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Design Optimization of Energy-Storing Hybrid
Supercapacitor Composite for Electric Vehicle’s Body Panel
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Abduljabbar Mohammed Hussain, Nilesh Dale, and Jayan Thomas*

As electric vehicles (EVs) are evolving, innovative technologies like “energized
composite” that can store energy in the car’s body helps extend its range per
charge. The composite’s unique ability to function as both structural body panel
and charge storage medium stems from its unique pattern design between
“electrochemical areas (EcA)” and “epoxy area (EpA)”. Herein, a design opti-
mization study is presented to obtain a balanced ratio between EcA versus EpA to
maximize the charge storage ability of the composite while maintaining a decent
tensile and bending strength. Simulations using ANSYS software and experi-
mental confirmation using universal testing machines and electrochemical
analyzers are used to derive optimum ratios between EcA and EpA. Uniaxial
tension test and 3-point bend test have been performed to optimize the tensile
and bend strengths, whereas cyclic voltammetry, galvanic charge—discharge, and
electrochemical impedance spectroscopy are used to determine the electro-
chemical performance of various design configurations by modulating the ratios
of EcA versus EpA. Overall, the highest achieved energy storage per lamina is
2531 mWh m 2 for a maximum of 81.6% EcA with a tensile strength of
417.73 MPa and bending strength of 263.13 MPa. This study is highly beneficial
for EVs and aerospace applications.

electric vehicles (EVs). Though EVs are
becoming increasingly popular, most of
the general population still expresses range
anxiety as one of the major reasons for their
nonadoption.’) As the automobile manu-
facturers are focusing on increasing the
range of their new EV models by adding
more batteries to the existing pack, the
overall weight of the vehicle increases,
which mitigates the increase in range to
a certain extent, causing looping challenges
for the EV range.

We recently developed a dual-function
carbon fiber-based composite to address
these multiple engineering challenges in
extending the range of EVs. These compo-
sites are not only lightweight and super
strong but can store electrical charge (to
supplement the existing EV battery pack)
and be molded to any shape.l! We have
termed this composite as “energized
composite” or e-CFRP (energized carbon
fiber reinforced polymer) composite. We
proposed its use as the body shell (body
panels) of future EVs."! Energized compo-

1. Introduction

With the rising concerns over global warming, there is a serious
effort to utilize renewable energy sources and store the energy
harvested in highly efficient energy storage systems.!"?
Globally, there are many initiatives to reduce carbon emissions
through various means; one of them is the mass adoption of

sites are made from carbon fiber electrodes, where graphene
sheets are vertically attached to carbon fibers to enhance the sur-
face area.’) Then metal oxides like Mn;04 and MoO, are used as
cathode and anode coating on graphene to provide high work
function difference, which helps in increasing the voltage.[®
Further, these anodes and cathodes are assembled using a pat-
terned approach between electrolyte and epoxy and are cured ata
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certain temperature and pressure to develop a high-strength,
energy-storing carbon fiber composite.*”) The energy stored
in the body shell supplements the existing battery energy storage.
When it comes to the safety concerns regarding storing energy in
the body shell of the EVs, the energized composite is nonflam-
mable because it uses aqueous (water-based) electrolytes instead
of the conventional flammable organic electrolytes.® Moreover,
it possesses high cycle life of almost 8500 charge—discharge
cycles with more than 90% retention compared to the conven-
tional Li-ion batteries (LIBs), which only show 22000 cycles.?!
This is very important considering the fact that the body shell
is supposed to last the vehicle’s lifetime.

Though the electrochemical storage area of energized compos-
ite exhibited a high areal energy density of 0.31 mWhcm ™2 at a
bend strength of 477 MPa and tensile strength of 518 MPa due to
its unique patterned electrode disposition, a design optimization
study is missing. Such a study enables achieving maximum
possible energy storage while retaining the minimum required
tensile and bend strength.! Our previous study used
20 mm x 20 mm square patch deposition pattern for electrodes
(and electrolyte) and epoxy was applied in the remaining area.
However, there can be many configurations by varying these pat-
tern sizes. This will change the ratio of the electrochemical area
(EcA) versus epoxy area (EpA). Such a variation in EcA versus
EpA will lead to different tensile and bend strengths for the ener-
gized composite at different energy storage capabilities.

