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ABSTRACT OF THE DISSERTATION

Scalable Nano-Manufacturing of Metal-Based Nanocomposites

by

Abdolreza Javadi

Doctor of Philosophy in Mechanical Engineering

University of California, Los Angeles, 2018

Professor Xiaochun Li, Chair

The objective of this study is to significantly advance the fundamental knowledge to enable
scalable nano-manufacturing of metal-based nanocomposites by overcoming the grand challenges
that exist in both fundamental and manufacturing levels. It especially seeks to manufacture bulk
aluminum nanocomposite electrical conductors (ANECs) with uniform dispersion and distribution

of nanoparticles that offer excellent mechanical and electrical properties.



Polymer-metal nanocomposite is an emerging class of hybrid materials which can offer
significantly improved functional properties (e.g. electrical conductivity). Incorporating proper
nanoscale metallic elements into polymer matrices can enhance the electrical conductivity of the
polymers. To achieve such polymer nanocomposites, the longstanding challenge of uniform
dispersion of metal nanoparticles in polymers must be addressed. Conventional scale-down
techniques often are only able to shrink larger elements (e.g. microparticles and microfibers) into
micro/nano-elements (i.e. nanoparticles and nanofibers) without significant modification in their
relative spatial and size distributions. This study uncovers an unusual phenomenon that tin (Sn)
microparticles with both poor size distribution and spatial dispersion were stretched into uniformly
dispersed and sized nanoparticles in polyethersulfone (PES) using thermal drawing method. It is
believed that the capillary instability plays a crucial role during thermal drawing. This novel,
inexpensive, and scalable method overcomes the longstanding challenge to produce bulk polymer-

metal nanocomposites (PMNCs) with a uniform dispersion of metallic nano-elements (Chapter 3).

Nano-elements (e.g. nanoparticles) are one of the most important constituent of the
nanocomposite materials. Since titanium diboride (TiB:) nanoparticles is of a crucial factor in this
study, and more importantly is not commercially available, we synthesized these reinforcements
to ensure high purity and size uniformity. Our preliminary results show that TiB> nanoparticles
with a uniform size can be produced. Further characterization confirmed the presence of crystalline
TiB2 nanoparticles with average size of 8.1+0.4 nm. The in-house synthesized TiB> nanoparticles
were used to reinforce both aluminum and magnesium matrices. Successful incorporation of TiB>
nanoparticles in the aforementioned matrices was another indirection indication of high purity and

surface-clean TiB2 nanoparticles (Chapter 4).



Lightweight metallic systems (e.g. Al) have promising potentials for applications in metal-
based laser additive manufacturing. Lightweight metals exhibit moderate mechanical properties
compare to high density metals (e.g. steel). However, lightweight metal matrix nanocomposites
(LMMNCs) offer excellent mechanical properties desirable to improve energy efficiency and
system performance for widespread applications including, but not limited to, aerospace,
transportation, electronics, automotive, and defense. It has been a longstanding challenge to
realize a scalable manufacturing method to produce metal nanocomposite microparticles. This
study demonstrates high volume manufacturing of Al and magnesiuim (Mg) nanocomposite
microparticles. In-house synthesized TiB> and commercial titanium carbide (TiC) nanoparticles
were chosen as nano-scale reinforcements. Using a flux-assisted solidification processing method,
up to 30% volume fraction nanoparticles were efficiently incorporated and dispersed into Al and
Mg microparticles. Theoretical study on nanoparticle interactions in molten metals revealed that
TiC and TiB2 nanoparticles can be self-dispersed and self-stabilized in molten Al and Mg matrices.
Metal-based additive manufacturing and thermal spraying coating can significantly benefit from
these novel Al and Mg nanocomposite microparticles. This simple yet scalable approach can
broaden the applications of such nanocomposite in additive manufacturing of the functional parts.
Moreover, the metal nanocomposite microparticles can be applied in conventional manufacturing
processing. For example, bulk Al-30 volume percent (vol. %) nanocomposites were produced by
cold compaction of Al-30 vol. % TiB2 nanocomposite microparticles followed by melting. Al-30
vol. % TiB2 nanocomposites with average Vickers hardness of 458 HV was successfully produced

(Chapter 5).



Magnesium is the lightest structure metal applied in broad range of applications in various
industries such as biomedical, transportation, construction, naval and electronic. Strengthening Mg
is of significance for energy efficiency of numerous transportation systems. Traditional metal
strengthening approaches such as elemental alloying have reached their fundamental limits in
offering high strength metals functioning at elevated temperature. Adding nanoparticle
reinforcements can effectively promote the mechanical properties of Mg nanocomposites.
However, manufacturing of bulk magnesium nanocomposites with populous and dispersed
nanoparticles remains as a great challenge. Here we report a novel flux-assisted liquid state
processing of bulk Mg nanocomposites with TiC as the nanoscale reinforcements. TiC
nanoparticles with high hardness and high elastic modulus is well-distributed and uniformly
dispersed in the Mg matrix, resulting in a significantly improved Vickers hardness of 143.5£11.5
HV (pure Mg Vickers hardness is about 35 HV). Further theoretical study suggested that TiC

nanoparticles can be self-dispersed and self-stabilized in Mg matrix (Chapter 6).

Aluminum is one of the most abundant lightweight metal on Earth with a wide range of
practical applications such as electrical wire. However, traditional aluminum manufacturing
processing approaches such as elemental alloying, deformation and thermomechanical cannot
offer further property improvement due to fundamental limitations. Successful incorporation of
ceramic nanoparticles into aluminum have shown unusual property improvements. Adding metal-
like ceramic nanoparticles into aluminum matrix can be a promising alternative to produce high
performance aluminum electrical wires. Here we show a new class of aluminum nanocomposite
electrical conductors (ANECSs), with significantly improved average Vickers hardness (130 HV)

and good electrical conductivity (41% IACS). The as-cast Al-3 vol. % TiB, nanocomposites



exhibit yield strength of 206.6 MPa, UTS of 219.6 MPa, tensile strain of 4.3% and electrical
conductivity of 57.5% IACS (pure Al has yield strength of 35 MPa, UTS of 90 MPa, tensile strain
of 12% and electrical conductivity of 62.5% IACS). We also observed an unusual ultra-fine grain
(UFG) size, as small as 300 nm, in the ANEC samples under slow cooling. We believe that the
significant mechanical property enhancements can be partially attributed to the existence of the
UFG. Further investigations demonstrated that UFG can be achieved when nanoparticles are

uniformly dispersed and distributed in the aluminum matrix (Chapter 7).

In summary, analytical, numerical and experimental approaches have been established to
significantly advance fundamental understanding of polymeric and metallic matrix
nanocomposites, in particular the effect of metal-like ceramics on mechanical and electrical
properties of lightweight metals. This study has demonstrated scalable production of multi-
functional metal and polymer matrix nanocomposites. Metal-like ceramic nanoparticles can
significantly enhance the mechanical properties of metal matrix while retaining good electrical

properties.
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CHAPTER 1. INTRODUCTION

1.1 Background and Motivation

Nanocomposites are class of hybrid materials consist of nanoscale elements as reinforcements
and matrix. Nano scale elements are synthesized in various shapes and geometries with average
sizes less than 100 nm in each dimension. Nanoparticles and nanofibers are two common nanoscale
elements widely used as reinforcement in nanocomposite systems. Nanocomposite materials can
be divided into three main category; namely, polymeric matrix nanocomposite (PMNC), metallic
matrix nanocomposites (MMNC), and ceramic matrix nanocomposite (CMNC). PMNCs and
MMNCs have been intensively studied over the past two decades as they offer significantly
enhanced mechanical, electrical, thermal, and chemical properties [1-6]. MMNC materials are
capable of offering mechanical properties than cannot be achieved by conventional strengthening

mechanisms such as elemental alloying and thermomechanical processing [7].

Lightweight metals have been widely used for diverse range of practical applications in
various industries, including but not limited to, aerospace, automotive, railroad, naval, electronic,
packaging and etc. In lightweight metal family, aluminum, the second-most-commonly used
structural metal, has been widely applied for many structural and functional applications.
Aluminum and its alloy have been widely utilized in electrical transmission and distribution lines
across the world. It is estimated that annual electricity transmission and distribution losses are
about 5% in the United States [8]. In addition, the tower cost for such high density electrical cables
(due to steel core as reinforcement) can be significant. Therefore, the electrical transmission line

is one of the most promising directions for research and development where nanocomposites can



offer exciting promises to significantly improve the mechanical properties of electrical conductors

while maintaining good electrical properties.

Magnesium, the third-most-commonly used structural metal, is another element of interests
in lightweight metal family. Magnesium, the low density metal, has been broadly applied in
industries such as automotive, electronics and biomedical. Similar to aluminum, traditional
magnesium synthesis and processing methods have reach their fundamental limitations in terms of
mechanical property improvements. Therefore, a new approach, metal matrix nanocomposites, can
be a promising alternatives to procured bulk magnesium with significantly improved mechanical

properties.

Additive manufacturing (AM) or three dimensional (3-D) printing of metallic systems have
drawn significant attentions by both industries and academia in recent years. Manufacturing of
functional or structural parts layer-by-layer have provided an invaluable design freedom for rapid
production. The significant reduction of time from conceptual design (e.g. three dimensional
modeling)-to-manufacturing offer extraordinary promises for fast development of metals for
diverse practical applications. Metal-based 3D printing has shown an unexpected growth in
industries, including but not limited to, aerospace, defense, navy, tooling, biomedical, and
automotive industries. Currently, more than 5500 alloy systems used in daily life cannot be 3D
printed [8, 9]. In addition, 3D printing of metallic systems such as pure Al and it alloys are not
readily available for many practical applications due poor solidification behavior and limited
mechanical properties. Therefore, there is a strong need for the development of the unique
microscale metallic superstructures to be used in 3D printing to improve poor solidification

behavior, and more importantly, mechanical properties of the final parts.



1.2 Overarching Goals and Specific Research Objectives

The overarching goas of this study are: (a) to produce multi-functional polymer-metal
nanocomposites with a uniform dispersion and distribution of metallic nanoscale elements, (b) to
significantly advance the fundamental understating of a suitable nanoparticles interaction in
molten metal, (c) to introduce a science-guided novel class of aluminum and magnesium
nanocomposites for practical applications such as electrical transmission lines, (d) to
fundamentally understand, design, and produce metal-nanoparticle systems with desired
mechanical and electrical properties, and (e) to develop a scalable, simple, and novel method to
synthesize nanoscale reinforcements. More specifically, the research objective is to understand the
exact influence of nanoparticles on different lightweight matrices, which includes nanoparticles
interaction in molten metals, nanoparticles impact on mechanical and electrical properties, and the

influence of the nanoparticles on unclean of the primary matrix phase during solidifications.

Polymer-Matrix Nanocomposites

Polymers, both in synthetic and natural forms play a crucial and ubiquitous role in our daily
life due to their good mechanical and chemical properties. However, polymers do not offer
promising mechanical, electrical and thermal properties. Reinforcing polymers with glass fibers
or carbon fibers have been utilized for many structural applications such as commercial aircrafts.
Significant improvements in mechanical, electrical and thermal properties of polymers allow these
low density materials to serve new industries. Incorporating suitable nanoscale elements in
polymeric materials result in excellent mechanical and functional properties. Polymer-metal
nanocomposites have drawn significant attention within the past two decades due to their excellent

physicochemical properties for functional application [10-13]. PMNCs have many potential



applications such as transparent electrodes [14-16], electromagnetic interface (EMI) shielding,
electrostatic dissipation (EDS) [17], plasmonic metamaterial electromagnetic wave absorbers for
solar cells [18-20] and antimicrobial polymers [21].

For conductive polymers to be used as EMI or EDS, moderate conductivities are required
(6 =10*-10°Sm™ for EDS and ¢ > 1 Sm™ for EMI) [22, 23]. Uniform dispersion of conducting
particles such as carbon nanotubes (CNTs), metal nanowires in thin section polymer can lead to
anisotropic conduction nanocomposites. CNT-based PMNCs are reported to have electrical
conductivities between 10 and 10° Sm™ [24]. However PMNCs can be significantly useful for
the aforementioned applications, the fabrication of PMNCs suffers from major challenges such as
uniform dispersion of metallic phase and scalability [17].

PMNCs fabrication methods can be divided into two main categories: extrinsic and
intrinsic [11]. In extrinsic methods, nanoparticles are dispersed (i.e. shear forces or ultrasonic
vibration) separately in an organic chemical solvent such as ethanol and then incorporated into the
polymer matrix during processing such as extrusion or spin coating [17]. In this approach, the
surface of the metal nanoparticles are often functionalized or passivated to promote the dispersion
and distributions in polymer matrix. Physical dispersion methods are used to produce polymer
nanocomposite films and are also categorized as extrinsic which provide homogeneous distribution
and distribution. However, it is limited to production of thin films. In intrinsic methods, metal
nanoparticles are formed in-situ during processing. Intrinsic methods can produce bulk polymer
nanocomposites with improved dispersion, however these methods are more complex and less
cost-effective. Therefore, there is a strong demand for scalable fabrication of PMNCs with uniform

dispersion and distribution of metallic phase.



Metal Matrix Nanocomposites

Metal matrix nanocomposites are class of materials that the matrix is essentially pure metal
or alloy and the reinforcement can be different ceramic or organic compounds. There are several
methods to manufacture MMNCs such as wet chemical [25, 26], solid-state processing (i.e. powder
metallurgy), liquid-state methods (electroplating and electroforming, pressure infiltration, stir
casting, squeeze casting, spray deposition, reactive processing, and solidification) [27-33], semi-
solid state processing (e.g. semi-solid powder processing) [34-36], vapor deposition (e.g. physical
vapor deposition), electrodeposition [37-43], friction stir welding [44, 45], mechanical alloying
[46-57], and laser cladding [51, 58-63].

Solidification processing is of a great potential for an economical manufacturing of bulk
nanocomposites specifically for those with crystalline materials as matrix. However, achieving a
uniform dispersion of nanoscale reinforcements (e.g. nanoparticles) within crystalline matrix is of
a great challenge [7]. The final distribution of nanoparticles depends on incorporation, dispersion
in molten metal, and the pushing effect of nanoparticles during solidification. Many researchers
have strived to resolve the pushing of the nanoparticles to the grain boundaries during
solidification [64]. It is still a grand challenge to achieve uniform dispersion of nanoparticles in
metal matrix due to a strong van der Waals (vdW) attraction forces that exist between
nanoparticles. Also, the poor wettability between ceramic nanoparticles and molten metal lead to
cluster formation. Other factors such as contaminations and air entrapments reduce wettability
between nanoparticles and molten matrix which results in poor incorporation efficiency and

dispersion [7].



Aluminum Electrical Conductors

Copper (Cu) and silver (Ag) are best known electrical conducting metals, however they have
high density. And more importantly, they are expensive for applications in overhead electrical
direct current (DC) transmission and distribution lines. On the other hand, pure aluminum, with a
low electrical resistivity (2.63 uQ-cm, 64% international annealed copper standard/IACS) at room
temperature, is a low cost, lightweight metal with a one-third density of Ag and Cu. The
aforementioned characteristics made aluminum a promising candidate for overhead electrical DC
transmission lines. Aluminum conductors have been widely used as electrical conductors,
especially as wires and cable.

