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Carbon structures are commonly used as the reinforcement phase in composite materials to
improve the electrical, mechanical, and/or thermal properties of the matrix material. The
structural diversity of carbon in its various forms (graphene, carbon nanotubes, graphite fibers,
for example) makes it a useful reinforcement phase, as the properties of the composite material
can be tailored for a specific application depending on the structure and properties of the carbon
structure used. In this work, the incorporation of graphene/graphitic carbon into an aluminum
metal matrix by an electrocharging assisted process (EAP) was investigated to create a
composite material with enhanced electrical conductivity and yield strength. The increased
electrical conductivity makes the composite suitable for application in more efficient power
transmission lines. The increased strength makes it useful as a lightweight structural material in

aerospace applications. The EAP involves applying a direct current to a mixture of molten



aluminum and activated carbon to induce the crystallization of graphitic sheets/ribbons that
extend throughout the matrix. The effect of processing conditions (current density, in particular)
on the graphitic carbon structure, electrical properties, and mechanical properties of the
composite material was investigated. The effect of porosity/voids and oxide formation was
discussed with respect to the measured properties, and updates to the EAP system were made to
mitigate their detrimental effects. It was found that the application of current results in some
increase in graphitic carbon crystallite size calculated from Raman spectra, but many areas show
the same crystallite size as the activated carbon starting material. It is likely that the current
density used during processing was too low to see significant crystallization of graphitic carbon.
There was no increase in electrical conductivity compared to a baseline sample with no added
carbon, most likely due to porosity/voids in the samples. The mechanical characterization results
indicated that the graphitic carbon clusters formed by the process did not act as an effective
reinforcement phase, with no improvement in hardness and a decrease in elastic modulus
measured by nanoindentation. The decreased elastic modulus was a result of compliant carbon
clusters and porosity in the covetic samples. The porosity/voids were not entirely eliminated by
the updates to the system, thus the electrical conductivity still did not improve.

Additionally, a multifunctional composite structure consisting of a carbon-fiber reinforced
polymer (CFRP) laminate with added copper mesh layers was investigated for use in aerospace
applications as a structural and electromagnetic interference (EMI) shielding component. The
CFRP provides primarily a structural function, while the copper mesh layers were added to
increase EMI shielding effectiveness (SE). Nanoindentation was used to study the interfacial
mechanical properties of the fiber/polymer and Cu/polymer interfaces, as the interfacial strength

dictates the overall mechanical performance of the composite. Further, a finite element model of



EMI SE was made to predict SE in the radiofrequency to microwave range for different
geometry and configurations of the multifunctional composite structure. The model was used to
help determine the optimum design of the multifunctional composite structure for effective
shielding of EM radiation. It was found from nanoindentation near the fiber/polymer and
Cu/polymer interfaces that the carbon fibers act as an effective reinforcement phase with
hardness in the matrix increasing in the interphase region near the carbon fibers due to strong
interfacial adhesion. In contrast, the Cu/polymer interface did not exhibit an increase in hardness,
indicating poor interfacial adhesion. The EMI SE model indicated that the combination of CFRP
layers, which primarily shields EMI by absorption, and Cu mesh, which predominantly shields
by reflection, provided adequate SE over a wider frequency range than the individual
components alone. Further, it was found that the SE of the CFRP layers were improved by

including multiple plies with different relative fiber orientations.
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Chapter 1: Introduction

1.1. Composite Materials with Carbon Nanostructure Fillers

Carbon nanostructures such as graphene and carbon nanotubes (CNTs) have superior
electrical, thermal, and mechanical properties that make them excellent candidates for
reinforcement phases in composite materials. Graphene has been shown to have a high electron
mobility of 20 m?*/Vs at room temperature '. Graphene also has an extremely high intrinsic
strength of 130 GPa and elastic modulus of 1 TPa, which is notable for its balance of high
strength and ductility *. For carbon nanotubes, the electrical properties can vary depending on
structure and chirality (they can be metallic or semiconducting), but they possess similar high
strength and elasticity to graphene with ~100 GPa strength and ~1 TPa elastic modulus °.
Graphene, CNTs and other graphitic carbon have all been studied as reinforcement phases in
polymer, ceramic, and metal matrix composites (MMCs) to improve electrical, thermal and
mechanical properties®’. One system of interest is the incorporation of carbon nanostructures
into high conductivity metals, such as copper or aluminum, that are used for electrical
applications such as power generation and transmission due to their balance of conductivity,
mechanical properties, and cost. Further improving their conductivity and/or mechanical strength
through the addition of carbon nanostructures could result in more efficient energy systems and
billions of dollars in energy savings; however, there are several processing challenges currently
limiting commercial viability”*.

The improvement of electrical and mechanical properties in nanocarbon-MMC:s relies on
efficient transfer of electrons and load, respectively, between carbon and the metal matrix. It is

believed that the electrical conductivity is enhanced by a doping effect, where the metal donates



charge carriers to the nanocarbon that has higher electron mobility but lower charge carrier
density, providing a high-speed conduction path throughout the matrix that enhances electrical
conductivity of the composite’. A strongly bonded, defect-free interface between carbon and
metal is required for this doping effect to occur’. With regards to mechanical properties,
interfacial shear strength via bonding between carbon and the metal matrix dictates the
strengthening effects. It is desirable to have strong bonding between carbon and the metal matrix
so that efficient load transfer can take place®!°. Thus, the nature of the carbon-metal interface
dictates both the electrical and mechanical properties of the composite!!. A successful fabrication
method would distribute nanocarbon homogeneously throughout the metal matrix while forming
strongly bonded, low defect interfaces to produce a composite with improved electrical and
mechanical properties.

The primary processing challenge is the high surface energy of carbon when in contact
with most metals, leading to low solubility in metals such as copper and aluminum’. This causes
carbon to aggregate during processing and makes it difficult to form an adequate interface®”!!-13
Ultimately, this limits performance, which is why electrical and mechanical properties have
sometimes been observed to degrade at higher carbon concentrations”!"14-1®_ Additionally, the
high surface area of nanocarbon structures exacerbates the issue of surface tension and low
solubility. On the other hand, if the issue of surface tension could be resolved, the high aspect
ratio of carbon nanostructures would provide an increased ability to improve properties relative
to fillers with lower aspect ratio, like spherical particles, due to the increased surface area where
electron/load transfer occurs. Potentially, that contributes to the instances where improvements

in electrical and mechanical properties have been measured, as mentioned below. Thus, a key



development in graphene-MMC fabrication technology would be a successful method of
addressing the issue of aggregation and poor interfacial bonding.

A secondary issue is the reactivity of metal with carbon and oxygen leading to metal
carbide or oxide formation, such as Al4«Cs or Al2O3 for Al matrix composites. There are
conflicting reports about the effect of Al4C3 and Al203 on the mechanical properties of
aluminum/carbon composites, where some authors saw an improvement in strength'” and some
saw a reduction'®; however, it has been shown that these brittle phases reduce ductility, so the
overall toughness would be compromised '*2!. Also, Al4«C3 and Al203 are insulating materials so
they would cause the electrical conductivity to decrease 22. Therefore, it is best to prevent the
formation of oxides and carbides during processing.

Many processing techniques have been used to fabricate nanocarbon-MMCs, but powder
metallurgy techniques have been used most widely®!>16:18:19.21-23 'Some other methods that have
been used are chemical vapor deposition (CVD), thermal spraying, cold spraying, melt
processing, spark plasma sintering (SPS), electrodeposition, etc. *1%1417:202425 Most authors
report a decrease in electrical conductivity due to inadequate nanocarbon dispersion and/or
interfacial bonding’. There are, however, some notable achievements. An electrical conductivity
of 117% IACS was measured for a Cu/Graphene composite made by CVD’. Additionally, a
22.5% increase in tensile strength with no decrease in elongation and 17.4% increase in electrical
conductivity was achieved in an AA-6063/Graphene composite made by ball milling with
pressure infiltration and hot extrusion®2. In both cases, the improvement was attributed to
adequate dispersion of graphene throughout the metal matrix with a strong, defect-free interfacial

bond between carbon and the metal.



1.2. Covetics: in-situ Formation of Graphene-Metal Matrix Composites

An in-situ method of forming carbon nanostructures within the matrix material could
address some of the issues with homogeneity, interfacial strength, and carbide/oxide formation.
These methods would also address the issue of the high cost of graphene and the difficulty in
obtaining high quality graphene in large quantities for scalable manufacturing. The covetics
process, an in-situ method of forming graphitic carbon within a molten metal, was patented by
Third Millennium Materials, LLC 2%?”. The process involves applying a direct current (DC) to a
mixture of molten metal and a carbon starting material (usually activated carbon,) which is
believed to induce crystallization of the carbon into graphitic carbon nanostructures that are then
incorporated in the metal matrix. The process was originally developed for copper and later
extended to additional metals (gold, zinc, lead, aluminum, tin, etc.), with extensive
characterization performed on copper, silver, and aluminum alloy covetics reviewed in
reference?®. Density-functional theory (DFT) predicts that a covalent bond forms between carbon
and metal atoms, which produces an increase in electrical conductivity, thermal conductivity,
and mechanical properties®*°. Early reports on covetics that showed improved properties have
generated much interest in further studying this process, but there is still limited understanding of
the DC current-driven process and the carbon structures that form.

Brown et al. characterized an AA-6061 3 wt% C covetic sample, made by Third
Millennium Materials LLC, that showed an improvement in both electrical and mechanical
properties®!. An electrical conductivity of 67.3% IACS was measured in the as-extruded
condition, a notable achievement considering that electrical grade Al has a conductivity of 62%
IACS, but after T6 heat treatment, the conductivity dropped to 47.8% IACS, comparable to the

reference specimen with no added carbon. There was also a similar effect in the mechanical
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properties, where the yield strength and ultimate tensile strength in the as-extruded condition
improved by 23.4% and 29%, respectively, but the improvement was negligible after T6 heat
treatment®3132, T6 heat treatment involves solutionizing at 530°C and quenching followed by
artificial aging at 150-180°C>?, and it is not fully understood how the carbon nanostructure
transforms during this process and why it resulted in a decrease in electrical and mechanical
properties.

Structural characterization techniques were used to investigate the nanocarbon structure
and its bonding behavior in Ag, AA-6061 and AA-7075 covetic samples made by Third
Millennium Materials?**°. Transmission electron microscopy (TEM) diffraction patterns
indicated that the (111) zone axis of the metal also contained weak diffraction spots that
corresponded with the basal plane of sp? graphitic carbon. Dark field images were collected by
selectively using only the signal of one of the weak spots in the diffraction pattern during
imaging, which indicate that graphene nanoribbons form that extend throughout the metal grain,
shown in Figure 1.1, with a schematic of the epitaxial arrangement in Fig. 1.2. Electron energy
loss spectroscopy (EELS), Raman and X-ray photoelectron spectroscopy (XPS) gave further
evidence that the carbon in covetics is sp? in nature. This structural imaging and characterization
gave insight into the mechanism that led to an increase in electrical and mechanical properties.
The application of current during the covetics process leads to in-situ formation of sp® graphene
nanoribbons in the molten metal that, when solidified, extend through the metal grains in high-
aspect ratio structures. It has also been noted that covetic samples show non-uniformity of

carbon throughout the sample and contain porosity and voids**.



fabricated and characterized copper covetics. Knych et a
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Dark Field Spot2

Dark Field Spot 1
Figure 1.1 TEM images and selected area diffraction pattern of AI-6061. a) (111) electron diffraction pattern
of AlI-6061 cv 3% from the left region in b). The hexagonal bright spots correspond to the Al <220> spots.
The weak spots, labeled 1 and 2, in the inner circle are due to the <1010> reflections on the (0001) plane of
crystalline graphite. b) Bright field TEM image of the sample. c) and d) dark field (DF) TEM images using
the weak spots 1 and 2 in a), respectively. e) Diffraction pattern from the upper right area in b) showing a

broad ring corresponding to amorphous carbon. Reproduced from Jaim, H. M. I. et al. Sp2 carbon embedded
in Al-6061 and AI-7075 alloys in the form of crystalline graphene nanoribbons. Carbon, 107, 56—66 (2016).

To summarize the work done on copper covetics, there have been three groups who have
1.333¢ created a batch reactor to make
copper covetics by a similar process to Third Millennium Materials, LLC. In one sample, the

electrical conductivity improved to 102.4% IACS compared to 101.4% IACS for the baseline,

but secondary ion mass spectroscopy (SIMS) showed little carbon®. Additionally, wires were

drawn from several copper covetic specimens for electrical and mechanical testing, but there was

negligible improvement in either®®. Isaacs et al. used electron beam deposition and pulsed laser
deposition (PLD) with a 5 wt% copper covetic target made by Third Millennium, LLC to deposit
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than films of the same thickness Figure 1.2. Schematic showing the epitaxial relationship between
graphite and the (111) plane of Al corresponding to the pattern observed
made with a pure copper in Fig la). Reproduced from Jaim, H. M. I. et al. Sp’ carbon embedded in
Al-6061 and Al-7075 alloys in the form of crystalline graphene

target37’38 Ma et al. used an nanoribbons. Carbon, 107, 56—66 (2016).

electron beam melting process to make copper covetic samples, which showed an improvement
in electrical conductivity, 107.4% IACS (107.4 MS/m) compared to 100.5% IACS (58.29 MS/m)
for the baseline®. Scanning TEM-high angle annular dark field (STEM-HAADF) revealed
carbon-rich networks extending throughout the metal grains*’. The results from these three
groups indicate that copper covetics show potential for use in electronic components with
increased oxidation resistance.

1.3. Characterization Challenges for Covetic Materials

Presently, there are still issues with characterization of covetic materials. There is a lack
of a standardized method for quantifying the carbon content in covetics. For the same Cu-5 wt%
covetic sample, four carbon quantification methods yielded different results, ranging from trace
amounts for LECO combustion analysis and glow discharge mass spectroscopy (GDMS) to 3.5
and 3.78 wt% for EDS and XPS, respectively®®. Most samples are described by the nominal
weight of carbon precursor added, but it is likely that the actual carbon content incorporated into

covetics as a graphitic structure is lower than full yield due to carbon precursor aggregation and
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segregation to the surface, and oxidation of carbon with air at the elevated temperatures used
during processing (~700-1100°C). The biggest challenge in carbon quantification is the trade-off
between resolution and amount of material sampled. EDS and XPS sample small volumes of
material (on the order of cubic um), so the results are not necessarily generalizable to the entire
bulk sample (on the order of cubic cm). Additionally, hydrocarbon contamination in the vacuum
chamber and adventitious carbon on the sample surface can make accurate carbon quantification
difficult when using these methods. XPS depth profiling by sputtering the covetic sample surface
with Ar ions has been used to mitigate the influence of hydrocarbon contamination on the carbon
concentration and measure the carbon concentration in the interior of the sample. LECO and
GDMS sample larger volumes of material, but the authors attributed the low C concentration
detected to “strong bonding between the carbon and metal” that prevented the carbon from
reaching the analyzer®?8. If an accurate method of quantifying the carbon content of covetics
could be standardized, it would aid in developing structure-process-property relations to
understand the role of process parameters, such as applied current and duration, on amount of
carbon incorporated. Additionally, it would enable determination of electrical and mechanical
properties as a function of carbon content in covetics.

For mechanical characterization, it must be considered that strengthening of a material
can be a result of multiple underlying mechanisms. In covetics, as well as other studies on carbon
nanostructure-MMC:s, it has been noted that the addition of carbon pins grain boundaries, leading
to smaller grains!®?2314142 Decreased grain size is known to strengthen a material by the Hall-
Petch effect, so it is necessary to assess whether strengthening in carbon-MMCs can be
explained by grain size alone, or if the carbon structure is providing an additional mechanism by

which the material is strengthened. Molecular dynamics simulations of a nanoindentation test
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into a single Al grain containing a graphene nanoribbon predicts a 15-25% increase in hardness
by addition of the graphene nanoribbon, due to graphene blocking dislocation motion**. Future
work validating this finding with experimental nanoindentation testing could help more
accurately assess the role of the carbon structure acting to reinforce the material in covetics.

1.4. Recent Work on 3 wt% AA-1350 and 6061 Covetics Made at the University of Maryland

Recently, work on covetics has focused on understanding the role of the covetics process
parameters. In particular, understanding the current necessary to drive the process and crystallize
graphene or graphitic carbon from activated carbon precursor in the molten metal. Ge et al.*!
studied AA-6061 and AA-1350 3 wt% C covetics made using 100 and 150 A at <10 V. It was
found by dark field TEM that graphitic networks extend through Al grains, and Raman and XPS
further indicated sp? carbon. By testing different areas of the sample that experienced relatively
higher and lower current densities, it was determined that the high current density region
surrounding the electrode contains the graphitic carbon networks. These samples showed
comparable electrical conductivity to the base alloy, although hardness and elastic modulus
measured by nanoindentation increased for the AA-1350 covetic samples. A follow-up study by
Ge et al**. fabricated AA-1350 3 wt% C covetic samples using 100-200 A for different times. It
was found that electrical conductivity and graphitic carbon crystallite size measured by Raman
increased for increased duration of current application. There was a 5.6% increase in electrical
conductivity and an 8.2% increase in hardness reported, and it was estimated that a current
density of 100 A/cm? is necessary to crystallize graphitic carbon and enhance properties. Future
work studying the reaction process to quantify the current density threshold more precisely

would aid in optimizing reactor design and improving sample quality.



The primary challenge is that there have been notable electrical and mechanical property
improvements recorded for AA-6061 covetics, but there has been an inability to reproduce the
result due to an incomplete understanding of the fabrication process and the structure that
forms®!. Structural characterization techniques have determined that there is graphitic carbon and
graphene nanoribbons present in covetic samples that are believed to be responsible for property
improvement, but it has also been noted that there is porosity and aggregation of the carbon
precursor, and properties are not always improved. As a result, more recent work has focused on
studying the reaction process itself to understand the role of current density in crystallizing
graphitic carbon, with the goal of improving sample quality and batch-to-batch consistency*!'*.

It has been hypothesized that a current density of around 100 A/cm? is necessary to
crystallize graphitic carbon from the activated carbon precursor when using a tapered graphite
cathode, and more precisely determining this value would give insight into a key process
parameter that would allow more efficient design of the covetics reactor*. Ensuring that a
maximal volume of material experiences the current density necessary for crystallization of the
carbon is essential to addressing sample quality issues. The effects of parameters such as applied
current, time and temperature must be evaluated with respect to the amount of carbon
incorporated, its structure, and the resulting electrical, thermal, and mechanical properties.

The objective of this work is to gain a better understanding of how reaction parameters,
such as current density, influence the carbon structure that is formed in covetics and understand
how that carbon structure gives rise to an increase in electrical and/or mechanical properties.
AA-1350 3 wt% C covetic samples were characterized structurally, electrically, and
mechanically to give insight into what conditions produced the optimal result: graphene

nanoribbons homogeneously distributed throughout the sample, forming a strongly bonded
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interface with the metal matrix so that electrical conductivity and mechanical properties are
improved. Particular attention is given to addressing issues with porosity and homogeneity of
carbon.

1.5. Multifunctional Composite Materials and Structures

A multifunctional composite is a structure that performs a structural function and at least
one additional non-structural function. The advantage of utilizing a multifunctional composite is
that weight can be reduced by combining materials with different properties and functions into a
single component, which is especially important for aerospace applications*. For the structural,
load-bearing function, mechanical properties such as stiffness, strength, fracture toughness,
ductility, etc. of the composite are relevant. For aerospace applications, carbon fiber reinforced
polymers (CFRPs) are typically used for structural components due to their attractive mechanical
properties and low weight*®. The non-structural component most often provides some function
related to the electrical and/or thermal properties, such as thermal insulation, energy
harvesting/storage, electrical conductivity, lightning strike protection or electromagnetic
shielding®4-32,

In this work, the mechanical and electrical properties of a multifunctional composite
consisting of a structural material and an electrically conductive material with shielding function
in the radiofrequency and microwave regime were investigated. The structural function is
primarily provided by an IM7/polyether-ether ketone (PEEK unidirectional CFRP laminate, and
the electromagnetic shielding function is primarily provided by the incorporation of copper mesh
layers between CFRP plies. However, the CFRP laminate also contributes to electromagnetic

shielding. The interfacial mechanical properties of the carbon fibers and copper mesh with the

matrix (PEEK) were characterized and related to the manufacturing process. Additionally, a
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finite element analysis (FEA) model to predict electromagnetic shielding effectiveness (SE) for
different geometry and laminate lay-ups was developed in an attempt to determine the optimum
configuration of copper mesh layers within the CFRP lay-up. The overall goal of both efforts
was to assist in development of a multifunctional composite structure that provides a balance of
mechanical properties and shielding effectiveness while minimizing weight.

1.6. Mechanical Properties of Multifunctional Composites

With regards to the structural function, it is important to understand the extent to which
the addition of a Cu layer into the carbon fiber laminate may degrade the mechanical
performance of the composite. The geometric discontinuity introduced into the system by the
additional functional component typically degrades the mechanical performance of the
multifunctional structure®?. However, this effect can be mitigated if the structure is designed to
integrate the functional component with adequate bonding to the matrix material of the structural
component. For example, Pattarakunnan et al.’! incorporated lithium ion polymer (LiPo)
batteries into a carbon fiber sandwich composite and observed that the tensile modulus and
failure stress of the composite material were reduced, but when the LiPo batteries were
embedded into the core of the composite so that the load-bearing face-skins of the composite
sandwich structure were not affected, there was no observed decrease in tensile modulus.
Similarly, Xiao et al.> integrated a stainless steel device into a unidirectional carbon fiber
laminate and found that the tensile properties decreased due to delamination at the device-CFRP
interface; however, damage propagation in delamination depended on the ply orientation at the
device-CFRP interface. These results demonstrate that the successful design of a multifunctional
composite structure requires consideration of the microscale interaction between functional and

load-bearing components so that overall structural integrity is preserved. Thus, both the
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placement of the copper mesh layers in the CFRP laminate lay-up and the microscale interaction
at the Cu/PEEK interface could potentially have an effect on the structural performance of the
multifunctional composite structure.