In energized composites, both tensile strength and bend
strength are linked to the ratio and distribution of EcA versus

Different possible
electrode patch sizes

Electrode material patch deposition
- 20x20 mm
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EpA. This study modulates the electrode area as shown in
Scheme 1 and Figure S2, Supporting Information. In order to
choose an appropriate dimension for design optimization stud-
ies, a 160mm x 160 mm x 2.3 mm volume (based on seven
layers thickness) was initially chosen. However, as such a size
is difficult to test experimentally on a universal testing
machine (UTM), a representative volume element (RVE) of
160 mm x 30 mm x 2.3 mm was used (for both simulation
and experimental) instead, which is given in Figure SI,
Supporting Information. This is clearly the smallest volume over
which measurements can be made to yield a value representative
of the whole composite. As the required sample is in the shape of
a bar, this could be easily fabricated and experimentally tested on
a UTM for tensile and bend tests based on ASTM standards.
Thus, in this work, seven configurations with varying patch
sizes: 28 x 28, 24 x 24, 20 x 20, 16 x 16, 12 x 12, 8 x 8, and
4 x 4mm?’ were chosen for design optimization (Figure S2,
Supporting Information). Each of these composites has been sim-
ulated with four carbon fiber laminates (two anodes and two cath-
odes) and three glass fiber laminates (two separators and one
insulator) layers such that the total thickness is ~2.3 mm.

To understand the effect of the EcA versus EpA, seven config-
urational energized composites have been fabricated and tested
on a UTM to confirm the simulation results. The electrochemical
performances of various electrode sizes have also been measured
using cyclic voltammetry (CV), galvanic charge-discharge, and
electrochemical impedance spectroscopy (EIS). This helped us
to understand the energy storage capacity versus mechanical

Cross-weaved
carbon fiber mat
(CWCFM)

3 point bend
test

FEA simulations

(@ Electrode
Patch size area (EcA)

* 28x28 mm  81.6% Possible
¢ 24x24 mm  60.0%
¢ 20x20 mm  41.6%
¢ 16x16 mm 26.6%
¢ 12x12mm  15.0%

O

% Electrochemical

optimum point

Energy storage (Wh)
Stiffness & Strength

15.0 26.6 41.6 60.6 81.6

% EcA —>

Experimental confirmation

Scheme 1. a) Electric vehicle’s body panels that could be replaced with energized composite parts. b) Various square patched electrodes with different
EcA versus EpA ratios. EpA is given in black and EcA in brown (square area). c) Representative FEA simulation using ANSYS 2022 R1 for optimizing the
stiffness via 3-point bend test. d) Experimental samples for bend and tensile tests with varying EcA versus EpA using representational white patches.
e) Energy storage versus %EcA versus stiffness and strength behavior optimization based on specific requirements.

Energy Technol. 2022, 2200726

2200726 (2 of 11)

© 2022 Wiley-VCH GmbH

d ‘0 ‘96TH61T

:sdny woyy papeoy

QSUAII'T SUOWWO)) dANEAI) dqeatjdde oy £q PouIoA0S dIe so[oNIe Y asn Jo SI[NI 10j AIeIqI] duI[uQ) AJ[IA UO (SUOIIPUOI-PUB-SULID}/ W0 KAIM " A1eIqrourjuo//:sdiy) SUonipuo)) pue suud I, ) 39S *[220¢/11/+0] uo Areiqiy auijuQy Ao[ip “BpLIof [ENU)) JO ANSIOAIUN £Q 9ZL00ZTOTAIUD/Z00T 0 /10p/w0d" Kd[Im"


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

rsion, Storage, Di

www.advancedsciencenews.com

strengths of these energized composites. Finally, the electro-
chemical and mechanical properties of our energized composite
(with optimized design configurations) have been compared
against other reported similar energized composites in a
Table S3, Supporting Information.

2. Numerical Simulations

2.1. Finite Element Model for the Energized Laminates

Finite element analysis is applied to understand the mechanical
behavior of the woven laminates. In this part, seven 3D
finite element models (FEMs) with different EcA areas
(160 x 30 x 2.3 mm geometry) are built using ANSYS space
claim (ver. 2021 R2 student) on a Windows 10 pro interface.
The material properties for carbon fiber/epoxy and glass fiber/
epoxy lamina are defined in ANSYS engineering data interface,
as given in Table 1. The mechanical strength of electrolytes is
considered negligible, as also mentioned in our previous study.']
The epoxy volume percentage decreases as the electrolyte area
increases. Hence, continuous degradation of mechanical proper-
ties is observed. The elastic modulus of laminas decreases pro-
gressively by 1.5% as the patch sizes increase based on the
following equation*”1%!

Ee_crrp = Em(1 = (Vi + V) + E¢ V¢ (1)

where V¢ + V, + Vy =1; V¢, V,,and V, are the volume frac-
tions of fiber, epoxy matrix, and gel electrolyte (supercapacitors),
respectively; and E; and E,, are the elastic modulus of fiber and
matrix, respectively.

The tensile strength of fibers is also progressively reduced
with the same fraction as it is directly correlated to the
Young’s modulus.'”'"" The meshing is performed with
ANSYS-workbench mechanical. Node-to-node connectivity is
provided to the EcA and EpA elements. Fibers in all layers are
assigned the same orientations with the ANSYS ACP-Pre-tool.
Laminate damage can be segregated in three ways: fiber damage,
matrix damage, and interlaminar delamination.'¥ Damage in
laminates can be modeled with Hashin’s strength criteria,

Table 1. Material properties of CFRP and GFRP for single ply.l'”"®!