Aluminum conductor steel reinforced (ACSR) is the most common electrical conductor cable
system used for high voltage DC transmission lines [35, 65, 66]. ACSR consist of Al1350-H19
strands responsible for electrical conductivity and high strength steel wire core which carries the
weight of the whole cable. ACSR suffers from high electrical resistivity, high density, and high
temperature stability. ACSR overhead electrical cable in its current form has remained unchanged
for more than 100 years, aside from minor changes in the alloys and construction of the product.
It is estimated that annual electricity transmission and distribution losses is about 5% in the United
States [67] which can be translated to more than $24B loss. Therefore, reducing this amount of
electricity loss by a novel and transformative electrical transmission system (i.e. developing new
electrical conductors) with improved mechanical and electrical properties is vital. In addition,
since ACSR cables have high density, they require more tower construction which increases the
cost of the transmission lines [35]. The rising demand for efficient electrical power transmission
lines and increasing cost of the land acquisition for transmission corridors have pressed for

development of the new generation of electrical cables.



Traditional strengthening mechanism such as sever plastic deformation (e.g. cold drawing and
equal-channel angular pressing) [68-71], high-pressure torsion [72-74], accumulated roll bonding
[75-77], solid solution treatment [78-81], grain boundary strengthening (Hall-Petch effect) [82],
dislocation strengthening, precipitation strengthening [83], and solid-solution strengthening [84]
have reached their fundamental limitations. For instance, the strengthening phases produced via

precipitation hardening become unstable at elevate operating temperature.

Several material systems have been proposed to produced aluminum electrical wire via
powder metallurgy method such as Al-Nb [34], Al-Ti [85], Al-Mg [86], Al-Sn [87], and Al-Ca
[35]. Although these solutions demonstrate improved strength, they suffer from poor electrical
conductivity, and more importantly, small scale production (e.g. powder metallurgy). Metal matrix
nanocomposites is a class of hybrid material which offer unusual properties [7]. Thus,
incorporating suitable nanoparticles into aluminum metal matrix can be a viable approach to
produce scalable aluminum electrical conductors suitable for high voltage DC transmission lines.
Incorporating metal-like nanoparticles into Al matrix enhances the mechanical strength while

retaining good electrical conductivity.

In the United States, it is widely estimated that there will be an increase of at least 20%
demand for electricity in the next ten years. In addition, economic development and business
expansion requires reliable electrical transmission lines. This increase in demand has created
congestion on the current power transmission lines. Therefore, it is crucial to modify and upgrade
the existing power transmission lines to meet the increase in national electrical power demand.
Nanocomposite approach is an exciting opportunity to produce Al nanocomposites which can offer

mechanical and electrical properties beyond the limitations of traditional manufacturing methods.



1.3 Outline

Chapter 2 reviews the nanocomposites in research and developments.

Chapter 3 introduces a scalable yet novel approach to produce polymer-metal nanocomposites.

e Chapter 4 shows a scalable synthesis method to produce metal-like ceramic nanoparticles to
be utilized as nano-reinforcements.

e Chapter 5 introduces an innovative approach to mass produce metal nanocomposite
microparticles.

e Chapter 6 describes nanoparticles interaction in magnesium matrix and production of
magnesium nanocomposites with high volume fraction of nanoparticles for significantly
improved Vickers hardness.

e Chapter 7 introduces theoretical and experimental studies on the effect of nanoparticles on
mechanical strength and electrical conductivity of aluminum matrix nanocomposites.

e Chapter 8 draws conclusions for this dissertation.

e Chapter 9 focuses on the recommended work for future.



CHAPTER 2. LITERATURE REVIEW

Nanocomposites are class of multi-phase solid materials consist of matrix and
reinforcements. Matrix phase can be in form of metallic, polymeric and ceramic. The
reinforcement phase requires to be less than 100 nm in size and well-dispersed in matrix medium.
The reinforcing phase can be in form of particulates, fibrous, tubes, flakes, filler, and etc.
Nanocomposite materials offer promising physical, chemical, mechanical, and electrical properties

for a broad range of applications in aerospace, automotive, naval, air force, and army.

2.1 Polymer Matrix Nanocomposites

2.1.1 Polymer-Metal Nanocomposites for Functional and Structural Applications

PMNCs with highly ordered nano-element are complex materials with interesting
morphological behavior due to the variation in composition, structure and physiochemical
properties. Conductive PMNCs are extensively studied for novel applications such as chemical
and biological sensors, photovoltaic devices, flexible and transparent electronics, printable circuit
wiring, variable resistors, and actuators [17].

Several approaches has been investigated to unfirmly disperse CNT (due to high electrical-
current-carrying capacity of CNT, about 1000 higher than copper wire) into polymer matrices such
as direct feeding, modification of CNTs or the polymer, and use of the third component [64]. Direct
feeding was used by Sandler et al. to fabricate conducting PMNCs. First, catalytically grown
multi-walled CNTs (MWCNTSs) were dispersed in ethanol by sonication. Then, epoxy resin were
added to the mixture while stirring. A solvent was then added to the mixture to reduce the viscosity
of the mixture. Upon achieving desired dispersion MWCNTSs in epoxy resin the solvent was

evaporated and hardener was added to completely capture the MWCNTSs. Conductivity of the



epoxy resin-MWCNT was increased compare to polymer-carbon black composites. The
conductivity of the epoxy resin-MWCNT was reported to be 10 S/m [64].

Kang et al. fabricated a multilayered nanocomposite membrane from layer-by-layer
assembled polymers and single walled CNTs (SWCNTSs) with combination of top-down and
bottom-up approaches. Poly allylamine hydrochloride (PAH) and poly sodium 4-styrenesulfonate
(PSS) were used as cationic and the anionic polymers, respectively. Spin coating (with 4000 rpm
and for 20 second) was utilized to form different layers of PSS and PAH. Functionalized SWCNTs
(carboxylic/COOH acid group) was dispersed in DMF (N, N-dimethylformamide) solvent, and
was spin coated on the substrate. This layer was sandwiched between PSS and PAH layers. COOH
group on the SWCNT surfaces result in strong electrostatic interaction with amine group on the
positively charged PAH molecular surfaces. These repulsive forces overcome vdW attractions,
enabling well-dispersion of SWCNTSs in substrate. Nanomembrane fabrication began with 200 nm
thick LPCVD (low pressure chemical vapor deposition) silicon nitride deposition onto a silicon
(Si) substrate. Followed by pattering backside etched holes. 40 nm Ti film was sputtered after
backside bulk etching. The bottom side of the polymeric Spin coating was used to deposit
SWCNTS network. Shadow masking was used to form a metal electrode. It was shown the
electrical conductivity of the nano-membrane can be tuned by controlling the density of the
SWCNT interlayer [88].

2.1.2 Dispersion of Metallic Phase in Polymer Matrix

Many approaches have been reported to effectively disperse nano-elements in polymer
matrices. Uniform dispersion of the conductive nano-elements in polymer matrices are desired to
achieve PMNCs with exceptional mechanical and functional properties. Dispersion approaches

can be classified into kinetic and thermodynamic.
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In kinetic methods, essentially an external energy source such as shear force or ultrasound
vibration is used to momentarily disperse the nano-elements. Solution blending, melt blending,
and in-situ polymerization are the most comment approaches that fall into this category. In this
method, nano-elements are disperse in a solvent medium (e.g. using ultrasonication) and then
mixed with a desired matrix. Solvent is then evaporated to realize polymer matrix nanocomposites.
A highly volatile solvent that expels rapidly can improve dispersion to a great extent [89]. Another
approach is to mix the polymer and nano-element at high temperatures using high shear forces.
This approach is so called, melt blending. Since the viscosity of the polymer matrix is high the
dispersion quality is considered to be lower than the solution blending technique [90]. In the in-
situ approach, nano-element is dispersed in a monomer. The monomer is then polymerized with a
hardener. This approach is commonly used for epoxy-based nanocomposites [91].

In thermodynamic approaches, chemical additives are used to form covalent (or
noncovalent) bond between nano-element and matrix medium. The most common approach
contains modification of the surface of the nano-elements to promote compatibility with the matrix
and reduce nano-elements attraction vdW forces. Functionalization of CNTs by forming covalent
chemical bonding with another chemical elements is commonly used. However, this technique
suffers from a major disadvantages which is the disruption of = conjugation in the CNTs. This
would lessen the electrical conductivity of CNTSs due to electron scattering at the functionalization

sites [92].

2.2 Metal Matrix Nanocomposites

In recent century, the demand for lightweight metals with significantly improved properties

are continuously growing. These high performance materials have the potential to improve energy
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efficiency and system performance in application such as aerospace, automobile, and defense.
Among the abundant materials on earth, Al and Mg are of a great potential to be further engineered
for such applications. However, achieving a uniform dispersion of the nano-reinforcements in
metal matrix is of a significant factor to obtain superior properties [7].

For the first time, Chen et al. achieved uniform dispersion of silicon carbide (SiC)
nanoparticles in Mg-zinc (Zn) matrix (Figure 1). Mg6Zn-1 vol. % SiC was first fabricated by
ultrasonic assisted casting where one volume percent (vol. %) of SiC nanoparticles were dispersed
by ultrasonic processing (with 20 kHz and a peak-to-peak amplitude of 60 um) at 700 °C. The SiC
nanoparticles were then concentrated by evaporation of Mg and Zn form the Mg6Zn-1 vol. % SiC
sample (at 6 Torr in a vacuum furnace) and slow cooling to achieve 14 vol. % SiC in Mg2Zn

matrix. Figure 1a and Figure 1b show SEM images of Mg2Zn-14 vol. % SiC samples.

Figure 1: (a) and (b) SEM images of the Mg2Zn-14 vol. % SiC sample acquired at a 52 °C tilt angle
and at different magnifications showing the uniform distribution and dispersion of SiC
nanoparticles in the Mg-Zn matrix [7].

Young’s modulus of the Mg2Zn-14 vol. % SiC sample was reported 86 + 5 GPa which is
drastically greater than Mg2Zn (44 + 5 GPa). This enhancement was attributed to the strong
interfacial bonding between SiC nanoparticles and the Mg matrix. Microcompression tests on the

micropillars (prepared from Mg2Zn-14 vol. % SiC sample) showed a yield strength of 716 + 38
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MPa. Chen et al. obtained a yield strength of 123 + 17 MPa for Mg2Zn-14 vol. % SiC sample at
400 °C [7].

2.2.1 Al Alloying Metal Matrix Composites (AAMMCSs)

Goujon et al. studied Al alloy 5000 reinforced nanocomposites with various loading of
aluminum nitride (AIN) nanoparticles. 5000 Al alloy powders and various volume percent of AIN
(0-30 vol. %) powder were cryo-milled. The prepared mixed powders were cold compressed at
180 MPa in a steel can and sintered at 120 MPa under vacuum to form a billet. The billet was then
degassed for 3 hours at 503 K to minimize the moisture content. It was shown that this technique
result in AAMNCSs with a stable microstructure [93].

Kubota et al. investigated the additional of AIB> and MgB. in Al matrix to produce
AAMMCs. Pure Al powders (with average dimeter of 100 um) and AlB: (with average dimeter of
74 um) or Mg B> (with average dimeter of 149 um) were mechanically alloyed. The mixed powder
were milled with additional of stearic acid (C17H3sCOOH). Various milling time was used to study
the impact of the milling time on final particle size. 620 MPa and 846 MPa compressive stress
were achieve for Algs (AlB2)15 and Alss (MgB2)1s, respectively [48].

Property enhancement of Al-niobium (Nb) MMCs were investigated by Thieme et al. Al-
20 vol. % Nb AAMMCs were produced by metal-metal deformation process. Al and Nb powders
(micron size powders) were blended to obtain a homogeneous powder mixture. The mixture was
poured into Cu cans and compacted to 73% density. The billet were consolidated to 100% density
at room temperature (under compression). These billets were extruded at various deformation true
strain, = In (Ai/As), where Ajand Ar are the initial and final transverse area of the specimen,
respectively. After initial extrusion (n=3.1), Cu was removed by etching in nitric acid (HNO3). An

ultimate tensile strength (UTS) of 1030 MPa (at n=11.1) was reported for Al-20 vol. % Nb MMC
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at room temperature. At higher strain, UTS of AAMMC exceeds the UTS calculated with the rule
of mixtures, this indicates the dependence of the UTS on deformation strain. Reported value is 2.1
times greater than the UTS estimated based on the rule of mixtures. 4.4 uQ-cm electrical resistivity
(atn=10.2) was reported for Al-20 vol. % Nb AAMMC (with 728 MPa UTS) which is substantially
higher than pure Al electrical resistivity (2.63 pQ-cm). Figure 2 shows the SEM micrograph of the
Al-20 vol. % Nb (n =6.2) [34] MMCs. The Nb phase forms a long and continuous ribbon shape

with a fair distribution in Al matrix (Figure 2).

H" 1 ; 3 ; 1~"\G
Figure 2: A SEM micrograph demonstrating cross section of the Al-20% Nb at n =6.2 [34].

Russel et al. produced Al-20 vol. % Titanium (Ti) AAMMCs by powder metallurgy
followed by axisymmetric deformation processing. Al powder (with 45-75 um size) and Ti powder
(with 150 um maximum size) were blended at room temperature. The well-mixed powders were
cold isostatically pressed (CIP’ed) at 14 MPa to form a compact powder (80 vol. % Al and 20 vol.
%Ti). The compacted powder were loaded into a Cu can which was vacuumed and sealed with
electron beam weld to form a pellet [85]. The pellet was heated for one hour in a furnace at 535 K

and extruded through a heated 13 mm diameter die followed by water quenching. The Cu layer

14



was then etched with HNOs. At n=2.5, Ti particles started to form ribbon shape filament. Further
deformation to a true strain of 13.9 caused the Ti filament to become sub-micrometer in size within
Al matrix, achieving 890 MPa UTS and 4.3 pQ-cm electrical resistivity. The continued
deformation processing of Al-20 vol. %Ti leads to finer microstructure of Al-Ti AAMMC. As the
number of deformation cycle increases, 1 increases, which leads to increase in strength. Russel et
al. reported that the achieved UTS and electrical resistivity did not changed by a 24 hour annealing

at 473 K [85]. Figure 3 shows SEM micrograph of the Al-20 vol. %Ti MMC.

Figure 3: SEM micrograph of the Al-20 vol. %Ti at n=6.8 (longitudinal section) [85].

Xu et al. produced Al-20 vol. % Mg and Al-13 vol. % Mg MMC by cyclic axisymmetric
deformation process. Micrometer size Al and Mg powders were mixed and CIP’ed to form billets.
The multiple cycle of extrusion process were performed on the billet at room temperature. The
deformation processing resulted in finer microstructure of Mg filaments embedded in Al matrix.
Deformation process decreases both spacing and size of the Mg filaments in Al matrix. The Mg
phase formed convoluted ribbon shape, these filaments are responsible for strengthening. An UTS
of 420 MPa and 310 MPa was reported for Al-20 vol. % Mg (n=11.95) and Al-13 vol. % Mg MMC

(m=11.28), respectively. Strengthening in AI-Mg MMC is attributed to Mg filaments acting as
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barriers to dislocation movement. The electrical resistivity of the Al-20 vol. % Mg (n=11.95) and
Al-13 vol. % Mg (n=11.28) MMC was reported 3.58 uQ-cm and 3.27 uQ-cm, respectively [86].

