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Incorporating nano-carbon phases into metal-matrix composites is a promising strategy
for simultaneously enhancing electrical conductivity and mechanical properties of metals.
Here, we describe the manufacture of novel nano-carbon-aluminum composites by an
electro-charge-assisted process (EAP) that show 5.7% increase in electrical conductivity
and 8.2% enhancement in hardness compared to the base metal alloy. In this method, a
DC current is applied to molten Al metal containing activated carbon particles in an
enclosed inert environment. The high current density first facilitates ionization of the
carbon atoms and migration of the carbon ions similar to “electromigration in metals”.
Then, the current further induces polymerization and formation of graphitic chains and
ribbons along preferential directions of the Al lattice, and propagates the graphitic
structures inside the Al matrix. The EAP induces crystallization of the amorphous carbon
into graphitic nanocarbon network contrary to other methods which start by mixing the
metal with either graphene of carbon nanotubes. The EAP incorporates the nanocarbon

structures into the metal matrix with strong interaction which is not the case in most other

methods, such as friction stir processing, ball milling and others. Raman mapping



measurements, X-ray Photoelectron Spectroscopy (XPS), Transmission Electron
Microscope (TEM) and Electron Energy Loss Spectroscopy (EELS) have confirmed that
carbon is incorporated more uniformly and forming ordered network of graphitic

structures in Aluminum matrix.

Both enhancements are attributed to nano-graphitic structures that extend through the
lattice of the metal. Through n-type doping from the metal to the nano-structures the
electron density at the interface of nano-crystalline graphite and the metal lattice
increases thereby enhancing the bulk electrical conductivity. We identify the important
fabrication parameters of the EAP for a reaction system employing a tapered graphite
cathode. A high current density of 100 A/cm? causes ionization and crystallization of the
carbon in the liquid metal. The increase in electrical conductivity and hardness of the
composite are directly related to the incorporation of the nanocrystalline carbon in the
metal lattice. The superior performance of these nano-carbon aluminum composites

makes them promising candidates for power transmission lines and other applications.
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Chapter 1: Introduction

1.1 Background

Aluminum is one of the most versatile and sustainable materials for our dynamic global
economy. It has excellent mechanical, electrical, and thermal properties, which make it
desirable in a wide range of applications in the military, automotive, aerospace and power
transmission industries. On naval ships, corrosion of aluminum presents a unique
challenge due to the sea salt environment. For aircraft carriers, mechanical reliability is
important, the materials must be able to withstand large changes in pressure and
temperature. In addition, if the strength and stiffness of a material increase, the
dimensions, and consequently, the mass of the materials required for a certain load
bearing application will decrease. This leads to increase in payload and improvement of
the fuel efficiency for aircraft and automobiles. Similarly, in the case of power
transmission cables, any improvement in the electrical and/or mechanical properties of Al
could have great implications since the cost saved nationwide by high voltage
transmission lines alone can be calculated in the billions of dollars. However, traditional
aluminum alloys are failing to overcome current challenges. Thus, there is increasing
demand to develop new generation of aluminum alloys, or composite materials, to tackle
everyday challenges of current materials for different applications. Therefore, the latest
aluminum industry technology roadmap (2003, latest version), pointed out that the long-
term technological priorities for aluminum industry should be improvement of energy
efficiency, productivity, and product quality, or reduction of cost of production. In the

quest for new advanced materials, various materials systems have been developed.



Among them, nano-carbon-Aluminum composite is one of the most prominent
candidates. By formulating a composite, it is possible to use the unique advantages of
different components in a complementary way to compromise the limitations of each
constituent. For example, the need for lightweight structural materials for applications in
automotive and aerospace industry is paramount these days. By incorporating materials
with high stiffness and strength, such as nano-carbon fibers, into metal matrix, the
hardness, tensile strength, elastic modulus and other mechanical properties can be
significantly improved and it is possible to overcome performance issues and also being
used in high-technological applications. The purpose is to transfer the exceptional
mechanical and physical properties of hano-carbon structures to the bulk engineering

materials.

1.1.1 Carbon Nanostructures

The composites made between aluminum alloys and nano carbon structures have shown
superior mechanical properties to conventional aluminum alloys. The most popular nano
carbon structures include carbon nanotubes (CNTSs) and graphene.

Single-walled carbon nanotube (SWCNT) is a finite carbon structure consisting of
needle-like graphitic carbon tubes with diameter of 1-2 nm where the tubes are made of a
single atomic layer of carbon atoms. Other types of CNTs are double- and multi- walled
nanotubes with diameters ranging from 4-20 nm which are formed by rolling two or more
graphitic carbon sheets.[1, 2] CNT have unique mechanical[3], thermal conductivity [4,
5], electrical conductivity [6, 7] as well as lubricant nature, which make them promising
candidates as reinforcement in a metallic matrix to enhance the properties of materials

such as inherent stability at high temperature, high strength and stiffness, superior
2



electrical and thermal conductivity with improved over all performance of metals in
industrial components.

The tensile strength of MWCNTSs is up to 63 GPa, and Young’s modulus value of the
outermost layer measures up to 950 GPa. [3] The average ultimate strength is larger than
100 GPa for MWCNTSs prepared by electron irradiation. [8] The Young’s modulus
measured for SWCNTs is up to 1.25TPa. The variation in modulus is from differences in
torsional strain, which is the dominant component of the total strain energy. Torsional
strain, and correspondingly Young’s modulus, increase significantly with decreasing tube
diameter and increases slightly with decreasing tube helicity. [9]

Although SWCNTSs have superior mechanical properties, the expensive fabrication
methods and difficulties of purification prevent them from being extensively used as a
reinforcement in metal matrix. On the other hand, MWCNTSs are easier to be prepared.
However, one of the drawbacks of using MWCNTSs is the so-called “telescoping effect”
or “telescopic extension of multiwall carbon nanotubes” that is the phenomenon of the
inner tubes to be pulled-out of the outer tube since MWCNTSs are composed of several
centered layers. In-situ TEM measurements on nanotubes demonstrated that this
phenomenon occurs at ultra-low-friction state which had no wear or fatigue on the atomic
scale. Both “telescoping failure” and more defects in MWCNTs make them less
popularly employed compared to SWCNTS, even though their strength is still much
higher than that of metals. [10, 11]

Another form of carbon with impressive properties is graphene. Graphene is two-
dimensional single atomic carbon sheet of sp?-bonding in which the atoms are densely

packed in a honeycomb lattice. Graphite, is made off of stacked graphene sheets along



the c-axis with an interlayer spacing of 0.34 nm. The bonding between carbon atoms in
the plane is very strong while the interaction between layers are just weak van der Waals
force.

Graphene is the strongest material ever measured, with an intrinsic tensile strength of 130
GPa and a Young's modulus (stiffness) of 1 TPa.[12] The thermal conductivity of
suspended single layered graphene depends on both temperature[13] and length of the
sample[14], so there is a large variation of measured values. The maximum experimental
measurement of thermal conductivity of suspended single layered graphene is 5300
W-m 1.K™1.[15] Graphene also has excellent charge-carrier mobility. For example, in a
suspended, single-layer graphene sample the carrier mobility is 2x10° cm? V-is | [16]
and the graphene layers decoupled from bulk graphite provide a much higher mobility
value exceeding10’cm? V-!s .[17] So far, various methods have been developed for
fabrication of graphene in large quantities, including thermal evaporation of silicon
carbide [18, 19], chemical vapor deposition (CVD) of graphene on metal carbides or
metal surfaces[20, 21], and wet chemical synthesis of graphene oxides followed by
reduction [22, 23]. Although suspended single layered graphene is not stable in the free
state, graphene nanoplatelets (GNPs) and graphene nanosheets (GNSs), which are short
stacks of platelet-shaped graphene sheets with an average thickness of the 5-100nm are
fairly stable. In summary, the fabrication methods of graphene are less complicated and
less expensive than the ones of CNTs. Graphene has better mechanical properties,
thermal conductivity and electrical conductivity than CNTs. Also, graphene is in the form

of sheets, which make it more compatible with metal matrix and easier to be dispersed in



the metal lattice compared to CNTs. Therefore, graphene has become a more attractive

material in the last decade to apply as reinforcement into a metal matrix.

1.1.2 Nanocarbon structures as reinforcement in Aluminium matrix composites

In the Al-C binary system, the carbide Al4Cz is known as the only intermediate
compound in the system under normal kinetics condition, and only ppm grade of C can

be dissolved in liquid Al as indicated in Fig 1.1.[24]
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Figure 1. 1 Calculated phase diagram (solid line and dash line) of the Al-C system in

comparison with experimental (different patterned points) solubility data from various

sources.[24]

From the past decade, researchers have developed various fabrication methods to

incorporate CNTSs or graphene in the Al matrix. Here, we briefly discuss the most popular

processes.



Friction stir processing:

In friction stir processing (FSP), a non-consumable rotating tool is inserted into the
workpiece, which in addition to rotating it travels along the region of interest. The
friction produced from the tool rubbing on the work piece generates heat. This heat
results in plastic deformation, which make the materials become soft and flow around the
tool from its front to its back. The friction stir process leads to severe deformation and
well dispersion of materials in a solid state, thus preventing deformities produced during
process of solidification. [25] Chi-Hoon Jeon et al. reported the thermal conductivity of
graphene/ aluminum metal matrix composite made by FSP increased by more than 15%
in comparison with that of the aluminum matrix. [26, 27] Saurabh Dixit et al. obtained
two-fold increase in the strength, without loss in ductility, due to the dispersion of the
graphene in aluminum. [28] Z.Y. Liu et al. achieved a great increase of strength in both
Al/CNTs and AI6061/CNTs composites also made by FSP. Meanwhile, a slight
enhancement of electrical conductivity was reported in Al6061/CNTs composites due to
the Mg and Si segregation.[29] Qiang Liu observed that the maximum ultimate tensile
strength reached up to 190.2 MPa in AI/MWCNTs composites, which was two times

higher than that of aluminum matrix. [30]

Spark plasma sintering:

In spark plasma sintering (SPS), a pulsed or unpulsed DC or AC current directly passes
through a graphite die, as well as the powder compact of metal and nanocarbons, in case
of conductive samples. The joule heating can densify the powder compacts, which results

in achieving near theoretical density at lower sintering temperature compared to



conventional sintering techniques.[31] The heat generation is internal, which facilitates a
very high heating or cooling rate (up to 1000K/min). The fast speed of process guarantees
densification of the powders with nanosize or nanostructure while avoiding coarsening
from standard densification routes. Ankita Bisht et al. reported improvement in hardness,
yield strength and tensile strength of Al/graphene nanoplatelet composites made by
SPS.[32] Wen-ming Tian et al. presented improved hardness, compressive strength, and
yield strength of composites with the addition of 1.wt % graphene. [33] Jin-zhi Liao et al.
observed significant enhancement in the AI/MWCNTSs composites fabricated by SPS.
[34] Jianhua Wu et al. achieved higher thermal conductivity and tensile strength in the

AlI/MWCNTSs samples made by SPS. [35]

Stir casting:

In stir casting, an aluminum ingot is melted in a muffle furnace followed by addition of
purified MWCNTSs powder. The resulting mixture is poured into a die and solidified.
Ultrasound energy is used to continuously stir the melt followed by MWCNTS particles
being injected into it. [36] Stir casting is a less expensive process but the reinforcement
phase is not homogeneous throughout the matrix phase. S.Venkatesan et al. reported
higher tensile strength and hardness in Al7075/graphene nanoparticles made by stir
casting.[37] P.S. Samuel Ratna Kumar et al. observed better anti-corrosion properties of
AI5083/MWCNTSs composites prepared by stir casting.[38] Qiangian Li et al. also

presented enhancement of tensile strength of AI/MWCNTSs composites. [39]

Thermal spray:



Thermal spray is a coating process in which melt or heated materials are sprayed and
deposited on the substrate in the form of micrometer-size particles. There are two
different thermal spray methods: plasma spray forming (PSF) and high-velocity oxyfuel
(HVOF) spraying. In plasma spray, the feedstock (coating precursor) is heated by an arc
or plasma in between two electrodes, while in HVOF, the combustion flame heats the
feedstock. Thermal spraying can provide thick coatings (from 20 pum to several mm),
depending on the process and feedstock, over a large area at high deposition rate in the
molten/semi-molten state.[40, 41] The feedstock is usually prepared by mixture of pre-
alloyed Al-Si powder with CNTs and is deposited on a rotating Al mandrel. The
comparatively larger micron-sized Al-Si powders act as carrier of CNTs during the
spraying.[42] T. Laha et al. reported a marginal enhancement in the tensile strength of
AlI/MWCNTSs composites fabricated by PSF. [43] Srinivasa R. Bakshi et al. observed
increase in the elastic modulus and improvement in the yield strength and elastic

recovery properties from composites of AI/CNTSs.[44]

Ball milling:

In high energy ball milling, the collision between tiny and rigid balls generates high
pressure, which can grind materials into extremely fine powder. The grinding action
results in effective dispersion of nano carbon structures (CNTs or graphene powder) in
aluminum matrix by disentangling the nano carbon structures. However, it also results in
structural and morphological damage to carbons. [45] Z.Y. Liu et al. reported that the
tensile strength and yield strength increased in AI/MWCNTs composites with ball milling

time of 6 hours.[45] A.M.K. Esawi et al. observed enhancements of up to 50% in tensile



strength and 23% in stiffness compared to pure aluminum. [46] Mina Bastwros et al.
presented a maximum enhancement of 47% in flexural strength in Al/graphene
composites compared with the reference Al6061 processed with the same conditions.[47]
Haiping Zhang et al. revealed that both yield strength and ultimate tensile strength of
Al5083/Graphite nano particles (GNP) composites were increased by 50% compared

with pure AI5083 fabricated under the same procedure.[48]

1.1.3 Problems in current composite fabrication methods

Many factors will affect the mechanical properties of Al/ nano carbon composites. The
CNT concentration in Al matrix directly affects the strengthening and Young’s modulus
of elasticity. A.M.K. Esawi et al. reported that addition of 2 wt.% CNT provides 50%
increase in strengthening and 23% enhancement in Young’s modulus (but saturates at 5
wt.% CNT). Beyond a specific CNT volume concentration, the excess CNTs agglomerate
within the Al matrix, which results in the reduction of mechanical properties. [45] For the
ball milling methods, increasing the ball milling time to 8-12 hours lead to serious
damage to the CNTs, which resulted in decrease of yield strength and ultimate tensile
strength of the AI/CNTs composites compared with shorter milling time.[45]Also, the
diameter of CNTSs significantly affects the dispersion of CNTs in the Al matrix. The
smaller diameter CNTs have a stronger tendency to agglomerate. Thus, the larger
diameter CNTs disperse more easily than the smaller diameter ones in Al matrix.[49]
Researchers have realized that homogeneous distribution of nano-carbons and strong
bonding with the metal matrix are keys to controlling the mechanical properties of
composites.[50] The potential energies of the interaction between two parallel infinitely

long carbon nanotubes of the same diameter can be simplified by assuming only van der
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Waals interactions in graphitic systems. The cohesion energy for a pair of parallel carbon
nanotubes at a distance of around 0.315 nm has been calculated to be 37 KT /nm. In the
agglomerated CNT bundle, with at least three tubes in contact, 120 KT /nm energy is
needed to separate a tube from the bundle. The carbon-carbon bond energy in a CNTSs is
about 190 KT. Therefore, there is only a small difference between the energy of covalent
bonding within the CNT and CNT- CNT van der Waals energy, which makes uniformly
dispersed CNTs in the metal matrix difficult. [51] To solve this problem, additional steps
to premix Al and CNTs has to be executed to achieve more homogeneous distribution of
CNTs in the Al matrix. Similarly, for graphene reinforcement, the main challenge is to
retain the 2D graphene sheet or graphene monolayer, which is essential for maintaining
the structural integrity of graphene.[51] Researchers employed grapheneoxide (GO) as
the precursor to mix with Al, and then reduced GO to graphene. [52] Some groups
incorporate graphite in the Al matrix first and then exfoliated it to monolayer or few-layer
graphene by ultra-sonication.[47] Another method is to attach molecules or polymers to
graphene sheets to decrease aggregation. [53]

Although the solutions discussed above can provide better distribution of nano carbons in
Al matrix, they introduce other problems in the system at the same time. The additional
steps that added for premixing Al and nano carbons make the whole process more
complicated and increase the cost of fabrication, which prevent these techniques from
being scaled up and commercialized. The extra steps also bring risks of introducing more
defects and impurities in the composites, which further sacrifices mechanical properties
of the composites. More seriously, it is reported that AlsCz was found in Al-graphene

composites, which reduced strength and hardness, as well as deteriorated the corrosion

10



resistance of the alloy. [54, 55] The formation of Al4C; failed to retain the sp? character
of the carbon network in graphene or CNTs, compromising the high electrical and
thermal conductivities of the composites. Furthermore, the carbon nanostructures in the
composites only weakly bond to the aluminum matrix by van der Waals forces and

therefore are not stable for long-term application.

1.2 Al Covetics

The simultaneous improvement of the electrical conductivity and mechanical strength of
metals has recently attracted much interest. As a general approach, metal matrix
composites with various forms of carbon as a dopant are used to benefit from the
exceptional strength and charge carrier mobility of carbon nanostructures, such as
graphene and carbon nanotubes (CNT).[56] Nanocarbon metal matrix composites based
on aluminum (Al) and its alloys have been widely investigated because of the many
industrial applications of these low density metals with excellent mechanical properties,
high electrical conductivity, and good processing performance. These investigations
were successful in rising the metal’s strength but spotty in increasing the electrical
conductivity [25, 30, 46, 47, 57-60] with a few remarkable exceptions: Wang, et al.[61]
obtained a 4% increase in the electrical conductivity, 7.1% increase in the thermal
conductivity and 30% increase in the tensile strength for an Al/graphene composite with
a carbon concentration of 0.5 wt% compared to the reference Al alloy with no carbon.
However, in Al/graphene composites with carbon concentrations above 0.5 wt% both
conductivities and the tensile strength decreased. The decrease was attributed to
agglomeration of the graphene at grain boundaries. Similarly, Zhang, et al., [62] obtained

a simultaneous increase in tensile strength (~17% increase) and electrical conductivity
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(2% increase) for Al/graphene composites fabricated by friction stir processing. The
agglomeration of graphene, or CNT, at grain boundaries increases the scattering of the
charge carriers at the grain boundaries, hence reducing the conductivity. [29, 61, 63]
Furthermore, the interfaces between Al and carbon nanostructures also act as scattering
centers causing a reduction in the conductivity. Ball milling of expanded graphite and
aluminum powder was used to make Al/graphene composites that showed lower bulk
electrical conductivity than the pure aluminum; however, the interfacial contact
resistance with graphene was lower in the composite compared to pure aluminum. [64]
Carbon and oxygen incorporation in aluminum can give rise to the formation of carbide
or oxide which will likewise deteriorate the conductivity.[61, 63] Most importantly,
current techniques, such as ball milling [64] and friction stir processing [29, 62] are not
compatible with scale-up manufacturing since they require either long time or multiple
steps in processing.