1.7. Electromagnetic Shielding Theory

This section gives a general overview of how a material acts as a shield to an
electromagnetic (EM) wave. Schelkunoff’s theory of EM shielding represents the shield
material’s attenuation of the EM field as a loss on a transmission line>*. When an EM wave
encounters the shield, there are three mechanisms of shielding. First, backwards reflection of the
EM wave at the air-shield interface occurs due to a difference in impedance and index of
refraction of the material compared to air’>>®. Second, absorption of the signal by the shield
decreases the EM field amplitude as it travels through the shield material due to ohmic loss (heat
generation in the material as the induced current meets a resistance) and polarization loss (due to
electrical and magnetic dipole interactions)>>-’. Finally, multiple reflections can occur if there
are additional interfaces with impedance differences in the shield material, which can reduce the
shielding effectiveness (SE); however, when absorption loss is high (> 15 dB), the effect of
multiple reflections can typically be neglected because the amplitude of the re-reflected wave is
small>>>®, A diagram of the three mechanisms as the EM wave propagates through a
homogeneous, isotropic slab of conductive material is given in Figure 1.3. The shielding

effective (SE) in dB is defined as

SE = 20log (22— = 20l0g (-— 242 —) = 10log(;—=4%—) = R+ A+ B [dB] (1. )

transmitted Htransmitted Ptransmitted
where E, H, and P indicate the electric field amplitude, magnetic field amplitude, and EM power,

respectively. R, A, and B indicate the reflection loss, absorption loss, and multiple reflection

correction factor, respectively.
13



The following
Incident wave
Ei, Hi . .
o fs Mo sections describe the
T—__ A : o
\\\\\ Transmitted wave calculation of shielding
R —= Et, Ht
Ll
_- ’\ effectiveness for the
- -
, . .
le - Internsl simplified case of a
. ~ o reflection
- -~ . .
- SIS homogeneous, isotropic
. S~ Re-reflected term
Seconid refiesxicn > o slab of a non-magnetic
loss A Sa
”
’ (13 99
' good conductor” to
demonstrate the physical
E, Hi : :
Skin depth, 6 | principles and material
| . Remaining field properties involved in
37%E, Hi |- - strength, E¢, He
Z f electromagnetic shielding.
0 t X

Figure 1.3. Concept of shielding effectiveness (SE) for a slab of conductive A good conductor is a lossy
material, wave absorption, reflection, re-reflection, and transmission
mechanism. Reproduced from Munalli, D., Dimitrakis, G., Chronopoulos, D., material for which the
Greedy, S., & Long, A. (2019). Electromagnetic shielding effectiveness of
carbon fibre reinforced composites. Composites Part B: Engineering, 173. . .
hitps://doi.org/10.1016/j.compositesb.2019.106906 electrical conductivity is

much greater than the real part of the permittivity, such that ohmic loss is the dominant
absorption mechanism®* . Additionally, it is assumed that the effect of multiple reflections in
good electrical conductors can be neglected due to the significant absorption loss by the skin
effect™.
1.7.1. Absorption Loss and the Skin Effect

The skin effect is caused by a counter-electromotive force from opposing eddy currents
induced by the changing magnetic field inside of a material under the influence of an AC current,

which restricts the current density to the region at the surface of the material. In the context of
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EM shielding applications, this means that most of the EM energy is absorbed near the surface of

159

the material™ . The skin depth, 6, of the shield material indicates the penetration depth at which

the EM field amplitude drops by a factor of 1/e. For a good conductor, it is given by

1

s [m] (1.2)

where f'is the frequency of the EM wave in Hz, p is the magnetic permeability in H/m, and o is

o =

the electrical conductivity in S/m. If the skin depth is much smaller than the thickness of the
shield, multiple reflections can be neglected®®. The skin depth decreases with increasing
frequency of the EM wave and increasing electrical conductivity of the material, which leads to
better SE by absorption loss.

The absorption loss, A, in dB, is related to the skin depth of the shield material and the
thickness, t, of the shield by>”

A = 201og €5 [dB] (1.3)

Thus, absorption loss by ohmic loss increases as shield thickness increases and skin depth
decreases. Because the skin depth decreases with increased frequency, the absorption loss
increases with frequency.
1.7.2. Reflection Loss to Plane Waves

When an EM plane wave encounters a material of different impedance, a portion of the
wave is reflected back from the surface and a portion is transmitted into the material. The

reflection loss, R, in dB, is given by>’

R = 20 log Zravel 4B (1.4)

4|Zshietal

Where Zwave and Zshield are the impedance, in ohms, of the initial wave (typically Zo=377 Q, the

vacuum impedance) and the shield, respectively. It can be seen that the reflection loss increases
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as the shield impedance decreases. The impedance of a material decreases with increased
electrical conductivity; thus, the reflection loss increases with increased electrical conductivity>®.
Additionally, the reflection loss decreases with increasing frequency because the impedance of
the shield material increases with increasing frequency>>8
1.7.3. Summary

The trends of absorption and reflection loss as electrical conductivity of the shield
material and frequency are varied are summarized as follows: (1) Absorption loss increases with
increasing electrical conductivity because the skin depth decreases, (2) Absorption loss increases
with increasing frequency because the skin depth decreases, (3) Reflection loss increases with
increasing electrical conductivity because the shield impedance decreases, and (4) Reflection
loss decreases with increasing frequency because the shield impedance increases. Thus,
increasing electrical conductivity enhances both the absorption and reflection loss. Additionally,
for shielding effectiveness over a wide frequency range, a balance of absorption and reflection

loss is desirable to offset the opposing trends with frequency.

1.8. Composite Materials for Electromagnetic Shielding

In CFRPs, the polymer matrix is non-conducting and is neither effective at reflection nor
absorption of the EM wave; however, it has been shown that CFRPs alone can shield EM
radiation because the graphite fibers in the composite are conducting (6.67x10* S/m for IM7
fibers)’®°!. Additionally, continuous carbon fibers performed better than discontinuous filler due
to higher electrical conductivity from unidirectional contact or weaving®. However, graphite
fibers still exhibit lower electrical conductivity than metals (5.82x107 S/m for IACS copper)®.
As a result, most efforts at enhancing the shielding effectiveness of CFRPs involve increasing

the electrical conductivity in some fashion, for example by using an intrinsically conductive
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67-70

polymer®*%® doping the polymer matrix with conductive particles®’~7°, coating the carbon fibers

71-78 57,65,79-89

with a metallic coating’'~’®, or using carbon nanostructures

It has also been shown that the anisotropic electrical conductivity of unidirectional
continuous carbon fiber composites causes anisotropy in the shielding effectiveness’?!. The
unidirectional carbon fiber plies have high electrical conductivity in the fiber direction, and ~3
orders of magnitude lower electrical conductivity in the transverse directions®. Thus,
unidirectional carbon fiber plies are more effective at shielding fields polarized parallel to the
fibers, in the high-conductivity direction, and act similar to a grating®®, As a result, the lay-up of
unidirectional carbon fiber laminates with different orientation of the carbon fiber from layer to
layer can greatly affect the shielding effectiveness of the composite.

For the multifunctional composite structure in this work, the combined effect of
unidirectional CFRP lay-up and copper mesh layer placement within the lay-up must be
considered to understand the predicted shielding effectiveness. By modeling the structure to
predict shielding effectiveness, more efficient design of the structure can be achieved by
theoretically determining the optimum configuration rather than relying on fabrication and
experimental testing of each individual configuration. To simplify the model, the CFRP layers
can be modeled as homogenous materials with anisotropic electrical properties®**?>. The
relevant material properties are the electrical conductivity, permittivity, and magnetic
permeability, which are used to calculate the electric field by Maxwell’s equations, from which
the shielding effectiveness can be calculated. The copper mesh layer can be represented in the
model using a sheet impedance boundary condition that uses the geometry and material
properties of the mesh in the analytical expression for sheet impedance of a wire mesh screen’®

By combining the SE ability of the CFRP laminate and copper mesh into a unified model, the
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effect of CFRP lay-up and copper mesh layer placement can be investigated to determine the
optimum configuration for maximum shielding effectiveness while minimizing weight.

1.9. Summary of Chapters

In this dissertation, Chapter 2 describes the experimental methods and characterization
techniques used in this work. Chapter 3 describes the investigation of critical current density in
covetics processing. Chapter 4 discusses the mechanical properties of AA-1350 3 wt% C
covetics using nanoindentation. Chapter 5 presents the updates made to the processing system
used to make covetics and results from samples made with the new system. Chapter 6 discusses
micro-mechanical properties at the interface of matrix and fillers (carbon fiber, copper mesh) of
multifunctional composites and how they relate to the manufacturing process. Chapter 7
describes the creation of a FEA model of SE for the multifunctional composite structure for
different lay-ups and copper mesh layer placement. Chapter 8 summarizes the conclusions of the

dissertation and discusses future work.
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Chapter 2: Experimental Methods and Characterization Techniques

2.1. Covetic Sample Fabrication

To make covetic samples, AA-1350 cable with 1 cm diameter provided by General Cable
was used as the metal matrix material, with as-received composition of 0.06 % Si, 0.16% Fe,
0.005% Mg, 0.002 % Cu, 0.004% Mn, 0.003% Cr, 0.002% Zn, balance Al. This alloy was
chosen because of the higher purity, 99.764% aluminum. The carbon used was activated carbon
nano-powder (US Research Nanomaterials, Inc.) with particle size of 100 nm. The starting
materials were arranged in a cylindrical graphite crucible (GraphiteStore.com, Inc.) that was then
placed in an induction furnace (RDO Induction LLC). The crucible had a 10 cm diameter and 10
cm height cavity in the center where the starting materials and processed covetic were held. The
induction furnace was enclosed in a metal chamber with a hole on the top where the electrodes
were inserted into the melt. A schematic of the enclosure is given in Figure 2.1. The furnace
chamber was purged with 99% purity argon gas for one hour before starting the reaction, and
argon flow was maintained during the reaction to limit carbon oxidation and aluminum oxide
formation during processing. Temperature of the metal was monitored using an IR thermometer
(OMEGA). A stirrer with a graphite impeller on the end of a stainless-steel rod was used to mix
the carbon and aluminum together after the aluminum was melted. The starting material
arrangement is depicted in Figure 2.2, where a “sandwich” of AA-1350 was made with activated
carbon in the center. This configuration was chosen to limit the amount of carbon segregated to
the surface of the sample, as the activated carbon was enclosed on all sides by the aluminum. To
make the “sandwich,” first an aluminum disk was made by melting AA-1350 rods in the crucible

with the induction furnace so that the disk had the same diameter (10 cm) as the crucible. Before
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Figure 2.1. Schematic of processing system enclosed in an AA-6061 box. A hole is cut in the top of the box where
the stirrer and graphite cathode are inserted. The stirrer is mounted to an AA-6061 frame on the front of the
enclosure and the graphite cathode is connected to a robotic arm on the back of the enclosure, similar to how the IR
thermometer is mounted to a frame on the left side of the enclosure. The induction coils wrap around the graphite
crucible that contains the molten starting materials. The Ar inlet is connected to the Ar tank (not pictured) by PVC
tubing, and the gas outlet is connected to the room’s vent by metal exhaust tubing.

melting, to remove any potential contamination, the surfaces of the rods were abraded with 180
grit SiC paper followed by sonication in dish detergent and water for 5 minutes followed by
sonication in acetone twice for 5 minutes each. After the 10 cm diameter aluminum disk was
solidified, it was sawed in half in the transverse direction and the cleaning procedure was
repeated. The outer ring of the “sandwich” consisted of short (~2 cm) chopped AA-1350 rods
that were lined up adjacent with each other around the edge of the crucible, with the two halves
of the aluminum disk on the top and bottom and activated carbon placed in the center (Figure.
2.2). All the aluminum (disks and rods) was weighed, and 3 wt. % activated carbon was

nominally added.
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The covetics process involves

applying a direct current to a mixture of the

molten AA-1350 and activated carbon, which

is believed to induce crystallization of the

AA-1350 disk (top)

carbon into graphitic sheets. The temperature
Activated carbon powder

TG during the reaction was in the range of 730-

750°C, above the melting temperature of
Graphite crucible aluminum but below 900°C, the temperature

where formation of AlsC3 occurs”’. The

Figure 2.2. AA-1350 and activated carbon starting applied current ranged from 100-250A,
material arrangement inside the graphite crucible.
which resulted in voltages of about 1-10 V,

depending on the electrode used. The direct current (DC) power supply was controlled by
LabView with a feedback loop to adjust the voltage in order to keep the current constant. The
anode was the graphite crucible with a copper rod screwed into the side of the crucible and
connected back to the DC power supply with welding cables, and the cathode was a graphite rod
inserted into the melt from above, also connected via a copper rod and welding cables to the DC
power supply.

Once the aluminum was completely melted, before applying the current, the mechanical
stirrer with a graphite impeller was introduced and the aluminum-carbon mixture was stirred for
five minutes to help homogeneously distribute the carbon throughout the molten aluminum.
Typically, the stirring was continued during the application of current to maximize homogeneity

of carbon throughout the final sample; however, in the critical current density investigation

stirring was stopped during application of current to understand the effect of position relative to
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the electrode (and subsequently, local current density during processing) on the formation of
graphitic carbon. After application of the current for 1000 s, or 16.67 minutes, the furnace was
powered off and the sample was allowed to cool in the crucible, typically taking 10-15 minutes
to solidify. To make the baseline samples, an equivalent mass of AA-1350 was melted in the
crucible and subjected to the same thermal treatment; however, no carbon was added, and no
current was applied to the molten mixture.

Two types of cathodes were used, which produced different spatial current density
distributions. A solid graphite rod tapered to a point was used in most cases, which produced a
higher current density that was localized near the surface of the melt and sharpened tip. For the
critical current density investigation, a copper rod with a graphite tip on the end inserted into the
melt was used, which produced a lower but more evenly distributed current density along the
electrode surface.

2.2. Machining Samples for Characterization

To prepare samples of suitable size for microscopy, small sections (~1x3x0.3 cm) were
machined from the larger cast sample that solidified in the graphite crucible after the covetics
process. The 10 cm diameter x 3 cm tall cast sample was first cut using a band saw to expose the
interior of the covetic sample by making two parallel cuts spaced ~1 cm apart across the
diameter of the cast and through the entire thickness. This 1x3x10 cm rectangular specimen was
then sliced using a low-speed diamond saw to take a thinner 1 cm x3 cm x 0.3 cm from the
center of the cast sample. A diagram of the sample sectioning is given in Figure 2.3. Sectioned
samples were polished using a sequence of progressively finer Al2O3 lapping paper (30 um, 12
um, 9 um, 5 um, 3 um, 1 um, 0.3 um) followed by 0.05 um colloidal silica suspension to

produce a smooth surface for microscopy and further testing. The colloidal silica and any other
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Figure 2.3. Top-down view of the cast covetic sample showing where microscopy ~ were obtained from Allied
and electrical conductivity samples were sectioned from.
High-Tech Products, Inc.
Samples were then sonicated twice in acetone for 5 minutes to remove any remaining polishing
residues or surfactant films.

To prepare samples for electrical conductivity, a cut along the diameter of the 10 cm by 3
cm tall cast sample was made to expose the interior of the specimen. For electrical conductivity
measurements, a higher aspect ratio sample gives a more accurate electrical conductivity
measurement as the current flows longitudinally through the specimen in the four-point probe
measurement used, described in greater detail in Section 2.7. Additionally, increased precision of
the cross-sectional area improves precision of the electrical conductivity measurement. Thus, a
10 cm long specimen with a ~0.5 cm x 0.5 cm square cross-sectional area was machined by
milling into the face of the exposed interior of the specimen, shown in Figure 2.3. Using a

milling technique to machine a rectangular rod for electrical conductivity measurements provides

greater dimensional control than using a saw. The cross-sectional area dimensions were
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measured at 5 points along the length of the specimen to use in the electrical conductivity
calculations.

For the critical current density measurement, the goal was to measure the electrical
conductivity in two points: the area close to the electrode where there is a high current density,
and an area ~1 cm from the electrode where the current density is lower. In this instance, the
sample for electrical conductivity were machined so that the long dimension was 3 cm, the
height of the cast specimen, and the cross-sectional dimensions were ~5 mm x 5 mm.

For the multifunctional CFRP with copper mesh composite samples, a ~1.5 cm x 1.5 cm
section was cut from the laminate, with thickness of ~2 mm. Cross-sectional samples were
prepared by mounting the sample in QuickSet Acrylic (Allied High Tech) and grinding with 320
grit SiC paper to expose the sample through-thickness. The sample was polished sequentially
with 600 grit SiC paper, 1200 grit SiC paper, 1 pm Al203 slurry, and 0.05 pm colloidal SiOx. .
The colloidal silica and any other polishing residues were cleaned off the sample surface by
using Final A polishing pads in the absence of abrasives using a mixture of dish detergent and
water as a lubricant/cleaning solution. The samples were then cleaned by sonicating in a mixture
of dish detergent and water for five minutes, two times.

2.3. COMSOL Multiphysics Software

COMSOL Multiphysics Software V.6.0 was used to model the current density, voltage,
and electric field around the two different electrode geometries in the covetics process and the
shielding effectiveness of CFRP laminates with an added copper mesh layer. For the covetics
project, the electrodes were modeled using the AC/DC module with the Electric Current
interface. This interface solves a current conservation problem using Ohm’s Law. For the project

studying the CFRP with copper mesh multifunctional composite, the shielding effectiveness
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model was made using the RF module with the Electromagnetic Waves, Frequency Domain
interface. This interface solves the time-harmonic Maxwell’s equations to calculate the electric
field propagation through the sample.

2.4. Raman Spectroscopy

Raman spectra were collected using a Horiba LabRAM ARAMIS confocal Raman
microscope equipped with a 532 nm laser for the covetic samples and a 633 nm HeNe laser for
the multifunctional CFRP with Cu mesh composite samples. The mapping feature was used to
collect 10 pm x10 pm maps on the polished covetic sample surface with a step size of 1 um,
giving 121 spectra total per map. Ten maps were taken from ten different areas of each sample,
resulting in 1210 spectra collected per sample, corresponding to approximately 10° pm? total
surface area sampled per specimen. For the CFRP w Cu mesh samples, 30 spectra were collected
at various points on the sample surface. The laser spot size was 721 nm, calculated as an airy
disk from the expression 122A/NA where A=532 or 633 nm is the laser wavelength and NA=0.9
is the numerical aperture of the 100X objective lens used in this study.

2.5. Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS) and

FElectron Backscatter Diffraction (EBSD)

SEM imaging was performed using a Tescan GAIA3 FEG-FIB/SEM with EDAX EDS
and EBSD detectors at an accelerating voltage of 10 kV in secondary electron mode. ~15 pum x
15 um EDS maps were collected using EDAX TEAM Enhanced V4.4.1 software to measure the
elemental distributions around features of interest identified by Raman, usually areas that
showed increased graphitic carbon crystallite size or grain boundaries to identify secondary

phases, such as Al-Fe-Si. The accelerating voltage was increased to 20 kV during EDS map
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collection to increase the depth of the sample area and to excite elements with X-rays at higher
energy.

EBSD maps were collected using a 20 kV accelerating voltage and a step size of 0.45
um. The sample was mounted at an angle of 70° with respect to the electron beam to maximize
diffracted electron signal to the detector. EDAX TEAM Enhanced V4.4.1 software was used to
obtain results and generate maps of the crystallographic orientation of aluminum grains on the
surface of the sample. Post-processing was performed in OIM Analysis V8 software by setting a
15° grain tolerance angle, minimum grain size of 5 pixels and specifying that a grain must
contain pixels from more than one row.

2.6. Transmission Electron Microscopy (TEM)

The sample for TEM was prepared using Focused Ion Beam (FIB) in the Tescan GAIA3
FEG-FIB/SEM with an OmniProbe 400 port-mounted piezo nanomanipulator. An area that
showed increased graphitic carbon crystallite size by Raman scattering was located with SEM,
and FIB was used to extract a small cross-sectional sample from the area, ~5 um along the
surface by 5 um deep into the surface. A 2 kV Ga+ beam was used to reduce the sample
thickness to ~100 nm so that it would be suitable for TEM analysis (electron transparent) with
minimal residual damage from the FIB process. Bright field TEM images and electron
diffraction patterns were obtained using a JEOL JEM 2100F field emission TEM operated at 200
kV with a spherical aberration coefficient, Cs, of 0.5 mm, lattice resolution of 0.14 nm and point-
point resolution of 0.19 nm.

2.7. Four Point Probe Electrical Conductivity

The four-point probe method was used to calculate the electrical conductivity of the

samples. In this method, four probes are placed in a line along the length of the sample. A
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current is passed through the outer two probes, and the voltage is measured between the inner

two probes to calculate the resistance. The conductivity of the sample is given by

L
o =
R+*A

(2. 1)
where R is the resistance measured, A is the cross-sectional area of the material being tested and
L is the distance between the two inner probes. The average resistance was calculated from five
I-V sweeps, the length and area were measured using digital calipers and the average cross-
sectional area was calculated from five measurements along the length of the sample.

The conductivity in S/m is converted to % IACS by normalizing to 5.8x107 S/m, the
standard value of electrical conductivity for copper®. Electrical grade AA-1350 should have a
conductivity of 62% IACS, i.e., 62% of the conductivity of copper>!.

2.8. Nanoindentation and Electrical Contact Resistance

Local mechanical properties of covetics and CFRP laminates with added Cu mesh layers
were measured by nanoindentation using a Hysitron TI 950 Tribolndenter. The instrument
indents a small diamond tip into the sample surface while measuring force and displacement,
which can be used to calculate reduced elastic modulus, E:, and hardness, H, of small areas. The
instrument uses a three-plate capacitive transducer with a load resolution of 1 nN and 0.04 nm
displacement resolution. The diamond tip was assumed to have an elastic modulus of 1140 GPa,
a Poisson’s ratio of 0.07, and a radius of curvature of 150 nm for modulus and hardness
calculations. For nanoindentation on covetics, a Berkovich tip geometry was used, which is a
self-similar three-sided pyramid with 142.35° total included angle and 65.35° half angle, ground
to a 150 nm radius tip. For nanoindentation on CFRP laminates with added copper mesh layers,
the diamond tip geometry was cono-spherical with a total included angle of 60° and radius of

curvature of 350 nm.
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Scanning probe microscopy (SPM) images can be generated by rastering the tip over the
sample surface using the piezo-scanner. This allows for SPM imaging of the sample surface
before and after indenting with +/- 20 nm resolution in the x and y directions, and +/- 0.4 nm
resolution in the z direction and also for precise positioning of the tip for indentation testing. The
Hysitron software can be used to program the instrument to perform arrays of multiple indents
with a user-specified number of indents and indent spacing.

To perform indents that tested a larger volume of material, the high load transducer and
stage (Bruker) were used on the covetic samples. The maximum normal load of the high load
transducer is 2.8 N, compared to 10 mN for the standard transducer and stage which allowed for
deeper indents. The diamond tip used had Berkovich geometry.

Electrical contact resistance (ECR) measurements were also performed on covetic
samples. In this technique, a boron-doped conductive diamond Berkovich tip was used instead of
the standard un-doped diamond tip, and a nanoECR sample stage (Bruker) was used that acts as
an electrode. A voltage was applied between the transducer and the sample stage, and the current
flow through the tip was measured. The difference in current flow measured is predominantly
due to the change in contact resistance at the tip-sample interface, thus the electrical properties of

different areas of covetic samples could qualitatively be assessed”®.
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Chapter 3: Covetics Critical Current Density Investigation

3.1. Motivation and Objectives

The covetics process uses a DC current to induce the rearrangement and crystallization of
activated carbon, the starting material, into graphitic sheets and/or ribbons within the molten
metal. The resulting material has enhanced electrical, thermal, and mechanical properties that are
believed to be related to the graphitic carbon structure that forms as a result of the covetics
process*!. To measure this, Raman spectroscopy has been used to calculate graphitic carbon
crystallite size before and after processing, which provides information about how the carbon
structure changes due to the application of current. Prior work by Ge et al. established that there
was a positive correlation between the electrical conductivity and graphitic carbon crystallite
size; however, there were large standard deviations in crystallite size measured (on the order of
~50% of the mean crystallite size value)**. This indicates that there is some rearrangement of the
starting activated carbon to locally increase crystallite size in some areas, but to differing extents
in different areas of the sample, with some areas showing the same crystallite size as that of
activated carbon prior to the application of current (8-10 nm). Consequently, if graphitic carbon
crystallite size could be further increased throughout a larger volume of the covetic material,
there could be a greater increase in electrical conductivity and other material properties.