Carbon fiber/epoxy Glass fiber/epoxy
71

Material property

composite composite’
Longitudinal and transverse elastic 36.1 GPa 23.4 GPa
modulus (Eyq = Ey)
Poisson’s ratio (in-plane) (11,) 0.04 0.153
Poisson’s ratio (out-o-plane) (v13 =wvy3) 0.30 0.25
In-plane shear modulus (Gy5) 3.30GPa 3.52 GPa
Out-of- plane shear modulus (Gy3 = G,3) 2.70 GPa 1.36 GPa
Longitudinal and transverse tensile 513 MPa 449 MPa
strength (X, =Y))
Longitudinal and transverse 437 MPa 336 MPa
compressive strength (X.=Y,)
In-plane shear strength (S;,) 120 MPa 45.2 MPa
Out-of-plane shear strengths (S13 = S;3) 55 MPa 37.6 MPa
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Tsai-Hill, Tsai-Wu, maximum stress, maximum strain, and puck
criteria in Ansys.'"’) However, the Ansys guide recommends
maximum stress, maximum strain, Tsai-Wu, and Tsai-Hill crite-
ria for woven plies.' We have used maximum stress criteria to
initiate damage in all the laminates owing to their simplicity
(Section S1.2, Supporting Information). The damage evolution
is characterized by material property degradation!™® and the
damage properties are integrated into the laminas material prop-
erties in the engineering data. Cohesive zone modeling (CZM) is
applied to simulate the effect of electrolyte area in interlaminar
layers of the composite (theory discussed in Section S1.3,
Supporting Information).'®! Further in this study, glass fiber
reinforced polymer is abbreviated as GFRP.

2.1.1. Tensile Test Model

Tensile and 3-point bending tests are performed for all the above-
mentioned configurations (Figure S2, Supporting Information)
with ANSYS mechanical, as shown in Figure 1. Figure 1a shows
the schematic of the tensile FEM for a 20 x 20 EcA patch lami-
nate. Fixed support is applied to one end of the FEM in the tensile
test, as shown in Figure la. Additionally, the displacement is
applied at the opposite end of the FEM. The FEM for the tensile
test has 16 488 nodes and 8939 elements. The “static structural”
method is applied with sufficient refined mesh (2 mm).

2.1.2. Flexural Test Model

FEM for the 3-point bend test is developed similar to the 3-point
bend test FEM of Bouligand CFRP samples developed by
Mencattelli et al.™” The modeling of the composite is kept the
same as the tensile test. However, additional bending fixtures
(10 mm diameter) with structural steel properties are incorpo-
rated as SHELL 181 elements. Frictionless surface-to-surface
contact is maintained between the bending fixtures and the lam-
inate. Fixed support boundary conditions are applied to the bend-
ing fixtures in parallel to the z-direction displacement boundary
condition to the top pin of the laminate, as shown in Figure 1b.
The 3-point bend test FEM has 18 022 nodes and 10334 ele-
ments. Figure 1c illustrates the various element types corre-
sponding to the different geometries involved in the FEM.
The laminate is modeled with SOLID 185 elements; however,
SHELL 181 elements are used to model bend fixtures. The epoxy
region of interlaminar layers is modeled with INTER205 inter-
face elements, as shown in Figure 1d. The electrolyte zones
are modeled as open cracks in laminates, as shown in
Figure 1e.2% These open cracks function as stress singularities
regions in the laminates due to the negligible mechanical
strength of the gel electrolyte. Figure 1f represents the stacking
sequence of plies for all laminates. All laminates follow the same
stacking sequence of CFRP and GFRP alternate layers.

2.2. Finite Element Analysis: Results and Discussion

2.2.1. Tensile Tests

The load-displacement curves with a maximum displacement
of 8mm are shown in Figure 3a for the tensile FEM.
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Bending fixtures (Shell 181) (e)
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(b) Displacement
controlled Load

Bending fixtures
(Fixed Support)

CFRP (0°)
" GFRP (0°)
: CFRP (0%)
L GFRP (0°)
CFRP (0°)
GFRP (0°)
CFRP (0°)

EcA Patch (open cracks)

Figure 1. FEM of energized composite: a) schematic of the 3 PB test; b) schematic of the 3 PB test; c) mesh description; d,e) schematic showing interface

layers and open cracks in 20 x 20 EcA laminate; f) stacking sequence.

