventional h-BN
which will lead to stronger texture structure and hence, altered mechanical properties and (ii)
high load in-situ indentation study inside scanning electron microscope to understand the
deformation behavior of highly oriented monolithic 2D BNNS as a function of orientation

(parallel and perpendicular) in real time.

4.1.1. As-received BNNS Characterization — Structural and Microstructural Evaluation

The X-ray diffraction (XRD) pattern of the as-received BNNS powder is shown in
Figure. 4.1(a). The as-received BNNS powder was indexed to the hexagonal boron nitride (h-
BN) structure with space group P6z/mmc (JCPDS -00-034-0421). The intense diffraction peak
of h-BN (002)/(0002) plane was observed along with (100), (101), (102), (004), (110) and
(112). The XRD pattern of the as-received powder comprised of B4C as trace impurity. The
lattice parameter calculated from the XRD pattern of the as-received powder was ‘a’ = 2.506
A and ‘¢’ = 6.728 A. Scanning electron microscopy (SEM) was used to observe the BNNS
morphology for the as-received powder. As-received powder shows faceted disk shaped 2D
BNNS platelets with curved edges (Fig. 4.1(b)). No agglomeration of BNNS powder was
observed. The nanosheet size ranges from 100 nm to 3 um in diameter and the thickness of

nanosheet was ~ 40 — 65 nm.
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Figure 4.1: (a) X-ray diffraction pattern and (b) SEM image of as-received BNNS powder

93



4.1.2. Monolithic BNNS — Density, Structural and Microstructural Evaluation

The 2D-BNNS were consolidated in monolithic form using spark plasma sintering at
1650 °C under a pressure of 50 MPa with a heating rate of 100 °C/min and dwell time of 20
minutes. The sintered BNNS pellet was polished to remove the graphite foil, it was circular
disk with 20 mm diameter and 3 mm thickness. Using helium pycnometer the density
measurements were out for the as-received BNNS powder and the polished monolithic BNNS.
The density of as-received BNNS was 2.72 g/cm?, while the density of monolithic BNNS was
2.50 g/cm?®. Also the relative density of the monolithic BNNS measured by Archimedes method
was ~ 92 %. The densification of h-BNNS is generally difficult due to their structure as they

have a strong covalent bonding and anisotropic nature [1].
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Figure 4.2: X-ray diffraction pattern of sintered BNNS pellet (Inset shows the XRD pattern of
sintered BNNS pellet at lower intensity)

After consolidation of BNNS by SPS, monolithic BNNS retained the hexagonal boron
nitride structure along with trace of impure phase’s boron carbide (B4C) and B2Os (Fig. 4.2).
Lattice parameters of sintered BNNS was calculated from the XRD pattern, where ‘¢’ slightly

increased to ~ 6.737 A and ‘a’ almost remained the same. Interestingly, the XRD pattern of the

94



sintered pellet shows an increase in relative intensities of the (002) and (004) planes. This
indicates the basal planes preferentially aligned perpendicular to the c-axis, which was also the
direction along which the SPS punches applied load during sintering [2].

As a complimentary approach for phase identification, Raman spectroscopy studies
were carried out on the sintered pellet in the top surface and cross section as shown in Figure
4.3. The characteristic peak of hexagonal BN was observed for the BNNS SPS pellet on the
top surface at ~ 1366 cm™ and on the cross-section at ~ 1366.90 cm™. This peak position
generally correspond to the bulk hexagonal boron nitride. As the layer thickness for the BNNS
decreases the peak shifts to slightly higher wavenumber and for the monolayer h-BN, the peak
is reported at ~ 1370 cm™ [3]. This active Raman peak at ~ 1366 cm™ correspond to the high
frequency Ezg symmetry vibration which occurs because of the in-plane B-N displacements
against each other within the basal planes [4, 5]. Figure 4.3 shows that peak intensity of the
cross-section decreases significantly compared to the top surface. This is due to the decrease
in number of BN layers from which the Raman data was collected along the cross-section
compared to the top surface which is more like the bulk h-BN [6, 7]. Raman peak shape for the
top surface was slightly narrow and highly symmetric in nature. However, for the cross-section
the peak shape was broader and not symmetric. The full width at half maximum (FWHM) for
the top surface was ~ 12 cm™ and it increased further to ~ 15 cm for the cross-section. The
FWHM corresponding to the E2g band was correlated to the crystal grain size ordering and this
band is comparatively less sensitive to strain [5]. Also in general for the crystalline solids, the
broadening of Raman peaks is ascribed to scattering which is often related to fine grain size,
point defects and stress gradients [8]. From the above understanding, we can conclude the top
surface Raman data shows it has larger grain size and lower defect density. Further, the
broadening of Raman peak for the cross-section indicate it has poor crystal quality compared

to the top surface.
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Figure 4.3: Raman spectra of the sintered BNNS from the (a) top surface and (b) cross-

section

Figure 4.4: SEM image of top surface of sintered BNNS pellet

The microstructure of the polished top surface for the monolithic BNNS pellet was

observed using SEM as shown in Figure 4.4. Dense region on the top surface was observed

with some fine surface pores observed between the overlapped sintered nanosheets.

Microstructure of the sintered BNNS pellet was also studied using high resolution transmission

electron microscope (HR-TEM). BNNS sintered pellet surface was imaged along the direction,

normal to the basal plane (c-axis was parallel to the electron beam). Bright field TEM image
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revealed the microstructure of sintered BNNS with crystalline grains varying in size from 100
nm to 2 um (Fig. 4.5(a)). Figure 4.5(b) display the high density of multiple twin lamellae
present within the grains as indicated by arrowheads. High resolution TEM image displays
lattice planes as shown in Figure 4.5(c-d). The two lattice planes with d-spacing of 2.17 A each
were observed. From the JCPDS file of hexagonal BN, the measured interplanar spacing was
verified and this is in good agreement with h-BN (110) and (010) planes, respectively.
Additionally, the angle between the measured (hkl) planes with respect to the basal plane can
be inferred. As a result, the angle between (0002) vs (110) and (0002) vs (010) was 90°.
Further, these two lattice planes (110) and (010) are at an angle of 120 ° with respect to each
other. The Fast Fourier Transform generated diffraction patterns from the HR-TEM image
displays a set of hexagonal spots (inset in Figure 4.5(c-d)). Sharp diffraction spots indicate the
highly crystalline nature of sintered BNNS. Streaked reflections were also observed in the
diffraction, which is related to the basal plane defects such as stacking faults, twinning or Frank
dislocations [9, 10]. Twinning is one of the common defects observed in h-BN. Twinning
could possibly occur due to the deformation of h-BNNS during sintering at high temperature
and pressure. Typically, stresses developed because of the imbalance in the orientation of
planes are relieved by slip. However, hexagonal system have scarcity of slip systems and
consequently, the stresses were relieved by the twin formation. This corroborates the presence
of twin features observed in the BNNS pellet. The deformation twin elements commonly
reported in literature for hexagonal boron nitride are (0002) twinning plane and [1120]

twinning direction [10], which was in agreement with our observations.
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Figure 4.5: HRTEM image of the sintered BNNS showing (a-b) bright field image showing
nano-sized grains and twins, (c-d) lattice planes with the inset showing corresponding
diffraction pattern

4.1.3. Fracture Mechanism of Monolithic BNNS

SEM images of the fractured surface for the BNNS SPS pellet are shown in Figure
4.6(a-b). The fracture surface of the sample indicates thick densely packed BNNS layers with
interlayer gap (Fig. 4.6(a)), which restricted the overall densification to 92%. Also, it is clearly
observed that BNNS are arranged in the lamellar structure and highly aligned in one direction

(Fig. 4.6(a)). This microstructure clearly supports the X-ray diffraction result of preferred
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orientation in the sintered pellet, where the platelets are oriented perpendicular with respect to
the loading direction. The edges of the fractured layers display zig-zag nature as shown in
Figure 4.6(b). Zig-zag nature of fracture surface indicates, the crack propagated more along
the sheet edges and not through the sheets. This asserts the strong bonding nature within the

sheets and relatively weaker bonding between the sheet edges [11].
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Figure 4.6: SEM images of BNNS pellet (a) fractured surface indicating the lamellar
structure and (b) zig-zag fractured surface (yellow dotted arrows indicate the zig-zag edges)

4.1.4. Effect of Texture Orientation of Spark Plasma Sintered BNNS

The X-ray diffraction study on the top surface of the sintered pellet displayed the
preferred orientation of the basal plane (0002). Further to understand the orientation in the
BNNS sintered pellet along the top surface and cross-section, texture studies were carried out
using pole-figure measurements. The pole figures of the top surface are shown in Figure 4.7.
Texture analysis clearly show the grains were preferentially aligned along the (0002) basal
planes on the top surface of the sintered pellet. Because, at the center of (0002) basal plane pole
figure, it displayed concentrated concentric shapes with stronger intensity. The presence of
other orientations in the top surface was almost negligible because the pole figures for the
(1120) and (0111) planes displayed no intensity at the center. So, the top surface texture results

clearly explain the c-axis was oriented in the direction parallel to the loading direction (during
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SPS) and ordering of the nanosheets perpendicular to the loading direction. Also, the basal

plane {0001} texture is most commonly observed in the hexagonal materials [12].

Sl iaes

Figure 4.7: Schematic drawing of the sintered BNNS SPS pellet top surface indicating the
region of texture studies along with the pole figures of (0002) plane, (1120) plane and (0111)
plane. The directions with reference to sample coordinates are defined as normal direction
(ND, normal to the sample surface), transverse direction (TD, Y-axis) and reference direction
(RD, X-axis)

For the cross-section surface, the pole figures are displayed in Figure 4.8. Along the
cross-section of the pellet, a relatively weaker texture was observed. The pole figures of (1120)
and (0111) planes showed isolines at the center with less relative intensities, suggesting the
preferred orientation is along the prismatic (1120) and pyramidal (0111) planes. There was no
trace of texture along the basal planes as there were no isolines observed at the center of (0002)
pole figure of the cross-section. Therefore, the texture studies of the sintered pellet display a
preferred orientation of the basal plane (0002) perpendicular to the loading direction during

sintering. The plausible mechanism for the texture in sintered BNNS is attributed to the uniaxial

pressure in the pressing direction and to accommodate this axial strain, the high aspect ratio
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nanosheets would have resulted in rotation with basal planes aligned perpendicular to the

loading direction.

Figure 4.8: Schematic drawing of the sintered BNNS SPS pellet cross-section indicating the
region of texture studies along with the pole figures of (0002) plane, (1120) plane and (0111)
plane. The directions with reference to sample coordinates are defined as normal direction
(ND, normal to the sample surface), transverse direction (TD, Y-axis) and reference direction
(RD, X-axis)

4.1.5. Mechanical Properties of Monolithic BNNS

4.1.5.1. Microhardness of Monolithic BNNS

The microhardness of the sintered BNNS pellet was measured using Vickers hardness
method. Five indentations were made on the top surface and cross-section of the sintered BNNS
pellet to obtain the average microhardness. The microhardness of the top surface is 0.49 + 0.02
GPa and for the cross-section is 0.28 + 0.03 GPa. The hardness of the top surface was 74%
higher than cross-section due to their strong covalent bonding nature between the boron and

nitrogen atoms within the plane along the top surface [13].
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4.1.5.2. Nanomechanical Properties: Elastic Modulus and Hardness of Monolithic BNNS

Using nanoindentation, the elastic modulus and hardness of the BNNS SPS pellet was
measured. Figure 4.9 shows the typical load vs displacement curves of the top surface and
cross- section for the pellet obtained by the nanoindentation test. From the test, the reduced
elastic modulus (Er) of the BNNS is obtained and from this, the sample elastic modulus (Es)
can be calculated using the below equation,

1_1—vi2+1—v52 i1
E E, (1)

Where Ejand vi are the elastic modulus (1140 GPa) and Poisson’s ratio (0.07) for the indenter.
From the literature, BN nanosheet Poisson’s ratio is 0.211 [14]. The top surface elastic modulus
of the BNNP pellet is 28.49 + 5 GPa and hardness is 1.15 + 0.17 GPa. For the cross-section,
the measured elastic modulus is 40.79 + 11.09 GPa and hardness is 0.609 + 0.12 GPa. For the
top surface, low indentation depth was observed compared to the cross section indent. The
cross-section has higher elastic modulus compared to the top surface because of the high in-
plane properties of the BNNS [13]. Also, the layered structure of sintered BNNS pellet
contribute further to the in plane property and this in turn results in high elastic modulus along
the cross-section. Lower elastic modulus was observed for the top surface due to the out of
plane strength with respect to the BNNS. The hardness on the top surface was high because of
the preferred orientation of the basal planes and the strong bonding nature within the planes.
This strong bonding nature results in resistance to deformation and in turn increases the
hardness along the top surface. The weak Van der Waals force between the hexagonal layers
results in low hardness along the cross-section of sintered BNNS pellet, because this weak

force will result in cracking and fracturing between the layers.
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Figure 4.9: Load vs displacement curve of nanoindentations performed on the polished top
surface and cross-section of sintered BNNS pellet

4.1.6. Tribological Behavior of Monolithic BNNS

Ball on disk tribometer was used to determine the room temperature coefficient of
friction (COF) for the sintered BNNS pellet. Figure 4.10 shows the room temperature COF at
3 N load for a track radius of 2 mm. The wear test was carried on the top surface of the polished
pellet. The average COF for the 2 mm track is 0.145. Using the optical profilometer, the track
depths were measured from the optical profiles and the track depth for 2 mm track radius is 45
pm. To elucidate the wear mechanism at room temperature, the wear tracks were observed
using SEM. Figure 4.11(a) shows the sliding direction for the 3 mm track radius. Due to the
layered nature of BNNS, very smooth surface is observed mostly on the wear track. This could
be attributed to the slipping of the layered nanosheets due to the weak van der Waals bond

between the layers and this resulted in a lower COF [15]. In the edges of the wear track, layers
of sintered BNNS were observed in steps as displayed by Figure 4.11(b). Welding of the BN
nanosheets were also observed in the wear track. Also, some loosely agglomerated BN

nanosheets and pits were formed on the smooth surface of the wear track as shown in Figure
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4.11(c). It could be caused due to the uneven loading on the surface and thus resulting in the
stress concentration at the edges of the wear track. In certain locations of the wear track, the

bending of the nanosheets were observed as shown in Figure 4.11(d).
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Figure 4.10: Coefficient of friction at 3 N load for the BNNS SPS pellet at room temperature
and high temperature for a track radius of 2 mm

To understand the wear nature of the sintered BNNS at high temperature and the BNNS
can withstand at high temperature compared to graphene, tribology studies were carried out at
a selected high temperature based on the outcome of thermogravimetric (TG) studies for as-
received BNNS powders. The weight loss was observed to be minimum around ~450 to 800
°C and this indicated the BNNS are more stable in this temperature region. After 800 °C,
significant increase in weight was observed, due to the oxidation of BNNS. As a result, boron
oxide would be formed on the surface [16]. Based on the TG results, ~ 600 °C was identified
to be the ideal temperature to conduct the high temperature wear test. The high temperature
COF at 3 N load for a track radius of 2 mm is shown in Figure 4.10. The average COF for the
2 mm track is 0.646. The coefficient of friction has increased significantly for high temperature

wear test compared to the room temperature COF. During the high temperature wear test, the

104



adhesion of BNNS on to the surface of alumina ball could have resulted an increase in the
coefficient of friction. The track depth for the high temperature wear tracks were estimated

from the optical profiles and the track depth for the 2 mm track radius is ~ 175 pm.
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Figure 4.11: SEM images of the wear track for the room temperature test shows (a) direction
of the wear track, (b) multiple BNNS layer at the edges of wear track, (c) pit formation and
(d) bending of nanosheets
Figure 4.12 shows the surface of the wear track observed using SEM for the high
temperature wear test BNNS pellet. For the high temperature studies, the 2 mm track radius
test was performed first. The surface of the wear track was extremely smooth as shown in
Figure 4.11(a). At certain places of the wear track, pile up of the BNNS wear debris was
observed (Figure 4.12(b)). Delamination of the sintered layers were observed in the wear track.