Figure 4 represents UTS as a function of deformation for Al-20Mg and Al-13Mg MMCs.
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Figure 4: UTS as a function of deformation true strain for Al-20Mg and Al-13Mg [86].

Hernandez et al. studied the microstructural and mechanical behavior of highly deformed
Al- tin (Sn) alloys. Al-X vol. % Sn (X=3.96, 16.32, and 20.00) was prepared by conventional
casting. Al- Sn ingots were then cold rolled at room temperature to achieve true strain deformation
n=2.5, 3, 4, 5, 6, 6.25, and 6.5. Herndndez reported that as Al-Sn composites are deformed the
thickness and spacing between the second phase (Sn) decreases in a nonlinear manner. Also, there
is quasi-linear relationship between UTS and second phase thickness. UTS of Al- 3.96 vol. % Sn
and Al- 16.32 vol. % Sn increased by 41% at strain rate of 1=6.5 compare with pure Al at same
strain rate [87].

Tian et al. studied adding calcium (Ca) to pure Al as reinforcing medium to improve

mechanical property while maintaining good electrical conductivity of Al-Ca composites. Al-9
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vol. % Ca MMCs were produced by powder metallurgy method followed by mechanical
deformations. Al (20 — 45 um) and Ca powders (1.2 mm) were blended. The powder mixture was
added to an Al alloy can (1100 commercial purity) and compacted at 6.55 to 8.76 MPa. Warm
extrusion at 285 °C was performed to extrude the compacted powders. Tian proposed that Al-20
vol. % Ca MMNCs can have an estimate UTS of 660 MPa if Ca filaments with average size of
200 nm are achieved. Figure 5a shows back-scattering SEM image of the Al-9 vol. % Ca atn =

6.27. Al,Ca compounds were detected by x-ray diffraction (XRD) study (Figure 5b).
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Figure 5: (a) Back-scattered electron SEM micrograph of transverse section of Al-9 vol.% Ca atn
= 6.27 after heat treatment at 325 °C for 1 h, and (b) X-ray diffraction results of specimens at n =
6.27 after different heat treatment [35].

The electrical conductivity of the Al- 9 vol. % Ca (with n=8.55) after heat treatment at 300
°C for various times showed that as the heat treating time increases, the electrical conductivity of
the composites decrease (Table 1). This decrement is attributed to the formation of the Al.Ca
intermetallic compound at the interfaces which increase electron scattering effect. Pure Al

electrical conductivity is reported to be 38 (uQ m)*[35].
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Table 1: The room temperature electrical conductivity of Al-9 vol. % Ca at n=8.55 after various
heat treatment times at 300 C [35].

Heat treatment time (min) at 300 °C Electrical conductivity (uQ m)* at 22 °C

0 36.6
5 36.6
15 34.8
30 34.8
60 33.33
180 33.3
720 33.3

The low electrical resistivity of Al-9 vol. % Ca is due to the nano-scale phase of both pure
Al and Ca acting as parallel conductive path to conduct electrons through wire axis. Al-Ca MMC
composite is prone to corrosion due to high reactivity of Ca. It was reported that Ca filaments
exposed to air (on the outer surface of the sample) corrode rapidly [35].

2.2.2 Al Metal Matrix Nanocomposites (AMMCSs)

The demand for high strength, lightweight, excellent electrical conductivity, and excellent
thermal stability electrical conductors have significantly increased in past decades. Metal Matrix
Nanocomposites (MMNCs) offer excellent mechanical, electrical, chemical, and thermal
properties (depending on reinforcing medium) while being lightweight. Al MMNCs can be
promising candidate due to low density and high ductility of the Al matrix. These factors made Al
MMNCs of a great potential for applications where high strength and electrical conductivity is

required.
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The invention of carbon nanotubes in 1990s have opened up unprecedented research
opportunities in the area of nanotechnology. Laha studied Al-Si alloy reinforced by 10 weight
percent (wt. %) MWCNTs nanocomposites (Al-Si-10 wt. % CNT). Gas atomized Al-Si (15-45
um) powders were used as matrix medium. Al-Si and CNT were blended and ball milled for 48
hours [94]. The molten particles were deposited on rotating 6061 Al mandrel to produce cylindrical
nanocomposites by plasma spray forming. Although the elastic modulus of the Al-Si-10 wt. %
CNT nanocomposites were increased by 78% compare to pure Al-Si, the strain was decrease by
41% [94]. Figure 6 shows the hierarchal modes of tensile fracture in Al-Si-10 wt. % CNT

nanocomposites.

Fracture line

Insufficient intersplat Entangled CNTsPartially melted
adhesion at splat particle
c Submicro/nano voids d

CNTs embedded in
splats

Fully resolidified splats

Figure 6: Hierarchical modes of tensile fracture in thermally sprayed nanocomposite: (a) Fracture
through weak intersplat boundary due to insufficient solidification at splat interfaces, (b) fracture
through partially re-solidified splat boundary caused by entangled CNTs and partially melted
particle, (c) intergranular fracture facilitated by micro voids, and (d) fracture by CNT pull out [94].

Wu et al. used MWCNT as reinforcing medium to improve Al6061 mechanical properties.

MWCNT (20-50 nm diameter and 5 um in length) and AI6061 powder (5-23 um size) were
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mechanically alloyed by high energy ball milling process. To consolidate the mixture, sample was
heated up to 640 °C for 30 min. Utilizing ball milling, significant CNT breakage occurred which
lead to better dispersion of the CNT nanoparticles in Al6061 matrix. By adding 1 wt. % CNT to
AIl6061 the average hardness of the campsite increased by 28%. It was reported that as ball milling
processing time increases to 3 hours, the length of the CNTs decreases from 5 um to 1 um.
However, longer processing time increases the reaction between CNT and liquid matrix due to
formation of the AlsCscompound. Also, longer ball milling time results in ductility reduction [36].
Figure 7e, Figure 7f, and Figure 7g show Al6061 alloy powders mechanically alloyed for various

time.
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Figure 7: CNTs and mechanically alloyed Al6061 powder and CNTSs: (a) and (b) are images of as-
received CNTs, and (¢)-(g) are Al6061 powder and CNTs mechanically alloyed for (c) 10 min, (d)
0.5h,(e) 1 h, (f) 2 hand (g) 3 h, respectively [36].

Adding 10 wt. % B4C nanocrystalline (NC) to AI5083 aluminum alloy can significantly
increase the yield strength of the matrix. B4C and AI5083 NC powders were fabricate by

cryomilling. The product was well-mixed with un-milled coarse grain (CG) AI5083 to form
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homogeneous mixed powders. The mixed powders (10 wt. % B4C, 50 wt. % CG 5083 Al and the
balance NC 5083 Al) were consolidated by CIP. Consolidated billet was extruded at 798 °K.
Compression test study samples were prepared after annealing at 723 K for 2 hours. 50 wt. %
AI5083 NC-50 wt. % AI5083 CG composite (without B4C NC) was prepared as a reference.
Compression test revealed that AI5083- 10 wt. % B4C composites can have yield strength up 1058
MPa with low ductility (0.8%) at room temperature. The reference exhibit 504 yield strength with
14 % strain at room temperature [95].

2.2.3 Mg Metal Matrix Nanocomposites

Magnesium with a low density is the ninth abundant element on Earth. Aside from broad
range of applications in biomedical industry (due to biocompatibility) [96] such as stent, it also
has applications in aerospace [97], automotive [98] and electronic [99], defense [100]. However,
the mechanical property of Mg needs to be improved to serve wider range of industries (e.g.
transportation) where high strength-to-weight ratio is required. The aforementioned applications
rely on manufacturing of Mg by traditional manufacturing processes such as elemental alloying
and thermomechanical processing. For example, alloying Mg with other element followed by heat
treatment can improve Mg strength, however the precipitates obtained from heat treatment would
grow at elevated temperature which result in low mechanical strength [101]. These approaches
have reached their fundamental limits in offering promising mechanical properties. Therefore,
limiting the application of the high strength Mg at the elevated temperature.

MMNCs can be a potential alternative for traditional synthesis of bulk metallic materials
[101]. MMNCs are class of materials where metallic matrix is reinforced with a nanoscale
reinforcements. MMNCs can offer unconventional mechanical, physical, and thermal properties

depending on the nanoscale reinforcements [7]. Nanoparticles can significantly improve strength
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while maintaining or in some cases improving plasticity of metals [102, 103]. Several nanoparticle
systems have been studied to reinforce Mg matrix. Nanoparticle systems such as oxides (e.g.
alumina/Al;Oz and titanium dioxide/TiOz), nitrides (boron nitride/BN, aluminum nitride/AIN,
titanium nitride/TiN and zirconium nitride/ZrN), carbides (boron carbide/B4C, silicon carbide/SiC,
titanium carbide/TiC, and zirconium carbide/ZrC), and borides (titanium diboride/TiB2 and
zirconium boride/ZrB>) [104]. Although new types of nanoparticles are explored to reinforce Mg
matrix, the manufacturing of Mg nanocomposites with uniform dispersion nanoparticles remains
a grand challenge. In fabrication side, many methods have then been employed to increase the
nanoparticles incorporation efficiency. Solid phase processing (e.g. metallurgy) is of an appealing
approach, since nanoscale reinforcements can be readily blended with the matrix at solid state.
However, such a processing approach is suitable for small scale production [104, 105]. For liquid
state processing of Mg nanocomposites, mechanical impellers or ultrasonic cavitation zone was
utilized to disperse the nanoparticles in Mg matrix [105, 106]. However, these approaches are
suitable to low volume fraction of nanoparticles and only effective in small scale. To overcome
the high viscosity of molten Mg due high volume fraction of nanoparticles, squeeze casting is also
been utilized to improve the incorporation efficiency. Mechanical shearing methods such as direct
stirring during processing cause formation of magnesium oxide layer on the melt surface, and more
importantly Mg burn once in contact with oxygen. High volume loading of nanoparticles into Mg
matrix is of a great challenge. In addition, achieving uniformly dispersed and distributed nanoscale
reinforcements into Mg matrix can significantly improve the strength of the Mg nanocomposites
[107].

Many research endeavors have been dedicated to identify effective incorporation of

nanoparticles into Mg matrix by various approaches such as mechanical shearing/stirring [108,
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109], ultrasonic assisted [4, 106], salt-assisted [110, 111], spark plasma sintering [54] and powder
metallurgy [112, 113]. However, it is extremely difficult to achieve uniform dispersion and
distribution of nanoparticles in metallic matrix [114-117]. Mg is a challenging matrix for many of
the aforesaid processes such as powder metallurgy as it can be dangerous. Manufacturing of bulk

Mg nanocomposites is of a great challenge.

2.3 Aluminum Based Electrical Cables for Transmission Lines

In this section five important electrical cables will be introduced. The advantageous and
disadvantageous of each cable system will be discussed in details.

2.3.1 Aluminum Conductor Steel Reinforced (ACSR)

ACSR cables consist of a strong steel core and annealed Al outer strands surrounding the
core to conduct the current (Figure 8). ACSR has a high conductivity (> 61International Annealed
Copper Standard, IACS) when transmitting AC due to the existence of the skin effect on the
exterior surface of the Al strands [35]. Skin effect concentrates the transmitted current to the outer
surface of the Al strands. However, it has moderate electrical conductivity in DC transmission line
(due to poor electrical conductivity of the steel core). In ACSR, the steel core has poor conductivity
(small conducting contribution) and promotes sag in long distance transmission lines. Al strands
tensile strength is an important factor in ACSR cables, since at temperature above 75 °C the Al
strands begin to soften. Hence, it is vital to develop Al conductor strands with high tensile strength
while maintaining low electrical resistivity. Although ACSR cables have good strength, it suffers
from the heavy steel core demanding for more tower constructions and transmission line

installations.
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Figure 8: Schematic of the ACSR electrical cables (Black and gray wires show the cores and
strands, respectively).

2.3.2 All Aluminum Alloy Conductor (AAAC)

AAAC cables are composed of high strength Al reinforced with Si and Mg, Iron (Fe), Cu,
Manganese (Mn), Chromium (Cr), Zn, and Boron (B). AAAC cables have higher strength and less
density (lighter) compare to ACSR [118]. Although AAAC have several advantageous over
ACSR, the strengthening alloying elements reduce the electrical conductivity to 52.5-53 % IACS
(pure Al exhibits electrical conductivity of 63-65% IACS) [118, 119]. In emergency overload
situation, AAAC suffers from thermal fatigue due to its high coefficient of thermal expansion
(CTE) [119].

2.3.3 Aluminum Conductor Alloy Reinforced (ACAR)

ACAR cables are made of Al 6201-T81 and Al1350-H19 strands. ACAR demonstrates
excellent mechanical property while retaining reasonable electrical conductivity. It also offers
promising corrosion resistance. Being able to adjust the relative number of 6201-T81 strands
required for specific strength and electrical conductivity is a major drawback in ACAR [120]. Al
alloys cost more than steel, and it becomes soft at elevated temperature (75 °C). However, In
ACAR, thermal expansion and elastic modulus are nearly identical.

2.3.4 Aluminum Conductor Composite Reinforced (ACCR)

In 2003, 3M invented a new class of Al conductors, ACCR [121]. ACCR composed of

continuous polycrystalline alumina (a-Al203) fibers (50 vol. %) as reinforcement (core) and pure
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Al or Al-2 wt. % alloy as strands. ACCR displays high strength, excellent sag resistance, and high
temperature performance (up to 240 °C). While the Al strands are responsible for conducting
electricity, the composite core does not contribute to electrical conductivity. ACCR cables start to
degrade irreversibly at about 240 °C [34]. ACCR cable have higher density (3.4 g/cm3) compare
to pure Al (2.7 g/cm3) due to presence of alumina fibers. Alumina, a non-conductive, constitutes
50 vol. % of the ACCR. That is, 50 vol. % of the ACCR would not conduct electricity in DC
transmission lines (not desirable). In addition, due to the large mismatch of CTE and elastic
modulus between Al and alumina, ACCR is prone to thermal fatigue, spooling, and erection issues
[35]. ACCR has an outstanding sag resistance at high temperature, however it costs nearly five
times more than ACSR cables.

2.3.5 Aluminum Conductor Composite Core (ACCCQC)

ACCC was invented by CTC Cable Corporation [122]. ACCC cables consist of polymer
matrix/carbon (and glass) fiber reinforced composite as a core and Al as strands. The polymer
composite core has high tensile strength, low CTE and high temperature sag resistance. The large
difference of CTE and elastic modulus between polymer composite core and Al strands
surrounding the core are two major drawbacks attributed to ACCC cables [35]. ACCC cables have
less energy efficiency in DC transmission lines compared to ACCR due to non-conductive polymer
composite core. In order to increase the current carrying capacity of the ACCC wire, trapezoidal
shape wires (TW) are utilized (Figure 9). Trapezoidal configuration adds 20-25% aluminum to the
wire geometry, which would increase current carrying capacity by 8-10 % for DC transmission

lines (compare to the same diameter conductors) [120].
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Figure 9: An image of the aluminum conductor composite core/ trapezoidal wire (ACCC/TW).

Four commonly used Al conductor electrical cables and their properties are listed in Table
2. From Table 2 one can conclude that ACCC/TW has the best tensile strength and electrical
conductivity. However, the degradation of polymer composite core at high temperature is a major
challenge. Also in ACCC/TW systems, electron scattering significantly reduces the electrical

conductivity [123].