The progressive reduction in the stiffness with the increased EcA
area is mainly due to the continuous reduction in the elastic mod-
ulus of the composite, as explained earlier.[*

The simulation is stopped at the first significant reduction in
load values, indicating the initiation of damage in the composite
material. Jarrah et al®V observed similar behavior of the
load—displacement curve in the tensile test of composite lami-
nates of CFRP and GRFP. Riccio et al. demonstrated that
load—displacement is less sensitive to the mesh size.*?
Therefore, a mesh of 2 mm is considered sufficient for the anal-
ysis. The maximum possible load (force in N) values of different
configurational designs before damage initiation are shown in
Table 2 (along with their respective %EcA). Figure 2a shows
the load—displacement curves for various configurations. It is
clear from the obtained results that there is a minor variation
between various configurations for maximum load-bearing abil-
ity in the tensile test. The reason is further explained after exper-
imental studies in Section 3.2. The simulation results given in

Table 2. Maximum sustained force, stiffness, and ultimate strength for
simulated tension test of energized composite samples for different
configurations.

Electrolyte Tensile Test

'z:]t;h;i:m) %ECA Force, Longitudinal Tensile strength
N [Fmad  stiffness [N mm™] [MPa]

4x4 1.67 66 844 8534 552.42

8x8 6.67 64 040 8420 540.46

12x12 15.00 62392 8306 531.52

16 x 16 26.67 60459 8198 523.51

20 x 20 41.67 58273 8074 515.1

24 x 24 60.00 57074 7977 505.3

28 x 28 81.60 53946 7870 487.35
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Table 2 also show the longitudinal stiffness (from the slope of
the load—displacement curves) obtained for each of these config-
urations. Further, the tensile strength has been estimated from
the average normal stresses in laminates, which can be seen
reducing very mildly for different configurations, as shown in
Figure 2b. It has values: 552, 540, 531, 523, 515, 505, and
487 MPa corresponding to 4 x4, 8x8, 12x12, 16 x 16,
20 x 20, 24 x 24, and 28 x 28 patch size laminates, respectively.
These values have also been tabulated in the last column of
Table 2. The progressive reduction in the tensile strength is
mainly attributed to the reduction in the volume fraction of
the matrix and, ultimately, elastic modulus.”! The percentage
normal strain plots corresponding to respective maximum stress
values, as shown in Figure 2¢, show that the deformation behav-
ior is similar in all the composites, which illustrates that the
effect of EcA is less significant on the tensile failure behavior
of composites. Figure 2d shows the zoomed-in view of the % nor-
mal strain (y-direction) for a 20 x 20 EcA composite.

2.2.2. Flexural Tests (3-Point Bend Tests)

Similarly, load—displacement curves obtained for 3-point bend
tests of different configurations are shown in Figure 3a.
However, as can be observed in load-displacement curves
(Figure 3a), laminates’ stiffness (slope) decreases sharply after
deformation reaches a specific value. This is mainly attributed
to the first ply failure of composite, also called as “knee effect”.**!
The maximum load values at the first failure are shown in Table 3
for various configurations. Unlike the results of the tensile tests,
the bending stiffness calculated from the slope of the load—
displacement curve decreases significantly as the amount of
electrolyte (EcA) is increased. The bending stiffness, as presented
in Table 3, reduces from 656.18 to 160.29 Nmm ™" as the elec-
trolyte area increases from 1.67% (4 x 4 configuration) to 81.60%
(28 x 28 configuration). The force-displacement curves of
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Figure 2. Tensile test FEA results for energized composites with different patch areas: a) force versus deformation plot; b) average stress versus average
strain curve; ¢) % normal strain (y-direction) for energized composite laminates to their corresponding maximum stress values; d) zoomed-in view of %

strain illustrating the behavior of failure in laminates.

(©)
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12543
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28x28

0 1 2 3 4 5 6
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Figure 3. a) 3-point bend test load—displacement curves from FEA for energized composites with different patch areas; inset image (b) shows a full and
zoomed-in plot for normal stress for 20 x 20 EcA composite at maximum force; c) zoomed-in view illustrating the higher stresses in the inner layers as a

result of incorporating electrolytes in composites.

various laminates clearly follow a particular trend; as EcA
increases, the F,.. value decreases. These results are further
discussed in Section 3.2. As an example, normal stress (in
Z-axis—out of the plane) results are shown for 20 x 20 EcA com-
posite in Figure 3b with a contour plot showing peak value in red,
corresponding to the maximum load. This peak value is observed
at the bottom layer of the composite, as shown in the zoomed-in
plot of Figure 3c. These peak stresses are due to interlaminar
shearing because EcA is modeled as open cracks in the FEM.
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As a result, the mechanical strength of energized composite
decreases as the electrolyte area increases.

3. Experimental Studies: Results and Discussion

To confirm the simulation results, both bending and tensile
experiment tests were performed. Samples of the energized
composite were made and tested for their mechanical strengths
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Table 3. Maximum sustained force, bending stiffness, and strength for
simulated 3-point bend test of energized composite samples for
different configurations.