Due to the challenges associated with Al/C composites, there have been ongoing efforts
to study different ways to incorporate nanocarbon structures in the Al lattice to realize the
many potential advantages that such a material could provide. Recently, Third
Millennium Materials, LLC (TMM) invented a method to incorporate carbon into metals
by, what we call, the “electro-charging assisted process” (EAP).[65] As a result of this
process, the incorporated carbon does not dissociate from the metal after several cycles of
re-melting and solidification, confirming that chemical bonds form between carbon and
metal instead of carbon being encapsulated by the molten metal. This method has
produced coherent metal-carbon composites, called “covetics” by the inventors, with

increased electrical and/or thermal conductivity and tensile strength.[66-70] These
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samples showed coherent graphene nanoribbons epitaxially incorporated between (111)
planes of the metal lattice. [68] It appears that both coherently and incoherently
incorporated carbon nanostructures can increase the mechanical properties of the base
metal or metal alloy, while only those nanostructures that are coherent with the metal
matrix can potentially (also) increase the electrical conductivity. This novel technique of
incorporating carbon in a metal has been applied to silver, [71, 72] copper,[73-75]
aluminum alloys[68, 72] and other metals. Although the fabrication process and
properties of Al covetics have proved to be superior to other Al-C composites, the
mechanism of carbon incorporation in the covetics conversion process is still poorly
understood. Additionally, the carbon distribution is still not uniform in current covetics,
for which agglomeration of carbon can be frequently observed. The non-uniformity of
carbon distribution definitely affects covetics’ properties, which has prevented them from
being adopted in practical applications. Thus, it is important to understand the process of
how carbon migrates into the metal matrix and incorporates into the lattice, which in turn
will help optimize the fabrication conditions in order to produce covetics with better
uniformity and more desirable material properties.

In this thesis, we first investigated the mechanism of covetics conversion process. We
designed the experiments to reveal that the current density is the most essential factors to
initiate the conversion process. A high enough current density ionizes the carbon atoms in
the sea of electrons of the metal. The charged carbon atoms migrate through the liquid
metal by the principle of electro-migration. The applied current is also confirmed to help
convert amorphous carbon into crystalline graphitic structures and disperse them in the

Al lattice homogeneously. According to the conversion mechanism, we also developed a
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novel one-pot fabrication method for Al covetics with superior mechanical properties and
electrical conductivity. This fabrication process is similar to the Al manufacturing
process in industry, which makes it promising to be scaled up for large scale production

of covetics.

In addition,we present a systematic investigation on the role of the EAP process
parameters that control the incorporation of carbon in Al and the influence of carbon on
the electrical conductivity of the composite. The role of reaction time, reaction volume,
current density and different carbon sources are examined to identify the conditions that
give rise to better spreading of the carbon as well as the formation of crystalline graphitic
carbon with sp? bonding. Our results highlight the fabrication conditions to form
crystalline graphitic nano-carbon by EAP featuring a tapered graphite cathode: high
current with density above 100 A/cm? and a reaction time t; of 10 minutes or longer.
Processing under these conditions creates sufficient number of interfaces between Al and
the nano-graphitic structures, which in turn gives rise to 5.7% higher electrical
conductivity and 8.2% higher hardness compared to the parent Al alloy with no carbon.
This improvement in conductivity is directly correlated to increase in crystallite size and
content of the nanocarbon structures incorporated in the metal upon application of the

current which had not been previously reported.
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Chapter 2: Experimental Approach

2.1 Overview

Bulk Al covetic was fabricated in our lab and prepared for analysis using mechanical
polishing. Transmission Electron Microscopy (TEM) and X-ray diffraction (XRD) were
used for structural analysis. Electron Back Scatter Diffraction (EBSD) determined grain
size and. Raman mapping spectroscopy was used to investigate carbon bonding and
uniformity of the carbon distribution. Chemical composition was determined using X-ray
Photoelectron Spectroscopy (XPS) and Electron Energy Loss Spectroscopy (EELS). The
electrical properties were measured using a DC resistance measurement setup and the
mechanical properties were measured by instrumented indentation (or nano-indentation).
The fabrication of Al covetics for the understanding of the parameters necessary to
incorporate carbon in the metal was a major component of this thesis. Therefore, there is
a separate chapter (3) focusing on the fabrication process and mechanism of carbon

incorporation and is not described in this chapter.

2.1.1 Materials

The Al 6061 used for fabrication was commercial Al 6061 plate purchased from Alfa
Aesar with a composition of Al 95.8-98.6%, Mg 0.8-1.2%, Si 0.4-0.8%, Cr 0.04-0.35%,
Cu 0.15-0.4%, Fe 0.7% max, Zn 0.25% max, Mn 0.15% max, and Ti 0.15% max. The Al
1350 was from General Cable with a composition of Al 99.3%, Si 0.1 % Fe 0.4%, Cu
0.05 %, Mn 0.05%, Cr 0.01%, Zn 0.05% and 0.03% others was received directly from

General Cable. The carbon source used for conversion to covetics was activated carbon
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nano-powder with particle size less than 100 nm from US Research Nanomaterials, Inc

and graphite powder with particle size of 45 microns fromThermoFisher Scientific.

2.1.2 Mechanical Polishing

Bulk Al covetic and pure Al samples were cut from center of the cross section of the
sample disk, and polished for Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS) and Electron Back Scatter Diffraction (EBSD) in an iterative process using a
platen polishing wheel. A TEM thinning fixture was placed on a hot plate at 150 °C and
mounting wax was applied to the surface of the thinning fixture. Once the wax melted,
the sample was mounted to the wax on the top of the fixture and a level was used to align
the sample surface parallel to the grinding plane, which ensures a uniform thickness
across the sample as it is polished. The sample was thinned and polished using an Allied
polishing wheel to guarantee a flat surface.

In order to prevent cross contamination of the sample, it was necessary to avoid using
abrasives that contain carbon. Thus, the samples were polished with a series of aluminum
oxide lapping films: 30 um to 12 um, 9 um, 5 um, 3 um, 1 um, and 0.3 um. Final
polishing was performed with 0.05 um colloidal silica suspension on Final A polishing
cloth. Final A cloth is a low nap cloth that produces a smooth, artifact-free condition for
most materials, it also has good chemical resistance, which makes it an ideal cloth for
polishing. After each grinding and polishing step, the sample and fixture were cleaned
with micro organic soap to remove debris and abrasive particulates, and rinsed with
water. Then the sample was immersed in acetone, since the hot mounting wax can be

dissolved in acetone. After the sample was removed from the fixture, it was sonicated by
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acetone for five minutes twice to remove any loose particles that might be left from the

polishing procedure.

2.1.3 TEM Specimens Preparation

TEM specimens were prepared in two different methods. One method is thinning samples
by traditional mechanical polishing, the other way is using Focused lon Beam/ Scanning
Electron Microscopy (FIB/SEM)to extract an electron transparent lamella.

In the traditional method, specimens were prepared from the bulk samples by mechanical
polishing followed by electropolishing with a South Bay Model 550D electro-polisher
and finally Ar+ ion milling using a Fischione Model 1010 low angle ion milling and
polishing system. The thinned samples were plasma cleaned with a South Bay PC-2000
Plasma cleaner before TEM observation to remove hydrocarbon surface contamination.
The specimens prepared by mechanical polishing usually provide quite large areas for
TEM imaging or EELS under STEM mode. However, it does not allow for the precision
of locating sample site, specifying lamella orientation, and controlling the exact lamella
thickness. Compared to traditional techniques, FIB/SEM sample preparation can fabricate
TEM lamellae at specific features with thickness even thinner than 50nm. [76] Fig. 2.1
shows an example of TEM lamella preparation with the FIB/SEM system. In this process,
a protective layer is deposited by gas injection system on a region of interest on the
sample surface, which could prevent undesired irradiation by ion beam at the feature of
interest. Rough trenches are milled on either side of the protective layer to expose the
lamella. The lamella is then lifted out by a tungsten nanomanipulator needle, which is
attached to the lamella, and brought to an open 3mm copper grid, where it is attached by

deposited metal and the probe is cut free from the nanomanipulator. Then the lamella is
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thinned in the FIB as much as possible by successively lower ion beam currents and
voltages. Finally, the lamella is milled at 5kV and 2 kV to remove the amorphization that
results from using 30 kV beam at the sample surfaces. After this, the sample is ready for

inspection in the TEM.
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Figure 2. 1 Example of TEM sample preparation with the FIB/SEM.

(a) Deposit a protective Pt layer over the area of interest (scale bar: 5 um); (b) Rough
trenching to define the lamella using FIB after (scale bar: 10 um); (c) Cleaning and
thinning of thick lamella for lift out (scale bar: 10 um); (d) Lift out of thick lamella using
nanomanipulator (scale bar: 20 um); (e) Attachment of lamella to special TEM half-grid

(scale bar: 10 um); (f) SEM image of lamella after final thinning to 100 nm (scale bar: 10

pum).
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2.2 Characterization Techniques

2.2.1 Transmission Electron Microscopy

Transmission electron microscopes (TEM) can image the material microstructure with
much higher magnification and resolution than light microscopes. The main components
along the path in a TEM include electron source, condenser lenses, specimen stage,
objective lens and projector lenses, as shown in Fig. 2.3. In TEM, accelerated electrons
are used as illumination instead of visible light ray and electromagnetic lenses replaces
glass lenses. The high resolution of TEM results from the significantly shorter
wavelengths of electrons. The wavelength of accelerated electrons can be estimated by
the de Broglie wave-particle duality relationship between wavelength,, and momentum,

p:

A=2= L (2.1)

P ev
2mg eV(1+2m0 CZ)

Electrons in TEM travel at speed comparable to speed of light (c), thus we have to use a

relativistic momentum when calculating » . In Eq.2.1, h is Plank’s constant, mo is the rest

mass of an electron, e is the elementary charge of the electron, V is the accelerating
voltage of the electron beam, and c is the speed of light. The energies used ina TEM
typically range from 80 to 300 keV, the wavelength of electrons calculated by Eq. 2.1 is
approximately 2 to 4 pm. By comparison, the wavelength of visible light is ~ 400 nm, it
is obvious that the significant improvement of resolution results from proficient reduction
in wavelength.

If oversimplified, there is an estimate of TEM resolution obtained from the Rayleigh

criterion, which was originally developed for resolving overlapping diffraction disks in
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optical experiments[77]. As indicated in equation 2.2, the smallest distance ( 6 ) that can

be resolved by a source of electromagnetic radiation is proportional to the wavelength

(A) of illumination of source:

0611
- usin

(2.2)

where p is the refractive index of the viewing medium and 3 is the semi-angle of

collection of the magnifying lens. In an electron microscope, typically u~1 and Bzg

(without a limiting aperture), thus the denominator of Eq. 2.2 approximately equals to

unity. Witha A =2.5 pm, the & should be around 1.53pm. However, the resolution of

the most advanced aberration corrected microscope is 55pm,indicating that aberrations

arising from lens imperfections make the absolute resolution worse.[78]

There are three major defects in electromagnetic lenses. that limit the microscope
performance: spherical aberration, chromatic aberration and astigmatism.

Spherical aberration arises from the spherical curvature of a lens. The electrons from a
point on the specimen enters a lens at different angles and cannot be focused on a single
point as shown in Fig. 2.2 a). The portion of the lens further from the axis bends the
electrons more strongly back toward the axis than does the central portion of the lens.
Thus, a point object is imaged as a disk of finite size, which limits the resolution. [79]
Chromatic aberration results from variation in the refractive index of the objective lens in
the range of electron energy. The objective lens bends electron of lower energy more
strongly than the ones of higher energy. As a result, electrons from a point in the object

once again are blurred to form a disk as shown in Fig. 2.2 b). [79]
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Astigmatism arises from a non-uniform magnetic field as electrons travel round the optic
axis. The soft-iron polepieces are difficult to be machined into perfectly cylindrically
symmetrical down the bore, which results in the defects. Also, the microstructural
inhomogeneities in soft iron may result in local variations in the magnetic field strength.
Besides, the apertures introduced into the lens may disturb the field if they are not
precisely centered around the axis. Furthermore, the contamination in the apertures can

charge up and deflect the beam.[79]
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Figure 2. 2 Schematic of a) spherical aberration b) chromatic aberration

Generally, TEM system is designed to operate in two modes, conventional (CTEM) mode
and scanning (STEM) mode. Fig. 2.3 represent the schematics of both modes. In both
cases, electrons are generated from a high voltage source at the top of the column, pass
through a series of electromagnetic lenses to form into a collimated beam, then interact
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with the thin specimen. In CTEM (as illustrated in Fig. 2.3 left), the accelerated electrons
are formed into an approximately parallel beam to illuminate the sample, the interaction
between the beam and sample is then formed into an image or diffraction pattern by the
objective lens. The image is projected onto a phosphor screen or CCD camera by
intermediate and projector lenses. Different parts of the electron beam are able to be
selected by apertures throughout the system. CTEM is mostly used for high-resolution
TEM (HRTEM), selected area diffraction (SAD), and bright/dark field (BF/DF) imaging.
Conversely, in STEM, an additional pre-specimen condenser lens can form a highly
localized probe, which converges the beam to a single point on the sample (0.2 to 1.5 nm
in diameter for the microscope used in this work). It is the scanning coils that steer the
beam on the sample. In the scanning mode, the probe is operated in a similar way as in
the SEM (scanning electron microscope), but with the beam transmitting through the
specimen. Unlike CTEM, the post-specimen projection of the beam is measured on either
a center (bright field) or annular (dark field) detector. The focused probe facilitates very
precise collection of bright and dark field imaging signal, and analytical analysis in a
highly-localized region, which is essential for studies of identification of different phases

in nano- or micron- sized region, as investigated in this work. [80, 81]
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Figure 2. 3 Schematics of general TEM system design operating in conventional

(CTEM) mode (left) and scanning (STEM) mode (right). (Figure adapted from [82])

In this work, a JEOL JEM-2100F field emission TEM was used at 200 kV. The
microscope has spherical aberration coefficient, Cs, of 0.5 mm, point-point resolution of
0.19 nm and lattice resolution of 0.10 nm in CTEM mode, and 0.2 nm in STEM mode.
This TEM is equipped with Gatan Tridiem 863 post-column electron energy loss
spectrometer (EELS) and an Oxford INCA 250 EDS system for spectroscopic analysis.

In a field emission gun (FEG) TEM, electrons are generated from a very sharp tungsten
tip and accelerated to high energy, which guarantees good resolution with high brightness
(current density). The TEM was used to characterize the structure of the carbon
incorporated in the samples.

23



2.2.2 Electron Energy Loss Spectroscopy

The primary analytical TEM method used in this work is electron energy loss
spectroscopy (EELS). EELS measures the loss in kinetic energy of electrons after they
have interacted with a specimen, which is able to provide chemical information about a
solid. The amount of energy loss is directly related to particular physical processes, such
as phonon excitations, inter- and intra-band transitions, plasmon excitations, inner shell
ionizations, and Cherenkov radiation. Thus, elemental components, quantifications and
electronic structure information can be extracted from EELS spectra.[83]

Fig. 2.4 a) shows an example of typical EELS spectrum. Zero loss or elastic peak (ZLP)
is dominated at the low energies of the spectrum. ZLP represents the electrons that pass
through the specimen without measurable energy loss, which include electrons that do
not interact with the specimen and those that are elastically scattered as they travel
through the sample. The energy resolution of the TEM can be determine by the full width
half- maximum (FWHM) of the ZLP. In the TEM used in this work, the resolution is
typically on the order of 1.0 £ 0.1 eV.

The rest of the EELS spectrum is due to the inelastic scattering of electrons. The peak at
lower energy (typically less than 50 eV) is due to excitations of outer-shell (conduction
electrons in a metal, valence electrons in a semiconductor or insulator) that are only
weakly bound to atoms. These excitations cause a collective oscillation of the charge
density in the lamella along the electron’s trajectory, known as a plasmon. The plasmon
peaks are the second most intense feature in an EELS spectrum that are next to ZLP. If
the sample is thinner than the plasmon mean free path (L), there will be only one

plasmon peak shown. Otherwise, multiple scatterings results in subsequent peaks that
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could interfere with signals of interest at higher energies. To prevent the multiple
scattering events, the upper limit of practical thickness of a specimen in EELS should be
well below the estimated L, of the material.

At higher energy losses (typically above 100 eV), the binding energies of the atomic
electrons that are located in inner shells are mostly hundreds or thousands of electron
volts. The core-level excitation promotes a tightly bound electron from its ground state
into an unoccupied state within the conduction band (CB) of the sample. The minimum
ionization energy required for the promotion is roughly equivalent to the binding energy
(BE) of the specific atomic orbital in the element. Thus, a sharp rise in intensity takes
place at the ionization threshold, which gives rise to an asymmetric “edge” (instead of
symmetric peaks) in the spectrum. The characteristic ionization energy associated with
each atomic orbital and each element can be used to identify elements and their chemical
structures in the specimen. The superposition of energy loss due to valence electrons (for
example, the high-energy tail of a plasmon peak) or ionization edges of lower binding
energy leads to a low signal-to-background ratio for a core-loss EELS edge. This
background contribution can be suitably modeled by a power-law function, and removed
for quantitative elemental or structural analysis. In addition, the elemental quantification
information can be obtained from the integration of each element’s intensity that can be
used to calculate relative (or absolute) atomic concentrations from the spectrum. [84]

In this work, EELS was carried out under scanning TEM (STEM) mode using Gatan GIF
Tridiem post column energy filter for composition analysis.