Due to this, the crack formation was identified on the delaminated surface as shown in Figure

4.12(c). Also, the adhesion of BNNS layers were observed in the wear track. On comparing
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the room temperature and high temperature coefficient of friction, the high temperature COE
has increased compared to the room temperature COE. The major observation in the high
temperature wear test is more delaminated nanosheets were observed in the wear track
compared to the low temperature wear track. So, these delaminated nanosheets would have
adhered to alumina ball surface and resulted an increase in the coefficient of friction at high

temperature.
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Figure 4.12: SEM images of the wear track at the high temperature indicating (a) smooth
wear track, (b) material pile up and (c) delamination and crack propagation
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4.1.7. High Load In-situ Indentation Behavior of Monolithic BNNS

In-situ indentation on the top surface and cross-section of the sintered and polished
BNNS pellet was carried out using displacement controlled mode with maximum displacement
of 0.5 mm. The preferred orientation of the BNNS after sintering has a significant role in the

mechanical properties which is apparent from the load-displacement curves. To reach a fixed
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displacement of 0.5 mm, the maximum load required was ~370.3 N for top surface (Fig.
4.13(a)) whereas cross-section required a lower load of ~231.3 N (Fig. 4.14(a)). This was in
accordance with the higher nanohardness (1.15 + 0.17 GPa) obtained for top surface from

nanoindentation as compared to cross-sectional surface (0.61 + 0.12 GPa).

4.1.7.1. Deformation along Monolithic BNNS Top Surface
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Figure 4.13: Top surface indent load-displacement curve and SEM images of deformation
event at different stage of loading

The load-displacement curve for the top surface high load indent is shown in Figure
4.13(a). From the loading curve, three significant slopes were observed. For each slope, the
corresponding normalized associated energy was computed by extrapolating the displacement

range from 0 mm to 0.5 mm (i.e. total displacement). The work of indentation can be related
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to the normalized associated energy, when the slope remains uniform over the complete
displacement range. The dominant deformation mechanism can be identified by comparing the
normalized energy dissipated from each region and observing the deformation phenomenon at
that instant from the video. Small drops in load were also observed in the slope 1 and slope 2
regions. Using the recorded real time video, the slope, time interval from the video, normalized
associated energy for each slope and the corresponding deformation mechanism are listed in
Table 4.1 for the top surface indent.

Table 4.1: Deformation mechanism observed during top surface indentation with respect to

the slope and the corresponding time duration from the video
Normalized

associated energy
(mJ)

Time range in
video (min)

Specific Time Deformation

Slope in Video (min) mechanism

(i) Compression of the
sheets

(i) Delamination of
0.07-3.38 the sintered sheets
(Fig. 4.13(b))

(iii) Bending of
delaminated sheets

0.05

0.32
1 0.05-3.38 54.83

1.10 (iv) Pile up

(v) Fracture of
1.42 delaminated sheets
(Fig. 4.13(c))

2.30 (vi) Sliding

Delamination and
fracture of underlying
new surface (Fig.
4.13(d))

Mechanisms repeats
along the depth with
crack observed at the
bottom (Fig. 4.14(d))

2 3.40 - 4.50 110.85 -

3 5.05-6.48 205.9 -
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For the slope 1 region, in the beginning of indentation, compression of sheets was
observed. Gradually, delamination of the sheets near the indenter surface (Fig. 4.13(b)),
bending and sliding of these delaminated sheets were observed. Pile up of these delaminated
sheets occurred. In the middle of slope 1 region, fracture of the delaminated sheet (Fig. 4.13(c))
and sliding of the sheets were observed. As the displacement proceeds further (at the end of
slope 1), next layer of sheets was delaminated and the pile up of these sheets occurred. In the
whole slope 1 region, there are small drops in load observed at different displacement points
and this is related to the layered breakage in the BNNS SPS pellet. The fracture surface of
sintered BNNS SPS pellet (Fig. 4.6(c)) clearly reveals the region of dense layers followed by
lamellar voids at different locations. These lamellar voids would have resulted in the drop in
load as the indentation progressed. The intermediate region between each drop is attributed to
delamination of sheets and material pile up. During the slope 2, a big wedge of new surface of
layered sheet was delaminated, leading to fracture as shown in Figure 4.13(d). For the slope 3,
the tip was engaged and the loading was happening continuously. During this time, the
mechanisms repeats along the depth where there was no deformation behavior observed in the
video. But from the SEM indentation images after the tip removal, crack propagation was
observed at the bottom of fractured indent surface as shown in Figure 4.13(d). The normalized
energy calculated for the slopes in top surface showed a two-fold increase in each slope region.
Greatest energy dissipation was observed in slope 3 region (205.9 mJ), where it was about
275% and 86% greater than slope 1 and 2 respectively. The deformation mechanism in slope

3 remains to be the dominant deformation mechanism along the top surface.
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Figure 4.14: SEM images of the top indented surface after the tip removal, (a) lower
magnification of the indented surface indicating the regions from where the SEM images b, ¢
and d, were imaged, (b) layered fractured surface, (c¢) bending of sheets, and (d) crack
propagation at the bottom of the indent surface

Figure 4.14(a-d) shows the different locations of the damaged surface in the indent
region after the tip removal for the top surface indentation. The delamination of layers has
occurred like a wedge forming three different layers/steps until the bottom of the indent as
shown in Figure. 4.14(b). This clearly indicates layer-by-layer delamination during indentation.
Bending of the layered sheets were observed (Fig. 4.14(c)) at the corner of the indent surface
where BNNS have oriented along the height of the step. The fractured regions inside the
indented surface clearly indicate the sheets have fractured from the pellet in a zig-zag way.
This again confirms the boron nitride sheets fracture along the sheet edges and not through the
sheets, and the strong bonding nature of B-N within the planes. Further, at the bottom most -of
the indent surface, lateral crack propagation was noticed in Figure 4.14(d). The major
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observation from the surface indentation is the sheets have delaminated in layers more in a
tapered way and there was no crack propagation observed on the top surface or near the

indentation surface as seen in Figure 4.14(a).

4.1.7.2. Deformation along Monolithic BNNS Cross-section
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Figure 4.15: Cross-section indent load-displacement curve and SEM images of deformation
event at different stage of loading

The load-displacement curve for indentation along the cross-section of the sintered
pellet is shown in Figure 4.15 (a). There are three major slope changes observed from the curve
during loading. The slope, time range from the video (V2), normalized associated energy for
each slope and the corresponding deformation mechanism are given in the Table 4.2. From the
load-displacement curve and video V2, the deformation mechanisms observed for the slope 1
sequentially are the compression of sheets, crack initiation, crack propagation, minimal
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delamination of sintered sheets followed by the fracture (Fig. 4.15(b)). For the slope 2, bending
of delaminated sheets and crack propagation were observed. In the slope 3 region, there is a
small drop in load due to pit formation, which results in the evolution of 3 parallel slopes (3,
3", 3" in this regime. During the slope 3, the crack propagates further resulting in the fracturing
of the sheets at the crack region and due to this, a huge pit is formed near the indenter as shown
in Figure 4.15(c). In the displacement range from 0.4 to 0.5 mm, the dominant deformation
was fracturing of the cross-sectional layers into two halves with increasing load (Fig. 4.15(d)).
In the real time video for this displacement regime, there was continuous engagement of the
tip and the loading was happening continuously. During this duration, there was no major
deformation observed in the video. This could be attributed to the fracturing of cross-sectional
layers with increasing load. In the cross-section, normalized associated energy increased two-
fold from slope 1 (55.22 mJ) to slope 2 (103.11 mJ). For the slope 3, the normalized energy
remained the same as slope 1. Deformation mechanisms in slope 2 (bending of sheets and crack
propagation) are the dominant deformation mechanisms with 87% higher energy of dissipation
compared to the slope 1 and 3.

Table 4.2: Deformation mechanism observed during cross-section indentation with respect to
the slope and the corresponding time duration from the video

) _ Normalized S )
Time range in ] Specific time in Deformation
Slope ) i associated energy ) ) )
video (min) video (min) mechanism
(mJ)
i) Compression of the
0.31 ® P
sheets
0.33 (it) Crack initiation
1 0.30-1.01 55.22 0.42 (iii) Crack propagation
(iv) Fracture of
0.45 delaminated sheet (Fig.
4.15(b))
2 1.18-1.42 103.11 1.22 (i) Bending of sheets
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1.30 (i) Crack propagation

230 (i) Pit formation (Fig.
3 2.29 - 3.40 54.26 ' 4.15(c))

3.15 (i) Crack propagation

Fracturing into two
parts (Fig. 4.15(d))
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Figure 4.16: SEM images of the cross-section indented surface after the tip removal, (a) low
magnification image indicating the regions from where the SEM images b, c, and d, were
imaged, (b) delaminated of the sheets, (c) crack propagation from indentation, and (d) fine
cracks below the indent surface

After the indentation along the cross-section of BNNS SPS pellet, the indented surfaces
were analyzed using SEM as shown in Figure 4.16(a-d). Large delaminated sheets were
observed along the edges and inside the indented surface (Fig. 4.16(b)) These BNNS sheets
have fine cracks on the surface and were fragmented. Fine multiple cracks merge into one long
crack away from the indented region and these cracks were deflected along the edges of the

sheet as shown in Figure 4.16 (c). Fine lateral cracks were also formed on the bottommost
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center region below the indenter as shown in Figure 4.16(d). Therefore, from the above
observations the deformation mechanisms in the cross-section indent are crack initiation, crack
propagation, bending and fracturing of the layers which is completely different from top

surface indentation behavior.

4.1.7.3. Deformation Mechanism of Monolithic BNNS Pellet with Respect to Different

Orientations

The normalized associated energy (mJ) measured from each slope of the top surface
and cross-section of load-displacement curves are listed in Tables 4.1 and 4.2. From this
quantified normalized associated energy, energy dissipation of the top surface increases four-
fold as the displacement occurs and it takes much longer to fail. In the cross-section, the
calculated normalized energy goes only two-fold higher and the failure occurs more rapidly as
compared to the top surface. This is expected because of the nature of bonding of boron and
nitrogen atoms within the plane (top surface), were they exhibit a strong covalent bonding with
a bond energy of 3.25 eV and along the cross-section they have a weak Van der Waals bond
between BN layers with a bond energy of 0.052 eV [17]. The in-plane bond energy is about
~62.5 times higher than the out-of-plane bond energy, which contributes to higher dissipation
of energy along the top surface. Additionally, zig-zag nature of fracture and bending of layered
sheets at corner of the indent surface are the distinct top surface fracture mode, by which the

dissipation of energy increases along the top surface compared to the cross-section.
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Figure 4.17: (a) Schematic drawing showing the simple hexagonal system marked with the
basal plane (0002), prismatic plane (1120), pyramidal plane (0111) and the schematic of
layered BNNS. Also, the loading direction along the top surface and cross-section are marked.
(b) Combined load-displacement curve along the top surface and cross-section of sintered
BNNS

In-situ indentation behavior along with the texture and TEM results provides a deeper
insight about the deformation mechanism of 2D BNNS with respect to the orientation. The
most common plastic deformation mechanisms are slip and twinning. Generally, slip occurs in
a system, when the critical resolved shear stress (tc) reaches a critical value. The critical

resolved shear stress, t¢ is given by equation 4.2,
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Tc =0y * Cos ¢ * Cos A 4.2)
where, oy is the yield stress, ¢ is the angle between the tensile axis and slip plane normal, A is
the angle between the tensile axis and slip direction. Schmid factor is given by Cos ¢ * Cos A.
A schematic of the hexagonal BNNS system with the planes and loading direction are shown
in Figure 4.17(a). The top surface texture studies clearly showed a preferred orientation of basal
planes (0002) perpendicular to the direction of pressure during sintering. Also, the TEM studies
on the top surface revealed twin like features after sintering. The indentation test was performed
in such a way that load was applied in perpendicular direction to the top surface, (i.e.) the
loading direction was at 90° to the basal plane. This does not satisfy the Schmid factor to
activate the slip along the basal plane because Cos ¢ is 0 and thus tc = 0. So, along the top
surface, there is no plastic deformation due to slip. Strong bonding between the boron and
nitrogen atoms along the basal plane restricts the crack propagation through basal plane. From
this understanding, the dominant deformation along the top surface will be delamination of BN
sheets. Cross-section textured studies showed a relatively weak texture along the prismatic
plane (1120) and pyramidal plane (0111). During the indentation test on the cross-section, the
load was applied at 90° along the prismatic or pyramidal planes. Since, there is no major
preferred orientation along the cross-section, the load acting on the surface is compressive in
nature and there are possibilities to have compression along different directions. In that case,
the compression along the [1120], may result in twinning and this will activate the basal slip,
(0002)[ 1120]. Further, for the pyramidal plane (0111), the ¢ # 90° and A # 90°. Therefore,
the Schmid factor has a finite non-zero numerical value, thus tc has a numerical value and this
indicates pyramidal plane is also an active slip plane along the cross-section. These active slip
planes may lead to plastic deformation along the cross-section. Nanoindentation studies along
the cross-section showed lower hardness compared to the top surface. This clearly corroborates

the weak Van der Waals forces between the layers in the h-BN system, resulting in crack
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propagation through the grains more easily. Further, this leads to fracture along the cross-
section surface. Figure 4.17(b) shows the combined load-displacement curves of top surface
and cross-section, higher load was required for the top surface to reach the same displacement
compared to the cross-section. Total work of indentation measured from the area under the
loading curves was found to be 61.44 mJ and 41.07 mJ for top surface and the cross-section,
respectively. Along the top surface about 50% more energy was dissipated compared to the
cross-section indicating the top surface has higher toughness comparatively. Therefore, the
dominant deformation mechanism observed in the top surface were compression of the layered
sheets, delamination and material pile up along with zig-zag fracture. In addition, the
deformation of top surface was also dominated by twinning and by inciting the non-basal slip
systems. This understanding of in-situ deformation mechanism of sintered BNNS pellet with
respect to different orientations, will help to develop and design the structural composite

materials comprising of two-dimensional boron nitride nanosheets.

4.1.8. Conclusion of Monolithic BNNS Consolidated by Spark Plasma Sintering

Monolithic BNNS has been successfully consolidated by SPS with 92% density. The
sintered BNNS pellet has the h-BN structure, where the nanoscale features of individual
nanosheets has been retained in the monolithic BNNS. The preferred orientation of nanosheets
in monolithic BNNS had a significant effect on mechanical properties and deformation
mechanisms. Total energy dissipation during high-load indentation was higher for top surface
(61.44 mJ) compared to cross-section (41.07 mJ). Understanding the arrangement of
nanosheets in bulk structure will contribute in the robustness of 3D architecture and design of

BNNS based composites.
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4.2. Monolithic BCN Consolidated by Spark Plasma Sintering

Two-dimensional graphene nanoplatelets and boron nitride nanosheets were used for
reaction synthesis (by spark plasma sintering) to form the ternary 2D boron-carbon-nitride
(BCN) system. The novelty of the BCN synthesis: (i) using reactive sintering process of 2D
BNNS and 2D GNP powder mixture (BN + C — BCN) at high temperature (greater than 1600
°C) and the sintered BCN compacts exhibit a strong textured structure; (ii) understanding the
friction and wear properties of BCN compacts; and (iii) in-situ high load indentation study on

the sintered BCN compacts to identify the deformation mechanisms.

4.2.1. High Energy Ball Milled BNNS and GNP Powder Characterization

. '|
Figure 4.18: SEM images of as-received (a) graphene nanoplatelets and (b) boron nitride
nanosheets

Mechanical alloying is an efficient technique for the initial powder preparation, where
the BNNS and GNP powders will be mixed together by this method. SEM images of the as-
received BNNS and GNP powder are shown in Figure 4.18. As-received GNP particle was in
the range of 3-15 pum with thickness of 6-8 nm and as—received BNNS particle was in the range
of 100 nm —to 3 um with thickness of 40-60 nm. As-received BNNS and GNP were ball milled
for 1 h in tungsten carbide (WC) vial using WC balls of 8 mm in diameter. The ball to powder

ratio chosen for milling was 10:1. The milling was performed for shorter duration, to avoid any
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phase formation and the reason for milling was to obtain uniform mixture of BNNS-GNP.
Figure 4.19 shows the SEM image of ball milled powders. It clearly shows the uniform mixing
of BNNS-GNP, and the nanosheets were not fractured during ball milling. Also, there was no

change in morphology and particle size of the ball milled nanosheets.