Electrolyte Flexural test

{)ni':;hxsi;em] %ECA Force, Bending stiffness Bend strength
N [Frax] [Nmm™] [MPa]

4x4 1.67 1365.4 656.18 903.10

8x8 6.67 1172.7 606.30 775.80

12 x12 15.00 957.8 569.48 633.70

16 x 16 26.67 811.15 517.91 536.78

20 x 20 41.67 667.64 436.20 447.20

24 x 24 60.00 519.13 313.70 343.46

28 x 28 81.60 353.87 160.29 23413

on a UTM in accordance with the relevant industry standards.
The flexural test, also known as the 3-point bend test, was
performed to determine the bending stiffness and strength based
on the recommendations of ASTM D790.%*! A tension test was
performed to determine the tensile stiffness and strength
of the samples following the guidelines given as per ASTM
D3039.>°]
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3.1. Mechanical Characterizations

3.1.1. Flexural Test

All seven configurations of energized composite with varying
EcA versus EpA ratios were fabricated and tested for their bend-
ing stiffness and strength in accordance with the recommenda-
tions of ASTM D790.241 Further details of sample preparation are
given in Section S2.1, Supporting Information.

The 3-point bend test was performed to determine flexural
(bending) strength and stiffness. Figure S4a, Supporting
Information, shows the experimental setup for the 3-point bend
test. The test was performed on an Instron 3369 UTM, in accor-
dance with the recommendations of ASTM D790.%*! Each sam-
ple was tested under a load cell of 50 kN, with a minimum span
length (I) of 70 mm. This satisfies the necessary condition of
D790; the span to thickness (L:H) ratio of the samples should
be greater than 16:1. The test was performed under a
displacement-controlled condition where crosshead speed was
set to 3 mm min .

After completing 3-point bend tests of these seven composites
on the UTM, their load (N) versus deflection (mm) curves are
plotted, as shown in Figure 4b. For comparison purposes, the
load versus deflection curves from simulation studies are shown
in Figure 4a. Several of these curves clearly exhibit all three

(b) 14004 Experimental —28x28
—24x24
12004 —20x20
— 16x16
_ 1000 - —12x12
£ 800 it
> —4x4
o
5 600
s
400
200
04
T T T T T T T T T
0 2 4 6 8 10 12 14 16 18
Deflection (mm)
(d) 1000
900+ —B— Experimental
= 8004 —&— Simulation
o
= 700
£
D 600 A
C
<4
& 500 4
2 400+
©
C
© 300 A
m
2004
0 20 40 60 80
EcA (%)

Figure 4. a) Force versus displacement curves of various configurations of the energized composite obtained through simulation studies on 3-point bend
tests. b) Force versus displacement curves of various configurations of the energized composite obtained through experimental studies (3-point bend
tests). c) Bending stiffness versus EcA (%) curve from simulation and experimental studies. d) Bending strength versus EcA (%) curves obtained for
simulation and experimental studies.
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characteristics: elastic region, elastic—plastic elongation, and plas-
tic deformation followed by breaking. All of these curves start
with linear elastic behavior where force is proportional to the
deflection (mm). After reaching a certain deflection value, the
proportionality relation no longer exists and the curves tend to
bend more toward x-axis but still keep going up. This is where
they show elastic—plastic behavior. After reaching a maximum
value of force (Finay), these curves take a dip and this is where
they enter a total plastic deformation zone where the curve starts
to come down and continues with increasing deflection till it
ends (where the sample breaks).

In composites (Figure 4b), for the purposes of technical and
scientific relevance, only the section of the curves where Fi,, is
achieved is considered significant. Beyond this region, the sam-
ple is assumed to be fractured.*® After this fracture point, the
behavior of the curve is totally random because the breaking
starts via internal crack propagation in multiple directions.
Based on the data obtained from testing different samples
(Figure 4b), the 4 x 4 mm? configuration exhibited F,,,, of about
1342 N (highest among all configurations) at a deflection (§) of
2.96 mm. The reason for it showing the highest F,,., is its lowest
EcA of just 1.96%. Alternatively, 28 x 28 mm? configurations
with the highest EcA of 81.6% exhibited the lowest Fy,y of just
397.71N at a deflection of 4.78 mm. All other configurations
exhibited their F,,., between these two extremes: —8 x 8 mm?:
Froax=1144N, 12 x12mm?* Fou=943N, 16 x 16 mm*:
Frax=810N, 20 x 20mm? F=725N, and 24 x 24 mm?*:
Finax =490 N. The bending strength (MPa) and bending stiffness
(Nmm ") are both determined within the region up to Fiax.
Following bending equations have been used to determine bend-

ing strength and stiffness!?’?®!
. . F
Bending stiffness () = 3 (2)
. . M - EComp4 4
Bending equation: T="r —7 (3)
Fnax
Flexural (Bending) strength (o¢) = 32b";:‘zx (4)

where F is the obtained reaction force (in N), § is the deflection
(in mm) of the center point of the composite (obtained from the
crosshead movement in UTM), M is the bending moment, I is
the moment of inertia of the cross section, Eomp is the effective
Young’s modulus of composite, R is the radius of curvature, [ is
the span length in the bend test, b is the width of the composite,
and h is the thickness of the composite.

