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ABSTRACT

The main goal of this study is to unravel the mechanics of hybrid composite flywheels with
carbon microfibers and carbon nanofibers (CNFs) reinforcements under centrifugal forces and
evaluate the role of nanoscale fillers in delaying failure. This work is driven by the desire to more
efficiently store energy in a flywheel in which the maximum energy density is limited by the ability
of the material to withstand centrifugal forces. The limiting factor for flywheel energy storage is
material strength since the flywheel will burst due to centrifugal stresses if spun at too high of
angular velocity, yet its stored energy is proportional to the square of the rpm.

In a typical flywheel in which the fibers are placed in the hoop direction for ease in
manufacturing, the energy storage and the maximum RPM is limited not by fiber failure, but by
matrix-dominated failure modes especially in the hoop direction. To avoid such failures, our study
is focused on improving the resin strength via nanomaterials, and to enhance the fracture toughness
of hybrid composites in mode I.

In this dissertation, we have studied the role of electrospun carbon nanofibers (CNFs) in the region
of experiencing high radial stress in the composite flywheel. Three major objectives of this
research study are 1) identification of the trade-offs between surface functionalization of CNFs as
a means to enhance CNF-matrix load transfer and the mechanics of individual carbon nanofiber,
I1) investigation of the mechanics of CNF/epoxy nanocomposite and hybrid nano/micro fiber-
reinforced composites as a function of dispersion, surface chemistry and mechanics of individual
CNFs, and I11) investigation of the failure mechanisms of flywheel subjected to centrifugal forces
as a function of the nanofillers content. The first two objectives were mainly carried out via

experimentation, including material processing and characterization at multiple length scales,



while the last objective was mostly carried out via finite elements analysis based on input from the
prior objectives.

Our studies pointed to an increase of at most 25% in the interlaminar fracture toughness of
the carbon fiber composite laminate due to the introduction of CNFs mat interleafs. The study also
points to distinct difficulties associated with increasing crack initiation and growth fracture
toughness, as related to the least resistant crack growth path. Our computational results pointed to
an increase in the energy density of the flywheel to about ~14% by introduction of the CNFs mat

in the interlayer regions.
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1. INTRODUCTION

Flywheel energy storage systems are a clean and efficient method that can meet the energy
leveling demands. The energy is stored in a flywheel as kinetic energy by spinning the flywheel
and released on demand [1]. These mechanical batteries have been around for over 100 years and
were used in early industrial systems to store energy. Although the concept of storing energy in a
rotating mass is an old idea, the relatively recent advent of advanced fiber composite materials
offers a potential for improved energy storage and conversion using rotating electrochemical
devices. Similar to other energy storage systems, such as electrochemical batteries, energy density
(energy stored in the battery per its unit mass) is one of the main parameters which defines the
battery’s performance. The achievable energy density of a flywheels, such as a circumferentially
wound ring or cylinder, is proportional to the material’s specific strength. This proportionality
favors using materials with high specific strength such as fiber composites to enhance the energy
density of the flywheel. Recently, NASA intended to have composite flywheels in space station
for energy storage [2]. Flywheels have been also proposed for satellite altitude control. There are
also investigations of hybrid and all-electric combat vehicles and weapons. Composite flywheels
are crucial part of their systems.

One of the earliest studies which demonstrates that composite materials with significantly
large specific strength are well suited for the flywheel application was by Rabenhorst et al. [3]
They reported that the use of the 70% graphite/epoxy for the flywheel outperform the flywheel
fabricated with the steel that was considered to be the highest strength isotropic material for a
flywheel rotor.

DeTeresa et al. [4] examined the performance of commercial high-performance

reinforcement fibers for the application to flywheel power supplies and concluded that carbon
1



fibers are preferred for highest performance energy storage application. Alongside, the materials
selection, proper design would also result in a better performance of the flywheel. Around this
scheme, further research has been undertaken to study the additional improvement that could be
made by modifying the design of the rotor or inducing certain residual stress state in some way.
However, many flywheel designs are limited not by fiber failure, but by matrix-dominated
failure modes. The existing composite flywheels are running at near capacity and the faster spin
speeds may result in catastrophic failure. SEM image analysis of the Beacon Power, LLC flywheel
component [3] shows the voids and potential break-down sites for a flywheel coupon (Figure. 1-
1). Transverse failures are anticipated at higher speeds, possibly originating from the voids
observed in the inner and outer part of the ring. Therefore, methods to improve the ‘strength’ of

the flywheel rim are required. Typically, fillers are added to a matrix to alter the properties.

Inn
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Hoop x-section Radial x-section

Figure 1-1: SEM image of a failed composite flywheel of the Beacon Power, LLC which shows
the voids and potential break-down sites.



In this study, we proposed to implement electrospun carbon nanofibers in the region of
experiencing high stresses to improve the composite matrix. Electrospun carbon nanofibers with
the diameter of 200-500 nm were fabricated via thermal stabilization and carbonization of the
electrospun PAN Nanofibers. Unlike other commercial carbonaceous nanofillers, such as carbon
nanotubes (CNTSs) and vapor grown carbon nanofibers (VGCNFs), which are in powder form,
electrospun carbon nanofibers (CNFs) are practically continuous and have nearly circular cross-
sections, suitable as continuous reinforcements for structural composites.

To benefit from the mechanical load bearing capability of CNFs in developing strong
composites, it is essential to enhance the adhesion between the CNFs and matrix via surface
modification of the CNFs as a means to facilitate load transfer between the CNF and the matrix
and also to enhance the wetting of the CNFs. The surface functionalization is believed to induce
surface functional groups which can form covalent bonds or dispersive interactions with a polymer
matrix, leading to enhanced matrix-filler load transfer [5, 6].

To address this knowledge gap, second chapter of this report is dedicated to study the
surface morphology, chemistry, and mechanical properties of individual surface functionalized
CNFs. Herein, surface functionalization is perfomred in two steps including exposure of the CNFs
mat to nitric acid followed by the chemical functionalization with melamine to graft amino-rich
groups on the surface of the CNFs.

Exposure of the CNFs to the Nitric acid lead to formation of the functional groups such as
carboxyl and hydroxyl groups on the CNFs surface which lead to formation of the covalent bonds
with polymer matrix. Melamine has a conjugated structure containing both sp2 hybridized carbon,
making it suitable for both noncovalent functionalization via m-m interactions and covalent

functionalization through the chemical bonding of amine group to the epoxy matrix. Herein, we
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grafted the melamine on the surface of the CNFs to fully benefit from the amine groups in the
melamine which led to enhancement in the interfacial strength of the CNFs and epoxy matrix.

As mentioned earlier the dominant failure mechanism of the flywheels is the matrix failure.
Number of investigations have shown that the properties of the hybrid multiscale fiber reinforced
composites, in which nanofillers are dispersed as a second phase in the matrices, can be improved
substantially [7]. Various types of nanoscale materials including carbon nanotubes (CNTSs), vapor
grown carbon nanofibers (VGCNFs), organoclays, and silica nanoparticles have been studied to
prepare resin dispersed with nanofillers to reinforce the resin-rich interlaminar region [8-11].
Specific to the CNFs, the ability to control the microstructure and morphology by tuning the
carbonization parameters makes them an interesting candidate for enhancement of fracture
toughness. In addition, recent studies suggest that electrospun CNFs can be developed in the form
of nano-springs, which can be used to enhance fracture toughness in a composite by means of
mechanical interlocking [12]. Despite all the promisses that CNFs hold for improving fracutre
properties of composites, very limited works have evaluated the functionality of the electropsun
CNFs in reinforcing the interlaminar region of the laminated composite. Among the few studies
on this subject, Chen et al. [13] reported an increase of about ~86% in interlmainar shear strength
of the of carbon fiber/epoxy compsite by use of the electrospun carbon nanofibers mat. The same
group also evaluated [14] the role of the well-dispersed electrospun carbon nanofibers in the epoxy
resin in reinforcing the hybrid multi-scale composites. Their results pointed to an increase in the
mechanical properties of the composites inlcuding impact absorpotion energy and flexural tensile
strength of the composite to about 18% and 23% by incorporating a small quantity of carbon

nanofibers of about 0.3 wt. % in the epoxy resin.



To address this knowledge gap, the third chapter of this report is dedicated to study the
mechanics of CNFs/epoxy coupons containing electrospun functionalized CNFs and hybrid
multiscale carbon fiber-carbon nanofiber composites. Mode | interlaminar fracture behavior of
woven carbon fiber-epoxy laminates that reinforced with CNFs are well-studied. The CNFs have
been introduced into the composite in two forms: (1) as mats of the electrospun carbon nanofibers,
and (2) thin film of B-staged electrospun carbon nanofiber/epoxy in the intelaminar region.

Finally, in the last chapter of this report we have presented the recent trends in developing
composite flywheels in which fiber choice, architecture and volume fraction are designed to
achieve enhanced energy density. First, we presented a comparison between various types of
energy storage systems, mainly the electrochemical devices such as lithium ion batteries and FESS.
This comparison will highlight the benefits of FESS in terms of reliability, safe temperature range
of operation, energy and power density. Next, many manufacturable designs are presented and
discussed in some details. Finally, we have presented our approach toward fabricating the hybrid
multiscale flywheel, in which the nanofibers were placed in the region of experiencing high radial
stress. Our results pointed to an increase of at most ~14% in the energy density of the flywheel.
1.1. Goal and objectives

Materials Scientists predicted that composites fabricated with nanoscale reinforcing agents
such as nanotubes, nanofibers, and platelets will have an exceptional mechanical properties.
However, nanocomposites fabricated so far are only limited to few volume fraction of nano-
reinforcement fillers and the results obtained so far are not comparable to advanced composites
fabricated with high-performance continuous microfibers. The reasons include inadequate

dispersion, poor alignment, and weak bonding of the nanofillers in the epoxy matrix.



The ultimate goal of this research work is to unravel the mechanics of hybrid composite
flywheels with carbon microfibers and carbon nanofibers reinforcements under centrifugal forces,
and evaluate the role of nanoscale fillers in delaying failure caused by centrifugal forces and
enhance gravimetric energy storage. This goal perfectly facilitate to fabricate the high-
performance composite flywheel with longer durability and higher efficiency. To achieve this goal,
we have identified three main objectives. The schematic summary of the goal and three different
objectives are shown in the Figure 1-2.

Objective 1: study the trade-off between surface functionalization of CNFs as a means to
enhance CNF matrix load transfer and the mechanics of individual carbon nanofibers

Objective 2: study the mechanics of flat panel CNF/epoxy nanocomposite and hybrid
nano/micro fiber reinforced composites as a function of dispersion, surface chemistry and
mechanic of individual CNFs.

Objective 3: Study the failure mechanism of flywheel subjected to centrifugal forces as a

function of nanoscale fillers content.



Goal: Study the mechanics
of the hybrid composite
flywheels with carbon
microfiber and carbon
nanofibers reinforcements
~under centrifugal forces

Figure 1-2: Goal of our current study followed by the three main objectives of our research work

Objective 1: Study the
trade-offs between surface
functionalization of CNFs
as a means to enhance
CNF-matrix load transfer
and mechanics of
individual nanofiber.

v’

Objective 2: Study the
mechanics of the
CNF/epoxy nanocomposite
and flat panel hybrid
Nano/micro fiber
reinforced composites.
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Objective 3: Study the
matrix dominated failure
mechanisms of flywheel
subjected to centrifugal
forces




2. STUDY THE ROLE OF SURFACE FUNCTIONALIZATION OF CNFS AS A MEANS TO
ENHANCE CNF-MATRIX LOAD TRANSFER AND THE MECHANICS OF INDIVIDUAL

CARBON NANOFIBER

2.1. Introduction

Carbon nanomaterials such as carbon nanotubes (CNTSs), carbon nanofibers (CNFs) and
graphene nanoplatelets (GNPs) maybe employed as nanofiller to other materials, such as polymers,
that can enhance mechanical properties. These efforts are motivated by nanomaterial’s remarkable
properties, such as strength and modulus as high as 100 GPa and 1 TPa, respectively, for graphene
and CNTs [15-18]. The reported relative improvements in mechanical properties are amazing. For
instance, adding just 0.01 wt.% of functionalized graphene sheets to poly(methyl methacrylate)
(PMMA) has led to a 33% increase in elastic modulus compared to the base polymer, far exceeding
the rule of mixture predictions [19]. A more recent example has measured 14% improvement in
strength by adding only 0.5 wt. % functionalized CNTSs to epoxy [20].

While relative improvement in properties by adding carbon nanofillers is impressive, the
carbon nanofillers content in nanocomposites is often below 2 wt. % [21, 22]. Only in rare case,
higher nanofiller loadings have been studied [23, 24]. This is mainly due to agglomerated
nanoparticles or poor nanofiller wettability by the matrix that adversely affects load transfer
between fillers and matrix [20, 22].

An effective approach to reduce agglomeration is to functionalize the surface of the
nanofiller. This approach not only enhances the filler’s dispersion in the matrix during processing
(often from liquid phase in a solvent, melt or pre-cured epoxy), but also increases the load transfer

between the filler and matrix in the cured phase via for instance forming covalent bonds between
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the filler and matrix and mechanical interlocking (caused by inducing surface undulations in
nanomaterials) [20, 25-27]. However, in carbon nanomaterials, chemical functionalization
changes the surface bond types, from sp2 hybridized C-C bond (graphitic bonds) to sps bonds to
accommodate the functional groups. An unintended consequence of that is a drop in mechanical
strength, as the spsbonds act as defects [28, 29]. For certain defects, such as vacancies in graphene,
the drop-in strength can be significant, claiming more than 60% of the pristine material’s strength
[30]. The defects include the C atoms around vacancies or voids in the material, from where the
cracks will start [28, 31].

The loss in carbon nanomaterial strength can be explained based on size effects. The high
surface to volume ratio in nanomaterials increases the overall contribution that surface defects
have on strength [30]. While in carbon nanomaterials, functionalization always reduces the filler’s
strength, in carbon microfibers, mild functionalization may not affect the strength or may even
remove surface flaws and increase the strength [32, 33]. Moreover, the drop in strength with
oxidation in nanomaterials with layered structures such as CNTs and GNP (and Graphene) can be
even more intense. That is because the load transfer from the matrix to the filler occurs in the
outmost layer (a single atomic thick layer), and chemical functionalization-induced defects will
disrupt the load path within this layer. Hence, using functionalized carbon nanofillers to improve
nanocomposite mechanical properties brings tradeoffs between (a) improvement in dispersion and
load transfer between filler and matrix, and (b) reduction in filler properties.

A remedy for the above problem is sought in an emerging carbon nanomaterials class
where the covalent bonds within the nanofiller are not limited to a plane. This category is carbon
nanofibers (CNFs) that are formed by pyrolyzing polymeric precursors [34-37]. Unlike CNTs and

GNPs with layered structure (with in plane covalent bonds) and weak van-der-Waals interactions
9



between layers, the CNF microstructure consists of a crosslinked amorphous carbon and
turbostratic layer network. However, given the high surface to volume ratio, which is inherent to
all nanomaterials, it is not clear whether an optimum defect density/surface functionalization exists
in CNFs that can enhance nanomaterial dispersion within a matrix without considerable loss in
nanofiller strength.