XRD patterns of the as-received GNP, BNNS and ball milled powder are shown in
Figure 4.20. The as-received GNP show peaks related to graphene [18] and as-received BNNS
show peaks related to hexagonal boron nitride (h-BN) [19] with minor traces of impure boron
carbide (B4C). The XRD pattern of 1 h ball milled powder (BNNS-GNP), shows the individual
peaks of BNNS and GNP in the mixed powder. No structure change or phase formation was
observed after ball milling. In addition, minor fraction of B4C was found and there was no

contamination of WC from the ball milled vial or balls.
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Figure 4.20: XRD patterns of the as-received GNP, as-received BNNS and ball milled BCN
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4.2.2. Reaction Synthesis BCN System — SPS Parameters

Reactive spark plasma sintering (RSPS) is a reaction synthesis process, where it will
form the in-situ synthesized phase with simultaneous densification in a single step. The
processing parameters - sintering temperature, dwell time, heating rate and sintering pressure,
have a vital role in controlling the microstructure, new phase formation and densification of
sample. The reactive SPS process parameters for BCN formation were chosen based on
literature and previous research works in our group used for consolidating GNP powder by SPS
[20-22]. Also in one of the early studies discussed in Kosolapova et al., BN-C (graphite) was
chosen as starting powders for the synthesis to form BCN phase, where the reaction
temperature was in a range of 1400 — 2200 °C [23]. The sintering temperature was chosen
between 1600 — 1800 °C, dwell time of 10 — 30 min, heating rate of 100 °C/min and sintering

pressure of 60 MPa. A systematic approach was applied in this study to discern the effect of
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RSPS process parameters. So, the heating rate and sintering pressure were retained uniformly
for all the reaction synthesized BCN samples. The RSPS sintering temperature and dwell time
were varied and the effect of these parameters were examined methodically. The BCN samples
were reaction synthesized at 1650 °C sintering temperature under a pressure of 60 MPa for 10
min (BCN 1) and 30 min (BCN 2) with purpose to analyze the effect of dwell time on the phase
formation, properties and densification. The sintering temperature was increased 100 °C from
1650 °C to 1750 °C (BCN 3) for dwell time of 10 min could contribute in increasing the density
of BCN sample with in-situ synthesized phase formation. Therefore, the prudent choice of
RSPS process parameters will result in synthesizing BCN samples with improved densification

and attractive properties.

4.2.2.1. Reactive Sintering Mechanism — BCN Phase Formation
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Figure 4.21: BCN phase formation mechanism during reactive spark plasma sintering
The BCN phase formation is achieved by two major steps: (i) high energy ball milling
(mechanical activation) and (ii) reactive spark plasma sintering (RSPS). The possible
mechanisms of reactive spark plasma sintering process of composite (BNNS and GNP)

powders as reactants for BCN phase formation will preferably be controlled by a solid-state
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diffusion mechanism in two different ways as shown in Figure 4.21. In this reactive spark
plasma sintering process, below is the reaction for BCN phase formation,
BNNS (h-BN) + GNP (C) — BCN (4.3)

The reactant powder mixture of BNNS and GNP were prepared by high energy ball milling
method. The initial microstructure and properties of the mixed reactant powders will have a
strong impact over the in-situ synthesized phase, microstructure, properties and densification.
This method of mixing will contribute in achieving uniform distribution of BNNS/GNP and it
will improve the reactivity of composite powders [24, 25]. In this process of mixing, some
microdefects would be created in the nanosheets and during RSPS, these defects can contribute
in the diffusion of atoms [26]. So, the mechanical activation of reactant mixed powders will
aid in BCN phase formation by RSPS. In the RSPS process, the sintering process is initiated
by pulsed DC current and the reactant powders electrical conductivity has the ability to control
the synthesis reaction rate. As graphene nanoplatelets are highly conductive in nature when
mixed with insulator like boron nitride nanosheets, during reactive spark plasma sintering
process the pulsed electric current transfers through the BNNS/GNP mixture, localized heating
(high temperature spots) will be developed in GNP regions were the reaction will begin and
accelerate through the nanosheets if strong interfaces were developed between the nanosheets
[27, 28]. Thus, the reaction during RSPS would be self-accelerated because of the GNP
existence in the reactant mixed powders. The distribution of BNNS and GNP after ball milling
can be of two distinct ways as shown in Figure 4.21. As BNNS are smaller in particle size
compared to GNP, initially the BNNS may lie above or decorate the graphene nanosheets (Fig.
4.21(a)) or BNNS may accumulate themselves between the edges of multiple graphene
nanosheets (Fig. 4.21(b)). Once the RSPS process was initiated, between the good interfaces
of nanosheets localized heating was generated and this will improve the reaction kinetics,

trigger the solid-state diffusion and result in the in-situ synthesis of BCN phase at the interface
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between the nanosheets. The phase formed would be diffusion-controlled, as the elevated
sintering temperature increases the rate of reaction, atoms will have high energy and they will

diffuse towards the interface (between nanosheets) to form BCN.

4.2.3. Monolithic BCN — Density, Structure and Microstructure

The ball milled 2D-BNNS and 2D-GNP powders were reaction synthesized using spark
plasma sintering to form BCN phase at different temperature and dwell time (Table 4.3) under
a pressure of 60 MPa with a heating rate of 100 °C/min. After reaction synthesis, the BCN
pellets were polished to remove the graphite foil and the pellets were 20 mm circular disk with
3 mm thickness. The density of the as-received BNNS, GNP and ball milled powder were
measured using helium pycnometer. The density of the ball milled mixed powder was 2.386
g/cm3, while the density of reaction synthesized BCN pellets are included in Table 4.3. Using
Archimedes method, the relative density of the reaction synthesized BCN pellets were
measured. BCN 2 and BCN 3 showed an increase in relative density compared to BCN 1
sample. The increase in relative density of BCN 2 and BCN 3 is attributed to the two major
parameters of reactive spark plasma sintering process, namely the increase in reaction synthesis
dwell time from 10 min to 30 min at 1650 °C and reaction synthesis temperature from 1650 °C
to 1750 °C. Dwell time is one of the important process parameters to be optimized in RSPS,
with increase in dwell time the density improved to 93.4% for BCN 2 sample, this is due to the
increased surface contact and increased heat flux, which reduces the interlayer gap between the
nanosheets. Another important process parameter is the sintering temperature, as the sintering
temperature is increased, it will increase the generation of joule heat with enhanced inter-sheet
bonding and thermal diffusion of nanosheets. This will contribute in densification of BCN

pellet with reduced porosity and in addition, it will enhance the reaction rate during RSPS.
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Hence, the density measurements for all three samples demonstrate the importance in selection

of RSPS process parameters and their influence in density of sintered BCN pellets.

Table 4.3: Reaction synthesis conditions for SPS and the measured density of reaction
synthesized pellets

Sample Synthesis DweII. time | Density (g/cm®) Re!ative
Temperature (°C) (min) (pycnometer) density (%)
BCN 1 1650 10 2.095 88
BCN 2 1650 30 2.231 93.4
BCN 3 1750 10 2.221 93.2

X-ray diffraction studies on the reactive sintered BCN samples for all the three
conditions were performed to confirm the phase formation as shown in Figure 4.22(a). For the
BCN 1 sample (1650 °C, 10 min) after reactive sintering showed the strongest diffraction peak
at ~ 26.408°, it shifted towards lower 20 angle (Fig. 4.22(b)) and d-spacing calculated for this
peak was 3.371 A. Majorly, the h-BN characteristic peaks were observed. Impure phase B2Os,
B4C and carbon were formed after reactive sintering of ball milled powders. The B4C formation
can be related to the BNNS reaction with the graphite foil during SPS. The reactive sintered
BCN 2 pellets (1650 °C, 30 min) showed further drift of the strongest diffraction peak at ~
26.38°, towards lower 20 angle (Fig. 4.22(b)) and d-spacing calculated for this peak was 3.374
A. The h-BN peaks corresponding to BNNS was observed along with impure phases B20s,
B4C and carbon. The cubic BCN phase formation was observed around ~42.9° (Fig. 4.22(c)).
The XRD pattern of BCN 3 (1750 °C, 10 min) pellet, shows the existence of h-BN, B0z, B4sC
and carbon, which was also observed in the previous sintering conditions. The intense
diffraction peak at ~ 26.106° corresponding to (002) plane shifts further to lower angle, where
the d-spacing was 3.42 A. This d-spacing matches the hexagonal BCN (h-BCN) value from the
JCPDS file (35-1292). The calculated d-spacing of BCN 3 pellet was larger than the d-spacing
of as-received BNNS (3.33 A) and as-received GNP (3.36 A). Similar observations were

observed in the literature for h-BCN phase formation [29-31]. Similar to BCN 2 (1650 °C, 30
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min), cubic BCN (~42.9°) phase was also formed for the sample synthesized at 1750 °C [31].
Furthermore, the intensity of ~26° peak for BCN 2 and BCN 3 pellets was higher compared to
mixed reactant powders/BCN 1 pellet, suggesting the increase in crystallinity of newly
synthesized phase. This corroborates the ternary B-C-N formation by reactive spark plasma

sintering process from the reactant mixture of 2D BNNS/GNP.
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Figure 4.22: XRD patterns of the reaction sintered (a) BCN 1, BCN 2 and BCN 3, (b) and (c)
shows the scans in the 20 range of 23-32° and 40-45° respectively

In addition to understand the nature of chemical bond formed between the BNNS/GNP
and to confirm the BCN phase formation after reactive sintering, the Fourier transform infrared
(FTIR) spectrum was measured as shown in Figure 4.23. FTIR spectrum of the ball milled
powders showed four major peaks 773, 1015, 1338 and 1540 cm™. The 773 and 1338 cm'
peaks were related to the B=N bending and B-N-B stretching in the out-of-plane modes
respectively [32]. The peak at 1540 cm™ correspond to the C=C bond [33]. These three
characteristic peaks reveal the presence of h-BNNS and GNP. Also, peak corresponding to B-

O bond was observed at 1015 cm™ and this confirms presence of boron oxide. The FTIR
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spectrum of the reactive sintered BCN 1 pellet shows the two peaks (734 and 1325 cm™)
corresponding to B-N bond, 1006 cm™ corresponding to the B-O bond and 1532 cm’
corresponding to the C=C bond. There was an appearance of new peak at 1147 cm™ which
corresponds to B-C [34], suggesting the new phase formation. For BCN 2 pellet, the FTIR
spectrum showed the existence of B-N bond (725 and 1323 cm™) and C-C bond (1525 cm™).
The peak at 979 cm™ correspond to the B-O bond. The B-C and C-N bonds were found at 1141
and 1250 cm® respectively [34-36]. The existence of bonds B-C, B-N and C-N, indicate the
possible BCN phase formation. The FTIR spectrum of BCN 3 pellet revealed the presence of
h-BN (723 and 1319 cm™). The B-O bond of boron oxide was found at 979 cm™. Peak at 1112
cm corresponds to B-C bond. The C-N and C=N bonds were present at 1263 and 1640 cm™
respectively [35, 36]. These two peaks (C-N and C=N) with increase in sintering temperature
become intense and prominent. The peaks corresponding to B-N bonds in BCN pellets shift to
lower wavenumbers compared to the B-N bond wavenumber in BNNS of mixed powders. This
wavenumber shift indicates the carbon substitution in boron nitride nanosheet and h-BCN
formation [31]. Based on the above observations, the BCN 2 and BCN 3 reactive sintered

pellets confirm the ternary BCN phase formation.
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Figure 4.23: FTIR spectra of the ball milled powder and reaction sintered BCN 1, BCN 2 and
BCN 3 respectively

The Raman spectra for the reaction synthesized BCN pellets are shown in Figure 4.24.
The three dominant and designated peaks of graphitic like structure: D, G, 2D peaks were
observed in all the three BCN pellets [37-40]. The D peak is related to the defect induced in
graphene structure, such as vacancies, in-plane substitution of atoms or the edges (defect sites
in sp?) [39]. The G peak is related to the graphene first order Raman scattering and from the
in-plane vibrations (stretching) of C-C/B-N/B-C/C-N sp?bonded pairs [39, 41]. The 2D peak
is sometime represented in literature as G’ as it is the second most prominent peak of graphene.
The 2D peak also arises from the lattice defects, originates from Raman process of double-
resonance band and the 2D peak intensity will be higher than G peak intensity for monolayer
graphene [42, 43]. In the reaction synthesized BCN 1 pellet, Raman spectrum shows the major
D, G, 2D peaks, in addition with traces of small shoulder in G peak which is represented as D*
and trace of D+G near the 2D peak. The D* is activated by the weak structural disorder present

in the GNP and D+G is also induced by the presence of defects (structural disorder) [39]. The
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D peak of the BCN 1 sample is broader than BCN 2 and BCN 3 (Fig. 4.24(a)), due to the
existence of both h-BNNS (in-plane B-N vibrational mode) and D peak of GNP [39, 44]. The
Raman spectra of BCN 2 and BCN 3 show the dominant three peaks (D, G, 2D), where the D
peaks becomes narrow and the intensity of D peak decreases compared to D peak of BCN 1
(Fig. 4.24(a) and (b)). This observation of D peak in BCN 2 and BCN 3 pellets imply the sheets
have become more crystalline in nature with less defects. In addition, the shoulder peak D*
becomes more prominent peak in the BCN 2 and BCN 3 pellets Raman spectra, indicating the
possible B-C-N phase formation. The intensity of D+G peaks also increases for BCN 2 and
BCN 3 pellets compared to BCN 1 pellet, most probably due to the diffusion of B/N atoms in
GNP [45]. From the intensity ratio of Raman spectra first order D and G peaks, the crystallinity
of the sintered BCN pellets can be defined. The change in intensity ratio (R-value) with reactive
sintering conditions are shown in Figure 4.24(d). Using Raman spectra, the crystallite size (La)

can be calculated from the below equation [46],

Lo(nm) = > (D)7 (4.4)

4
Elaser

where E}}..-(eV) is the excitation energy, I, is the intensity of defect D peak and I is the

intensity of the graphitic peak. The intensity ratio 13 is inversely proportional to the crystallite
G

size (La). The calculated intensity ratio decreased for the BCN pellets with longer holding time
(BCN 2 - 1650 °C, 30 min) and increased sintering temperature samples from 1650 °C to 1750
°C (BCN 3 - 1750 °C, 10 min). This measurement shows the enhancement in crystal quality
with increase in crystallite size along the nanosheet plane for BCN 2 and BCN 3 pellets. Thus
the Raman studies reveal, reaction synthesized BCN 2 and BCN 3 pellets have lower structural

defects with bigger nanosized BCN crystals compared to the BCN 1 pellet.
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Figure 4.24: Raman spectra of reaction synthesized (a) BCN 1, (b) BCN 2, (¢c) BCN 3 and (d)
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Figure 4.25: HRTE
showing GNP/BNNS, (c-d) lattice resolved TEM images with the inset showing
corresponding diffraction pattern

High resolution transmission electron microscope was used to study the microstructure
of the reaction sintered BCN pellets. As described in section 3.5.2, the BCN pellets were
imaged along the direction, normal to the basal plane (c-axis was parallel to the electron beam).
Figure 4.25 shows the bright field HRTEM images of reactive sintered BCN 1 pellet. Figure
4.35(a) shows high magnification TEM image of multiple stacked nanosheets sintered together
after spark plasma sintering process. Good interface was observed between the sintered
nanosheets. The long graphene nanosheets were observed in the stacked nanosheets as shown
in Figure 4.25(a). HRTEM image of low magnification (Fig. 4.25(b)) shows regions with
nanosheets which are darker and lighter in some places which indicate the presence of
multilayered or few layered graphene nanosheets respectively. Mostly rough surface of
graphene nanosheet was observed with few folding and some wrinkles were clearly seen in
Figure 4.25(b). The low magnification bright field image of BCN 1 pellet displays small flake
like nanosheets which are BNNS distributed at multiple spots of graphene nanosheets. Lattice

resolved high resolution TEM images of reaction sintered BCN 1 pellet is shown in Figure
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4.25(c-d). The lattice resolved HRTEM image (Fig. 4.25(c)) showed lattice spacing of 0.34 nm
with typical fringe separation and this lattice spacing corresponds (002) planes of GNP. Lattice
defect (atomic arrangement) was observed in the lattice resolved HRTEM image of Figure
4.25(d). Disordered lattice regions were observed at multiple regions. The inset in Figure
4.25(d) shows the Fast Fourier Transform generated diffraction pattern from the HR-TEM
image displays a set of diffused hexagonal spots with amorphous ring and the diffractions spots
are not well defined. The diffused spot pattern indicates the poor crystalline nature of reaction
sintered BCN 1 and streaked diffraction spot were also observed, which is related to the basal
plane defects [47, 48]. The microstructure of BCN 1 pellets shows significant amount of
unreacted GNP and BNNS, however lattice defects were observed in lattice resolved HRTEM

images.
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Figure 4.26: HRTEM image of the reaction sintered BCN 2 showing (a-b) bright field image
showing GNP/BNNS and reacted BCN region, (c-d) lattice resolved TEM images with the
inset showing corresponding diffraction pattern