First, the bending stiffness (S,) was determined from the
slope (using Equation (2)) of the linear elastic region of
these curves, where proportionality between F and & was main-
tained (Figure 4b). This was clearly visible in the deflection (5)
range of 0-2mm for all of the configurations. The 4 x 4 mm®
configuration exhibited S;, of about 659.29 Nmm™' (highest
among all configurations), while the 28 x 28 mm? showed S,
value reaching only 137.06 Nmm ' as given in Figure 4c. All
other configurations have their stiffness values between these
two extremes: 8 x 8 mm?% S, =564.02 Nmm ™}, 12 x 12 mm?:
Sp=52482Nmm~', 16x 16mm* S,=483.41Nmm
20 x 20mm?% S, =375.05Nmm ™!, and 24 x 24mm?%
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Sp, = 265.66 N mm ™. Stiffness results from all of these seven
configuration composites are plotted against their respective
%EcA in Figure 4c to understand how the ratio of EcA versus
EpA governs the overall stiffness of the energized composite.
The results of simulation studies have also been plotted in the
same perspective in Figure 4c. It can be seen that experimental
stiffness results are in tandem with the simulation studies.
Experimental stiffness is slightly lower in most cases than the
simulation stiffness. The reason could be attributed to the man-
ual hand layup process in the fabrication of these composites,
where it is difficult to control the correct ratio of EcA versus
EpA while fabricating.

Using Fp.x value for each of the configurational composite
and their respective dimensions (b, h), the ultimate value of
the flexural strength (o), also known as bending strength,
was calculated with the help of Equation (4). Just like stiffness
behavior versus %EcA, the 4 x 4 mm? configurational composite
exhibited the highest bending strength of 887.9 MPa. On the
other hand, the 28 x 28 mm?* configurational composite frac-
tured with a bending strength of only 263.13 MPa. The bending
strength of all other configurational composites was calculated
and plotted against their respective %EcA, as shown in
Figure 4d. For all other configurations, the bending strength
ranged between these two extremes and showed an exponential
drop as the %EcA was increased. The values were as follows:
8 x 8mm?* o =756.8 MPa, 12 x 12mm?* o =623.9 MPa,
16 x 16 mm* o = 535.9 MPa, 20 x 20 mm®: o5, =479.6 MPa,
and 24 x 24 mm? og = 324.19 MPa. The bending strength for
the composites was also calculated from F,,,, values obtained
for various configurations in the simulation studies. They are
given in Table 1 and also plotted against the experimentally
obtained values in Figure 4d. The experimental bend strengths
for composites are in close proximity to the simulated bend
strength with a few minor deviations owing to the manual layup
fabrication method of the composites.

3.1.2. Tension Test

All seven configurations of energized composite with varying
EcA versus EpA ratios were experimentally fabricated and tested
for their tensile strength in accordance with the recommenda-
tions of ASTM D3039.1”) Further details of sample preparations
are given in Section S2.2, Supporting Information.

All seven configurational composite samples were subjected to
a uniaxial tension test on an Instron 3380 UTM, having a rated
capacity of 100 kN. Figure S4b, Supporting Information, shows
the experimental setup for the uniaxial tension test on the ener-
gized composite samples. The test was performed under a
displacement-controlled environment where the crosshead speed
was kept constant at 2mm min~" based on the recommenda-
tions of ASTM D3039.1]

Load (N) versus displacement (mm) data were generated
under displacement-controlled conditions for all seven configu-
rational composites. Engineering stress versus strain data were
obtained by using load versus displacement data through dimen-
sional calculations of the samples. The results are plotted in
Figure 5a,b. Interestingly, unlike the results in the bending tests,
uniaxial tension tests tend to generate stress versus strain curves
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Figure 5. a) Force versus displacement curves of various configurations of the energized composite obtained through experimental studies of tension
test. b) Tensile stress versus strain curves of various configurations of the energized composite obtained through experimental studies of tension tests.
c) Longitudinal stiffness versus EcA (%) curve obtained for both simulation and experimental studies. d) Tensile strength versus EcA (%) curve obtained

for both simulation and experimental studies.

(and load—displacement curves) for all configurations with nearly
similar slopes. The slope of the stress versus strain curves of
these composites gives the Young’s modulus for each of them.
The relation of this modulus to the volume fractions of fiber and
epoxy can very well explain this result of nearly similar slopes for
tension tests of these different configurations.??®! If the volume
fraction of the fibers in the composite is given by Vj, and the
volume fraction of the epoxy (or matrix) is given by V,,,, then
the Young’s modulus for any regular fiber-epoxy composite
can be given by the relation®”

Ecerp = Em (1 — Vi) + Ef Vg ()
however, Vi + V,, =1 (6)

where E,, is the Young’s modulus of the epoxy (matrix) and Eris
the Young’s modulus of the fibers. However, in the case of ener-
gized composite (e-CFRP), there is a separate volume occupied
by the electrode materials and electrolyte (supercapacitor patch
areas) where the Young’s modulus is negligible compared to
epoxy and the fibers. If the volume fraction of supercapacitors
is given by Vs, then Young’s modulus for energized composite
is given by!**’!