Table 2: Comparison between four commonly used conductors [35].

Conductors  Density (g/cm®  Strength (MPa) DC conductivity at 20 °C  Elastic Modulus

(pQm)™ (GPa)
ACSR 3.43 304 28.1 85
AAAC 2.74 312 29.4 69
ACAR 2.74 251 31.7 69
ACCC/TW 2.612 345 34.8 57
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2.4 Flux-Assisted Liquid State processing

2.4.1 In-situ Nanoparticle Synthesis in Matrix

Five vol. % TiB; nanoparticles was incorporated in Al-4.5Cu binary matrix. Commercial
pure Al and Cu were used to prepare Al- 4.5Cu matrix. Potassium fluotitanate (K>TiFs) and
potassium fluoborate (KBF4) were used to synthesize the TiB> reinforcement phase. Magnesium
fluoride (MgF2) and Sodium hexafluoroaluminate (NasAlFs) flux were used to assist the chemical
reaction. First Al ingots were melted in a graphite crucible at 700 °C and Cu ingots were added.
Two salts and fluxes were mixed at solid state and gradually were added to the melt surface at 830
°C (salts and fluxes were dehydrated at 300 °C for 2 h). The reaction was held for 30 min at 830
°C. Graphite blade was used to facilitate the stirring during reaction. Two stirring speed was
examined, 360 and 540 rpm (blade position was inside the Al melt). Figure 10 shows the
experimental set-up used in this study [124]. The in-situ synthesis of the TiB2 nanoparticles occurs

through aluminothermic reaction of a complex potassium fluoride molten salt mixture.
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Figure 10: Schematic of mechanical stirring [124].

Estruga et al. synthesized TiB2 nanoparticles with an average size of 20 nm using ultrasonic
assisted salt synthesis method. K>TiFs, KBF4, and CaF. were mixed and manually grinded for 10

min. The powder mixture was dehydrated at 120 °C for 1h to eliminate moisture. Al1350 Al alloy
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was molten in a graphite crucible under Ar gas flow protection. Once molten Al was ready, the
ultrasonic probe was inserted in the molten Al and the dehydrated reagent mixture was added to
the melt for reaction to occur. The mixture was sonicated for 10 min (peak-to-peak amplitude of
50 um) and the unwanted slugs on the melt surface were removed. After solidification A1350 Al
alloy was dissolved away in 20 vol. % aqueous Hydrochloric acid (HCI). The resultant TiB:
nanoparticles were collected once the mixture solution was centrifuged [125]. XRD results (Figure
11a) and TEM images of the synthesized TiB2 nanoparticles are shown in Figure 11b and Figure

11c.
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Figure 11: (a) XRD, (b), and (c) TEM characterization of the as prepared TiB, nanoparticles [125].
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2.4.2 Ex-situ Nanoparticle Synthesis in Matrix

Diboride Nanoparticles

Salt-assisted nanoparticles synthesis has been widely used to produce nanoparticles with
small sizes. Portehault et al. used one-pot ionothermal process which requires moderate
temperature, atmospheric pressure, and environmentally friendly solvent to synthesize
hexaborides (CeBs, CaBs), tetraborides (MoBg), diborides (NbB2, HfB.). In this method, solid
metal chlorides as metal precursor and sodium borohydride as the boron source and reluctant were
used. Eutectic LiCI/KCI (45:55 wt. %) mixture was selected as low-melting-point (355 °C), water-
soluble, and sustainable solvent to initiate the chemical reactions in liquid state. It was reported
that NbB and CaBs were successfully synthesized with crystalline size about 3 nm and 10 nm,

respectively [126]. Figure 12 shows TEM images of the synthesized NbB..
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Figure 12: TEM pictures of niobium diboride nanocrystals obtained at 900 °C with NbCls/NaBH,4 =
1:4 (a, c) and 1:8 (b, d, ). Corresponding SAED pattern (c) and Fourier filtered HRTEM zoom (e)
are shown as insets. The black arrows (c, d) highlight an amorphous matrix embedding the
particles [126].

29



Silicide Nanoparticles

Salt-assisted nanoparticles synthesis was used by Estruga to synthesize TisSi3
nanoparticles. Mg powder, TiO2 nanoparticles, SiO nanoparticles (20:5:3 molar ratio) and a LiCl—
KCI eutectic mixture (45:55 wt. %) were manually ground for 15 min [127] to achieve a uniform
powder size. The chemical reaction is shown in below.

5TiO; + 3SiO2 + 16Mg —TisSiz + 16MgO

The mixture was then sealed into a stainless steel autoclave inside an Ar-filled glovebox
and heated up to 700 °C for 2h in a box electrical resistance furnace. Then, the autoclave was
naturally cooled down to room temperature. To dissolve the eutectic salts, the synthesized product
was washed with Deionized water. Then, it was washed with a 2 M HCI solution and water to
remove the residual magnesium oxide (MgO) by-product. Powder X-ray diffraction (PXRD)
confirmed the perfect match (Figure 13a) with hexagonal TisSiz nanoparticles [127]. TisSis

nanoparticles as small as 25 nm was synthesized (Figure 13b).
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Figure 13: (a) PXRD, and (b) SEM and TEM (inset) of the TisSis nanoparticles prepared in absence
of molten salts [127].
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CHAPER 3. POLYMER METAL NANOCOMPOSITES

3.1 Composite Preform Fabrication

Non-uniform Sn (Sigma-Aldrich Corporation) and PES (Sumika Electronic Materials,
Inc.) microparticles were used with an average diameter of 40 and 60 um, respectively. The
polymer composite preforms of PES-5.0 vol. % Sn (PES-5Sn composite) were first consolidated
by thermal sintering before thermal drawings. The experimental procedure is presented below.
Figure 14 shows the schematic of the thermal melting process for the fabrication of PES-5 Sn
composite preforms. The PES (95.0 vol. %) and Sn (5.0 vol. %) microparticles were first blended
by a mechanical shaker for one hour. The well-blended microparticles were added to a cylindrical
stainless steel mold with an outer diameter (OD) of 31.75 mm, an inner diameter (ID) of 19.05
mm, and a height of 152.4 mm (the mold was manufactured in house). A hydraulic press was used
to compact the well-blended powder mixtures at room temperature. An electrical resistant furnace
was then used to melt the compacted powder at 260 °C for one hour to form a solid preform of

PES-5Sn composite preform [128].
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Figure 14: Schematic of the thermal consolidation process [128].
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3.2 Thermal Fiber Drawing Experiments

Multiple cycles of thermal fibers drawings were carried out to elongate the embedded Sn
microparticles of random sizes into microfibers and finally into Sn nanoparticles. Figure 15
represents the schematic of the first cycle of thermal drawing process. In the first drawing cycle,
the PES-5Sn composite preform with a diameter of 19.05 mm was drawn down to a long composite

fiber with a diameter of 500 um under the drawing parameters as shown in Table 3.

Figure 15: (A) Schematic of the PES-5 Sn composite preform, (B) Composite perform thermally
drawn (the first cycle), and (C) PES-5 Sn composite fiber after first cycle of thermal drawing.

Table 3: Parameter for thermal fiber drawing experiments.

Temperature Feeding speed Pulling speed Initial diameter
°O) (mm/s) (mm/s) (mm)
300 0.01 10 19.05
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Using a stack and draw process as shown in Figure 16, the composite fibers from the first
drawing cycle were cut, stacked and inserted into a cylindrical PES (with dimensions of 19.05 mm
in OD, 3.8 mm in ID, and 8 cm in length) to form the preform for the second drawing cycle. The
preform for the third drawing cycle was fabricated following the same procedure. The second and

third cycles of thermal fiber drawings were carried out in the same conditions as in the first cycle.

Stack and Draw

Stack Consolidation Draw

Figure 16: Schematic of the stack and draw iteration process.

3.3 Experimental Results

3.3.1 Sn Particle Distribution in the PES-55n Composite Preform

A cross-sectional cut from the PES-5Sn composite perform was used to study the
distribution and dispersion of Sn microparticles. Figure 17A shows the typical optical microscope
images of the longitudinal cross-sections of the PES-5Sn composite preform. The size distribution

of the Sn microparticles in the initial preform is shown in Figure 17B.
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Figure 17: (A) A typical optical microscope image obtained from the longitudinal cross-section of
the PES-5Sn composite perform, and (B) Sn microparticles size distribution in the PES-5Sn
composite perform.

3.3.2 PES-5Sn Composite Microfibers

After the first thermal drawing cycle, we attempt to observe the drawn composite fibers
from the longitudinal direction (from its sidewall) to reveal the Sn microfibers embedded in the
PES matrix. Fibers of 1.0 cm long was cut after the first cycle and mounted on a carbon tape,
which was attached to a scanning electron microscopic stub from the other side (Figure 18A).
Multiple longitudinal cuts were made on the sidewall of the composite fibers using an
ultramicrotome tool (Figure 18B). We used ZEISS Supra 40VP SEM machine to obtain images
from the surface of composite fiber after cutting several layers (Figure 18C). To further
characterize the first composite fiber, we cut five short fiber pieces (1.0 cm long each) from the
long fibers. Fiber pieces were placed inside a rectangular box (2.54 x 2.54 cm) made out of
stainless steel sheet cloth. The box was submerged in N-Methyl-2-pyrrolidone (NMP) for 5 hours
at 70 °C to dissolve the PES claddings to expose the metal micro-fibers. Figure 18D reveals Sn
microfibers in the typical optical microscope images which were obtained from composite fiber
after first cycle of thermal drawing. Same characterization steps were performed for the composite

fibers after second thermal drawing cycle. Using ImageJ software, the diameter of Sn microfibers
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were determined to be 61 and 2+0.5 um after the first and second thermal drawing cycles,
respectively. It should be noted that the Sn microfibers vary in length while the diameter of the Sn

fibers becoming smaller from first to second cycle.

Composite fiber «——
Carbon tape <«
SEM stub «——

Figure 18: (A) Schematic of a 1.0 cm long composite fiber (after first drawing cycle) on a SEM stub,
(B) multiple longitudinal cuts were made on the outer surface (sidewall) of the composite fiber by
an ultramicrotome tool, (C) SEM image of the composite fiber surface after several longitudinal
cuts, and (D) A typical optical microscope image of Sn microfibers acquired after PES cladding was
dissolved (after the first thermal drawing cycle).

3.3.3 PES-5Sn Nanocomposites with Uniform Dispersion Sn Nanopatrticles

After the third drawing cycle, the ultramicrotome technique (described previously) was
used to prepare films of 500 nm thick from the sidewall of the composite fiber and manually placed
on the carbon tape for SEM study (Figure 19A and Figure 19B). Figure 19C and Figure 19D show

a uniform distribution and dispersion of Sn nanoparticles inside the PES matrix. It will be of a
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significance to study how the uniformly dispersed nanoparticles are formed during the thermal

drawing processes.

Composite films

Composite fiber «——
Carbon tape «—

SEM stub «—

Figure 19: (A) Schematic of a composite fiber (after the third drawing cycle) on a SEM stub, (B)
Schematic of the composite fiber and films prepared by the ultramicrotome tool, (C) and (D) are
SEM images taken from the thin films prepared by the ultramicrotome tool.

3.3.4 Sn Nanoparticles Size Distribution in PES-Sn Nanocomposites

After the third drawing cycle, Sn nanoparticles size was measured from seven fiber
samples. More than 3500 measurements were conducted to statistically determine the average size
of the Sn nanoparticles to be 46 nm, as shown in Figure 20. Most of the Sn nanoparticles are less

than 100 nm.
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Figure 20: (A) A typical SEM image of composite fiber after third drawing cycle and (B) Sn
nanoparticles size distribution in composite fibers after the third thermal drawing cycle.

To study the size of the smallest produced Sn nanoparticles, the composite fiber after the
third drawing cycle was cut into 5 pieces of 1ft long and dissolved in NMP solution at 70 °C for 5
hours. The NMP solution was then centrifuged to extract Sn nanoparticles. Upon a thorough NMP
removal, TEM samples were prepared. Titan S/TEM (FEI) machine was used to obtain the TEM
images (Figure 21A and Figure 21B). Our atomic resolution TEM results show that the smallest

Sn nanoparticles produced were about 10 nm (Figure 21C).

Figure 21: (A) and (B) TEM images of the Sn nanoparticles acquired after third cycle of the
thermal drawing where PES cladding was dissolved, and (C) Atomic-Resolution TEM image shows
multi-twinned £-Sn nanoparticles.
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More composite films (with thickness ranging from 100 to 500 nm) were cut from the
longitudinal side of the PES-5Sn nanocomposite fibers (after the third cycle of thermal drawing)
for further investigations (Figure 22a). Nanocomposite films were carefully placed on a TEM grid
(Pure carbon 200 mesh, Ted Pella Inc.). High-resolution TEM (HRTEM) confirms the existence

of a-Sn and B-Sn and Sn,O3 nanoparticles embedded in PES matrix film (Figure 22b).

Figure 22: (a) SEM image of a nanocomposite film (from PES-5Sn nanocomposite fiber) prepared
by ultramicrotome tool (after third cycle of thermal drawing) (scale bar: 2um), and (b) HRTEM
image obtained from a nanocomposite film (scale bar: 10nm).

3.3.5 Measurement of Index of dispersion

The index of dispersion (ID) is measured from [129]:

(1)

~
o
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R | U’N

Where x and s? are the sample mean and variance of the number of the points per quadrat. ID <

1 suggests uniform particle dispersion while ID > 1 indicates clustering. Image processing was
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done on each quadrat taken, respectively, at random locations from the longitudinal cross-sections
of the PES-5Sn composite preforms and PES-5Sn nanocomposite fibers. The quadrats counts are

measured by ImageJ [130], shown in Figure 23.

a 4 — - . .
- : |I L] - - - = 1 . - : '. -.'. .
S, e - : o . T . - g
¢ : . - o el ‘ .
'. ’ L : "‘ = b ' . [r e
g - . . - ; - ; ‘ 8 .- L
. ) - | J— . — ’ . d ’p‘_ T l * . .— ;. —
Quadrat counts=360 Quadrat counts=286 Quadrat counts=246 Quadrat counts=289 Quadrat counts=264
b ..." ..'.l :..-‘. T '.-._‘,_l-.- o * :. ' .' .,.-. :. .;.I'..l' -:1 .‘ -. - - .- |. R . ‘. N R
¢ .. n_'-.-:__--. - P LI [ . . 1-.-.- . e om R, wR, . .- .il
- . e i . » . PO e g . ‘e P = D - . . " * el
. PR a7 . L R | . . " aa »
RN P I A I AR AU AU AT I A AN
L] ._" gt e .. s ¥ . e T e, * . . - LA™ L Tole . . " -, .
[ ] . - . Sttt e e ?. ~ L .. LA .n . ‘. “u B -2 " % 1 .°
.* s’ 8 4% - . e, s % “rel e ie .- %] e e ® .
., :l. * . .-.-.l.'....'.l....'. ..." ..'. " s _|® ‘. °
"'... :T'. 2 e, .. L S R '.;’#...-:. e -.—' .*..' -..-.p '\-h
. . P . » ™ . " L] Dl . & PR B = i 1
Quadrat counts=107 Quadrat counts=126 Quadrat counts=119 Quadrat counts=105 Quadrat counts=120

Figure 23: (a) optical microscope images taken from 5 random locations on the longitudinal cross-
section of the PES-5 Sn composite preform processed by ImageJ software (scale bars are 100um),
and (b) SEM images taken from 5 random locations on the longitudinal cross-section of the PES-
5Sn nanocomposite fiber (after the third cycle of the thermal drawing) processed by ImageJ
software (scale bars are 300nm).
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3.4 Summary

This work focused on the scalable nano-manufacturing of polymer-metal nanocomposites enabled
by thermal drawing nano-emulsification. A simple and cost-effective method was used to fabricate
scalable PES-5 Sn composite preforms. After the first thermal drawing cycle, metal microfibers
with various diameters and lengths were well aligned in the longitudinal direction of composite
polymer fibers. Using a stack and draw iteration, further drawing cycles produced polymer-metal
(PES-5Sn) nanocomposite fibers with a uniform dispersion of Sn nanoparticles. Uniformly
dispersed Sn nanoparticles with average size of 46 nm were successfully obtained in the polymer
fibers from non-uniform Sn microparticles for the first time. This scalable, novel, and inexpensive
manufacturing method paves a new way for mass production of polymer-metal nanocomposites

with well-dispersed nanoscale crystalline metal elements for widespread applications.
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CHAPTER 4. TIB2 NANOPARTICLE SYNTHESIS

We have chosen TiB2 nanoparticles to reinforce Al and Mg matrices since it is an extremely
hard ceramic, a refractory material (retains its strength at elevated temperature) with excellent heat
conductivity, oxidation stability and resistance to mechanical erosion with a moderate electrical
conductivity (10° S/cm). TiB; has the highest electrical conductivity in metal-like ceramics. The
aforementioned properties make TiB> a great candidate to be used as reinforcements for Al
electrical conductor wires. To synthesize TiB> nanoparticles with precise size control, a salt

assisted nanoparticle synthesis method was utilized.