Understanding the current density threshold and residence time required for
rearrangement and crystallization of graphitic carbon from activated carbon would improve the
ability to engineer the reactor such that the entire molten mixture is exposed to sufficient current

| 4144

density for sufficient time during processing. In the prior works by Ge et a , a graphite

electrode in the form of a 1 cm diameter rod with a pointed tip was used, and the molten mixture
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was stirred during the application of current with the expectation that the entire volume of the
melt was exposed to the high current density region around the electrode during processing. In
practice, however, the presence of activated carbon in the final covetic sample that did not show
an increase in crystallite size indicates that either the magnitude of current density was
insufficient and/or the residence time of carbon in the high current density region was
insufficient to cause crystallization and an increase in crystallite size in all areas of the covetic
sample. Therefore, if the current density and residence time required to induce crystallization of
graphitic carbon from the activated carbon starting material were known and achieved during
covetics processing, the graphitic carbon crystallite size in the sample could increase throughout
the entire covetic sample and, subsequently, show a greater improvement in the electrical
conductivity.

3.2. Sample Fabrication

To understand the relationship between local current density and graphitic carbon
structure, a 3 wt.% C AA-1350 covetic sample was made following the procedure outlined in
Section 2.1 without stirring during the application of current. A current of 250 A was applied in
current control mode for 1000s (16.67 minutes), resulting in a voltage of ~1 V, shown in Figure
3.1.A. The temperature during application of the current was 732-743° C, shown in Figure 3.1.B.
The induction furnace power was lowered during the application of current to prevent excessive
heating of the melt due to Joule heating of the graphite electrode.

The lack of stirring enabled the evaluation of crystallite size in two distinct regions of the
sample: the high current density (25 A/cm?) region around the electrode and the lower current
density region (5 A/cm?) away from the electrode. The copper-graphite electrode used was

designed so that there was a relatively uniform current density on the electrode surface,

30



Voltage and Current During Processin Temperature During Processin
A) rd ‘ 8 9 270 B) pemperaty 9 9
137 265
1.25 {260
1.2 . O 740
1.15 - g
— .19 — 3
= 250 < w
= 11 - g
5 £
245
1.05 2 735
1 __J——f—; 240
0.951 235
0.9 230 7300 260 460 560 860 1000
0 200 400 600 800 1000 )
) Time [s]
Time [s]

Figure 3.1.4) Voltage and current during covetics processing. The DC power supply was operated in
current-control mode. B) Temperature during the application of current

compared to the pointed graphite electrode typically used that showed a higher but more
localized current density when modeled in COMSOL (discussed in Section 2.1).
The copper-graphite electrode was a 1 cm diameter copper rod with a graphite tip on the

end, shown in Figure 3.2, where r=0 ¢ m indicates the radial axis of symmetry. The graphite tip

was a hollow ! : : _

6.5|cm

cylinder ~3 cm tall 6_ |
5.5

that was screwed 5_ N
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onto the end of the 4: :
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inner diameter of the Figure 3.2. Diagram of the covetics processing apparatus with r=0 cm indicated the
radial axis of symmetry. The orange area represents the copper electrode, the black
graphite was 1 cm to areas indicate the graphite electrode tip and crucible, and the gray area indicates
the molten mixture of AA-1350 and activated carbon.
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match the diameter of the copper rod, and the outer diameter was 1.3 cm.

3.3. COMSOL Model of Current Density, Voltage, and Electric Field in the Covetics System

COMSOL Multiphysics Software V.6.0 AC/DC module was used to model a simplified
version of the covetics system to estimate the voltage and current density using the Electric
Currents physics interface. The electrode (orange region in Figure 3.2) was set as a 250 A
terminal in the model, and the graphite crucible was set as the ground. The current density,
voltage, and electric field throughout the system were calculated. The results of the simulation
for 250 A are shown in Figure 3.3, with Figure 3.3.A. showing the radial symmetry of the current
density distribution. The region surrounding the electrode experiences a current density of ~25
A/cm? on the surface of the electrode that decreases exponentially as radial distance from the
electrode increases, shown in Figure 3.3.B. A 2D slice of the current density model in Figure
3.3.C. shows a higher current density of ~40-50 A/cm? concentrated at the electrode-molten
Al+C-air interface, and a lower current density of ~5 A/cm? at the bottom corner of the electrode.
However, these regions were considered small relative to the rest of the electrode-molten Al+C
interfacial region that had a current density of ~25 A/cm?. The voltage and electric field
throughout the sample are shown in Figure 3.4. It can be seen in Figure 3.4.A, that there is a
higher potential in the graphite tip of the electrode (176.5 mV), but that the voltage in the
aluminum is much lower (35.5 mV) and fairly constant throughout the aluminum in both the »
and z directions, shown in Figure 3.4.B and 3.4.C. The electric field throughout the system is
shown in Figure 3.4.D. It is low within the aluminum domain, with a maximum of 4.6 mV/m
near the electrode decaying to 0.3 mV/m near the crucible wall, shown in Figure 3.4.E. The

electric field through z at a given radius is nearly constant, shown in Figure 3.4.F.
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Figure 3.3.4) COMSOL model of the current density distribution for the Cu-C electrode throughout the covetics
system, B) Current density as a function of radial distance at z=3.5 cm, C) 2D slice showing the current density
through a cross-section of the covetics system

In this experiment, the Cu-C electrode was used because it produced a relatively uniform

current density on the electrode surface, which allowed for better correlation between local

current density and structure/properties. However, in most other covetic samples a pointed

graphite electrode was used which produced a higher but less uniform current density on the

electrode surface. For comparison, the current density, voltage, and electric field calculated for

the pointed graphite electrode are presented in Figure 3.5. It can be seen from the line plots at

z=3.5 cm for current density, electric potential, and electric field shown in Figure 3.5.B, 3.5.D,

and 3.5.F, respectively, that the result is similar to that of the Cu-C electrode. The current density

is highest at the electrode-aluminum interface at 24 A/cm? and decays with radial distance. The
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voltage is fairly constant throughout the aluminum at 35.5 mV. The maximum electric field is

only 6.4 mV/m near the electrode, which decays to 0.3 mV/m near the crucible edge. A notable

difference is that while the current density trend at z=3.5 cm shown in Figure 3.5.B is nearly

equal to that of the Cu-C electrode shown in Figure 3.3.B, it can be seen in Figure 3.5.A that

there is a region of higher current density at ~100 A/cm? localized to the region at the pointed tip

and corner of the electrode which does not occur in the Cu-C electrode model.

3.4. Sample Sectioning

A diagram of how specimens for characterization were machined from the cast sample is

shown in Figure 3.6. The 10 cm diameter cast covetic was sectioned such that the high current

density (25 A/cm?) region at r=0 cm, where the electrode was inserted, could be compared to an

area of the sample at ~ r =1 cm from the electrode where the current density was ~5 A/cm?.
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Additionally, the samples for Raman spectroscopy (green in Figure 3.6.) and electrical
conductivity (purple in Figure 3.6.) were sectioned from areas directly adjacent to each other so

that a relationship between graphitic carbon crystallize size measured by Raman and electrical
35
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Figure 3.6. Diagram of where in the cast covetic samples for Raman spectroscopy and electrical conductivity
were taken in the critical current density investigation. R=0 cm is in the high current density region (25 A/cm?’)
near the electrode and r=1 cm is in a lower current density region (5 A/cm?) away from the electrode.

conductivity could be established. Ideally both the graphitic carbon crystallite size and electrical
conductivity would have both been measured from the same sample, however different
dimension requirements for each of the characterization methods necessitated two separate
samples. Thus, the graphitic carbon crystallite size and electrical conductivity in the covetic
sample were both measured in two distinct areas: the region directly surrounding the electrode,
=0 c¢m, that experienced ~25 A/cm? during processing and the region away from the electrode,
r=1 cm, that experienced ~5 A/cm? during processing.

3.5. Raman Spectroscopy

Ten 10 pm x 10 pm maps of Raman spectra were collected from the covetic samples at
r=0 cm and r=1 c¢m. Graphitic carbon crystallite size by the Tuinstra-Koenig relation was
estimated from the Raman spectra maps®. For sp? carbon, a double resonance process gives rise
to characteristic G, D and 2D peaks whose position, shape and intensity are sensitive to
defects!®. These effects can be used to track graphitization and amorphization processes'°!.
Notably, because the integrated intensity of the D peak at ~1350 cm™! increases in the presence of

defects, a quantitative method of estimating graphitic carbon crystallite size has been developed
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that uses the integrated intensity ratio of the G peak at ~1584 cm™! to the integrated intensity of
the D peak at ~1350 cm™ *°. The relation has been improved upon by establishing standardized
fitting procedures and accounting for laser wavelength!%?. The formula for graphitic carbon

crystallite size in the basal plane, La, in nm is given by

L, = (24 x 10710) 2% (j—’;)_l [nm] (3. 1)
where A is the laser wavelength in nm (532 nm for this work), Ip and I are the integrated
intensities of the D peak and G peak, respectively.

To calculate integrated intensity, Raman spectra were fitted in MATLAB using a
deconvolution tool with an unconstrained non-linear iterative curve fitting procedure'®. After
curve fitting, an exclusion rule was applied to filter out spectra that did not correspond to
graphitic carbon. Any spectra with R? < 0.5 were excluded from calculations of crystallite size.
Secondly, any spectra that had both R? < 0.9 and Ip/Ig > 2 standard deviations above the median
were excluded.

From the remaining fitted spectra, a histogram of crystallite size for all 10 maps on the
sample was generated to determine the extent of graphitic carbon crystallization. The precursor
activated C crystallite size was 7-10 nm as seen in Figure 3.7 A, so the covetic process should
result in a larger crystallite size. It is worth noting that the crystallite size of the graphite used to
make the crucible and electrode is 50-130 nm, shown in Figure 3.7 B, so it is possible that an
observed increase in crystallite size could be contamination from the electrode and/or crucible.
Thus, it is the combination of both increased graphitic carbon crystallite size and improved

electrical properties that would indicate successful processing conditions.

37



At r=0 cm, the area that experienced a 25

2500

A/cm? current density where the electrode was 2000

inserted into the melt, some Raman spectra

Intensity

&
o
o

lw]

pel

(9]

QO

=

showed increased graphitic carbon crystallite

size. Some maps showed increased size for 500 /‘M
W bl st

almost all spectra taken from that area, like the 000 1500 2000 2500 3000

Raman shift (cm’1)

-
=3
S
S

-

maps shown in Figure 3.8 that had an average

2500
crystallite size of 22.34/- 15.6 nm and 29.4 +/- B)
2000
. . . . «—G peak
12.2 nm, with optical micrographs showing the > 1500
5
area where the Raman spectra were collected = 1000 20 peak
D peak
from. However, there were more areas that 5001 M L
.. . . . . 0
showed negligible increase in crystallite size 1000 1500 2000 2500 3000
Raman shift (cm’1)
compared to the activated carbon starting Figure 3.7. Reference Raman spectra for A)
activated carbon used as the starting material and
material, like the one shown in Figure 3.9 that B) graphite used to make crucible and electrode

had an average crystallite size of 7.2 +/- 1.7 nm. A histogram of the crystallite size for the region
at =0 cm is given in Figure 3.10, which shows that while there is some increase in graphitic
carbon crystallite size, most spectra collected did not show an increase compared to the activated
carbon starting material that had a crystallite size of 7-10 nm. This indicates that the current
density of 25 A/cm? in the r=0 cm region around the electrode induced some rearrangement and
crystallization of the graphitic carbon. However, the small fraction of carbon showing increased
graphitic carbon crystallite size relative to the amount of activated carbon with no increase in
crystallite size that is still present in the sample after current application indicates that either the

magnitude of current density was insufficient to crystallize an appreciable amount of graphitic
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Figure 3.8. Left: Raman spectra collected from r=0 cm section that showed an increase in crystallite size of the
carbon, and Right: Optical images showing the regions where the Raman spectra were obtained.

carbon for this duration of time (1000s, 16.67 minutes), and/or the high current density region
was too localized such that there was not an appreciable volume of material that experienced the
high current density necessary for carbon rearrangement and crystallization to occur.

At r=1 cm, away from the electrode where the current density was 5 A/cm?, there was no
evidence of graphitic carbon found in the sample. Increased graphitic carbon crystallite size was
typically found in the areas that appeared dark in the optical micrograph; however, the darker
areas in the r=1 cm specimen did not show the G and D peak Raman signals that are

characteristic of graphitic carbon. Some examples of Raman spectra from the =1 cm sample
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Figure 3.9. Raman spectra (vight) collected from an area at r=0 cm (left) with crystallite size comparable to
activated carbon

from dark areas are shown in Figure 3.11. The dark areas in the micrograph in Figure 3.11 were
identified as Al-Fe-Si intermetallic phases by EDS mapping, and did not contain carbon,
discussed in Section 4.3. These dark regions containing intermetallic compounds were usually
found at grain boundaries.

3.6. Four Point Probe Electrical Conductivity

The electrical conductivity was measured in four areas by the four-point probe method,
from the =0 cm and r=1 cm areas in both the baseline and covetic samples, following the

procedure described in Section 2.4. The baseline sample was subjected to the same melting and
. Graphlitic Carl:fon Crysltallite Sllze Distrilhution .

350

re-solidification process in the crucible;
however, carbon was not added, and a
current was not applied.

The electrical conductivity

measurements at =0 cm and r=1 c¢m are ) 0 20 30 40 80 s 70 &
La (nm)
shown in Figure 3.12. The electrical Figure 3.10. Histogram of crystallite size of the nanocarbon

calculated for all 10 maps for the r=0 cm covetic sample
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Figure 3.11. Raman spectra (right) from areas of the r=I cm (left) that do not show the G and D
peaks characteristic of graphitic carbon

conductivity of the covetic sample at =0 cm was 59.9 +/- 0.2% IACS (34.7 +/- 0.1 MS/m),
which was lower than the baseline sample at =0 cm, 60.6 +/- 0.3% IACS (35.2 +/- 0.2 MS/m).
This is consistent with the Raman results that showed there was no significant increase in
crystallite size throughout the entire area of the covetic sample, despite some areas showing an
increase in crystallite size. Additionally, the activated carbon that was still present in the sample
after application of current could be a source of the decrease in electrical conductivity for the
covetic sample. These results indicate that the 25 A/cm? current density on the electrode surface
is not sufficient to produce a significant increase in graphitic carbon crystallite size to enhance

electrical conductivity. Thus, it can also be concluded that the increase in graphitic carbon
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Figure 3.12. Electrical conductivity at r=0 cm and r=1 cm for the
conductivity between r=0 cm and covetic and baseline samples

r=1 cm, from 59.9 +/- 0.2% IACS (34.7 +/- 0.1 MS/m) to 58.5 +/-0.2% IACS (33.4 +/- 0.1
MS/m) for the covetic and from 60.6 +/- 0.3% IACS (35.1 +/- 0.2 MS/m) to 59.4 +/- 0.3% IACS
(34.5 +/- 0.2 MS/m) in the baseline. This could possibly be related to a thermal gradient during
cooling and solidification, where the shape of the cylindrical crucible causes the center of the
specimen to cool and solidify at a slower rate than the outer edges and top surface. This thermal
gradient during cooling and movement of the solidification front from the outer edges of the
sample to the interior results in changes in the local composition and microstructure of the cast
metal at different radial positions that could potentially affect electrical conductivity. The
variation is small, so it is reasonable to expect it could be a result of typical microstructural
variation in the alloy.

3.7. Discussion

3.7.1. AA-1350 Metallurgy
In addition to the application of current, the effect of thermal processing, i.e., melting and
re-solidification, on AA-1350 with added carbon must be considered when interpreting the

Raman scattering and electrical conductivity results. The fact that carbon was only detected in
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the center of the cast covetic sample could potentially be explained by solute segregation as the
metal solidifies. Carbon has low solubility in solid aluminum but is added in a relatively large
quantity, 3 wt.%, to the system'®. The carbon is mechanically stirred into the molten aluminum
before the application of current so that it is dispersed throughout the molten metal, but the
carbon-aluminum mixture is thermodynamically unstable. Because the sample is not quenched, it
can take up to 15 minutes for the covetic sample to completely solidify. As a result, the slow
solidification rate could kinetically allow for solute rejection as carbon diffuses out of the newly
formed solid phase into the liquid phase as the solidification front moves from the outer diameter
to the center of the cylinder'®1%, Potentially, the carbon solute segregates to the center of the
specimen, which solidifies last. This could potentially be one reason why there were both carbon
that has increased in graphitic crystallite size and activated carbon that did not increase in
crystallite size at =0 cm, while carbon could not be detected in the r=1 cm sample that solidified
before the =0 cm sample. The diffusion coefficient of carbon in aluminum at 730°C, however, is

quite low, ~1071% m?/s,1%7

so other factors related to the electric potential, discussed in Section
3.7.2, may have also contributed to the high concentration of carbon at the center of the sample.
Along with the effects of carbon solute distribution in the metal, the relatively slow
solidification rate of the covetic sample could affect the aluminum grain structure and local
alloying element composition and microstructure in different areas of the cast. In a similar
manner to the carbon solute, the local solute concentration of the alloying elements in AA-1350
(Si, Fe, etc) could be affected by the solidification process, where solute is rejected from the
solid phase into the liquid phase where its solubility is higher'™. Solute can also segregate to the

108

grain boundaries . Additionally, the size and morphology of solute precipitates could be

affected by the local cooling rate, which could potentially cause differences in conductivity due
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106 - Areas of the material that

to the precipitates having lower conductivity than aluminum
solidified more slowly (at r=0 cm) would also possess larger grains, and thus have higher
electrical conductivity because the defects at grain boundaries add electrical resistance to the

material'?’

. Any combination of these effects could have been the source of the decrease in
electrical conductivity with radial position of the sample in the cast, seeing as the effect was also
observed in the baseline sample that did not have carbon added.
3.7.2. Carbon Nanostructure Assembly Process

While the covetics process has typically been examined as a current-driven
process?®2741:44 the observations in this work could potentially be better understood by
considering the electric potential and fields present. Electrophoresis and dielectrophoresis are
two examples of physical phenomena where particles migrate under the influence of an electric
field. In electrophoresis, charged particles under the influence of a uniform electric field migrate
as a result of surface charges between the particle and the medium, which is commonly used in
analysis of biological specimens''®. The clustering of carbon near the center of the specimen in
covetics could potentially be explained by migration of charged carbon particles toward the
electrode in the center of the sample.

In dielectrophoresis, under the influence of a non-uniform electric field, polarizable
particles will experience a dielectrophoretic force that causes net movement of the particle!!!.
This phenomenon has been exploited to induce the assembly and rearrangement of

nanoparticles'!>~113

, with several authors using AC fields and reporting that the gradient of
electric field has a significant effect on nanoparticle assembly. In the covetics process, a DC

current has been used to attempt to induce self-assembly of graphitic, ideally graphene, sheets or

ribbons within the molten metal. In this work, there was limited observation of graphitic carbon
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that showed an increase in crystallite size. Potentially this could be due to the fairly low and
uniform voltage throughout the AlI+C mixture, shown in the COMSOL model discussed in
Section 4.3. The applied current of 250 A used in this experiment was the maximum that the
system could produce. It is possible that a different electrode configuration and/or higher applied
current that produces a higher voltage and electric field could improve the ability of activated
carbon to re-assemble into graphitic sheets or ribbons, as the electric fields in the current system
are very small (~5-7 mV/m maximum). Oliveira et al.''® reported the formation of an electrically
conductive network of carbon structures using a DC field, however a high dielectric
perfluorocarbon (FC-40) medium was used for its high resistivity and high dielectric strength
and, thus, ability to sustain high electric fields. In covetics processing, the medium is molten
aluminum metal with low resistivity and dielectric constant, so it is not capable of sustaining a
large electric field. This could potentially be why there was limited success using this DC
method, as the electrophoretic force on the carbon particles in the molten aluminum was weak.

3.8. Conclusions and Future Work

The graphitic carbon crystallite size and electrical conductivity was measured in two
regions of a 3 wt% C AA-1350 covetic sample: at =0 cm where there is a current density of 25
A/cm? and r=1 cm where there is a lower current density of 5 A/cm?. Graphitic carbon was found
by Raman in the =0 cm sample, with some areas showing increased crystallite size of 20-30 nm,
while most areas showed a crystallite size of 7-10 nm, the same as the activated carbon starting
material. In the =1 cm sample, no evidence of graphitic carbon was found using Raman
scattering. This segregation of carbon to the center of the sample could be explained as a result
of carbon solute segregation during solidification. The lack of appreciable increase in graphitic

carbon crystallite size has been attributed to the relatively uniform DC voltage present
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throughout the sample and the low current density in the region surrounding the Cu/graphite
electrode which is not conducive to self-assembly by a dielectrophoretic assembly process.
Subsequently, the electrical conductivity measured in the covetic sample was lower than the
baseline, due to the lack of a 3D conductive network of graphitic sheets formed within the
sample.

Future work would involve exploring other electrode configurations that could increase
the electric field gradient and potentially be more conducive to dielectrophoretic assembly of a
conductive carbon network throughout the aluminum matrix. Potentially an AC field could
produce better results than the DC field used in this study. Examining the covetics process from
a voltage standpoint could lead to a mechanistic understanding of the process compared to the
focus on current density used in this work. Additionally, the trends of graphitic carbon crystallite
size and electrical conductivity at different points in the cast covetic sample could be more
thoroughly evaluated if more samples were fabricated using the same methodology but for
different currents and times. Potentially a higher current and/or longer duration of current
application could improve the graphitic carbon structure and electrical properties measured in

covetic samples.
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Chapter 4: Micromechanics of AA-1350 3 wt. % C Covetics

4.1. Motivation and Objectives

The interpretation of mechanical properties in covetics by uniaxial tension testing has
been complicated by the complex cause-and-effect of microstructure on macroscale mechanical
response. Factors such as differing grain size, different precipitate concentration/size, and pre-
existing stress/strain state of metals can all affect overall mechanical properties. Additionally,
heat treatments, which affect these microstructural features, can significantly affect the
mechanical properties of the final material'!’. Thus, for covetic materials, it has been difficult to
determine whether the enhanced mechanical properties are a result of reinforcement by the
graphitic carbon phase, or a result of microstructural factors/variation introduced during
processing that are independent of the carbon phase®'*!#4!18 Shumeyko et al.** simulated the
theoretical indentation response of an aluminum grain with an embedded epitaxial layer of
graphene and found that the hardness would increase by 28% in this system with no change in
stiffness; however, it is unclear whether this increase could be observed in practice when
considering the additional effects of microstructural features such as voids, and the fact that the
graphitic carbon in the covetics samples tested here resemble graphite more than graphene
nanoribbons.