The bright field HRTEM images of reactive sintered BCN 2 pellet are shown in Figure
4.26. TEM image of BCN 2 pellet (Fig. 4.26(a)) at high magnification displays smooth
interface between the stacked nanosheets and the bright field image displays significant amount
of contrast in certain regions due to the high density of dislocations developed during the RSPS
process. In some regions, twin boundary formation was observed as seen in Figure 4.26(a).
Significant amount of ripple formation was developed on the unreacted graphene nanosheets
after reactive spark plasma sintering [49]. Figure 4.26(b) displays multilayered graphene
nanosheets with some region of the sheets being smooth (free from ripple formation). Most of
the sintered graphene nanosheets was folded, wrinkled with few corrugated regions (Fig. 4.26
(b)). Irregular shaped small dark regions (marked in the Fig. 4.26(b) as circles) were observed,
indicating the possible reaction product - BCN particles formed between the nanosheets. Figure
4.26(c-d) shows lattice resolved high resolution TEM images of reaction sintered BCN 2 pellet.
Two different layers was observed in the Figure 4.26(c), with the lattice spacing of 0.33 nm
and 0.34 nm corresponding to BNNS and GNP respectively. Between the BNNS and GNP

layers, the reacted region was clearly visible with the change in their lattice arrangement and
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orientation. Near the reacted region, some of the places were amorphous. This is ascribed to
the distortion of ordered BNNS/GNP lattice, where the incorporation of boron or nitrogen or
carbon atoms in the ordered lattice create these amorphous domains [50-52]. The inset in
Figure 4.26(c) shows the high magnification of interface between two different sintered layers
and the interface is quite smooth. The good bonding at the interface arises from the diffusion
of B-N and C atoms during the reactive spark plasma sintering with longer dwell time. The
high magnification view of the reacted BCN region displays the lattice image and
corresponding Fast Fourier Transform generated diffraction pattern from the HR-TEM image
of Figure 4.26(d). The image shows well resolved lattice fringes implying the crystalline nature
of synthesized BCN phase with less lattice imperfections (lattice imperfection regions are
shown in the dotted circle of Fig. 4.26(d)). Two different lattice spacing of 0.21 nm and 0.22
nm adjacent to each other was observed. The lattice spacing of 0.21 nm correspond to (100)
plane and 0.22 nm correspond to (010) plane spacing of BCN [53, 54], while the angle between
the two planes was 118°. This observation is similar to 2D boron nitride nanosheets structure,
suggesting the observed BCN phase is hexagonal in nature like BNNS [53-55]. The FFT
generated diffraction pattern from the TEM image reveals sharp bright diffraction spots with
hexagonal symmetry. All the TEM observations of Figure 4.26(c-d) imply the single crystalline
nature of reaction synthesized hexagonal BCN phase. The high-angle annular dark field-
scanning transmission electron microscope (HAADF-STEM) images of reaction synthesized
BCN 2 is shown in Figure 4.27. The STEM image shows two different color contrast, where
the grey matrix belong to the nanosheets and the reaction synthesized BCN phase is the bright
white nanoparticles. The Figure 4.27(a) shows the nanoparticles are mostly formed between
the nanosheets (as marked by yellow arrows). The nanoparticles formed were of varying size
from 10 nm to 400 nm. In addition, the particles were of different morphology, the inset in

Figure 4.27(b) shows a platelet (layered) shaped, spherical shaped and some irregularly shaped
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nanoparticles. The platelet (layered) shaped nanoparticles confirm the h-BCN nanosheet of 2D

nature formed after reactive spark plasma sintering.

spherical

20w

Figure 4.27: HAADF STEM image of reaction synthesized BCN 2

The reactive sintered BCN 3 pellet bright field HRTEM images are shown in Figure
4.28. TEM image of BCN 3 pellet (Fig. 4.28(a)) at high magnification displays smooth
interface between the reacted nanosheets. Array of micro-twin formation was observed in some
regions as seen in Figure 4.28(a). The ripple formation on the sintered nanosheets has
significantly reduced compared to BCN 1 and BCN 2. Multilayered graphene nanosheets with
some folds and corrugated regions were seen in Figure 4.28(b). Irregular shaped dark region of
100-120 nm particle (marked in the Fig. 4.28(b) as circle) was observed, indicating the possible
reaction product - BCN particles formed between the nanosheets. The high resolution TEM
lattice fringes and the corresponding fast Fourier transform (FFT) of reaction sintered BCN 3
pellet are shown in Figure 4.28(c-d). In the Figure 4.28(c), there are two different lattice
spacings observed, where 0.348 nm corresponds to (002) plane of hexagonal BCN and 0.209
nm corresponds to (111) plane of cubic BCN. The grain boundary between the two layers are

visible and marked by yellow line in Figure 4.28(c). The inset in Figure 4.28(c) corresponds to
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the fast Fourier transform pattern from the TEM image and it displays a diffused spotty pattern.
This pattern displays a hexagonal symmetry, it is shown by yellow lines in the figure and the
diffused pattern arises due to lattice imperfections. Figure 4.28(d) shows the high resolution
TEM lattice fringes of BCN 3 and the corresponding fast Fourier transform pattern. This high
resolution image displays an ordered atomic arrangement and the crystalline nature of
synthesized phase with few lattice imperfections are marked as yellow circles in the Figure
4.28(d). The imperfections observed are amorphous region, missing atoms/vacancies and
lattice distortions. The blue boxes (in Fig. 4.28(d)) show the presence of dislocation and
stacking faults, arising from the lattice misfit during the BCN phase formation. Lattice spacing
values of 0.345 nm and 0.27 nm corresponding to (002) and (100) plane are observed. The FFT

pattern shows streaks and this arises from the lattice imperfections — distortions and stacking

faults.
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showing GNP/BNNS and reacted BCN region, (c-d) lattice resolved TEM images with the
inset showing corresponding fast Fourier transform (FFT) pattern

The HAADF-STEM images of reaction synthesized BCN 3 is shown in Figure 4.29.
Three different color contrast was mainly observed in the STEM images, the black colored
regions correspond to the porosity in the sintered pellet, the grey matrix belong to the
nanosheets and the white colored particles correspond to the reaction synthesized BCN phase.
Most of the BCN phase particles were formed between the nanosheets or seen above the
nanosheet as shown in Figure 4.29(b) (as marked by big yellow circles). The nanoparticles
formed were of varying size from 10 nm to 300 nm. In addition, the particles of different
morphology were synthesized, namely platelet (layered) shaped, spherical shaped and some
irregularly shaped nanoparticles. The platelet (layered) shaped nanoparticles confirm the h-
BCN nanosheet of 2D nature formed after reactive spark plasma sintering. The spherical or
irregularly shaped particles correspond to the cubic BCN phase. Compared to BCN 2, the
reaction synthesized BCN 3 particles were much smaller in size and more uniformly distributed
in the sintered nanosheets, implying the shorter dwell time (10 min) contributed to the fine
nanoparticle formation and the increase in sintering temperature from 1650 to 1750 °C

intensified the BCN phase formation.
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Figure 4.29: HAADF STEM image of reaction synthesized BCN 3

4.2.4. Fracture Mechanism of Monolithic BCN

SEM images of the BCN 1 (1650 °C, 10 min) pellet fractured surface are shown in
Figure 4.30. The fracture surface of the reactive sintered pellet shows a poorly reacted 2D
BNNS and GNP, where significant amount of porosity (interlayer gap) was observed between
sintered layers (Fig. 4.30(a)). This observation clearly confirms the poor densification and
reaction of BNNS/GNP at 1650 °C, 10 min. Figure 4.30(b) shows the BCN 1 fracture surface
edges to be a combination of zig-zag nature with bending of the nanosheets at some places.
The zig-zag nature of the BCN 1 fracture surface shows the crack propagated along the edges
of nanosheets due to the poor reaction or bonding between the nanosheets. Mostly, the sintered
nanosheets were uniformly aligned as layered structure, this observation shows the preferred
orientation of the reaction sintered BCN 1 pellet. At higher magnification, some of the layered
nanosheets have folded and kinked (Fig. 4.30(c)). Thus during fracture, the energy dissipation

occurs by the above forms of deformation.
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Figure 4.30: SEM images of BCN1 pellet fracture surface indicating (a) unreacted GNP,
porosity, (b) unreacted BNNS, zig-zag fracture surface and (c) kinking

Figure 4.31 shows the fracture surface SEM images of BCN 2 (1650 °C, 30 min) pellet.
Dense and textured regions were observed in the reactive sintered BCN 2 pellet. This correlates
with increase in relative density of the BCN 2 pellet to 93.4% compared to the BCN 1 pellet.
The edges of the nanosheets were less zig-zag in nature and the fracture surface was more
undulating in nature (Fig. 4.31(a)). Large reacted regions were observed in the fracture surface
of BCN 2 pellet. Figure 4.31(b) shows very few regions of unreacted BNNS and GNP
compared to the BCN 1 pellet. The sintered nanosheets showed lamellar structure and similar

to BCN 1, preferred orientation was observed for the reaction sintered BCN 2 pellet.
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Figure 4.31: SEM images of BCN 2 pellet fracture surface showing (a) dense regions and (b)
large reacted regions with few unreacted BNNS and GNP

The fracture surface of BCN 3 (1750 °C, 10 min) pellet are shown in Figure 4.32. The
SEM images of the BCN 3 pellet fracture surface displays dense layered structure with a wavy
form as shown in Figure 4.32(a). Few interlayer gaps were observed between the sintered
sheets, which could be corroborated to the slight decrease in density to 93.2% compared to
BCN 2. The increase in sintering temperature to 1750 °C has resulted in large reacted dense
regions with few unreacted BNNS/GNP (Fig. 4.32(b)). Also, less bending or folding of
nanosheets were observed compared to the BCN 1 fracture surface. Most of the nanosheets
were arranged in the layered form. Evidence of reaction sintered multiple nanosheets (Fig.
4.32(c)) were observed at several regions of fracture surface. In addition, the large graphene
nanosheets showed regions with reacted and sintered BNNS. These observations were mostly
seen in the fracture surface BCN 2 and BCN 3 pellets, suggesting the boron-carbon-nitride

phase formation.
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Figure 4.32: SEM images of BCN 3 pellet fracture surface indicating (a) dense regions with
lamellar structure, (b) large reacted regions with few unreacted BNNS and GNP and (c)
multiple nanosheets reaction sintered

4.2.5. Effect of Texture Orientation of Spark Plasma Sintered BCN

In the X-ray diffraction patterns of the reactive sintered BCN pellets, all the three
sintering conditions displayed strong intense peak around ~26°, implying the preferred
orientation of nanosheets along the (0002) basal plane. Also, the fracture surface of reactive
sintered BCN pellets showed lamellar structure along the top surface. Texture studies were
carried out using pole-figure method to discern the role of reactive sintering process on
preferred orientation of 2D nanosheets along the top surface and cross-section. The pole figures
of BCN 1 (1650 °C, 10 min) pellet top surface and cross-section are shown in Figure 4.33. The
concentric shapes with stronger intensity were concentrated at the center of the (0002) basal

plane figure as shown in Figure 4.33(a). This clearly explains the nanosheets in the top surface
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of reactive sintered BCN 1 pellet were preferentially oriented along the (0002) basal plane and
the volume fraction of grains with (0002) plane have increased. The concentration of other
orientations, namely (1011) and (1010) planes displayed less concentric shapes with no
intensity at the center of pole figures. This study clearly suggest during reactive spark plasma
sintering the c-axis of the 2D materials were aligned parallel to the loading direction, where
the nanosheets were rotated perpendicular to the loading direction. In hexagonal materials, this
preferred orientation of basal plane {0001} is most widely observed [56]. The pole figures of
the reactive sintered BCN 1 pellet cross-section surface are shown in Figure 4.37 (b). The pole
figures of (1011) and (1010) planes showed isolines of very low intensity at the center,
comparatively the pole figure of (1011) plane had the isoline concentration slightly more in
the center. This demonstrates along the cross-section of the BCN 1 pellet, the preferred
orientation was along the (1011) plane. There was no trace of texture along the basal planes as
there were no isolines observed at the center of (0002) pole figure of the cross-section. Overall
the cross-section has weaker texture compared to top surface of BCN 1 pellet. The top surface
pole figures of BCN 2 and BCN 3 pellet (Fig. 4.34(a) and 4.35(a)), demonstrated at the center
with highly concentrated concentric lines, insinuating high degree of preferred orientation
along the (0002) basal plane and this was similar to the top surface of BCN 1 pellet. Similarly
the cross-section of BCN 2 (1650 °C, 30 min) and BCN 3 (1750 °C, 10 min) pellet (Fig.
4.34(b) and 4.35(b)) pole figures showed weak contour lines at the center for (1011) and (1010)
planes, and there were no contour lines seen at the center of (0002) pole figures. Thus, cross-
section shows slight texturing along the (1011) plane for the BCN 2 and BCN 3 pellet. Overall,
the top surface of monolithic BCN pellets texture studies have revealed the dominance of
(0002) basal plane texture and the cross-section of monolithic BCN pellets have shown the
weak texturing of (1011) pyramidal plane texture (Fig. 4.36). The possible mechanism of the

basal plane texturing in the reactive sintered BCN pellet is related to the uniaxial pressure in
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the pressing direction, where the high aspect ratio nanosheets rotate and align with basal planes
perpendicular to the pressing direction. Further to discern the texturing characteristics of
reactive sintered BCN pellets along the top surface and cross-section, from the pole figures of
(0002) and (1011) planes the relative volume fraction of the textured components for all the
three samples were calculated [56, 57]. The relative volume fraction of the textured
components are shown in Figure 4.37. The relative volume fraction of (0002) basal plane
texture along the top surface increased with longer dwell time (BCN 2) and higher sintering
temperature (BCN 3). Likewise, relative volume fraction of (1011) pyramidal plane texture
along the cross-section increased with longer dwell time (BCN 2) and higher sintering
temperature (BCN 3). The degree of preferred orientation for the reactive sintered 2D BCN
nanosheets can be improved with higher sintering temperature and longer dwell time. The
above observations imply the reactive sintering temperature and dwell time play a significant

role in the orientation of 2D nanosheets.
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Figure 4.33: Texture studies of reactive sintered BCN 1 (002), (101), (100) pole figures along
the (a) top surface and (b) cross-section of the pellet
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Figure 4.34: Texture studies of reactive sintered BCN 2 (002), (101), (100) pole figures along
the (a) top surface and (b) cross-section of the pellet

Figure 4.35: Texture studies of reactive sintered BCN 3 (002), (101), (100) pole figures along
the (a) top surface and (b) cross-section of the pellet
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Figure 4.36: Schematic drawing of the sintered BCN pellet indicating the region of texture
along top surface and cross-section. Simple hexagonal system is marked with the basal plane
(0002) and pyramidal plane (1011)
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Figure 4.37: Relative volume fraction of textured components for the reactive sintered BCN

pellets

4.2.6. Mechanical Properties of Monolithic BCN

4.2.6.1. Microhardness of Monolithic BCN

Using Vickers hardness test, microhardness of the reaction sintered BCN pellets was

measured along the polished top surface and cross-section. Five indentations were made on the

top surface and cross-section of the BCN pellets to obtain the average microhardness. The

measured hardness values are tabulated in Table 4.4. The microhardness of BCN 3 (1750 °C,
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10 min) pellet showed about ~16- 23% higher hardness along the top surface compared to BCN
1 and BCN 2 pellets top surface. Along the cross-section, BCN 3 pellet showed about ~2-9%
higher hardness compared to BCN 1 and BCN 2 pellets. In comparison to pure BNNS and GNP
sintered pellets, BCN 3 pellet demonstrated higher hardness along the top surface and cross-
section. The higher hardness of BCN 3 pellet suggest the change in bonding nature of B-N/C-
C atoms in the BNNS/GNP and the reaction synthesis process at higher sintering temperature
resulted in strong B-C-N bond formation.