EELS spectrum images were analyzed by the multivariate analysis method (MVA),

which is a useful approach when trying to identify unknown signals within a large dataset
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such as an EELS spectrum image (SI). MVA can extract constituent information from the
hyperspectral mixtures acquired in an SI without prior biased assumptions. The goal of
MVA is to determine the minimum number of variables or components that are necessary
to represent the original dataset without loss of information [85, 86]. There are two steps
involved in this approach: the first step is to identify the principal components in the Sl
by decomposition; the second step is to acquire more physically meaningful information
(e.g. specific component and corresponding intensity) from the data decomposition.
Decomposition algorithms including singular value decomposition (SVD) and non-
negative matrix factorization (NMF) have been used to assign the EELS data with more
meaningful information.
The goal of decomposition is to reduce the dimensionality of the dataset, such as
removing noise, while retaining important internal features. In a spectrum image, the
spectral data (E) is stored in a two spatial dimensional matrix Dxy).e. Dxy),e can be
decomposed as:

Dixey)e = Stxyym X L{gn (2.3)
In the context of EELS S, each row of LT contains a spectral characteristic that is
uncorrelated to the other rows, which is known as eigenvalues. Each column of S
corresponds to the spatial amplitude of each eigenvalue from LT, indicating where within
the Sl the signal of component is the strongest. Thus, the products of each column of S
and each row of LT are known as the principal components. Practically, the
decomposition in Eq. 2.3 can be achieved through SVD. (ref 151) The components are
sorted by magnitude and their explained variance are plotted against the component index

in a logarithmic scale in a scree plot as shown in Fig.2.4 b) to provide insights into the
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statistical distribution of the data. The eigenvalues of the components that contain mostly
noise decrease exponentially. They are expected to lie on a straight line in the logarithmic
scree plot as indicated by the arrow in Fig. 2.4 b). Thus, only the components that do not
lie on a straight line towards the higher-index end of the scree plot should retain fidelity
with experimental dataset (in the example of Fig. 2.4 b) there are three components).

In order to acquire more physically meaningful information from the data decomposition,
the dataset is decomposed into a signal space and a navigation space by non-negative
matrix factorization (NMF) after decomposition. NMF enforces positive values in S and
L, which guarantees positively-valued components that represent the observed data. The
decomposition of NMF should be more physically meaningful in nature, since the
collection of an EELS spectrum is a Poisson process which does not allow negative
values. As shown in Fig. 2.4 d), the signal space was able to identify three distinct
components in the region of the C-K edge (240-320 eV). In conjunction with the
navigation space in Fig. 2.4 c), we could localize the regions corresponding to each
component. The edge around 284 eV derived from the sp? bonding of carbon, confirming
that a graphitic network formed within the metal lattice. In The edge at 282 eV is
attributed to the Al-C bonding[87, 88], demonstrating that carbon has diffused into the Al
matrix and integrated with the Al under the influence of the applied current. Here, we do
not believe that the Al-C bonding is indicative of the formation of Al4Cs, since no carbide
phase was detected by XRD, XPS, electron diffraction or Raman spectroscopy.

The software used to carry out the decompositions is Hyperspy which is an open-source

software package built in the Python programming environment.[89]The Hyperspy
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Python library provides convenient access to several algorithms, including SVD, NMF

and others, and was used to analyze EELS data in this thesis.
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Figure 2. 4 a) Example of typical electron energy loss spectrum, showing the major
features: zero-loss peak, plasmon peaks and core loss edge.[90] b) scree plot showing
three principal components and noise components. ¢) Decomposition of the C K-edge
from the spectra from the area shown in the HAADF image resulting in the navigation
space with background signal (BG), C with sp? component and Al-C bonding and d)

signal space for the three components identified.

2.2.3 X-ray Diffraction[91]

X-rays can be considered as waves of electromagnetic radiation, and crystals are regular
arrays of atoms. As indicated in Fig. 2.5, the incident x-ray beams will be diffracted by

the crystallographic planes of a crystalline solid. The two parallel incident waves are
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diffracted by two crystal planes. The diffracted waves will produce constructive
interference when they satisfy Bragg’s Law:

nA=2d sin 0 (2.4)
Here d is the spacing between diffracting planes, 0 is the angle between the incident X-
ray and the diffracting planes, n is any integer, and A is the wavelength of the X-ray

beam. The constructive interference will give rise to peaks in XRD spectrum.

Figure 2. 5 Bragg diffraction by crystal planes. [92]

XRD spectra were obtained using a Bruker D8 Advanced powder diffractometer
equipped with a Cu anode sealed tube (Cu-Ka A=0.15418 nm), Ni B-filter and LynxEye
position sensitive detector. Lattice constants were obtained by full profile fitting using the

LeBail method in the TOPAS-4 software from Bruker.

2.2.4 X-ray Photoelectron Spectroscopy[93]

XPS is a characterization technique for analyzing the surface chemistry of a material. The
X-ray photoelectron is an electron ejected from an electron shell of an atom when a beam
of x-rays irradiates the surface of material. The mean free path of electrons in solids is
small (tens of angstroms), only the interaction with the atoms on the surface (<10 nm)
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causes electrons to be emitted from the sample via the photoelectric effect, thus XPS is a
surface-sensitive technique for chemical analysis.
As illustrated in Fig. 2.6, an incident x-ray photon with sufficient energy (hv) can knock
out an electron from the inner shell, such as the K-shell. In such a case, the electron
ejected from K-shell is the photoelectron with kinetic energy Ex. Then, we can calculate
the binding energy of the photoelectron (Eg) based on the following equation:
Ee=hv-Ek-¢ (2.5)
h is Plank’s constant, v is the frequency of incident x-ray photon and ¢ is work function
that depends on both the sample material and the spectrometer. ¢ is a constant that rarely
needs to be adjusted in practice. These binding energies correspond to the electron
configuration of electrons within the atoms, such as 1s, 2s, 2p, 3s, etc, which can be used
to identify each element that exists in the material. When the atom of interest bonds to
different atom, the binding energy can be red or blue shifted. In addition, chemical
potential and polarization of the compound can result in variations in binding energy,
which is called as chemical shifts. The chemical state of the material can be extracted
from the chemical shift in the XPS spectrum. The electron spectrometer records the
kinetic energy of the photoelectrons escaping from the sample. The energy window of the
spectrometer is kept fixed to maintain a constant energy resolution and photoelectrons are
recorded as discrete events. The characteristic energies will give rise to characteristic
peaks in the XPS spectrum. A typical XPS spectrum is a plot of the number of electrons
detected (intensity) versus the binding energy of photoelectrons. The number of electrons

detected from each characteristic binding energy is directly related to the concentration of
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the element within the XPS sampling volume. Therefore, XPS can provide both
qualitative and quantitative information of the compositon of the material being analyzed.
An ion gun, usually Ar+, is also equipped with the electron spectrometer. The ion gun
provides a high-energy ion flux to remove absorbed hydrocarbons, water vapor and
oxides on the sample’s surface before examination. Also, the ion gun can sputter out
sample atoms layer by layer so that an elemental depth profile can be obtained for a depth
on the order of 1-10 um.
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Figure 2. 6 X-ray photo emission processes of characteristic photoelectrons.

(@) A radiation source with energy of hv interacts with a core-level electron. (b) The core
electron is excited above the vacuum level and escapes the surface, leaving behind a

core hole.

In this work, XPS data were collected on a Kratos AXIS 165 spectrometer using
monochromated Al K, x-ray source operating at 12 kV and 20 mA. Survey spectra and

high-resolution spectra were collected at pass energies of 160 eV and 40 eV respectively.
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Depth profiling was done with monoatomic argon using a Phi 04-303 differentially
pumped ion gun operating at 4 kV and 25 mA emission current, with ~1mm beam
diameter rastered over an area of 7mm x 7 mm. All spectra were calibrated to Al 2p metal

at 72.6 eV.

2.2.5 Raman Spectroscopy[91]

Raman spectroscopy is based on the Raman scattering phenomenon of electromagnetic
radiation by molecules. When electromagnetic radiation of single frequency excites
molecules in materials, the light is scattered both elastically and inelastically. Elastic
scattering is called Rayleigh scattering. For elastic scattering, photons of electromagnetic
radiation can excite molecular vibration to a higher level when vph = vvib. AS shown in
Fig. 2.7, if the excited vibration returns to its initial level, the scattered photons from
molecules will have the same energy as the incident radiation, no net energy transfer
from the incident photons to molecular vibration. The inelastic scattering is called Raman
scattering. For inelastic scattering, the excited molecular vibration does not return to its
initial level, making the scattered photons shift to a different energy, the energy
difference is equal to the gap between the initial and final states of the molecule. If the
final energy of the molecular vibration increases, the energy of incident photon decreases
from vph to (Vph — Lvib). This scattering is called Stoke scattering. (Fig. 2.7) If the final
energy of the molecular vibration is lower, the energy of the incident photon increases
from vph to (vph + vvib). This scattering is called anti-Stoke scattering. (Fig. 2.7) The
intensity of Stokes scattering is significantly higher than the one of anti-Stokes scattering.
Thus, in Raman spectra, the frequency change is mainly from Stokes scattering by

molecules. This frequency change is called Raman shift. Raman shifts are typically
32



reported in wavenumber, which have units of inverse length. The following formula is
used for calculating the Raman shift:
1 1
Aw = (z— /1—1) (26)
where Ao is the Raman shift expressed in wavenumber, Ao is the excitation wavelength,

and )1 is the Raman wavelength of the scattered light.
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Figure 2. 7 Optical elastic and inelastic scattering of incident light by molecules.

In this work, Raman spectrum imaging was performed using a confocal Raman
microscope from Yvon Jobin LabRam ARAMIS with 532 nm laser (Nd: YAG source)
using a 100x objective lens and 600 grating. The resulting maps were 10 pum X 10 pm
wide with 1 um spacing in a square array of points. The laser spot size was ~700 nm. We
collect a large volume of data, typically 10 maps (1210 spectra) representing different
areas of the sample. In order to acquire the most representative fitting of the data, D, G
and 2D regimes were fit separately, and constrained to regions within + 50 cm™ of the

appropriate value for graphitic carbon (D: 1350, G: 1585, 2D: 2700). Peak deconvolution
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was performed with a MATLAB based nonlinear iterative fitting algorithm [94], which
provided quantitative and qualitative analysis of the G, D and 2D peaks extracted from
the raw data, including spatial variations in intensity, wavenumbers of the peaks, as well
as the peaks’ FWHM and integrated intensity for each individual spectrum. Since, the
graphite crystallite size distribution (La) is not symmetrical or normally distributed,
standard deviation is not appropriate to describe the variance, we chose gamma-

distribution to fit all the dataset.

2.2.6 Electron Back Scatter Diffraction[91]

Electron backscatter diffraction (EBSD) is an additional characterization technique to
SEM, which can determine individual grain orientations, local texture, point-to-point
orientation correlations, and phase identification and distributions on the surfaces of bulk
polycrystals.

The incident electron beam of the SEM goes through inelastic scattering from the focus
spot A (indicated in Fig. 2.8) to all the directions on the crystalline surface. If the electron
beam with scattering angle (0) from the scatter location to a certain crystallographic plane
satisfies Bragg’s law (nA=2d sin 0), constructively diffracted electron beams will be
recorded by a detector. Since the diffracted beams are three-dimensional, the diffraction
beams with the same 6 angle will form two symmetric cone surfaces with respect to the
scatter spot A and forming an angle 6 with the plane of diffraction. The interactions
between the cone surfaces and the detector screen generate two parallel lines, which are
backscattered Kikuchi bands from a specific crystallographic plane (hkl). Thus, by
indexing all the Kikuchi bands in the EBSD pattern, we are able to collect the

information of the structure of a crystal and crystalline orientations of individual grains
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respect to the plane of detection screen. The surface of specimen for EBSD should be
polished to be flat. The residual stress and strain that may be generated during the
preparation process should be removed from the top tens of nanometer of surface.

In this work, EBSD was performed using a Tescan GAIA3 FEG-FIB/SEM coupled with
EDAX EBSD. The specimens were examined using EDAX TEAM Enhanced V4.4.1
software at a specimen tilt of 70° with respect to the electron beam, with an accelerating
voltage of 20 kV. The acquired data was analyzed by Orientation Imaging Microscopy
(OIM) Analysis 5.3, with grain tolerance angle of 5° and minimum grain size
corresponding to 2 pixels.
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Figure 2. 8 a,b) Schematic illustration of EBSD pattern formation principles. Scattering
of electrons from point A generates a Kikuchi band relative to the crystallographic plane

with spacing dnki.[95]

2.2.7 Scanning Kelvin probe microscopy

Scanning Kelvin probe microscopy (SKPM) is a non-contact, non-destructive Scanning
Probe Microscopy (SPM) technique used to measure the work function of the sample.
The work function relates to many surface characteristics, such as catalytic activity,

doping and band-bending of semiconductors, reconstruction of surfaces, charge trapping
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in dielectrics and corrosion. The map of the SKPM can provide information about the
composition and electronic state of the local structures on the surface of a solid.
In SKPM, the probe and sample are electrically connected parallel to each other, forming
a parallel plate capacitor. The probe should be made of a different material from the
sample in order to have distinct Fermi level from the sample initially. Once the
connection is established between the probe and the sample, electrons flow from the
higher to lower Fermi level. This electron flow equilibrates the Fermi levels of the probe
and sample. A surface charge of a related potential difference known as the contact
potential (Vcrp) develops on the probe and the sample. [96] In SKPM, the probe
oscillates in the direction perpendicular to the plane of the sample, [97] which results in a
change in distance between the probe and the sample. The distance variation in turn gives
rise to the flow of current in the form of an AC sinusoidal wave. A lock-in amplifier in
the system can demodulate this AC sine wave to a DC signal. [98] An external potential,
known as the backing potential (Vg), is applied to null the charge between the probe and
the sample. The Fermi level of the sample returns to its initial level once the charge is
zero, which indicates that Vg equals to —Vcpp. [99] The contact potential difference Verp
between the sample and probe may be defined through:

eVepp + Y5 = Yy (2.7)
Here, e is the electronic charge, Vcpp is the average measured contact potential
difference, and ys and  are the electronic work functions for the specimen and tip,
respectively [100]. Eq. 2.7 was used to find the measured work function for the covetic

samples.
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In this work, SKPM studies were performed at the Army Research Laboratory in
Aberdeen, Proving Ground, using an Asylum Research Cypher atomic force microscope.
Electrically conductive probes (Nanosensor PtSi-FM) were used for SKPM
measurements; the natural frequency, force constant, and radius of curvature of the
probes were 75 kHz, 5 N/m, and 10 nm, respectively. Probes were calibrated by running

scans on a freshly cleaved highly-oriented pyrolytic graphite (HOPG) standard.

2.2.8 Nanoindentation[101]

Nanoindentation, also called instrumented indentation testing, is a variety of indentation
hardness tests applied to small volumes, usually in nanometers (10° m). In conventional

indentation tests, the hardness H is defined by Eq. 2.8:

H = max (2.8)

Ar
Where Pmax is the maximum load, A is the residual indentation area. However, in
nanoindentation test, the residual indentation area is on the order of microns or
nanometers and too small to be measured acurately. Instead of measuring the contact
area, the depth of penetration of the indenter into the specimen surface and the known
geometry of the indenter are used to indirectly calculate the contact area at full load. For
hardness and elastic modulus measurements, the load-displacement curve is recorded.
The indenter is placed into contact with the flat surface of the specimen with a steadily
increasing load. Both load and depth of penetration are recorded at each load increment.
After achieving the maximum load, the load is steadily attenuated and the depth of
penetration is recorded. From the loading part of indentation cycle, we can collect

information of initial elastic contact, plastic flow or yield within the specimen at higher
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loads. From the unloading cycle, if yield exists, the load-displacement curve traces a
different path till the load is completely removed, a residual indentation is evident on the
sample’s surface. Both hardness and elastic modulus can be calculated from the
maximum depth of penetration for a particular load, together with the slope of the elastic
unloading dP/dh as shown in Fig. 2.9. Nanoindentation studies were also performed at
Army Research Laboratory, using a Hysitron 950 Triboindenter with a diamond
Berkovich tip (Rc ~150 nm). Measurements were performed in load control mode and
typical indentation depths of approximately 0.8 -1.0 um were obtained. Indentation
modulus data were calculated assuming a tip elastic modulus and Poisson's ratio of 1140

GPa and 0.07, respectively, and a sample Poisson ratio of 0.33.

Pmax

load, P

displacement, /2

Figure 2. 9 Schematic of load-displacement curve for an instrumented nanoindentation

test [102]

2.2.9 DC Resistance Measurement

DC resistance was measured using four-point probe Kelvin method. The current source
was Keithley 6220 and the ampmeter was Keithley 2182A as shown in Fig.2.10 a).
Current and potential probes were integrated on a four-point probe fixture, as shown in

Fig. 2.10 b-c). The current and potential probes can be re-configured onto any of the eight
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slots on the PTFE base plate. The potential probes have single-beveled knife edges. The
current probes have flat edges.

Electrical resistivity was measured using delta method. A total of 150 measurements
were made on each sample and the resistivity results were averaged. The polarity of
applied current was alternated between each measurement and resistance was calculated
as:

Un = Un+1

k="
vn is the potential reading after the nth polarity switch. | is the measurement current,
which was set to 100mA for all samples in this study. The delta method eliminates
measurement bias from contact potential in the system.
Ambient temperature was monitored by a calibrated digital thermometer before and after
each measurement. Resistivity results were corrected to 20°C per ASTM B193 standard.
Sample width (W) and height (H) were measured using a calibrated caliper with an
accuracy of 0.0001inch (0.00025 cm). Distance (L) between the potential probes were

measured using the same caliper and was fixed at 4.4 cm for all samples. Electrical

resistivity was calculated from resistance as:

_R*H*W
P71

Electrical conductivity was calculated as:

D=
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Figure 2. 10 (a) DC resistance measurement setup;(b) four-probe fixture (c) wire sample

on four-probe fixture.