4.1 Experimental Procedure

Eutectic LiCI/KCI (45:55 wt. %) salts were dissolved in methanol. TiO2 nanoparticles with
average size of 5 nm (purchased from US Research Nanomaterials) was then added to the solution.
In order to well-disperse the TiO2 nanoparticles in the solution, the mixture was sonicated for 30
min (peak to peak amplitude of 50 um). The beaker was placed on a hot plate to promote methanol
evaporation. Upon thorough methanol evaporation, dried reagents were placed in a vacuum oven
(150 °C) for dehydration (for 12 hours). Mg and B>Os microparticles were blended with dehydrated
powders (LiCl, KCI, and TiO2). The chemical reaction equation is shown in below. Molar ratio of
1:1:5 was used Ti0.:B.03:5Mg, and Mg weight percent of 16% of the total salt weight.

TiO2+B203+5Mg — TiB2+5MgO

Well-blended powders were added to a graphite crucible and were placed in a stainless

steel autoclave. The autoclave is made out of 304 stainless steel with 1.12 in wall thickness and

outer diameter of 2 in and 3.5 in height (Figure 24).
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Figure 24: Images of the in-house machined 304 stainless steel autoclave to synthesize TiB:
nanoparticles.

The autoclave was sealed with a slug and was located inside an electrical resistance
furnace. For reaction to happen, the furnace temperature was raised to 700 °C and was held for
two hours. To minimize the oxygen presence, the experiment was conducted under Ar gas
protection. Then autoclave was then cooled down to room temperature. The graphite crucible was
then removed and was broken to extract the TiB2 synthesized products (Figure 25C and Figure

25D).

Figure 25: (A) Well-blended reagents (TiO,, B,Os, Mg, KCI and LiCl) inside a graphite crucible,
(B) An electrical resistance furnace used for synthesis experiments, (C) Top view of the graphite
crucible once removed from the autoclave, and (D) graphite crucible is broken to extract the
synthesized products.
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4.2 Characterization of the Synthesized Products

To dissolve the by-product of the TiB: synthesis experiment, MgO, and eutectic salts,
synthesized products were washed with 2M HCI and Deionized water, respectively. TiB2synthesis
products were added to glass centrifuge tubes to for washing steps (Figure 26). Several washes
with each solvent were performed to minimize the amount of the unwanted elements remained in
the synthesized products. At the end of each washing step, tubes were centrifuged and the

unwanted solvents were poured out from the tubes.

Figure 26: Glass centrifuge tubes containing the TiB. synthesis products prior to washing with
deionized water and 2M HCI.

To prepare a SEM study sample methanol were added to a small portion of the well-washed
synthesis product and sonicated for 10 min. A micro-pipette was used to deposit few droplets on
silicon (Si) substrate. Then, the Si substrate was place on a hot plate for 1 hours for thorough
evaporation of methanol (Figure 27A). SEM images of TiB2 nanoparticles are shown in Figure

27B, Figure 27C, and Figure 27D.
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Figure 27: (A) SEM study sample prepared from well-washed TiB; synthesis products, (B), (C), and
(D) show SEM images obtained from the TiB; nanoparticles.

A few droplets were deposited on a TEM grid from the prepared solution (described in
above). TEM samples were prepared from the washed TiB> nanoparticles to better study the size
of the nanoparticles. Our results show that we were able to successfully synthesize TiB:

nanoparticles as small as 5 nm (Figure 28A and Figure 28B).

Figure 28: (A), and (B) TEM images obtained from as-washed TiB, nanoparticles.
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In order to estimate the size of the TiBz nanoparticles, statistical tools were used. More than
one million nanoparticles were measured from ten high magnification TEM images. Our analysis
indicates that TiB> nanoparticles with average size of 8.1+0.4 nm was successfully synthesized.
These results confirm that the reaction (1) occurred completely. High resolution TEM images
further confirmed the presence of the TiB2 nanoparticles. Figure 29A and Figure 29B show atomic

resolution TEM images acquired from as-washed TiB2 nanoparticles.

50,26 nm
(LOMNplane

Figure 29: (A) shows a high resolution TEM image obtained from TiB, nanoparticles with an inset
showing TiB, facets as confirmed by their ring patterns, and (B) Fourier filtered atomic resolution
TEM image showing a crystalline plane (100) of the TiB, nanoparticles.

To identify the phases of the synthesized TiB: nanoparticles, XRD test was carried out on
TiB2 nanoparticles. Powder X-ray diffraction (XRD) patterns were collected on a Bruker D8
Advance Powder Diffractometer using Cu Kal radiation. XRD result (Figure 30) confirms the

existence of the TiB2. However, this results indicates that the yield of our TiB2 synthesis is low.
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Figure 30: XRD test result of the washed TiB; nanoparticles show eight major peaks match with the
reference peaks.

4.3 TiB2 Reaction Mechanism
The general mechanism for the TiB> formation is through the reduction of the TiO, [131, 132] and
B0z by metallic Mg under suitable temperature (reaction 1) [133]:
TiO2 + B203 + 5Mg — TiB2 + 5MgO (reaction 1)
The TiB2 nanoparticle synthesis occurs via the magnesio-reduction of the metal oxides by the

electrons which are provided by dissolved Mg, solvated in the eutectic salt (reaction 2).

Mgs) < Mg diss) + 2€"iss) (reaction 2)
In our synthesis experiment, the raw materials of B.O3, TiO2, and Mg (as reducer for
magnesiothermal reaction) are used. This reaction is possible in a eutectic chloride salt medium
[134]. The reaction continued in the sealed autoclave under 700°C for two hour to reduce the

oxygen disturbance to Mg as the electron donor.
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In the reaction, the boron trioxide reduction occurs via a dissolution mechanism, and the
B203 precursors become solvated in the molten salts to allow the reaction to happen. Mg first
reduce B>Oz to amorphous B (in element form) [132] by the electrons provided via reaction 2,

since B2Oz can be more easily dissolved in Cl™ salt.

B203+3Mg — 3MgO+2B (reaction 3)

At the same time, the boron trioxide dissolution process leads to the formation of the
soluble MgO, which is formed by reaction 3. The solubility of MgO guarantees the mobility of
reduced B for further reactions. Due to the high activity of the B element, B ion diffuses to the
surface of the TiO, during the TiO2 reduction caused by excessive Mg ions. The residual TiO-
demonstrates the difficulty of TiO to be directly reduced by Mg, and the produced TiO/Ti2O

phase. TiO oxides are generally difficult to be dissolved in KCl and LiCl salts [132, 135].

3TiO2 + (4-2x) B —»3TiOx + (2-x) B203 (intermediate reaction) (reaction 4)
3TiO2+ 4B —3Ti + 2B203 (reaction 5)
TiO2+ 2B —Ti + B203 (reaction 6)

After Ti release in the chloride solution it reacts with element B to form TiB».

Ti + 2B — TiBz (reaction 7)

Our synthesis route bases on metal solvation in eutectic chloride salt matrix. The key is to
provide the immediate and sufficient reduction electrons (provided by Mg ions) and to guarantee
the mobility of electrons and/or reduced intermediate products such as B. The good aspects of our
synthesis method root in the removal of the possible boric salts (e.g. B2Os®) and titanate salt (e.qg.

TiO4*) [133] which reduces the impurity purification and post processing.
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4.4 Summary

In this study, a simple, scalable method was introduced to synthesize surface-clean TiB:
nanoparticles with a size as small as 5 nm. HRTEM confirmed the different planes of the TiB:
crystalline without existence of any other elements. The magnesio-reduction of TiO2 nanoparticles
and B20Os particles in eutectic LICI-KCI melts at 700 °C results in the formation of ultra-fine
crystalline TiB nanoparticles with an average particle size of 8.1+0.4 nm. The boric trioxide
reduction occurs via a dissolution mechanism and TiB2 nanoparticles form on the titania surface
via a heterogeneous template mechanism. The limited solubility of Mg powder in the molten salts
maintains low supersaturation conditions, thus allowing the control of crystal growth at the TiB>
nanoscale. This scalable method is a promising method for mass production of small crystalline
TiB2 nanoparticles to be used in a wide range of applications specifically as nano-scale

reinforcements.
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CHAPTER 5. METAL NANOCOMPOSITE MICROPARTICLES

Nano-scale structure synthesis has become an emerging field [136-142]. Diverse
approaches have been introduced and developed to synthesize nano-scale structures. Developing
novel organic and inorganic nanostructure are of significant interest due to their widespread
applications such as catalysts [143-145], thermoelectric materials [146], battery electrodes [147,
148], magnetic materials [149-151], and solar cells [152, 153]. Over the past two decades, additive
manufacturing or three-dimensional printing has advanced new opportunities in manufacturing of

complex materials such as metals, polymer and ceramics.

Metal-based 3D printing has shown an unexpected growth in industries, including but not
limited to, aerospace, defense, navy, tooling, biomedical, and automotive. Building functional
parts layer-by-layer provide an invaluable design freedom and manufacturing flexibility. 3D
printing of metal parts is a viable alternate for various practical application in aerospace and
defense industries. Currently, more than 5500 alloy systems used in daily life cannot be 3D printed
[8, 9]. In addition, 3D printing of metallic systems such as pure Al and it alloys are not ready for
practical applications due to their poor solidification behavior, high oxidation tendency, and low
mechanical property. Therefore, there is a strong need for the development of unique microscale
metallic structures to be used in 3D printing to tackle solidification behavior, and more
importantly, offer promising mechanical properties. However, self-incorporation of high
concentration nano-scale reinforcements into metal microparticles has remained an unresolved

challenge.

Adding suitable nanoparticles into metal microparticle matrix can result in unusual
behavior of the nanocomposites. This would also significantly change the solidification behavior
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of such nanocomposites. High volume percent nanoparticle incorporation into lightweight metal
powders can be beneficial for additive manufacturing. Nanoparticles can alter the solidification
behavior of the metals during melting process as well enhancing the mechanical properties upon
solidification. This class of hybrid materials provide exciting opportunities for the low density

metals to compete with the high density metals.

5.1 Experimental Procedure

5.1.1 Material and Methods

Sodium chloride powder (NaCl, > 99.99%), potassium chloride power (KClI, > 99.00%),
aluminum powder (Al, > 99.98%), aluminum powder (Al, 99.98%) and magnesium powder (Mg,
> 99.98%) were purchased from Sigma Aldrich. In-house synthesized TiB2 nanoparticles (average
size less than 10 nm) was used in this study. TiC nanoparticles (with 60 nm average size) was

purchased from US Research Nanomaterials Inc.

Figure 31 represents the schematic of the experimental set up. Flux assisted liquid state
processing were employed to successfully incorporate the TiC and TiB2 nanoparticles into Al and
Mg metal microparticles. Metal microparticles, nanoparticles, NaCl, and KCI were mechanically
mixed at room temperature for 3 hour (hanocomposite: flux ratio, 1:10 volume percent). Adding a
suitable flux agent promotes self-assembly and self-dispersion of the nanoparticles into the metal
microparticles. Mixture was put in a graphite crucible and was placed inside an electrical resistance
furnace. Crucible was heated to 820 °C and a mechanical mixing blade was then inserted to stir
the molten liquid for 30 min at 200 rpm. The melt was naturally cool down at room environment
and synthesis product was carefully extracted. Mg-30 vol. % TiC, Mg-30 vol. % TiB, and Al-30

vol. % TiB2 nanocomposite microparticles were successfully produced.
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Figure 31: Schematic of the experimental set up to effectively incorporate the nanoparticles into
metal microparticles.

5.1.2 Sample Preparations

The synthesis product was broken into smaller pieces and were put in glass centrifuge
tubes. Deionized water was added to each tube to dissolute the chloride flux from the synthesis
product. The glass tubes were sonicated for 30 min followed by centrifugal process at 4000 rpm
for 4 min to separate the liquid solution form the metal microparticle nanocomposites. The
aforementioned process was repeated for four times to thoroughly eliminate the flux from the metal
nanocomposite microparticles. Solution droplet was implemented using ethanol. Few droplets
from the solution was deposited on silicon wafer to prepared study samples for electron

microscopy characterization.

5.2 Characterization

Scanning electron microscopic images were acquired using a ZEISS Supra 40VP field

emission microscope operating at 10 KV and Energy-dispersive spectroscopy (EDS) mapping was
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performed in the same SEM field emission microscope. Nova 600 Focused ion beam (FIB) was

utilized to reveal the nanoparticles embedded inside the metal microparticle nanocomposites.

5.2.1 Mg-30 vol. % TiC Nanocomposite Microparticles (Mg-30 TiC)

Figure 32 shows SEM and EDS images obtained from the Mg-30 TiC after removal of the
chloride flux. TiC nanoparticles are covering the whole surface of the Mg microparticles (Figure
32a and Figure 32b). Figure 32c, Figure 32d, and Figure 32e represent EDS mapping images on
Mg-30 TiC. TiC nanoparticles cover the whole surface of the Mg microparticles. Since EDS

cannot detect the low atomic number element precisely, carbon element was not detected.