The value of using nanoindentation to address this limitation is the ability to locally probe
the mechanical properties of areas that showed increased graphitic carbon crystallite size by
Raman to determine whether those areas showed an increase in hardness and/or elastic modulus
due to the presence of graphitic carbon. Additionally, because nanoindentation probes

mechanical properties locally, it is feasible to use additional structural characterization
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techniques in that area specifically to interpret the microstructural features that may affect the
mechanical response. Prior to performing nanoindentation the ROI identified by Raman as
having high carbon with increased crystallite size were analyzed by SEM/EDS and some by
TEM in order to identify the grain orientation of the aluminum and presence of secondary phases
in these regions. Thus, the goal of this work was to determine whether the graphitic carbon
formed by the covetics process effectively acts as a reinforcement phase that improves the
overall mechanical properties of covetic samples, and to account for microstructural features
present in the sample that would affect the mechanical properties measured by nanoindentation.

4.2. Description of Covetic Samples and Identification of Regions of Interest (ROI)

The samples tested by nanoindentation were AA-1350 3 wt% C covetics. Ge et al.*

reported the details of the fabrication process, electrical conductivity, and hardness testing. It was
made by the same process described in Section 2.1, using activated carbon as the starting
material and the pointed graphite electrode to apply current. The electrical conductivity of the
sample that showed the greatest improvement was 61.8 +/- 0.7% IACS (35.8 +/- 0.4 MS/m). The
hardness by Vickers hardness test was 0.2199 +/- 0.0068 GPa. Both the electrical conductivity
and Vickers hardness were improved compared to the baseline sample, with electrical
conductivity of 58.4 +/- 0.7% IACS (33.9 +/- 0.4 MS/m) and Vickers hardness of 0.203 +/-
0.011 GPa. The hardness was found to be inversely correlated to the porosity level in the sample
(estimated by density), which motivated the use of nanoindentation to determine whether the
improvement was related to the presence of the carbon structure or reduced porosity compared to
the baseline. A plot of hardness vs. porosity is plotted in Figure 4.1. Regions of interest (ROI)
that showed increased graphitic carbon crystallite size were identified in the covetic sample and

the local mechanical properties were tested using nanoindentation.
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4.3. SEM/EDS Analysis of the ROIs

Structural characterization was performed to gain microstructural information about the
covetic samples that assisted in the interpretation of the nanoindentation results. Because
nanoindentation tests a small volume of material (on the order of pm?), microstructural features
local to the indent can strongly affect the measurement!!®. The goal of this work was to isolate
the role of graphitic carbon on the mechanical properties of covetic samples, thus SEM/EDS was
used to identify other microstructural features that may have affected the mechanical response.

SEM was performed to collect micrographs from the areas where graphitic carbon ROIs
were found by Raman spectroscopy. It was found that many of the areas that showed increased
graphitic carbon crystallite size occurred at the edge of large voids (~100-500 pm), shown in
Figure 4.2. The red circles in the

Hardness vs Porosity

micrographs indicate the areas

that showed increased graphitic Reference
carbon crystallite size by Raman S <0 Bl ® Covetics
Q.
spectroscopy. E 200 |- l—*
)
Additionally, some of the § W
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1350 grain boundaries. EDS was 160 -
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performed on these areas to
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identify intermetallic compounds Figure 4.1. Vickers Hardness vs. porosity estimated from density

. . . measurements for AA-1350 3 wt% C samples. There is a trend that the
at the grain boundaries, shown in  hardness increases with decreased porosity in the sample. Reproduced
from Ge, X., Klingshirn, C., Morales, M., Wuttig, M., Rabin, O.,
Figure 4.3. The precipitates Zhang, S., & Salamanca-Riba, L. G. (2021). Electrical and structural
characterization of nano-carbon—aluminum composites fabricated by
. . . electro-charging-assisted process. Carbon, 173, 115—125.
mostly consisted of iron with hitps-//doi.org/10.1016/j.carbon.2020.10.063
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Figure 4.2. Scanning electron micrographs showing the presence of voids near carbon ROIs. The areas
circled in red indicate the regions that showed increased graphitic carbon crystallite size by Raman.
The small arrows etched into the sample surface, highlighted by the white dashed circles, were milled

by FIB for easy identification of the ROIs in the various characterization instruments.

some oxygen. Oxygen was also present throughout the aluminum. Carbon was not detected,
though that could be a result of the difficulty in detecting carbon with EDS, due to its low
characteristic X-ray energy. This observation is consistent with the expected Al-Fe-Si
intermetallic phases that form in AA-1350'%!17_ Tt must be considered that hardness and reduced
elastic modulus could be affected by proximity to Al-Fe-Si for carbon ROIs that occur near these

areas. This is discussed in Section 4.5.3.

4.4. Transmission Electron Microscopy

TEM was used to gain additional structural information about the graphitic carbon ROls.
A lamella for TEM was extracted and thinned using FIB from a carbon ROI that showed
increased graphitic carbon crystallite size by Raman spectroscopy. Raman spectroscopy
determines structural characteristics indirectly by measuring how the phonon structure of the
material scatters optical light. TEM allows for more direct structural information to be obtained

by viewing how the atomic structure interacts with the electron beam. Diffraction patterns were
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Figure 4.3.4) SEM micrograph of the area analyzed by EDS where precipitates were visible at a grain
boundary. B) Fe element map C) Al element map and D) O element map. The precipitates mainly
consist of Fe. O was observed in the precipitates and throughout the aluminum in lower
concentrations.

collected, which gave additional information about the graphitic carbon crystal structure. High-
resolution TEM (HRTEM) was used to image the carbon present in a covetic sample.

A TEM micrograph of a representative ROI showing carbon is presented in Figure 4.4.A.
The area that shows increased graphitic carbon crystallite size by Raman was revealed to be a
large graphite cluster, several microns in diameter with many graphite layers visible. The strong
spots in the diffraction pattern from the carbon area in Figure 4.4.A indicates the c-axis direction
of graphite, which means that there are several graphite layers present. The diffraction pattern
from the aluminum grain in the bottom left of the figure indicates the FCC (110) crystallographic
orientation. There was also an interfacial oxide between the graphite cluster and the Al grain

analyzed by EDS, which is expected to degrade the electrical properties of the sample. The

HRTEM micrograph shown in Figure 4.4.B shows many layers of graphite in a discrete phase
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Figure 4.4.4) TEM micrograph showing a large carbon cluster connected to an Al grain with an
interfacial oxide layer. The strong spots in the upper right diffraction pattern corresponds to the c-axis of
graphite and the lower left diffraction pattern corresponds to the (110) crystallographic orientation of Al

B) HRTEM micrograph showing many graphite layers with some misalignment of layers.

adjacent to the aluminum (darker layers at the top of the micrograph). This indicates that the
carbon structure formed during the covetics process in this area more closely resembles a
segregated graphite phase rather than a network of graphene nanoribbons extending through the
aluminum grains.

4.5. Nanoindentation

Nanoindentation was used to analyze the local mechanical properties of the covetic
sample specifically around the ROIs where increased graphitic carbon crystallite size was found
by Raman spectroscopy. The ROIs occurred in two microstructural regimes which were probed
using the nanoindenter: (1) carbon aggregated into clusters within the aluminum grain and at the
edge of voids and (2) carbon segregated to the aluminum grain boundaries. Three different
sample stages were used to obtain nanoindentation data: the standard nanoindentation stage, the

high-load stage to perform deeper indents, and the nanoECR (electrical contact resistance) stage.
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The loading ramp rates were in the quasi-static regime and had a hold sequence for 10 seconds at
max load to minimize the influence of creep on the fit of the unloading curve.

The piezo-scanner used on the standard and nanoECR tests allowed for precise
positioning of the indents (+/- 20 nm in x and y) so that the microstructural features of interest
could be targeted. Scanning probe microscopy (SPM) was performed by rastering the indenter tip
over the sample surface with the piezo-scanner and used to position indents on and around the
ROI. The piezo-scanner is capable of performing indents at user-specified coordinates and can be
used to placed arrays of several indents with user-specified spacing. Both techniques were used
to measure the mechanical properties of carbon ROIs in the two microstructural regimes, (1)
aggregated carbon clusters within the aluminum grain and near voids and (2) segregated carbon
clusters at grain boundaries.

The Oliver-Pharr method was used to calculate the reduced elastic modulus and hardness
from the nanoindentation load-displacement data, using the slope of the unloading curve, S, the
pressure at max load, Pmax, and the contact area at max load, Ac!?*!'?!, In this analysis, S is
determined by fitting a linear model to the initial unloading curve in the Hysitron software,
where S=dP/dh, the rate of change of load as indent depth/displacement, h, is decreased (i.e. as
the indenter is removed from the sample). Reduced elastic modulus, Er, also frequently called the

effective elastic modulus, Eefr can be calculated using

S =B=En/Ac (4.1)

where [ is a geometric shape factor, 1.05 for a Berkovich tip. The contact surface area at

maximum displacement, A., is calculated using an experimentally calibrated polynomial area
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function that calculates contact surface area as a function of displacement. Hardness is calculated
using

Pmax
H == (4.2)

4.5.1. Nanoindentation Near Carbon Aggregates Within Grain/Near Void

The standard stage/transducer was used to indent around carbon ROIs with indentation
depths of 100 nm, which resulted in loads of 100-300 uN. Indents were performed directly on the
graphitic carbon areas and also in the AA-1350 matrix near the ROI to determine if the graphitic
carbon showed higher hardness than the matrix. Additionally, an array of 3x3 indents with 8 um
spacing between indents was performed to capture the variation in mechanical properties in the
area surrounding the graphitic carbon filler and to assess reinforcement capabilities of the
graphitic carbon structure formed by the covetics process.

The carbon ROIs tended to appear as large clusters (~100 um). Indents were performed
on the carbon inclusions and the nearby matrix to determine whether the graphitic carbon formed
by the covetics process acts as a reinforcement phase with increased hardness and/or reduced
elastic modulus than the aluminum matrix. Optical micrographs from the areas where indents
were performed are shown in Figure 4.5.A for the carbon inclusion and 4.5.B for the aluminum
matrix. The blue crosshairs in the micrographs indicate where the indents were performed. The
load-displacement curve shown in Figure 4.5.C indicates that the carbon inclusion has decreased
hardness and modulus compared to the matrix as it required less force to indent to the same
depth of 100 nm in the covetic sample compared to the baseline, 100 uN and 300 uN,
respectively. Additionally, decreased slope of the unloading curve for the carbon inclusion

compared to the matrix indicates that the carbon inclusion is less stiff than the matrix. From
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these results it can be determined that the graphitic carbon formed by the covetics process does
not act as a reinforcement filler with enhanced mechanical properties. It has both lower hardness
and stiffness than the aluminum matrix. This is consistent with the observation from TEM that
the carbon phase consists of many graphite layers, as the energy barrier to dislocation glide along
the basal plane of graphite is low, which reduces the resistance to plastic deformation!?.

Further indentation was performed around an ROI that contained clustered graphitic
carbon to further confirm that the graphitic carbon clusters do not act to reinforce the aluminum
matrix. An optical micrograph with a diagram showing where Raman spectroscopy and

nanoindentation were performed is shown in Figure 4.6.A. The distance between the area

sampled by Raman spectroscopy and area sampled by nanoindentation (~40 pm) was

Indent on Carbon Inclusion

—Inclusion
Matrix

40 60 80 100
Depth [nm]

by the crosshairs at the center of the micrograph. B) Optical micrograph showing where the indent on
the matrix was collected. C) Load-displacement curve showing that the carbon inclusion has much lower
hardness and reduced elastic modulus than the matrix indent, shown by the lower load needed to indent
to the same depth and the decreased slope of the unloading curve
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necessitated by the requirement of a flat sample surface for nanoindentation, discussed further in
Section 4.7.1. The area sampled by nanoindentation showed dark features in the optical
micrograph which likely corresponded to graphitic carbon. The load-displacement curves are
shown in Figure 4.6.B and the reduced elastic modulus and hardness calculated from each curve
are shown in Figure 4.6.C and 4.6.D, respectively. There was considerable point-to-point
variation among each indent in the array, which reflects the microstructural heterogeneity of the
sample. Similar arrays of nanoindentation were performed on the baseline sample. The average
of several indents on the baseline sample gave an average reduced elastic modulus and hardness
of 82.7 +/- 18.0 GPa and 1.10 +/- 0.30 GPa, respectively shown in Figure 4.6.C and 4.6.D. All of
the nine indents on the covetic sample showed decreased elastic modulus compared to the
average baseline values, while some hardness values in the covetic sample showed similar
hardness to the baseline sample further demonstrating that the graphitic carbon clusters formed
by the covetics process do not act as an effective reinforcement phase.

4.5.2. Electrical Contact Resistance (ECR)

ECR measurements were obtained around ROIs that showed increased graphitic carbon
crystallite size to assess whether those areas also showed higher electrical conductivity.
nanoECR was used to qualitatively assess whether the graphitic carbon ROIs showed enhanced
electrical properties relative to the surrounding matrix. Using this method, it is possible to
qualitatively assess whether the graphitic carbon ROIs are more or less conductive than the areas
where graphitic carbon was not detected. A voltage bias is applied between the transducer and
the nanoECR sample stage, and the current flow through the conductive boron-doped diamond
tip is measured. The relative differences in current flow for indents in different areas of the

sample can indicate whether the areas containing graphitic carbon are more or less conductive
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than the aluminum matrix. Indents were performed in displacement control to 100 nm, anda 5 V

bias was applied for 10 seconds at maximum displacement, while the current flow through the tip
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Figure 4.6.4) Optical micrograph with a diagram showing the areas where Raman spectroscopy (red circles)
and nanoindentation (rved square) were performed. B) Load-displacement curves for the indentation array
showing variation in mechanical response. C) Bar chart of reduced elastic modulus and D) hardness showing
that there is significant point-to-point variation in properties for the different indents in the array.
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was measured. Electrical contact resistance measurements were performed on the carbon
inclusion and compared to measurements on the aluminum matrix.

The results of current vs. time were compared for the indents on the carbon inclusion and
on the matrix, shown in Figure 4.7. The current flow was greater for the two indents on the
matrix, between 90-105 pA, compared to the three indents on the carbon inclusion which ranged
from 30-80 pA. Thus, the carbon inclusion is less conductive than the aluminum matrix, and the
graphitic carbon formed by the covetics process does not appear to be a highly conductive
structure.

4.5.3. Nanoindentation Near Carbon at Grain Boundaries

One of the carbon ROIs that occurred at a grain boundary was tested with
nanoindentation; however as mentioned in Section 4.3, Al-Fe-Si intermetallic phases formed at
the grain boundary which could affect the interpretation of the indentation response. The Al-Fe-
Si intermetallic phases strengthen the material by precipitation hardening, where the precipitates

increase the hardness/yield
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Figure 4.7. nanoECR measurements with a 5 V bias

.. L. comparing current flow through the indenter tip when on the
a reduction in grain size carbon inclusion and the aluminum matrix.

58



results in an increase in
hardness/yield strength. As a result,
these two strengthening phenomena
must be considered when
interpreting the nanoindentation
results from this area.

Two distinct grains were
observed with EBSD, shown in
Figure 4.8, from an area where
Raman spectra indicated increased
graphitic carbon crystallite size,
shown in Figure 4.9. An indentation
array, shown in Figure 4.10, was

placed around the ROI to determine

SEM HV: 5.0 kV WD: 12.01 mm GAIA3 TESCAN
SEM MAG: 2.26 kx Det: SE 50 um
View field: 184 ym | Date(m/dly): 02/18/20 University of Maryland AIM Lab

Figure 4.8. EBSD maps showing that the graphitic carbon ROI in
Figure 4.9, occurs at the boundary between two grains with
different orientations.

if there was a reinforcement effect from the graphitic carbon. Because the intermetallic phases

and proximity to grain boundary are known to strengthen materials independent from the effects

of the carbon phase, an indentation array was performed on the baseline sample with no carbon

added in a region with similar microstructural features, shown in Figure 4.11, to assess the

strengthening effects of these features in the absence of carbon. A comparison of reduced elastic

modulus and hardness near the covetic and baseline grain boundaries are shown in Figure 4.12. It

can be seen that there was no significant improvement in the reinforcement capability of the

covetic sample that contained graphitic carbon compared to the baseline sample that showed

similar microstructural features. This indicates that graphitic carbon formed near the grain
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boundaries does not provide an appreciable increase in strength outside of known microstructural
strengthening mechanisms that are observed in the baseline sample.
4.5.4. High-Load Transducer/Stage Around ROIs

The high-load stage was used to perform deeper indents that sampled a larger volume of
material which minimizes the influence of point-to-point microstructural variation in the area
around the indenter compared to the standard stage indents that were only 100 nm deep. Rather
than testing specific microstructural features, the objective was to assess if the average hardness
and/or modulus increased in the areas surrounding the carbon ROIs. The indents were performed
in load-control mode with Pmax=60 mN, which resulted in typical indent depths of 1-6 um. To
determine if there was an average increase in mechanical properties around the carbon ROls, the

averages of hardness and reduced elastic modulus were compared for three carbon ROIs on the
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Figure 4.9. Left: Raman spectra and map of graphitic carbon crystallite size for the carbon ROI that occurs
at a grain boundary in the SEM image at right.

60



SEM HV: 5.0 kV WD: 12.01 mm (';AIA3 TESCAN
SEM MAG: 2.26 kx Det: SE 50 pm
View field: 184 ym | Date(m/dly): 02/18/20 University of Maryland AIM Lab

Figure 4.10.A) SEM micrograph showing the area of the covetic sample where the nanoindentation array was
placed. B) Topography SPM micrograph prior to indenting showing the placement of the array and C)
Gradient SPM micrograph after indentation showing the placement of indents.

covetic, a randomly selected area of the covetic, and the baseline sample. At each location, four
3x3 indent arrays with an indent spacing of 65 um were performed and average hardness and
reduced elastic modulus were calculated from the group of 36 indents in each area. Three covetic
ROlIs, a random area of the covetic sample, and an area of the baseline sample were compared to
determine if (1) the covetic sample showed an increased reduced elastic modulus and/or hardness
compared to the baseline and (2) if the covetic ROIs that contained graphitic carbon had higher
mechanical properties than a randomly selected area of the covetic that had not previously been
identified as an ROI with increased graphitic carbon crystallite size.

Optical micrographs from representative areas of the baseline and covetic samples
showing the general microstructure in the areas where indents were performed are given in

Figure 4.13.A and 4.13.C, respectively. It can be seen that there is greater microstructural
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Figure 4.11.4) Optical micrograph showing the location of the indentation array on a grain boundary of the
baseline sample. B) SPM topography micrograph showing the position of the indentation array relative to the
precipitates visible at the grain boundary. The indents were performed in load control mode

heterogeneity in the covetic sample than the baseline, with many dark features on the covetic

sample indicating either graphite aggregates or voids. The mechanical effects of these

microstructural features are
reflected in the
nanoindentation load-

displacement curves, shown

in Figure 4.13.B and 4.13.D.

There was less variation in
the indentation response on
the baseline than the covetic
sample, with some areas of
the covetic sample showing

much greater displacements
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Figure 4.12. Summary of reduced elastic modulus and hardness
calculated from the nanoindentation arrays performed on/around the
grain boundaries in the baseline and covetic samples. The covetic
showed no difference in reduced elastic modules and hardness at the
grain boundary from the baseline sample.
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Figure 4.13. A) Optical micrograph showing a representative area of the baseline sample where an indentation
array was placed. B) Load-displacement curves for all indents into the baseline sample, showing minimal
variation. C) Optical micrograph showing a representative area of the covetic sample where indentation arrays
were placed. There is considerably more microstructural heterogeneity than the baseline sample. D) Load-
displacement curves for indents on the covetic sample. Consistent with the microstructural heterogeneity, there
is more heterogeneity in the mechanical response than for the baseline.

for the same load, indicating a softer material. A statistical summary of the nanoindentation data
for the three covetic ROIs, random covetic area, and baseline sample are shown in Figure 4.14.
The reduced elastic modulus decreased for all areas on the covetic sample, which could be
attributed to the increased compliance of the sample caused by voids and aggregated carbon. The
hardness showed neither an increase nor decrease, but the variance of hardness increased for the
covetic samples compared to the baseline. The increased variance in hardness could be a result of

the increased microstructural heterogeneity in the covetic sample. The lack of an increase in
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hardness is consistent with

Indent Arrays Near Covetic ROIs

the previous observations
that the graphitic carbon
clusters formed by the

covetics process do not
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demonstrate enhanced

mechanical properties.
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that occurred on or near
Figure 4.14. Summary of reduced elastic modulus and hardness

measured from the indentation arrays placed near the three covetic

voids from the statistical ROIs, a random area of the covetic sample, and the baseline sample.

analysis, k-means clustering was performed in MATLAB on the high-load transducer data to
separate the indent data plotted as hardness vs. reduced elastic modulus into clusters and subtract
out the two clusters that showed both the lowest hardness and reduced elastic modulus, which
most likely occurred on or near voids. MATLAB uses the k-means++ algorithm and the squared
Euclidian distance metric for cluster center initialization. The optimum number of clusters was
determined by the elbow method. The two clusters with excessively low reduced elastic modulus
were removed from the dataset and the statistics were re-calculated to determine if there was an
improvement in mechanical properties in the areas that were not influenced by voids.

A plot of hardness vs. reduced elastic modulus is given in Figure 4.15 using the data
shown in Figure 4.14. It can be seen that the reduced elastic modulus decreased for all indents on
the covetic sample. Some indents showed a slight increase in hardness, but a majority of the
points showed a decrease in hardness as the reduced elastic modulus decreased. The k-means

clustering method was used to separate the data into distinct clusters so that the lower modulus
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and hardness values that most
likely corresponded to voids could
be removed from the data set. The
optimum number of clusters was
selected using the elbow method
where the total Euclidian distance
from each data point to its
centroid is plotted vs. the number
of clusters used and the optimum

number of clusters is chosen as
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Figure 4.15. Hardness plotted vs. reduced elastic modulus showing
that the modulus was reduced in all covetic sample compared to the
baseline. The covetic sample also showed more variation in
hardness than the baseline sample.

the point where the decrease in distance for each additional cluster becomes linear'?*!24, The plot

of total Euclidian distance vs. number of clusters is shown in Figure 4.16 where the optimum

number of clusters is 5. Figure
4.17.A shows the clustered data
with k=5 chosen as the optimum
number of clusters from the elbow
method. The two clusters that
showed the lowest hardness and
reduced elastic modulus were
removed from the statistical
analysis, k3 and k5, as it was

assumed that they most likely

w104 Elbow Method, Distance to Centroids

Total Euclidian Distance
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Number of Clusters

Figure 4.16. Total Euclidian distance vs. number of clusters used to
evaluate the optimum number of clusters by the elbow method. The
optimum number of clusters is chosen as the point where the
decrease in distance for each additional becomes linear, which for
this dataset is k=35.
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corresponded to indents influenced by voids.