Ee_cprp = Em(1— (Vg + Vs)) + Ef V¢ (7)
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However, in the case of carbon fiber-based composites, the
value of Er>> E,,.?% Thus, even in the case of different config-
urations of energized composite (each configuration will have a
different Vs), as overall Young’s modulus largely depends only
on Ef, we do not observe any significant changes in the slope
of these curves.

Figure 5c shows the longitudinal stiffness versus %EcA of dif-
ferent configurational composites as obtained from the slope of
their respective load versus displacement curves. For comparison
purposes, longitudinal stiffness (S;) values from the simulation
study have also been plotted in the same figure and experimental
values are similar to the simulation values. For 4 x 4 mm?* com-
posite, the obtained stiffness value is around 8493 Nmm ™"
whereas the 28 x 28 mm? composite exhibited a stiffness of
8525 Nmm ™. For all other configurations, the stiffness values
ranged as follows: 8 x § mm* §=8380 Nmm™’, 12 x 12 mm*
S=8160Nmm ', 16 x 16 mm* S;="7897 Nmm ', 20 x 20 mm”:
§=7972Nmm™ !, and 24 x 24 mm?% S, = 8478 N mm ™. Hence,
there is a minor change in the longitudinal stiffness value for
all the configurations and the overall value hovers around
8000 N mm™ .

Figure 5d shows the ultimate tensile strength of energized
composite plotted against its respective %EcA. This is obtained
from the ultimate stress values of stress versus strain curves
(from Figure 5b) of various configurational composites tested.
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The majority of configurations showed almost similar tensile
strength except for a few outliers like 28 x 28. The 4 x 4 mm?
composite showed the highest tensile strength of 563 MPa, while
28 x 28 mm?* composite showed a still good tensile strength of
417.73 MPa. For all other configurations ultimate strength values
were as follows: 8 x 8mm?% 6,=547.56 MPa, 12 x 12 mm?:
6, =531.15MPa, 16 x 16 mm”* o, =525.8 MPa, 20 x 20 mm®:
06, =516.23 MPa, and 24 x 24 mm”: 6, =465.49 MPa. For com-
parison purposes, the ultimate strength values from the
simulation study have also been plotted in the same Figure 5d.
It can be observed that the results of the experimental study
are in close proximity to simulation studies. However, as the
percentage of EcA goes beyond 60% (for configurations like
24 x 24 and 28 x 28 mm?), it becomes difficult to control
the area in which epoxy spreads because this is done manually
by Layup method. Thus, it can cause minor deviation from
the expected results in stiffness and strength while testing
the composites. This is shown by the outlier values in
Figure 5c¢,d.

3.2. Electrochemical Characterizations

To determine the effect of EcA versus EpA ratio on the energy
storage ability of energized composite, different patch sizes were
assembled in the form of the asymmetric solid-state devices with
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PAM/Na,SO, gel electrolyte, as discussed in our previous
study.! The cathode is made up of VGCF/Mn;0, electrodes
on a carbon fiber mat (as a current collector). In contrast, the
anode is made up of VGCF/MoOs electrode material on a carbon
fiber mat (as a current collector). These devices (4 x 4, 8 X 8,
12 x 12, 16 x 16, 20 x 20, 24 x 24, and 28 x 28 mmz) were
assembled using a similar approach as that of energized compos-
ite. After curing, the samples were tested on a CHI Impedance
analyzer for their electrochemical characteristics.

First, CV study was performed on these devices with varying
patch areas at a scan rate of 5mVs™". Figure 6a shows the vari-
ous cyclic voltammograms obtained for different patch sizes. The
area enclosed by a cyclic voltammogram determines its capaci-
tance, i.e., charge storage ability.’"! The larger the area, the
higher is the charge storage ability. This is also evident from
Figure 6a. A patch area of 4 x 4 mm? (black) exhibited the small-
est area enclosed in a CV curve, while the patch area of
28 x 28 mm? (navy blue) showed the highest enclosed loop area.
Based on the area enclosed by these cyclic voltammograms, the
capacitance for each of these patch sizes was also determined:
4 x 4mm?”: 88 mF, 8 x 8mm”*: 352 mF, 12 x 12mm?*: 792 mF,
16 x 16 mm* 1408 mF, 20 x 20 mm”: 2200 mF, 24 x 24 mm”*:
3168 mF, and 28 x 28 mm?: 4312 mF. Based on this data, it is
evident that the largest area devices have the highest charge stor-
age ability.