Table 4.4: Microhardness of the reaction sintered BCN pellets

Sample Top Surface (MPa) Cross-section (MPa)
BCN 1 (1650 °C, 10 min) 413 +21 503 + 35
BCN 2 (1650 °C, 30 min) 438 =05 536+ 14
BCN 3 (1750 °C, 10 min) 509 + 20 548 + 19
BNNS SPS 492 + 20 281 + 30
GNP SPS 296 + 12 -

4.2.6.2. Nanomechanical Properties: Reduced Elastic Modulus and Hardness of Monolithic
BCN

The reduced elastic modulus and nano-hardness of the reaction sintered BCN pellets
were experimentally measured along the top surface and cross-section of the pellet using
nanoindentation. Table 4.5 shows the measured hardness and reduced elastic modulus values
obtained by nanoindentation test from the reaction sintered BCN pellets. The top surface
reduced elastic modulus of the BCN 3 pellet was 17.13 + 1.55 GPa and hardness was 0.503 +
0.042 GPa. For the cross-section, the measured reduced elastic modulus was 22.73 + 2.93 GPa
and hardness was 0.458 + 0.053 GPa. BCN 3 pellet showed higher hardness and reduced elastic
modulus compared to the BCN 1 and BCN 2 samples. This is ascribed to the h-BCN, c-BCN

phase formation with improved densification for BCN 3 pellet. The hardness on the top surface
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of all the three reaction sintered BCN pellets was higher compared to their cross-section, due

to their strong texturing along the basal plane and the nature of B-C-N bonding within the basal

plane. In addition, the cubic BCN formation in the BCN 2 and BCN 3 pellets will contribute in

improving the hardness along the top surface and cross-section compared to BCN 1 pellet. The

change in bonding nature of B-N/C-C to B-C-N along the top surface will enhance the

resistance to deformation. Along the cross-section of BCN pellets, weak bonding between the

sheets (interlayer gap) were observed with weak Van der Waals force between the nanosheets

will lower the hardness. The cross-section of the reaction sintered BCN pellets displayed higher

elastic modulus compared to the top surface because of the high in-plane properties of the 2D

materials [22, 58].

Table 4.5: Nanohardness and reduced elastic modulus of the reaction sintered BCN pellets

Indentation Reduced Modulus
Sample Direction (GPa) Hardness (GPa)
_ Top Surface 15.22 +1.35 0.425 +0.031
BCN 1 (1650 °C, 10 min)
Cross Section 20.29+2.71 0.356 + 0.057
_ Top Surface 1499 +2.31 0.443 +£0.034
BCN 2 (1650 °C, 30 min)
Cross Section 23.52 +3.34 0.423 £ 0.06
_ Top Surface 17.13 £1.55 0.503 + 0.042
BCN 3 (1750 °C, 10 min)
Cross Section 22.73 £ 2.93 0.458 + 0.053
Top Surface 2849 +5 1.15+0.17
BNNS
Cross Section 40.79 £ 11.09 0.609 +0.12
Top Surface 87+13 0.6 £0.13
GNP [22]
Cross Section 10.3+2.9 0.28 £ 0.02

4.2.7. Tribological Behavior of Monolithic BCN

Tribological behavior of the reactive sintered BCN samples for all the three conditions

is studied using the ball-on-disk tribometer. The coefficient of friction (COF), wear volume

loss and wear resistance are quantified for all the BCN samples at room temperature (25 °C)




and high temperature (600 °C). Figure 4.38 shows the coefficient of friction at room
temperature for the reactive sintered BCN samples with normal load of 3 N and 3 mm track
radius. The average coefficient of friction of BCN 1 is 0.165, BCN 2 is 0.173 and BCN 3 is
0.189. Compared to the average COF of BCN 1, the COF increased about ~4.85% with increase
in holding time (BCN 2) and ~14.55% with increase in sintering temperature (BCN 3). The
average COF for all the three BCN samples are higher than COF of bulk BNNS (0.145) and
GNP (0.160) of same testing conditions. The increase in COF is ascribed to the formation of
new phase — cubic BCN along with hexagonal BCN, h-BNNS and GNP. The cubic BCN is
hard phase and the presence of this hard phase in the soft hexagonal matrix results in the

increase in COF for BCN 2 and BCN 3.
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Figure 4.38: Coefficient of friction vs reactive sintering conditions for the bulk BCN pellets
at room temperature

From the optical profiles of 3D wear track, the depth of wear track was measured for
the reactive sintered BCN pellets as shown in Figure 4.39. The wear depth of BCN 1 pellet is
about 17 um, the depth increases to 24 um for BCN 2 pellet and 30 um for BCN 3 pellet. From

the average wear depth, the cross-sectional area of the track is calculated and this is multiplied
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with the circumference of the track to measure the wear volume loss. The average wear volume
loss and wear rate for reactive sintered BCN pellets are tabulated in Table 4.6. Wear volume
loss for the BCN 1 pellet is 0.0512 + 0.001 mm?3, for BCN 2 pellet is 0.1078 + 0.006 mm?® and
BCN 3 pellet is 0.6701 + 0.031 mm?. Compared to BCN 1 pellet, wear volume loss was higher
for BCN 2 and BCN 3 pellets. Based on the equation below, wear rate was computed,

Wear rate = V/(P x S) (mm®*Nmm) (4.5)
where the volume loss is represented as V (mm?3), applied load is P (N) and sliding distance is
S (mm). For the reactive sintered BCN pellets, the calculated wear rate values are listed in
Table. For BCN 2 and BCN 3, the wear rate increased by 110% and 547% respectively,
compared to BCN 1 wear rate. The wear properties of BCN 2 and BCN 3 attenuates compared
to BCN 1, this is ascribed to the formation of hard phase cubic BCN (in BCN 2 and BCN 3),
resulting in significant delamination of nanosheets in the wear track as shown in the SEM

images.
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Figure 4.39: Optical profilometer 3D wear track profiles of (a) BCN 1, (b) BCN 2, (c) BCN 3
and (d) two-dimensional line profiles displaying the wear track depth and width of BCN pellets
tested at room temperature
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Table 4.6: Wear volume loss and wear rate of reactive sintered BCN pellets tested at
room temperature

Sample Volume loss (mm?) Wear rate (mm3/Nmm)
BCN 1 0.0512 = 0.001 569X 10
BCN 2 0.1078 £ 0.006 11.98 X 10_3
BCN 3 0.6701 = 0.031 36.85 X 10
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Figure 4.40: SEM micrographs of BCN 1 wear track formed after the wear test at room
temperature

To understand the wear mechanism at room temperature of reactive sintered BCN
samples, the wear track were examined using SEM. Figure shows the wear track of BCN 1
sample at different magnifications. The sliding direction of the wear track is shown in Figure
4.40(a). The wear track of BCN 1 samples displays a smooth surface with minimum damage
or material removed along the track surface (Fig. 4.40(b)). Some regions of the wear track
showed fine wear debris attached to the surface. Delamination of nanosheets was observed in

the wear track surface of Figure 4.40(c). Due to this, there was pit formation along the wear
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track. Overall, less fraction of delamination or pit formation was observed on the wear track
surface of reactive sintered BCN 1 samples. The delaminated nanosheets were bend, folded
and welded along the wear track surface, which are the typical characteristics of two-
dimensional graphene and boron nitride [22]. The lower coefficient of friction and smooth wear
track surface of BCN 1 samples are germinated by the shearing of the layered 2D nanosheets
and this is due to the weak van der Waals force between the nanosheets [14, 22].

The room temperature test wear track surface of BCN 2 sample at different
magnifications are shown in Figure 4.41. The BCN 2 wear track surface and sliding direction
at low magnification is shown in Figure 4.41(a). In this sample, the track surface has a
combination of smooth and rough surface. The smooth surface is created by the large
delaminated nanosheet in the track surface and these nanosheets shear when the ball rotates
along the track surface (Fig. 4.41(b)). Few of the nanosheets were found as loose nanosheets
on the surface, while some nanosheets were welded along the track. Typical deformation
features such as kinking, bending and folding of 2D nanosheets were observed. These features
shows the adhesive wear nature of BCN 2 sample. In addition, the wear track surface displayed
features related to adhesive wear. The track surface have large and small pits formed by
delamination of sintered nanosheets (Fig. 4.41(c)). Since the BCN 2 sample has the presence
of hard cubic BCN phase, the track surface should have a combination of both soft and hard
material, resulting in abrasive wear. Due to this, the material removed from the track surface
during continuous testing will form the fine wear debris along the track. The delamination
germinates the micro-crack formation and these cracks propagate. The micro-cracks formed
are intergranular in nature (Fig. 4.41(c)). The cracks formed on the track has propagated along
the surface and below the surface of BCN 2 sample. This combination of adhesive and abrasive
wear causes the increase in coefficient of friction and wear volume loss of BCN 2 compared to

BCN 1 sample.
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Figure 4.41: SEM micrographs of BCN 2 wear track formed after wear test at room
temperature

Reactive sintered BCN 3 sample wear track surface of room temperature test is shown
in Figure 4.42. The Figure 4.42(a) shows the low magnification image of BCN 3 wear track
and sliding direction. The BCN 3 track surface displays a rough surface with significant amount
of visible deformation. Hard cubic BCN phase formation is predominantly observed in XRD
and TEM studies, suggesting the hard phase could result in severe wear and deformation in
track surface. It can be seen from Figure 4.42(b), the worn surface has delaminated nanosheets,
pits, micro-cracks, fragmented wear debris and rough track surface. The delaminated
nanosheets of varying size were along the wear track as loose nanosheets and some nanosheets
were compacted to the track surface. Upon continuous rolling of counter material during the
test, delaminated nanosheets are rolled, bend, folded or crumbled in the track surface,
indicating the deformation of nanosheets. Varying size of pits are formed due to delamination

and these pits are present on the surface of wear track. Also, the micro-cracks are formed in
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succession to delamination of nanosheets. These micro-cracks propagate in the surface and to
certain depth of wear track during the wear test. Intergranular type of micro-cracks are formed
on the surface (Fig. 4.42(c)). The hard phase removed from the track surface created scratches
and grooves along the sliding direction. All these observations, justify the increase in
coefficient of friction and wear volume loss for the BCN 3 sample. The dominant wear
mechanism for the reactive sintered BCN 3 sample is delamination and abrasive wear. The
room temperature wear test of the BCN samples, suggest the change in wear mechanism from
shearing of nanosheets/abrasive to adhesive wear mechanism with the emergence of hard cubic

BCN phase.
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Figure 4.42: SEM micrographs of BCN 3 wear track formed after wear test at room
temperature

The high temperature tribological behavior of all three reactive sintered BCN samples
were tested at 600 °C. The coefficient of friction at high temperature for BCN samples with

normal load of 3 N and 3 mm track radius are shown in Figure 4.43. The high temperature
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average coefficient of friction of BCN 1 is 0.131, BCN 2 is 0.121 and BCN 3 is 0.116. For
BCN 2 and BCN 3, the coefficient of friction decreased by 7.6% and 11.5% respectively,
compared to the BCN 1 friction. Compared to coefficient of friction of room temperature BCN,
BNNS and GNP, the coefficient of friction has decreased by ~ for the high temperature BCN
samples. In addition, the high temperature BCN coefficient of friction (0.131-0.116) is ~80-
82% lower than the high temperature BNNS coefficient of friction (0.656). The decrease in
coefficient of friction during high temperature test (600 °C) is attributed to the oxidation of the
sintered nanosheets. Though the test temperature is well below the oxidation temperature of
BN to form boron oxide, the continuous sliding motion will increase the surface temperature
at the point of contact of BCN pellet and this will result in the formation of B2Os along the
surface. The B20Os formed on the surface can react with moisture in air to form H2BOs. The
presence of B.Oz/H>BO3 on the wear track surface will lower the coefficient of friction of BCN

pellets during high temperature wear test [59].
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Figure 4.43: Coefficient of friction vs reactive sintering conditions for the bulk BCN pellets
at high temperature
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Using the 3D wear track optical profiles of reactive sintered BCN pellets high
temperature wear test, the wear track depth was measured as shown in Figure 4.44. The high
temperature test wear depth of BCN 1 pellet is 17 um, the depth decreased to 14 um for BCN
2 pellet and 11 pum for BCN 3 pellet. The average wear volume loss and wear rate for high
temperature wear test of reactive sintered BCN pellets are tabulated in Table 4.7. Wear volume
loss for the BCN 1 pellet is 0.049 + 0.002 mm?3, for BCN 2 pellet is 0.040 + 0.015 mm? and
BCN 3 pellet is 0.034 + 0.007 mm3. Compared to BCN 1 and BCN 3 pellet, wear volume loss
was lower for BCN 2 pellet. Using equation (4.5), the wear rate was calculated for high
temperature wear test of BCN pellets. The wear rate decreased by 2.5 % for BCN 2 and by 37.5
% for BCN 3, compared to BCN 1 wear rate. This decrease in volume loss and wear rate of
BCN 2/BCN 3 are associated with B>Os formation, resulting in smooth wear track as shown in

SEM images.
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Figure 4.44: Optical profilometer 3D wear track profiles of (a) BCN 1, (b) BCN 2, (¢c) BCN 3
and (d) two-dimensional line profiles displaying the wear track depth and width of BCN
pellets tested at high temperature
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Table 4.7: Wear volume loss and wear rate of reactive sintered BCN pellets tested at high

temperature
Sample Volume loss (mm?) Wear rate (mm3/Nmm)
BCN 1 0.049 + 0.002 173X 10"
BCN 2 0.040 £ 0.015 169X 10"
BCN 3 0.034 £ 0.007 108X 10"

HEBCN |

=

g
=

z
]
=
=
=
=
=
{F

HOCMN 1
"LE clded nanoshects

High Temperaiure
(600 =)

BCN 1

Delaminaied nanoshect

oy -

Fine wear

Welded nanosheet .
dehiris

smanth surface

Figure 4.45: SEM micrographs of BCN 1 wear track formed after wear test at high

temperature

Using SEM images, the high temperature wear test of reactive sintered BCN samples

wear mechanisms are investigated. Figure 4.45 shows the high temperature test wear track of

BCN 1 sample at different magnifications. In the Figure 4.45(a), lower magnification of BCN

1 wear track with the sliding direction is shown. The high temperature test wear track for the

BCN 1 sample shows large pits, indicating significant material removed from the track surface

(Fig. 4.45(a)). Between these pits, the large delaminated nanosheets are welded with the track

surface and fine wear debris are spread across the wear track. In additions, the pits are deeper,
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this is evident from the layered fracture observed in the pits surface (Fig. 4.45(b)). The
delaminated nanosheets from the pits were present on the surface of wear tack, in the deformed
condition— bend and folded along the track. Smooth track surface is observed between the
pits/delaminated nanosheets and this could be due to the tribofilm formation at high
temperature (Fig. 4.45(c)). Regardless of pit formation, the track surface is smooth, and the
wear debris is fine, these SEM observations support the lower coefficient of friction for BCN

1 high temperature wear test compared to BCN 1 room temperature wear test.
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Figure 4.46: SEM micrographs of BCN 2 wear track formed after wear test at high
temperature

Figure 4.46 shows the high temperature wear track images of reactive sintered BCN 2
sample at different magnification. The low magnification wear track image and sliding
direction during the test are shown in Figure 4.46(a). The wear track surface of this sample is
extremely smooth. The smooth surface is accompanied by few delaminated nanosheets. Some

of the nanosheets are welded along the track surface as shown in Figure 4.46(b-c). These
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welded nanosheets are not deformed by bending or folding. Most of the welded nanosheets are
sintered with smooth surface along the wear track (Fig. 4.46(b)) and few other welded
nanosheets displayed micro-cracks on the surface as shown in Figure 4.46(c). Few delaminated
nanosheets with varying size are loosely present in the wear track and these nanosheets surface
are crumbled in nature. In the wear track of BCN 2 high temperature test, there is no pits or
wear debris found on the surface. In addition, at high temperature test, the tribofilm formation
on the wear track surface will contribute in lowering the coefficient of friction for BCN 2

sample.
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Figure 4.47: SEM micrographs of BCN 3 wear track formed after wear test at high
temperature

The wear track surface of high temperature wear test for reactive sintered BCN 3 sample
is shown in Figure 4.47. The low magnification image of BCN 3 wear track surface (Fig.

4.47(a)), indicates the sliding direction. The BCN 3 wear track surface is extremely smooth as
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shown in high magnification Figure 4.47(b). The track surface has few delaminated nanosheets
and these nanosheets are smaller in size, where they are sparsely distributed along the wear
track. The delaminated nanosheets are deformed during the test by the continuous rolling of

the counter ball, they are crumbled and folded as observed in Figure 4.47(b).