2.2.10 Hardness Measurement

Vickers hardness was measured by Tinius Olsen FH5-3 Hardness Tester with 5kg load.
Five (5) hardness measurements were made on each sample. Vickers hardness scale was

then converted to MPa by:

HV (MPa) = HV5 x 9.807
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Chapter 3: Fabrication Methods and Characterization Results

3.1 Introduction

In this study, we designed a novel electrochemical reactor, capable of in situ monitoring
of the temperature, current, and voltage during heating and application of the current for
the incorporation of carbon in aluminum alloys and which could be extended to other
metals. A photograph with a schematic of our setup is presented in Fig.3.1. The
components of the reactor are described first followed by different experiments
performed to understand the role of the current on the incorporation of carbon in covetics.
The main components of the reactor are: an induction furnace, graphite crucible, cathode
and anode electrodes, thermal camera, current power supply, stirrer, robotic arm and gas
inlet.

An induction furnace melts the Al alloys in ~10 minutes. To minimize the resistance in
the system, a copper rod connected to the bottom of the graphite crucible serves as the
anode. While a graphite rod serves as the cathode. Using graphite crucible and graphite
cathode helps prevent contamination in the sample from other sources. The end of the
cathode rod is tapered to different shapes in order to achieve maximum current density in
the region surrounding the tip. For some samples, the cathode was used to stir the
aluminum/carbon mixture prior to the application of the current; while for other samples,
a separate mechanical stirrer was installed for mixing. A robotic arm controls the position
of the cathode and inserts the cathode slowly into the metal once it has melted. The

crucible and induction coil are placed inside an enclosure, with continuous Ar (99%
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purity) flow maintained before, during, and after the reaction to prevent oxidation of the
sample.

The aluminum starting material was either Al 6061 in plate form or Al 1350 in cable
form. The as-received Al 6061 plate was cut into 40 x 20 x10 mm? pieces while the 1 cm-
diameter Al 1350 cable was cut to 6 cm long rods. The aluminum alloy pieces were
mechanically polished to remove surface contamination before use. Nominal
concentrations of 5 wt. % or 3 wt. % of either activated carbon or graphite powder were
added to the Al alloys. In order to prevent the low-density carbon particles from floating
to the melt surface, the carbon powder was sandwiched between pieces of Al alloy plates
or rods to prevent the carbon from getting blown off by the argon gas. The argon flow
was turned on for 40 minutes prior to turning on the furnace to melt the aluminum. Once
the metal was melted the metal/carbon mixture was stirred for several minutes to obtain
uniform distribution of the carbon in the metal. Then, a preset direct current (DC) of 100
or 150 A and 10 V was applied through the cathode to the molten mixture. During the
whole process the current, voltage and temperature were recorded using LabView.

The voltage automatically adjusts, based on the resistance of the material, to keep the
current constant. Once the reaction reached equilibrium, the temperature of the liquid
varied by less than ~5%. After the current was turned off, the electrode was removed
from the liquid metal, the furnace was turned off and the sample was allowed to cool and
solidify gradually inside the crucible under continuous Ar flow.

We performed four different processes of preparing covetic samples in order to

investigate the role of the different parameters. Details of the four methods are described
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in this chapter. The characterization results corresponding to each method are also

presented in this chapter.
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Figure 3. 1 Design of the reactor in our laboratory.

a) The photograph of the reactor in the laboratory. The main components of the reactor

are: an induction furnace, graphite crucible, cathode and anode electrodes, thermal

camera, current power supply, stirrer, robotic arm and gas inlet. b) The photograph of the

connection between anode and cathode. A copper rod connected to the bottom of the

graphite crucible serves as the anode. While a graphite rod held by the robotic arm serves
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as the cathode. ¢) Schematic of the reactor for the “electro-charging assisted process”

(EAP) of covetics.

3.2 Method 1 to understand the effect of current on the covetics initiation

In this experiment, we placed a separator dividing the crucible in two equal parts as
indicated in Fig. 3.2 prior to loading the aluminum and carbon source materials. Al6061
plates were placed on both sides of the separator. In order to prevent carbons from
floating to the top of the melt, carbon particles were wrapped in aluminum foil, then
sandwiched in between the Al plates. However, the carbon was only loaded on the right
side of the separator. After the Al plates melted, the carbon was mixed by the graphite
electrode (with no current applied and with a spiral trajectory of the electrode) on the
right side with the separator in place. Then the stirring was stopped and the separator was
removed from the crucible. We made four samples using this loading technique but with

different conditions: In sample Al, the system was heated for another 5 minutes at 900 °

C, after which the heat was turned off and the sample was allowed to cool to room
temperature inside the crucible. In sample A2, all the conditions were the same as for

sample 1, except that the temperature was increased to 1100 ° C. Neither sample 1 nor 2

had any current applied. In contrast, for samples A3 and A4, a direct current of 100A
was applied on the left side (with no carbon added at the beginning of the experiment)
through a graphite electrode after the separator was removed, the electrode was stationary
on the left side. After 5 minutes of application of the current, both current and heat were
turned off, the electrode was removed from the sample and the sample was allowed to
cool down to room temperature. In sample A3, the temperature was 1100 °C, while in

sample A4 the temperature was controlled at 750 °C. Once the samples were solidified
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the resulting disks were cut into two pieces so that we had a piece from the right side
where the carbon was initially loaded and one from the left side without carbon loaded.
XPS depth profiles were collected to measure carbon content in all the pieces of samples,
i.e., the left and right sides from all sample. Table 3.1 summaries the fabrication

conditions for this set of the samples.

a) Sample A1& A2 Steel
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Al and (
Al - mixture
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Mix Al and C on the right Remove the separator
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b) Sample A3 & A4
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Mix Al and C on the right
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Remove the separator.
Apply 100A and 10V on the left

Figure 3. 2 Schematics of fabrication methods of samples A1-A4.

a) Schematic of fabrication method of samples Al and A2. The Al plates were placed on
both sides of steel separator. The activated carbon was only loaded on the right side. The
mixture was stirred on the right side with the separator inserted for 5 min. Then, the
stirrer was removed and the separator was removed, and the whole system kept at high
temperature for another 5 minutes. b) Schematic of fabrication method of samples A3 and
A4. The Al plates were placed on both sides of steel separator. The activated carbon was
only loaded on the right side. The mixture was stirred on the right side with the separator

inserted for 5 min. Then, the stirring was stopped, the separator was removed, and a
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direct current of 100A was applied on the left side through a graphite electrode. The
current and heat were both applied for 5 minutes and then turned off at the same time and

the samples were allowed to cool inside the furnace

Table 3. 1 Summary of Fabrication Conditions (Samples A1-A4)

Sample Sample Initial Current (A) and  Temperature .
Numlta)er Positlijon Carbon load Voltag(e ()V) (EC) Cathode Trajectory
Al Left 0 0A, OV 900 °C N/A
Right 5 wt.% 0A, 0V 900 °C Spirals — during stirring
A2 Left 0 0A, OV 1100 °C N/A
Right 5 wt.% 0A, 0V 1100 °C Spirals — during stirring
Left 0 100A,10V 1100 °C Stationary — during
A3 current application
Right 5 wt.% 0A,0V 1100 °C Spirals — during stirring
o Stationary — during
A4 Left 0 90A.10V 750°C current application
Right 5 wt.% 0A,0V 750 °C Spirals — during stirring

3.3 Method 2 for investigating the role of current on the carbon distribution in the
metal matrix

3.3.1 Fabrication method

In this experiment, 5 wt.% of activated carbon was wrapped in aluminum foil, and then
sandwiched in between AlI6061 plates. The argon flow was turned on for 40 minutes prior
to turning on the furnace to melt the aluminum. Once the metal was melted the
metal/carbon mixture was stirred by the graphite rod for several minutes to obtain
uniform distribution of the carbon in the metal. Then, a preset direct current (DC) of 150
A and 10 V was applied through the cathode to the molten mixture in a pulsed mode with
2 min on and 1 min off, repeated four to five times depending on test conditions. The
cathode controlled by a robotic arm moved in a spiral trajectory as indicated in Fig.3.3 b)

in order to continue to mix the Al and C while applying the current. Once the reaction
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reached equilibrium, the temperature of the liquid varied by less than ~5%. After the
current was turned off, the electrode was removed from the liquid metal, the furnace was
turned off and the sample was allowed to cool and solidify gradually inside the crucible
under continuous Ar flow. Five samples were prepared under a range of conditions as
described in Table 3.2 to investigate the fabrication method and the mechanisms of the
conversion process. The sample position refers to the position relative to the center of the
crucible, with samples being taken from the cross section of the sample disk, which is

illustrated in Fig. 3.3 b).
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Figure 3. 3 Schematic of a) the reactor for the EAP of covetics, and b) the cathode
trajectory inside the crucible during the reaction (top), and cross section of the resultant

sample (bottom).
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Table 3. 2 Summary of different fabrication conditions of samples B1-B5

Sample Current and Cathode Sample
Number Al alloy C Content Voltage Trajectory Position
Bl Al 6061 5 wt.% 150A,10V 5 spirals Center of X-section
B2 Al1350 5 wt.% 150A, 10V Sta“ocrgftyer‘n he  Center of X-section
B3 Al 1350 5 Wi% 150A, 10V Stationary inthe  lcm away frorp center
center in X-section
B4 Al16061 S5wt.% 150A, 10V 3 spirals Center of X-section
B5 Al 6061 5 wt.% 0A, OV 3 spirals Center of X-section

3.3.2 Characterization results

The characterization (XRD, XPS, TEM and EBSD) was performed on sample B1. The
(111) electron diffraction pattern of sample B1 in Fig. 3.4. b) presents weak spots
(marked by arrows) which do not belong to either Al, Al203[103] or Al4C3in addition to

the <220> spots of Al on the (111) plane. The interplanar distance derived from the weak

spots is 0.2381nm, which differed from the < 101 0> interplanar distance of 0.2127 nm
in the basal plane of graphite by 11.9%. According to previous studies of Ag[71] and Al
[68] covetics, the mismatch between interatomic distances in graphitic-like carbon and Al
host on the (111) plane may result in 11.9% tensile strain in the carbon nanostructure.
The extra spots in the diffraction pattern of sample B1 are evidence of the epitaxial
relationship between the (111) plane of Al and the (0001) plane of graphite, which has
been previously observed in Al 6061 covetics with nominally 3 wt. % C fabricated by
TMM [68].

The Dark Field (DF) image in Fig. 3.4 c) obtained using the spot marked with a red circle
in Fig. 3.4 b) shows a graphitic network that gives rise to the weak spot in the diffraction
pattern, corresponding to the modulation observed in the high resolution TEM (HRTEM)

image in Fig. 3.4 a) taken from the same area. EELS spectrum image (EELS-SI) data
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were obtained from the region of graphitic network combined with high angle annular
dark field (HAADF) in STEM mode and analyzed by the Python-based open source
Hyperspy package [89]. Three components are sufficient to fully describe variations
within the data as depicted in Fig. 3.4 d) and e) together with the HAADF image. The
component with an edge around 284 eV is indicative of the 1s to ©* excitation in sp?
bonded carbon, which reflects the presence of graphitic structures that have formed a
network within the metal lattice. The other two components correspond to background
signal and a small amount of hydrocarbon contamination on the surface of the TEM
sample.

The lattice constant of the aluminum covetic sample was smaller than the parent Al 6061
based on calculations from the peak positions and their FWHM in the XRD spectra,
respectively. The lattice constants of sample B1 and parent Al 6061 obtained from XRD
were 0.405051+0.000005 nm and 0.405515 +0.000009 nm, respectively. The reduction in
lattice constant of the Al host in the covetic samples may be introduced by the strain
resulting from the lattice mismatch observed between C-C distance in bulk graphite and
in the Al host of covetics and suggests that the incorporation of carbon results in a slight
contraction of the lattice. The reduced grain size in the covetic samples was observed in
EBSD measurements. Figure 3.5 shows that the average grain size of AI6061 covetics
B1 was 2.52+2.11 um, which was smaller than 396.89+156.42 pum for Al6061 control
sample. In contrast, the coherent grain size measured by XRD was 212.3+9.2 nm for the

Al 6061 reference and 155.0+2.9 nm for the Al 6061 covetic sample B1.
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XPS sputtering depth profile of sample B1 shown in Fig. 3.4 f) revealed 1.2 wt. % carbon
incorporation in the bulk covetic. As expected, the hydrocarbon contamination on the
surface of the sample resulted in high carbon concentration at the beginning of data
collection which tapered off to a consistent level within the bulk of the sample after
~3,000 sec. sputtering time. Thus, the value of 1.2 wt.% was obtained by averaging the
integrated intensities under the C-1s, Al-2p and O-1s peaks in the XPS spectra and only
including data for sputtering times longer than 3,000 s when the signal had stabilized.
The measured carbon content was lower than the nominal 5 wt. % added in sample B1,
which indicated that not all the carbon precursor incorporated with Al during the
conversion process. The small oxygen intensity at the end of sputtering showed that the
oxidation in the bulk of the sample was greatly prevented during the reaction, which is
important for the improvement of mechanical and electrical properties of covetics.

The characterization results confirmed that carbon has been incorporated with Al matrix

and formed a graphitic network

10 1/nm
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Figure 3. 4 Characterization of sample B1.

a) HRTEM image showing modulation due to the presence of graphitic carbon in the
covetic sample. b) Diffraction pattern from the area shown in a), with a hexagonal bright
pattern of spots corresponding to the Al (111) plane. The weak spots, marked by arrows,
arise from the <1010> reflections of crystalline graphitic carbon. ¢) DF TEM image
using the circled weak spot in b). d) and e) Results of PCA spectral unmixing of EELS
data from sample B1 after background subtraction before the C-K edge. The principal
components are sp?-blue, background (BG)- green, and contamination- red, with their
respective loading maps in d) together with HAADF image collected simultaneously
from the same region as the EELS data. f) XPS depth profile of sample B1 showing

average C concentration of 1.2 wt. % after 4 hours of sputtering. The inset shows carbon

and oxygen concentration in greater detail.
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Figure 3. 5 EBSD maps of: a) Al 6061 control sample and b) Al 6061 covetic sample B1

with 1.2 wt. % C measured from XPS.

3.4 Method 3 to obtain optimum parameters for conversion

In this study, the as-received the Al1350 rods are cut to 10 cm long. The pieces of
aluminum alloy were mechanically polished to remove any contaminants on the surface
before use. Nominal concentrations of 3 wt. % of activated carbon were added to the Al
alloys. The Al rods were pre-melt in the crucible and sectioned into two pieces after
solidification. As shown in Fig. 3.6, one piece of pre-melt Al1350 disk was placed in the
bottom of the crucible, on top of this piece, more Al rods with 1.5 cm height were
arranged against the wall of the crucible. The carbon was loaded in the center of the Al
rods, and the other piece of pre-melt Al disk was put on top of the rods and carbon as a
lid to prevent carbon powder from being blown off by the argon gas. In this arrangement,
the carbons can be maintained inside the liquid Al. The argon flow was turned on for 40
minutes prior to turning on the furnace to melt the aluminum. As shown in Fig. 3.7 once

the metal melted, a separate mechanical stirrer with a customized graphite shaft was
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inserted into the liquid metal and stirred for 5 minutes without applied current to achieve
a more homogeneous Al/C mixture than in the case presented in section 3.2. Then the
stirrer was removed and the graphite electrode was positioned at the center of the melt

without any further agitation.

Figure 3. 6 Schematics of material arrangement in crucible.

a) The AI1350 disk pre-melted in the graphite crucible. b) The pre-melt A11350 disk was
sectioned into two pieces. ¢)-e) One piece of pre-melted Al1350 disk was placed at the
bottom of the crucible, additional AI1350 rods were arranged against the wall of the
crucible, the 3wt.% activated carbon was loaded in the center of the rods, the other piece
of pre-melted Al1350 disk was put on top of rods as a lid to prevent carbon powder from

escaping.
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Figure 3. 7 Schematics of the reactor for the investigation of the optimum parameters for
conversion.

a)A separate mechanical stirrer was installed to mix liquid Al and C homogeneously prior
to the application of the current. b) After mixing for 5 minutes, the stirrer was removed
from the system, the graphite-made cathode was positioned in the center of the mixture
by a robotic arm, and a constant current of 100A was applied to the system a set time

without further agitation.

In order to investigate the time needed for carbon incorporation and crystallite size
growth, samples C1-C5 were fabricated with an applied current of 100 A for different
durations including 2, 5, 10, 15 and 30 minutes as summarized in Table 3.3. Fig. 3.8 a)
shows the current density distribution inside the crucible simulated by COMSOL for an
applied current of 100A. The simulation shows that the current density in a volume
within 0.4 cm of the electrode tip is above 100 A/cm?. Beyond this region, the current
density decreases significantly. Based on the simulation, two samples, R1 immediately
adjacent to the electrode position, and R2 about 4 cm away were collected from the cross-
section of each disk as illustrated in Fig. 3.8 b), to perform XPS and Raman
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measurements for investigating the effect of residence time and current density on the
covetics conversion process.

Table 3. 3 Summary of different fabrication conditions for samples C1-C6

Sample Number Current (A) Reaction Time (mins)
Cl 100 A 2 mins
C2 100 A 5 mins
C3 100 A 10 mins
C4 100 A 15 mins
C5 100 A 30 mins
C6 150 A 15 min
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Figure 3. 8 Schematic of the experiment for the investigation on the role of residence
time in carbon incorporation and crystallite size growth.

a) COMSOL simulation of the current density distribution around the tip of the cathode.
b) The region of maximum current density is localized within 0.4 cm from the tip of the
cathode. Inset: cross-section of the sample after sectioning to indicate the regions of the
sample that were analyzed (positions 1 and 2). Region R1 (in green rectangle) was
chosen from the region around the electrode, while region R2 (in red rectangle) was more

than 4 cm away from the electrode.
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To evaluate the role of residence volume in the carbon incorporation in the Al matrix, we
also performed Raman on five sample from the sample C4 for which we applied a current
of 100 A for 15 minutes. As shown in Fig.3.9, these five sample were taken in steps of 1
cm from 0 cm to 4.0 cm away from the electrode. The width of each sample was ~1cm.
Sample C6 was made to evaluate the role of current density in the carbon incorporation in
the Al matrix. The fabrication method of sample C6 was the same as the ones of samples
C1-C5. However, sample C6 was fabricated with an applied current of 150 A for 15
minutes, instead of 100A.Raman measurements were also performed on five sample

taken in steps of 1 cm from 0 cm to 4.0 cm away from the electrode.
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10 |

cm
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Figure 3. 9 Schematic of the experiment for investigation of reaction volume within
which there is growth of the nanocarbon crystallite size.

a) COMSOL simulation of the current density distribution around the tip of the cathode.
The region of maximum current density is localized within 0.4 cm from the tip of the

cathode. b) Cross-section of the sample after sectioning to indicate the regions of the
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sample that were analyzed (positions 1 to 5). The five sample were taken in steps of 1 cm

from 0 cm to 4.0 cm away from the electrode. The width of the sample is 1 cm.