500 nm

Figure 32: (a) A SEM image of typical Mg-30 vol.% TiC nanocomposite microparticles obtained
after thorough removal of the chloride salts, (b) A high magnification SEM image shows TiC
nanoparticles population on the surface of the Mg microparticle, (c) , (d) and (e) EDS mapping
study on a Mg-30 vol.% TiC nanocomposite microparticle illustrating Si (substrate), Mg and Ti
elements.
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Nova 600 FIB was used to mill the Mg-30 TiC and reveal the population of the TiC
nanoparticles inside the Mg microparticles. Figure 33a shows a SEM image of the Mg-30 TiC
before ion-milling (52° angles). Several cross-sectional cuts were performed to reveal the TiC
nanoparticles populations inside the Mg microparticle. Low and high magnification SEM images
are shown in Figure 33b and Figure 33c, respectively. TiC nanoparticles are densely packed and

embedded inside the Mg microparticles.

Figure 33: (a) A SEM image taken from Mg-30 vol. % TiC nanocomposite microparticles at 52°
tilted angle, (b) SEM image of the Mg-30 TiC after several layers were milled, and (c) A high
magnification SEM image showing TiC nanoparticles inside the Mg microparticle.

5.2.2 Al-30 vol. % TiB2> Nanocomposite Microparticles (Al-30 TiB5)

Figure 34 shows SEM and EDS images obtained from the Al-30 TiB: after removal of the
chloride flux. The TiB2 nanoparticles are well-dispersed and distributed on the surface of the Al
microparticles (Figure 34a). Figure 34b shows that the TiB2 nanoparticles are retaining their
original size and not sintering to each other. Figure 34c and Figure 34d, and Figure 34e present
EDS mapping images, showing the TiBz nanoparticles are covering the whole surface of the Al

microparticle.
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Figure 34: (a) A SEM image obtained from a typical Al-30 TiB2 nanocomposite microparticle, (b) High
magnification SEM image of the Al-30 TiB2sample showing small TiB2 nanoparticles, (c) and (d) show Al and
Ti element detected by EDS device.

Similar to Mg-30 TiC, FIB was utilized to mill the AI-30 TiB2 nanocomposite
microparticles. Figure 35 shows the SEM images obtained from AIl-30 TiB2 nanocomposite

microparticle when tilted to 52° angle.

500 riny &

Figure 35: (a) shows a SEM image obtained from Al-30 TiB;at 52° tilted angle, (b) SEM image of
the Al-30 TiB, when longitudinal cuts were made to remove several layers from Al-30 TiB>
nanocomposite microparticle, and (c) High magnification SEM image showing the inside of a
typical Al-30 TiB2 nanocomposite microparticle.
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Cold Compaction and Melting of the Al-30 TiB> Nanocomposite Microparticles

The AI-30 vol. % TiB2 nanocomposite microparticles was then added to a cylindrical
stainless steel mold (with diameter of 10 mm and height of 40 mm). A stainless steel ram was used
to compact the nanocomposite microparticles. About 200 MPa stress was applied for 5 min at
room temperature to form the pellets. The pellets were placed inside an induction furnace for
melting step (900 °C). Three melting times 20, 40, and 60 minute were used in this step. Figure
36a and Figure 36b shows the cold compacted pellet fabricated from Al-30 vol. % TiB:

nanocomposite microparticles before and after melting, respectively.

Figure 36: (a) and (b) Image of the Al-30 vol. % TiB, nanocomposite pellet acquired before and
after melting.

Figure 37 shows SEM images obtain from the Al-30 vol. % TiB> nanocomposites (after
melting). Figure 37a shows that after melting, there exist micron size porosity on the surface of
the samples. This can be associate to the compaction step. In fact, the applied stress during
compaction step was not sufficient to eliminate the gaps between nanocomposite microparticles.
Figure 37b shows higher magnification SEM images obtain from the same sample. Figure 37c

shows that the TiB2 nanoparticles are uniformly dispersed and well-distributed in Al matrix.
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Figure 37: (a) A SEM image of Al-30 vol. % TiB, nanocomposite obtained after melting, (b) and (c)
High magnification SEM images showing TiB, nanoparticles uniform dispersion and distribution.

To further confirm the presence of the designated elements in the AI-30 vol. % TiB>
nanocomposites (after melting), EDS mapping was carried out. Figure 38 shows the EDS mapping
images obtained from the Al-30 vol. % TiB2 nanocomposite (after melting). Figure 38a presents a
typical SEM image acquired from Al-30 vol. % TiB> nanocomposites after melting. Figure 38b

and Figure 38c demonstrate EDS mapping of Ti and oxygen (O) elements, respectively.

56



S um

S um

Figure 38: (a) A typical SEM image taken from Al- 30 vol. % TiB, nanocomposites after melting,
(b) and (c) EDS mapping images show the Ti and O elements.

Figure 39 shows the Vickers hardness test results on Al-30 vol. % TiB2 nanocomposite
samples. Al NC-1, Al NC-2, and Al NC-3 are corresponding to 20, 40, and 60 min melting time,
respectively. As the melting time of the pellet increases the hardness value decreases. This can be

associate to the oxidation of the Al microparticles resulting in formation of more of brittle porous
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Figure 39: Vickers hardness test results on three different Al-30 vol. % TiB, nanocomposites. Al
NC-1: Al-30 vol. % TiB> (20 min melting time), Al NC-2: Al-30 vol. % TiB: (40 min melting time),
and Al NC-3: Al-30 vol. % TiB: (60 min melting time).
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5.3 Summary

We successfully demonstrated that high concentration of ceramic nanoparticle reinforcements can
be effectively incorporated in two most common lightweight metallic systems (in powder form),
Al and Mg. Reinforcing metal microparticles with high performance ceramic nanoparticles is the
area of interest for many applications specifically in metal-based laser additive manufacturing. A
scalable approach to synthesize metal nanocomposite microparticles can open-up a new pathway
for metal-based 3D printing of lightweight metals with unusual mechanical, thermal, chemical and
electrical properties. Al-30 vol. %TiB2 nanocomposites (after 20 min melting) exhibit average
Vickers hardness of 485 HV (pure Al has Vickers hardness of 25 HV). This unusual Vickers
hardness enhancement can be attributed to, a) uniform dispersion and distribution of TiB>

nanoparticles in Al matrix, and b) the strong bonding between TiB2 nanoparticles and Al matrix.
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CHAPTER 6. BULK MAGNESIUM NANOCOMPOSITES

Magnesium is a low density light-weight metal, which is an important metal used in various
industries such as biomedical industry [96] construction [97], naval [98] and electronic [99], and
defense [100]. MMNCs is of a potential approach to produce bulk Mg nanocomposites [104].
However, scalable manufacturing of bulk Mg nanocomposites with uniformly dispersed and
distributed nanoscale reinforcement is of a grand challenge to this date [107]. Adding suitable
nanoparticle reinforcements into Mg matrix can substantially enhance the mechanical properties
of Mg matrix. In particular, nanoparticles can significantly improve strength while maintaining or

in some cases improving plasticity of metals [102, 103].

Many studies have been conducted to effectively incorporate suitable nanoparticles into
Mg matrix by various approaches such mechanical shearing [108, 109], ultrasonic assisted [4,
106], salt-assisted [110, 111], spark plasma sintering [54] and powder metallurgy [112, 113].
However, it is extremely difficult to achieve a uniform dispersion and distribution of nanoparticles
in Mg matrix [114-117]. In this chapter, it was demonstrated that TiC nanoparticles can be self-
incorporated and self-dispersed in Mg matrix via a salt-assisted liquid state processing. Different
loadings of TiC nanoparticles into Mg matrix were designed and achieved. The microstructure
characterization indicates that TiC nanoparticles are uniformly dispersed and distributed in Mg

matrix.
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6.1 Experimental Procedure

6.1.1 Materials and Methods

In this study, TiC nanoparticles with an average size of 60 nm (US Research Nanomaterial
Inc.) and high purity Mg (99.99%) ingots were chosen as the nanoparticle reinforcement and light-
weight matrix, respectively. Different volume fractions (i.e. 10, 20, and 30 vol. %) of the TiC were
designed into Mg matrix. TiC nanoparticles and magnesium chloride (MgCl,) flux were
mechanically mixed for 5 hours in a glass beaker by mechanical shaker. Mixture was then
dehydrated in a vacuum oven at 150 °C for 2 hours. An electrical resistance furnace was used to
melt the Mg ingots at 830 °C under a gas mixture flow of the Sulfur hexafluoride (SFe) and argon
(Ar) (99:1 vol. %). The mixed powders were gradually added to the melt surface by a stainless
steel spoon. Upon complete melting of the flux, the melt was stirred at 300 rpm for 30 min by a
stainless steel impeller. The melt was naturally cooled down to room temperature under SFe/Ar
gas protection. The final product in the shape of a disk (38 mm in diameter and 25.4 mm in height)
was carefully extracted from the graphite crucible. Mg-10, 20, and 30 vol. % TiC nanocomposites
were successfully produced. Pure Mg was also produced following a similar experimental
procedure as a control. Figure 40 illustrates the schematic of the experimental setup used for this

experiment.
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Figure 40: Schematic of the casting experimental setup.

The nanocomposite ingots were then re-melted and maintained at 850 °C under the SFe+Ar gas
protection for two hours, to facilitate the MgCl> decompositions (minimize the flux entrapment

inside the Mg-TiC nanocomposite samples).

6.2 Results

Figure 41 shows the typical SEM images obtain from Mg-TiC nanocomposite samples.
From the image one can clearly infer that the TiC nanoparticles are uniformly dispersed and fairly
distributed in Mg matrix. The chloride flux enhances the TiC nanoparticles feeding and
incorporation efficiency by dissolving the oxide layer formed on the surface of the molten Mg

during the liquid state processing.
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Figure 41: (A) A typical low-magnification SEM image obtained from Mg-TiC nanocomposites, and
B) A high magnification SEM image acquired from Mg-TiC nanocomposites.

EDS study were conducted on the Mg-TiC nanocomposite samples with various
nanoparticle volume fractions (Figure 42A). EDS results (Figure 42B and Figure 42C) confirm the
presence of the Mg and TiC nanoparticles. However, there exists small amount of the CI element
(less than one volume percent in most nanocomposite samples) in EDS results, which can be

attributed to the trapped MgCl> flux in Mg-TiC nanocomposite samples (Figure 42D).
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Figure 42: (A) A typical SEM image obtained from Mg-TiC nanocomposites, (B), (C) and (D) EDS
mapping results showing the Mg, Ti, and CI, respectively.
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Multiple samples were prepared from Mg-10, 20 and 30 vol. % TiC nanocomposites for
Vickers hardness test. The Vickers hardness of the Mg-TiC nanocomposites increase as the volume
fraction of the TiC nanoparticles increases. Figure 43 shows the Vickers hardness of the Mg-TiC
nanocomposites. The Vickers hardness of the sample increases as the volume fraction of the TiC

nanoparticles increases which can be attributed to the strengthening effect caused by TiC
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Figure 43: Vickers hardness of Pure Mg and Mg-TiC nanocomposites with various concentration of
TiC nanoparticles.

6.3 Discussion

The TiC nanoparticles can be self-dispersed in molten Mg due to the reduced van der Waals
forces between the nanoparticles in molten Mg, a high thermal energy of the nanoparticles, and a
high energy barrier preventing nanoparticles from sintering due to good wettability between
nanoparticles and Mg melt. For two TiC nanoparticles in the magnesium melt at 1100 K, the van

der Waals interaction can be approximately estimated by the following equation:
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WvdW(D) = _M(R)

Equation 1
12D

Where D is the distance between two nanoparticles in nanometers, Aric and Awmyg are the Hamaker
constants and are 238 zJ [154] and 206 zJ [155] for TiC and molten magnesium, respectively. R is
the nanoparticle radius assuming two nanoparticles with an identical radius. Equation 1 is only
effective when two TiC nanoparticles interact in the molten Mg with D larger than two atomic
layers (~ 0.4 nm). Therefore, the maximum attraction, Wvawmin (D) between two TiC nanoparticles
in magnesium melt, is estimated to be —14.4 zJ (when D = 0.4 nm). When the difference between
Hamaker constant of nanoparticles and molten metal is small, the van der Waals attraction
potential is a small value. The thermal energy of nanoparticles due to Brownian motion, Eg, can
be calculated by Eg=kT. Where k is the Boltzmann constant and T is the absolute temperature. At

the processing temperature (1103 K), Eg is about 15.3 zJ.
The energy barrier between two nanoparticles in a molten metal can be estimated from the equation
2 [156].

Wy arrier = 27RD (0np — OpL) Equation 2
Where ayp is the surface energy of TiC nanoparticles (1.35 J/m?) and op, is the interfacial energy
between TiC nanoparticles and molten Mg (0.8 J/m?) [156]. The Wy, gyrier fOr Mg-TiC system is
about 4200zJ which is more than 2800 times greater than the KT values. Therefore, TiC

nanoparticles can freely move inside the molten Mg and overcome the van der Waals attraction.

This is in good agreement with our experimental results.
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6.4 Summary

Conventional manufacturing approaches to produce high strength Mg have reached certain
fundamental limits, resulting in limited advances in new generation of bulk Mg suitable for novel
applications. This study showed that a suitable nanoparticle, TiC, can be effectively incorporated
into Mg matrix via flux assisted liquid state processing. Bulk Mg-TiC nanocomposites with
average Vickers hardness of 143.5£11.5 HV was successfully produced. Theoretical study further
confirmed that not only TiC nanoparticles can be efficiently incorporated in Mg matrix, they also
can be self-dispersed. This novel method has a promising potential for mass production of Mg
nanocomposites with significantly improved mechanical properties to serve a wide range of

industries.
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CHAPTER 7. ALUMINUM NANOCOMPOSITE ELECTRICAL
CONDUCTOR

This chapter presents theoretical and experimental studies on the effect of nanoparticles on
mechanical and electrical properties of Al nanocomposite electrical conductors (ANECS). It is
demonstrated TiB2 nanoparticles was successfully incorporated in pure Al matrix via flux-assisted

liquid-state processing.

7.1 Theoretical Study on Al-TiB2 ANECs

7.1.1 Theoretical Calculation of Strength

Strengthening mechanism in the MMNC can be divided in two categories: Direct
strengthening from the load being transferred from matrix to the reinforcing medium and indirect
strengthening from the impact of the reinforcement medium on the matrix microstructure or
deformation. Deformation mismatch between matrix and reinforcement leading to dislocation
strengthening is an example of indirect strengthening mechanism [157]. Chen et al. demonstrates
that, when no fine intermetallic precipitates in the MMNC fabrication processes, strengthening
mechanism must be primarily due to the densely dispersed nano-reinforcements. Strengthening
mechanisms in MMNCs comprise of Orowan Strengthening, Load-bearing and Hall-Petch [7].
Orowan Strengthening Contribution
The strengthening caused by the presence of nano-reinforcement medium in Al matrix can be

expressed by Orowan strengthening equation [157]:

0.4Gb In(d/b)

ACorowan = Equation 1

(A=) ( fn/av,-1)d

d=.2/3d Equation 2
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Where M is the mean orientation factor for Al (3.06), G is the shear modulus (26 GPa), b is the
Burgers vector (0.286 nm), vis the Poisson’s ration (0.33), Vj, is the volume fraction of the
dispersed medium and d is the average diameter of the nanoparticles [157].

Figure 44 displays a comparison between Orowan strengthening that can be achieved based
on various size and volume fraction of nanoparticles in Al matrix. We anticipate to achieve 184,
275, 352, 422, 488 MPa Orowan strengthening with uniform dispersion of 1, 2, 3, 4, and 5 vol. %

TiB2 (10 nm) nanoparticles in Al matrix, respectively.
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Figure 44: Theoretical calculation of Orowan Strengthening for Al-TiB, MMNC with various
volume percent of the nanoparticle reinforcements.