The average reduced elastic modulus and hardness of the covetic sample with k3 and k5
removed was compared to the baseline values, shown in Figure 4.17.B. Even when removing k3
and k5 from the analysis, the covetic sample still showed lower reduced elastic modulus
compared to the baseline, although the variance decreased. Similarly, the average hardness of the
covetic sample after removing k3 and k5 was only slightly improved (from 0.325 to 0.368 GPa),
but the variance was reduced. This analysis indicates that even after excluding the points that
most likely corresponded to voids and showed the lowest mechanical properties, the reduced
elastic modulus and hardness of the covetic sample were lower than the baseline indicating no
reinforcement by the graphitic carbon phase. Thus, the graphitic carbon clusters formed by the

covetics process are not an effective reinforcement phase.
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Figure 4.17.4) H vs. E_data grouped into five clusters using the k-means clustering method. The two

clusters with the lowest modulus, k3 and k5, were assumed to be influenced by voids in the covetic
sample and were excluded from B) the statistical summary.
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4.6. Discussion

4.6.1. Contact Area Function: Pile-up and Sink-in Behavior

There are a number of assumptions made in the analysis of nanoindentation data which
contributed to the challenge in measuring the mechanical properties of covetics using this
technique. Most relate to the calculation of the contact area from the contact area function. The
main difference between nanoindentation and other indentation testing methods (Rockwell,
Brinell, Vickers, Knoop) is that the contact area used in hardness calculations must be estimated
using a contact area function that is empirically calibrated for the specific tip to give tip-sample
contact area as a function of indent depth, which accounts for imperfections in the tip geometry
introduced during machining and wear over time. The calibration is performed on a single crystal
fused quartz sample, and the result is extrapolated to material systems that may have slightly
different properties/behavior. The following assumptions are made in the formulation of the
contact area function and subsequent calculation of reduced elastic modulus and hardness: (1)
the material is homogeneous and isotropic, (2) the sample surface is perfectly flat, and (3) the
material is elastic-perfectly plastic, i.e. the material is linear elastic up until the yield point where
plastic deformation occurs without work hardening. When these assumptions do not explicitly
apply to the material being tested, nanoindentation can still be a useful technique, but the
interpretation of the results must be carefully considered.

The prevalence of porosity and voids in the covetic sample formed during processing
seemed to dominate the elastic properties of the covetic samples. In this instance, the assumption
that the material is homogenous no longer applies. The elastic response of the heterogeneous
material can be considered like a series of springs connected in series or parallel. The presence of

voids in the volume of material deformed by the indenter tip adds a compliance to the system,
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which is reflected in the reduced elastic modulus. On the covetic samples, the reduction in
reduced elastic modulus most likely primarily reflects the compliance effect of voids present in
the sample rather than any changes in elastic properties of the solid material as a result of
interaction between the graphitic carbon and aluminum matrix.

Another notable source of error in the area function for this material system is “pile-up”
or “sink in” of the material around the indenter tip which leads to an underestimation of contact
area for pile-up (and subsequent over-estimation of reduced elastic modulus and hardness) and
overestimation of contact area for sink-in behavior (underestimation of reduced elastic modulus
and hardness). Aluminum, which has a low yield stress, tends to exhibit “pile-up” behavior
where plastically deformed metal flows up from the sample surface around the indenter tip,
which is not adequately accounted for in the area function calculation that assumes the material
deformation is elastic-perfectly plastic. Additionally, work-hardening can affect the pile-up/sink-
in behavior of the material which is not easily quantified and accounted for, as residual stress in
the material can affect the work-hardening behavior!!". While this effect likely contributed to
some overestimation of the reduced elastic modulus and hardness of aluminum, the indents
directly on the carbon inclusion show such a drastic reduction in mechanical properties that it is
clear that the graphitic carbon formed as a result of the covetics process was not an effective
reinforcement phase.

4.6.2. Microstructural Strengthening Mechanisms

When interpreting nanoindentation of a heterogeneous alloy microstructure, it is
important to consider the microstructural strengthening mechanisms in metals, aside from the
effect of the graphitic carbon, that can introduce point-to-point variation in reduced elastic

modulus and hardness that are unrelated to graphitic carbon reinforcement. These effects are
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likely what caused some of the variation in the indentation response, which necessitated the
collection of many (>100 indents) on the covetic sample with the high load transducer so that
statistical analysis could be used to interpret the results.

The main microstructural features that affected the indentation response in this work were
proximity to grain boundaries, precipitate strengthening by the Al-Fe-Si intermetallic phases at
grain boundaries, voids, and potentially work hardening/pre-existing strain in the aluminum
matrix during sample solidification and/or machining/polishing. For the scope of this work, it
was not necessary to meticulously account for the effect of each of these phenomena, but
reasonable attempts were made to be aware of the source of variation, such as by performing
EDS/EBSD and indenting on a grain boundary of the baseline sample. Despite the variation in
local mechanical response caused by these effects, it was still possible to make two important
observations pertinent to the understanding of the mechanical properties of covetics: (1) there is
no clearly demonstrated improvement in mechanical properties as a result of the graphitic carbon
clusters introduced into AA-1350 during covetics processing, and (2) the significant void content
in covetic samples introduced during processing results in a significant decrease in reduced
elastic modulus and hardness of covetic samples compared to the baseline.

4.7. Conclusions and Future Work

The nanoindentation performed in this work demonstrated that there is no evidence that
the graphitic carbon clusters produced by the covetics processing method act as an effective
reinforcement phase that enhances the mechanical properties of the final composite material.
Structural characterization by SEM and TEM indicated that graphitic carbon is present in
covetics in the form of large clusters and that there is significant porosity. These two factors

result in a significant decrease in reduced elastic modulus and, to a lesser extent, the hardness.

69



Statistical analysis performed on a population of >100 indents indicates that there is no
improvement in mechanical properties, even after removing indents that most likely occurred on
voids. Future work to improve the mechanical properties of covetics should focus on the
processing technique to improve spatial homogeneity of carbon by formation of graphene
nanoribbons throughout the aluminum matrix and the prevention of carbon clustering and void

formation.
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Chapter 5: Updates to the Covetics Processing System

5.1. Motivation and Objective

The results discussed in Chapters 3 and 4 indicated that the electrical and mechanical
properties of covetic samples were degraded by aggregated carbon clusters, oxidation at the
carbon-aluminum interface, and voids in the final cast. Increased graphitic carbon crystallite size
was measured in some areas of some samples, but the presence of the defects mentioned resulted
in a net degradation of electrical and mechanical properties. Additionally, only some areas
showed increased graphitic carbon crystallite size, while many areas showed the same graphitic
carbon crystallite size as the activated carbon starting material, indicating that potentially
insufficient mixing of the aluminum-carbon mixture prevented all of the carbon from entering
the high current density region around the electrode during processing. To address these issues a
series of updates were made to the covetics processing system to attempt to improve sample
quality and observe an increase in electrical conductivity. The main goal was to improve
homogeneity of carbon in the covetic sample while limiting oxidation and porosity, which should
help improve the electrical conductivity.

5.2. Updates to the Covetics Processing System and Procedure

5.2.1. Dehydrate Activated Carbon Starting Material

In the covetics process, activated carbon with 100 nm particle size is used as the carbon
starting material. Activated carbon has high surface area and reactivity; however, this also leads
to a high adsorption capacity which could introduce contamination into the covetics sample!?>.

The high surface area and reactivity of activated carbon is believed to help facilitate the re-

crystallization process when current is applied; however, contamination from adsorbed vapor
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species could potentially lower electrical conductivity of the covetic sample. The adsorbing

capacity of activated carbon is so high that it is frequently used as a filter material. It has been

shown by TEM in Chapter 4 that the carbon present in the covetic sample is surrounded by an

oxide layer at the carbon-aluminum interface despite processing in an argon-rich atmosphere.

This may have been a result of adsorbed oxygen and water vapor species in the activated carbon

Figure 5.1. The stirrer mounted on an
aluminum frame above the aluminum
enclosure that contains the induction furnace.
The black cylinder indicates the position of
the crucible in the enclosure box.

starting material that are then incorporated into the
covetic sample.

To mitigate the detrimental effects of
adsorbed oxygen and water vapor, the activated
carbon starting material was de-gassed in a vacuum
furnace at 160° C and 30 mTorr for 24 hours prior to
the start of covetics processing. The relatively low
temperature was chosen to allow de-gassing of vapor
species from the activated carbon surface while
preventing reaction of the carbon with oxygen,
which begins to occur at 400°C!?. After de-gassing,
the activated carbon was transferred into the crucible
and inserted into the covetics processing system that
had been purged with argon gas.

5.2.2. Updated Stirring System with Argon Flow
Previously, stirring was performed by an electric
drill attached to a variable resistor to adjust mixing

speed. In the updated system, this component was
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replaced by a Heidolph overhead stirrer capable of achieving 2000 rpm, which allowed for more
precise control during processing and evaluation of mixing speed as a process parameter. A
photograph of the covetics processing system with the new stirrer mounted on an aluminum
frame is shown in Figure 5.1. The aluminum frame was used to move the stirrer up and down
from the processing enclosure, the aluminum box in Figure 5.1 that contains the crucible.
Additionally, the shaft and impeller of the stirrer were modified to allow argon flow
through the shaft and into the molten Al+C mixture during processing. De-gassing of aluminum
castings with pressurized argon is commonly done to remove gas bubbles that cause porosity in

the final product!?®

. As argon flows through the molten metal, gaseous impurities diffuse into the
argon bubbles that then flow out to the surface, resulting in a denser final product. In particular,
atomic hydrogen, which is soluble in liquid aluminum, is known to cause porosity in aluminum

castings'?®

. Additionally, the argon flow could help remove any remaining oxygen impurities
that may have been incorporated into the covetic sample by adsorption to the activated carbon.
To employ this technique in covetics processing, a hollow stainless steel rod was used as
the shaft of the stirrer and connected to a 99% purity argon tank by vinyl tubing. The impeller tip
on the end of the shaft was machined from graphite with outlet holes to allow argon flow out of
the shaft and through the molten Al+C, shown in Figure 5.2. As the impeller mixed the AI+C
mixture during covetics processing, argon flowed through the shaft and impeller and into the
molten material. The goal of this procedure was to remove hydrogen that can cause porosity and

remove oxygen, both of which would degrade the electrical conductivity of the covetic sample

while at the same time getting better mixing of the carbon in the liquid metal.
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5.3. Experimental Methods

5.3.1. Sample Processing Conditions and Sectioning for Characterization

Three covetic samples were made with the updated covetics processing system following

the procedure described in Section 2.1 to determine whether the modifications produced samples

with increased graphitic carbon crystallite size and electrical conductivity. All three samples

were 3 wt% C AA-1350 covetics with current application for 1000s (16.67 minutes) with the

pointed graphite electrode. The cylindrical samples were 10 cm in diameter and 2 cm tall. The

A)  ar

l

Figure 5.2. Diagram of the stirrer that consists of a graphite impeller
attached to a hollow stainless-steel shaft shown from the A) side view and
B) bottom view. The red arrows indicate the direction of argon flow
through the shaft and out into the melt through holes in the graphite
impeller
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applied current, stirring
speed, and time of argon
flow through the stirrer was
varied in each sample.
Sample A had 100 A
applied current, stirring
speed of 700 rpm and argon
flow through the stirrer
during application of
current. Sample B had 200
A applied current, stirring
speed of 800 rpm, and argon
flow through the stirrer
during the application of
current. Sample C had 200

A applied current, stirring



Table 5.1. Processing conditions for the three covetic samples made with the redesigned impeller

100 A 700 rpm During current application (1000s/16.67 minutes)
B 200 A 800 rpm During current application (1000s/16.67 minutes)
C 200 A 800 rpm For 5 minutes after current application is complete

speed of 800 rpm, and argon flow through the stirrer for five minutes after the application of
current. A summary of processing conditions for each sample is given in Table 5.1. The samples
for Raman spectroscopy and electrical conductivity were sectioned and prepared following the
procedure described in Section 2.1.
5.3.2. Raman Spectroscopy, Graphitic Carbon Crystallite Size

The samples for Raman spectroscopy were taken from the center of the cast covetic
samples. Graphitic carbon crystallite size was calculated from the Raman data by using the
integrated intensity ratio of the D peak at ~1350 cm™! to the G peak at ~1600 cm™! following the
method described in Section 3.2.2. Ten 10 um x10 pm maps were collected for each covetic
sample and a histogram of crystallite size from the spectra in all ten maps was generated to
determine whether there was an increase from the 7-10 nm crystallite size of the activated carbon
starting material as a result of the application of current.
5.3.3. Four Point Probe Electrical Conductivity Measurement

Electrical conductivity was measured by the four point probe method following the
procedure outlined in Section 2.4. The samples for electrical conductivity were ~10 cm long cut
from the center of the covetic sample along the diameter to determine whether the electrical
conductivity of the covetic sample increased compared to the baseline sample. The baseline
sample was melted and re-solidified in the covetics processing system and stirred with argon

flow through the stirrer for 1000 seconds, but carbon was not added, and current was not applied
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during the process. Two samples for electrical conductivity were taken from different places
within the baseline sample to assess the spatial variation of electrical conductivity in the cast
sample.

5.4. Results and Discussion

5.4.1. Raman Spectroscopy

The histograms of graphitic carbon crystallite size calculated from the Raman spectra are
given in Figure 5.3. The results indicated that most carbon present in the covetic samples had the
same crystallite size as the activated carbon starting material. 1,210 Raman spectra were
collected per sample, but the number of spectra showing crystallite size greater than 20 nm was
only 11 for Sample A, 20 for Sample B, and 18 for Sample C. Thus, neither the 100 A or 200 A
applied current used for these samples was sufficient to induce rearrangement and crystallization
of the activated carbon into graphitic sheets with increased crystallite size.
5.4.2. Electrical Conductivity

The electrical conductivity of each sample measured by the four-point probe method is
given in Figure 5.4. Sample A had a conductivity of 55.4 +/- 0.2% IACS (32.1 +/- 0.1 MS/m)
and Sample B had a conductivity of 56.9 +/- 0.5% IACS (33.0 +/- 0.3 MS/m). Neither Sample A
nor B showed an improvement compared to the baseline samples with 55.6 +/- 1.6% IACS (32.2
+/- 0.9 MS/m) and 47.6 +/- 0.9% IACS (27.6 +/- 0.5 MS/m). Sample C performed significantly
worse than all other samples with an electrical conductivity of 35.7 +/- 0.9% IACS (20.7 +/- 0.5
MS/m). Thus, the electrical conductivity was not improved by the addition of activated carbon
and application of current by the covetics process. This is consistent with the Raman results that
did not show a significant increase in graphitic carbon crystallite size in any of the three covetic

samples.
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Figure 5.3. Histograms showing the crystallite size for each sample calculated from the Raman spectra. A)
Sample A, B) sample A with the y-axis maximum changed to ten counts so that the lower counts at higher
crystallite size are visible, C) Sample B, D) Sample B with y-axis maximum of 10 counts, E) Sample C and F)
Sample C with y-axis maximum of 10 counts

The variation in electrical conductivity for baseline A and baseline B samples indicates
that there are effects other than the addition of carbon that can cause a change in electrical

conductivity. The most likely explanation is the persistence of porosity and voids in the samples.
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Figure 5.5. Even in a cross-section Figure 5.4. Electrical conductivity measured from the two baseline

samples and three covetic samples.
of the baseline sample, shown in

Figure 5.5.A., there is a visible large pore about 1 cm long. The macroscale void content in the
covetic samples, shown in Figure 5.5.B. and 5.5.C. is even greater. The microscale void content
determined from
density
measurements was
~10% in covetic
samples made by a
similar process, and
baseline samples
showed no
microscopic voids

(fully dense) in

areas selected away

Figure 5.5. Photographs of the interior cross-sections of A) the baseline sample B)
Sample A and C) Sample B. All three samples show voids, with the covetics showing
higher porosity.
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from the macroscopic voids.

For the covetic samples that contain carbon, solute segregation of carbon could be a
source of porosity, discussed further in Section 3.4.1. In the baseline sample where carbon was
not added, solidification shrinkage could have been the source of the void content. In cast
specimens, solidification shrinkage occurs because the density of liquid phase is lower than the
solid phase. As the material transforms from liquid to solid, it occupies a smaller volume of
space, and contraction of the material can cause pore formation!?’. The presence of porosity and
voids would lower the electrical conductivity of the samples, consistent with the fact that all of
the samples showed lower conductivity than the expected value for AA-1350, 62% IACS'".
Potentially the significant difference in electrical conductivity for the two baseline samples was a
result of different void content in each sample. Metallurgical effects such as grain size, solute
distribution, precipitate formation, etc. could also contribute some variation to electrical
conductivity, as the samples were taken from slightly different locations in the cast sample.

5.5. Conclusions and Future Work

Modifications were made to the covetics processing system to attempt to minimize oxide
content and void formation. The activated carbon starting material was de-gassed in a vacuum
furnace prior to processing, the stirring speed was increased to 700-800 rpm, and argon was fed
through the molten material through the stirring shaft. Three AA-1350 covetic samples with 3
wt% C were made using the updated system, varying applied current, stirring speed, and argon
flow time. The average graphitic carbon crystallite size in the covetic samples did not increase
compared to the activated carbon starting material. The electrical conductivity of the three
covetic samples did not show an improvement relative to the baseline sample with no added

carbon or application of current.
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Despite the modifications to the processing system, porosity was still present in the
covetic and baseline samples, which degraded electrical conductivity. In future work, the issue of
carbon solute segregation in the cast material could potentially be addressed by quenching the
material. By rapidly solidifying the material in a quenching process, the kinetics are manipulated
so that the system does not have time to move toward thermodynamic equilibrium during
cooling, which could help prevent the aggregation of carbon that occurs as the covetic sample
cools slowly. This could also result in a reduction in grain size, which would lower the electrical
conductivity of the sample. These effects highlight the metallurgical complexity of the system as
it relates to solidification, heat treatment, and post-processing and illustrates the need for a
procedure designed to maximize homogeneity of the carbon and electrical conductivity of the

sample.

80



Chapter 6: Micromechanics of an IM7/PEEK Laminate with Added
Copper Mesh Layers

6.1. Motivation and Objectives

In composite materials, mechanical properties of the composite are primarily dictated by
the microscale nature of the interface between the reinforcement phase and the matrix*.
Interfacial shear stress transfer between the matrix and reinforcement phase affects the overall
mechanical properties of the composite. As a result, understanding the microscale interfacial
properties is key to determining the macroscale mechanical properties of the composite. In
CFRPs, an interphase region exists where there is chemical bonding between the fiber and the
polymer matrix, which leads to an effective volume fraction of reinforcement that is larger than
the actual volume fraction of the carbon fiber reinforcement!?’. Poor interfacial strength between
fibers and matrix will lead to low bulk shear strength, which is typically measured by single fiber
pull out test; however, sample preparation is tedious and there is disagreement over the ideal test

set-up!'28

. Nanoindentation has emerged as a useful technique to characterize the mechanical
properties of this interphase region and how it changes as a result of processing or damage due to
the ability to rapidly test many fibers!'>*~!*3, Understanding how processing methods affect the
interphase region is key to predicting the overall mechanical performance of the composite.
Developing methods of using nanoindentation to achieve more robust characterization of the
interphase region and interfacial properties of CFRPs would assist in this endeavor.

The objectives of this work were to use nanoindentation to (1) understand the effect of
annealing of the PEEK matrix on the mechanical properties of the fiber/PEEK interphase region,

and (2) determine to what extent the copper mesh may act as a reinforcement phase or source of
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weakness in the multifunctional composite. It has been demonstrated that the mechanical
properties of PEEK can vary depending on the crystallinity of the polymer, with higher tensile
strength and elastic modulus for higher crystallinity, and that the degree of crystallinity can vary
depending on the thermal history of the PEEK!3¢1%_ In CFRP composites with a PEEK matrix,
the crystallinity of PEEK can affect the interfacial adhesion, with better adhesion for higher
PEEK crystallinity at the interface!*®42, Thus, an annealing procedure was carried out and
nanoindentation was used to determine if the annealing procedure enhanced the interfacial
adhesion and extended the interphase region at the fiber/PEEK interface. With regards to the
copper mesh, copper could potentially act as a reinforcement phase if there is sufficient
interfacial bonding due to its higher strength and elastic modulus compared to the PEEK;
however, it is possible that a lack of interaction between Cu/PEEK could result in minimal
reinforcement. Thus, nanoindentation was used to assess the interfacial adhesion between
Cu/PEEK and determine whether the copper mesh is acting as a reinforcement phase.

6.2. SEM and X-ray CT of CFRP laminate with Cu Mesh

The sample tested by nanoindentation was received from SURVICE and consisted of a
unidirectional CFRP laminate with two copper mesh layers. The carbon fibers were IM7, and the
polymer matrix was polyether-ether ketone (PEEK). A cross-sectional SEM micrograph of the
sample is shown in Figure 6.1.A. The laminates consisted of unidirectional continuous carbon
fiber plies with different relative orientations of the fibers in each layer, shown in Figure 6.1.B,
where three CFRP layers with different fiber orientations can be seen. The top and bottom layers
have fibers oriented normal to the cross-sectional sample surface and the center layer has fibers
oriented in the transverse direction. A schematic showing the general geometry of the CFRP

sample with layers containing different in-plane relative fiber orientation is shown in Figure

82



6.1.C. The fibers in each ply were oriented in either the 90°, 0°, +45°, or -45° direction.
Nanoindentation was performed around the fibers in the layers where the fibers are oriented
normal to the sample surface. The two copper mesh layers had different in-plane relative

orientations, with one rotated 45° relative to the other, shown by the X-ray micro-CT 3D

SEM HV: 10.0 kV WD: 15.34 mm | GAIA3 TESCAN SEM HV: 10.0 kV WD: 15.34 mm GAIA3 TESCAN

SEM MAG: 124 x Det: SE 500 pm SEM MAG: 661 x Det: SE 100 pm

View field: 2.22 mm | Date(m/dly): 02/17/22 University of Maryland AIM Lab View field: 419 ym  Date(m/dly): 02/17/22 University of Maryland AIM Lab

e-beam

Figure 6.1.4) Cross-sectional SEM micrograph of the multifunctional composite showing three CFRP layers
and two copper (bright areas) mesh layers. B) Three CFRP layers with different relative fiber orientations
showing normal to the page in the top and bottom layer and fibers parallel to the page in the center layer. C)
Schematic of fiber orientations in the micrograph. D) X-ray CT image showing the two copper layers with 45°
relative orientation between the layers.
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reconstruction in Figure 6.1.D. Nanoindentation was performed with basal plane of the mesh
oriented normal to the sample surface, as shown in the micrograph in Figure 6.1.A.