3.5 Method 4 to examine the electrical conductivity and carbon uniformity

3.5.1 Fabrication method

In this method, the arrangement of Al and C were the same as in method 3.3. The argon
flow was turned on for 40 minutes prior to turning on the furnace to melt the aluminum.
As indicated in Fig.3.10, once the mixture of liquid Al and C particles were stirred for 5
minutes without applied current, the graphite cathode was positioned at the edge of the
crucible while the mechanical mixing was continued. A preset DC current of 100 A was
applied through the cathode to the molten mixture in a constant mode for a predetermined
duration. During the reaction, the voltage oscillated based on the resistance of the
material to keep the current constant at 100 A. Once the reaction reached equilibrium, the
temperature of the liquid remained fairly constant with small variations with time. After
1000 seconds, the stirrer and current were turned off, the electrode and stirrer were
removed from the liquid metal. The sample was kept at temperature of 300 °C for one
hour to allow the aluminum grains to grow. Then, the furnace was turned off completely
and the sample was allowed to cool down naturally inside the crucible under continuous

Ar flow.
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Figure 3. 10 Schematic of the reactor for studying the electrical properties and carbon
uniformity.

a) A separate mechanical stirrer was installed to mix liquid Al and C homogeneously
without applied current. b) After mixing for 5 minutes, the graphite-made cathode was
positioned at the edge of the mixture by a robotic arm, and a constant current of 100A

was applied to the system for 1000 sec while stirring the mixture.

Samples D1-D9 were prepared to investigate factors that enhance the electrical
conductivity of covetics. Table 3.4 summarizes the fabrication conditions for all the
samples. All the samples were made with Al 1350 and 3 wt. % carbon (activated carbon
or graphite powder), but the geometry of the cathode electrode and the reaction times
were varied. Different geometries of the cathode give rise to different distributions of
current density and different shape and size of reaction volume in the system, which are
expected to result in different amounts of carbon incorporation and in turn affect the
electrical properties of the samples. Figure 3.11 a)-c) present three geometries of
cathodes used in this study. In the first geometry, the end of a graphite electrode cathode

was tapered to a point, which provides the highest current density but only in a localized
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volume of ~ 4 mm-radius hemisphere around the electrode for an input current of 100 A.
The current density beyond this region decays significantly. The second cathode consists
of a copper rod with 2 mm-thick graphite coating. The maximum current density
generated by this cathode is the lowest one among the three geometries but the current
density is distributed more uniformly in the sample. In the third geometry, the cathode is
composed of three parallel graphite rods. The maximum current density in this case is
much lower than the one in the single tapered electrode but the reaction volume extends
to a wider range. Samples D8 and D9 were reference samples. Sample D8 was prepared
in the crucible by melting pure aluminum 1350 for the same time as the time it took to
prepare the covetic samples, but without any carbon added and with no current applied.
Sample D9 was prepared by melting the as-received Al 1350 rods and applying a DC
current but with no carbon addition. Samples D1 and D2 were made using the pointed
graphite cathode with different reaction times. Sample D3 and D4 were made with the
copper electrode with different applied current. Sample D5 was made with the three
graphite electrodes. Samples D6 and D7 were also made using the pointed graphite
cathode but with the graphite powder instead of activated carbon as carbon source. The
particle size of graphite powder used in sample D6 was around 45 pm, the one used in

sample D7 has particle size of 0.2 to 5 um.
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Figure 3. 11 Different geometries of graphite cathodes.

a) Graphite cathode tapered to a point, which gives rise to highest current density but
only in the 4-mme-radius hemisphere around the electrode’s tip. The current density
beyond this region decays significantly. b) The cathode consists of a copper rod with 2
mm-graphite sheath. The current density decreases but becomes more uniform in a wider
range around the electrode compared to a). ¢) The cathode is composed of three parallel
graphite rods. The maximum current density decreases but the reaction volume extends to

wider range compared to the current density in a).

Table 3. 4 Summary of different fabrication conditions for samples D1-D9
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Particle Applied Maximum

Sample Carbon . Electrode Reaction
Number Source Size Geometry Current Time (s) c?urrent
(um) (A) density (A/cm?)
DI Activated <0.1 Tapered 100 1000 3102
Carbon
D2 Activated <0.1 Tapered 100 360 3102
Carbon
Activated Cu electrode w/
D3 Carbon <0.1 Graphite sheath 150 1000 49
Activated Cu electrode w/
D4 Carbon <01 Graphite sheath 200 1000 65
D5 Activated <01 Three Parallel 200 2000 280
Carbon electrodes
D6 Graphite 45 Tapered 100 1000 3102
Powder
D7 Graphite 0.2-5 Tapered 100 1000 3102
Powder
D8 N/A N/A N/A N/A N/A N/A
D9 N/A N/A Tapered 100 1000 3102

The disk-shaped samples shown schematically in Fig. 3.12 a) were cut in half for
analysis. Samples for Raman and XPS measurements were cut from the cross section of
the sample disk with dimension of 3x10x15 mm?, which is also illustrated in Fig.3.12 b).
The specimens for conductivity measurements were taken from the center of the sample
disk as indicated in Fig.3.12 c) and machined to bars with approximate dimensions of 3 x

5 x 100 mm3.

b)
a) . @ - ::>
- = For Raman, XRD and
- X — 1cm XPS measurements:
T 2x1x05cmd
\._____;_____.4
i10 cm c)

% . /

For conductivity
measurement:
0.3x0.5x 10 cm?
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Figure 3. 12 Schematic of samples for XPS and Raman (top) and electrical conductivity
(bottom) measurements.

a) The sample is in a disk-shape after solidification with the diameter of 10 cm and
thickness of 2cm. b) The samples for XPS and Raman measurements were cut from the
center of the cross section with an approximate dimension of 3x10x15 mm?3. ¢) The
specimen for electrical conductivity measurements were machined to a bar with an

approximate dimension of 3x5x100 mm? (top).

3.5.2 Characterization results

Sample D1 showed the best electrical conductivity and highest increase in hardness. The
characterization from this sample is presented here as an example to unveil the role of the
parameters in the EAP process. Specimens from sample D1, cut from the region less than
0.5 cm away from the electrode, were analyzed by Raman scattering, XRD, TEM and
depth-profiling XPS.

Raman spectroscopy is highly sensitive to different types of carbon bonding, and has
been widely used to identify different forms of carbon. [104-106] The so-called D and G
peaks located around 1350 and 1580 cm™, respectively, are peaks characteristic of
graphitic materials corresponding to the breathing modes of sp? rings, D and the Ezq
phonon at the Brillouin zone center, G. The D peak is absent in perfect graphite and
single layer graphene. It appears when symmetry breaking defects are introduced, such as
at the edges of graphene or other graphitic defects (pentagons, heptagons, C vacancies,
etc) [107, 108]. Besides the D and G peaks, a peak observed at 2700 cm™, called the 2D
(or G”) peak, is prominent in graphite samples. [108] Raman spectra from the activated

carbon source material used in this work show a very strong and broad D peak centered at
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~1340 cm™ and a G peak at ~1595 cm, while the 2D peak is absent, Fig. 3.13 a). In
contrast, the D peak position of samples processed with EAP decreased in intensity and
the G-peak shifted to ~1585 cm, the position for graphite. The Raman spectrum of
sample D1, representative of samples processed by EAP, is shown in Fig. 3.13 b). The D
and G peaks are located at 1347 cm™and 1580 cm, respectively; both in agreement with
the D and G peak positions in graphite. The intensity of the D peak in sample D1 is much
weaker relative to the G peak compared to the spectrum of activated carbon.

The ratio of the integrated intensities under the D and G-peaks, Ip/lg, can be used to
determine the crystallite size (La) of graphitic nano-carbon, defined as the effective width

of the basal plane [106, 109], according to equation (1) [110]:

Lo(nm) = Sﬂ(l—D)_l, )

E} \Ig
where E; is the laser excitation energy in eV (2.33 eV for a wavelength of 532 nm used in
this work). In the first stage of a three-stage crystallization model [111], the value of La
increases as the material becomes more crystalline. The analysis of sample D1 yielded La
=21.6£12.1 nm. In contrast, La of the activated carbon precursor equaled only 8.9 £ 0.9
nm. The blue shift of the G peak and increased La of carbon in covetics indicates that the
amorphous carbon converted to nano-crystalline graphitic structures and extended
networks upon the application of the current. Another indication of crystallization of the
activated carbon is the appearance of the 2D peak at ~2700 cm™, which is absent in the
Raman spectra of activated carbon. Thus, we define carbon conversion in the covetics
process as the carbon that has increased in crystallite size above 10.7 nm (i.e., 2 standard
deviations above the mean L, for activated carbon) and has a G peak position at 1580 + 5

cm™L. The presence of carbon in aluminum at high temperatures could give rise to the
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formation of aluminum carbide (Al4Cs) which is detrimental to the conductivity of the
alloy. We note that the Raman spectrum of Al4Cs presents a peak at around 850 cm™ [55]
which was not observed in any of the Raman spectra of samples processed by EAP,
which indicates a hindrance of Al4Csformation in this process.

The XPS sputtering depth profile of sample D1, shown in Fig. 3.13 c), revealed 4 wt. %
carbon incorporation in the covetic. As expected, hydrocarbon contamination adsorbed
on the surface of the sample resulted in high carbon concentration at the beginning of
data collection. This signal tapered off to a consistent level representative of the bulk of
the sample after ~2,000 s of sputtering time. Thus, the value of 4 wt.% was obtained by
averaging the integrated intensities under the C-1s, Al-2p and O-1s peaks in the XPS
spectra using data collected at sputtering times longer than 2,000 s. The measured carbon
content was higher than the nominal 3 wt. % added in sample D1 indicative of a non-
uniform carbon distribution in the sample.

XRD analysis indicated that both the grain size and the lattice constant of the Al matrix
were reduced in the covetic sample compared to the parent Al 1350, as indicated by the
peak positions and full width at half maximum (FWHM) in the XRD spectra. The Al
grain size of sample D1 and Al 1350 reference equaled 183 = 12 nm and 245 £ 52 nm,
respectively. The Al lattice constants of sample D1 and parent Al 1350 derived from
XRD equaled 0.40392 + 0.00009 nm and 0.40441 + 0.00004 nm, respectively, indicating
a slight contraction of the lattice upon carbon incorporation. The decrease of the Al
lattice constant in the covetic can be attributed to the Al (111)/C (0001) plane epitaxy

reported in covetics. [68] No peak corresponding to the AlsCs was detected in the X-ray
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diffraction spectra (not shown). These results agree with those previously reported for
Al6061 covetics with nominally 5wt. % C. [112]

A cross-sectional TEM specimen was prepared by FIB from a region of sample D1 where
graphitic ordering was observed via Raman spectroscopy (average La =21.6 £ 12.1 nm).
This region contained a large inclusion of C which had been converted from disordered
activated C to graphitic C as shown in Figs. 3.13 d) and €). Graphitic ordering is

indicated by the electron diffraction pattern in the inset of Fig. 1 d), which shows spots
with an interplanar spacing of 0.35 nm corresponding to the c-axis interplanar spacing of
graphite. The regions of graphitic ordering extend for a few microns, one order of
magnitude larger than the particle diameter of the activated C source material. On a larger
scale, thickness variations and misorientation of graphitic structures persist, contributing
to the ring-like features of the diffraction pattern (inset to Fig. 3.13 d)). Again, no traces
of aluminum carbide have been detected in the course of our TEM studies.

The characterization results confirm that the amorphous carbon converted to network of
nano crystalline graphite in the Al matrix. The electrical conductivity studies from the

samples presented in Table 3.4 are discussed in chapter 5.
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Figure 3. 13 Characterization of sample D1.

a) Left: Typical Raman spectrum from activated carbon. Only the D and G peaks are
present in the activated carbon. Right: the distribution of nanocarbon crystallite size (La)
of activated carbon with average of 8.9 £0.9 nm. b) Left: Example of Raman spectrum
from the carbon observed in sample D1. The 2D peak appears in the spectrum at 2700
cmand the G peak shifts to 1580 cm™, both of which agree with the 2D and G peak
positions in graphite. Right: the distribution of nanocarbon crystallite size (La) in sample
19 with average of 21.6 £ 12.1 nm. The increase of Laand shifts in the peaks in the
Raman spectra of the covetic sample indicates that the activated carbon converted to
graphitic structures under the effect of the applied current. c) XPS depth profile of sample
D1 showing average C concentration of 4.0 wt. % after 4 h of sputtering. d) Detail of the
C microstructure showing ordered regions on the length scale of microns, significantly

larger than the activated C starting material, but also with local thickness variations and
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misorientations. Inset: electron diffraction pattern from the area with spots corresponding
to the c-axis interplanar spacing of graphite. €) Magnified area of the region highlighted

in the red rectangle in d).
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Chapter 4: Mechanism of Carbon Incorporation in Al Matrix

4.1 Introduction

This chapter presents the study of an investigation on the conversion process of covetics,
with a focus on outlining the key factors that induce uniform carbon dispersion into the
metal matrix. A novel one-step electrochemical fabrication method was designed and
built in our laboratory to perform the mechanism studies. A more homogeneous carbon
distribution in the covetics has been confirmed by various characterization methods
including X-ray photoelectron spectroscopy (XPS), Raman spectroscopy and

transmission electron microscopy (TEM).

4.2 Effects of current on the conversion process

4.2.1 High current density attracts ionized carbon particles

Samples A1-A4 were prepared from an Al 6061 alloy with 5 wt. % activated carbon
particles added, with the goal of determining the role of high current density on the
covetics conversion process. A steel separator was placed in the center of the crucible at
the beginning of the reaction. The carbons were only loaded on the right side of the
separator. After the Al melted, the carbon was mixed by the cathode on the right side,
then the separator was removed from the crucible with no further stirring. Samples Al-
A4 used this loading technique but with different conditions. The details of fabrication
conditions are described in chapter 3 section 3.1.

Raman mapping measurements and XPS were performed on all samples, the results are
listed in table 4.1. In sample Al, the carbon signal by Raman was only detected on the

right side of the separator with calculated crystallite size of 7.17+2.52 nm, no carbon
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signals were detected on the left side. The XPS measured that there was 0.42 wt.%
carbon on the left, which was much less than 0.73 wt.% carbon found on the right. In
sample A2, Raman signals with similar crystallite size of carbon were observed on both
sides of the separator. The carbon concentration on the left was slightly less than the one
on the right as measured by XPS. In sample A3 with current applied, the crystallite size
of carbon measured on the left side of the separator was larger than on the right.
Meanwhile, 1.06 wt. % carbon was measured from left side by XPS, which was more
than 0.66 wt. % of carbon on the right even though the carbon had only been loaded on
the right side at the beginning of the experiment. Similar results to sample 3 were seen in
sample A4 that more carbon was measured on the left than the one on the right even at a
lower temperature.

In sample A2 (with no current applied), the carbon concentrations are similar in both
sides, although slightly lower on the left side where there was no carbon initially; which
indicates that the convection of the molten metal produced a somewhat uniform
distribution of carbon at the higher temperature of 1100 °C compared to sample Al at 900
°C. It is well known that the diffusion coefficient highly depends on temperature, the
higher temperature definitely helps to distribute carbon particles in the liquid Al. Thus, in
sample A2 with higher reaction temperature, more carbon particles transported from right
to left, compared to the diffusion in sample A2. The crystallite size of carbons calculated
in samples Al and A2 were both similar to the value of pure activated carbon, which
indicated that higher temperature alone was not responsible to convert activated carbon

into more crystalline graphitic structures.
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In samples A3 and A4, there was more carbon in the region around the electrode than the
carbon on the right side, which indicated that the applied current was able to attract the
carbon toward the electrode. Also, in sample A4, the temperature of the melt was only
750 °C, while the temperature around the electrode was around 1100 °C due to joule
heating. Without the effect of current, the carbon particles should diffuse along the
temperature gradient from high temperature to low temperature, which means from left to
right. However, more carbon was found on the left in sample A4, which further confirms
that the carbon particles were attracted by the force of the electric field instead of

temperature gradient.

Table 4. 1 Summary of carbon content by XPS and nanocarbon crystallite size by Raman

results of sample 1-4.

Sample Sample Crystallite Size Carbon Concentration
Number Position (nm) (wt.%)
Al Left N/A 0.42
Right 7.17£2.52 0.73
A2 Left 6.42+2.76 0.72
Right 6.76+£2.26 0.85
A3 Left 11.36£2.61 1.06
Right 7.16£2.52 0.66
A4 Left 7.80+£3.52 1.01
Right 6.77+1.63 0.6

4.2.2 High current density initiates the conversion process

Sample C4 was made from an Al 1350 alloy with 3 wt. % activated carbon particles
added, with the goal of determining the role of high current density on the covetics
conversion process. After the liquid Al and activated carbon was mixed, the electrode
was then positioned at the center of the melt and a current of 100 Amps was applied

without any further agitation. The fabrication details were described in chapter 3 section
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3.3. Fig. 3.8a) shows the current density distribution inside the crucible simulated by
COMSOL. The simulation shows that the current density within 0.4 cm of the electrode
tip is approximately the same as at the electrode tip. Beyond this region, the current
density decreases sharply. Based on the simulation, samples C4-a and C4-e were obtained
from the cross-section of the disk as illustrated in Fig. 3.8 b) in order to investigate the
role of current density in initiating the covetics conversion process.