Load Bearing Contribution
The increase in strength due to load bearing mechanism can be calculated by [7]:
Aaload = 15 VpO'l-

o; Is the interfacial bonding strength between the matrix and nanoparticles.
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Hall-Petch Contribution (grain refinement)

Hall-Petch relationship (shown in equation 3) can be used to calculate the strengthening
mechanism due to grain refinement [7].

o, =0+ K,/Vd Equation 3
Where g, is the final strength value after considering the effect of grain size, g, is the initial
strength value, K, is a constant and d is the mean grain size. K,, value is 0.22 MPay/m [157].

7.1.2 Theoretical Study on Electrical Resistivity

Classical electrical conductivity theory is based on the free electrons that move throughout
lattice of the metals. Considering Drude’s free electron theory [158], electrons are free to move in
every direction within the metal lattice by following Newton’s laws of motion and Maxwell-
Boltzmann statistics [159]. Electrical resistivity and electron mean-free-path (MFP) of a given
metal are constant values. MFP is inversely proportional to the electron scattering probability. The
electrons interaction with lattice and inclusion (defect) promotes electron scattering, consequently
lead to increase of electrical resistivity. According to the Matthiessen’s rule, the electrical
resistivity of metals is the summation of two main parts: thermal (py) and residual (pg). The pr
refers to environment temperature of the metal. The py is associated with the microstructure of the
metallic systems that contributes to electron scattering such as lattice scattering (due to phonon-
electron interaction), the impurity scattering, precipitate scattering, and the grain boundary
scattering [160, 161]. One can conclude that electron scattering and consequently electrical
conductivity reduction is inevitable. More theoretical discussion will be presented in the results

section of this chapter.
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7.2 Al Nanocomposite Electrical Conductors (ANECS)

7.2.1 Manufacturing of ANECs

In this study, high purity Al (99.99%) ingots and in-house synthesized TiB2 nanoparticles
with an average size less than 10 nm were used as matrix and nano-reinforcement, respectively.
TiB2 nanoparticles and potassium aluminum fluoride (KAIF4) flux were mechanically mixed at
solid state for 3 hours. Mixed powders were dehydrated at 120 °C for 1 hours in a vacuum oven.
An electrical resistance furnace was used to melt the Al ingots at 900 °C under argon (Ar) gas flow
protection. The mixed powders were gradually added to the melt surface and melt was
mechanically stirred at 200 rpm for 10 minutes with a one-inch dimeter graphite mixing blade.

The melt was naturally cooled down to room temperature under Ar gas protection.

The final product was (in the shape of a disk with 1.5 inches in diameter and 1.0 inch in
height) carefully extracted from the graphite crucible. Al-X vol. % TiB, (X=3, 5, and 10)
nanocomposites were produced (three study samples were prepared from top, middle, and bottom
of each nanocomposite sample). Figure 45 shows the schematic of the experimental set up to

produce Al nanocomposites.
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Figure 45: Schematic of the experimental set up to produce Al nanocomposites.

The final product was (a disk with 1.5 inches in diameter and 1.0 inch in height) carefully
extracted from the graphite crucible. Al-X vol. % TiB, (X=3, 5, and 10) nanocomposites were
successfully produced (three study samples were prepared from top, middle, and bottom of each

nanocomposite samples).

Scanning electron micrographs (SEM) were acquired using a ZEISS Supra 40VP field
emission microscope operating at 10 kV and Energy-dispersive X-ray spectroscopy (EDS)
mapping was performed in the same SEM field emission microscope. TEM was carried out using
a TF20 High-Resolution EM, CryoEM and CryoET (FEI) electron microscope operating at 300
kV. Focused ion beam (FIB) was used to reveal the nano-level structures. Electrical conductivity

was measured by CDE ResMap 178 4-Point Probe.

7.2.2 Characterization of ANECs

Three study samples were prepared from each Al nanocomposites. Samples were ground
and polished following Buehler standard method. Study samples were prepared for SEM and TEM
characterization. Figure 46a, Figure 46b and Figure 46¢ show a typical Al-TiB2 nanocomposite
sample. Figure 46d shows the two SEM samples prepared from the nanocomposite ingot. To
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clearly reveal the nanoparticles, the SEM samples were processed by a low-angle ion milling (10°,

to remove the nanometre-sized polishing powders).

Figure 46: (a) Al-3 vol. % TiB, nanocomposites ingots, (b) Al-TiB, nanocomposite sample is cut into
half, (c) A study sample prepared from the Al-TiB, nanocomposites, and (d) Two SEM study
samples prepared from Al-TiB, nanocomposites.

We first characterized the distribution and dispersion of the TiB2 nanoparticles in as-casted
Al-TiB2 nanocomposite samples using scanning electron microscopy. SEM images of the Al-TiB>
nanocomposite are shown in Figure 47. Figure 47a shows high volume fraction of the TiB>
nanoparticles uniformly dispersed and distributed in the aluminum matrix. Higher magnification
SEM images illustrate that the TiB. nanoparticles are retaining their original size without any

sintering (Figure 47b).
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Figure 47: (a) A SEM image obtained from Al-TiB2 nanocomposite sample, (b) A High
magnification SEM image acquired from the Al-TiB, nanocomposites.

Focused ion beam was used to cut several micron-size trenches into the Al nanocomposite
samples. The underneath morphology of the aluminum nanocomposite samples revealed a
surprising phenomenon. The size of the grain in as-cast and low cooling rate Al nanocomposite
samples have reached ultrafine scale (less than 1 um). The smallest grain size observed is about
300 nm. This unusual phenomenon is associated with the presence of the TiB2 nanoparticles acting
both as nucleation sites to decrease the grain size and more importantly pinning down the growth
of the aluminum grains and retaining them in ultrafine grain size. Figure 48a shows a thin sheet of
Al nanocomposite milled by FIB (the sample is prepared from bulk Al-TiB, nanocomposites).
Figure 48b shows high magnification SEM images clearly representing nano-sized aluminum grain

in slow cooling.
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Figure 48: (a) Al-TiB, nanocomposite thin film prepared by FIB, and (b) A High magnification
SEM image vividly shows the ultrafine grain in Al nanocomposites.

7.3 Results and Discussion on ANECs

7.3.1 Mechanical Property

Figure 49 shows the Vickers hardness (HV) versus electrical conductivity (% IACS) results
for pure Al and Al-TiB; nanocomposites with three different concentrations of TiB2 nanoparticles.
The Vickers hardness and electrical conductivity of as-cast pure Al is measured to be 25+3 and
62+1 % IACS (2.8uf2.cm) respectively, which are set as the reference points for the Al-TiB:
nanocomposite systems. Both tests were carried out at room temperature (25 °C) with a constant
humidity of about 38%. As the volume percent of the TiB2 nanoparticles increase, nanocomposite
exhibits a greater Vickers hardness. This can be associated to the addition of the hard TiB:
nanoparticles. On the other hand, TiB. nanoparticles as act electron scattering point in Al
nanocomposites which result in a reduction of electrical conductivity. The electrical conductivity
of Al-3, 5, and 10 vol. % TiB> nanocomposites were measured to be 57.0%, 43.6%, and 41%

IACS, respectively.
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Figure 49: The effect of TiB2 nanoparticles on mechanical and electrical properties of the pure Al
and Al-TiB, nanocomposites.

Figure 50 shows a comparison between commercially available electrical conductors and
Al-TiB2 nanocomposites. One can empirically conclude that as the volume percent of the TiB:
nanoparticles increases, the Vickers hardness value increases. The Al-10TiB, nanocomposites
have high Vickers hardness when compared to other commercially available electrical conductors.
Al-10TiB2 nanocomposites show more than 35 HV greater Vickers hardness compare to ACSR.
Al1350-H19 (as a reference) is a grade of Al commonly used in many electrical conductor cables

for high voltage DC transmission and distribution lines.
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Figure 50: Comparison between electrical conductivity and Vickers hardness for commercially
available electrical conductor cables (red), Al-TiB, nanocomposites (green) and Al1350-H19 (dark

gray).

We also prepared several tensile test bars to measure the tensile properties of the Al-TiB>
nanocomposites. The as-cast ingots were rolled by an 80% reduction to Al nanocomposite plates.
Electric discharge machine (EDM) was utilized to cut the tensile bars from the Al nanocomposite

plates. Tensile bars with dimension of 40 mm length, 8 mm width, and gage length of 10 mm were

o - i 40 mm
i —
o & mm

Figure 51: A typical tensile bar prepared from as-cast bulk Al-TiB, nanocomposites.

prepared (Figure 51).
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Table 4 shows the tensile test and electrical conductivity results on several samples
prepared from Al-3TiB; and Al-10TiB: (pure Al results are obtained from the literature). It was
expected to observe significantly improved tensile properties in the case of AIl-10TiB:
nanocomposites, however KAIF4 flux entrapment partially degraded the property improvement.
The flux remnant inside the Al-10TiB> nanocomposite samples resulted in moderate mechanical
property improvement compare to pure Al. The best results were obtained from AI-3TiB>
nanocomposites with yield strength of 209.6MPa, UTS of 219.6MPa, and electrical conductivity

(c) 0f 57.5 %IACS.

Table 4: Comparison between Pure Al and as-cast Al-TiB; nanocomposites.

Material Yield Strength (MPa) | UTS (MPa) | Tensile Strain (%) o (%IACS)

Pure Al 35 90 12 62.5
Al-3TiB> 205 +3 212+4 4+1 56 +1
Al-10TiB: 165 15 189 +4 2+1 41 +3

To further investigate the amount of flux remnant inside the Al-10TiB2 nanocomposite
samples, the tensile bars were studied under SEM after the tensile tests. Figure 52a shows a typical

SEM image acquired from the fracture surface. EDS point analysis result (Figure 52b, Figure 52c,
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and Figure 52d) confirms the presence of the KAIF4 flux (less than one volume fraction) inside the

Al-TiB2 nanocomposites.
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Figure 52: (a) A SEM image acquired from the fracture surface of the Al-10TiB, nanocomposite
tensile bar, (b), (c), and (d) EDS results obtained from three different locations of the fracture
surface.

7.3.2 Electrical Property

Classical electrical conductivity theory is based on the free electrons that move throughout
lattice of metal. Considering Drude’s free electron theory [158], electrons are free to move in every
direction within the metal lattice by following Newton’s laws of motion and Maxwell-Boltzmann
statistics [159]. Electrical resistivity and electron mean-free-path of a given metal are constant
values. MFP is inversely proportional to the electron scattering probability. The electrons
interaction with lattice and inclusion (defect) promotes electron scattering, consequently lead to

increase of electrical resistivity. According to the Matthiessen’s rule, the electrical resistivity of
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metals is the summation of two main parts: thermal (p;) and residual (pg). The py refers to
environment temperature of the metal. The py, is associated with the microstructure of the metallic
systems that contributes to electron scattering such as lattice scattering (due to phonon-electron
interaction), the impurity scattering, precipitate scattering, and the grain boundary scattering [160,
161]. When comparing the conventional strengthening mechanism approaches, one can conclude
that electron scattering and consequently electrical conductivity reduction is inevitable.

For metals such as Al, the electrical conductivity analysis can be carried out with Drude model by:

nre?
0 =

m*

Where S, indicates the matrix electrical conductivity without nanoparticle incorporation under
the same temperature conditions, t is the relaxation time of the free mobile electrons in matrix, e
is the charge every electron carries, m* denotes the effective mass of the electrons, and n is the
number density of the electrons which is the key parameter to determine the electrical conductivity.
According to the Nordheim’s rule [162, 163], the electrical conductivity of the nanocomposites

can be written as:

1 1
S is the electrical conductivity of the nanocomposites, k,represents the nanoparticle-metal

interaction, and k, corresponds to the effect of the nanoparticles as a secondary phase in electrical

conductivity. And x is nanoparticle volume fraction.

Figure 53 present schematic of the electrons pathway inside a metal matrix
nanocomposites. Due to the topographical impedance on the current density pathway will block

the transport of electrons. At macroscopic view, k, will be greater than k; (especially for x < 0.2).

78



The nanoparticles interaction in matrix is negligible (both physically such as Gibbs free energy
change, interfacial energy change, phase transition energy, and chemically such as chemical
reactions, electronic structure tuning) [164] as a result, the nanoparticle phase will play a dominant

role in the electrical conductivity of the nanocomposite.

Bulk Metal Matrix
High Energy Electrons
Current Density J | &
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Figure 53: The schematic of the electron scattering mechanisms in Al-TiB, metal matrix
nanocomposites (The left side indicates the structural impedance by nanoparticle incorporation;
whereas the right side demonstrates the interfacial energy barrier formed by Al and TiB)

Furthermore, the valence electrons are different in Al matrix and metal-like TiBz, which leads to
the deviation from linearity (“Linearity” indicates the approximation of electrical resistivity

associated with k,x) for the electrical conductivity and nanoparticles volume fraction.

Another important factor is the interfacial scattering at the Al and TiB2 nanoparticle
boundaries. This is supported by the sharp slope change at the point of 3 vol. % to 5 vol. % TiB>
nanoparticles (Figure 49), which indicates the interface plays a crucial role, when the incorporated
nanoparticle reaches a certain volume percent. In the case of high volume fraction (~ 0.03 to 0.05)
of the nanoparticles in Al matrix, the transporting electrons have greater chances to encounter the
energy barrier between metal matrix and nanoparticles. Thus, the electrical conductivity reduces
more drastically. This scattering is mainly due to the interfacial contact. Al and TiB> have free
electrons at different energy levels and different electronic band structures [164, 165], and the
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contact of these two will present an energy difference which scatter the mobile electrons [166].
When lower energy electrons encounter the Al-TiB: interface, they will be scattered during
transport which reduces the electrical conductivity of the Al nanocomposites, due to the band-

bending at the interface [164, 166, 167].

In Al-TiB2 metal matrix nanocomposites, the electrical conductivity reduction is due to
both the structural influence from the incorporation of TiB> nanoparticles and the energy structure
difference between Al and TiB: nanoparticles. Since TiB2 nanoparticles act as a second phase in
Al matrix and have mobile free electrons with different energy levels in different electronic

structures (compare to Al), the electrical conductivity reduction is inevitable.

7.3.3 Theory of TiB, Nanoparticle Dispersion in Molten Al

In our nanoparticle-molten metal model system, nanoparticles are assumed to be uniformly
distributed and dispersed in a molten metal. For simplicity, only interactions between two identical
nanoparticles in a molten metal are considered (Figure 54). The model assumes: 1) Nanoparticles
with a radius R are spherical in shape and D is the gap between two nanoparticles, 2) no
microscopic convection in the melt near the nanoparticles, 3) negligible electrostatic interaction or
double layers between the nanoparticles and molten metal, 4) negligible buoyance and gravity
forces on nanoparticles, 5) no severe chemical reaction between the nanoparticles and molten

metal, and 6) no gas film or contamination on the surface of the nanoparticles.
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Figure 54: Model for two identical nanoparticles interacting in a molten metal.

Based on the above assumptions, three major interactions: interfacial energy, van der Waals

potential, and Brownian potential, are considered in this model system.