4.2.8. High Load In-situ Indentation Behavior of Monolithic BCN

High load in-situ indentation is performed for the polished bulk BCN pellets top
surface. The displacement controlled mode is chosen for the indentation test with 0.5 mm of
maximum displacement. The combined load-displacement curve of BCN pellets top surface is
shown in Figure 4.48(a). To reach a fixed displacement of 0.5 mm, the maximum load required
is 221.6 N for BCN 1, 272.8 N for BCN 2 and 134.2 N for BCN 3. Compared to BCN 1 and
BCN 3 samples, higher load of 272.8 N was required for BCN 2 sample to reach the same 0.5
mm displacement. From the top surface high-load indentation loading curve, 5 major distinct
slopes are observed for BCN 1 pellet (Fig. 4.48(b)), 3 major distinct slopes were observed for
BCN 2 (Fig. 4.48(c)) and BCN 3 (Fig. 4.48(d)) pellets. The slope change in the load-
displacement curve indicate, the change in deformation mechanism of the sintered nanosheets
as the displacement occurs in the reactive sintered BCN pellets. Based on this, the normalized
associated energy for the individual slope can be calculated and this can be related to the work
of indentation (where the slope change remained the same over the total displacement range).
For the BCN 3 top surface high-load indentation, the real-time video was recorded. By
comparing the calculated normalized energy, the dominant deformation mechanism can be
chosen based on the deformation mechanisms identified from the recorded video. In the Table
4.8, for the BCN 3 sample, the slope, time interval from the video, normalized associated

energy for each slope and the corresponding deformation mechanism are summarized.
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Figure 4.48: Top surface indent load-displacement (a) combined BCN curves, and the
individual (b) BCN 1, (c) BCN 2, (c) BCN 3 curves

Table 4.8 presents the time duration, deformation mechanisms and normalized
associated energy corresponding to each slope from the load-displacement curve and real time
video of BCN 3 top surface indentation. As the indentation started (slope 1 region), the sintered
nanosheet are compressed (Fig. 4.49(a)) followed by push out of the nanosheets. Slowly, the
nanosheets are delaminated around the indenter region. With further displacement of the
indenter on the top surface, the delaminated nanosheets are piled up and started sliding. In the
middle of slope 1 regime as the displacements occurred, the nanosheets are continuously
pushed out (Fig. 4.49(b)), due to the compression of sintered nanosheets. Delamination of the
next layer of nanosheets has been initiated with pile-up of those nanosheets by end of slope 1.

From the load-displacement curve of slope 1 region, at several displacement points, small drops
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in load are observed. This could be associated to the push out and sliding of the sintered
nanosheets. In the slope 2 region, compression of nanosheets was followed by delamination of
big portion of sintered nanosheets (Fig. 4.49(c)). These delaminated nanosheets started
fracturing with further displacement. After fracturing, the nanosheets have been sliding and
pushed out around the indenter. Similar to slope 1, multiple drops in the load are observed in
the slope 2 region and this could be due to the fracturing of sintered nanosheets at the bottom
of the indent surface. The real-time video of the slope 3 region, did not reveal much of
deformation near the indenter surface, except for compression of nanosheets and this is
predominantly observed as the displacement occurred. This is also confirmed after the tip
removal, as there was no significant damage observed at the bottom of the indent surface. The
calculated normalized associated energy for the slopes in the BCN 3 top surface displayed a
two-fold increase from slope 1 to slope 2. The normalized energy drops for slope 3 compared
to slope 1 and slope 2. The highest dissipation energy is observed in slope 2 region (52.43 mJ),
it is about 147% and 338% higher than slope 1 and slope 3 respectively. Hence, the dominant
deformation mechanism along the reaction sintered BCN 3 top surface is the deformation
mechanisms in slope 2.

Table 4.8: Reactive sintered BCN 3 deformation mechanisms, normalized associated energy
and the time range in video observed during the top surface indentation

Time range in Normalized Specific time
Slope : g associated energy | - pe . Deformation mechanism
video (min) (mJ) in video (min)
0.10, 0.31 (i) Compression of the
sheets
(i1) Push out and pile up of
1 0.05-2.07 21.22 0.18, 1.44 the nanosheets
0.34,1.12 (iii) Sliding and pile up
0.38, (iv) Delamination of the
0.55,2.05 sintered nanosheet
519 (i) Compression of the
sheets
2 213-4.15 59 43 594 (i1) Delamination of the
nanosheets
598 (iii) Fracture of the
' delaminated sheet
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Figure 4.49: SEM images of deformation at different stages of loading from the real-time video

The top surface indent of reaction sintered BCN samples after indentation has been
analyzed by SEM. Figure 4.50 shows the SEM images of the BCN 1 top surface indent. The
whole indent area of BCN 1 sample is observed at low magnification as shown in Fig. 4.50(a)
and the important regions (corresponding to Fig. 4.50(b-d)) are marked by transparent yellow
circle in the SEM image. In the Figure 4.50(a), the inset shows the crack propagation at one of
the corner of the indent. Inside the indented area, smooth regions in the center is observed with
large delaminated and fragmented nanosheets as displayed in Figure 4.50(b). Some regions
displayed the sliding of nanosheets, which could be caused by the weak van der Waals forces
between the nanosheets. No crack formation has been observed at the bottom of the indented
BCN 1 surface. The sintered nanosheets below the indenter tip have been bend, crumpled and

wrinkled mostly in the smooth regions. In addition, the high magnification image of the pile-
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up of nanosheets (Fig. 4.50(c)) at the bottom of indent surface reveal the weak reaction bonding
between the nanosheets and poor densification of BCN 1 pellet. As the displacement occurred
on the top surface of BCN 1 pellet, the sintered nanosheets are delaminated layer by layer and
this is observed at edges of the indent as shown in Figure 4.50(d). Hence, the deformation
mechanism for the reaction sintered BCN 1 pellet are delamination of nanosheets, crack
propagation at the corner of indent, bending, crumpling and layer by layer delamination at the
edges of indent.
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Figure 4.50: SEM images of the reaction sintered BCN 1 top surface indent after the tip
removal

Figure 4.51 shows the top surface indent region of reactive sintered BCN 2 pellet after

the indenter tip removal. Crack propagation has occurred from all the four corners of indent as
shown in Figure 4.51(a-b). At the center of the indented bottom region, display a smooth
surface with few delaminated nanosheets (Fig. 4.51(c)). The smooth nanosheet surface display

the crumpled features in certain regions of nanosheets. Sliding of the sintered nanosheets are
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also observed with some smooth bending of the nanosheets at center of indent region in the
BCN 2 pellet. With increase in displacement as the indenter pushed through the top surface,
the delamination of nanosheets has occurred in steps till the final 0.5 mm displacement and this
shows the layer-by-layer delamination during high load indentation (Fig. 4.51(d)). Few
nanosheets have been bend and some nanosheets have undergone zig-zag way of fracture along
the corner of the indent surface. This bending or zig-zag type of deformation at the corners is
completely dictated by the type of bonding between the nanosheets formed during the reactive
spark plasma sintering. The major deformation mechanism observed post indentation for the
reaction sintered BCN 2 pellet are crack propagation at all the four corners of indent, layer by
layer delamination at the corners of indent with some nanosheet bending, sliding and crumpling

at the bottom of the indent surface.
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Figure 4.51: SEM images of the reaction sintered BCN2 top surface indent after the tip
removal
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Figure 4.52: SEM images of the reaction sintered BCN 3 top surface indent after the tip
removal

Table 4.9: Length of the diagonals from the indent of the BCN high load indentation

Diagonal Length Measured from SEM
Sample (um)
D1 D2
BCN 1 1594 1878
BCN 2 1322 1122
BCN 3 1080 950

For BCN 3 top surface, Figure 4.52 shows the indent region at different magnifications
after the indenter tip removal. Figure 4.52(a) shows the low magnification image of the indent
and no cracks are formed at the corners of the indent. The high magnification image of the
indent surface (Fig. 4.52(b)), display a smooth surface with significant amount of nanosheet
sliding and crumpled regions. In addition, the BCN 3 sample looks dense with very few pores
and the indent surface was mostly free of large delaminated nanosheet debris. Figure 4.53(c)

shows the nanosheets reacted and densely bonded with each other. Few places of the indent
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region had fine fragmented nanosheets as shown Figure 4.53(d). All the three high
magnification images of BCN 3 indent surface (Fig. 4.53(b-d)), clearly display the nanosheet
sliding. Unlike the BCN 1 and BCN 2 pellets, there is no crack formation and layer by layer
delamination of nanosheets at the corner of BCN 3 indent surface. There is change in
deformation mechanisms for BCN 3 pellet compared to BCN 1/BCN 2. The major deformation
mechanisms in BCN 3 indent along the top surface are nanosheet sliding and crumpling with
less delamination of nanosheets. In addition, the indent diagonal lengths have decreased for

BCN 3 pellet compared to BCN 1 and BCN 2 pellets (Table 4.9).

4.2.9. Conclusion of Reaction Synthesized BCN Phase

Boron carbon nitride (BCN) phase is successfully synthesized from 2D GNP and BNNS
by reactive spark plasma sintering (SPS) technique from temperature range of 1650 - 1750 °C.
Hexagonal BCN phase with minor fraction of cubic BCN phase presence in sintered compacts
are confirmed by X-ray diffraction, Fourier transform infrared spectroscopy and transmission
electron microscope. Texture study on sintered compacts indicate the preferred orientation of
nanosheets (along the (0002) basal plane), perpendicular to the direction of sintering. The
coefficient of friction increased with the formation of cubic BCN at room temperature but
reduced at 600 °C due to graphitized transfer layer. Room temperature wear rate of BCN
synthesized at 1750 °C increased by 500% as compared to BCN synthesized at 1650 °C due to
higher level of densification. These results indicate, reaction synthesis temperature plays a vital

role in BCN phase formation, mechanical and tribological properties of sintered compact.
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4.3. Synthesis and Property Evaluation of 2D MXene

4.3.1. MXene Synthesis — HF Acid Treatment

MAX phase Ti.AIC powder was used as starting powder for MXene synthesis.
Hydrofluoric acid (25%) was added into the de-ionized water to prepare 100 ml of solution in
total and Ti2AIC powder was added into the solution. The solution with MAX powder was
continuously stirred using magnetic stirrer, treated for 1 h, 2 h, and 4 h at room temperature
[61, 62]. The 2D Ti,C MXene was successfully synthesized by etching Al layer from the MAX
phase Ti.AIC powder. The synthesized powders were washed 5-10 times with de-ionized
water, filtered and separated further by centrifugation technique. These powders were dried in
the vacuum oven at 80 °C for 30 min to 1 h. Below, are the possible reactions of Ti2AlC powder

with HF acid and further the synthesized MXene with HF or water during washing [63],

Ti2AIC + 2HF — AlF2 + Hz + Ti2C (MXene) (4.6)
Ti.C + 2H20 — Ti2C(OH)2+ H2 4.7
Ti2C + 2HF — Ti2CF2+ H2 (4.8)

Thus the synthesized 2D Ti.C MXene will have —OH/-F surface terminations based on the

reactions (4.7) and (4.8).

4.3.2. Phase Evolution with HF Acid Treatment

Phase confirmation for the as-received MAX powder and the phase evolution of HF
treated powders were studied by X-ray diffraction (XRD). The XRD pattern of the as-received
MAX powder shows the major phase to be Ti>AIC with small amount of TiC phase in Figure
4.53. With HF treatment of MAX powder, the intensity of Ti2AlC phase decreases with broader
peaks indicating the disorder in crystal structure. Emergence of MXene phase was confirmed
by shifting of the (002) peak at 12° (Ti2AIC) to lower angle 9° along with peak broadening

[62, 64]. This peak corresponds to Ti,C formation (Fig. 4.53) with increasing‘d-spacing’ (doo2)
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or interlayer distance, from 6.75 to 8.45 A [61, 64, 65]. Also, the peak around 9° was bifurcated
for 1 h and 2 h HF treated sample, where both the peaks correspond to Ti>C indicating MXene
sheets have two different interlayer spacing. The interlayer spacing was calculated for all the
HF treated MXene samples (Table 4.10). In the bifurcated (002) peaks with increase in HF
treatment duration from 1 hto 4 h, the peak intensity at larger d-spacing remains constant with
the other peak intensity almost weakens, indicating the increase in interlayer spacing with
longer etching time. The new phase formation confirms the etching away of Al from the
TiAIC structure. The resulting Ti>C surfaces could possibly be terminated by -OH, -F and -O
surface groups. Intensity of the MXene peaks decrease after 2 h of HF treatment whereas the
intensity of TiC remains the same. In addition, the broadening of MXene peak was observed

after 4 h of HF treatment. This is ascribed to the slow decrease in degree of structural order.

Table 4.10: Interlayer spacing and FWHM for MAX and HF treated MXene samples

Interlayer ‘spacmg. (A’) for (002) FWHM
Samples plane/ ‘d-spacing’ (doo2)
Peak 1 Peak 2 Peak 1 Peak 2
MAX 6.75 0.1763
HF treated — 1 h 8.98 8.45 0.2347 0.1932
HF treated — 2 h 9.12 8.73 0.2366 0.1921
HF treated — 4 h 9.38 8.96 0.2369 0.1940
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Figure 4.53: X-ray diffraction patterns of MAX and HF-treated MXene powders

4.3.3. Microstructural Evolution with HF Acid Treatment

The morphological changes of Ti>AIC powder after HF treatment were explored using
SEM. Figure 4.54(a) shows the SEM image of the as-received Ti>AlIC powder. It shows a
densely packed layered structure. After 1 h of HF treatment, partial separation of the layers was
observed (Fig. 4.54(b)). The thickness of the separated layers was 157 £ 20 nm for 1 h of
etching. As the HF treatment time was increased to 2 h, further separation of the layers was
observed which is caused by the excess removal of Al from Ti>AlC as shown in Figure 4.54(c).
This leads to the formation of thin (100 £ 23 nm) layers, which corresponds to ~130 Ti.C

layers. Figure 4.54(d) reveals the HF-treated 4 h powders with evidently separated individual
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MXene layers with a reduced thickness of 74 £ 12 nm. The separated MXene layers of 4 h
roughly comprises of ~96 Ti>C layers. The visual evidence shows a clean surface for all HF

treated powders with no surface oxidation.
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Figure 4.54: SEM imags of (a) MAX, (b) 1 h, (¢) 2 hand (d) 4 h HF treated MXene powder

4.3.4. Electrical Resistivity of HF Treated MXene

The electrical resistivity of the pure MAX and HF treated samples were measured by
four probe technique. For pure MAX phase, electrical resistivity was 0.51 uQm indicating the
metallic nature and this value is comparable with literature [66]. After HF treatment, the
electrical resistivity increased for the 1 h, 2 h, and 4 h. Electrical resistivity of HF treated 1 h
was 1.62 x 102 Qm, 2 hwas 3.36 x 10 Qm and 4 h was 8.4 x 10 Qm. The electrical resistivity

of HF treated samples up to 2 h are close to literature values [63]. The increase in resistivity
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are attributed to the termination of functional groups to the MXene sheets and with increasing

HF treatment, there is more defect formation [67].

4.3.5. Tribological Behavior of HF Treated MXene

Using a ball-on-disk tribometer, tribological tests were performed for MAX and HF
treated powders by adding them on top of the AISI 1020 carbon steel substrate with 1 N normal
load at 100 RPM for 5 min as shown in Figure 4.55. Similar tests were performed using TizC>
MXene as an additive in ethanol or base oil medium [68-70]. Al.Os ball of 3 mm diameter was
used as a counter surface. MAX and HF-treated powders were dispersed in ethanol and
ultrasonicated for 10 min. The dispersed powder solution was dropped onto the substrate at an
approximate rate of 1 mL/min. The coefficient of friction (COF) value was 0.18 for pure MAX
phase powder of 1 N load. The COF significantly decreased to 0.019 for 1 h HF treated powder
(1 N), with 2 h and 4 h of HF treatment (1N), the COF increased to 0.021 and 0.079. It should
be noted that COF for MXene was 50 — 80% lower than the MAX which ascribed to the
interlayer shearing/sliding of MXene sheets due to the weak van der Waals forces between the
layers. Further, 1 h HF treated MXene showed superior lubrication properties compared to 2 h
and 4 h of HF treatment which is due to the increase in interlayer spacing with more extended
HF treatment. Recently, similar behavior of shear-induced slipping of TisC> MXene nanosheets
under pressure was observed which further substantiates the shearing of Ti>C sheets in the

present work [71].
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Figure 4.55: Schematic diagram showing the tribological test and shearing of MXene layers
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Lamellar struciure

Figure 4.56: Wear track of steel substrate lubricated with pure MAX (Ti2AIC) powder showing
(@) low magnification, (b) pressed MAX powder, (c) lamellar structure and kinking

The coefficient of friction (COF) value was 0.18 for pure MAX phase powder. The
COF significantly decreased to 0.019 for 1 h HF treated powder (1 N), with 2 h and 4 h of HF
treatment (1N), the COF increased to 0.021 and 0.079. Figure 4.56 show the SEM images of
steel substrate lubricated with pure MAX (Ti.AIC) powder. The wear track surface was smooth
with pure MAX powder (0 h) pressed and agglomerated along the track (Fig. 4.56(b)). The
large powder particles in the track surface displayed the lamellar structure. Also, there was a
deformation of few individual MAX powder by kinking, and this prevented any damage to
MAX powders during the test as shown in Figure 4.56(c). In case of 1 h HF treated MXene,
SEM images of wear track showed a smooth track surface with a uniform distribution of

distinct MXene layers (Fig. 4.57). The separated sheets in the wear track surface were not
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folded or damaged, and sheared layers were arranged in steps as shown in Figure 4.57(b). This
is due to the cleaving of MXene layers during the test as MXene layers are bonded by weak
van der Waal forces (Fig. 4.57(c)). These cleaved MXene layers were separated and slide
against each which contributes to lowering the coefficient of friction (COF) of 1 h HF treated

MXene compared to pure MAX powders.