XPS and Raman scattering data were obtained from samples C4-a to C4-e. Raman maps
were collected under the same conditions for all samples. We illustrate the results with
those of samples C4-a and C4-e. The G peak position of C4-a was at 1579.5+6.2 cm™ and
2D peak position was at 2702.5 + 9.4 cm™ (see Fig. 4.1a)), both of which agree with the
G and 2D peak positions in graphite. While the G peak position of C4-e was at
1594.5+7.1 cm™ and the 2D peak was absent in the spectrum (Fig. 4.1 b)). The
corresponding map of the G-peak intensity on the left side of Fig. 4.1a) shows fairly
uniform distribution of the carbon. In contrast, the map of the G peak intensity for sample
13.e in Fig. 4.1b) shows very weak Raman signal throughout the area samples.
Correspondingly, the calculated La of in-plane carbon of C4-a was 20.2+10.5 nm. In
contrast, the La of C4-e was only 6.6 + 1.0 nm. Also, there was 1.0 £ 0.2 wt.% graphitic
carbon in sample C4-a, but only 0.005 £ 0.001 wt.% graphitic carbon in sample C4-e.
Sample C4-a was obtained from the position directly below the electrode, which was
exposed to the highest current density in the reaction. Sample C4-e was from a region at a
distance more than 4 cm away from the electrode, which was subjected to a lower current
density than sample 13-a. The observation of higher graphitic carbon concentration and

better ordered graphitic network in sample C4-a again indicates that higher current
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density attracts more carbon particles to the electrode. It also indicates that the current
crystallizes the carbon into graphitic structures, and assists carbon diffusion within the

liquid metal, thereby facilitating the integration of carbon in the metal.
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Figure 4. 1 Characterization of samples for mechanism study.

a) Left: uniform carbon distribution is shown in G peak intensity map of sample C4-a. A
representative spectrum from a single point presents G peak at 1580 cm™and 2D peak
2701 cm?, which agree with the G and 2D peak positions in graphite. b) Right: G peak
intensity map of sample C4-e shows lower intensity of carbon signals than in sample C4-
a. The representative single spectrum from sample C4-e shows G peak position at 1595
cm*and no 2D peak is observed. ¢) PCA spectral unmixing of EELS-SI data from
sample 8 after background subtraction below the C-K edge. The three principal

components of the C-K edge are shown on the right: background (BG)-blue, sp?- orange,
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and Al-C- green, with their respective loading maps shown at left. The HAADF image

was collected simultaneously from the same region as the EELS data.

Similar results were also collected from sample B2 and B3 that were fabricated in a
similar method to the one of samples C4-a and C4-e. (Details of fabrication methods are
described in chapter 3 section 3.2.1) The EELS Sl data in Fig. 4.1 c) were obtained from
a TEM specimen from sample B2. PCA analysis of the EELS-SI revealed that three
components were sufficient to fully describe variations within the data as depicted in Fig.
4.1 c). The edge around 284 eV derived from the sp? bonding of carbon, confirming that a
graphitic network formed within the metal lattice. In contrast to the covetic samples, a
sharp sp? edge was not observed in the C-K edge of the amorphous activated carbon
precursor, indicating that it is the current that transforms the amorphous carbon into a
more ordered graphitic structure. The edge at 282 eV is attributed to the Al-C bonding
[87, 88], demonstrating that carbon has diffused into the Al matrix and integrated with
the Al under the influence of the applied current. Here, we do not believe that the Al-C
bonding is indicative of the formation of Al4Cg, since no carbide phase was detected by
XRD, XPS, electron diffraction or Raman spectroscopy.

Atomic force microscopy (AFM) measurements were also performed on samples B2 and
B3. Samples B2 and B3 exhibited unique surface morphology, consisting of raised
spherical particles of varying size. Figure 4.2 shows a particle size distribution plot for
the Al 1350 control, Al 1350 covetic sample B2 (sectioned from a position directly under
the electrode), and Al 1350 covetic sample B3 (sectioned from a position more than 1 cm
away from the electrode). The average particle size in the samples was calculated using
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known height contours from the AFM images. Each particle was identified by the raised
height above the sample surface; the particle area was then calculated based on a contour
size. In this case, contours corresponding to at least 15 nm above the mean sample
surface correlated well with the raised areas. For each sample, the total area of each
particle was calculated and binned, and the associated distribution, relative to the control
was reported. Sample B2 shows a large number of small particles on the order of 0.001
um?, whereas sample B3 shows a smaller collection of large particles, up to 0.008 pm? in
size. As expected, scans on the control sample revealed relatively little topography
variation. The insets in Figure 4.2 show the unique striations (highlighted in red) also
observed in Al 1350 covetic height maps. The overlaid striations in the inset height
images were found by analyzing topography variations of 2 nm and minimum valley to
valley separations of at least 100 nm. This morphology was not seen in the Al 1350
control; this clear topographic directionality is likely the result of a combination of the
applied current and the presence of the nanocarbon phase. It is worth noting that the
carbon phases were highly diluted in the metal matrix, and it was difficult to locate them
on the sample’s surface by AFM, thus we do not have more comprehensive discussion in
this section. In the future, KPFM should be used to investigate the extend of the
nanocarbon network in the metal matrix on samples with more uniform carbon

distribution.
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Figure 4. 2 Particle size distribution for Al 1350 covetics (samples B2 and B3) and Al
1350 control.

Inset shows AFM height maps for the Al 1350 covetics. The striations (shown in red) on
the height maps indicate minimum height locations within the samples. Data obtained by

Dr. Dan Cole at the Army Research Laboratory, Aberdeen Proving Ground, MD.

Surface potential scans via AFM were also performed on the control and covetic
materials in order to characterize the electronic work function (EWF) of the specimen
surface. The EWF, the minimum energy required to excite an electron to the Fermi level
of a material, has been used to characterize elemental variations as well as surface

variations due to grain boundaries, dislocations, and crystallographic orientations. [100]
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The contact potential difference Vcpp between the sample and probe may be defined
through:

eVerp+ =¥ (4.1)

Here, e is the electronic charge, Vcpp is the average measured contact potential
difference, and ¥ and ¥;are the electronic work functions for the specimen and tip,
respectively.[100] Equation (4.1) was used to find the measured work function for the Al
1350 samples.

Initial scans on a HOPG reference sample were used to calibrate the probe on sp?-bonded
carbon structure. Figure 4.3 displays height maps and corresponding work function maps
for the Al 1350 control and Al 1350 covetic sample B2. A ¥ in the range of 4.06-4.2 eV
is expected for pure aluminum depending on the crystallographic orientation, while ¥ ~
5.0 eV is expected for carbon. [113] An average % ~ 4.5 eV was found for the control
sample; deviations from the pure Al response could be due to the alloying elements
present in the Al 1350 alloy. Al 1350 covetic sample B2 had a higher measured work
function which was closer to the expected carbon response; this behavior was similar to
that seen in the HOPG reference sample and could be due to the presence of sp?-bonded
carbon in the covetic material. The measured electrical response appears to coordinate
with many of the local minima in the topography maps and could provide additional

insight into the nature of the nanocarbon phase.

76



Height (nm)
Height (nm)

Work Function (eV)
Work Function (eV)

4.58
(c)
4.56
4.54
452
| s000m |

4.5

Figure 4. 3 Atomic force microscopy height maps of (a) Al 1350 control, (b) covetic Al
1350 sample B2 (directly below electrode), as well as corresponding work function maps
for (c) Al 1350 control and (d) covetic Al 1350 sample B2.

Work functions were calculated from surface potential scans via scanning Kelvin probe

microscopy.

4.2 .3 Current induces carbon distribution in the metal matrix

Sample B4 (with 5 wt.% C and applied current) and sample B5 (with 5 wt. % C but no
applied current) were prepared to further investigate the role of the current in inducing
diffusion of carbon in the metal matrix. Details of fabrication methods are described in
chapter 3 section 3.2.1. 20 x 20 pum? Raman maps with 441 points were acquired from

several areas of the cross sections of both samples B4 and B5. The G peak intensity map
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from sample B5 in Fig.4.4 b) (without applied current) presents some carbon signals but
only in localized areas as indicated by the wide variation in intensity in the map. Two
individual spectra obtained from two points 2 um apart and highlighted by white squares
in Fig. 4.4 b) show a fourfold difference in the intensity of the G-peak. The high intensity
is localized to an area of the sample near a trapped particle, but quickly decreases moving
away from the particle. In contrast, the intensity map of the G peak from sample B4 in
Fig. 4.4 a) (with applied current) displays a more uniform distribution of intensity over
the scanned area. Two individual spectra obtained 5 pum apart, highlighted by red squares
in Fig.4.4 a), show comparable intensity.

The ratio between the integrated intensities of the D and the G bands (Ip/lg) is related to
the degree of disorder in the graphitic structure. [105] According to the three-stage
model, Ip/lg increases from 0 to 2.4 and the G peak position blue shifts from 1580 cm
to 1600 cm™* as more defects are introduced into perfect graphite in stage 1. [111, 114]
The value of crystallite size in sample B5 as shown in Fig.4.4 b) decreases from 8.66 hm
to 1.15 nm between the two highlighted points, which correlates with high localization of
activated carbon particles in the metal with some carbon being physically trapped in the
metal. In comparison, the crystallite sizes in sample B4, the two points selected in Fig.4.4
a) are 16.43 nm and 12.90 nm respectively, illustrating that the applied current disperses
the charged carbon and extends the graphitic structures into the metal. Thus, in sample
B4 with the applied current, the graphitic features are enhanced and extend over a larger

area.
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Figure 4. 4 Raman mapping results of samples B4 and B5.

a) Uniform intensity distribution of G-peak from sample B4, indicating that the current
distributed the carbon more uniformly in the metal matrix. The left top and left bottom
are Raman spectra from two points 5 um apart in sample B4, indicating that the current
induced enhanced uniformity of the graphitic network. b) G-peak intensity map from
sample B5. At right are Raman spectra from two points 2 pum apart in the Raman map of
sample B5. Both G and D peak intensities and crystallite sizes show a significant
difference in the two points, indicating that without applied current, the carbon was only

physically trapped in the metal.

Our studies presented here demonstrate that a high current density is necessary for

covetics conversion, with carbon incorporation occurring locally in the area of maximum

79



current density (e.g. around the electrode tip). This indicates that for complete carbon
conversion it is necessary to have the electrode be in close proximity (<0.4 cm) to every
part of the sample. To achieve this, we have designed a trajectory for the electrode to
ensure that all the metal/carbon mixture passes within 0.4 cm of the tip of the cathode at
some point during the reaction. The inner diameter of this crucible is 6 cm and the
electrode was kept 1 cm away from the edge of the crucible to avoid electrical contact
with the side walls. As shown in Fig.3.3 b), the electrode was moved in a spiral pattern,
originating at the center of the crucible. In order to distribute the critical current density
evenly in the sample, the radius of the spiral should increase by no more than 0.4 cm with
each revolution. Thus, the cathode has to complete at least five revolutions in the crucible
to produce homogeneous carbon distribution in the sample. With this constraint in mind,
samples B1 and B4 were compared to ascertain that a more homogeneous current density
is the key to achieving uniform carbon distribution in the sample. In sample B4, the
distance between each circle was greater than 0.4 cm. Thus, some regions in between
revolutions were not exposed to the high current density, and hence the conversion did
not proceed uniformly in the sample. XPS depth profile measured 0.62 wt. % carbon in
sample B4, which was only half the carbon concentration in sample B1, 1.2 wt. % (see
Fig.3.4 f)), indicating that less carbon was converted when the current density was not

distributed uniformly throughout the whole area.

Also, no extra satellite spots were observed in diffraction patterns from sample B4
besides those corresponding to the Al lattice, although some evidence of sp? bonding was
seen in the EELS C-K edge spectra (not shown), indicating that the crystallization of the
nano crystalline graphite in sample B4 was not enough to give rise to a signal in the
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diffraction pattern. The more carbon incorporation and better ordered graphitic structures
in sample B1 relative to sample B4 confirm that uniform carbon distribution strongly

depends on the homogenous distribution of high current density in the sample.

4.3 Mechanism of covetics conversion process

We propose that there are two steps in the covetics conversion process: 1. ionization and
2. electro-migration of carbon ions. Our results indicate that the key parameter to initiate
the covetics conversion process is an applied current with high current density which
induces diffusion of the activated carbon through the melt by the “electron wind” [115]
created by the direct current similar to “electro-migration in metals”.

It has been reported that arc-discharge can be generated in a liquid to grow CNT with a
power of 400 W[116] and carbon nano-onions with a power of 825 W[117]. Also, the
minimum ionization energy for neutral carbon is 11.260288 eV. [118] Our XPS
measurements indicate that only 0.1 mole (1.2 grams) of carbon has been ionized and
converted into graphitic phase in covetics. At least 1.086 x10° Joules are needed in the
reaction to ionize this amount of carbon. The application of 10V and 150A for 10 minutes
is therefore sufficient to give rise to ionization of the carbon in the mixture.

After ionization of the carbon atoms, the high current density at the tip of the electrode
induces electro-migration, which causes rearrangement of both charged Al and carbon
ions locally, since electro-migration results in mass transport of particles. [119] Electro-
migration is an atomic diffusion phenomenon in a metal under a driving force, usually
produced by an applied electric field [115] , especially with high current density above
108 A/m?in solid Al film at temperature of 200-500 °C [120]. In the experiments

presented here, before applying the current, the temperature of the melt is around 900 °C,
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the joule heating generated from the applied current increases the temperature to 1100 °C,
which facilitates the breaking and re-forming of C-C bonds and enhances the kinetics of
the chemical reactions and processes in the liquid metal. [71] The higher reaction
temperature, therefore, results in higher diffusion coefficient of atoms in the system.
Hence, under high current and temperature a considerably high concentration of carbon
can diffuse through the liquid Al and form a graphitic network [68], even though the
current density (~10% A/m?) is much lower than the current density reported for
conventional electro-migration in a solid. After the applied current and the power to the
furnace are turned off the covetic samples follow the same cooling rate as the samples
with no applied current except for a faster initial decrease in temperature for the sample
with applied current.

The applied current in the EAP ionizes the carbon atoms in the activated carbon particles,
so that the aluminum liquid is in equilibrium with carbon ions instead of carbon atoms
(e9.(4.2)).[71] The high current density generated by the current near the tip of the
electrode also attracts the charged ions, so that the incorporation takes place
preferentially around the electrode. The charged carbon ions become very reactive and
bond to each other, polymerize, and finally form chains and ribbons of graphitic carbon.
[68] Also, some of the carbon atoms react and bond with metal ions acting as nucleation
sites for the growth of the carbon nanoribbons and the formation of the covetic structure.
Upon cooling, the graphene nanoribbons epitaxially incorporated between (111) planes of
the Al lattice preferentially.[68] Thus, the extended network of graphitic structures are
formed in the metal lattice. In addition, the Al-C bonding shown in the EELS data agrees

with previous DFT simulations which indicate that the bonding between C and Al at the
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edges of graphene ribbons and at C vacancies has a covalent character. [68] Thus, the
covalent bonds formed between Al and C are energetically favorable, which explains the
stability of carbon in the Al matrix in covetics, even though the solubility of carbon in Al

under normal conditions is only 0.03 at.% above which Al4Cz forms [24].

Critical Current Density "

or C™
C*/~ + Metal (Al)—— M(Al) — C bonding

C*/~ + C—- C — C bonding or Graphitic nano — structure (4.2)

4.4 Conclusions

We have successfully demonstrated a one-step electrochemical reaction to fabricate Al
alloy/C nanocomposites, called covetics, with fairly uniform carbon distribution. The
driving force for carbon integration within the Al lattice is electro-migration induced by
high current density. The current applied to the mixture of molten Al and carbon particles
is believed to ionize carbon atoms in the sea of electrons of the metal. The charged
carbon atoms migrate through the liquid metal by the principle of electro-migration. The
applied current also helps convert amorphous carbon into crystalline graphitic structures
and disperse them in the Al lattice homogeneously. Thus, it is necessary to apply a high

current density throughout the whole sample to achieve uniform carbon distribution.
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Chapter 5: Electrical and Mechanical Properties of Covetics

5.1 Introduction

This chapter outlines the key factors that contribute to improving electrical conductivity of
covetics, with a focus on an investigation on how carbon incorporation with Al influences
the electrical conductivity of covetics. The role of reaction time, reaction volume, current
density and different carbon sources were examined to identify the conditions that give rise
to better spreading of the carbon as well as the formation of extended networks of
crystalline graphitic carbon with sp? bonding. In addition, mechanical properties are also

discussed in this chapter.

5.2 ldentification of relevant parameters in the covetics conversion process

In this study, six samples, C1 to C6, were prepared (with stationary cathode during the
application of the current) to identify the main factors that contribute to the covetics
conversion process. The parameters that were varied were: reaction time, t, reaction
volume, V,, and current density. Previous studies have shown that a critical current
density is required to initiate the covetics conversion process.[112] The region of the
sample that experiences a current density above a critical current density, i.e., where the
conversion process takes place, is defined as the reaction volume, V. The time that the
carbon is being exposed to the high current density is defined as reaction time, t,. Raman
and XPS measurements were performed to elucidate the covetics conversion process.
Raman spectra were collected over areas of 10 um x 10 pum in mapping mode across the

cross section of the sample. The spectra were analyzed by a MATLAB based nonlinear
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iterative fitting algorithm. This analysis provides the fraction of graphitic carbon in the
sample, G%, estimated as the fraction of Raman spectra that show crystallite size

La >10.7 nm (i.e., nano-carbon crystallite size larger than that for the activated carbon
source). Together with the total carbon concentration, C+, measured from XPS depth
profile, we estimated the concentration of graphitic carbon in the metal matrix Gc = Ctx
G%. For example, in sample D1, 4 wt.% of carbon was measured from XPS. The Raman
analysis calculated 85% of carbon was converted to graphitic structures as indicated in

Fig. 5.1. Thus, the content of graphitic carbon in this sample was 3.4 wt.%.
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Figure 5. 1 The distribution of carbon crystallite size from sample D1.

The fraction in the green box indicates the fraction of carbon with crystallite size smaller
than 10.7 nm, which remain as amorphous carbon. The fraction in the orange box
indicates the fraction of carbon with crystallite size larger than 10.7 nm, which have

converted to graphitic carbon.