To address this knowledge gap, we studied the surface morphology, chemistry, and
mechanical properties for individual, surface-functionalized CNFs followed by the mechanically
testing CNFs epoxy coupons. The studies included characterizing individual CNFs mechanically
with respect to surface functionalization and performing fracture mechanics analysis. Epoxy
composite with both pristine and functionalized CNFs were fabricated and mechanically tested.
Fracture mechanics estimates of critical flaw sizes were presented to further shed light on the
experimentally measured values. Finally, the CNF composites mechanical properties were related
to the CNFs and interface properties. The experiments at two length scales, the scale for individual
CNFs and for their composites, provided valuable knowledge about the role the filler interface has
on nanocomposite mechanics.

2.2. Experimental
2.2.1. Fabricating electrospun carbon nanofibers

Carbon nanofibers (CNFs) were fabricated by thermally stabilizing and carbonizing
electrospun polyacrylonitrile (PAN) nanofibers. The overall approach is presented in our earlier
works [36] with minor changes as presented here. PAN powder with an average molecular weight
of Mw=150,000 g/mol was dissolved in N, N-dimethylformamide (DMF) and magnetically stirred
for 24 hours at room temperature to obtain a 10 wt.% solution. The raw materials were obtained

from Sigma-Aldrich. The continuous PAN nanofibers landed on the electrically grounded roller,
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forming a nearly unidirectional fiber mat. The rotating collector’s tip velocity was ~1 m/s. The
electrospinning voltage was 25 kV, and the needle-to-collector distance was set to 20 cm.

PAN nanofiber mats stretched under hanging weights equivalent to ~19 MPa engineering stress
as the mats heated from 100-135°C to achieve a drawing ratio of 2. This draw ratio came from
previous research studies that nearly doubled CNF strength while leading to insignificant adhesion
between them [8]. The hot-drawn PAN nanofibers were thermally stabilized in a convection oven
by heating from room temperature to 275° C at 5 °C/min (2 hours hold time at the peak
temperature), and carbonized at a 1400 °C peak temperature in a tube furnace for (1 hour hold time
at the peak temperature) in an inert nitrogen atmosphere.

2.2.2. Functionalizing the CNFs surface

CNF surface functionalization occurred in concentrated HNO3 (68 wt. %). To this end, a
CNF ribbon was collected on the Teflon (PTFE) clips and immersed in nitric acid at 100°C for 15,
30, 60, and 120 minute durations. The acid treatment conditions were partly adopted from Bahl et
al. [33]. Concentrated nitric acid was obtained from Sigma-Aldrich. Following this step, surface-
functionalized CNFs received a distilled water rinse until they reached the pH value between 5.5—
6.5; subsequently, the nanofibers were dried at 60°C for ~4 hours.

2.2.3. Mechanical and materials characterization

The pristine (as-fabricated) CNFs and surface functionalized CNFs underwent material and
mechanical characterization. The CNFs diameters were measured by imaging them in SEM. At
least 35 samples were tested for each fabrication condition, to obtain a statistically reliable
diameter distribution. The CNFs surface chemistry was analyzed via X-ray photoelectron
spectroscopy (XPS) using an Omicron XPS/UPS system with an Argus detector relying on dual

Mg/Al X-ray source (Scienta Omicron GmbH, Taunusstein, Germany). Acid functionalization
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effects were also studied by Fourier Transform IR (FTIR) spectroscopy. For this purpose, Thermo
Nicolet 380 FTIR spectrometer with a manual infrared (IR) polarizer obtained from PIKE
Technologies was employed. Individual CNFs mechanical properties were also measured via
micromachined tension test devices. At least four measurements was performed for each
fabrication condition. More details about the mechanical testing devices and the measurement
approach is presented in our earlier work [36, 38, 39].
2.2.4. Fabricating and characterizing CNFs nanocomposite

Surface functionalization should in principle support load transfer between the CNFs and
a conventional polymer matrix such as epoxies via combined dispersive and covalent bonds. To
evaluate and quantify the effect surface functionalization has on the nanocomposite mechanics,
CNF-epoxy nanocomposites were fabricated following the procedure described by Gardea et al.
[40] with minor adjustments. This procedure is tuned to partially cure the epoxy while the CNF-
epoxy is mixed, to increase the mixture viscosity and to prevent CNFs agglomeration. In this study,
we used EPIKOTETwm resin 862 (Bisphenol-F epoxy resin) with EPIKURET™ curing agent W. To
prepare the nanocomposites, the CNF mats were cut to 0.5 cm long pieces and then dispersed in
the 20 ml of ethanol with ultrasonicator bath for 80 minutes. Immediately after, the CNFs/solvent
solution with 20 ml extra ethanol was added to EPIKOTETwm resin 862 (Bisphenol-F (BPF) epoxy
resin). The appropriate curing agent amount (EPIKURET™w™ curing agent W) was set (100:26.4 by
weight) as provided by the manufacturer in two steps. The first 20% of the required curing agent
was added to the solution and magnetically stirred at 500 rpm at 120 C for 3 hours. This step
increases the solution viscosity to prevent CNF agglomeration. Following this pre-curing step, the
solution was cooled to about 80 C, the remaining curing agent was added, and the mixture degassed

at 500 rpm for 30 minutes. Thereafter, the CNF/epoxy solution was poured into a preheated mold
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at 120 C with a curing cycle set to 8 h at 40 °C followed by 1 h at 121 °C and another 2.5 h at
177 °C. The first 8 hour curing at 40 C increases the viscosity. This step reduces the thermo-
mechanical viscosity drop while curing at higher temperatures, thus, the 40 °C step limits CNF
agglomerate formation. At least 5 dog-bone samples for each condition following the standard
ASTM D638 were fabricated and tested.
2.3. Results and discussion
2.3.1. Surface morphology of functionalized CNFs

Pristine and acid functionalized CNF mats were imaged in SEM. Figure 2-1 (a)-(c) presents
SEM images showing the fibers. As shown, a 15 minute surface treatment is insignificant in
changing the CNF surface morphology. However, pits and etches on the CNF surface—with an
approximate dimension about 10-15 nm along the fiber—are evident after 30 minutes of acid
functionalization. Given the CNFs’ heterogeneous structure, composed of partially graphitic
domains with various degrees of graphitization and amorphous carbon [41], selective etching in
less-graphitic domains on the CNF surface can lead to pitting.

Figure 2-1(d)-(f) shows the CNF diameter distribution before and after acid treatment for
15 and 30 minutes. The fiber diameter distribution during the early stages is nearly the same.
Pristine CNFs are about 103 + 17 nm diameter, and changed to 101 + 17 nm and 100 + 17 nm after
15 and 30 minutes of acid treatment, respectively. Pit formation in 30-minute treated CNFs
indicates surface etching. However, direct and precise diameter changes—down to a few
nanometers—resulting from acid functionalization is unfeasible here because the diameter has a
standard deviation (~17 nm) introduced by bending instability during electrospinning. During the
early stages, i.e., the first 15 minutes, acid treatment has likely removed only the loosely bound

hydrocarbons on the CNF surface; those loose hydrocarbons can be a few atomic-layers thick [32,
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42]. This is evident in the sharper carbon skeleton peaks in the FTIR spectra after functionalization
as presented in the next section.
2.3.2. Chemically characterizing CNF surface

The CNF surface chemistry, the surface functional groups formed, and their relative
concentration was studied via FTIR and XPS. The FTIR spectrum for as-fabricated CNFs and acid
treated CNFs with different acid treatment durations appears in Figure 2-2. In pristine and
functionalized CNFs, a peak was observed at 1520 cm-1, which is assigned to the carbon skeleton
[43, 44]. Acid treatment strengthens these peaks and shifts it to higher wavenumber (1575 cm-1).
This finding suggests the weakly bonded hydrocarbon layer left the CNF surface during acid
treatment.

There is also a peak at 1230 cm-1, corresponding to C-O bond stretching in carboxylic
groups, that strengthened upon acid treatment. This peak is observed in both pristine and
functionalized samples. Pristine CNFs add oxygen during stabilization and from oxygen impurities
present during carbonization. Moreover, in functionalized CNFs, a peak emerges at 1742 cm-1,
which is assigned to C=0 stretching vibration in carbonyl and carboxyl groups. There is also a
broad peak at 3100-3600 cm-1, which is assigned to —OH group in carboxyl and alcohol group

[45].
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Figure 2-1: (a) —(c) SEM images showing CNF before and after 15 and 30 minutes acid
functionalization. (d)-(f) the CNF diameter distribution with functionalization time.
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Figure 2-2: FT-IR spectra before and after CNFs receive acid treatment for 15, 30, and 60 minutes

Based on the FTIR spectrum, the acid treatment duration -effectively controls
functionalization intensity. After 60 minutes nitric acid treatment, the peaks associated with the
oxygen moieties are much stronger than those formed in shorter acid treatment durations. The
surface functional groups for pristine and functionalized CNFs were studied further via XPS. The
surveys for all CNFs mainly consist of C 1s peak, at a 284.4 eV binding energy, and O 1s, at 532.6
eV binding energy. In functionalized CNFs the O 1s peak is stronger because there is surface
oxidation.

High-resolution XPS spectra of C1s provided further information about the functional
groups. The C1s spectrum of XPS for various treatment durations CNFs is shown in Figure 2-3

(a)-(d). The spectra have each been resolved into five individual peaks that represent graphitic
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carbon (284.4 eV), carbon present in hydroxyl or ethers group (285.9-286.0 eV), carbonyl group
(287.4-287.5 eV), carboxyl or ether group (288.5-288.7 eV), and a weak carbonate groups (290.6-
290.7 eV).

According to the elemental composition taken from the XPS survey, Figure 2-3(e), the
oxidative functionalization after only 15 minutes acid treatment leads to an 11% atomic oxygen to
carbon ratio; this is a ~5 fold increase from 2% in pristine CNFs. However, further acid treatment
for 30, 60, and 120 minutes only slightly increase the oxygen content to 13, 12, 16 %, respectively.
The increase in oxygen content comes from functional groups such as hydroxyl, carboxyl, and
carbonyl groups that form on CNF surfaces. The oxygen absorption rate reduces after fifteen
minutes treatment by almost an order of magnitude. This is expected because, in the early treatment
stage, surface oxidation may lead to oxidized graphitic domain edges on the CNF surface. As the
number of un-oxidized edges available drops over time, the oxidation rate falls.

Based on the spectra shown in the Figure 2-3(a)-(d), carbonyl and carboxyl group
percentages increase abruptly during the first 15 minutes during acid functionalization, followed
by a moderate increase after longer acid treatments. The overall alcohol group percentages did not
change substantially during acid functionalization. This data suggests that hydroxyl groups (-OH)
formed on the CNF surface during acid functionalization are consumed to form -COOH and C=0
groups [46], Figure 2-3(f). Hence, progressive exposure to aqueous nitric acid increasingly

enriches CNFs surface with oxygen moieties, specifically carbonyl and carboxyl groups.
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2.3.3. Mechanical properties of the CNFs as a function of O/C contents

As discussed in the introduction, chemical functionalization may adversely affect strength

in carbon nanomaterials by disrupting graphitic bonds. Unlike nanomaterials such as CNTs and

GNP with layered structure, [28-30], the highly crosslinked C bond network within the CNFs’

structure, obtained via pyrolyzing and crosslinking the precursor polymer chains, may make the

material more resistant to flaws that are induced via chemical functionalization. This is because

their crosslinked network structure will provide load transfer path around surface flaws. To

evaluate this phenomenon, we studied CNF mechanical properties at three functionalization

conditions: (i) as fabricated CNFs, i.e., no acid functionalization, (ii) after 15 minutes and (iii) 30
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minutes functionalization. Single CNF nanofiber mechanical properties before and after acid
treatment were characterized by using a MEMS-based nano-mechanical testing platform. More

details about the testing device can be found in previous works [41, 47, 48].
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Figure 2-4. (a) Representative stress-strain curve for the pristine, 15 minutes functionalized CNF, and 30
minutes functionalized CNF, (b) 30 minutes functionalized carbon nanofiber mounted on the MEMS
device after nano-mechanical testing, insert shows the fracture surface with the etch on the surface,(c)
CNF tensile strength versus functionalization time, (d) CNF tensile modulus versus functionalization
time.
Representative CNF stress-strain curves appear in Figure 2-4(a). As shown in the figure,
in all tested cases, the CNF mechanical behavior is linear elastic up to failure. Figure 2-4(b)
presents an SEM image showing a CNF tested in tension using the MEMS device. A close-up
image revealing the fracture surface appears in an insert within Figure 2-4(b). The average

modulus and strength values appear in Figure 2-4(c) and (d), respectively. While the average
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tensile strength and modulus for CNFs during the 15 minutes acid functionalization are
approximately unchanged—within the measurement’s uncertainty—the scatter in the measured
strength and modulus drops considerably (by ~50% or more). This is potentially due to surface
defects—such as the loosely bound layer of hydrocarbons on the surface—getting removed during
early functionalization.

However, further acid treatment for 30 minutes led to more than 50% decrease in the
strength and modulus. SEM images provide insights into the cause. As shown in Figure 2-1(c) and
Figure 2-4(b) insert, extended acid treatment forms pits and voids on the CNF surface. These are
likely the locations along the CNFs with lower graphitization—Ilocations that were removed
selectively via acid treatment. In all 30-minute acid treated CNFs, we observed at least one pit in
the gage length for every case, suggesting a linear density with more than 1 defect with a
characteristic length (pit depth or length) of ~10-15 nm.

It is illustrative to compare strength loss in CNFs with the strength lost in carbon fibers
after similar acid treatment. While CNFs lost ~50% after 30 minutes acid treatment at 100°C,
similar treatments only reduce carbon fiber strength by ~7% [49]. This indicates the pronounced
effect surface modifications have on the CNF strength compared to carbon fibers because the
CNFs have much higher surface to volume ratio. In other words, a surface flaw with measuring
~10 nm, as shown in Figure 2-1(c) insert, has a more pronounced effect on a ~120 nm thick CNF
than on a 5 um thick carbon fiber. The higher specific area of carbon nanofibers means that the
number of active sites per fiber unit volume where flaws can form is higher than in regular carbon
fiber. Hence, CNFs are more sensitive to acid treatment compared to carbon fibers. This is
attributed to the higher surface to volume ratio in nanomaterials, that means the surface defect

density will be higher for the same acid treatment conditions.
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Figure 2-5. CNF tensile strength versus O/C ratio for three functionalization conditions

The changes in CNFs mechanical properties in conjunction with their surface morphology
during acid functionalization appears in Figure 2-5. In this figure, the horizontal axis is the atomic
ratio for oxygen to carbon, O/C, which measures oxidation progress, as obtained from XPS results
in section 2.3.2. As mentioned earlier, the oxygen absorption rate in CNFs increases abruptly in
the first few minutes during acid functionalization, followed by a moderate increase for the longer
exposure to nitric acid. This jump comes at a negligible decrease in tensile strength, although the
difference between the two cases is within the uncertainty of the measurement—a favorable
condition for wettability of CNFs inside a matrix. However, further acid treatment can only
marginally increase the oxygen-containing groups on the surface, while it drastically lowers
strength by inducing surface defects. A fracture analysis study provides further insights into CNFs
flaw resilience specially relative to other C-based nanomaterials.