[
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" MXene layers

Figure 4.57: Wear track of steel substrate lubricated with 1 h HF treated MXene (Ti>C) powder
showing (a) low magnification, (b) separated MXene layers populated along the track, (c)
shearing of MXene layer

4.3.6. Multiscale Damping Behavior of HF Treated MXene

For MAX and HF-treated MXene samples, damping behavior was examined at
multiscale level using dynamic mechanical analysis. High load damping tests were performed
at impact loads of mN whereas low load tests were conducted at uUN which is three orders of

magnitude lower. The damping characteristics are analyzed by determining the phase lag ()
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between the applied force and displacement response. The loss tangent (tan o), which is a
measure of damping capability, is given by the ratio of loss modulus (E”) to storage modulus

(E") [72-75],

1

- E
tanéd = = (4.9

The loss modulus (E”) represents the viscoelastic portion of the material and storage modulus
(E") represents the elastic part of the material [14]. Figure 3a shows the tan 6 values measured
at higher loads (mN) applied along the top surface (normal to the basal plane) of all the
powders. Loss tangent, tan ¢ value for the MAX phase fluctuates in the range of 0.05 to 0.18.
After HF treatment for 1 h, tan 6 value increases significantly from 0.32 to 0.48. An almost
200% increase in loss tangent was observed as compared to pure MAX, demonstrating
enhanced damping behavior, which could be directly correlated to the combination of damping
mechanisms present in MAX and MXene phases. The dominant damping mechanisms for
MAX phase are the incipient kink bond formation and ripplocations [76-80]. Energy
dissipation for MXene can be related to the intralayer bond contracting and interlayer
mechanisms due to the weak van der Waals forces between the MXene sheets. Compared to
pure MAX, the loss tangent remains to be higher for 2 h (about 98%) and 4 h (40%) of HF
treatment. Among MXene samples, loss tangent drops to 38% and 54% respectively for the 2
h, and 4 h HF-treated samples as compared to 1 h HF treatment. It is noted in Figure 4.58 that
with increasing load from 1 mN to 5 mN, the loss tangent trends remains same but magnitude

drops which is explained later in detail.
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Figure 4.58: Loss tangent values of MAX and HF treated samples at 1 mN and 5 mN load

The height-time profiles of high load (5 mN) damping test for MAX and HF-treated
samples are shown in Figure 4.59(a). This profile shows the period required for the amplitude
of oscillating stylus to decay through MAX and HF-treated MXene. Pure MAX phase shows
the longest decay time of 0.28 s compared to HF treated MXene. The 1 h HF treated sample
showed the maximum energy dissipation with the shortest decay time of 0.17 s than 2 h (0.19
s) and 4 h (0.23 s) HF-treated samples. This superior damping behavior of 1 h HF treated is
substantiated by measuring the damping constant () (fitting the maxima and minima of the

height-time profiles with exponential function) and is defined by equation (2) [75],
p=- (4.10)

Where 1 is the relaxation time and describes the time span by which a factor of ‘e decreases the
decaying amplitude of oscillating stylus. Figure 4.59(b) shows the damping constant () of pure

MAX and HF-treated powders for both loads (1 mN and 5 mN). MAX phase has the smallest
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damping constant compared to the HF-treated samples, implying MAX phase undergoes slow
damping with larger relaxation time. The one hour HF treated sample shows the highest
damping constant displaying rapid damping with smaller relaxation time. Damping constant
gradually decreases as the HF treatment duration increases. This trend is similar to the tan 6
values and is attributed to the decrease in Ti2C layers with longer etching period. So, the

damping behavior changes with the decrease in an array of MXene layers.
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Figure 4.59: (a) damping height-time profiles at 5 mN load and (b) damping constant for
pure MAX and HF-treated samples

Nano-dynamic test was performed to probe the intrinsic damping behavior of single or
few layers of MXene as opposed to high load test which examines the overall damping
behavior. NanoDMA results for the samples at different loads (1 N and 10 pN) are shown in
Figure 4.60(a) and 4.60(b), where the tan & values (0.015 to 0.10) change with respect to
varying frequencies from 0 to 250 Hz. MAX phase displays a continuous increase in tan o
values with an increasing frequency for both the dynamic loads. Compared to MXene, the tan
0 increase in MAX phase was gradual and have plateaued out in the frequency range of 100 —
200 Hz. Similar to high load damping tests, nanoDMA also shows higher tan 6 values for
MXene varying from 0.025 to 0.38 indicating improved damping behavior as compared with
pure MAX phase. Among the HF-treated samples for 10 uN (Fig. 4.60(b)), it is observed 1 h

has the highest loss tangent of 0.38 compared to the highest loss tangent of 2 h (0.28) and 4 h
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(0.15). With increasing frequency for both the dynamic loading condition, the HF-treated
samples exhibit an upsurge of tan §, with a minimum value of 0.025 to a maximum value of
0.38. Especially for HF treated MXene, there is a gradual increase of tan 6 up to 125 Hz, and
it jJumps to a higher value at 150 Hz. After 200 Hz, the 1 h and 2 h HF-treated samples display
a gradually decreasing tan & up to 250 Hz. This displays the significant role of frequency in the
damping behavior. Regardless of high or low damping loads and frequency, higher tan ¢ values
for MXene indicate the synergistic contribution of intralayer and interlayer damping

mechanism from the MXene layers.
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Figure 4.60: Damping behavior of MAX and HF-treated samples at a dynamic loading of (d)
1 pN and (e) 10 pN in the frequency range of 10-250 Hz

The stability of the nanoscale damping response in MXene samples was studied by
subjecting them to a large number of cycles (50000 cycles) at a frequency of 150 Hz for 1 and
10 uN loads. For this study, the frequency of 150 Hz was chosen for both the loads as a
significant leap in tan 6 value was observed during the nano-dynamic tests (Fig. 4.60). Figure
4.61 shows that MXene retains a stable damping behavior. At 1 uN load, tan 6 remained
constant for 1 h sample with small standard deviation indicating the damping process has not
degraded the 2D layers after 50000 cycles. For 10 uN load, all the 3 HF treated conditions (1

h, 2 h, 4 h) displayed similar tan  values with a higher standard deviation. This persistent
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damping behavior of HF-treated samples after 50000 cycles clearly imply the efficient energy

dissipation dictated by MXene upon cyclic loading.
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Figure 4.61: Long cycle test for HF-treated samples at loads of 1 uN and 10 pN for a
frequency of 150 Hz

4.3.6.1. Damping Mechanisms in MAX and MXene

It is evident from the multiscale damping studies that MXene phase displayed superior
damping behavior as compared to pure MAX for both low and higher loads. It is also
concluded nanoscale damping behavior is largely stable up to 50,000 cycles. Energy dissipation
in MXene can be elucidated by three possible mechanisms, viz.:

(1 Intralayer — bond contracting within an MXene sheet

(i) Interlayer — compression between MXene sheets

(i) Interlayer —sliding\shearing between the sheets

(i) Intralayer Bond Contracting: As the load is applied to MXene sheet, covalently bonded Ti-

C bond length changes resulting in atomic displacements which could be related to the simple

harmonic equation in molecular mechanics [81]. Figure 4.62 illustrates the difference in bond
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length of covalently bonded two atoms. The energy (E) required for stretching or contracting

is shown by the equation (3),
E = ke(x—x)? (4.11)

Where ks - spring constant, X, — natural bond length between two atoms, x —bond length when
stretched. This equation can be further modified for the MXene sheet terminated with surface

groups (—OH, -F or —0) as below,
E = ky(x — (%o + ¥0))? (4.12)

Where ks - spring constant, X, —hatural bond length between two atoms, y, —natural bond length
between an atom and a functional group, x —bond length when stretched. The above
relationships indicate the energy dissipation along the in-plane direction in MXene sheet when
subjected to tensile/compressive loading is due to the bond stretching or contracting between
Ti-C and Ti-C-OH/F/O". This energy is quantified for pure and functionalized Ti>C from the
theoretical bond length and available ks values from the literature [82, 83]. The bond length
change of —OH/-F functionalized Ti2C values are not available in the literature. The change in
bond length for pure and oxygen functionalized Ti>C when subjected to different loading is
assumed to increase by 0.05/0.02 A [84]. The calculated energy (E) values are tabulated in
Table 4.11, where the oxygen functionalized Ti.C requires 80% higher energy for bond

contracting than pure TiC.

i} Bond contracting between Ti and C {ii} Bond contracting hetween Ti-C and
& e surface group termination
\.I:,-,J C— Ti
X
Sy @ 0 & — Surface
group

Figure 4.62: Schematic describing the intralayer deformation mechanism
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Table 4.11: Calculated energy for bond contracting of pure and functionalized Ti>C

Composition Bond length Spring constant Energy

(X0, 101°m) (k, N/m) (E, Nm)

MXene (Ti2C) 2.09 125 0.3125
(Ti-C)

Ti2CO2 2.17 227 0.5675
(Ti-C)

Ti2CO2 1.96 227 0.0908
(Ti-0)
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Figure 4.63: Schematic describing the compression between the sheets

(i) Interlayer — compression between MXene sheets: Ti.C MXene sheets are loosely held

together by weak van der Waals forces and energy dissipation along the interlayer direction

could possibly be related to two mechanisms, (i) compression between the sheets and (ii)

shearing/sliding between the sheets. Firstly, compression of sheets due to weak van der Waals

forces between TioC sheets is discussed as shown in Figure 4.63. This mechanism was

confirmed by performing cyclic compressive loading-unloading-reloading of MXene. In the

weak van der Waals forces, the attractive force between two atoms is referred as the London

dispersion force [85]. From the interaction energy (E) of van der Waals forces of two atoms,

the weak interaction force between the atoms were derived and modified by Hamaker as given

below,

F=28 (4.13)

T 1272
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where R is the radius of the spheres, r is the distance between two atoms and A is referred to
as the Hamaker constant ranging from 10! to 1012 ergs [85]. The above expression was
modified by considering the weak interaction between two flat surfaces and the interaction

force (F) was given by,

F=-2 (4.11)

6mr3

So, the distance between two flat surfaces, ‘r’ could be directly correlated to the interlayer
distance between the MXene sheets. By differentiating the equation (4.11), energy change can

be described as below,

E=-2 (4.12)

2mr4

Where energy change is proportional to 1/r*. This equation suggests that the energy change
increases with decreasing interlayer distance (r). Enhanced energy dissipation results in
increased damping effect due to the presence of weak van der Waals forces between the MXene
sheets. This energy change was quantified by using the displacement data (Fig. 4.64(a-b))
measured during nanoDMA for both the loads (1 uN and 10 pN). Using the theoretical
monolayer thickness of Ti>C and displacement data, the number of Ti.C monolayer interacted
during damping were calculated as shown in Table 4.12 and each monolayer was separated by
weak van der Waals forces (an interlayer distance of Ti>C) [83]. The displacement data was
substituted in equation (4.12), and the corresponding energy change are shown in Figure
4.64(c-d). MAX phase was not considered for this energy calculations, as this equation was
derived based on the assumptions the sheets were loosely held together by weak van der Waals
forces. The energy change during damping (1 uN load) for the 1 h HF treated sample was 1.25
and 1.5 times higher than 2 h and 4 h HF-treated samples respectively. This observation is in
agreement with tan § values of HF-treated samples, where the 1 h MXene has highest tan & of

0.35. However, the 10 uN load energy change for 1 h HF treated sample decreases after a
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frequency of 150 Hz and displacement of 270 nm. So, the energy change for 1 h HF treated

sample of 10 uN load is not in agreement with tan 6 value, indicating compression of MXene

sheets will not be a dominating mechanism after a specific displacement and high load. With

higher load, the dominating mechanism will be interlayer shearing/sliding between the sheets.

Table 4.12: Total number of layers interacted during damping, calculated from the monolayer
thickness and average displacement measured during nanoDMA for HF-treated samples

Load HF The theoretical Average No. of
(uN) treatment  thickness of the displacement  monolayers Tan &
duration monolayer (nm) interacted
(h) (Ti2C, nm) during
damping
1 1 0.231 27 54 0.10-0.35
2 0.231 30 60 0.01-0.28
4 0.231 37 74 0.04-0.17
10 1 0.231 278 556 0.06-0.38
2 0.231 277 554 0.06-0.28
4 0.231 278 556 0.04-0.15
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Figure 4.64: Change in displacement with varying frequency upon mechanical loading of (a)
1 uN and (b) 10 uN. Energy change with varying frequency upon mechanical loading of (c) 1
MN and (d) 10 uN

(iii) Out-of-plane — sliding\shearing between the sheets: The second interlayer mechanism due

to weak van der Waals forces is the shearing/sliding of MXene sheets. This mechanism is
explained based on Cobblestone Model (Fig. 4.65) [86]. It describes that two surfaces slide
against each other when subjected to an external load. During sliding, because of the weak van
der Waals forces between the surfaces, the layers are separated or attracted to each other. This
energy is dissipated in this process of surface separation or attraction. This energy is described

as below,

Energy =F X Ax > F X Ax = 4Ay X A% (4.13)

where, y — Surface energy, A - contact area, r — initial surface separation, Ar — Small surface

separation after sliding and Ay = Yseparation — VYattraction- From the above equation, the

shear strength (Sc) at the interface can be evaluated by,

4XAYy XAr
Ax Xr

o 5, = DIXEAT (g 14)

F
S.=--85.=
¢ A ¢ Axxr

Where the coefficient of dissipation, € = Ay/y. This ‘r’ could be related to the distance between
two atoms which in turn describes the interlayer distance. Also, previous studies have shown
with HF treatment; the surface energy increases compared to pure MAX and with surface
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functionalization of —O, surface energy increases compared to —OH/-F [83, 87]. Coefficient of
dissipation, ¢ delineates the fraction of energy loss as the interlayer distance between the
MXene sheets increase or decrease. Further, interlayer distance is inversely proportional to
shear strength indicating the sliding of layers occurs more as the interlayer distance decreases.
So, during damping, the energy could also be dissipated by sliding of MXene sheets. The
sliding of MXene sheets was evaluated by conducting sliding tribological test on MAX and
MXene (see details in supplementary information). The coefficient of friction (COF) value was
0.18 for pure MAX phase powder of 1 N load. The COF significantly decreased to 0.019 for 1
h HF treated powder (1 N), with 2 h and 4 h of HF treatment (1N), the COF increased to 0.021
and 0.079. It should be noted that COF for MXene was 50 — 80% lower than the MAX which
ascribed to the interlayer shearing/sliding of MXene sheets due to the weak van der Waals
forces between the layers. Further, 1 h HF treated MXene showed superior lubrication
properties compared to 2 h and 4 h of HF treatment which is due to the increase in interlayer
spacing with more extended HF treatment. The COF data concurs with damping tan 6 values,
with 1 h demonstrating excellent damping behavior. Recently, similar behavior of shear-
induced slipping of TisC> MXene nanosheets under pressure was observed which further
substantiates the shearing of Ti>C sheets in the present work [71]. Therefore, the interlayer
mechanism — shearing/sliding of MXene sheets for energy dissipation is supported by the

tribological study.
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Figure 4.65: Schematic describing the shearing/sliding between the sheets

With increasing HF treatment duration, the array of MXene sheets in the stack
decreases which explains the weak van der Waals forces gradually waning between the sheets.
So, the intralayer and interlayer mechanism become less active with increasing HF treatment
duration. In addition, the defects formed during HF treatment will influence the damping
response and the defect concentration will increase with HF treatment duration [88]. From the
displacement data measured during nanoDMA (Fig. 4.23), at a low load of 1 uN, the
displacement of MXene varied between 26 to 42 nm and based on the calculations from Table
4.6, some MXene sheets interact during damping are well below the thickness of separated
layers (70-150 nm). Since the displacement was within the MXene layer, intralayer bond
contracting and interlayer compression would be the dominant energy dissipation mechanism
at a lower load of 1 uN. With the dynamic load of 10 uN, the displacement was above 250 nm
for all the HF-treated samples. This indicates displacement would be higher than 250 nm at the
higher loads of 1and 5 mN. As the load (10 uN/1 mN/5 mN) is applied on the MXene sheets,
initially the energy dissipation would be within the layers. With the increase in applied force,
the displacement proceeds through the interlayer gap between the MXene sheets, at this stage
the energy dissipation occurs through the interlayer compression\sliding between the sheets.
So, at larger loads, the dominant energy dissipation will be a combination of all three
mechanisms, (i) Intralayer — bond contracting, (ii) Interlayer — compression between MXene
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sheets and (iii) Interlayer —sliding\shearing between the sheets. Therefore, the combination of
both intralayer and interlayer mechanisms in MXene will surpass the damping behavior of pure

MAX phase and emerge as an excellent damping material.