5.2.1 Effects of reaction time t;
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In order to understand the contribution from the reaction time, five samples (samples C1-
C5) were prepared with different ty, i.e., 2, 5, 10, 15 and 30 minutes (Fig. 3.8 a)).
(Fabrication details are described in chapter 3 section 3.4) Fig. 3.8 b) shows the current
density distribution inside the crucible simulated by finite element analysis (COMSOL).
The calculation shows that for a tapered graphite electrode, the current density
distribution is highly non-uniform. It decays below 100A/cm? at a distance of about 0.4
cm from the tip of the electrode. Based on the simulation, two samples were collected for
Raman and XPS analysis in two regions from cross-sections of each disk. Region R1 was
a 1 cm wide slab containing the region with current density above 100 A/cm? while
region R2 was a 1 cm wide slab cut from an area more than 4 cm away from the electrode
as shown in Fig. 3.8 b).

The results of the Raman and XPS measurements are compiled in Table 5.1. The table
demonstrates that during the first 2 minutes of current flow the total and graphitic carbon
concentrations in both region R1 and region R2 remained unchanged. After applying the
current for longer than 5 minutes, higher total and graphitic carbon concentrations, were
detected in the region R1 than in the region R2. Overall, the content of graphitic carbon,
Gc in the region R1 increases linearly as a function of reaction time, t,, while the content
of graphitic carbon, G¢ from region R2 did not change significantly (Fig. 5.2a)),
indicating that the current attracts the carbon towards the electrode. The carbon, then,
crystallizes under the high current density and incorporates in the metal matrix upon
solidification.

The average crystallite size, La, of carbon measured from samples collected in region R1

increases as a linear function of t; (Fig. 5.2 b) and Table 1). However, L, determined from
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region R2 is similar to that of activated carbon (~10 nm) regardless of t; demonstrating
that temperature alone is not enough to induce crystallization of the carbon. The 2D peak
is indicative of crystallinity of the graphitic structures. In order to exclude variations in
absolute intensity from one Raman session to the next, we use the ratio of the integrated
intensities of the 2D peak and G peak to represent the intensity of 2D peak in the
samples. As shown in Fig 5.2 c), l2p/lc =0 in region R1 of sample C1 for which the
current was applied for only 2 minutes, since there is no 2D peak observed in region R1.
Starting from t,= 5 minutes, a 2D peak appeared in the Raman spectra, (Fig. 5.2 c)) which
indicates that carbon starts to crystallize into more ordered graphitic structures within the
samples. The lop/lg ratio remains fairly constant for t. >5 min. This ratio is approximately
one indicating that the graphitic structures contain more than one graphene layers. [105]
While in region R2 for all samples, there is no 2D peak present in the Raman spectra; i.e.,
the carbon remains as activated carbon in region R2 independent of t;. Thus l2p/lc =0 in
those samples. The G peak position of samples extracted in region R1 shifts from 1588
cm™to 1580 cm™ as t, increases from 2 minutes to 30 minutes. In contrast, the G peak
positions of samples from region R2 remain in the range of 1590 to 1600 cm™, the same
as for activated carbon. This result is in agreement with Ferrari’s stage 2 of a three-stage
model where the carbon transitions from amorphous carbon to nano-crystalline graphite;
namely, the crystallite size of carbon increases and the G peak position shifts from ~1600
cm™ to 1580 cm™.[107, 111] During too short processing time, tr, the activated carbon
does not have sufficient time to rearrange into nano-crystalline graphitic structures. Only
longer exposure to current density above 100A/cm? in the region R1 gives rise to

crystallite growth and the formation of ordered nano-crystalline graphitic carbon in the
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metal matrix. For the carbon in the region R1, and t>10 minutes, the average crystallite
size becomes larger than that of activated carbon, the G peak position blue-shifts from
1590 to 1580 cm™, and the 2D peak appears in the Raman spectra. Thus, for the tapered
graphite cathode and an applied current of 100A, the minimum reaction time, t to
crystallize activated carbon to nano-crystalline graphitic carbon is 10 minutes. It follows

that longer exposure to the current density = 100 A/cm? gives rise to crystallite growth

and the formation of more ordered nano-crystalline graphitic carbon in the metal matrix.

Table 5. 1 Summary of different fabrication conditions and XPS and Raman results for

samples C1-C6

Reaction

Sample  Current Time Sample  Crystallite Size, Lo/le G peak Position
Number (A rr (ming) ___POsttion e (o) e
c1 100 A 2 mins E; g:i i i;i 8 igggé i g:g
] 6+3. .96£0. 2%
C2 100 A 5 mins E; 17966i 330 0% 0 - Eggi + Z,Z
. + * t
c3 100 A 10 mins 2; 17?'52 N :'17 0'9750'37 12352 + i:g
_ + 96 +0. 5+6.
C4 100 A 15 mins E; 22:2 + 1%5 ° 9660 " i:gig + ?i
_ + .06+0. NENS
C5 100 A 30 mins E; 36132 + (1)694 ' 0660 % ig;gg + Z,i
6 150 A 15 min E; 3%:2 i 1.12'9 1'15§0'31 iﬁ;ﬁf i i:é
(Continued)
Sample Current R.??f;i}on Sample Graphitic Total C, Graphitic C,
Number QY I, (min,s) Position _ Fraction, G% Cr %) S
c1 100 A 2 mins E; 158;? 8:2 i 8:1 o%é i 8:853
c2  w0A  smns R K 07201 00240004
c3 100A  10mins i o orio 00220001
c4 100A  15mins 2; 816;? ég i 8:? o.oldg i 8:c2>01
cs 100A  30mins i Yo 07202 001 2.0.008
0, + +
Cé 150 A 15 min E; 915fyf) 3:3 + g:i 0.05%31_ 00.62004
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Figure 5. 2 Effect of reaction time on graphitic carbon content (Gc), carbon crystallite
size (La) and I2p/ I ratio. a) The graphitic carbon concentration in the region R1 increases
as a function of reaction time, varying linearly with reaction time, while the graphitic
carbon content from region R2 did not change with reaction time. b) The crystallite size
of carbon in the region R1 increases with reaction time, varying linearly with reaction
time, while the crystallite size of carbon in the region R2 is always similar to the value
for activated carbon, independent of reaction time. ¢) The I.p/ I shows the value from

the region R1 of samples C2-C6, indicating crystallinity of carbon in this region of the
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samples. While in samples from region R2 and C1, there is no 2D peak presented in

Raman spectrum, thus l2p/ I =0.

5.2.2 Effect of reaction volume V;

To estimate V, Raman scattering was performed on five specimens cut from sample C4
(samples C4 a-e) as illustrated in Fig.5.3 a). The width of each sample was ~1cm. The
results are collected in Table 5.2. As the table shows at distances from 0.5 cm to 4.5 cm
from the electrode, the G peak positions shift to higher wavenumber and the crystallite
size of carbon decreases profoundly. Only sample C4-a, closest to the electrode, presents
larger crystallite size than that of activated carbon, while samples C4 b-e all have similar
crystallite size to that of activated carbon. Similarly, only the G peak position of carbon
in sample C4-a equals that of graphite; the G peak positions of the other samples are all
similar to activated carbon. As indicated in Table 5.2, G% decreases as the sample is
farther away from the electrode. As shown in Fig. 5.3 b), the current density in the region
within 0.4 cm of the electrode (sample C4-a) is above 100A/cm?, which facilitates
crystallization of the carbon into nano-crystalline graphitic structures. Beyond 0.4 cm
from the electrode, the current density drops below the critical current density for
crystallization and the carbon remains as activated carbon. [112] We define V,as the
volume of the sample exposed to a current density above 100A/cm? where there is
significant increase of the nano-carbon crystallite size. Hence, the current density
distribution simulated by COMSOL bestows V. for different geometries of the cathode.
For the tapered graphite cathode, and 100A applied current, V. for covetics conversion

corresponds to a hemisphere of 0.4-cm radius around the electrode. In order to complete
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the conversion from activated carbon to nano-crystalline graphite, the activated carbon

should reside within V..
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Figure 5. 3 Schematics of samples for reaction volume investigation. a) Top; the graphite
electrode was kept stationary at the center of the crucible for the duration of the reaction.
Bottom; samples a-e were taken in steps of 1 cm from 0.5 cm to 4.5 cm away from the
electrode. The width of each sample is 1 cm. b) Current density distribution in sample C4
with application of 100A. The critical current density is localized in a 4mm-radius
hemisphere around the tip of the electrode. The current density beyond this region
decreases abruptly. ¢) Current density distribution in sample C6 with application of
150A. The region of critical current density extends to a proportionally wider range

compared with the reaction volume in sample C4 for 100 A current.
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Table 5. 2 Summary of conditions and Raman and XPS results for sample C4 a-e

sample Crystallite Graphitic C G peak 2D peak Current density
Num%er Sample Position Size, La(nm, Fraction, Position Position (Alcm?, left to
average) G% (cm™) (cm™) right)
Ca-a  Avoundelectiode 5, 405 86 % 15795+6.2 27025+9.4 3102 5100
(0> 05cm)
) 1 cm away o
C4-b (055 1.5 cm) 73+16 7% 1591.5+5.5 N/A 100 > 11
) 2 cm away o
C4-c (15> 2.5 cm) 7210 0.5% 1591.3+6.2 N/A 11->55
) 3 cm away o
C4-d (25 > 35 cm) 75+13 25% 15949 +6.3 N/A 55->3.0
) 4 cm away o
C4-e (355 45 cm) 6.5+1.0 1% 15945+7.1 N/A 3.0~>14

Table 5. 3 Summary of conditions and Raman and XPS results for samples C6 a-e

Sample Crystallite  Graphitic C G peak 2D peak Current density
NumFt;er Sample Position Size (nm, Fraction, Position Position (Alcm?, left to
average) G% (cm™) (cm™) right)
Around electrode 0
C6-a (0 05 cm) 31.6+11.9 95 % 1579.2+3.7 2706.0+9.6 4666 > 175
) 1 cm away 0
C6-b (0.5 1.5 cm) 132+7.38 25% 15796 £8.6 2702.2+238 175> 16
2 cm away
C6-c (1.5 2.5 cm) 84+1.2 4% 15925+ 3.4 N/A 16 > 8.2
) 3 cm away 0
Cé-d (2.5 3.5 cm) 80+£13 4% 1591.7+7.3 N/A 82->46
) 4 cm away 0
Cé6-e (3.5 4.5 cm) 79+13 1% 1592.1+4.6 N/A 46> 20

5.2.3 Effects of current density

Sample C6 was prepared with the same t,=15 min as sample C4 but with a higher current
of 150A. Five samples C6 a-e were obtained similar to samples C4 a-e in order to
investigate the effect of current density on carbon crystallization and integration. The
analysis of the Raman spectra are collected in Table 5.3. In sample C6-a, La in the region
closest to the electrode is 31.6 = 11.9 nm, which is much larger than La in sample C4-a
(20.2 £ 10.5nm) at 100A for t,=15 minutes. In sample C6-a, Gc= 2.3 = 0.2 wt.%, which is

more than the G¢ in sample C4-a (Gc=1.0 + 0.2 wt.%) as shown in Fig. 5.2 a). As
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indicated in Table 5.3, the carbon found in the region 1.5 cm away from the electrode
(sample C6-b) still reveals growth of nano-crystalline carbon and a higher G% than in
sample C4-b. t, for both samples C4 and C6 was the same, but the current applied in
sample C6 was higher than the current applied in sample C4. As shown in Fig. 5.3 ¢),
both maximum current density and V: in sample C6 are larger than in sample C4 (Fig. 5.3
b)).

Furthermore, sample C5 was prepared with lower current (L00A) but two times longer t;
than sample C6. L4 in the region R1 in sample C6, for 150A and t;=15min, is
approximately the same as La in the region R1 in sample C5 for 100A and t,=30 minutes
(see Fig. 5.2 b)). Also, Fig. 5.2 a) indicates that in the region R1 of sample C6 has more
graphitic carbon than the same region in sample C4. Thus, applying higher current
increases the current density, consequently V; also increases so that the covetics
conversion process takes place in a larger volume, producing more graphitic carbon

structures with larger crystallite size that integrate with the metal matrix in a shorter t;.

5.3 Factors that contribute to improved electrical conductivity

We propose that it is the nano-crystalline graphitic carbon formed in covetics that
contribute to improved electrical conductivity. The results presented in section 5.2
indicate that to complete the covetics conversion process, the activated carbon particles
need to be exposed to a critical current density for sufficient time. Samples D1-D9 were
prepared to investigate the factors that enhance the electrical conductivity of covetics.
Details of the fabrication conditions are described in chapter 3 section 3.4. Raman, XPS

and electrical conductivity measurements were performed on all the samples; the results
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are listed in Table 5.4. The total charge, nanocarbon crystallite size and graphitic carbon
content were estimated to investigate their effect on the electrical conductivity for

samples made with different electrodes as summarized in Fig. 5.4.

5.3.1 Effect of crystallite size of carbon on the conductivity of covetics

Figure 5.3 a) presents the correlation between electrical conductivity and nano-carbon
crystallite size, La. As discussed in section 5.2, the increase of carbon crystallite size
corresponds to the transition from amorphous activated carbon to nano-crystalline
graphitic carbon. The larger crystallite size of carbon indicates an increasingly ordered
network of nano-crystalline graphite. The corresponding G peak positions of samples D1-
D5 in Table 5.4, are all similar to that of graphite confirming the presence of nano-
crystalline graphite in all the samples. The correlation revealed in Fig. 5.3 a)
demonstrates that nano-crystalline graphite formed during the conversion process gives
rise to improvement in electrical conductivity of covetics compared to the control sample.
Also, larger crystallite size correlates with higher electrical conductivity. Thus, it is
important to incorporate nano-crystalline graphite with large crystallite size in the matrix

of the metal to enhance electrical conductivity of covetics.

5.3.2 Effect of Al-C interface in covetics

The discussion above demonstrates that larger crystallite size of nano-crystalline graphite
enhances the electrical conductivity. In order to achieve larger crystallite size of carbon in
covetics, we used graphite powder as carbon precursor to make samples D6 and D7. The
graphite powder used in sample D6 has particle size of 45 um, and the one used in

sample D7 has particle size of 0.2-5 pm. The Raman spectra indicated a nanocarbon
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crystallite size of 77.3 £ 27.4 nm in sample D6 and 31.1 + 15.9 nm in sample D7 after
undergoing the covetics conversion process. Both samples showed much larger crystallite
size than the crystallite sizes of samples made from activated carbon. However, the
electrical conductivity of sample D6 was only 3.43 x10” S/m, which is lower than the
ones of samples D1-D5. The electrical conductivity of sample D7 was 3.52 x107 S/m,
which is still lower than that of samples D1 and D4.

It is known that doped multilayer graphene with metal contacts results in an increase in
carrier density in nano graphitic structures and the doping is restricted to the two layers of
graphene in epitaxial contact with the metal. Additional graphite layers do not contribute
to the conductivity enhancement.[121] The covetics conversion process creates interfaces
between Al and nano-carbon which provide n-type doping of graphene.[122] We
conclude that the doping effect improves the electrical conductivity of covetics.

However, in sample D6 and D7, the graphite powder has many layers of nano-crystalline
carbon, but only the two layers at the top and bottom contribute to enhancing electrical
conductivity even though the carbon crystallite size, La, is much larger than for activated
carbon. Therefore, it is essential to form substantial interfaces between nano-crystalline
graphite and the Al matrix in addition to increasing La to improve the electrical

conductivity of covetics.

5.3.3 Effect of carbon content in covetics
Fig. 5.3 b) shows that the electrical conductivity depends linearly on the graphitic carbon
concentration, Gc in addition to La. Although the crystallite size of the nano-carbon in

sample D5 (La=29.5 +15.2 nm) is larger than those in samples D1 (La=21.6 +12.0

nm) and D4 (La=19.048.8 nm), the electrical conductivity is lower for sample D5 than
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for samples D1 and D4 because Gc is lower in sample D5 (Gc = 2.7 wt%) compared to
3.6 and 3.5 wt.% for samples D1 and D4, respectively. This observation reveals that the
conductivity not only depends on the crystallite size of the nano-carbon, but also relies on
the concentration of nano-crystalline graphite present in the metal. Thus, it is necessary to

incorporate sufficient nano-crystalline carb
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Figure 5. 4 Enhanced electrical conductivity of covetics.

Enhanced electrical conductivity of covetics is positively correlated with the nano-carbon
crystallite size (La), concentration of graphitic carbon (Gc)and the total charge imparted
during the reaction. a) The electrical conductivity of covetics as a function of nano-

carbon crystallite size, La. The larger crystallite size of carbon gives rise to higher
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electrical conductivity of covetics. The outlier in this figure for La=30 nm, is due to lower
converted carbon in the sample. b) Electrical conductivity as function of graphitic carbon
content, Ge. Higher graphitic carbon in covetics results in higher electrical conductivity
due to more graphitic structures and Al-C interfaces in the sample. ¢) The electrical

conductivity of covetics as function of total charge, Qr = It, infused during the reaction.

Table 5. 4 Summary of XPS, Raman and electrical conductivity results of samples D1-

D9
. . Nano-C . .
Sample Total C, Graphl_tlc C  Graphitic G P_e_ak Crvstallite Electrlt_:a_l Electrl_ca_l
p Y
Number Cr Fraction, Carbon, Position Size La Conductivity ~ Conductivity
(wt.%) G% Gc (wt.%) (cm) (nn‘w) (x107, S/m) (% IACS)
D1 4.0+0.2 90 % 3.6+0.2 1580.3+25 21.6+12.0 3.57 £0.02 61.8£ 0.7
D2 22%03 41 % 09+0.1 1582.8 0.9 105+3.2 3.43 £0.02 59.2 £0.7
D3 25+0.6 53 % 1.3+0.3 1580.8+4.1 16.6+11.7 3.45+0.02 59.8+ 0.7
D4 44+0.2 80 % 35+0.1 1579.5+3.4 19.0+8.8 3.55+£0.02 61.3+£0.7
D5 29101 95 % 27+0.1 1579.8+2.1 295%15.2 3.49 £ 0.02 60.3+ 0.7
D6 9.1+£0.7 N/A 9.1+£0.7 15805+15 773274 3.43+£0.02 59.0+0.7
D7 N/A N/A N/A 1580.2+2.3 31.1%+159 3.52 +0.02 60.74 £ 0.7
D8 N/A N/A N/A N/A N/A 3.36 £0.02 58.4+£0.7
D9 N/A N/A N/A N/A N/A 3.39+£0.02 58.6 £ 0.7

5.4 Discussion

We propose that there are two important factors that give rise to improved electrical
conductivity in covetics. First, graphene or graphitic structures with sp? bonding should
be present in the form of nano-carbon graphitic networks with few impurities and defects,
in order to preserve the intrinsically high charge carrier mobility of these nanostructures.
Second, large number of interfaces between Al and C should exist in the composite
which give rise to electron donation from Al to the nano-crystalline graphite and

improvement of the electrical conductivity of the composite.
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As shown in Fig. 5.4 a), the positive correlation between electrical conductivity and
nano-carbon crystallite size, La indicates that larger crystallite size of carbon is needed in
order to preserve the high electron mobility of graphitic structures, for instance by
minimizing the concentration of scattering sites.

