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Case 5.1

(a) 0.030 s (b) 0.045 s (c) 0.060 s

Figure B.19.: Case 5.1: 3rd principal stress contours (Range: -20 MPa to 0 MPa)

Case 5.2

(a) 0.030 s (b) 0.045 s (c) 0.060 s

Figure B.20.: Case 5.2: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
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Case 5.3

(a) 0.030 s (b) 0.045 s (c) 0.060 s

Figure B.21.: Case 5.3: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
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Appendix C: Force-Displacement plots for cases with MAT024

Parameter 1: Longitudinal Length
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Figure C.1.: Force-Displacement Plot: Effect of varying the longitudinal length for

GBA

Parameter 2: Cross-sectional Area
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Figure C.2.: Force-Displacement Plot: Effect of varying the cross-sectional area for

GBA
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Parameter 3a: Plateau Stress
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Figure C.3.: Force-Displacement Plot: Effect of varying the plateau stress for GBA

Parameter 3b: Material Properties – Stress-strain Curve Parameters
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Figure C.4.: Force-Displacement Plot: Effect of varying the stress-strain curve

parameters for GBA
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Parameter 4: Use of Sacrificial Foam
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Figure C.5.: Force-Displacement Plot: Effect of using sacrificial foam

Comparison of GBA and FCBA
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Figure C.6.: Force-Displacement Plot: Comparison of GBA and FCBA
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Appendix D: RVE Study

A representative volume element study was performed by T. Nguyen as a part of

a project with Purdue University under ARPA-E RANGE Program [36]. Data from

the study which was relevant to this study has been shown below. Figure D.1 shows

the RVE models used for analytical estimates and for unit cell analysis.

(a) Geometry used for analytical estimates of

RVE

(b) Unit cell analysis for RVE

Figure D.1.: Graphic representations used for RVE study

A multi-objective optimization was performed with the following set-up:

Objective functions:

1. Maximize the energy storage per unit of mass

2. Maximize the impact energy absorption per unit of mass

Constraints:

• Collapse load

• Densification strain: densification strain should be larger than a certain level

because GBA will function in and accommodate the large deformation of crumple

zones.

• Geometry
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Design variables:

• Tube radius

• Tube thickness

Based on the geometrical constraints and the collapse load constraint, a plot for the

densification strain (Fig. D.2(a)) was obtained. This was used to determine the design

space.

The optimization gave designs in the form of a Pareto front (Fig. D.2(b)) which are

equally valid optimal multifunctional solutions. This shows that the two objectives

are conflicting, i.e., and improvement in one objective leads to a degradation in the

other and vice versa, leading to trade-off solutions.

(a) Allowable densification strain for

RVE

(b) Pareto front for robust battery

Figure D.2.: Graphical outputs for RVE study