When two nanoparticles interact in a molten metal far from each other, the interfacial energy is
Gb = ZSplapl (1)

where S, is the surface area of a nanoparticle and g, is the interfacial energy between the

nanoparticle and molten metal. If the two nanoparticles travel toward each other to push all metal

atoms out and create a void between them, the interfacial energy would be
Gb = Z(Spl—Spp)Jpl + ZSppO'p (2)

Where S, and o, are the effective contact area and the surface energy of the nanoparticles,
respectively. If the two nanoparticles attain an adhesive contact to chemically bond (i.e. sintering
starts), there will be no physical interface between the two nanoparticles. We consider this global
energy minimum to be zero. Therefore, when two nanoparticles move close enough to squeeze
metal atoms out and create a void between them, the change in Gibbs free energy can be described

as
AGy = 25(0p — 0p1) 3)

where S is the effective contact area. If the nanoparticles move further close to start chemically
bond with each other, the change in Gibbs free energy can be written as

AG, = —25a, 4)
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Since the interfacial energy is always positive, AG, would be always negative. Hence, a general
expression for the interaction potential of two similar surfaces of a unit area along with the gap
between them (D) can be expressed as:

Winter(D) = 28(0, — 0,;) e~ PP/ a0 g‘—“ for (Dy < D < ay) (5)

o—ao

Winter(D) = —25a,eP/%(1 — D /D) + 28(0, — 0;), for (0 < D < Dy) (6)

where D, is the chemical length bond, and a, is the characteristic decaying length (0.2~0.4 nm)
for the chemical bond.

The van der Waals potential between two nanoparticles in a molten metal is of a relatively long
range (0.2-9 nm). Nanoparticles tend to attract each other due an attract force induced by van der
Waals potential. The van der Waals potential for two identical spheres of radius R and is
determined by [156, 168]

AR

Wyaw(D) = === )

where A is the system Hamaker constant for the nanoparticle interactions in the molten metal. To

estimate the Hamaker constant A below equation can be used

A= (JAyp —JAL)? (8)

Where Ayp is the Hamaker constant for nanoparticle, and A; is the Hamaker constant for metal.
Therefore, the van der Waals potential can be written as

Wi (D) = — L VAY (10)

The energy barrier between two nanoparticles in a molten metal can be estimated from the equation

2 [156].
Whyarrier = 27RD (oyp — 0p1) (11)

Since nanoparticles are very small in size, they are free to move randomly under thermal

fluctuations. Thus, Brownian potential need to be considered for these small nanoparticles. Equi-
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partition theorem suggests that the kinetic energy/potential of the Brownian motion is in one
dimension for one particle. Therefore, the Brownian motion energy for the two nanoparticles
system in on dimension is KT. For two nanoparticles in a molten metal at high temperature, may
be comparable to the van der Waals potential, and thus Brownian potential would play an important

role on nanoparticle dispersion.

In the model system for nanoparticle dispersion in a molten metal, the van der Waals
potential, interfacial energy, and Brownian potential intrinsically co-exist. The interfacial energy
dominates when the gap between two nanoparticles becomes one or two atomic layers. The van

der Waals interaction dominates outside this gap until a long distance (up to 10 nm or more).

Figure 55 shows the interaction potentials for nanoparticle self-dispersion in the molten
metal. If Wharrier 1S high (i.e. good wettability between the nanoparticle and the molten metal) and
the van der Waals potential well is not deep, the Brownian potential kT cannot drive the
nanoparticles to pass the barrier for any adhesive contact, although the nanoparticles would not be
kinetically trapped either. This would allow nanoparticles to move freely without forming a

chemical bonds in the molten metal (self-dispersion).
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Figure 55: Interaction potentials for nanoparticles self-dispersion in molten metal with an inset to
show how nanoparticles disperse in molten metal.

To further validate the self-dispersion model, Al-TiB2 system was studied. The Hamaker
constant for Al and TiB:is 266zJ (1zJ=10E-21 J) and 256zJ [156], respectively. And, the average
size of the TiB2 nanoparticles is 10 nm. The equation (10) is effective when only when two TiB>
nanoparticles interact in molten Al where D is about 0.4 nm [156]. Therefore, by inserting the
values into equation (10): Wyq (D) = - 11.9zJ. The thermal energy value at 900 °C (1173 K)
would be 16.2 zJ. The surface energy for liquid Al and solid TiB; are is 1.1 j/m?[169] and 3.0
j/m2[170], respectively. And the contact angle between Al and TiB; is 50 degree (D,= 0.1 nm and
a, =0.4 nm) at that temperature. Therefore, we can calculate the Wharrier (from equation 11) to be
2.4 x 10° zJ. Since the Wharrier is more than 1500 times greater than the Brownian potential, there
is a small chance for TiB2 nanoparticles to overcome such energy barrier and adhere to one another
(forming cluster). Therefore, we can conclude that TiB, nanoparticles can be self-dispersed and
self-stabilized in molten Al. This is in good agreement with our experimental results shown in

result section.
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7.4 Summary

In this work, we introduce a novel and scalable approach to produce a new class of aluminum
electrical wire for DC transmission lines. A suitable nanoparticle was identified and synthesized
in-house to significantly improve the mechanical properties of aluminum matrix while retaining
good electrical conductivity. It was shown that how small size TiB> nanoparticles (less than 10
nm) were effectively incorporated in Al matrix via a flux assisted liquid state processing. TiB>
nanoparticles show uniform dispersion and distribution in the Al matrix. Al-3TiB, nanocomposites
showed yield strength of 206.6 MPa, UTS of 219.6 MPa, tensile strain of 4.3% and electrical
conductivity of 57.5% IACS compare to pure Al with yield strength of 35 MPa, UTS of 90 MPa,
tensile strain of 12% and electrical conductivity of 62.5%. On the other hand, Al-10 vol. % TiB:
nanocomposites showed average Vickers hardness of 137 HV (with 41 %IACS electrical
conductivity). Mechanical property enhancement in Al nanocomposites can be attributed to the
uniform dispersion and distribution of the TiB> nanoparticles of 10 nm in Al matrix. Also, the
presence of the small TiB2 nanoparticles allowed formation of unusual ultrafine grain sizes after

cooling.
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CHAPTER 8. CONCLUSIONS

This study is motivated by the rapid growing interests in the development of
nanocomposites, specifically polymer matrix nanocomposites and metal matrix nanocomposites.
In addition, there is a lack of fundamental knowledge of how nanoparticles interact in molten
metals. This research is inspired by an intriguing hypothesis that the introduction of nanoparticles

to polymer and metallic matrices can break the fundamental limits of property improvement.

For polymer metal nanocomposites, Sn metal microparticles was randomly dispersed and
distributed in polymer matrix via a powder (Sn and PES) compaction followed by melting, to form
PES-Sn composite preforms. Thermal fiber drawing was used to draw the composite preforms into
nanocomposite fibers with embedded metal nanoparticles. Cyclic thermal drawing enabled
uniform dispersion of the Sn metal nanoparticles in PES polymer matrix. After the first thermal
drawing cycle, metal microfibers with various lengths were well-aligned in the longitudinal
direction of composite fibers. Using a stack and draw iteration, further drawing cycles produced
polymer-metal nanocomposite fibers with a uniform dispersion of Sn nanoparticles from non-

uniform Sn microparticles for the first time.

Scalable synthesis of high performance and exotic ceramic nanoparticles was studied.
Metal boride, specifically TiB2 is a refractory intermetallic compounds between titanium (a
transition metal) and boron. TiB: in the form of microparticles has demonstrated significant
reinforcing capabilities in both polymeric and metallic matrices. TiB. nanoparticles have received
wide attention due to its high hardness and stiffness, high melting point, excellent heat
conductivity, oxidation stability, and chemical resistance. Small size TiB> nanoparticles can
significantly enhance mechanical and functional properties of various matrices. However, TiB>
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nanoparticles of high purity and small size (less than 10 nm) are not commercially available. In
this study, TiB2 nanoparticles were synthesized via magnesio-reduction of titanium dioxide and
boron trioxide in a eutectic chloride salts (LiICI/KCI). The synthesized TiB> nanoparticles were
characterized via SEM, TEM, and XRD to ensure purity and size uniformity. To this date, the
smallest commercially available TiB2 nanoparticles is about 58 nm which suffers from poor purity.
This study demonstrated high volume and high purity synthesis of TiB nanoparticles with an
average size of 8.1+0.4 nm. The in-house synthesized TiB. nanoparticles were utilized as

reinforcement phase in Al nanocomposites production.

In this work, it was successfully demonstrated that how high concentration of nanoparticles
can be effectively incorporated in two most common lightweight metallic systems, Al and Mg
microparticles. Flux assisted liquid state processing with mechanical shearing enabled the
incorporation of high volume fraction (up to 30 volume percent) of in-house synthesized TiB> and
commercial TiC nanoparticles in Al and Mg microparticles, respectively. Reinforcing metal
microparticles with such high performance ceramic nanoparticles can be beneficial for many
applications such as laser additive manufacturing. Successful incorporation of suitable
nanoparticles into metal microparticles can alter the solidification behavior of such nanocomposite
materials when applied in selective laser melting. This innovative approach can open-up a new
path for metal-based 3D printing of lightweight metals with unusual mechanical, thermal, chemical
and electrical properties. The metal nanocomposite microparticles can also be utilized by tradition
manufacturing processing to produce high strength metal with high energy efficiency. For

example, the Al- 30 vol. % TiB2 nanocomposite microparticles were compacted and melted under
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vacuum to form bulk aluminum nanocomposites. The Al-30 vol. % TiB2 nanocomposites exhibit

an average Vickers hardness of 485 HV (compare to pure Al with 25 HV).

Conventional manufacturing approaches to produce high strength magnesium has reached
to their fundamental limits, leading to insufficient advances in manufacturing of magnesium and
its alloy suitable to meet 21% century demands. Traditional strengthening approaches such as
thermomechanical processing cannot offer high strength Mg functional at high operating
temperatures. For example, the precipitated phases obtained from heat treatment grow at elevated
temperature, leading to strength reduction. Grain growth restriction at elevated temperature is one
of the main advantages of the Mg nanocomposites. This study showed that a suitable nanoparticles,
TiC, can be effectively incorporated into Mg matrix offering promising Vickers hardness of
143.5£11.5 HV (while the pure Mg has a Vickers hardness of ~ 35 HV). Theoretical analysis
further confirmed that not only TiC nanoparticles can be efficiently incorporated in Mg matrix,

they also can be self-disperses in Mg matrix.

Flux assisted liquid state processing was employed to effectively incorporate in-house
synthesized TiB. nanoparticles into bulk Al metal matrix. One of the major accomplishments of
this study is the design and manufacture of aluminum nanocomposites where nanoparticles can be
self-assembled and self-stabilized uniformly in Al matrix to deliver high strength and electrical
conductivity. For instance, Al-3TiB offers a yield strength of 209 MPa, UTS of 219.6 MPa, tensile
strain of 4.3 and electrical conductivity 57.5 %IACS. Another example of Al nanocomposites
would be Al-10TiB. with an average Vickers hardness of 137 HV and 41 %IACS electrical
conductivity. Al-10TiB2 nanocomposites show more than 35 HV Vickers hardness when

compared to the most common electrical conductor, ACSR.
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This work conducted fundamental study on nanoparticles induced electron scattering on
Al matrix, obtained a better understanding of interaction potentials between nanoparticles in
molten Al, successfully synthesized uniform-size TiB2 nanoparticles, and demonstrated a scalable
manufacturing of Al nanocomposites with minimal impurities/flux contamination. Interaction
potential study on Al-TiB> systems demonstrated that the Brownian potential (kT) is not strong
enough to drive the TiB2 nanoparticles (which has a good wettability with Al matrix) to pass any
adhesive contact barrier, preventing nanoparticles from sintering. In addition, theoretical and
experimental studies were presented in this work to show the effect of nanoparticles on mechanical
properties of metal matrices. Mechanical property enhancement can be associated with the
presence of 10 nm TiB2 nanoparticles in Al matrix, and more importantly formation of ultra-fine
aluminum grains. Obtaining ultra-fine aluminum grains under slow cooling is of tremendous

interests.
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CHAPTER 9. RECOMMENDATIONS FOR FUTURE WORK

The work presented in this dissertation is a major step forward in the fundamental
understanding and development of polymeric and metallic nanocomposites both in bulk scale and
microscale. High strength aluminum and magnesium were successfully manufactured by a high
volume production approach. It is shown that a science-guided nanoparticles incorporated into
lightweight metal matrices can significantly improve their mechanical property. Many facets of
the developed processes in this dissertation suggest that nanoparticles can be an effective way to
engineer the mechanical and electrical properties of Al matrix. To further understand the influence
of the nanoparticles on metal matrix and open up new applications for such MMNCs, future

research and development are necessary.

9.1 Cost Analysis on TiB2 Nanoparticle Synthesis

Although the synthesis of nanoparticles of high purity and small size is of great interest,
cost reduction is desired for this product to be available in high volume for commercial use. The
two most expensive reagents used in the current synthesis are titanium oxide and boron trioxide.
Hence, reducing the cost for the aforementioned elements can decrease the final cost of the TiB>
nanoparticles. For instance, replacing boron trioxide with boron element can reduce the material
cost. However, further studies and analysis must be conducted to ensure the high quality of the
TiB2 nanoparticles. Moreover, increasing the synthesis capacity beyond the laboratory scale would
lower the cost of the reagents. Reducing the TiB2 nanoparticles synthesis cost would enable a rapid

commercialization of this nanoscale reinforcement.
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9.2 Expand Application of TiB2 Nanoparticles

This work presented that small size TiB, nanoparticles (with an average size less than 10
nm) were successfully incorporated and self-dispersed in aluminum and magnesium matrices (both
in bulk and micro scale). Refractory TiB. nanoparticles offer excellent mechanical, electrical,
chemical, and thermal properties. Therefore, it would of tremendous interest to incorporate TiB:
nanoparticles into other metallic, polymeric and ceramic matrices such as zinc, silver, nickel, PES,

and cordierite.

9.3 Optimum Nanoparticle Volume Fraction in Flux

This work discussed a scalable manufacturing of the metal matrix nanocomposites via the
flux assisted liquid state processing. In this approach a flux agent was introduced to the
conventional casting to promote the incorporation efficiency of the nanoparticles into molten
metals. However, an optimum volume fraction of the nanoparticles into flux will be ideal. As
discussed in Chapters 6 and 7, the presence of the flux in the final nanocomposites resulted in
lower mechanical property improvement than expected. This study could be of significant to
minimize the amount of flux introduced to molten metal during manufacturing of metal matrix
nanocomposites. For such a study, half-factorial or full-factorial or orthogonal statistical

experimental design can be applied to identify the optimum nanoparticles loading in flux.

9.4 Explore New Flux for Effective Nanoparticle Feeding

This work, successfully demonstrated that a high volume fraction of nanoparticles can be

incorporated into various matrices such as aluminum and magnesium. However, flux remnant was
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also found in final nanocomposite samples when the melt viscosity becomes high. The presence
of the flux in the final nanocomposite samples can results in property degradation. In fact, in some
instances, the flux remnant neutralize the nanoparticles reinforcing effect. Flux has inherent poor
wettability with most metallic matrices leading to formation of porosity or defects inside
nanocomposite samples. Fluxes such as CaFz, BaF. and NaF: or other binary and ternary

combination of flux can be beneficial.
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