Fig. 5.4 b) demonstrates that the electrical conductivity also increases as more graphitic
carbon, Gc is incorporated in the metal matrix. Higher concentration of graphitic carbon
results in more nano-crystalline graphite integration in the Al matrix and more interfaces
between Al and C, both of which proved essential for improving electrical conductivity.
Our studies indicate that both longer reaction time, t; and higher current density induce
larger nanocarbon crystallite size incorporation in the matrix of the metal during the EAP
of covetics. Larger reaction volume, V, increases the likelihood of carbon being
converted to nano-crystalline graphitic carbon and reduces the reaction time, t; to
complete the conversion process as well. The latter is valuable for cost-effectiveness of
the process of covetics at industrial manufacturing levels.

The enhancement of the electrical conductivity of covetics depends critically on the
covetics conversion process to create a network of nano-crystalline graphite with
adequate interfaces between Al and C in the metal matrix that extends throughout the
sample. This can be achieved through the application of a high current density (> 100
Alcm?), over a large reaction volume V for sufficient reaction time tr. The five samples
depicted in Fig. 5.4 c) show an increase in electrical conductivity compared to the
reference (pure Al 1350) sample as a function of total charge imparted during the
reaction. Longer reaction time allows activated carbon to rearrange into more ordered

graphitic structures with larger crystallite size. A higher applied current produces larger
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reaction volume receiving higher current density which facilitates the growth of nano-
crystalline graphitic structures over a larger area.

Conductivity enhancements depend on the nature of the starting materials used to
fabricate the covetics. Using 45 um graphite particles (sample D6) with an average nano-
carbon crystallite size of 200 to 400 nm (instead of 100 nm particles with La~10 nm)
induced a decrease of the conductivity. We observed that in this case the EAP process
reduced the crystallite size to 80nm. Since it is known that only the top two layers
adjacent to the metal contribute to the enhancement [121] the additional layers for thicker
graphite particles will not receive electrons from the metal and would in turn decrease the
conductivity. It is still possible that graphite powder can be used as the source of carbon
in covetics. However, the parameters controlling the incorporation of graphite powder
into covetics would need to be reinvestigated.

The enhancement of the electrical conductivity in covetics is inconsistent with the rule of
mixtures based on non-interactive components. This rule approximates the conductivity
of a composite, ac, as a volume-weighted average of the conductivities of the matrix (o)
and its aligned uniaxial inclusions (ay). Under this model, the conductivity should lie
between the lower bound set by the loading (i.e., the applied voltage) transverse to the
orientation of the inclusions (Reuss model[123]) and the upper bound set by the case
where the loading is applied along the inclusion axis (Voigt model[124]). This is

described by
f 1-fi-1
(—+ a—) Ko, Lfor +(1—f)oy (5.1)

of

where f'is the volume fraction of the inclusion.
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The electrical conductivity of Al 1350 is about 3.8x10” S/m.[125] This value is larger
than conductivities reported for graphitic structures such as pure graphite (2x10° S/m,
[126]) or even suspended graphene (~2.2x107S/m, [16]). Therefore, o. is expected to
always be smaller than o, for any volume fraction of carbon f greater than zero, as long
as the assumptions implied by the rule of mixtures are valid — chiefly that the inclusions
and the matrix are non-interacting. This assumption appears not to be valid for covetics
because several samples showed conductivity enhancement.

The electrical conductivity enhancement we observe can be qualitatively interpreted if
the graphitic structures created by the EAP introduce graphene into the Al matric. When
nano-crystalline graphitic structures are in good ohmic contact with the Al matrix,
electrons transfer from Al to the graphitic structures to equilibrate the Fermi level, since
the work function of Al is higher than that of graphene. [122] Thus, the electron density
at the interfaces between the graphitic structures and Al increases. Together with the
intrinsically high electron mobility of graphitic structures (2x10° cm?/Vs for graphene
[16]), the electrical conductivity of bulk covetics increases. The fabrication condition of
sample D1 represents the optimum combination of all three factors which produced the
best electrical conductivity among all the samples. These conditions formed a network of
extended graphitic structures inside the liquid Al with sufficiently high quality to
maintain a high electron mobility to improve the overall conductivity of the composite. In
addition, the nano-crystalline graphitic structures are homogenously dispersed inside the
sample and possess good electrical contact with the metal host. Nevertheless, an atomic-
scale theoretical study is necessary to confirm the role of graphitic nanostructures on the

electrical conductivity of Al-C composites made by EAP.
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The one-step EAP method can avoid introducing defects and contaminants in the
composite, which make it more suitable for large scale production and processing. Wang,
et.al., reported 4% enhancement in the electrical conductivity and 44% improvement in
the hardness of Al-graphene composites with addition of 0.5 wt.% graphene. However,
both electrical conductivity and hardness decreased when carbon concentration increased
beyond 0.5 wt.% due to agglomeration of the graphene at grain boundaries.[61] In our
work, covetics with addition of 4 wt.% carbon to Al 1350 demonstrated simultaneous
improvement of 5.7% in the electrical conductivity and 8.2% in hardness compared to the
pure Al 1350 alloy. The carbon in covetics is homogeneously distributed in the Al matrix
with less agglomeration, at least on the centimeter scale, confirmed by Raman
spectroscopy. These improvements reflect enhancement of the electrical conductivity
above other composites made by techniques, such as ball milling[61] and friction stir
processing[62], which indicate that EAP is a viable fabrication method to produce Al-C
composites with better electrical conductivity.

The interface quality between the Al matrix and incorporated C nanostructures is
especially significant to conductivity enhancement in covetics. Increases in electrical
resistance at these interfaces diminish the conductivity enhancement of the bulk
composite. To investigate this interface in detail, a TEM specimen was prepared from
sample D1 using ion milling to provide a larger area that is more representative of the
overall sample. It revealed regions containing Al and graphitic structures that were
qualitatively similar; one such region is shown in Fig. 5.5. The high angle annular dark
field (HAADF) STEM image in Fig. 5.5 a) suggests a band between the Al matrix and

incorporated C which is composed of C, interfacial aluminum oxide, followed by pure Al
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matrix (Fig. 5.5 c)) proceeding from left (spectrum 1) to right (spectrum 3) in Fig. 5.5a),
respectively. The 200 nm wide O- rich region will have a locally detrimental effect on
electrical conductivity between Al and incorporated C by preventing the C phase from
carrying current and contributing to conductivity enhancement.[122] It is important to
note that, again, no evidence for aluminum carbide was seen in covetics, either by TEM,
XRD, or Raman spectroscopy. The presence of oxides in this sample suggests that further

conductivity enhancement will be possible in covetics, if oxygen can be eliminated from

the system during fabrication.

e e N o |

: 3 ‘ 1: C-rich
02 04 06 08 10 12 14 16 1.8
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Figure 5. 5 Analysis of Al-C interfaces by (S)TEM and energy-dispersive X-ray
spectroscopy (EDS).

a) HAADF-STEM image (Z-contrast) showing a band of higher atomic-mass component
between Al and C. b) Diffraction pattern from the area shown in a), with a diffraction
pattern of spots corresponding to the Al (110) plane. ¢) Selected spectra from EDS line
scan across the interfaces (white line in a)), spaced 200 nm apart. From bottom to top: 1)
C-rich phase also containing Al is present, followed by 2) an oxygen-rich phase (likely
aluminum oxide), 3) pure Al matrix. Data obtain by Chris Klingshirn at the University of

Maryland.
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5.5 Mechanical Properties

In addition to electrical conductivity of covetics, the mechanical properties of the samples
were also investigated to explore the role of carbon in covetics. Figure 5.6 shows the
results of hardness and indentation elastic modulus performed on the samples; the
reported data are the average of approximately 50 measurements taken from multiple
regions from each sample. In sample B1 with 1.2 wt. % carbon (as measured by XPS) an
almost 35% increase in local stiffness is observed compared to the Al 6061 control
sample. It is expected that the incorporation of carbon and formation of graphitic
structures contribute to the improved stiffness. However, the hardness of sample B1
significantly decreased. On the other hand, sample B2 with 0.87 wt. % carbon (as
indicated by XPS) demonstrated increases in both local elastic modulus and hardness
compared to a reference Al 1350 parent alloy. A possible cause for the noted mechanical
property enhancements is the nanoscale interaction between the Al lattice and carbon
reinforcements. With Al-C bonding at the interface, mechanical load is easily transferred
to the stiffer carbon nanostructures, thereby resulting in a higher indentation modulus.
However, the unique alloy compositions, Al 1350 and Al 6061, are expected to behave
differently during processing and solidification, independent of the presence of a
nanocarbon phase. As noted earlier, sample B1 experienced a reduction in grain size over
the parent material, which is consistent with previous studies on metal-matrix composites
containing nanocarbon where the reinforcement structures pin grain boundaries and
inhibit grain growth [34]. As grain size decreases, hardness and yield strength could
potentially increase due to the Hall-Petch effect, which could be an alternative

explanation for the mechanical strength seen in the Al 1350 covetic samples.[127]
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Observed decreases in hardness in the Al 6061 covetic sample is consistent with the
results of Liao [34], who noted that carbon nanostructures tended to agglomerate above
certain concentrations, leading to increased defect concentrations. As evidenced by these
varying mechanical results, covetic microstructures warrant further investigation to
quantify the interplay between the Al matrix and carbon reinforcements to separate grain

size effects from interfacial contributions.
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Figure 5. 6 Summary of local mechanical tests as determined through instrumented
indentation.

Data are plotted with respect to tests on the control Al6061 (shaded) and Al1350 samples
(solid), respectively.[112] Data obtained by Dr. Dan Cole at the Army Research

Laboratory, Aberdeen Proving Ground, MD

The hardness of samples D1-D9 was examined using indentation to explore the role of
carbon on the mechanical properties of covetics. Data were collected from each sample in
five positions along the length and on both sides of the samples to get an average value.
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The hardness of samples D1 and D8 are 219.87 +7.64 MPa, and 203.20+12.22 MPa,

respectively, representing 8.2% enhancement of the covetic compared to the reference
sample. This enhancement is a consequence of the incorporation of graphitic structures in

the Al matrix and the resulting stress fields hindering the dislocation motion.[61]

5.6 Conclusion

In summary, we successfully fabricated Al 1350 nano-carbon metal composites called
covetics with 5.7 % enhanced electrical conductivity and 8.2 % improved hardness
compared to the base aluminum alloy. The improved electrical and mechanical properties
are attributed to high quality interfaces between Al and nano-crystalline graphitic
structures in the composite. Our results highlight the fabrication conditions to form
crystalline graphitic nano-carbon by EAP featuring a tapered graphite cathode: high
current with density above 100 A/cm? and a reaction time t, of 10 minutes or longer.
Processing under these conditions will create a sufficient number of interfaces between
Al and the nano-graphitic structures, which in turn give rise to improved electrical
conductivity of the composite. The composites showed some formation of aluminum
oxide which is expected to be detrimental to the overall conductivity. Thus,
improvements in processing methods to prevent oxygen incorporation should give rise to
further increase in the conductivity of these materials. Al 1350 covetics with excellent
electrical and mechanical performance could potentially replace Cu with Al alloys and/or
other metals in many applications. More broadly, the fabrication methods described in

this thesis can be applied to other metal and metal alloy systems.
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Chapter 6: Conclusions

6.1 Summary

In this study, we have introduced Aluminum covetics, the materials that incorporate
nano-crystalline graphite into Al metal matrix. We have designed a novel one-step
electro-charging assisted fabrication method to integrate carbon with aluminum alloys by
the application of a high electric current to molten Al metal containing particles of
activated carbon at high temperature and under Ar atmosphere. A separate mechanical
stirrer was installed in the setup in order to distribute the carbon more homogeneously in
the metal matrix.

The incorporation of C results in modulation of Al lattice as observed in HRTEM.
Electron diffraction from these regions shows a unique pattern, with Al and satellite
spots, which correspond to regions with high carbon content. The < 1010 > interplanar
distances derived from the weak spots increases by 11.9% compared to the interplanar
distance in the basal plane of graphite. The C-K edge spectrum in EELS indicates
network of graphitic structures in the regions with satellite spots in the diffraction pattern.
XRD results indicate the reduction in lattice constant of the Al host in covetics samples.
The reduction in the lattice constant may be introduced by the strain resulting from the
lattice mismatch observed between C-C distance in bulk graphite and in the Al host of
covetics and suggests that the incorporation of carbon results in a slight contraction of the
lattice. The EBSD and XRD both confirm that the incorporation of C also confines the
growth of Al grain size in covetic samples compared with the parent metals. XPS shows a

C-1s peak within the bulk which is comprised of sp? and some sp® bonding. XPS depth
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profiling determines up to 4 wt. % of C in Al covetics, while there is little carbon in the
reference Al sample from contamination. Raman spectra of Al covetics presents sharp
and strong G, D and 2D peaks that are consistent with those of graphitic materials. In
contrast, the Raman spectra from the reference Al6061 does not show any peak associate
with carbon in the analyzed region. All the characterization results confirm that the
network of nano-crystalline graphite integrated with the Al host.

We propose that there are two steps in the covetics conversion process: 1. ionization and
2. electro-migration of carbon ions. The applied current ionizes the carbon atoms in the
activated carbon particles. The high current density generated by the current near the tip
of the electrode attracts the charged ions, so that the incorporation takes place
preferentially around the electrode. The charged carbon ions become very reactive and
bond to each other, polymerize, and finally form nano chains and ribbons of graphitic
carbon. Also, some of the carbon atoms react and bond with metal ions acting as
nucleation sites for the growth of the carbon nanoribbons and the formation of the covetic
structure. In addition, the Al-C bonding shown in the EELS data agrees with previous
DFT simulations which indicate that the bonding between C and Al at the edges of
graphene ribbons and at C vacancies has a covalent character.

The Al covetics fabricated in our lab demonstrate improved electrical conductivity. We
propose that there are two factors contributing to higher electrical conductivity. First, the
nano crystalline graphitic structures form a network with few impurities and defects,
which could guarantee the intrinsically high mobility of graphene. Second, substantial
interfaces between Al and C should exist in the matrix, so that electrons can be donated

from Al to the nano-crystalline graphite and improve the electrical properties of of the
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composite. These results highlight the importance of the current density, the reaction time
and the reaction volume in fabrication condition. Higher applied current density, larger
reaction volume and longer reaction time gives rise to more complete covetics conversion
and the formation of more interfaces between Al and nano-graphitic structures, which
results in higher electrical conductivity of covetics. The Al1350 covetics with excellent
electrical performance, bring about prosperous applications to replacing Al alloys that are

widely used for conducting wires/cables in many fields.

6.2 Future Work

Future investigations of Al covetic samples involve improving the homogeneity of bulk
materials. As indicated in XPS depth profile, in some sample, there are up to 4 wt.%
carbon locally, but we only add 3 wt.% carbon in the sample, which indicates that the
carbon distribution is not uniform in the sample. Sometimes, less carbon content (<
3wt. %) is measured in the sample, which means not all the carbons are incorporated in
the metal. Meanwhile, the air trapped in the molten Al introduces some voids in the
sample, making the structure not solid and uniform. The voids and non-uniformity of
carbon distribution affect the sample’s properties, which prevent them from being
adopted for practical applications. An ultrasonic stirrer can remove the bubbles in the
liquid Al and distribute the carbon particles more uniformly in the sample. Also, although
our current process was performed under Ar atmosphere, the reactor still has an opening
to the air for installation of mechanical stirrer and insertion of the cathode electrode by
the robotic arm. The opening in the reactor could introduce oxygen into the sample and
consume carbon particles due to oxidation, which negatively affect the electrical

conductivity of covetics. Thus, an enclosed environment for the reactor can effectively
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prevent the oxygen from the sample and maintain the carbon in the reaction. By
upgrading the fabrication methods, the electrical conductivity of covetics is expected to
be further improved.

In this thesis, the experimental results have supported the hypothesis that the nano-
crystalline graphite in the Al/C interface system contributes to a higher electrical
conductivity of covetics. To further investigate the mechanism of improved electrical
conductivity, we can perform density function theory (DFT) studies to investigate the
role of nano-crystalline graphite in covetics. DFT studies can calculate Fermi energy
upward shift from the Dirac point due to electron doping from Al to nano-crystalline
graphite, which in turn can be used to estimate how much the electrical conductivity of
covetics can be enhanced. The fundamental calculations can confirm the experimental
observations and support the hypothesis of mechanism of improved electrical
conductivity of covetics.

One of the applications of Al covetics is the fabrication of metal interconnects on
semiconductor substrates by vacuum deposition methods that convert bulk covetics into
thin films, including sputtering and pulsed laser deposition (PLD). More fundamentally,
from the study of process parameter which is favorable for covetics transfer, we can
obtain information about the bonding nature at the Al-C interface, the stability of this
metastable form of matter and the mechanism of improved properties of covetics. Further
characterization studies also can be performed on the thin films of covetics, including
optical effects, magnetoelectric effects and compatibility with flexible electronics.
Additionally, in-situ formation of covetics during thin film deposition provides an

alternative way to fabricate covetics.
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The fabrication method of Al covetics that were developed in this thesis should be
universal for other metals and metal alloy systems, such as Cu, steel and Ag, which may
have implications for a variety of civilian and defense applications. In general, this novel
method of fabricating covetics provides a strategy to for nanocomposites of metals or
metal alloys with advanced nano-carbon for improved energy efficiency. And this one-
step method does not require complicated steps, tedious fabrication time and expensive
additional equipment, which is readily to be adopted for scaling up for manufacturing and

commercializing of covetcis.
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