4.3.7. Conclusion of 2D MXene Synthesis and Damping Behavior

In this study, Ti.C MXene is successfully synthesized as major phase from starting
Ti2AIC MAX and the multiscale damping behavior of MXene is explored. Dynamic loading of multi-
layer MXene assembly shows appreciable loss tangent (tan 9), indicating energy dissipation ability of
the material. The tan & value for MXene is recorded to be as high as 0.37, which is about 200%
improvement from pure MAX. It is hypothesized there are multi-scale energy loss mechanisms active
in the material. While intralayer bond contraction operates in individual MXene sheets, interlayer
compression and sliding/shearing mechanisms are active between the stacked layers. The presence of
functional groups, van der Waals interactions and low coefficient of friction between the MXene sheets
provide MXene with extraordinary energy dissipation ability. Damping behavior is highly stable in
MXene for as high as 50,000 cycles, making it extremely promising for advanced applications requiring

superior impact resistance, stability against noise, and ability to damp mechanical vibrations.
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Chapter V: Conclusions

In this dissertation, the mechanical and tribological behavior of sintered bulk 2D
BNNS, BCN and for 2D MXene particles are studied in detail. BNNS and BCN (BNNS +
GNP) exhibit their potential to withstand the extreme processing conditions during spark
plasma sintering at 1650 °C -1850 °C and 50 MPa. In this high temperature process, the 2D
materials were able to retain their unique structure/morphology and achieve bulk densification
above 90%. After synthesis, structural, microstructural and fundamental deformation
mechanisms on spark plasma sintered bulk 2D BNNS, BCN and MXene powders are
evaluated. Mechanical properties and the corresponding deformation mechanisms are explored
along the in-plane and out-of-plane orientations. The dissipation energy associated with the
individual deformation mechanisms are quantified and compared. This chapter comprises of
the conclusion from the present work on spark plasma sintered BNNS, BCN and MXene
powders. The major conclusion from this dissertation are listed below in terms of (i) BNNS

SPS, (ii) BCN SPS and (iii) MXene.

(i) Spark Plasma Sintered BNNS

1. BNNS are successfully consolidated without any sintering aid into a monolithic pellet
by spark plasma sintering with the relative density greater than 92%. The monolithic
BNNS pellet indicate their potential to retain the 2D nature of BNNS, even at the severe
processing conditions of high temperature — 1650 °C and load of 50 MPa.

2. X-ray diffraction study confirmed the h-BN structure after sintering of BNNS along
with B2O3 and B4C as trace impurities.

3. Texture studies of sintered BNNS pellet, revealed the preferred orientation of BNNS

basal (0002) plane perpendicular to the direction of pressure is observed on the top
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surface of the pellet. The cross-section surface of BNNS pellet showed a faint
orientation along the (1120) and (0111) planes.

Fracture surface of sintered BNNS pellet supports the XRD and texture results of
preferred orientation, where the platelets are oriented perpendicular with respect to the
loading direction. The fractured layers shows a zig-zag nature, as the propagation of
cracks occurred along the edges of nanosheets and not through the nanosheets. Since,
the sintered BNNS nanosheets have weak bonding along the edges and strong covalent
bonding within the nanosheets.

. TEM studies on sintered BNNS pellets showed crystalline grains (100 nm — 2 um) and
high density of multiple twin lamellae. Twin formation resulted from the deformation
of hexagonal BNNS during sintering at high temperature and pressure.

. The coefficient of friction are measured for the sintered BNNS pellet at room
temperature (25 °C) and high temperature (600 °C). Room temperature test showed a
lower coefficient of friction (0.145) compared to the high temperature test (0.656). This
is due to the change in wear mechanism. At room temperature the shearing of the
layered sheets occur and it enhances the lubricating effect. During the high temperature
test, the BNNS becomes softer resulting in the abrasive wear and this degrades the
lubricating effect.

High load in-situ indentation studies are carried out in the displacement control mode
along the cross-section and top surface of the sintered BNNS pellet. The total energy
dissipation, when indenting along the top surface is 61.44 mJ and along the cross-
section is 41.07 mJ. So, the energy dissipation is 50% greater during indentation along
the top surface compared to the cross-section energy dissipation during indentation.
Thus, BNNS has to be arranged in a preferred way (basal planes aligned along the top

surface) to increase the toughness when used as a reinforcement in composites.
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8.

Predominant deformation mechanisms observed on the top surface indentation are
compression of the layered sheets, delamination and BNNS pile-up. For the cross-
section direction, the key deformation mechanisms are cracking and fracturing with an
insignificant delamination. The dominant deformation mechanisms in sintered BNNS
pellet are directly related to the preferred orientation of the crystallographic planes.
Along the top surface, there is no active slip system. However, twinning was observed.
In the cross-section, active pyramidal slip system resulted in a plastic deformation.
Additionally, the weak van der Waals forces between the layers caused crack

propagation along the cross-section.

(i) Reaction Synthesized BCN

9.

10.

11.

Reaction synthesis of BCN phase using spark plasma sintering are successfully
achieved from the powder mixture of BNNS and GNP. The powder mixture are sintered
at three different parameters (sintering temperature and time), (i) BCN 1-1650 °C, 10
min, (if) BCN 2 — 1650 °C, 30 min and (iii) BCN 3 — 1750 °C, 10 min. The reaction
synthesized BCN pellets retained the 2D nature of the nanosheets, in spite of their
exposure to harsh sintering temperatures.

Structural study of the reaction sintered BCN pellets confirmed the h-BCN and c-BCN
phase formation in BCN 2/BCN 3 pellet along with other secondary phases (h-BN,
B.03, B4C and carbon) present in the reaction sintered BCN 2/BCN 3.

FTIR study also confirmed the BCN phase formation in reaction sintered BCN 2 and
BCN 3 pellets. New B-C, C-N and C=N bonds were identified in the FTIR spectra of

BCN 2/BCN 3 pellets along with B-N and C-C bonds.
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12.

13.

14.

15.

16.

Raman studies on the reaction sintered BCN pellets reveal the BCN 2 and BCN 3 pellets
have lower structural defects with increase in their crystallite size compared to the BCN
1 pellet.

TEM studies on reactive sintered BCN pellets reveal the major hexagonal-BCN phase
formation with cubic-BCN phase in the BCN 2 and BCN 3 pellets. The high-angle
annular dark field-scanning transmission electron microscopy (HAADF-STEM) study
showed the cubic BCN nanoparticles formed between the sintered nanosheets with
varying particle size (10 nm — 400 nm).

Fracture surface of BCN 2 and BCN 3 pellets showed densely packed nanosheets with
minimal interlayer gaps compared to fracture surface of BCN 1 pellet. The fracture
surface of all the three samples revealed the preferred orientation of sintered nanosheets
with few unreacted BNNS/GNP.

Texture studies of reaction sintered BCN pellets revealed the top surface has a preferred
orientation of (0002) basal plane texture and the cross-section has shown the weak
texturing of (101 1) pyramidal plane texture. The relative volume fraction of (0002)
basal plane and (101 1) pyramidal plane texture along the top surface and cross-section
increased with longer dwell time (BCN 2) and higher sintering temperature (BCN 3).
Room temperature tribological studies for the BCN pellets showed an increase in
coefficient of friction (COF) by 4.5 % for BCN 2 and 14.5% for BCN 3 sample. This
increase in COF is attributed to presence of hard cubic BCN phase, and it is evident
from the rough surface of BCN 2/BCN 3 wear tracks. The high temperature tribological
studies at 600 °C for the BCN pellets showed a decrease in coefficient of friction (COF)
by 7.6 % for BCN 2 and 11.5% for BCN 3 sample. This decrease in COF is attributed
to the possible formation of graphitic transfer layer, it is evident from the smooth

surface of BCN 2/BCN 3 wear tracks.
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17.

The high load indentation of BCN top surface, shows the change in energy dissipation
mechanisms for BCN 3 pellet compared to BCN 1 and BCN 2 pellets. The energy
dissipation mechanism for top surface of BCN 3 are nanosheet sliding, compression
with few delamination. This was apparent from the smooth surface at the bottom of
BCN 3 indent with no crack formation at the bottom or corner of the indents. The energy
dissipated during the nanosheet sliding is the least because of the weak van der Waals

forces between the layered nanosheets.

(iii) MXene

18.

19.

20.

21.

22.

Two-dimensional Ti.C MXene with surface terminations (—OH/-F) is successfully
synthesized from the MAX phase Ti>AIC powder by HF acid treatment.

The structural study using X-ray diffraction confirmed the Ti.C MXene formation after
HF treatment. The Ti.C MXene phase are present with the remnant MAX phase Ti>AIC
and TiC. The‘d-spacing’ (doo2) or interlayer distance corresponding to Ti.C peak
increased from 6.75 to 8.45 A with increase in HF acid treatment.

The microstructural studies of HF treated MXene powders revealed no oxidation of
nanosheets and thickness of separated MXene layers decreased from 157 + 20 nm for
1hto 100 + 23 nmfor2hto 74 £ 12 nm for 4 h.

Coefficient of friction for pure MAX powder is 0.18, for 1 h HF treated MXene powder
COF significantly decreased to 0.019, with 2 h and 4 h of HF treatment, the COF
increased to 0.021 and 0.079. The COF of HF treated MXenes are 50 — 80% lower than
pure MAX, due to the weak van der Waals forces between the layers, it results in
interlayer shearing of MXene sheets.

Dynamic loading of multi-layer MXene assembly shows appreciable loss tangent (tan

0), indicating energy dissipation ability of the material. The tan ¢ value for 1 h HF
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23.

24,

25.

treated MXene is recorded to be as high as 0.37, which is about 200% improvement
from pure MAX. Multi-scale energy loss mechanisms active in the material are the
reason for this enhanced damping behavior of MXene.
After 50000 cycles at a frequency of 150 Hz for 1 uN and 10 pN loads, the 1 h HF
treated MXene sample displayed stable damping behavior (tan 6 - 0.21 + 0.014 (1 uN)
and 0.20 + 0.028 (10 uN)), indicating the excellent energy dissipation behavior of
MXene upon cyclic loading.
The predominant energy dissipation mechanism in MXene during damping are as
follows,

Q) Intralayer — bond contracting,

(i) Interlayer — compression between MXene sheets

(iii)  Interlayer —sliding\shearing between the sheets
During damping in a single MXene layer for lower load of 1 uN, the energy dissipation
mechanism will be intralayer bond contracting and interlayer compression. Damping in
a multilayered MXene for load of 10 uN/1 mN/5 mN, the energy dissipation mechanism
will be a combination of intralayer bond contraction, interlayer compression and

interelayer sliding/shearing.
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Chapter VI: Recommendations for Future Work

The focus of the present research was to explore: (i) the deformation behavior of

sintered 2D carbide/nitride ceramics in bulk form concerning their orientation, and (ii) the

damping behavior of the synthesized MXene powders. Bulk multilayered 2D carbide/nitride

ceramics were prepared by optimizing the synthesis/sintering parameters of SPS and texturing

of the multilayered nanosheets was observed. Then, mechanical and tribological properties

were evaluated concerning their orientation. The research outcomes from this thesis will

establish 2D materials in bulk form for novel applications beyond their conventional

applications as reinforcements in composites. In addition to the key findings of this research,

future studies are recommended to understand and demonstrate the potential of 2D materials

applications.

Current State of the Art

Recommendations

Boron Nitride Nanosheets (BNNS)

1. In the present research, 2D BNNS was
consolidated without any sintering aid to
make monolithic BNNS by spark plasma
sintering. Mechanical and tribological
properties of monolithic BNNS have been

studied.

1. In the future study, it is important to
consolidate the conventional h-BN powder
without any sintering aid under similar spark
plasma sintering conditions. Then, the
mechanical and tribological properties of
monolithic h-BN should be measured and
compared with monolithic BNNS properties.
Such a comparison will enable us to

understand the effect of h-BN vs. BNNS
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morphologies on the properties of sintered

compacts.

2. In this study, crystallographic texturing
was evaluated along the top surface and
cross-section of the BNNS pellet, where
BNNS with 100 nm — 3 pum in diameter and
40 — 65 nm thickness were used as the

starting powder.

2. It is recommended that the effect of
starting BNNS particle size on the texturing

should be studied to wunderstand the

correlation of particle size on the

crystallographic orientation.

3. Mechanical and tribological properties of
textured bulk BNNS was explored in the
present work. As the conventional h-BN is
one of the commonly used thermal
conductive fillers (due to high thermal
conductivity), it is worthy of investigating
the thermal properties of bulk BNNS

concerning their orientation.

3. The effect of texturing on thermal
properties of bulk BNNS pellet must be
explored along the in-plane and out-of-plane

direction.

4. The 2D BNNS after SPS consolidation has
shown the presence of traces of B>O3s phase.
B2Os phase can act as a sintering aid and
contribute to the densification of bulk

BNNS.

4. To nullify the effect of B2,O3 phase on
BNNS consolidation — the as-received 2D
BNNS powders should be heat treated before

SPS to avoid B,O3 formation.
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Current State of the Art

Recommendations

Boron-Carbon-Nitride (BCN) System

1. In this study, hexagonal and cubic BCN
phase was successfully synthesized by
reactive spark plasma sintering method
using BNNS and Graphene as precursors.
However, the starting BNNS and graphene

phase was still retained with the BCN phase.

1. Reactive spark plasma sintering process

parameters (temperature, pressure, time)
must be optimized to maximize the BCN
phase formation. The optimization of SPS
process parameters will also contribute to

improving the densification of bulk BCN.

2. Based on the literature, the reaction
synthesis temperature to form the BCN
phase was chosen in this study. Such
experimental study, when coupled with
theoretical and thermodynamic calculations
can provide useful information to design the
experiments  with

optimal  processing

parameters.

() Thermodynamic modeling should be
performed to develop the phase diagram for
BNNS-GNP system. This phase diagram will
be useful to interpret the initial composition
of BNNS and GNP mixture, reaction

synthesis temperature for the desired

hexagonal BCN/cubic BCN phase formation.

(i) The ab initio calculations should be

performed to estimate the energy of
formation and enthalpy of mixing for the
stable and metastable phases of the BCN
system formed from 2D BNNS/GNP.
Similarly, the Gibbs energy for the different
BCN phases formed should be estimated to

identify the stable BCN phase.
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3. In the present study, the XRD patterns of
reaction synthesized samples have been
indexed, and the BCN phase was identified.
However, a detailed analysis of the XRD

pattern was not performed.

3. The detailed crystal structure information
of the synthesized BCN phase has to be
probed by Rietveld refinement of the BCN
XRD pattern. This study will contribute to
quantifying the (i) phase fraction, (ii) lattice
(iii)

composition of different BCN phase formed

parameters, and the  chemical

by reaction synthesis method.

Current State of the Art

Recommendations

MXene

1. In the present work, 2D Ti.C MXene was
successfully synthesized from HF treatment
of Ti,AIC MAX phase. Multiscale damping
properties of synthesized MXene nanosheets
was explored. Bulk form (e.g., MXene
pellet) was not attempted in the current

research.

1. Do MXene nanosheets retain their

mechanical, electrical and chemical
properties in the bulk form such as MXene
pellets? This will require consolidation of
MXene sheets into a pellet using SPS or other
consolidation technique. Such a study will
provide the effect of MXene scale length on

its properties.
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