2.3.4. Insight into CNF flaw-resilience from fracture mechanics
As shown in the previous section, a measurable reduction in CNF strength with

functionalization is observed only when the surface flaws (e.g., the depth of the surface pits) have
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grown to ~30-50 nm. In other words, there seems to exist a critical flaw size; the strength is
insensitive to flaws smaller than the critical size. Following a similar argument as present in [50],
this critical flaw size can be explained as follows. According to the Griffith criterion, the fracture

strength of a sample o with a flaw size of a can be approximated as [50]

o = a [ Eq. (1)

where E, G, and a are respectively the elastic modulus and surface energy of the nanofiber
and «a is a proportionality constant. Ignoring the CNF surface curvature, « is close to 1/+/m. For
the CNFs to be insensitive to flaws (such as pits that form on the surface), the flaw size a should
be smaller than or equal to a critical flaw size a,,iicq; SUCh that the fracture strength becomes
equal to the theoretical strength (o¢pe0ry, the material’s strength without any cracks). Setting of =
Otneory and expressing surface energy with respect to the critical stress intensity factor for mode |

failure as G, = K2 /E the critical flaw size can be estimated as

2
1 K
Acritical = (¢) Eq. (2)

a? Otheory

Setting Kjc ~ 1 MPavym from [51], Ogpeory~5.5142.1GPa (from tests on
unfunctionlized CNFs), and a?~1/m, the critical flaw size can be estimated as a,,ijcq ~ 16 +
10 nm. It is indeed rewarding to note that flaw sizes larger than this critical value were observed
in the 30 minute functionlized samples where a major drop in strength was observed (Figure 2-
1(c) and Figure 2-4(d)), while no such large surface defects and consequently negligible drop in
strength was observed in the 15 minute functionalized CNFs.

It is illustrative to compare the critical flaw size in CNFs with those in other carbon

nanomaterials such as graphene. In graphene, the critical stress intensity factor for mode | failure
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is measured to be K, =~ 4 — 6 MPay/m and strength for graphene with no cracks can reach 40
GPa [52]. Therefore, according to Eq. 2 the critical flaw size in graphene is ~3-5 nm. Comparable
or even smaller critical flaw size can also be estimated for CNTs by using the reported theoretical
strength and fracture toughness for CNTs [53]. Thus, it seems that the critical flaw size in CNTs
and graphene is much lower than for CNFs.

In this comparison, one has to note the major differences in the microstructures. CNFs are
composed of less graphitic structures. In otherwords, it seems that the remarkable strength in
highly graphitic nanomaterials such as graphene comes at a cost to flaw tolerance and structural
robustness. The latter should be given major consideration in nanomaterials when using them for
laod bearing application. That is because failure is often progressive and starts from the weakest
link. This consideration may help refocus the research on nanomaterials towards fabrication
processes Where defects are more controllable, such as pyrolysis [47].

2.3.5. Mechanical behavior of CNFs/epoxy composite

To evaluate the effect surface functionalization has on CNFs mechanical properties in the
CNF-epoxy nanocomposites, nanocomposites with 1 wt. % pristine CNFs and 1 wt. %
functionalized CNFs were fabricated and subjected to mechanical characterization. The surface
functionalization was limited to 15 minutes to minimize defect formation on CNFs. To improve
dispersion, the epoxy’s curing profile was modified to reduce CNF mobility during, as discussed
in the experimental section. The CNF dispersion in cured epoxy was evaluated under an optical
microscope. The curing profile for all the samples subjected to mechanical tests includes heating
for 8 hat 40 °C followed by 1 h at 121 °C and another 2.5 hat 177 °C. This curing profile led to a
good CNF dispersion within the epoxy is obvious from optical images in Figure 2-6(a). A subtle

but critical step in the curing cycle is the preheating for 8 h at 40 °C. This step gradually increases
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the epoxy viscosity by crosslinking at a low temperature where an instantaneous drop in viscosity
from thermos-physical effects is negligible. This step is significant as shown in the optical images

from samples made without this step where massive CNFs agglomeration appears, Figure 2-6(b).

o CNF
I agglomeration

S S ‘- o
Figure 2-6. Effect that slow curing at 40 C for 8 hours provides (a) Composite containing 1 wt%
functionalized CNFs with low temperature hold (b) Composite containing 1 wt% functionalized CNFs
without low temperature hold shows agglomerations

Dog bone samples were tested in tension and their mechanical properties were evaluated.
The mechanical characterization used only samples obtained from the modified curing cycle with
good CNF dispersion evaluated from optical microscope. Example stress-strain curves for neat
epoxy, and epoxy reinforced with functionalized and un-functionalized (pristine) CNFs appear in
Figure 2-7(a). Figure 2-7(b), (c) and (d) show tensile strength, modulus, and energy to failure (area
under the stress strain curve) for various samples, respectively.

As shown in Figure 2-7, adding 1 wt.% pristine CNFs (unfunctionalized) to the epoxy led
to a considerable increase in modulus by ~31%, a moderate, ~11% strength improvement and a
15% drop in energy to failure. The increase in elastic modulus is close to the rule of mixture
predictions when considering the CNF elastic modulus reported in Figure 2-4. The loss in energy
to failure is merely indicates the loss in ductility from added CNFs.

Replacing pristine CNFs with functionalized CNF as filler for the epoxy matrix does not

change the elastic modulus, as evident Figure 2-7(b), while it leads to enhancement in strength
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(21% improvement with respect to neat matrix), Figure 2-7(c). Because the strengths in individual
pristine and functionalized CNFs are nearly the same (Figure 2-5), the higher strength and energy
to failure found in nanocomposites with functionalized CNFs compared to pristine CNFs should
be attributed to the enhanced interfacial load transfer facilitated by surface functional groups.
The nanocomposite’s fracture surface provides more evidence to support the claim that
there is weaker CNF-epoxy bonding in un-functionalized CNFs. Figure 2-7 (e) and (f) show the
fracture surfaces for composite specimens containing functionalized and pristine CNFs in epoxy,
respectively. A clear difference between the functionalized and pristine CNFs is that composite
specimen containing pristine CNFs were more prone to form agglomerates compared to pristine
CNFs. The sites showing agglomerated CNFs are more numerous for the pristine CNFs/epoxy
composite, an indication of weaker CNF-epoxy interaction that manifest itself in the lower tensile

strength for nanocomposites with pristine CNFs.
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Figure 2-7.(a) Stress- strain behavior for the epoxy, 1 wt. % pristine CNFs/ epoxy composite, and 1 wt.
% functionalized CNFs/ epoxy composite and (b) Elastic modulus, (c) Tensile strength, (d) Energy to
failure of the 1 wt. % pristine and functionalized carbon nanofibers/ epoxy composite (e) & (f) SEM

image shows the fracture surface in the composite specimen containing 1 wt% pristine and functionalized
CNFs.

2.4.Conclusion
Chemical functionalization, intended to enhance carbon nanomaterial interactions with a
polymer matrix, may adversely affect the strength in individual nanomaterials by disrupting their

graphitic structure. In this work, we evaluated the strength loss caused by functionalization in
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CNFs that are composed of a highly crosslinked network containing amorphous and graphitic
carbon and compared that with the trend observed in nanomaterials with layered structures such
as CNTs, as well as with carbon microfibers. Fracture strength estimations of the critical flaw size
in CNFs, CNTs and graphene revealed that despite having a high surface area, carbon
nanomaterials with crosslinked microstructure are resilient to flaws as big as 10-30 nm, while
nanomaterials with layered structure (such as CNTSs) experience a dramatic loss in strength with
much lower flaw sizes (1-3 nm). Hence, it seems that remarkably high-strength graphitic
nanomaterials such as graphene and CNT—with strengths that are higher than CNFs—come at a
cost to flaw tolerance and robustness. In addition, when compared, CNFs and carbon fibers with
similar O/C ratio revealed that the nanomaterials can be much more sensitive to acid treatment
effects on strength. This is attributed to the higher surface to volume ratio for nanomaterials that
results in higher surface defects (oxidized sites) per unit surface area.

In addition, a 1 wt. % carbon nanofibers epoxy composite showed an improvement in the
tensile strength when the CNFs are functionalized, compared to composites with pristine CNFs,
because higher interfacial bonding between the CNFs and epoxy matrix comes from grafting
functional groups on the CNFs surfaces. Our current approach effectively enhanced the surface
functional groups, without sacrificing mechanical properties in carbon nanofiber, and that
correspondingly enhances the load-bearing capability of the CNFs along with interfacial bonding

to the fiber-matrix interface.
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3. STUDY THE MECHANICS FLAT COMPOSITE PANEL CNF/EPOXY

NANOCOMPOSITE AND HYBRID NANO/MICRO FIBER REINFORCED COMPOSITES

3.1. Introduction

Polymer Matrix composites (PMCs) reinforced with high-performance continuous fibers
such as carbon and glass fibers have been widely used for applications ranging from aerospace
vehicles to medical and energy storage devices [54-58]. These fibers, with superior strength and
stiffness, offer considerable structural stability and volume/mass saving in such applications.
However, because their laminated structure, delamination between reinforcing plies is a primary
concern for engineers and a common failure mechanism [59, 60]. Interlaminar delamination is
arguably the most common advanced composite failure mode and has led to disastrous structural
failures.

Many techniques have been introduced to improve the delamination resistance. Most
techniques rely on through-the-thickness reinforcements to delay interlaminar delamination, for
instance via three-dimensional (3D)-weaving [61], stiching [62], braiding [63], and using z-pins
to adhere laminates [64-68]. However, these techniques are labor intensive and require additional
manufacturing processes that increase the resulting part cost. Emerging nanotechnologies have
offered new opportunities to address this problem in ways that would have been unimaginable
before. The most basic nanomaterial trait is abundant free surface, owed to their characteristic
material sizes. As a result, uniformly dispersed nanomaterials within a matrix can provide ample
oppurtunities to resist a crack growth along the matrix-nanofiller interface via mechanisms such

as crack pinning, crack deflection, crack bowing, crack front trapping and cavitation [5, 69, 70].
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Different nanofillers, such as carbon nanotubes (CNT), carbon nanofibers (CNF) and
polymeric nanofibers, have been introduced into the fiber-reinforced composite via various
methods. Given the two filler length scales (nanofillers and carbon/glass microfibers), these
composites have been referred to in the literature as hybrid or hierarchical composites. In some
applications, the nanofillers were first introduced to the matrix, followed by infusing the modified
matrix into the fiber tow. From a fabrication view, attempts to infuse the nanofiller suspension
with vacuum assisted resin transfer molding (VARTM) was limited to very low nanofillers
content, often less than 1 wt.% [71]. The rather sharp rise in matrix viscosity from adding
nanofillers is a major processing barier here. Hence, the nanofiller flow within the resin in between
the fibers is often ununiform, leading to nanofiller agglomeration. Variations with added
processing complexities have also been introduced such as the so-called Injection and Double
VARTM (IDVARTM) by Fan et al., [72] where the spacing between fibers was temporarily
increased during the infusion phase to improve flow in resin with nanofillers. Despite the added
processing complexity, a rather uniform dispersion with 1 wt.% of CNTs was reported. Other
techniques to incorporate nanofillers without relying on the matrix flow include spraying solvent-
borne nanofillers onto the fabric surface, and incorporating B-staged interleafs of
nanofillers/epoxy film. Unlike the spraying method, dispering the nanofillers in a B-staged film is
maintained once the nanofiller are introduced into the laminate.

The total improvement achieved in interlaminar shear strength and fracture toughness also
depends on the filler type and the load transfer between the matrix and the filler. Arguably, the
most widely studied nanomaterials for this purpose is CNTs, which have been directly added to
the matrix or an entangled CNTs (bucky paper) network as interleaves or interlayers for the

composite [73, 74]. Adding CNTs has shown to increase the Mode | and Il fracture toughness to
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as high as 100% and 75% respectively [75-77]. Even more dramatic improvements in composite
interlaminar fracture toughness has been achieved by using polymeric nanofibers. In this regard,
prioneered by Dzenis and Reneker [78], experiments have shown that electrospun polymer
nanofibers in a minute quantity can improve the interlaminar fracture toughness significantly. For
instance, outstanding improvement (~281%) in the carbon fiber/epoxy composite laminate’s
interlaminar fracture toughness was achieved by adding electrospun polysulfone (PSF)
nanofibirous mats [79]. In all cases, the mechanisms that lead to the enhancement in fracture
properties include crack deflection, nanofiber pull-out, plastic deformation, and crack bridging.
Literature is abundant with the number of papers studying the effect of adding polymeric
electrospun nanofibirous mat in improving the fracture toughness of the composite [80]. These
improvements in mechanical properties are achieved with minimal weight penalty or decrease in
other composite properties.

An emerging nanomaterial class that has been the focus in recent studies in
hybrid/hierarchical composites is electrospun carbon nanofibers (CNFs). These nanofibers are
fabricated via thermally stabilizing and carbonizing electrospun polyacrylonitrile (PAN) nanofiber
precursors. The ability to control nanofiber’s microstructure and morphology by tuning the
carbonization parameters, as well as the aspect ratio of nanofibers (mats of continuous fibers vs.
short nanofibers), makes them an interesting candidate for enhancing fracture toughness of
composites [81]. In addition, recent studies suggest that electrospun CNFs can be formed into
nano-springs, which can be used to enhance fracture toughness in a composite by mechanical
interlocking [12]. Despite all the promisses that CNFs hold for improving composites fracture
properties, limited works have evaluated the electropsun CNFs functionality in reinforcing the

laminated composite’s interlaminar region. Among the few studies on this subject, Chen et al. [13]
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reported that interlaminar shear strength in the of carbon fiber/epoxy composite increased by ~86%
in when electrospun carbon nanofiber mat was used. The same group also evaluated [14] the role
that well-dispersed electrospun carbon nanofibers within the epoxy resin had in reinforcing the
hybrid multi-scale composites. Their results pointed to an increase in the composite mechanical
properties including impact absorpotion energy and flexural tensile strength of the composite to
about 18% and 23% by incorporating a small quantity of carbon nanofibers of about 0.3 wt. % in
the epoxy resin. Another study by Dhakate et al., revealed a 190% increase in the interlaminar
shear strength by adding only 1.1 wt.% of partially algined CNFs as interlayers to carbon fiber
reinforced composites [82].