6.3. Annealing Effects on Raman Spectra of PEEK

To understand the effects of processing on the interface mechanical properties and
reinforcement ability of the carbon fibers, the composite sample was annealed at 200°C for 1
hour in air at ambient pressure in an oven. The sample was cooled in the oven, which took 1 hour
for the sample to return to room temperature. The annealing protocol was selected following the
work of Yang et al.'*

The crystallinity of PEEK before and after annealing was calculated using Raman
spectroscopy from the peak shift of the 1651 cm™ Raman peak. This indicator was chosen

1.'% which evaluated the correlation coefficient for 18

following the work of Doumeng et a
Raman indicators and percent crystallinity calculated by DSC and found that S, the 1651 cm’!,
peak position had the highest correlation coefficient (r=0.92). The equation relating S and X,

percent crystallinity is

X. = —3478(S) + 5765.2 (6.1)

To calculate the average percent crystallinity before and after annealing, 30 Raman
spectra were collected and the position of the 1651 cm™ peak was found using the MATLAB
“findpeaks” function. A representative Raman spectrum is shown in Figure 6.2.A, where the red
asterisk indicates the 1651 cm™! peak used as an indicator of crystallinity. The average percent
crystallinity before and after annealing is shown in Figure 6.2.B. It can be seen that the average
percent crystallinity did not change as a result of the annealing process, from 40.6 +/- 6.9%

before annealing to 41.4 +/- 5.5% after annealing. Given that the typical crystallinity of
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performed in the area surrounding the

were performed in the three regions: (1)

near carbon fibers before annealing, (2) near carbon fibers after annealing, and (3) near copper
mesh before annealing. The loading rate, hold time at max load, and unloading rate were selected
to minimize the rate-dependent effects of PEEK viscoelasticity, by using a slow indentation
strain rate (0.025 1/s) and longer hold sequence at max load (30 s)!?>!46147  The indents were
performed in displacement control mode to 300 nm depth. The reduced elastic modulus and
hardness were calculated from the Oliver-Pharr method!?%!2!, discussed in Section 4.2.4. To

summarize, the reduced elastic modulus, E:, is calculated from
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2
S= ﬁ\/—EET,/AC (6.2)
where S is the slope from a linear fit of the initial unloading curve, dP/dh, B is a geometric shape

factor, and Ac is the contact area. Hardness is calculated using

H = fmax (6.3)

Ac

where Pmax is the maximum load.

Histograms of the reduced elastic modulus and hardness calculated from the indents in
each of the three areas are shown in Figure 6.3. Each area had a population of 180 indents, from
the five 6x6 indent arrays. In each of the three areas, the distributions skew towards lower
reduced elastic modulus and hardness, which was expected as the majority of indents occurred
on the PEEK matrix, which has lower modulus and hardness than both the carbon fibers and

copper. The indents from the populations near the carbon fibers (Figure 6.3 A-D) show a range
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Figure 6.3 Histograms of nanoindentation results from the three areas, A) Reduced elastic modulus pre-anneal
near fiber, B) Hardness pre-anneal near fiber, C) Reduced elastic modulus post-anneal near fiber, D) Hardness
post-anneal near fiber, E) Reduced elastic modulus pre-anneal near Cu and F) Hardness pre-anneal near Cu.
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of increased modulus/hardness which corresponds to the indents that were influenced by the
carbon fiber reinforcement. There is no apparent difference between the data near the carbon
fibers before and after annealing. In contrast, the histogram of indents near the copper mesh
(Figure 6.3 E and F) do not show this same range of increased modulus/hardness, instead there
appears to be two discrete clusters of lower and higher modulus/hardness. The lower cluster is
from the indents that occurred on the PEEK matrix, and the higher cluster is the indents that
occurred on the copper. In the following sections, these observations are further investigated by
plotting the reduced elastic modulus and hardness as a function of distance from the fiber/Cu to
make inferences about the strength of the interface between carbon fiber/PEEK and Cu/PEEK.
6.4.2. Measurement of Distance from Fiber/Cu Edge from SPM

To measure the distance from each indent to the edge of carbon fiber/Cu SPM
micrographs were collected of each indent array after indentation. Representative micrographs
showing the indent arrays are shown in Figure 6.4. An array around carbon fibers is shown in
Figure 6.4.A and B. and an array around the copper mesh cross-section is given in Figure 6.4.C
and D. Imagel was used to measure the distance between each indent and the nearest carbon
fiber/Cu edge. The results were used to plot reduced elastic modulus and hardness as a function
of distance from carbon fiber/Cu edge and assess the reinforcement ability of the carbon fibers
before and after annealing, and the reinforcement ability of the carbon fibers compared to the
copper mesh.

To investigate the effect of annealing on the PEEK matrix and fiber/PEEK interface, the
modulus and hardness as a function of distance from the nearest fiber were analyzed. In Figure
6.5, the reduced elastic modulus and hardness are plotted as a function of distance from the

nearest carbon fiber. It can be seen that the modulus and hardness both increase as the indents
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Figure 6.4 Scanning probe micrographs collected using the nanoindentation piezo-scanner showing the
indentation arrays. A) Topography image near carbon fibers B) Gradient image near carbon fibers, C)
Topography image near Cu, and D) Gradient image near Cu.

approach the fiber/matrix interface. The modulus and hardness in the region > 3 microns away
from the fiber edge is relatively constant and corresponds to the reduced elastic modulus and
hardness of the PEEK matrix without any reinforcement effects from the carbon fibers.

The data was split into two groups: (1) the matrix phase > 5 pm away from the fiber
edge and (2) the fiber and interface region < 5 pm away from the fiber edge and on the fiber to
determine the change in modulus/hardness in the matrix only. The average reduced elastic
modulus and hardness in these two regions before and after annealing are shown in Figure 6.6.
There was a slight increase in the hardness of the matrix after annealing, from 0.081 +/- 0.012
GPa to 0.103 +/- 0.014 GPa (P=.05). There was no change in the reduced elastic modulus of the
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matrix, from 2.64 +/- 0.17 GPa to 2.60 +/- 0.18 GPa after annealing. There was a larger variance
in the reduced elastic modulus and hardness of the fiber/interface region due to the variation with
distance from the fiber edge in this region. Consequently, there was no observed change in the
average reduced elastic modulus (3.90 +/- 2.06 GPa to 3.75 +/- 1.78 GPa after annealing) or
hardness (0.161 +/- 0.153 GPa to 0.200 +/- 0.197 GPa after annealing) in the fiber/interface
region. Thus, the annealing protocol resulted in a small increase in the PEEK matrix hardness,
but the reduced elastic modulus was unchanged.
6.4.3 Nanoindentation: Comparison of CFRP Interface Region Before and After Annealing

The large variance in reduced elastic modulus and hardness in the fiber/interface region

made it difficult to assess the interfacial strength before and after annealing by average values
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Figure 6.5. Nanoindentation results as a function of distance from the carbon fiber edge before and after
annealing. A) Reduced elastic modulus for all data points, B) Reduced elastic modulus in the region <5 um
from the fiber edge, C) Hardness for all data points, and D) Hardness in the region <5 um from the fiber edge.
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alone. Thus, a power law function was fitted to the reduced elastic modulus and hardness as a
function of distance from the fiber edge using the MATLAB Curve Fitting Toolbox to evaluate
the trend in modulus/hardness increase as the indenter approaches the edge of the fiber. The
exponent of the fitted power law function can be used to compare the rate of decay of the
reinforcement effect of the fiber as the distance from the fiber is increased.

A decreased rate of decay would indicate that the fiber is more effectively reinforcing the
matrix due to enhanced interfacial bonding and interfacial shear strength, leading to a larger
interphase region. For indents in the matrix near the carbon fiber edge, as the interaction volume
of material deforming under the indenter tip expands and reaches the carbon fiber, effective load
transfer at the fiber/PEEK interface impedes deformation and increases modulus and/or hardness.
A rapid drop in modulus/hardness as indents enter the matrix would indicate that there was not
effective interfacial bonding and reinforcement between the fiber and the matrix, resulting in a

smaller area of the matrix that is
H, Er, Near Carbon Fibers Before and After Annealing

reinforced by the carbon fiber. In

4]
T

this case, as the interaction

IS

volume of material deforming

w
T

under the indenter tip reaches the

N
H, Hardness [GPa]

, Reduced Elastic Modulus [GPa]

carbon fiber, there is not effective

r

E

strain transfer, and PEEK flows

. R o .
o g 0P 0 o (T e
M M QR N N
@® @® AN W A A

2 P&\ e @

B P(\ Qo
G
?0

F o

W unimpeded along the fiber surface

with little change in

Fi.gure 6.6. Av?rage redzfced elastic modulus and hardness in th? matrix and modulus/hardness. Thus, the
interface regions. The interface region was defined as data points < 5 um

from the fiber edge and the matrix region was defined as data points > 5 um .
from the fiber edge. trend in modulus/hardness as a

90



function of distance from the fiber edge can be used to assess the interfacial bonding and the size

of the interphase region of the fiber/PEEK interface before and after annealing.

The fitted curves for reduced elastic modulus and hardness are shown in Figure 6.7. The

shaded regions indicate the error in the fit for the curves based on a 95% confidence interval. It

can be seen from the plot of reduced elastic modulus vs. distance from fiber edge in Figure 6.7.A

that there was no change in elastic properties in the interface region as a result of the annealing

procedure. The exponent of the power law functions was un-changed as a result of the annealing

process, from -3.505 +/- 0.801 to -
2.992 +/- 0.665. This is consistent
with the observation that the matrix
values of reduced elastic modulus did
not change as a result of the
annealing process. The hardness,
however, appeared to show a
decrease in the rate of decay as
distance from the fiber edge
increases, shown in Figure 6.7.B,
with the post-anneal curve lying
above the pre-anneal curve. The
power law exponent decreased from -
5.215 +/-1.239 t0 -3.763 +/- 1.036
after annealing. The results indicate

that there was a slight increase in the
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Figure 6.7 Power law fits for A) reduced elastic modulus
and B) hardness as a function of distance from the fiber
edge before and after annealing.
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reinforcement ability of the carbon fiber as a result of the annealing process with an increase in
the span of the interphase region, though the difference is small. Given that the crystallinity was
not shown to significantly change as a result of the annealing process and that the increase in
hardness in the matrix was small while the modulus was unchanged, the modulus/hardness at the
interface would not be expected to significantly change, either.
6.4.4. Nanoindentation: Comparison of CFRP to Copper Interface Region

The reduced elastic modulus and hardness near the copper mesh in Figure 6.3 E and F
were also plotted as a function of distance from the copper edge, shown in Figure 6.8. It can be
seen that the hardness, shown in Figure 6.8.A and 6.8.B, and reduced elastic modulus, shown in
Figure 6.8.C and 6.8.D do not decrease gradually as distance from the interface is increased, but
rather there is an abrupt transition in modulus/hardness as the indents enter the matrix phase.
This is consistent with the histograms in Figure 6.3.E and 6.3.F that show two discrete clusters of
reduced elastic modulus and hardness values rather than the range of values shown in Figure
6.3.A-D for the indents around the carbon fibers. As a result, the R? values of the power law fits
for the reduced elastic modulus and hardness as a function of distance from the copper edge,
shown in Figure 6.9 are lower than the values for the distance from the carbon fiber. The R?
values for the reduced elastic modulus and hardness, respectively, as a function of distance from
the copper edge were 0.8017 compared to 0.8427 and 0.8478 for the carbon fibers, and 0.6633
compared to 0.8885 and 0.8268 for the carbon fibers, indicating that the power law trend is a less
accurate way of representing the data near the copper edge. This also indicates that the copper’s
ability to reinforce the matrix is not as pronounced as the reinforcement effects of the carbon
fiber. There is not a strong interfacial bond at the Cu/PEEK interface, thus the interfacial shear

strength is low and there is not effective load transfer between Cu and PEEK.
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Figure 6.8. Nanoindentation results as a function of distance from the Cu edge before and after annealing. A)
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In CFRP manufacturing, functionalization of the carbon fiber surface and the addition of

a sizing layer between the carbon fiber and the matrix are both used to enhance interfacial

adhesion*®!?. A potential reason why the carbon fibers are a more effective reinforcement phase

than the copper could be due to the more developed engineering of the fiber/matrix interface than

the Cu/matrix interface. In this work, the copper mesh was incorporated by applying pressure

during the assembling of the layers in the composite/copper multifunctional shielding material

with the primary goal of enhancing electromagnetic shielding effectiveness of the

multifunctional composite. As a result, the interface characteristics of Cu/PEEK and how they
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Figure 6.9. Power law fits for A) reduced elastic modulus and B) hardness as a function of distance from the Cu.

pertain to mechanical properties were not designed to the same extent that the fiber/PEEK
interface was. Potentially, chemical functionalization of the copper mesh surface prior to
incorporation into the CFRP laminate could enhance adhesion between Cu/PEEK. For example,
Kim et al.'*® found that Ar+ radiation of PEEK in the presence of Oz gas modified functional
groups on the PEEK surface and resulted in enhanced adhesion between PEEK and Cu. If the
interfacial adhesion between Cu/PEEK could be enhanced in the multifunctional composite, it
would result in the copper mesh acting as a more effective reinforcement phase, thus improving
the overall mechanical properties of the multifunctional composite.

6.5. Conclusions and Future Work

Nanoindentation was used to investigate the micro-mechanical properties of a
multifunctional composite consisting of a CFRP laminate with additional copper mesh layers.
The reduced elastic modulus and hardness were correlated to the distance from the nearest
carbon fiber, and copper mesh and results before and after annealing the composite were
compared. From Raman results, it was found that the crystallinity of the PEEK matrix was

unchanged at ~41% crystallinity before and after annealing. It was found that the hardness in the
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matrix increased from 0.081 +/- 0.012 GPa to 0.103 +/- 0.014 GPa (P=.05) as a result of the
annealing process. Additionally, fitting a power law function to the data indicated that the rate of
decay of hardness as the distance from the fiber increased was lower after annealing, implying
that the annealing process may have enhanced the interfacial adhesion and extended the
interphase region surrounding the carbon fiber. In contrast, the reduced elastic modulus in the
matrix did not change after annealing. The hardness and modulus of the PEEK composite as a
function of distance from the copper edge was not well described by a power law function, and
instead appeared to be two discrete clusters of higher modulus/hardness on the copper and lower
modulus/hardness in the matrix. This implies that there is not adequate interfacial bonding
between the copper and PEEK, which results in a limited ability of the copper to act as a
reinforcement phase.

Future work would use this data analysis technique to investigate the effect of chemical
functionalization on the Cu/PEEK interface. If the interfacial adhesion could be enhanced, the
copper would act as a reinforcement phase in addition to providing an electromagnetic shielding
function, improving the overall properties of the multifunctional composite. Additionally, the
effect of PEEK viscoelasticity on the nanoindentation response could be further investigated
using dynamic mechanical analysis (DMA) which would give information about the storage and
loss modulus of the material. Knowledge of the complex elastic modulus could potentially give

more information about the elastic properties of PEEK near the interface
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Chapter 7: Model of Electromagnetic Interference Shielding
Effectiveness for the Multifunctional Composite Containing CFRP and
Copper Mesh Layers

7.1. Motivation and Objectives

Electromagnetic interference (EMI) shielding enclosures are used to protect sensitive
electronic components and control systems from EM radiation that can compromise their
functionality. For aerospace applications in particular, minimizing weight of the shield is critical
without compromising shielding effectiveness and strength. Utilizing a multifunctional
composite that combines multiple functions into a single structure can decrease the overall
weight needed to perform both functions®. In this work, the multifunctional composite was
comprised of a unidirectional CFRP laminate with an added Cu mesh layer. The CFRP laminate
was intended as a structural component while the Cu mesh was incorporated to increase the EMI
shielding effectiveness (SE). The multifunctional structure contains multiple CFRP plies, each
with different relative orientations of the fibers. The Cu mesh is placed between CFRP plies. The
overall structure could contain more than one Cu mesh with different relative in-plane
orientation between them and for different separations (thickness of the CFRP composite)
between Cu mesh layers.

More efficient design of the optimal laminate lay-up could be achieved if the structure
could be modeled for different stacking of plies with different fiber orientations and placement of
the Cu mesh layers. Prior theoretical work studying the shielding effectiveness of carbon fiber

60,71,95,149-153

composites has primarily been concerned with woven carbon fiber fabrics ., while less

attention has been given to unidirectional carbon fiber composites’*!>* Additionally, it is unclear
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how the choice of placement of the Cu mesh in the CFRP lay-up affects SE. Thus, the objective
of this work is to design a finite element model that simulates the SE of different arrangements
of the multifunctional composite structure. This would aid in more efficient design of a
multifunctional structure with improved SE compared to the fabrication and experimental testing
of each proposed structure.

7.2. Calculation of Shielding Effectiveness from the COMSOL Model

Shielding effectiveness (SE) can be calculated by considering it as a transmission line
problem, following the approach proposed by Schelkunoff**. The basic theory of electromagnetic
shielding is presented in Section 1.7 and summarized here. Reduction of the electromagnetic
field by a shield material occurs due to three main factors: reflection of the wave at the interface
between media due to a difference in impedance, and absorption loss due to Ohmic loss and
polarization loss®. By considering the problem as analogous to a transmission line, the shielding
effectiveness can be calculated by adding each contribution. SE in decibels (dB) is a measure of

the reduction in amplitude of the electromagnetic wave transmitted through the medium given

by55

SE = 20log(—mitial_y — 20]pg(—1initial_y — 10Jog(——nitil ) — R 4 A+ B [dB] (7.3)
Etransmitted Htransmitted Ptransmitted
where E is the amplitude of the electric field, H is the amplitude of the magnetic field, and P is
the power. R, A, and B are the values of reflection loss, absorption loss, and internal reflection
correction factor, respectively, measured in decibels.
To calculate the shielding effectiveness in COMSOL, the RF module was used with the
Electromagnetic Waves, Frequency Domain physics interface, which solves for the time-

harmonic electric field using Maxwell’s Equations. The model consists of a waveguide with two

ports on each end and the shield placed in the middle, shown in Figure 7.1. Port 1 is the
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transmitter that excites the initial electromagnetic wave and Port 2 is the receiver after the signal
goes through the shielding material. Periodic Floquet boundary conditions were applied to the
remaining four faces to construct the unit cell of a semi-infinite model, with the k-vector for
Floquet periodicity corresponding to the k-vector of Port 1, the excitation port. The model solves
for electric field as the dependent variable, and calculates the reflection and transmission
coefficients, Si11 and Si2, respectively, of the two-port network to calculate shielding
effectiveness.

The electric field is solved using Maxwell’s equations and constitutive relations. The

general, time-varying Maxwell’s equations are given by!>>1%

VXxH=]+ g_zt) (Maxwell-Ampere’s Law) (7. 4)
VXE = —Z—I: (Faraday’s Law) (7.5)
V-D=p (Gauss’s Law, electric form) (7. 6)
V-B=0 (Gauss’s Law, magnetic form) (7.7)

where J is the current density. D is the electric displacement field, B is the magnetic flux density,

and p is the electric charge density. Additionally, the equation of continuity is given by!>>!1%

g=_9
V-] = 7 (7. 8)
Out of the previous five equations, only three are independent. Maxwell-Ampere’s and Faraday’s

Law can be combined with either the electric form of Gauss’s Law or the continuity equation to

form an independent system. Additionally, the relevant constitutive equations assuming linear

media are!>>1%¢
D = g6, E (7.9)
B = pouH (7. 10)
=0 :
] = oE 711
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where € is the vacuum permittivity (8.85x10'> F/m), & is the relative permittivity of the
medium, po is the vacuum permeability (4nx10”7 H/m), w: is the relative permeability of the
medium, and ¢ is the electrical conductivity of the medium. Maxwell’s equations, the continuity
equation, and the constitutive relations are used to formulate the equation solved by COMSOL,
the time-harmonic equation in phasor notation for electric field assuming a sinusoidal excitation
given by!*

VX u-t(V X E) — k2(e, — a{—;)E =0 (7. 12)
where ko is the free-space wave number, j is the imaginary unit (v/—1), and o is the angular

frequency of the EM wave. The electric field, E, is Port 2 (Receiver)

the dependent variable, and the EM wave frequency <—_f> 1

(w) and material properties (ur, €, 0) are model 0.5
inputs. Field continuity boundary conditions are Shield — M o ¢cm
enforced at the interfaces between the different -0.5

components of the shielding material including the z 1 \\)1

y‘j,.x OOI 0.5
cm

interface between air and the first layer of material. cm
Port 1
Once the electric field has been calculated, (Transmitter)
the reflection (S11) and transmission (S21) Figure 7.1. Geometry of the EM shielding

model where Port 1 is the transmitter
generating the EM wave and Port 2 is the
receiver. The shield is placed between the two
ports. Periodic boundary conditions were
calculated and used to calculate shielding applied to the remaining four faces of the
model to generate a semi-infinite shield in the
x and y directions.

coefficients of the two-port network can be

effectiveness. The reflection coefficient, Si1,
indicates the ratio of electric field amplitude of the wave reflected back to Port 1 to the initial
excitation wave, given by>®

Epore1 = E1 + S11E3 (7.13)
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where Eport 1 1s the power-normalized eigenmode expansion of the electric field at Port 1. E; is
the fundamental mode of the excitation electric field at Port 1. A linearly polarized EM wave
with a magnitude of 1 V/m in x, y, and z was used for E1 in the model, with a power of 10 W.
The first term represents the initial excitation wave, and the second term represents the reflected
component. The transmission coefficient, Si2, is given by>®

Epore 2 = S12E1 (7. 14)

which represents the portion of the initial excitation wave, Ei, that transmits through the shield

and reaches Port 2. S11 and Si2 are both complex, scalar values that can be represented in

decibels by

S11,a8 = 20 logy1o(1S111) (7.15)

S12,a8 = 20 logy10(1S121) (7. 16)

The shielding effectiveness in terms of Si2,4s is given by

SE = S12,aB,without shield — S12,dB,with shield = —S12,dB,with shield (7.17)

assuming that there is no attenuation of the electric field without a shield so Si2=1 and Si2,48=0.

Additionally, the SE components associated with reflection, SEr, and absorption, SEa, can be

calculated by>°
1
SE,=A=101 st rgp 7.19
A OglO |szl [ ] ( . )

Thus, the shielding effectiveness of the multifunctional composite can be determined through
calculation of the electric field, reflection, and transmission coefficients in COMSOL at a given
frequency. The frequency range considered in this work is from radiofrequency regime (~50
MHz) through the super high frequency microwave regime (~10 GHz). For reference, the

wavelength in this frequency range is given in Figure 7.2. The relevant material properties
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necessary for the model are permittivity, magnetic permeability, and electrical conductivity. For
the CFRP laminate, rather than explicitly modeling the geometry of graphite fibers in a polymer
matrix, the material properties were approximated by homogenizing each ply into a
homogeneous, anisotropic material and using rotation matrices to model the different relative
fiber orientation in each ply. The Cu mesh was represented by using an analytical expression for
sheet impedance of a wire mesh®® and inserting a layer with an impedance boundary condition
into the model. The shielding effectiveness for different CFRP laminate lay-ups, mesh material
and mesh open area were compared.