(b)
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Figure 6. a) Cyclic voltammograms of various patch sizes of the fabricated energized composite obtained at a scan rate of 5 mV s™". b) Galvanic charge—
discharge plots of various patch sizes obtained at a charge—discharge current of 10 mA. c) EIS of various patch sizes. d) Energy storage ability per device
lamina of various configurations of energized composite based on their %EcA.
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Next, these devices were subjected to a galvanic charge-
discharge test at a current of 10 mA. GCD plots for these differ-
ent patch sizes are shown in Figure 6b. Again, a similar pattern
was obtained where the highest area electrode 28 x 28 mm?
delivered the highest discharge time of 323 s, whereas the lowest
area electrode 4 x 4 mm? delivered a discharge time of just 12 s
at 10 mA charge—discharge current. The other patch area elec-
trode had their discharge time between these two extremes:
8 x 8mm?: 41s, 12 x 12mm? 75s, 16 x 16 mm?: 104s,
20 x 20 mm? 1555, and 24 x 24 mm®: 2165s.

Further, to determine the impedance of these patch sizes, the
fabricated devices were subjected to electrode impedance spec-
troscopy (EIS). The obtained EIS spectra for these patch sizes
are plotted in Figure 6¢ in the form of a Nyquist plot.
Equivalent series resistance (ESR) for various patch sizes was
obtained from the abscissa of the curves in the initial high-
frequency region.*? Almost all of these curves intersect the real
axis of the spectra at a value of ~2.08 Q. This can be explained
because the electrode material and the electrolyte are exactly the
same in all of the patches; hence, the ESR value should be the
same for all devices.”?! Next, the charge transfer resistance (Ry),
also known as faradaic resistance, is obtained from the cut
(chord) on the real axis by the imaginary semicircle arc made
by these plots in the high-frequency region.**! Unlike the con-
stant ESR, the charge transfer resistance is inversely dependent
on the patch area of the electrodes. The smallest 4 x 4 mm? patch
exhibited the highest R, of =3 Q, while the largest 28 x 28 mm?
patch size showed the least R of ~1.5 Q. This can be explained
by the fact that a larger patch size means a larger area of the cur-
rent collector (carbon fabric) that can better facilitate charge
transfer, hence showing a lower resistance. A similar trend
was shown in the low-frequency regions of Nyquist plots, where
the slope of the plots determines the leakage resistance (Ry).
Clearly, the 4 x 4 patch size (smallest area) had the smallest slope
showing high leakage resistance, while 28 x 28 patch size (larg-
est area) had a higher slope signifying low leakage resistance. All
other patch area devices offered leakage resistance in between
these two extremes.

Based on the charge storage value and EcA versus EpA ratio,
various configurations of the energized composites are catego-
rized based on their energy storage ability (per device laminate).
A bar chart showing this energy storage ability based on EcA is
given in Figure 6d. The 4 x 4 patch size configuration has the
lowest EcA versus EpA ratio (i.e., lowest %EcA). However, it
exhibits the highest tensile and bend strength (as discussed pre-
viously) but offers the energy storage ability of 51.67 mWhm *
only. On the other hand, the highest patch size device of 28 x 28
offered a high energy storage value of 2531 mWhm % All other
configurations showed energy storage ability directly proportional
to their patch sizes (i.e., %EcA): 8 x 8 mm® 206.66 mWhm 2,
12 x 12 mm”: 464.99 mWhm 2, 16 x 16 mm* 827.96 mWhm ?,
20 x 20 mm* 1291 mWhm ?, and 24 x 24 mm®: 1859 mWhm 2.

4. Conclusion
In this work, we have performed a design optimization study on

the tensile strength, bending strength, and electrochemical
energy storage ability of our multifunctional energized
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composite. We have designed different configurations of ener-
gized composites by modulating the ratios of EcA versus EpA.
Further, these configurations have been simulated using ANSYS
software to check their tensile strength and bend strength by uni-
axial tension test and a 3-point bend test. To confirm the results
of simulation studies, the exact replica of these composites has
been fabricated in the lab and was also tested on an Instron UTM
machine, based on the relevant ASTM standards for tensile and
bend test. Further, to assess the energy storage ability of the con-
figuration based on their patch size, electrochemical character-
izations like CV, galvanic charge-discharge tests, and EIS
have been performed. It can be concluded from the results that
as the EcA on the laminates of energized composite is increased
(i.e., the EpA is reduced), there is an exponential drop in the
bending strength of the composite, while the tensile strength
almost remains constant. An increase in the EcA also correlates
to the higher energy storage ability in energized composites. By
analyzing the bending, tensile, and electrochemical test results
for various design configurations of energized composite, a spe-
cific configuration for each body panel in the EV can be chosen
for desired maximum charge storage while maintaining mini-
mum tensile and bending strengths. Results from this study
could help in the faster adoption of energized composite technol-
ogy in the EV industry, which will also help to extend the range of
EVs making them more popular among the customers
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the author.
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