Despite all the work on CNF reinforced composites, the effect of CNFs on interlaminar
fracture behavior (Mode 1) is largely unexplored. In this study, for the first time we have
investigated the Mode | interlaminar fracture behavior of unidirectional carbon fiber-epoxy
laminates that have been reinforced with CNFs. The CNFs have been introduced into the
composite in two forms: (1) as mats of the electrospun carbon nanofibers, and (2) thin film of B-
staged electrospun carbon nanofiber/epoxy in the intelaminar region. The study included
innovative chemical functionalization of CNFs with melamine to better couple them with the
matrix. Chemical functionalization was perfomred in two steps including exposure of the CNFs
mat with nitric acid followed by functionalization with melamine to graft amine-rich groups on
the surface of the CNFs. Post-mortem microscopic inspection of the fracture surfaces was

performed to determine crack paths and crack morphology.
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3.2. Experimental
3.2.1. Fabrication of the electrospun carbon nanofibers

The fabrication process of the electrospun carbon nanofibers (CNFs) is presented in details
in an earlier work [36]. In short, Carbon nanofibers (CNFs) were fabricated via thermal
stabilization and pyrolysis of electrospun polyacrylonitrile (PAN) nanofibers. PAN powder with
an average molecular weight of Mw=150,000 g/mol was purchased from Sigma-Aldrich. PAN
powders were dissolved in N, N-dimethylformamide (DMF), and magnetically stirred to obtain a
10 wt. % solution. The continuous and nearly unidirectional mat of PAN nanofibers were collected
on the electrically grounded roller.

Subsequent to electrospinning, PAN nanofibers mat were drawn by hanging weights
equivalent to ~19 MPa engineering stress while it was heated in the range of 100-135°C to achieve
adrawing ratio of 2. This draw ratio was chosen based on the results from previous research studies
which nearly doubled the strength of CNFs [83]. The hot-drawn PAN nanofibers were thermally
stabilized in a convection oven by heating from room temperature to 275° C at a rate of 5 °C/min
(2 hours hold time at the peak temperature), and carbonized at a peak temperature of 1400 °C in a
tube furnace for (1 hour hold time at the peak temperature) in an inert nitrogen atmosphere.

3.2.2. Fabrication of oxidized CNFs

The CNFs were functionalized to enhance their wettability inside the matrix. To this end,
CNFs were oxidized inside nitric acid. Oxidation of CNFs was carried out in concentrated HNOs
(68 wt. %). Concentrated nitric acid was purchased from Sigma-Aldrich. A ribbon of CNFs was
collected on the Teflon (PTFE) clips and immersed in nitric acid at 100°C for 15 minutes. The
Oxidized CNFs were subsequently rinsed with water and dried at 60 °C for 4 hours. Acid

functionalization for 15 minutes led to grafting of carboxyl groups on the surface of the CNFs
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without any sacrifice in mechanical properties of the CNFs. In this paper oxidized CNFs are
designated as O-CNFs.
3.2.3. Fabrication and characterization of the melamine functionalized CNFs

Melamine has a conjugated structure containing both sp2 hybridized carbon, making it
suitable for both noncovalent functionalization via & -w interactions and covalent functionalization
through the chemical bonding of amine group to the epoxy matrix. Noncovalent functionalization
of the CNFs, comparing to CNTs and GNPs, due to small number of the sp2 hybridized carbon on
their surface is of less importance. To fully benefit from the amine groups in the melamine and
enhancing the interfacial strength between CNFs and epoxy matrix, we graft melamine on the
surface of the CNFs. To this end, 10 mg/mL solution of the Melamine in DMF with addition of
0.5 mg/mL of a coupling agent Hexafluorophosphate azabenzotriazole tetramethyl uronium
(HATU) in DMF solution were ultra-sonicated for 10-15 minutes. Mat of Oxidized CNFs were
collected on the Teflon clips and immersed in the Melamine/ DMF solution for 4 hours. Melamine
was chemically absorbed on the surface of the O-CNFs. The HATU was used as a coupling agent
between Melamine and the oxygen groups on CNFs (Figure 3-1). Melamine functionalized CNFs
were rinsed with water and dried at 60 °C for several hours. In this paper, Melamine functionalized
CNFs are designated as M-CNFs. To ensure grafting of the melamine on the CNFs, XPS analysis
were performed to characterize the functional groups on their surface. As mentioned earlier the

morphology of the CNFs were not modified due to melamine functionalization.
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Figure 3-1. Schematic of the Melamine functionalization of the carbon nanofibers

3.2.4. Fabrication and characterization of the CNFs/epoxy nanocomposite

The Melamine functionalized CNFs (M-CNFs) should in principle facilitate load transfer
between the CNFs and conventional polymer matrix such as epoxies via a combination of
dispersive and covalent bonds mediated by functional amine groups on the surface of the M-CNFs.
To evaluate and quantify the effect of surface functionalization of CNFs on the mechanics of
matrix, CNF-epoxy nanocomposites were fabricated and tested following the procedure described
in our earlier works with minor adjustments [40].

In this study, we used EPIKOTETwm resin 862 (Bisphenol-F epoxy resin) with EPIKURE ™
curing agent W as the matrix. To prepare the nanocomposites, the CNF mats were cut to 1-2 mm
long pieces and then dispersed in DMF ultrasonically for 3 hours, maintaining the concentration
of 2 mg/mL. The choice of DMF as solvent was due to high zeta potential (~ -40 mv) of the CNFs
particles in the DMF solvent, indicating good dispersion. The resulting CNFs dispersion was then
filtered and washed with acetone multiple times. The filter cake was then dispersed again in
acetone ultrasonically for two more hours, maintaining the concentration of 10 mg/mL. During

this procedure, the CNFs become randomly oriented in three dimensions.
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The CNFs/acetone solution was added to EPIKOTET™wm resin 862 (Bisphenol-F epoxy
resin). The appropriate amount of curing agent (EPIKURET™ curing agent W) was set (100:26.4
by weight) as provided by the manufacturer. About 20% of the required mass of the curing agent
was added to the solution and magnetically stirred at 700 rpm at 120 C for 3 hours. This step
increases the viscosity of the solution to prevent CNFs agglomeration (B-staged). Following this
pre-curing step, the solution was cooled to about 80 C, and the remaining amount of the curing
agent was added and degassed at 500 rpm for 30 minutes. Thereafter, the CNFs/epoxy solution
was poured into a preheated mold at 120 'C with a curing cycle set to 8 h at 40 °C followed by 1 h
at 121 °C and another 2.5 h at 177 °C. The first 8 hour curing at 40 ‘C increases the viscosity of the
solution. This step will reduce the thermo-mechanical drop in viscosity during the curing at higher
temperatures, thus, it limits the formation of CNF agglomerates. To evaluate the mechanical
properties of the nanocomposites, a minimum of 5 dog bone samples for each condition following
the standard ASTM D638 has been fabricated and tested in tension to failure. The gage length of
the dog bone samples was 1.5 cm, and they were stretched at a nominal strain rate of 0.1 % per
minute.

3.2.5. Fabrication of the hybrid flat panel composite

The laminates were fabricated using the heated vacuum-assisted resin transfer molding
process, wherein a glass plate mold is heated by temperature-controlled heating pad placed
underneath. Unidirectional carbon fiber fabric made from T700S fiber (Toray, Inc.) was obtained
from a 3rd party vendor (Composite Envisions, USA). The fabric is a no-crimp one, 609.6 mm
wide and 5.3 mm thick which is continuous along the fiber direction. The weft fiber is a polyester
thread that holds 12K carbon fiber tows together in a bundle--that is, without disrupting, crimping,

or piercing the tow structure. The polyester thread is in a basket weave (over one/under one) placed
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at every 5 mm. Each DCB laminate contained 8 plies unidirectional carbon fiber fabric with
measuring 30.5 cm x 30.5 cm stacked to obtain 3 mm thick panels.

To perform the mode | fracture tests, Teflon films with a thickness of 25 micron was placed
in the mid-plane of the laminate covering the half of the midplane to generate the precrack.
Specimen dimensions and test parameters were according to ASTM D5528, and the samples were
cut via waterjet from the panel. The DCB Mode | fracture specimens were 170 mm long and 25.4
mm wide. Hinged loading tabs (cut from aluminum piano hinge) were bonded to the outer faces
of the specimens at the pre-cracked end using the Wests System epoxy (105 epoxy resin/ 205 fast
hardener). The crack tip advancement was videotaped. In this way, the crack length prior to each
instance of crack growth could be measured optically. To this end, the video and data acquisition
were synchronized.

Three different types of specimens were fabricated. The first set of the specimen is the
control sample without any modification (i.e., no CNFs) to the inter-laminar region. In the second
set, melamine functionalized carbon nanofibers (M-CNFs) dried mat were placed with tweezer in
the mid-plane ahead of the crack tip, maintaining the alignment of the microfibers with the
nanofibers in the mat. The mass of the M-CNF was ~2-3 mg per DCB sample, and it covered a
length of ~ 5 cm ahead of the crack tip. In the third set, B-staged M-CNFs/epoxy solution was
prepared following the procedure mentioned in the previous section (2 wt.%), and then poured in
the crack frontline and hot-pressed under 453.6 Kg (1000 Ibs) for 8 hours at 40 °C. Subsequently,
the neat resin infusion was carried out via the VARTM method to fabricate the composite
laminates, and the composite was cured as explained in section 3.2.4.

To avoid confusion, we refer to the two approaches as hybrid composites with M-CNF interleave

and interlayer, respectively.
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3.3. Results and discussion
3.3.1. Surface characterization of the CNFs

The surface chemistry and formation of the functional groups on the surface of the CNFs
were studied via XPS. High-resolution XPS spectra of C1s provided detailed information about
the nature of the functional groups on the surface of CNFs. The survey spectrum of the as-
fabricated CNFs, CNFs after acid treatment and after treatment with Melamine is presented
respectively in Figure 3-2(a), 3-2(c) and 3-2(e), mainly consisting of C 1s peak, at a binding energy
of 284.6 eV, O 1s at a binding energy of 532.6 eV and N 1s at a binding energy of 399 eV. In the
oxidized CNFs compared to as-fabricated CNFs, the O 1s peak is considerably stronger due to the
surface oxidation (compare parts (a) and (b)). After melamine treatment, strong peak of N1s also
appears which represent grafting of the melamine on the surface of CNFs, Figure 3-2(e).

The C1s spectrum of XPS at different stages of the functionalization of CNFs is shown in
Figure 3-3 (b), 3-3(d), and 3-3(f). The C 1s spectra have been resolved into five individual
component peaks [84, 85] that represent graphitic carbon (284.4 eV), carbon present in hydroxyl
or ethers group (285.9-286.0 eV), carbonyl group (287.4-287.5 eV), carboxyl or ether group (288.9
eV), and carbonate groups (290.6-290.7 eV). In the Melamine functionalized CNFs new peak also
appears around 288.0 eV which confirms the presence of amide group (CO-NH). This is a direct
evidence of the formation of the chemical bonding between melamine and carboxylic group on the

surface oxidized CNFs.
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Figure 3-2. (a) XPS survey of the pristine CNFs, (b) C 1s peak of the pristine CNFs, (c) XPS survey of
the oxidized CNFs, (d) C 1s peak of the oxidized CNFs, (e) XPS survey of the melamine functionalized
CNFs, (f) C 1s peak of the melamine functionalized CNFs
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3.3.2. Mechanical properties of the CNFs/epoxy nanocomposite

Mechanical properties of the polymer nanocomposite is greatly dependent on the
dispersion of the nanofillers and interfacial bonding between the filler and matrix in the polymer
matrix. The surface functionalization of the CNFs with melamine (amine groups) should in
principle increase the wettability and interfacial bonding of the CNFs with the epoxy matrix via
combination of the dispersive and covalent bonds. For instance, Peng et al. [86] reported an
increase of 85% in the interfacial shear strength (IFSS) of the conventional carbon fiber due to
introduction of poly(amido amine) (PAMAM) on the surface of the conventional carbon fibers.
Zhao et al. [87] showed an increase of about 30% in IFSS of the conventional carbon fiber by
grafting melamine on their surface.

In this study, in order to evaluate the role of the surface functionalization with melamine
we studied the mechanical properties of the epoxy matrix which was reinforced with acid
functionalized CNFs and melamine functionalized CNFs (for each case at 1 and 2 wt. %), and
compared those to the neat epoxy (control sample). The results of the tension tests is presented in
Figure 3-3. Representative stress-strain curves of the nanocomposites (at 2 wt. %) and the neat
epoxy is shown in Figure 3-3a. The mechanical properties of the samples, modulus, strength and
work of fracture, at various loadings of the CNFs were then extracted from the stress-strain curves
and plotted in Figure 3-3(b)-(d). Each data point represents an average and standard deviation of
a minimum of three samples tested from the same processing condition. The Work of fracture was
defined as the area under the stress-strain curve.

As shown in Figure 3-3(b), the addition of 1 wt. % O-CNFs increases the average modulus
of the composite from 1.5+0.11 GPa for the neat epoxy to 2.02+0.19 GPa. Increasing the O-CNF

content to 2 wt. % further increases the average modulus to 2.14+0.04 GPa. A relatively
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comparable improvement in strength is also observed in O-CNF nanocomposites, Figure 3-3(c).
This trend is expected, and it reflects the reinforcing effect of the O-CNFs.

The functionalization of the CNFs with melamine led to improvement in the mechanical
properties of the nanocomposite compared to both the neat epoxy and the O-CNFs. For instance,
the modulus of 1 wt.% and 2 wt.% nanocomposites are very close to each other (respectively,
2.63+£0.29 GPa and 2.65+0.09 GPa), and they are considerably higher than the modulus of the
control sample. The difference in the average elastic modulus of the M-CNF nanocomposites and
the control sample is ~1.2 GPa. This improvement in modulus can be contrasted with rule of
mixture predictions for the case of randomly oriented CNFs. In the case of 1 wt.% nanocomposite,
knowing the density of the CNFs and the matrix (1.8 g/cm3 and 1.2 g/cm3, respectively) and the
modulus of the CNFs from our earlier work of 206.8 GPa, the volume fraction of the CNF is
roughly ~ 0.7 %. It should be noted that Cai et al. [88] reported the modulus of the CNFs to be
around 165 GPa which is slightly different from the value reported by Kavosi et al [89]. This is
due to the slightly different processing condition of the CNFs. Herein, we chose the processing
condition lead to higher elastic modulus.

Rule of mixture predicts an increase in the modulus of AE ~ 5oVs Ef, which is ~ 0.29-0.54
GPa (value of 7o is taken to be in the range of 0.2-0.375 for the case of fibers that are randomly
oriented in the 3D space or 2D planes [90]), significantly lower than the measured improvement
in modulus in M-CNF nanocomposites (value of 1.2 GPa). Even in case of 2 wt. % M-CNFs, the
rule of mixture predicts an improvement in modulus of ~0.58-1.1 GPa, which is still lower than
the measured improvements in modulus. The under-predicted values of the modulus of the M-
CNFs based on rule of mixture, especially in the case of the 1 wt.% M-CNFs, can only be explained

by considering the development of an interphase region of epoxy around the M-CNFs that is
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distinctly stiffer than the rest of the epoxy. The formation of this interphase region can be attributed
to the strong interactions between the amine functional groups that are abundant on the surface of
the CNFs and the matrix [91]. These strong interactions can enhance crosslinking and packing of
the matrix chains around CNF, leading to improved stiffness. It is also interesting to note that
doubling the content of the M-CNFs to 2 wt.% does not result in a noticeable change in modulus,
which can be explained by considering a plateau in interphase volume that is reached around the
1 wt.%. The plateau can be reached when the neighboring interphase regions grow sufficiently
large to interfere with each other. The fact that the modulus of the O-CNF nanocomposites lie in
between the values of the neat matrix and the M-CNFs suggests a more compliant interphase
region (likely with lower degree of crosslinking) along the interface of the O-CNFs and matrix.