7.3. Shielding Effectiveness of CFRP Laminate

7.3.1. Homogenization of Material Properties
The material properties of the unidirectional CFRP plies were homogenized to reduce the
amount of computer memory necessary to solve the model, summarized in Table 7.1. Both the
IM7 graphite fibers and PEEK polymer matrix are non-magnetic, so the magnetic properties
were assumed to be isotropic with w=1. However, the electrical properties were anisotropic due
to the high conductivity in the fiber direction (oL) and lower conductivities in the transverse
A) B)
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Figure 7.2. Plot of wavelength at a given frequency in the range A) 10 MHz to 1000 MHz (I GHz) and B) 1 GHz
to 10 GHz.
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Table 7.1. Summary of the material properties used for each CFRP ply

Isotropic Scalar Mo=41x107 H/m
gy, * c0s?6 + oy * sin?@ = > sin(ZB) 0
_ _ % orientation=| LT Gy 29) g, x5in?0 + oy xcos?6 0 | 15/™
o Anisotropic Scalar
0 0 ocp
0,=4x10* S/m, 0;=0,=8 S/m, B=orientation of fibers
. jo
=y ——
€ Anisotropic Complex w

£0=8.85x10-12 F/m, j=imaginary unit, w=angular frequency of EM wave

directions (o), as the graphite fibers are electrically conductive while the polymer matrix is
insulating'®’. Each individual ply contained fibers in a single direction, and each ply in the
laminate had different relative orientation of the fibers, discussed in Chapter 6 and shown in
Figure 6.1. The anisotropic electrical conductivity of a single ply was represented by a tensor,
and the lay-up was constructed by using rotation matrices to account for the different relative
fiber orientations (0°, 90°, +45°, or -45°) in each layer of the laminate. The DC value of
electrical conductivity was used while the permittivity used was frequency dependent.

The electrical conductivity of CFRPs used in this work has been previously studied and
reviewed by Zhao et al.'*” For a ply of unidirectional carbon fibers, the electrical conductivity

tensor for fibers at a relative angle, 0, is given by '3

o, * c0s?0 + o * sin?0 @sin (20) 0
09 orientation= 2 UT ——Tsin (26) o, * sin?6 + op * cos?0 0 | [S/m] (7.20)
0 0 Ocp

where ocp is the conductivity in the cross-ply direction and was assumed to be equal to or,
though it can be lower when there are inter-ply resin rich regions®?. For example, the electrical

conductivity for the 0° orientation, with fibers along the x-direction, is given by
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oo 0 O
Ogo= [O or 0 ] [S/m] (7.21)
0 0 oy

where 611 (for ojj in tensor notation) corresponds to the direction parallel to the fibers, and 622
and o33 correspond to the directions perpendicular to the fibers in this frame of reference. In the
model, 611, 622, and 633 correspond to the x, y, and z directions in Figure 7.1, respectively. Thus,
the electrical conductivity tensor for each orientation can be obtained once values for oL and ot
are determined.

The conductivity in the longitudinal direction parallel to the fibers can be determined
from the rule of mixtures by considering the graphite fibers as conductive inclusions in parallel.
157159

Using this model, the electrical conductivity in the parallel direction is given by

GL == O-FUF+0-M(1_UF) (7 22)

where or is the conductivity of the fibers, vr is the volume fraction of fibers, and owm is the
conductivity of the matrix. In this case, the polymer is insulating so owm is zero. Thus, the
expression simplifies to

0] = GpVg (7.23)

In this work, IM7 fibers with a conductivity of 6.67x10* S/m reported by the manufacturer®!
were used in a PEEK polymer matrix composite. The volume fraction of fibers was 0.60. Thus,
oL was equal to 4x10* S/m.

The electrical conductivity in the transverse direction has been shown experimentally to
be ~3 orders of magnitude below o1.'°*"1%2 Conduction in the transverse direction has been
theoretically studied in the works by Wasselynck et al.!3%163-165 by explicitly modeling the fibers
using a Monte Carlo simulation to account for random positioning of fibers in the matrix (i.e.

fibers were not evenly spaced) and “waviness” (deviation from being perfectly straight) of the
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carbon fibers. After a virtual sample was generated by the Monte Carlo simulation, an equivalent
impedance analysis was used to deduce the conductivity. It was found that conduction in the
directions perpendicular to the fibers is the result of two phenomena: (1) the fibers are not
perfectly parallel and have a probability of contacting with neighboring fibers which provides
conductive paths in the transverse directions, and (2) under an AC field, capacities develop
between nearby fibers and mutual inductance can occur. The latter has been demonstrated to
become significant at frequencies greater than 1 GHz, leading to a complex-valued
conductivity'®*. In a work comparing the theoretical model to experimental measurements,
Wasselynck et al.'*® found that transverse conductivity was ~8 S/m for a volume fraction of 0.60.
Thus, o1=8 S/m was used in the calculation of the electrical conductivity tensor in this work,
which was also consistent with various experimental studies that determined that the transverse
conductivity is typically 3 orders of magnitude lower than the longitudinal direction '6%-162,

For permittivity the CFRP was assumed to be a lossy conductor, meaning that SE by
absorption loss was dominated by Ohmic loss. This assumption is valid when the electrical
conductivity of the material is high compared to the polarizability>®. In general, the complex,
frequency dependent permittivity is given by the expression’

E=¢ —je'" =¢g.¢) — je" (7.24)
where €’ represents the real part of the permittivity corresponding to capacitance, and €’ is the
imaginary part of the permittivity corresponding to polarization delay loss and Ohmic loss, given
by

&' =5 +— (7.25)
where €4 is the contribution from polarization delay loss and the second term represents the

contribution from Ohmic loss. When a material is conductive and can sustain current, €4 can be
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assumed to be negligible. Additionally, when 6 >> we’ is valid, & can be assumed to be equal to
one and &’=g0°* %, For the case of graphite fibers in PEEK polymer, &=1 due to their high
conductivity, while & of PEEK is reported to be 3.2 at 1 GHz!%¢. To estimate the validity of the
good conductor approximation, the ratio 6/me’ in the longitudinal and transverse directions is
plotted for &~=1 and &=3.2, shown in Figure 7.3. When the frequency increases beyond 1 GHz,
the lossy conductor approximation is still applicable in the longitudinal, high conductivity
direction, but is less applicable in the lower conductivity transverse direction. Ideally, the

complex permittivity in the frequency range of interest would be experimentally measured, as it

is difficult to theoretically predict®. Rather, the complex, anisotropic permittivity was assumed
to be
=g — % (7. 26)

with &=1, assuming that the lossy conductor approximation was valid, and that the absorption

loss was dominated by Ohmic loss (6/®) more than polarization loss (&d).
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Figure 7.3. Evaluation of the validity of the lossy conductor approximation for permittivity in A) the longitudinal
direction parallel to the fibers and B) the transverse direction perpendicular to the fibers.
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7.3.3. Effect of Material Property Values on Shielding Effectiveness

To understand the sensitivity of SE calculated from the model to the material properties
selected, oL, ot, and & were each varied in the GHz regime. The CFRP lay-up used was [90°, 0°,
+45°, -45°, 0°, 90°], without any copper mesh layers. The thickness of each ply was 0.125 mm,
consistent with the SEM micrographs shown in Section 6.2. The results are shown in Figure 7.4.
It can be seen that the choice of ot and & have minimal effect on the calculated SE. There is a
maximum variation of ~3 dB and ~10 dB for or (Figure 7.4 B) and &: (Figure 7.4 C),
respectively. However, the selection of oL can have a significant impact on the calculated
shielding effectiveness (Figure 7.4 A). In the context of the assumptions made to determine
material properties for the model, oL was the most straight-forward to approximate by the rule of
mixtures using values reported by the manufacturer. It can be determined that the assumptions
made for ot and &r are reasonable for the purposes of the model because the precision of the
approximation is not as critical as the selection of oL for the calculation of shielding
effectiveness. Additionally, this demonstrates that the high electrical conductivity in the
longitudinal direction parallel to the fibers is the dominant mechanism in electromagnetic
shielding by Ohmic loss in unidirectional CFRPs.
7.3.4. Effect of Ply Thickness on Shielding Effectiveness

The shielding effectiveness of a laminate without copper mesh was modeled in the GHz
regime to determine the SE contribution from the CFRP alone. The lay-up used was [90°, 0°,
+45°, -45°, 0°, 90°]2 which is typically used in structural applications due to its quasi-isotropic
mechanical properties*®. Shielding effectiveness for the lay-up with individual ply thickness of
0.125 mm in the range 2-10 GHz is shown in Figure 7.5.A. It can be seen that the contribution to

SE from absorption is much larger than the contribution from reflection. The same laminate lay-
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up was modeled with an individual ply thickness of t=0.0625 mm, shown in Figure 7.5.B. The
contribution to SE by reflection was the same as the lay-up with 0.125 mm ply thicknesses;
however, the absorption loss was lower due to the reduced thickness of each ply and,
subsequently, the overall laminate thickness. This can be understood by considering that the
reflection component due to impedance difference is concerned with the number of interfaces
between different media, while the absorption loss is proportional to the thickness of the

material, discussed in Section 1.7. Because the shielding effectiveness of the CFRP was
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Figure 7.4. The effect of varying A) longitudinal electrical conductivity, B) transverse conductivity and C) real
part of the imaginary permittivity on the SE in the range 1-16 GHz for a lay-up of [90°, 0°, +45°, -45°, 0°, 90°].
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Figure 7.5. The effect of ply thickness on SE in the range 2-10 GHz for the lay-up [90°, 0°, +45°, -45°,0¢,
90°9>. In A) the ply thickness is 0.125 mm, and in B) the ply thickness is 0.0625 mm.

dominated by absorption loss, further improvement in SE could be achieved by increasing the
thickness of each ply in the laminate.
7.3.5. Effect of Fiber Orientation on Shielding Effectiveness

The dominant effect of absorption loss in the CFRP can be understood by considering the
Ohmic loss in the material. To investigate this further, the E field magnitude and current density
magnitude in the model were plotted in Figure 7.6.A and 7.6.B, respectively for the 2 GHz test.
The E field decreased as the wave traveled through the thickness of the laminate in the +z
direction. From the plot of current density, the current was higher in the first few layers of the
CFRP laminate and decreased as the EM wave traveled through all the layers. The EM power
loss density and current density components (Jx, Jy, and Jz) are plotted in Figure 7.7.A and
7.7.B, respectively, for the 2 GHz test. The plot of EM power loss density shows that most of the
electromagnetic power is dissipated in the first two layers of the CFRP laminate, with fibers
oriented along y for the 90° ply and along x for the 0° ply. The plot of current density shows that

a current is induced along the high conductivity fiber direction, which is the mechanism by
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which EM energy is dissipated. As the current flows, the resistance of the material dissipates the
energy as heat. By the time the EM wave reaches the +45° and -45° ply, the induced current is
much lower, and the EM power loss is similarly low. Thus, absorption due to Ohmic loss in the
high conductivity direction parallel to the fibers is the dominant mechanism by which CFRPs

shield EM radiation.

A) E Field Magnitude [V/m]

A 6.54x10°

10°
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B) Current Density Magnitude [A/m?]

A/m?
A 8.87x10°

10*
0.5

Shield
pIBIYS

Y-i,.x 1

0.5
cm 00

0.5 ¥ 1.02x1077

Figure 7.6.4) Electric field magnitude and B) current density magnitude distribution through the model for
the lay-up [90°, 0°, +45°, -45°, 0°, 90°], at 2 GHz. The thickness of each ply was 0.125 mm.
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To further investigate the role of the high conductivity direction parallel to the fibers on
the shielding effectiveness mechanism of the CFRP without copper mesh, the [90°, 0°, +45°, -
45°,0°, 90°]2 lay-up was compared to a lay-up of [90°, 0°, +45°, -45°], both with individual ply
thickness of 0.125 mm. The first lay-up consisted of 12 plies, while the second consisted of 4
plies, thus the total laminate thicknesses were 1.5 mm and 0.5 mm, respectively. The second lay-

up was chosen to compare the SE for A)
4.8 2 108 EM Power Loss Through Shield

a reduced number of plies/laminate

N

ok
3

thickness while still including each

w

of the four orientations. The different

N

lay-ups were tested in the frequency
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range 50 MHz-10 GHz. The SE
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Figure 7.7.4) EM power loss and B) current density as a
absorption component of SE was function of z through the center of the shield at 2 GHz for
the model shown in Figure 7.6 with a lay-up of [90°, 0°,
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Figure 7.8. SE in the range 50 MHz to 10 GHz for A) the lay-up [90°, 0°, +45°, -45°, 0°, 90°], and B) the lay-up
[90°, 0°, +45°, -45°] with reduced number of plies/overall laminate thickness.

thickness of the laminate by 1/3. This result further indicated that increasing the thickness of the
CFRP laminate increases the shielding effectiveness considerably because the dominant
mechanism is absorption loss.
7.3.6. Effect of Fiber Orientation on Shielding Effectiveness

Two laminates, each with four plies (0.5 mm total thickness) but different fiber
orientations were tested to determine the importance of multiple fiber orientations on SE. The
[90°, 0°, +45°, -45°] laminate was compared to a [90°, 90°, 90°, 90°] laminate in the range 50
MHz to 10 GHz. The results are shown in Figure 7.9. The model indicated that both the
reflection loss and absorption loss decreased for the [90°, 90°, 90°, 90°] laminate with fibers
oriented in only one direction. In this configuration, the fibers are all oriented along the y-
direction, thus the electrical conductivity was high (61=4x10* S/m) in the y-direction, but three
orders of magnitude lower in the x-direction and z-direction ( 6t=8 S/m). As a consequence, the
incident EM field which had components in both the x-direction and y-direction was only able to
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Figure 7.9. SE in the range 50 MHz to 10 GHz for A) the lay-up [90°, 0°, +45°, -45°] and B) the lay-up [90°,
90°, 90°, 90°] with the same thickness but with fibers oriented in only one direction, the y-direction.

be dissipated in the y-direction, causing lower SE. The results indicate that multiple fiber
orientations that increase isotropy of electrical conductivity in the overall CFRP laminate are
desired to improve SE. In this manner, the individual CFRP plies with fibers parallel to each
other act like a grating that effectively shields the EM wave in one direction. Thus, designing a
laminate with multiple relative orientations of fibers is desirable to enhance overall shielding
effectiveness.

7.4. Shielding Effectiveness of Cu Mesh

7.4.1. Analytical Sheet Impedance Expression

The shielding effectiveness of the copper mesh can be calculated by using an analytical
expression for the equivalent sheet impedance of a wire mesh screen developed by Casey et al.!'é’
The large difference in length scale between the EM wavelength and the mesh dimensions made
explicitly modeling the geometry of the copper mesh very memory intensive. Once the sheet

impedance of the copper mesh was calculated, it was incorporated into the COMSOL model as a

boundary layer with the calculated impedance at a given frequency using the “Lumped Element”
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boundary condition, which relates the tangential E field component to the surface current density
induced on the boundary surface. By homogenizing the copper mesh into a single boundary

condition in the model, the memory requirements of the problem were greatly reduced.

1 167

The sheet impedance expression developed by Casey et al."®’ considers the copper mesh

as a set of two perpendicular wire screens, shown in Figure 7.10. The copper mesh
characteristics needed for the calculation are rw, the radius of the wire, as, the separation between
wires, and o, the conductivity of copper. For the copper mesh used in the multifunctional

composite samples, rw was 0.05 mm, and as was approximated as 474 um. The conductivity of

copper is 5.87x107 S/m. The equation for Zs, equivalent sheet impedance, is given by'®’

Zy=27",as + jwLg (7.27)
Where Z’w is the internal impedance per unit length wire, and Ls is the sheet inductance

parameter. Z’v is given by!®’

I _ pl Jotwly(y jwTy)
7\, = R, el (7. 28)

where R’w is the DC resistance per unit length of wire, tw is the diffusion time constant, and Io()

and I1() are the modified Bessel function of the first kind as function of Vatw, order 0 and 1,

respectively. R’w is given by'®’

R, = (mr2c,)" ! (7.29)
and tw is given by

Ty = HolrOwTin (7.30)
where pir 1s the relative magnetic permeability, 1 for copper which is non-magnetic. The
remaining parameter necessary for the calculation of Z’w is Ls, the sheet inductance parameter,

given by'®’
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Ly = —“O—;Sln(l —e s ) (7.31)

2

A MATLAB script was written to calculate Zs as a function of frequency and linked to

COMSOL so that it could be incorporated into the model using the Lumped Element boundary

condition that specifies impedance. The shielding effectiveness was then calculated following the

same analysis described in Section 7.2. The SE result for one mesh layer is compared to the SE

reported by the manufacturer of the Cu mesh using the experimental ASTM D4935-10 method in

Figure 7.11. The SE values calculated using equivalent sheet impedance match the

experimentally measured values, demonstrating the validity of this approach. First, the

equivalent sheet impedance expression was used to compare the shielding effectiveness of a

single mesh layer using different metals. Then, SE for different geometries of the copper mesh

was considered for a single
mesh layer. The material
properties and geometries used
in the calculations are
summarized in Table 7.2.
Finally, the copper mesh was
incorporated into the CFRP
model to investigate the effect
of copper mesh placement with
respect to the CFRP plies on

SE.
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Figure 7.10. Geometry of the wire mesh. The individual meshes are
square and the wire junctions are assumed to be bonded. Reproduced
from Casey, K. F. (1988). Electromagnetic Shielding Behavior of Wire-
Mesh Screens. IEEE Transactions on Electromagnetic Compatibility,
30(3), 298-306. https.//doi.org/10.1109/15.3309.
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7.4.2. Comparison of Different Metals

The equivalent sheet impedance was used to compare shielding effectiveness of different
metals in the frequency range 10 kHz-10 GHz. In each case, a single mesh layer was modeled
with the same geometry, but 6w, the conductivity of the wire, was changed to correspond to the
conductivity of each different metal, summarized in Table 7.2. The results are shown in Figure
7.12 A. For each metal, the shielding effectiveness was constant in the lower frequency range

A
and began to decrease around ~1 MHz ) SHIELDING EFFECTIVENESS OF .002-IN. EXPANDED Cu FOILS

90

for the higher conductivity metals (Ag,

80 40% open area

Cu, Al) and around ~100 MHz for the

70

lower conductivity metals (Stainless &

45% open area

50

steel-301 and Inconel-625). The

SHIELDING EFFECTIVENESS (dB)

40

decrease in SE at higher frequencies orienel Dexmiel
3(2).01 O:l 1:0 10.0
has been attributed to the mutual FREQUENCY (Q8t)
B) 90 Cu mgsh, 45% open area, 1 layer

inductance of the open mesh geometry,

80
which increases with increasing

70 1

frequency'¢’1%° The SE ability of each
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metal was correlated to the metal @
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conductivity, with the highest
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38,01 Oi1 1 10
the best, and the lowest conductivity Frequency [GHz]

Figure 7.11. Comparison of A) SE experimentally
measured by the manufacturer of the Cu mesh used in
the multifunctional composite, DexMet and B) the SE
worst. However, the benefit of using a of the Cu mesh calculated using the equivalent sheet
impedance, indicating that the results are equivalent.

metal (Inconel-625) performing the

higher conductivity metal was
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Table 7.2. Summary of the material properties and mesh geometries used in the calculation of
equivalent sheet impedance for the metal wire meshes.

Electrical
conductivity
[S/m]
Cu

5.87x107 1 474, 250, and 125
Ag 6.3x107 1 50 474
Al 3.54x107 1 50 474
Al alloy-6061 2.7x107 1 50 474
Sstt:;rl";;i 1.4x106 1 50 474
Inconel-625 7.7x10° 1 50 474

decreased at higher frequency where the effects of mutual inductance reduce the shielding
effectiveness.

Multifunctional composites are typically used in situations where it is desirable to
minimize weight of the final structure by combining multiple functions into a single component,
a design criterion that is especially important for aerospace applications*. To consider the SE of
each metal along with their weight, the SE was normalized to density, shown in Figure 7.12 B.
When considering density, pure Al and AA-6061 outperformed all of the other metals tested in
this frequency range due to its balance of low density and high electrical conductivity. Thus, if
minimization of weight is desirable for a given application, a wire mesh of aluminum or one of
its alloys would provide comparable SE to copper, but at a reduced weight.

7.4.3. Comparison of Different Mesh Dimensions
The effect of using different mesh dimensions for a single layer of copper mesh was also

compared to determine the effect on SE. For comparison, the SE of a solid Cu plate with
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Figure 7.12.4) SE calculation using the equivalent sheet impedance approximation for different metals with
different electrical conductivities and B) SE calculated for each metal normalized to density of the metal.

thickness equal to rw, the radius of the wire (0.5 mm) was included. The SE of the solid Cu plate

was calculated using the Simon Formalism, given by>¢

SE =50 + logyo(pf) ! + 1.7t(£)1/2 (7.32)
where f'is the frequency in MHz, t is the thickness of the shield in cm, and p is the resistivity in

Q*cm. The Simon formalism is generated by assuming a homogenous, isotropic slab of a good

conductor, that is non-magnetic ((=1) with impedance, 5 = 1 wg““. The first two terms give the

reflection contribution, R in Equation 7.1, and the third term gives the absorption contribution, A
in Equation 7.1. The equations for R and A are given in Equations 1.4 and 1.3, respectively,
using the skin depth defined in Equation 1.2. The effect of internal reflections, B in Equation 7.1,
is assumed to be negligible.

The shielding effectiveness for different copper mesh geometries are shown in Figure
7.13. For a finer mesh (smaller as, wire separation) the shielding effectiveness increases, with the
highest SE given by the solid plate. The SE of the solid Cu plate is much higher than that of the

mesh at higher frequencies because the absorption component is higher, and SE by absorption
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results shown in Figure Figure 7.13. SE calculated using the equivalent sheet impedance

approximation for the Cu mesh with different open mesh dimension, as.

7.12.A indicated that the

difference in SE for different materials beyond 1 MHz is minimal, the SE of a metal wire mesh
can be considered to consist of two regimes: (1) in the range < ~1 MHz the material properties
dominate and higher SE is best achieved by selecting a higher conductivity metal, and (2) in the
range > ~1 MHz the effects of geometry dominate and higher SE is best achieved by using a
finer mesh. This observation is consistent with the design of electromagnetic shields discussed
by Ott>°, where the lower frequency ranges are described to be material dependent, and the
higher frequency range (on the order of GHz) are described as geometry dependent with a
pronounced effect from apertures in the shielding material. Thus, the metal and mesh geometry
used should be selected based on the desired frequency to be shielded in application.