It is not trivial to estimate the volume fraction of the interphase, especially considering that
in all likelihood the interphase will have a gradient of properties. However, volume fraction of the
interphase region can roughly be calculated using the data reported for the conventional carbon
microfiber (carbon fiber) composites with epoxy resin matrix, assuming that the formation of the
interphase is a surface phenomenon (as such it is the same for CNFs and carbon fibers). For
instance, Gu et al. [92] reported the ratio of the ratio of interphase modulus to matrix modulus to
be Ein/Em~4-5. Assuming a value of Em of 1.50 GPa (from our experiments), the modulus of the 1
wt.% M-CNFs composite (average of 2.63 GPa) can be calculated using the modified rule of
mixture as Ec = noVt Ef, + EmVm + EinVin, where Ei and Vi respectively stand for the modulus and
volume fraction of the three phases (fiber, matrix and interphase). Also note Vi+ Vm+ Vin~ 1
(assuming zero porosity). In the case of 1 wt.% M-CNFs, Vcne~ 07%. Hence, for Ein/Em~4-5, and
noVs Er of 0.29-0.54 GPa, the volume fraction of the interphase will be 10-19%. A similar

calculation for the 2 wt. % M-CNFs composite suggests that even at 2 wt. % M-CNFs, the Volume
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fraction of the interphase region for 2 wt. % M.CNFs is almost the same as 1 wt% M-CNFs
nanocomposite, suggesting that the interphase region is almost saturated at 1 wt.%. The
mechanism for the saturation of the interphase is not clear to us at the moment and further
investigation needs to be performed to evaluate that.

As it can be deduced from Figure 3-3 (c), nanocomposites containing 1 wt.% and 2 wt.%
melamine functionalized CNFs has ~25 % and ~30 % higher strength values compared to the
control specimen, respectively. Unlike modulus, the strength of the M-CNFs and O-CNF
nanocomposites are comparable. Among all the measured mechanical properties, the work of
adhesion does not show a noticeable trend with adding CNFs. That is because by adding CNFs,
the material becomes slightly more brittle. As a result, the effect of increased strength in enhancing
the work of fracture is partly offset by the loss in ductility.

(b) 3

2

é

———
-
-
P
-
-
-
-

-

Stress (MPa) E
g 8 8
N
W
\
\
\
\
\
\
\
Modulus (GPa)

-
prd
-
-
-
-
-
-
-
R
-

= =M-CNFs 2wt. %
—O-CNFs 2 wt. %

N S
o o
\‘\
WN\M
\
\\
\
\
\
\
AY

==-Epoxy

(cgg j ] (:l(;z - l‘ N §\§
gsfl 7 7 AN § %% \\\
5 N B BeBE B

O-CNFs M-CNFs O-CNFs M-CNFs wt% O- O- M- O- M-
CNFs CNFs CNFs CNFs CNFs

Figure 3-3. (a) typical stress- strain curve for M-CNFs/epoxy nanocomposite, (b) Modulus, (c) Strength,
(d) Work of Fracture of the CNFs/epoxy nanocomposite at different mass ratio
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More insight into the failure mechanisms of the nanocomposites were obtained via
fractography. The fracture surface of the O-CNF and M-CNF nanocomposite were evaluated via
SEM imaging. Figure 3-4 (a)-(b) are the micrographs of the fracture surface of the 1 wt.% O-CNF
nanocomposite, and Figure 3-4(c)-(d) show representative fracture surfaces of the 1wt. % M-CNF
nanocomposite.

A qualitative comparison between the fracture surfaces of the two nanocomposite shows a
considerable difference in the number of CNF pull-out events between M-CNFs nanocomposites
and O-CNFs nanocomposite. The CNF pull out events are considerably more abundant in O-CNF
nanocomposites compared to M-CNF nanocomposites. This is a direct evidence in support of the
stronger interfacial interactions between epoxy and M-CNFs (compared to O-CNFs). This is a
results of the grafting the amino-rich groups on the surface of the carbon nanofibers, which can

covalently bond with the epoxy to form strong interfaces.
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Figure 3-4. (a), (b) SEM micrograph of the fracture surface of the oxidized CNFs/epoxy
nanocomposite. (c), (d) SEM micrograph of the fracture surface of the melamine functionalized
CNFs/epoxy nanocomposite.

3.3.3. Fracture toughness of the hybrid composite
Interlaminar facture toughness of the hybrid carbon fiber/carbon nanofiber composites
were evaluated by double cantilever beam (DCB) test following the ASTM D5528. In this section,
we limited our study to CNFs that were functionalized with melamine (M-CNFs), as in M-CNFs,
the amine-rich groups reacted well with the matrix, evident in the improvement in elastic modulus,
presented in 3.3.2. To evaluate the effect of CNFs and their method of dispersion on fracture

toughness of hybrid composites three types of specimens has been prepared and tested: (1) Control
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samples with no CNFs, (2) Carbon fiber composites interleaved with M-CNFs mat, and (3) Carbon
fiber composites reinforced with M-CNFs/epoxy interlayer.

The experiments and data reduction to obtain fracture toughness, Gic, is in accordance with
the method suggested by ASTM D5528. The load-displacement curve of each sample was
collected in a displacement-controlled MTS machine. The fracture toughness corresponding to a

crack length a can be determined as:

3P:6,
GIC = Eq (3)

2wa

where w is the width of the specimen, and Pc and &. are the load and displacement at the peak load
respectively. Figure 3-5(a) shows typical load-displacement (P - &) curves for each panel type.
The mechanical response for all specimens starts with an initial linear rise of the force with
displacement, during this phase no crack growth is observed. This initial linear response is
followed by a sudden drop in the load (i.e., drop in sample stiffness), which is concurrent with a
visible crack growth. This is followed by several instances of load build-up (with no noticeable
crack growth) and a subsequent, often larger and sudden decreases in load throughout and
associated crack growth during the remainder of the tests. The range of crack growth studied (in
most cases below 20 mm, where CNFs were placed) was sufficiently small such that the
compliance of the beam corresponding to each increment of crack growth (ratio of the applied
force to the displacement) scaled with the third power of the crack length, as expected from Euler
Bernoulli beam theory. This saw-toothed response is commonly observed in woven composites
and is characterized by a stick-slip behavior as the crack is arrested by the fiber microstructure
during each load build-up, until sufficient load is applied to further propagate the crack.

Toughening is achieved through fiber and nanofiber bridging behind the crack tip and was seen
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throughout the specimens tested. Interlaminar fracture toughness were calculated by using the peak
loads, the corresponding displacement and crack length prior to each event of crack propagation
using Equation 1. The displacement and crack length were both measured using the image
processing tools.

Representative examples of the load-displacement curves of the control samples and the
two hybrid composites with M-CNFs are shown in Figure 3-5(b). From the peak loads, the crack
initiation fracture toughness was estimated by using Equation 1 for a minimum of three samples
per sample type, and the average values are plotted in Figure 3-5 (c). The error bars in the figure
represent the standard deviations from a three or more measured samples per sample type. As
shown in the Figure, compared to the control sample (with no M-CNFs), the average interlaminar
fracture toughness (Gic-nitiation) for crack initiation is increased about ~25% when the composite
interface is reinforced with M-CNFs mats, and a more moderate increase of ~15% for the case of
the carbon fiber reinforced composite reinforced with M-CNFs/epoxy B-staged interlayer is
observed. The results clearly demonstrate the significant contribution of the M-CNFs in delaying
crack initiation when the CNF mats are used at the interface. It is to be noted that the considerable
improvement in toughness specially with M-CNF mats is achieved by adding an insignificant
amount of CNFs, less than 0.11% of the total weight of the composite. The weight of the CNFs
mat interleaved in the mid-layer of each DCB samples was ~2-3 mg. In comparison, the average
amount of the CNFs dispersed in the M-CNF/epoxy specimen is around ~20 mg (2 wt.% of the
epoxy, with good dispersion).

Given the high standard deviation of the B-staged samples, which is partly inherent to
fracture toughness measurements, we also carried out the following statistical analysis. One of the

well accepted metrics for evaluating improvement of a method over another, especially when
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uncertainties are not negligible, is the t-test. The hypothesis evaluated for the t-test is that the CNF
modified composites have an improved fracture toughness compared to the control sample. For
the case of sample set 3 (B-staged M-CNFs/epoxy interlayer composite), the p-value for testing
the hypothesis is 0.132 (much more than the acceptance threshold of 5%). Hence, the hypothesis
cannot be accepted, and the improvement in the values of the Gic in this sample relative to the
control sample is not statistically significant. However, for the sample set (2) where the inter-layer
region is reinforced with CNFs mat the p-value is 0.4% which is so much smaller than 0.05, and

clearly shows improvement over control specimens beyond statistical uncertainties in the sample.
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Figure 3-5. (a) DCB specimen in test (b) Typical load-displacement curve for 3 different DCB cases
of:(1) Control, (I1) carbon fiber composite interleaved with CNFs mat, (I11) carbon fiber composite
interleaved with CNFs/epoxy, (c) Fracture toughness (GIC-Initiation) for three different cases of
the (1) control, (I1) CNFs/epoxy in the mid-layer, (111) CNFs mat in the mid-layer

We also investigated the resistance of the hybrid composites to crack growth. To this end,

at each instance of the crack growth, we calculated the mode | fracture toughness by using
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Equation 1, with the corresponding displacement and crack length as input. Representative
resistance curves of the three composite types (Gic-crowth VS. @) are shown in the Figure 3-6.
Comparing the resistance curves of the control specimen to that of the composites interleaved with
CNFs mat and CNFs/epoxy interleaf shows that the fracture toughness is increasing for the control
specimen while the fracture toughness is decreasing for two other cases. The decrease of the

fracture toughness with crack length is an indication of unstable crack growth.
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Figure 3-6. Resistance curve (G vs. Aa) for three different specimen

Figure 3-7 shows the fracture surface of the carbon fiber composite specimen reinforced
with CNFs mat in the mid-layer. As shown in the SEM image, at the beginning of the test the M-
CNFs bridged the crack. However, after the crack initiation, the crack will follow the least
resistance path in terms of the energy required for the crack growth. The SEM images in Figure 3-
7 suggests that this path includes breaking the CNF mats, such that the crack front changed its path

48



and passed through the epoxy-rich region between nanofibers mat and carbon fibers laminate. This
behavior explains the drop in the Gic-crowth in the beginning of the test which is due to the tearing
of the nanofibers mat and deflection of the crack-front to the epoxy-rich region. After this drop,
the CNFs do not contribute to energy dissipation; thus, the Gic-crowth Values became comparable to
the control sample and change with the comparable rate.

A slightly different phenomenon is observed in the specimens reinforced with the
CNFs/epoxy interleaf. Since the CNFs/epoxy is B-staged and has the higher viscosity, fibers
beneath and above the CNFs/epoxy thin film were not wetted and this led to poor adhesion between
the fibers and CNFs/epoxy thin film which led to unstable crack growth in this region, compatible
with big standard deviation in the fracture toughness. Since some part of the fibers were wet by
epoxy, nanofibers were able to bridge the cracks in those parts, but in parts of the composite which
were not wet, crack were deflected and this led to unstable crack growth.

Considering the measured improvements in the fracture toughness (more improvement
with less scatter in toughness in case of M-CNF mats whereas less M-CNFs were used compared
to the M-CNF/epoxy sample) and SEM images, it becomes clear that the method of processing
M-CNFs into the composite is more important than the relative mass of the M-CNFs in

improving the toughness.
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Figure 3-7. (a) schematic of fracture of specimen rinfrc:ed with Cs mat (b), (c) fractue surface
of specimen reinforced with CNFs mat at two different magnification

3.4. Conclusion

The effect of melamine functionalization on mechanical properties of CNFs/ epoxy
nanocomposites and fracture toughness of hybrid composites was studied. It is showed that
melamine functionalization improves the interfacial bonding between the nanofillers and the
polymer matrix, and it leads to a ~76% increase in the modulus for the nanocomposite containing
2 wt.% CNFs. The observed increase in modulus exceeds the rule of mixture predictions; this
indicates a higher stiffness matrix interphase region developed around the M-CNFs. Order of
magnitude estimates of the volume fraction of interphase was also presented.

Moreover, we studied the effect of CNFs mat and 2 wt. % CNFs/epoxy interleaves (B-
staged) on mode | fracture toughness in the unidirectional fabric carbon fiber/epoxy composite.
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Melamine functionalized CNF mats showed 25% increase over the control specimen, and
moderate improvement, 15%, for the B-staged CNF epoxy interleaves was observed. The
improvement in mode | toughness with CNF mats was statistically significant, while in case of the
B-staged samples, statistical analysis revealed insignificant improvement. This behavior can be
explained by considering the fracture path in the resin-rich regions, which bypasses the CNFs
especially in the case of B-staged samples due to higher viscosity of the resin of the interleaf during
processing the composite. The results suggest that adding M-CNFs can effectively increase the
crack initiation fracture toughness, but the crack follows an unstable growth pattern. While CNFs
bridge crack growth and delay crack initiation, SEM images suggest that the crack finds a lower
resistance path by tearing the CNFs or propagating along the resin-rich interface between the CNF

mats and the fibers.
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4. STUDY THE MATRIX DOMINATED FAILURE MECHANISMS OF FLYWHEEL

SUBJECTED TO CENTRIFUGAL FORCES

4.1. Introduction

Flywheel energy storage systems (FESS) are a clean and efficient method to level supply
and demand in energy grids. The energy is stored in a flywheel as kinetic energy by spinning the
flywheel and released on demand; therefore, FESSs are “mechanical batteries”[1]. The FESS have
been around for over 100 years and were used in early industrial systems. Similar to other energy
storage systems, such as electrochemical batteries, energy density (energy stored in the battery per
its unit mass) is one of the main parameters which defines the battery’s performance. The
achievable energy density of a FESS, such as a circumferentially wound ring or cylinder, is
proportional to the material’s specific strength. This proportionality favors using materials with
high specific strength such as fiber composites to enhance the energy density of the flywheel.
In this report, we have presented the recent trends in developing composite flywheels in which
fiber choice, architecture and volume fraction are designed to achieve enhanced energy density.
First, we present a comparison between various types of energy storage systems, mainly the
electrochemical devices such as lithium ion batteries and FESS. This comparison will highlight
the benefits of EFSS in terms of reliability, safe temperature range of operation, energy and power
density. Next, many manufacturable designs are presented and discussed in some details. While
continuous fiber reinforced composites have very high strength to density ratio, especially in the
direction of the fibers, they are highly anisotropic materials. As such, the performance of the
composite flywheel is often limited because of tensile stresses that develop in the wheel in the

direction transverse to fibers due to centrifugal forces. Additional tensile stresses may also evolve
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during the curing process primarily due to anisotropic thermal expansion in individual plies.
Therefore, different designs suggested to manipulate the radial stress are also presented here.
Theoretically optimal designs of FESS are also presented. In theory, the optimized design of a
FESS would be the rotor with continuously varying stiffness and density along the radial direction.
However, manufacturing challenges associated with continuously varying the flywheel properties
can make these designs highly uneconomical. Partly to accomplish the radial variation in
properties and partly to induce residual compressive stresses during processing which can balance
tensile stresses caused by centrifugal forces multi-ring designs have also been discussed. The
multi-ring rotor is preferred from a manufacturing standpoint, and there are many options for
discrete changes such as density, pre-fit stresses, materials selections, elastomeric interlayers, and
fiber selection and orientation.

Lastly, potential future research directions targeting enhanced energy storage in FESS is
presented. In particular, two potential future directions, the use of nanotechnology and additive
manufacturing to respectively make flywheels out of materials with enhanced strength and more
uniform stress distribution are presented.

4.2. Various energy storage systems compared

In our modern society, energy storage devices (ESD) benefit two main commercial power
divisions: transportation and electrical power utilities [93]. Given the seasonal, weekly, daily and
even hourly changes in these sector’s energy demands, various ESDs can be used in these
applications to level demand and supply. Flywheel energy storage systems, chemical batteries, and
ultracapacitors are the main contributors to energy storage technologies. Flywheel energy storage

devices have certain advantages in both sectors compared to the chemical batteries and
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Supercapacitors because flywheels balance power, energy density, environmental friendliness,

lifespan, temperature sensitivity, and safety, as discussed below in detail.
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Figure 4-1. Ragone plot showing the energy density versus power density of several energy storage
devices. The data is obtained from various sources in the literature including [94-98]

Two main parameters often used to evaluate the performance of an energy storage device
are energy density and power density, respectively the total energy stored and the maximum power
retrieved per unit mass. Some current industry technology product data provides a rough

comparison of both performance metrics in a Ragone plot, Figure 4-1. An ideal EDS should appear
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in the Ragone plot’s top-right portion, which means an EDS can store a large amount of energy
and release it quickly [95].

Electrochemical batteries, such as Li-ion batteries (LIB), are well-suited for the
technologies that demand high energy density. Specific to the chemical batteries, LIBs showed the
promising potential to be used on a large scale. LIBs—because they have high specific energy
densities and stable cycling performance—have been widely used in various applications including
the electric vehicles (EVs), portable devices, and grid energy storage [99, 100]. LIBs showed
promising energy densities—as high as~250 Wh.Kg-1—that can be further enhanced to ~650
Wh.Kg-1 and ~950 Wh.Kg-1 with using the Li-S and Li-air system, respectively. Nevertheless,
LIBs appear on the Ragone plot’s top left, presenting a tradeoff between energy storage and power.
This limitation is inherent to ion diffusion [101]. In addition, electrochemical batteries become
less efficient the faster they are charged and can be damaged if charged too quickly. Li-ion batteries
also have cycle life limitations caused by battery aging [102].

The LIBs also suffer from fire hazards and poor low-temperature performance; both pose
major challenges in battery thermal management [99, 103-106]. For instance, if LIBs operate
improperly, they can release energy abruptly and that can lead to fire or explosion. The main failure
mode in the LIBs system is thermal runaway, which happens when the exothermic reaction
between Li and air goes out of control. Battery performance depends on operating temperature
because high or low temperature affect ion transport. As the battery temperature exceeds ~80 °C,
the exothermic chemical reaction rate inside the batteries increases and further heats the cell. The
continuously rising temperature may result in a fire or an explosion. Also, if the battery is damaged

and a short circuit results, the battery may ignite. Accidents related to the LIBs occur frequently
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in cellphones, laptops, and electric vehicles. These life-threatening accidents have highlighted the
safety issues to be resolved for future high-energy battery systems [107].

Ultracapacitors are also attractive energy storage technologies because they too have high
power density. Ultracapacitors, also known as supercapacitors, have a structure similar to
conventional capacitors but they store energy using an electrolyte solution between two high
surface area electrodes [108, 109]. Electric double-layer capacitors, pseudo-capacitors, and hybrid
capacitors are three supercapacitor types. High life cycles—as much as 10s cycles for around 40
years—and high power density are distinctive characteristics of Supercapacitors [110].
Supercapacitors are more effective at rapid and regenerative energy storage than chemical
batteries. However, they also present a tradeoff between energy and power densities, and they
appear on the opposite corner of the Ragone plot than LIBs because Supercapacitors provide high
power but low energy density. Because the ion transport occurs in a short distance without an
electrochemical reaction, these devices are highly efficient with low resistive losses. As a result,
supercapacitors have significantly reduced cooling requirements. Nonetheless, there are many
disadvantages with supercapacitors. The main issue with Supercapacitors is high self-discharge
rate that keeps designers from using the Supercapacitor as the only energy source in vehicles [111].
Also, Supercapacitor system needs containment in case there is a dielectric breakdown that makes
the supercapacitors explode. Another Supercapacitor issue: limited temperature range. The
electrolyte is a liquid and at low temperatures the electrolyte solidifies. Even before solidification,
ion transport is lowered by cold temperatures, and this reduction increased internal resistance in
the Supercapacitors [112]. Finally, if a voltage difference is maintained for an extended time,

dielectric absorption can occur, preventing the supercapacitors from fully discharging.
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Unlike electrochemical energy storage devices, FESSs offer a good balance between energy
density and power density. The flywheel’s energy density scales with the mechanical strength
required to withstand high centrifugal forces, and recent efforts put the flywheels energy density
as high as ~80-100 W.h/Kg, which is similar to that of best LIBs [113]. In addition, operating
systems can extract the kinetic energy stored in the flywheel controllably in times as short as
seconds, with power densities similar to supercapacitors [114]. For instance, in the transportation
industry, given wide environmental conditions, there is a need for high power in a compact,
reliable, and lightweight package. Moreover, flywheels have operational life that can match the
vehicle life. Also, unlike LIBs and supercapacitors, active temperature control might not be
required for some flywheel systems; these factors significantly reduce weight, space, and cost
requirements .

The FESSs are also useful in the power utility industry that needs a long lasting, low
maintenance energy storage technology that is less temperature-sensitive than chemical batteries.
As an example, one utility equipment provider, Beacon Power Corporation, produces commercial
flywheels that Beacon claims require maintenance only once every twenty years. Given all the
benefits of FESSs regarding low maintenance, low temperature sensitivity, and a good balance
between energy density and power density, they are also considered as an enabling technology for
many other applications including space-satellites in low earth orbits, pulse power transfer for
hybrid electric vehicles, and many stationary applications [115, 116].

4.2.1. Material choice vs. geometrical design of FESS
The Kinetic energy stored in the flywheel, Ex, is proportional to the second power of the

flywheel angular velocity, w, as
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where | is the moment of inertia. The faster the angular velocity of the flywheel, the higher the
energy stored in it. An upper limit on the angular velocity can be determined to prevent material
failure subjected to centrifugal forces (burst speed). This upper limit is often expressed in terms of
energy density of the flywheel, or the energy stored in the flywheel per unit mass. The mass should
be the mass of the whole energy storage system, and the energy should be the energy supplied in
the device. Simply put, the energy density of the rotor at the burst speed is proportional to the
specific strength of the material of the flywheel, i.e., the ratio of the material strength to density
(respectively ouand p). The proportionality constant is the so-called shape factor K, which depends

on the geometrical configuration and the failure criterion of the material as shown in this equation:

(F)=x2 Eq. (5)

The value of shape factor K often in the range of 0.3-1, as shown in Figure 4-2. While
FESSs made out of steel has a long history, because the energy density is proportional to the
specific strength, the choice of the advanced composite materials are more favorable. Composite
materials compared to steels have higher specific strength, and flywheels made from them can
store two to three times as much energy per kilogram as steel flywheels. Other attractive
characteristics of the composite flywheels are their relatively uncomplicated containment. The
failure of composite rotors is not as catastrophic as the metallic rotors. In most of the fiber
composite flywheels, fibers are wound circumferentially, and the composite fails because the
radial stress produced during the spinning. Hence, failed composite fragments often do not exert

high contact pressure on their housing [117]. Despite all the benefits, composites are highly

anisotropic. Specially, if orthotropic materials such as carbon, glass or aramid fibers are used with
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poor transverse strength and modulus properties, then there should be specific consideration on
the geometry design as well.

One of the earliest studies that demonstrated the applicability of composite materials with
significantly large specific strength for flywheel energy storage applications was by Rabenhorst et
al.[118]. DeTeresa et al. [4] examined the performance of commercial high-performance
reinforcement fibers for the application in the flywheel energy storage devices. Multiple factors
including inherent strength of the fibers and stress-rupture lifetime were considered. Their study
showed that carbon fibers are preferred for the high performance energy storage application, owed

to high specific strength of carbo fibers, and E-glass for the lowest cost.
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Figure 4-2. Effect of flywheel geometry on their effective shape factor.

In addition to the choice of the materials, flywheel geometry also has a major impact on
the stress distribution within a flywheel for a given angular velocity and thus the energy density
of the flywheel. This dependence is captured with the shape factor (Equation 2). Figure 4-2 shows
the different flywheel geometries and their corresponding shape factor. Accordingly, the optimal
shape that exhibits the failure at all points simultaneously and maximizes the energy density is

shown in the top left corner of the figure. Other profiles are also attributed to the shape factor as
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well [116]. Despite very promising shape factors, in case of fiber-reinforced composites,
manufacturing of the structures with the shape factor exceeding 0.5 is nearly impractical and
uneconomical.

In 2008, Arslan [119] investigated the effect of various shapes of the flywheel on its energy
density via finite element analysis. Although the focus of the studies was mainly on steel, the
results can shed light on the significance of shape in distributing stress in composite FESSs. He
studied the six common geometries, a constant thickness disk, constant thickness ring, parabolic
tapering, linear tapering, truncated iso-stress exponential decay tapering, and a modified iso-stress
case (Figure 4-3), and ranked them according to their energy storage performance. As expected,
the constant thickness profile was the worst case in terms of the energy storage and performance,
while the iso-stress profile with the specific energy of the 8.977 W.h/kg showed the highest energy

storage, a sheer 48.7% higher than the constant thickness disk case.

Case | Case 2 Case 3 Case 4 Case 5 Case 6

Figure 4-3. Effect of geometry on the maximum energy density of the flywheel. Case 1: a constant thickness
disk, Case 2: constant thickness ring, Case 3: parabolic tapering, Case 4: linear tapering, Case 5: truncated
iso-stress exponential decay tapering, and Case 6: a modified iso-stress case [Reprinted from [119]]
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4.2.2. Optimal composite flywheel design for enhanced energy density

In addition to various geometries, the proper arrangement of fibers and/or inducing certain
residual stress state would also result in improved performance of the flywheel. The cylindrical
rotor proposed by Danfelt et al. [120] in 1977 is one example where the stress field in a multi-ring
flywheel subjected to centrifugal forces was calculated through stress analysis. The authors
calculate the radial and hoop stresses in a composite flywheel where soft rings was placed in
between fiber reinforced stiffer rings to manipulate the stress field. The schematic of the multi-
ring composite flywheel is shown in Figure 4-4. The rubber rings were places in between higher
stiffness rings to lower the radial stress. Their proposed design composed of the 6 concentric rings
of Kevlar/epoxy composite system of same radial thickness separated by 5 thin layers of hyper-
elastic rubber rings in-between in order to reduce the radial stress distribution in the rotor. The
authors considered three different scenarios. In one case, the rubber rings was placed in between
composite rings, while the density and stiffness of the composite remained the same among all
composite rings (benchmark). In a second and third case, they respectively and systematically
varied the density and stiffness of the composite rings to manage the stress field at a given angular
velocity. The stress distribution analysis of the flywheel with rubber rings and constant composite
density and stiffness is shown in Figure 4-5(a). As shown in the figure, the peak radial stress in the
rings varies from ~20 MPa to over 70 MPa. Following this result, Danfelt et al. attempted to find
the stress field where the maximum stress in the rings at any given angular velocity are comparable

to each other, so that all the rings fail around the same angular velocity.
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Figure 4-4. Schematic of flywheel composed of multiple concentric ring with elastomer interlayer in
between.

In their initial analysis, authors decrease the density of the composite rings along the radial
direction (from 0.05 Ib/ins to 0.45 Ib/in3) to achieve the constant radial stress, but results showed
that this could not be achieved only by changes in the density of composite rings. In some cases,
this approach led to failure at lower stresses, as the maximum stress in inner rings even went above
the value of the bench mark experiment. Followed by this analysis, they varied the stiffness of the
inter-ring elastomer layer. The stiffness of the rings varied from very high stiffness (composite
stiffness) in the inner rings to the very low stiffness at the outer ring. The obtained stress
distributions showed smoother radial stress distribution compare to the first case. According to
this analysis multi-ring flywheels with varying composite density and rubber rings compare to
single ring flywheels are promising in terms of achievable energy storage and efficiency. However,

further analysis is required to compare the data in terms of energy density.
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Figure 4-5. Stress distribution in the (a) flywheel composed of six composite rings separated by rubber
interlayer (b) flywheel with varying density of the composite rings ( from very low density in the inner
ring to high density in the outer ring) (c) flywheel with varying the Young moduli of the interlayer
elastomer ring ( from very high stiffness of the elastomeric layer to very low stiffness of elastomeric
interlayer) [Reprinted from [120]].

Among the early studies to explore the optimal design of the flywheel to maximize the
specific energy, Lawrence Livermore National Laboratories (LLNL) carried out a comprehensive
study under the department of energy sponsorship. In particular, LLNL sponsored a competition
between industry leaders to design and develop flywheel designs for testing. The designs, shown
in Figure 4-6, were selected for their performance and practicality. These designs were from
Garrett AiResearch, General Electric Company, and the AVCO Corporation.

The Garrett flywheel was a wound rim of glass and Kevlar filament with a spoked hub
composed of graphite/epoxy struts bonded to aluminum sheets (Figure 4-6(a)). The Garrett
flywheel performed the best with the highest recorded burst energy density of 72.8 W.h/kg. The
General Electric (GE) design consisted of an outer ring of filament-wound carbon/epoxy
composite attached to the disk hub structure made of the cross-ply glass filaments with the
maximum energy density of 68.0 W.h/kg (Figure 4-3(b)). The AVCO’s “constant stress” flywheel

comprised of a ring that contained a bidirectional weave of the Kevlar or glass fibers were placed

in the hoop and radial directions. The goal of this weaving pattern was to produce a constant stress
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profile where radial fibers would interact with the hoop fibers to transmit the outer hoop stresses
to the inner hoop fibers. The AVCO design posed significant manufacturing challenges where they
were only able to produce a single flywheel for testing (Figure 4-3(c)). The measure for the

goodness of the flywheel was maximum energy density and stored energy in the flywheel rotor.