7.5. Shielding Effectiveness of Multifunctional Composite with CEFRP and Cu Mesh Layers

The effect of Cu mesh layer placement in the CFRP lay-up on the SE of the

multifunctional composite laminate was tested by calculating SE for different configurations.
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The base CFRP laminate was two layers with a [90°, 0°] configuration. The baseline SE for just
the CFRP laminate, and the Cu mesh layer without CFRP were tested, shown in Figure 7.14.A
and 7.14.B, respectively. Three different placements of Cu mesh layer were tested: [Cu, 90°, 0°],
[90°, Cu, 0°], and [90°, 0°, Cu] shown in Figure 7.14.C, 7.14.D, and 7.14.E, respectively. SE was
calculated in the range 50 MHz to 10 GHz. The shielding effectiveness for the baseline without
Cu mesh, shown in Figure 7.14.A had lower SE than the three configurations containing a Cu
mesh layer, as expected; however, there was only a small increase in SE by adding one Cu mesh
layer, approximately 5-10 dB dependent on frequency. Interestingly, because the reflection
contribution to SE decreases as frequency increases (discussed in Section 1.7), the SE of the Cu
mesh alone (Figure 7.14.B) was lower than the SE of the CFRP without Cu mesh above ~500
MHez. This is due to the increased thickness of the CFRP laminate compared to the Cu mesh
(0.25 mm compared to 0.05 mm) which increased the contribution from absorption, which
increases with frequency. Because the Cu mesh is dominated by the reflection component of SE,
it provides more benefit at lower frequencies < ~500 MHz.

For the three configurations containing Cu mesh shown in Figure 7.14. C, 7.14.D, and
7.14.E the total SE was approximately the same for each, while the relative contributions from
reflection and absorption varied slightly depending on the placement of the Cu mesh layer. The
reflection component was larger when the Cu mesh was the first layer upon which the EM wave
was incident, shown in Figure 7.14.C; however, the effect was minimal (~ 5 dB) compared to the
configurations where the EM wave first impinged upon CFRP layers in Figure 7.14.D and
7.14.E. Accordingly, the absorption component was lower by ~3-5 dB when the Cu mesh layer

was the first layer. This can be understood by considering that less of the EM wave travels
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Figure 7.14. Calculated SE in the range 50 MHz-10 GHz for A) the baseline CFRP with the lay-up [90°, 0°], B)
the baseline Cu mesh with a;=474, C) the lay-up [Cu, 90°, 0°], D) the lay-up [90°, Cu, 0°], and E) the lay-up
[90°, 0°, Cu].

through the CFRP layers, which are dominated by absorption, since a larger portion of the EM
wave is reflected at the first interface that contains the Cu mesh.
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These results demonstrate that the incorporation of a Cu mesh into the CFRP laminate
could improve SE by adding a reflection-dominant component with high electrical conductivity
that has higher SE at lower frequencies. Because SE by reflection decreases with increasing
frequency, the benefit of adding a Cu mesh layer is minimal at higher frequencies > ~500 MHz.
The SE by absorption increases with increasing frequency, so the overall SE of the
multifunctional composite is improved over a wider frequency range by incorporating both a
reflection-dominant component (the Cu mesh) and an absorption-dominant component (the
CFRP). At lower frequencies, the reflection-dominant Cu mesh provides greater benefit than the
absorption-dominant CFRP, while the opposite is true at higher frequencies. The results for
different layer placement in the lay-up indicate that the placement of the Cu layer has minimal
effect on the overall SE in the frequency range examined.

7.6. Limitations of the SE Model, Overestimation of CFRP SE

When comparing the modeled SE to the experimental measurements of SE reported by
the manufacturer for the [90°, 0°, +45°, -45°, 0°, 90°]2, the model overestimated the SE by a
factor of 1.5-3x in the frequencies above ~1 GHz. The manufacturer reported SE of ~90-100 dB
in this range, while the model calculated an SE of ~150-250 dB in this range. The disparity is
most likely a result of an overestimation of the absorption component of SE as a consequence of
the assumptions made when homogenizing the electrical properties of the CFRP.

One key limitation of the model is that the DC values of electrical conductivity are used

when formulating the conductivity tensor. Kim & See!”°

observed from a model of permittivity
and conductivity that the AC longitudinal conductivity of unidirectional carbon-epoxy

composites drops rapidly beyond 100 MHz due to an increased effective resistance of the

material by the skin effect (discussed in Section 1.7), and can be an order of magnitude lower in
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the range above 1 GHz. As the frequency increases, the skin depth decreases, and a smaller
thickness of the material is capable of conducting electricity, leading to an increased resistance.
As discussed in Section 7.3.3, the selection of oL has a pronounced effect on the calculated SE,
which most likely contributed to the overestimation of SE by using the DC conductivity value in
the range where the actual AC conductivity might be much lower. The transverse conductivity
has been shown to increase with increasing frequency'®*!7%"172; however, the results of Section
7.3.3 indicate that the overestimation of oL would have a more pronounced effect on the SE
calculation than the underestimation of ot. In order to account for the skin effect in the model,
the resolution of the finite element mesh used must be a fraction of the skin depth, which in this
case resulted in higher memory requirements than the computer used was capable of. Thus, the
overestimation of oL by using the DC value is most likely what resulted in an overestimation of
SE in the model.

Further, the use of AC conductivity values could improve accuracy of the model as
frequency increases to properly account for the skin effect. To account for the skin effect in the
model using DC conductivity, it is necessary to use a finite element size that is sufficiently small
to capture the inductive effects that give rise to the skin effect by setting the minimum element
size to a fraction of a skin depth. Doing so greatly increases the memory requirements of the
model and is not typically practical, so the use of AC conductivity values is preferred. In Figure
7.15.A. a plot of current density through the shield in the z-direction is given. It can be seen that
the skin effect is not accurately reflected by the induced current in each layer. The skin depth at
11 GHz is 20 um; however, there is current flow through the entire ply thickness (125 um). The
direction of the current density alternates within a single ply, however the element mesh size is

too large to accurately capture the skin effect where the alternating direction of the induced
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current density should result in a confinement of current flow to the surface of the material. As a
result, current flows through the entire thickness of the ply. Potentially this inability of the model
to capture the skin effect is the reason why the modeled SE reaches a maximum in the 1-2 GHz
range, where the skin depth is on the order of the thickness of the ply, shown in Figure 7.15.B.,
and then has minimal further increase with increasing frequency. As the skin depth becomes
smaller than the mesh element size, the model is not able to capture the increase in SE by

absorption due to the skin effect.

Additionally, the homogenization assumptions used to determine a permittivity value

1.94

could have contributed to the overestimation in SE for the CFRP. Holloway et al.” evaluated the

effect of different permittivity homogenization methods on the calculated SE and found that
representing the CFRP ply as a single layer with homogeneous, anisotropic permittivity resulted
in an overestimation of SE for frequencies higher than 2 GHz. As discussed in Section 7.3.3, the
choice for real part of the permittivity has minimal effect on the calculated SE; however, the

assumption that the imaginary component consists only of a contribution from Ohmic loss could
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Figure 7.15.4) Current density x, y, and z components through the shield in the z-direction at 11 GHz. The layer
thickness is 0.125 mm. Current flow changes direction within a single ply, however the skin effect, where the
induced current should be confined to the surface of the ply, is not accurately reflected by the model. B) Plot of
skin depth vs. frequency indicating that at 11 GHz the skin depth should be smaller than the ply thickness.
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be an over-simplification. Potentially polarization effects at a molecular level or interfacial
polarization effects at the fiber-polymer interface could affect the SE, which is not accounted for
in the model.

7.7. Conclusions and Future Work

The shielding effectiveness of a multifunctional composite containing unidirectional
CFRP layers and Cu mesh layers was evaluated using a finite element model in the range 50
MHz to 10 GHz. The electrical properties of the CFRP composite were homogenized by
representing each ply containing fibers in a single direction as a homogeneous, anisotropic
material and layering multiple plies with different relative fiber orientations. It was found that
the high longitudinal conductivity of the CFRP plies in the direction parallel to the fibers had the
most pronounced effect on the SE of the CFRP without Cu mesh. The individual CFRP plies
acted like a grating that were effective at attenuating the EM field in the direction parallel to the
fibers, primarily through absorption by Ohmic loss. The SE of the CFRP without Cu mesh
increased by incorporating multiple plies with different fiber orientations and by increasing the
total thickness of the material.

The Cu mesh was represented using an equivalent sheet impedance analytical expression.
The effect of using different metals as the mesh material and different mesh geometries was
evaluated. It was found that higher conductivity metals result in a higher SE of the mesh, and
when normalized to density aluminum provides the best balance of high electrical conductivity
and low density out of the metals evaluated. The result of different mesh geometries for the Cu
mesh indicates that below ~1 MHz the choice of metal material has a more pronounced effect on

SE than the choice of dimension, whereas the opposite is true above ~1 MHz.
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From the model of CFRP with a Cu mesh layer added, it was found that the SE was
improved over a wider frequency range by incorporating a reflection-dominant component (the
Cu mesh) and an absorption-dominant component (the CFRP). The SE by reflection from the Cu
mesh played more of a role at frequencies below ~500 MHz, while the SE by absorption from
the CFRP layers contributed more to the total SE at frequencies above ~500 MHz. The total SE
of the CFRP laminate with Cu mesh was higher than that of the CFRP or Cu mesh alone, while
the placement of the Cu mesh in the laminate lay-up resulted in minimal difference in SE.

In future work, the model could be improved by considering the effect of AC conductivity on the
calculated SE. In this work, the DC values for the CFRP were assumed which resulted in an
overestimation of the absorption component of SE. Additionally, measurement of the complex
permittivity in the frequency range of interest for the CFRP could help improve the model by

accounting for polarization effects at the molecular level and/or at the fiber-polymer interface.
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Chapter 8: Summary of Conclusions and Future Work

8.1. Chapter 3: Critical Current Density Investigation

In Chapter 3, the critical current density of the covetics process was investigated. An AA-
1350 3 wt% C covetic sample was made to test the effect of local current density on the graphitic
carbon structure and electrical conductivity from that area. Two areas were measured: (1) a
region near the Cu-C electrode at =0 cm that experienced a current density of ~25 A/cm? and a
region at =1 c¢m that experienced a lower current density of ~5 A/cm? It was found that in the
high current density region near the electrode, some Raman maps showed increased graphitic
carbon crystallite size of 20-30 nm; however, most areas in the high current density region
showed a crystallite size of 7-10 nm, comparable to the graphitic carbon crystallite size of the
activated carbon starting material. The Raman maps from the sample in the lower current density
region did not show any graphitic carbon. The electrical conductivity in both the sample from the
high current density region and the low current density region showed a decrease in electrical
conductivity relative to the baseline sample with no carbon added. This indicated that the current
density used in this experiment was insufficient to induce appreciable crystallization of the
graphitic carbon and, thus, the electrical conductivity was not improved.

Future work could consist of conducting more trials at different currents and different
applied times. The applied current density used in this experiment was 250 A, which was the
maximum that the covetics processing system was capable of delivering. A greater increase in
graphitic carbon crystallite size could potentially be achieved if a higher current density was
delivered to the system. Additionally, the same analysis could be performed on a sample made

with the pointed graphite electrode, which is capable of producing a higher, but more localized,
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current density than the Cu-C electrode used in this experiment for the same applied current.
Additionally, the maximum duration of the experiment was limited by overheating of the
induction furnace. If a more advanced cooling system were added to the covetics processing
system, the effect of longer current application (> 16.67 minutes) could be tested.

In Section 3.7.1, AA-1350 metallurgy was discussed as it relates to the covetics process.
The effect of solute segregation was discussed where the carbon phase, which has low solubility
in aluminum, could potentially be segregated towards the interior of the sample which solidifies
last in the air-cooled cylindrical crucible or segregated to the grain boundaries. This example
highlights the potential role of the thermodynamics and kinetics of AA-1350 solidification in the
microstructure and properties of the final covetic sample. Future work could investigate the
effect of crucible geometry, cooling rate, and post-processing heat treatments on the
microstructure and properties of covetic samples.

8.2. Chapter 4: Micromechanics of AA-1350 3 wt% C Covetics

In Chapter 4, nanoindentation was performed in different regions of the covetic samples
to understand the role of graphitic carbon as a reinforcement phase in AA-1350 3 wt% C
covetics. Structural characterization by Raman, SEM, and TEM was performed and the micro-
mechanical properties from regions that contained increased graphitic carbon crystallite size
were investigated using nanoindentation. It was found that the graphitic carbon in covetics
formed large clusters, and that there was significant porosity in the samples. The graphite
clusters had lower reduced elastic modulus and hardness than the aluminum matrix and, thus, did
not act as an effective reinforcement phase. K-means clustering of the nanoindentation data was
performed to remove data points that were a result of indentation near voids; however, there was

still not a reinforcement effect observed from the graphitic carbon structures. Future work to
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improve the mechanical properties of covetics should focus on improvements to the processing
method. In particular, the clustering of carbon and formation of voids needs to be prevented,
which motivated the updates to the covetics processing system presented in Chapter 5.

8.3. Chapter 5: Updates to the Covetics Processing System

In Chapter 5, updates to the covetics processing system and procedure were discussed.
The activated carbon starting material was de-gassed in a vacuum furnace prior to processing to
minimize the introduction of oxygen and other potential contaminants that could have been
adsorbed on the activated carbon surface. Additionally, a new stirrer was incorporated into the
processing system which is capable of achieving higher stirring speeds (up to 2000 rpm). Finally,
the stirrer shaft and impeller were modified to allow Ar flow through the stirrer and into the
molten aluminum-carbon mixture to attempt to minimize porosity and void content in the final
covetic samples. AA-1350 3 wt% C were made using the pointed graphite electrode in the new
system varying applied current, stirring speed, and Ar flow time; however, the samples made
using the new system showed neither an increase in graphitic carbon crystallite size compared to
the activated carbon starting material nor an increase in electrical conductivity relative to the
baseline sample with no carbon added. Additionally, porosity and voids were still present in the
covetic samples made using the new system.

As discussed in Section 8.1, the thermodynamics and kinetics of the solidification process
could potentially be playing a role in the microstructure and properties of the final cast covetic
sample. Future work could investigate the effects of solidification rate on the microstructure and
properties of the covetic samples. Potentially, post-processing heat treatments could be used to
minimize the void content and to improve homogeneity of the final samples. Further, it is

possible that the necessary current density and/or duration of current application is not being
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achieved. The design of a new system capable of applying a higher current for longer duration
could potentially improve the microstructure and properties of covetic samples.

8.4. Chapter 6: Micromechanics of an IM7/PEEK Laminate with Added Copper Mesh Layers

In Chapter 6, the micro-mechanical properties of a multifunctional composite consisting
of a CFRP laminate with additional copper mesh layers were studied by nanoindentation. The
sample was annealed at 200°C for 1 hour and the mechanical properties near the C fiber-PEEK
matrix were studied using nanoindentation. The reduced elastic modulus and hardness were
plotted as a function of distance from the fiber edge to evaluate the fiber-PEEK interfacial
strength and subsequent reinforcement ability of the carbon fiber before and after annealing. It
was found that the crystallinity in the PEEK matrix, estimated by Raman, was ~41% and did not
change as a result of the annealing process. The hardness in the PEEK matrix increased
somewhat as a result of annealing, from 0.081 +/- 0.012 GPa to 0.103 +/- 0.014 GPa (P=.05). A
power law fit of the reduced elastic modulus and hardness as a function of distance from the
fiber edge was used to assess the interfacial adhesion and size of the interphase region between
the fiber and PEEK matrix. The rate of decay of hardness with increased distance from the fiber
edge decreased after annealing, indicating enhanced interfacial adhesion and a larger interphase
region as a result of the annealing procedure.

The reduced elastic modulus and hardness as a function of distance from the copper edge
were also evaluated and fitted to a power law function. The trend was not well described by a
power law function. Rather, the histograms of reduced elastic modulus and hardness showed two
discrete clusters of values, one with higher modulus/hardness corresponding to indents on copper
and one with lower modulus/hardness corresponding to indents on the PEEK matrix. This

indicates that there is weak interfacial adhesion between the copper and PEEK. As a result, the
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copper has limited ability to act as a reinforcement phase and the indents in the PEEK matrix
near the copper edge did not show an increase in modulus or hardness.

For future work, the data analysis technique could be used to study how chemical
functionalization of the Cu surface during processing could promote enhanced interfacial
adhesion. By increasing the interfacial shear strength, the reinforcement capability of the copper
in the multifunctional composite could be enhanced, leading to improved bulk mechanical
properties. Additionally, dynamic mechanical analysis (DMA) could be used to measure the
complex elastic modulus of the PEEK matrix to understand how the storage modulus (real
component) and loss modulus (imaginary component) change as a result of the annealing
procedure, thus giving a more in-depth understanding of the elastic properties of the material.

8.5. Chapter 7: Model of Electromagnetic Interference Shielding Effectiveness for the

Multifunctional Composite Containing CERP and Copper Mesh Layers

In Chapter 7, a finite element model was made in COMSOL and used to study the EMI
SE of a multifunctional composite containing unidirectional CFRP layers and copper mesh layers
in the range 50 MHz to 10 GHz. The electrical properties of an individual CFRP ply with fibers
oriented in one direction were represented as a tensor describing a homogeneous, anisotropic
material, and lay-ups with multiple plies containing different relative fiber orientations were
represented by using rotation matrices for each ply. Varying the longitudinal conductivity in the
fiber direction had the highest impact on the calculated SE compared to the change in SE from
varying transverse conductivity in the direction perpendicular to the fibers or varying the relative
permittivity. The individual CFRP plies acted like gratings where the EM field was effectively
attenuated by Ohmic loss in the direction parallel to the longitudinal fiber direction with high

electrical conductivity. The SE increased for lay-ups where multiple plies with different fiber

130



orientations were used. The SE of the CFRP without Cu mesh was increased by increasing the
thickness of each ply and by increasing the overall thickness of the laminate by adding more
plies.

An analytical expression for equivalent sheet impedance was used to represent the Cu
mesh and calculate its SE. The effect of using different metal materials and different mesh
geometries was evaluated. For the former, metals with higher conductivity showed increased SE.
Considering that the multifunctional composite could be used in aerospace applications where
weight minimization is critical, the SE was normalized to metal density, and it was shown that
aluminum and AA-6061 provide a balance of high conductivity and low density. The results for
different Cu mesh geometries varying the mesh open area indicates that below ~1 MHz the
choice of metal material has a more pronounced effect on SE than the choice of dimensions, but
above ~1 MHz the choice of open mesh dimension has more of an effect than choice of material
on SE.

When modeling the multifunctional composite with both CFRP and Cu mesh layers, the
SE improved over a wider frequency range by including a reflection-dominant component (Cu
mesh) and an absorption dominant component (the CFRP). The SE by reflection from the Cu
mesh due to high electrical conductivity improved the SE at frequencies below ~500 MHz,
whereas the SE by absorption from the CFRP layers with increased thickness improved SE at
frequencies above ~500 MHz. The total SE of the laminate containing CFRP layers and a Cu
mesh layer did not show a strong dependence on the Cu mesh placement in the lay-up.

The main limitation of the model was the use of DC conductivity values for the CFRP
and Cu mesh which could affect the accuracy of the calculated SE, especially at higher

frequencies. In future work, the model could be improved by using AC, frequency dependent
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conductivities that account for the reduction in conductivity as frequency increases by the skin
effect. Further, measurement of the complex permittivity in the frequency range of interest could
improve accuracy of the model by accounting for the potential effects of molecular-level
polarization in the material and interfacial polarization between the C fibers and PEEK matrix.

8.6. Publications

Details about the covetics processing and the effect of applied current and time on
electrical and mechanical properties were published in**
Ge, X., Klingshirn, C., Morales, M., Wuttig, M., Rabin, O., Zhang, S., & Salamanca-Riba, L. G.
(2021). Electrical and structural characterization of nano-carbon—aluminum composites
fabricated by electro-charging-assisted process. Carbon, 173, 115-125.
https://doi.org/10.1016/j.carbon.2020.10.063
which discussed how the graphitic carbon crystallite size and graphitic carbon content increased
with increased reaction time due to the applied current. Additionally, electrical conductivity was
correlated with the graphitic carbon crystallite size, graphitic carbon content, applied current and
duration of current application. Hardness was found to be inversely correlated to porosity in the
sample, and it was noted that both aluminum oxide and voids in the covetic samples were
present. This work formed the basis of Chapter 3: Critical Current Density Investigation where
the local current density was related to the local graphitic carbon crystallite size and electrical
conductivity in different areas of the covetic sample that experienced different current densities,
Chapter 4: Micromechanics of AA-1350 3 wt% C Covetics where the micro-mechanical

properties of the covetics presented in Ge et al.**

were studied using nanoindentation, and
Chapter 5: Updates to the Covetics Processing System where modifications to the covetics

system were built to attempt to improve homogeneity of carbon while minimizing oxide and void

formation in covetic samples.
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The work presented in Chapter 6: Micromechanics of an IM7/PEEK Laminate with
Added Copper Mesh Layers and Chapter 7: Model of Electromagnetic Shielding Effectiveness
for the Multifunctional Composite Containing CFRP and Copper Mesh Layers are both in the
process of being submitted as journal papers. For Chapter 6, the corresponding journal paper will
include bulk mechanical testing of the multifunctional samples to compare to the
nanoindentation data.

A paper for work that was not included in this dissertation was published in'7?

Henry, T. C., Morales, M. A., Cole, D. P., Shumeyko, C. M., & Riddick, J. C. (2021).
Mechanical behavior of 17-4 PH stainless steel processed by atomic diffusion additive
manufacturing. International Journal of Advanced Manufacturing Technology, 114(7-8), 2103—
2114. https://doi.org/10.1007/S00170-021-06785-1/FIGURES/13

where nanoindentation and EBSD were used to investigate the anisotropy in microstructure and
mechanical properties of stainless steel-301 samples made by an atomic diffusion additive
manufactured (ADAM) process. The anisotropy was a result of extrusion in the print direction
during the ADAM process.

Additionally, a work not included in this dissertation was published studying the

oxidation kinetics of SiC fibers in the presence of B203 using thermogravimetric analysis (TGA)
and microstructural characterization!”*
McFarland, B., Angelici Avincola, V., Morales, M., & Opila, E. (2020). Identification of a new
oxidation/ dissolution mechanism for boria-accelerated SiC oxidation. Journal of the American
Ceramic Society, 103(9), 5214-5231. https://doi.org/10.1111/JACE.17188

Another paper for work not included in this dissertation is undergoing the review process

for publication, with the title “Interfacial carbon fiber-matrix interactions in thermosetting

composites volumetrically cured by electromagnetic fields.” In this work, nanoindentation was
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used to investigate the interfacial properties of the fiber-polymer interface in CFRP samples

made using different polymer curing processes.
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