@) (b)

Figure 4-6. Flywheel design by (a) Garrett AiResearch (b) General Electric (c) AVCO

In 1984, Genta [121] proposed the plane stress calculation that includes the density and
stiffness tuning along the radial direction of the flywheel to mitigate the radial stress produced
during spinning. In order to optimize the energy stored in the flywheel, Genta assumed zero radial
stress and constant radial-hoop Poisson's ratio plus constant hoop stress in the flywheel.
Accordingly, this optimized design requires the hoop stiffness and density to be functions of radial
distance. He suggested that the optimum design could be obtained in practice by continuously
varying the fiber content as a function of radius to tune hoop stiffness. He also suggested that
density of the composite along the radial direction can be tuned up by incorporating the ballasting
materials such as lead particles in the polymer matrix.

In 1985, Miyata [122] proposed the optimal design for the high energy storage flywheel,
using a plane stress analysis that includes the axial thickness as a parameter. Miyata’s solution
suggests using the hoop fiber plies of varying thickness on top of the radially arranged fibers of

complementary thickness to tune up the radial and circumferential elastic moduli to more
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uniformly distribute stress and postpone failure. His suggested model is shown in the Figure 4-7.
However, this optimized flywheel is yet to be manufactured, and its fabrication is posed with major
challenges related to unconventional fiber placement [123].

In 1999, Ha et al. [123] did a comprehensive study to optimize the stored energy of the
flywheel that is held with the permanent magnet along the inner radius of the flywheel. This
magnetic material place a compressive stress condition along the inner radius of the multi-ring
rotor. In this analysis the inner and outer radius of the flywheel kept constant and the total stored
energy of the flywheel is optimized. The authors varied the sequence of the composite rings along
the composite rings. The five composite materials selected to be used. Glass, Aramid, and three
grades of the carbon fiber as the choice for the rings. After investigating the possible permutations,
the authors concluded that having materials that increase the stiffness/density ratio as the radius
was increased provided the optimal sequence. This result would indicate that the more rings the

flywheel contains, with the proper order, the higher the total stored energy can be.

a b

Figure 4-7. The optimized design suggested by Miyata, fibers are reinforced both in the hoop and
circumferential direction
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In 2012, Ha et al. [124] conducted a study to reduce the radial stress in the experiment by
step-wise tuning of the stiffness and density of the fibers in the radial direction. The experimental
design is in line with the guidelines presented in the analytical work of Danfelt et al. [120] that
manipulated the density and stiffness of the composite to delay failure. In the flywheel in [124]
the stiffness and density of the composite ring were varied by co-mingling carbon and glass fibers.
The flywheel was made first as separate rings, each with a different carbon to glass fiber ratio. The
inner and outer radii of the rings were designed to be press-fit inside one another, resulting in a
solid FESS. The press-fitting was mainly carried out to induce compressive stresses, which will
offset the tensile radial stresses that develop in the wheel at high angular velocities, during
fabrication. In addition, fiber co-mingling generates the pre-stress that mitigates the radial stress
build-up in the rotating flywheel. The authors studied 3 different cases, A, B, and C, of the 4-rim
flywheel as depicted in Figure 4-8. There were two reinforcement materials: Carbon fiber and
glass fiber, and the reinforcement volume fraction in the matrix was different in each rim. The
innermost material rings of all these cases were mainly glass fibers (lower stiffness), transitioned
to the mostly carbon fiber content in the outermost ring (higher stiffness). In case A, all the rims
were wound simultaneously and cured by continuous filament winding. In case B, all the rims
wound and cured separately and press-fitted in the flywheel. In case C, rims were wounds in two
sets. Rim set 1 is composed of rim 1 and 2, and the rim set 2 is composed of the rim 3 and 4,
followed by the press-fitting of the set 1 to the set 2.

The three radii in between the inner and outer radii plus the interference (the difference
between the inner radius of an outer ring and the outer radius of an inner ring) for the cases that
include the press-fitting were the variables of an optimization search as follows. Their stress

analysis first calculated the residual stresses for the cured rings. If there was press-fitting, then the
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rings were analyzed at each point in the press-fitting to ensure that can be removed without
assistance. Once the rotor was fully assembled while surviving the stationary residual stress
associated with manufacturing, then stress analysis was carried out at high angular velocities. The
parameters to be optimized were the strength ratios, Rr=o;/Yr and Rs=04/Y5, at a given angular
velocity of wmax= 15 krpm. Their analysis along the experiment shows that case B with the press
fit interference was the optimum design. The radial strength ratio in case B is 0.19 while the
strength ratio in cases A and C reaches 0.39 and 0.75 respectively. Case A in terms of

manufacturing cost and simplicity has the advantage over the case B and C.
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Figure 4-8. Three different cases of flywheel design [Reprinted from [124]]

Referring to the works mentioned here, there are many options for enhancing the
performance of flywheels. Theoretically optimized solutions for rotors with continuously varying
material or geometric properties can serve as benchmarks against new flywheel design ideas.
However, manufacturing difficulties linked with continuously varying the flywheel properties can

make these designs highly uneconomical. Given all of these possibilities, there is a clear need to
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narrow down the research range to the most relevant analyses. Discrete variation (multi-ring
rotors) is preferred from a manufacturing standpoint, but there are many options for discrete
changes such as density, press-fit stresses, material selections, elastomeric interlayers, and fiber
selection and orientation [113].

4.3. Stress analysis in the flywheel

One of the earliest studies to analyze the elastic stresses in the symmetrical disk was carried
out by Manson [125]. His analysis was based on the finite-difference solution of the equilibrium
and compatibility equations for elastic stresses in an axisymmetric disk. The advent of the
composite materials pushed the researches toward new designs to mitigate the radial stress during
spinning of the composite flywheel. Following by Manson, Genta [116, 121] performed extensive
studies to modify the Manson’s solution for orthotropic materials. The introduction of the multi-
ring design to manipulate the radial stress in the flywheel attracted the number of researchers to
conduct a study to further improve the energy storage capability of the flywheel. In this regard,
literature is abundant with the number of studies using the multi-ring design approach attempted
toward fabrication of optimized design.

This section is dedicated to the stress analysis of multi-rings flywheel, where the stress
analysis of single ring flywheels is presented as an introduction. Much of the works on the single
rings was carried out by Genta [116, 121], Lekhnitskii [126], and Garbys and Bakis [127], and the
stress and failure formulations presented for the multiple ring rotor are based on the Arnold
formulations [128, 129].

4.3.1. Single ring flywheels
Stress distribution in the axial orthotropic disk with the constant thickness, under the

assumption of the axial symmetry, plane stress state and linear orthotropic behavior of the
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materials can be solved following the equilibrium, displacement compatibility, and the constitutive

equation for the axially orthotropic materials using these relationships:

dar + 2% 4 pw?r? = 0 (Equilibrium) Eq. (6)

& = %(TSQ) (Strain compatibility) Eq. (7)
)

[Z] - fvTL e [g;](Constitutive equation) Eq. (8)
EL Er

where the centrifugal force is included as a body force term. Equation (4), (5), and (6) are the basic
terms used in the Elasticity solution. The solution to the above set of PDEs can be obtained based

on various types of boundary conditions (BCs), and the results are typically presented in terms of
non-dimensional quantities such as u = f p == and X = —WhICh simplifies the stresses

equations in the flywheel. A commonly assumed set of BCs is zero radial pressure on the inner

and outer radii (traction free surfaces). The particular solution of the set of (3)-(5) PDEs becomes

= pw?r,y? (3%) (1 + B% - i—z - )(2) Eq. (9)
= po?re? (22) (14 42 + 5 %Xz) Eq. (10)

Another interesting set of BCs can also be applied to describe the assembly of the rings at

zero angular velocity, where constant inner pressure, P, and outer pressure, Q, is applied (w=0):

G, = (1 32) B2y~2 + (Q1 Pﬁﬁ; ) Eqg. (11)
o= (25 (2 co.02
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Genta also suggested the solution for the stress distribution in the flywheel subjected to the
temperature gradient. The solution to this problem dependent on the temperature profile. If the
temperature profile follows the polynomial form:

T =YLobx' Eq. (13)
where the coefficients bi have dimension of a temperature, the stress distribution in the flywheel
follow the equations (14) and (15). For each term in these equations, stress distribution can be

calculated separately. The stress field coming from the it term of the temperature profile is

o = T Zm 1 - B - (B2 - B 5 - 1) Eq. (14)
on = e {1 - B+ (87 - B 5| - i+ D) Eq. (15)

In principle, the stress field in a flywheel under the combined effect of centrifugal forces,
prescribed inner and outer pressure and change in temperature can be obtained via superposition.
Genta [116, 121] also further studied the more general case of the hyperbolic disc using an
orthotropic material in different loading conditions, similar to the aforementioned study for the
isotropic disk. For simplicity, a general solution form to the constant thickness ring is provided

with this equation:

= pw?ry? (3+_th) [.UL)((” D4 p(L — 1)) ErD — 42 (“2+3v”)] + (Pff;;Q) P+

rom

(B upr+iyvt Eq. (16)
= pw?ry? (3; ”hr) [Ly®=D — (L — 1)y D — 42| + (%)X“‘l _

() Bt £q. (17)

70



—u-1_p2
where L = (%) Genta’s solution, comprehensively considers different loading

conditions including temperature variation on the wheel. In his analysis the temperature gradient
is considered to be in the polynomial form. Other solutions have also been proposed by Arnold et
al. [128] with comparable results, where the rotating disk experiencing the thermal loads (linear
temperature gradient), centrifugal forces, internal and external pressure.
4.3.2. Multi-ring flywheels

Stress distribution in the flywheel composed of multiple concentric rings can be solved
with the approach similar to the single ring method by employing appropriate boundary conditions,
mainly the continuity of radial displacement and radial stress. Here we are referring the general
idea of the Arnold et al. [128] and Ha et al. [123, 124, 130] approach and avoid going into the
computational details. Arnold et al. [128, 131] takes into account the misfit between each
consecutive rings as well. Radial stress continuity requires the following boundary conditions:
o, (r=r)="P
Url(r =1,)= Urz(r =1) =P,
Urz(r =13) = Ur3(r =713) =P;

Eqg. (18)

O (r = 1) = 0, (r = 73) = P,
O, (1 = Tny1) = Pryq
Where P1 and Pn+1 are the internal and external pressure applied to the flywheel, respectively.
Also, r1, r, ... and rn are the radius of the rings respectively. Similarly, same approach regarding
kinematic constraint at the interface (misfit §) can be written as
Up,(r=m) —u, (r=m) =98,
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Uy, (r=mr)— urz(r =13) =0,

U, (r=1y) —u,,(r=mr,) =36; Eqg. (19)

Up, (r=1) —up,_ (r=1,) = 6p4
where 61, 82, 63,... are the misfits between the consecutive rings that produce internal pressure P2,
P3, P4 ..., Pn. The above continuity equation lead to determination of the remaining interfacial
pressures. Equations (19) and (20), together with Force-displacement equation lead us to the
system of 2n equations with 2n unknown constants (where n is the number of the rings in the
flywheel):
[K1{C} = {R} Eq. (20)
Where {C} is the vector composed of the unknown constants, [K] is the geometry and material
matrix, [R] is the vector of (misfit §) or applied force.
4.4. Research trends

Given the various benefits of flywheels as energy storage devices, such as their wide range
of operation temperature, their low maintenance and long life, there is a desire to further push them
towards the upper right corner of the Ragone plot (Figure 4-1) to make FESS with remarkably
high power and energy density. In this regard, it seems that the bottle neck is improving the energy
density of the flywheel. That is because a flywheel can brought to full stop in seconds to extract
all the energy, and that the limitations on power density mainly reflects the limitations in utilizing
the energy extracted from the flywheel. On the other hand, the increase in energy density of a
flywheel can be observed from two angles: Structural design and Materials design. The former

includes a host of techniques where the goal was to reduce the maximum stress of a flywheel at a
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given angular velocity, so that higher angular velocities can be achieved. Several examples were
presented in this chapter, such as employing rubber rings to lower radial stress. The second and
complementary approach is a materials design approach, where novel materials are to be
developed with higher strength and utilized in the flywheel to further increase the safe angular
velocity of the wheel. The use of carbon fiber reinforced composites is an example of that.
However, the advent of novel materials calls for a revisit of this approach. In the following sections
we briefly presented our views on the topics.
4.4.1. Additive manufacturing

Additive manufacturing (AM) facilitates the fabrication of complicated geometries,
eliminating the need for expensive tooling and multi-step processing [132]. Recently, direct
deposition of metals facilitated manufacturing of the functionally graded materials (FGM) to
provide exciting new alternatives for the design elements. Morvan et al. [133] fabricated the graded
flywheel composed of two materials: Cobalt (light/strong) and Tungsten Carbide (heavy/weak)
using the AM method. Authors performed the optimization to find the optimum gradient of
materials properties and geometry along the radial direction of flywheel. Following that they 3D-
printed the functionally graded composite on the LENS apparatus.

The additive manufacturing, specially advanced filament winding processes, can also be
used to design FESS with optimal fiber arrangements that are nearly impossible to fabricate using
other methods. An example is the development of the AVCQO’s “constant stress” flywheel that

contains a bidirectional weave of fibers were placed in the hoop and radial directions (Figure 4-

6(c)).
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4.4.2. Nanomaterials

Nanomaterials such as nanotubes, platelets, nanofibers, etc. with exceptional mechanical
properties are promising agents in reinforcing the composites [17, 47, 134, 135]. Materials
scientists predicted that composites reinforced with nanoscale fillers have the potential to possess
exceptional properties ranging from the mechanical property by tailoring of tensile modulus,
strength [40, 136, 137], fracture toughness [138], or wear resistance [139] as well as electrical [40]
and optical properties [140]. However, based on the results acquired so far, it is still not evident
whether such exceptional properties of nano-reinforcement agents can be translated to bulk
composite. The reasons include the poor dispersion of nanoscale reinforcements especially at high
volume fractions (more than 5-10%). On the other hand, nanomaterials have a much higher surface
area per unit volume compared to the meso-size particles and fibers (such as carbon fibers). Hence,
they can bond much more efficiently with a polymer matrix. Hence, compare to microfibers,
significantly lower levels of nanomaterial is required to alter the properties of a composite
dramatically. The number of studies have demonstrated that levels below 5% of nanofillers can
significantly alter the properties of the matrix [141]. Another limiting factor is the high cost of
nanomaterials. However, the latter is a problem that can be remedied likely with more research on
processing and more demand.

Epoxy composites with meso-sized particle fillers are attractive for component
manufacture by techniques including injection molding and fiber impregnation because they have
relatively low viscosity of the uncured composition. The same manufacturing methods can be
applied to resin reinforced with the nanomaterials. However, given the large surface area of these
particles, measures need to be taken to avoid agglomeration. Given the dispersion challenges and

high costs of nanomaterials at the moment, it seems that FESS with hybrid fillers (microfibers and
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nanofillers) is a promising path forward that strikes a balance between the benefits of
nanomaterials in terms of increasing strength measures and cost is achieved. Alternatively, cheap
nanomaterials may also be employed.

Boyle et al. [142] investigated the effect of TiO2 nanowires on the mechanical properties
of the composite flywheels. TiOz are relatively inexpensive, easy to prepare and easy to surface
functionalize (a process required to achieve good bonding between filler and matrix, and to
enhance dispersion). The composite flywheel was fabricated through winding of the carbon fiber
in resin bath infused with TiO2 nanowires functionalized with silane. The results from 3-point
bending test of the composite flywheel showed that the incorporation of TiO2 nanowires can
increase the strength of the composite by 30 %. Authors noted that improvement in the mechanical
properties of the composite flywheel has huge economic impact by reduction of about 20-30% in
the flywheel energy storage cost. This improvement can lead to increase in the power capacity
from 20 MW to 26 MW and energy capacity from 6.5 MW to 7.5 MW-service hours, which
effectively decreases the average energy storage cost by 20-25%.

Lin et al. [143] proposed that the incorporation of the carbon nanotubes into the epoxy
matrix could increase the performance of flywheels. The authors performed the Finite element
analysis to calculate the stress field inside the centrifugally loaded flywheel ring. The authors
suggested a design that involves the gradual changes of the nanotube concentration in the rotor
along the radial direction. The nanotube concentration is higher in the inner part of the rotor to
provide a higher strength for the composite. The nanotube concentration lowered while moving
along the radial direction.

Herein, we have evaluated the role nanoscale reinforcing agent in strengthening and

improving the fracture toughness of the composite flywheel. In this study following the results
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obtained in the chapter 3, we have evaluated the role of the well-dispersed electrospun carbon
nanofibers in the region of experiencing high radial stress with Finite Element Analysis (FEA).

The primary rotor was filament wound using a wet method wherein conventional carbon
fiber passed through a resin bath and is wrapped around a mandrel sandwiched between two disks
that form the flywheel’s flat faces. Flywheels with diameter of 20 cm and 40 cm, with thickness
of the 7 mm and the hub diameter of 24 mm is manufactured. In order to find the high radial stress
region of the flywheel, FEM modeling of the wheel has been done. Critical angular velocity and
region of the high radial stress has been identified. According to our model, improvement in the
tensile strength and modulus of the CNFs/epoxy nanocomposite coupon can lead to improvement
in critical angular velocity. Figure 4-9 shows the improvement in the critical angular velocity of
20 cm diameter flywheel infused with different mass ratio of CNFs in the epoxy matrix.

The composite flywheel with an average diameter of 40 cm and thickness of 7 mm
operating at and average angular velocity of 79000 RPM is modeled with the aid of ABAQUS
CAE, finite element software. Volume fraction of the fiber in the composite flywheel is considered
to be 60% fiber ( T700SC Toray). In each step, high radial stress region in the composite flywheel
is replaced with hybrid multi-scale composite consisting of the matrix reinforced with 1 wt. % and
2 wt. % CNFs, respectively. Mechanical properties of the hybrid composite estimated using rule
of mixture.

Our calculation shows that improving the region of experiencing high radial stress can
increase the energy density of the flywheel by almost ~14%. Implementing the 2 wt% carbon
nanofiber/epoxy in the region of high radial stress zone instead of conventional epoxy can boost

the minimum angular velocity for fracture of the flywheel from 79000 RPM to 84000 RPM
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Figure 4-9: Improvement in the maximum allowable angular velocity of the flywheel

Figure 4-10 shows the schematic of the flywheel and the region experiencing the high radial stress.
High radial stress zone of the flywheel was modified by the 1 wt.% and 2 wt.% of the CNFs/ epoxy

which in turn shows the improvement in the critical angular velocity of flywheel before failure.

Radial Stress distribution in the fiywheel at their Maximum Angular
velocity for different weight percentage of CNF/epoxy
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Figure 4-10: Radial stress along flywheel radius at different angular velocity
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4.5. Conclusion

Despite the preliminary work, it seems a lot more needs to be carried out in terms of the
application of nanomaterials to flywheels. The most intriguing path forward seems to be
addressing the problems that are common between flywheels design and nanocomposite
processing in general, such as nanofiller dispersion and alignment to better transfer load. Another
intriguing direction is with respect to the specific application of nanomaterials to flywheels,
including the variations of filler alignment and concentration as a function of radius to modulate
strength and stiffness. This approach should be intended to both reduce stress fields (by modulating
stiffness) and strength, allowing for higher angular velocities.

An economic impact of increasing the energy and power density using the nanomaterials
in the high radial stress region is also significant. Based on the increase in the increase in critical
angular velocity of the flywheel and also increase in the interlaminar fracture strength of flywheel
carbon fiber-epoxy composite by almost 30%, a 20-30% reduction in flywheel energy storage cost
($/kW-h) may be enabled. This technological improvement will decrease the average storage cost
to $1500/kW and $6000/kW-h. After accounting for new-technology and additional production
costs, return on improved-nanocomposite investment is 4%-6% per year over 20-year service life.

Further work is underway to disperse the nanofiller evenly throughout the resin in order to
garner the greatest impact. Once this is determined, the optimal nanofillers will be used to build

mock flywheels and test their spin strengths/speeds.
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5. SUMMARY AND FUTURE DIRECTION
5.1. Summary

The main goal of the presented work was to study the mechanics of hybrid composite
flywheels with carbon microfibers and carbon nanofibers (CNFs) reinforcements under centrifugal
forces and evaluate the role of nanoscale fillers in delaying failure caused by centrifugal forces
and enhance gravimetric energy storage.

Since the major failure mode of the composite flywheels is the matrix-dominated failure,
our study is focused on improving the resin strength. Herein, we studied the role of the nanofillers
in improving the strength and fracture toughness of the resin. Nanofillers can be added at a very
low level due to their higher surface areas and their exceptional mechanical properties. The
nanofillers we used in this study was carbon nanofibers fabricated from electrospun
Polyacrylonitrile (PAN) nanofibers.

To this end, three major objectives of this research study were set as 1) Study the trade-
offs between surface functionalization of CNFs as a means to enhance CNF-matrix load transfer
and the mechanics of individual carbon nanofiber, Il) Study the mechanics of CNF/epoxy
nanocomposite and hybrid nano/micro fiber-reinforced composites as a function of dispersion,
surface chemistry and mechanics of individual CNFs, and 111) Study the failure mechanisms of
flywheel subjected to centrifugal forces as a function of the nanofillers content.

Chemical functionalization intended to enhance carbon nanomaterial interactions with a
polymer matrix while it may adversely affect the strength in individual nanomaterials by disrupting
their graphitic structure. In this work, we evaluated the strength loss caused by functionalization
in CNFs that are composed of a highly crosslinked network containing amorphous and graphitic

carbon. Our study pointed to an optimum condition for chemical functionalization of the CNFs to
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improve the functionality of the CNFs without any substantial loss in the strength of the CNFs. In
addition, comparison of CNFs and carbon fibers with similar O/C ratio revealed that the
nanomaterials can be much more sensitive to acid treatment effects on strength.

Our studies on the mechanics of the nanocomposites containg 1 wt. % of CNFs reaveled
that nanocomposites containing functionalized CNFs have tensile strenght and modulus comparing
to the prisitne CNFs. This is due to the higher interfacial bonding between the CNFs and epoxy
matrix which comes from grafting functional groups on the CNFs surfaces. Effect of melamine
functionalization on the mechanics of the CNFs/ epoxy nanocomposite was also studied. It is
showed that melamine functionalization improve the interfacial bonding of the nanofillers in the
polymer matrix and this led to an increase of about ~76% in the modulus of the nanocomposite
containing 2 wt.% CNFs. Moreover, it is successfully shown that the strength of the nanocomposite
containing 2 wt. % CNFs functionalized with melamine is increased to ~30% compare to neat
epoxy specimens.

Our studies on the effect CNFs in improving the fracture toughness mode | of multiscale
carbon fiber-carbon nanofibers composite pointed to an increase of at most 25% in the interlaminar
fracture toughness of the carbon fiber composite laminate due to the introduction of CNFs mat
interleafs in the interlaminar regions. The effect of the 2 wt. % CNFs/epoxy interleaf on mode I
fracture toughness of the unidirectional fabric carbon fiber/epoxy composite was also compared
to the those of non-interleaved control panels. A more moderate improvement of 18% for the case
of B-staged CNF epoxy interleaves was observed. The results suggest that the addition of M-CNFs
can effectively increase the crack initiation fracture toughness, but the crack follows an unstable

growth pattern. While CNFs bridge crack growth and delay crack initiation, SEM images suggest
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that the crack finds a lower resistance path by tearing the CNFs or propagating along the resin-rich
interface of the CNF mats and the fibers.

Our results to pointed to an increase in the energy density of the flywheel to about ~14%
by introduction of the CNFs mat in the interlayer regions. According to our model, improvement
in the tensile strength, modulus and fracture toughness of the CNFs/epoxy nanocomposite coupon
can lead to improvement in critical angular velocity of the flywheel from 79000 RPM to 84000
RPM.

5.2. Future directions

Through the discussions in the previous chapters and the summary presented above, a few
immediate directions of the work in this thesis are presented below. They include fabrication of
the long and continuous nanofibers, fabrication of the fast cured nanocomposites, and grafting of
the CNFs on the surface of the CFs fabric for increasing the Fracture toughness.

5.2.1. Fabrication of the long and continuous CNFs

CNFs mat consists of thousands of entangled and bundled nanofibers. The diameter of the
typical carbon nanofiber is in the range of the 100-500 nm. The reported strength of the single
CNFs reaches to ~7 GPa which is comparable to the reported values of the high-strength carbon
microfiber with an average diameter of 4.4 um (IM10 Hexcel). However, the reported strength of
the CNFs yarn is around 400 MPa (10 times smaller) which limits their application in terms of
strengthening of nanocomposites.

There are number of possible underlying reasons which take in part to such difference. One
of the main reasons is the discontinuous nature and short length of the nanofibers. As mentioned

earlier in previous section of this thesis, CNFs went through multiple thermomechanical processes
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to be fabricated such as stabilization and carbonization. Within these processes, soft and ductile
PAN nanofiber turn into brittle and strong CNFs.

The force required to break the single carbon nanofiber based on the reported strength and
diameter of the nanofiber is around few hundred micro-newtons (~100 uN) which is small enough
to break nanofibers just by single touch.

Nanofibers are entangled and bundled randomly in the CNFs mat. Any point of the
interaction where nanofibers crossing each others led to fracture of the nanofibers since nanofibers
are orthotropic materials and their strength in other directions are much lower than longitudinal
direction which led to easy fracture of the nanofibers. Due to such limitation, CNFs processing
needs to be modified to avoid crossing and interaction of the nanofibers. One possible approach is
to use the near-field electrospinning in which the electrospinning is more controllable and
architecture of the nanofibers is not determined by the Taylor cone.

Another promising approach is to use co-axial electrospinning with the sacrificial outer
polymeric layer. This sacrificial layer can cover the PAN nanofibers and will be removed during
the thermomechanical processing of the CNF fabrication. This sacrificial layer cover and protect
the CNFs and avoid their interaction. The suggested sacrificial layer can be polystyrene or
polyamide which will be removed during the pyrolysis.

5.2.2. Grafting of CNFs on the surface of the CFs

As mentioned in the third chapter of this thesis, CNFs are able to bridge the cracks and
improve the fracture toughness of the hybrid multi-scale composites. Nanofiber mat interleafs and
B-staged nano-epoxy interlayer thin films are good candidate to reinforce the resin rich areas
between the consecutive plies. However, fabrication of the hybrid composite with the above

methods are limited to the pocket of epoxy formed between the fabric and such interleafs, either
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nanofibers mat or B-staged nano-epoxy thin film. Resin rich areas are the weakest part ahead of
the cracks and as crack progress they preferably propagate along these weak regions.

One possible approach to shorten the gap between the fabric and the nanofiber constituents
is to graft and grow the nanomaterials on the surface of the fabric. Literature is abundant with
number of methods to graft the nanomaterials on the surface of the fabric such as electrophoresis
of CNTs or CVD growth of CNTs on the surface of CF fabric.

Our proposed approach was successfully capable of grafting melamine on the surface of
the CNFs. Grafting the Melamine on the surface of the functionalized carbon fiber was also done
following the method mentioned by Fang et al. However, Melamine can be used as glue to graft
CNFs on the surface of the individuals CFs. Melamine has three amine group (-NH2) and each
amine group can be grafted to the carboxyl group on the surface of the surface of the either CFs or
CNFs. If Melamine functionalization of the CFs and CNFs occurs simultaneously there would be
a high chance of grafting the CNFs on the surface of the carbon fibers. In other words, melamine
acts as a glues to graft CNFs on CF surface. This proposed approach can effectively increase the
facture toughness and also enhance the interfacial bonding between fibers and matrix.

5.2.3. DMA/ DSC analysis of the epoxy thin film

There is an obvious difference between the measured value of the modulus of epoxy from
the experiment and the modulus of the epoxy provided by the Miller Stephenson data sheet. The
reported value of the modulus following the Miller Stephenson data sheet is 2.92 GPa. However,
our reported value from the experiment is 1.5 GPa. It should be noted that specimen for different
conditions and different loading of the CNFs were performed with the same epoxy resin (same
bottle). This discrepancy may come from different sources. Here are some possible reason of

such difference.
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The First possible reason of this difference is our modified curing profile. The suggested
ratio of the resin to hardener following the data sheet is (100:26.4). In our modified curing
profile we added the total amount of the required hardener to resin in two steps. First, we added
the 20% of the total amount of the hardener to the resin and stirred it for 3 hours at 120 C and
after that we added the rest of the hardener at 80 and we degassed it. After all these procedures,
we went through our modified curing profile to deter the agglomeration of the CNFs. Adding the
curing agent in to steps may result in partially curing the epoxy and doesn’t let the rest of the
curing agent involve in the reaction.

The second possible reason could be the use of outdated resin which we have used it for
fabricating of our samples. However, all the specimens are made with that resin and all the
improvements are valid throughout the studies.

The future direction of this research study is to perform the DMA or DSC analysis to
measure the transition glass temperature of the epoxy resin fabricated with our suggest curing
profile. This will help us to find out if our epoxy system following our modified curing profile is
cured completely or not.

Also there is a big jump in the modulus of epoxy when 2 wt. % melamine functionalized
CNFs are added to the epoxy resin. We initially suggested that the possible reason for this
difference is due to formation of interphase region around the CNFs which led to such increase.
However, further research needs to be done to validate our hypothesis.

Another possible reason for such increase could be partially curing of the epoxy resin
which led to the low modulus of the composite. However, when amine rich CNFs are added to

the epoxy resin, curing of the epoxy is facilitated and modulus of the epoxy increased abruptly.
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Due to this reason and other reasons mentioned earlier, author suggests performing the

DMA or DSC analysis to fully understand the underlying chemistry of this difference.
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