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ABSTRACT

DYNAMIC BEHAVIOR OF LIQUID NANOFOAM AND ITS FUNCTIONALIZED
MATERIALS AND STRUCTURES

By
Mingzhe Li

The use of energy absorption materials and structures for protection in collision, explosion, and
impact attacks has long been recognized as one of the most effective approaches to reduce and
prevent personnel injuries and infrastructure damages. These systems have been widely used in
many industrial, medical, and military applications. Recently, an advanced energy absorption
material, liquid nanofoam (LN), has been developed with high energy absorption capacity as well
as high energy mitigation rate. The LN system, composed of a liquid phase and a hydrophobic
nanoporous media, employs the pressurized liquid flow in nano-channels as its energy absorption
mechanism. However, previous studies of the LN mainly focused on the quasi-static behaviors.
Only limited effort had been made to understand the working mechanism of the LN under dynamic
impacts which are the practical loading condition in scenarios such as auto collisions, blunt impacts
and blasts. This dissertation presents the first systematic experimental study on the dynamic
behavior of the LN system and reveals the deformation mechanism of LN under high strain rates.
These scientific findings open up new applications of the LN functionalized materials and
structures.

The intermediate and high strain rate responses of LN systems have been characterized by a
lab-customized drop tower apparatus. The competition between liquid infiltration and porous
structure deformation at high strain rates has been elucidated at nanoscale. Results show that liquid
infiltration into nanopores is independent of the axial buckling stress of the nanopore, and thus is

the dominating deformation mechanism of the LN. More importantly, the activation of liquid



infiltration as well as liquid flow in nanopores are much faster than the nanoscale porous structure
deformation. This much-enhanced liquid flow speed in nano-environment is experimentally
quantified for the first time. It has been demonstrated that the liquid infiltration speed is adaptive
to the impact energy level, which provides mechanistic explanation for the high energy absorption
efficiency of LN at high strain rates. Results also suggest that LN in the liquid marble form
performs better than the liquid form upon high strain rate impact due to the macroscopically
homogenous structure in the liquid marble form.

Based on the fundamental understanding of the deformation mechanism and the adaptive
nanoscale liquid flow, LN has been integrated into other materials and structures to generate
multifunctional materials and structures, e.g. LN-filled tube (LNFT), hybrid hydrogel, and
advanced seat belt retractor system. In LNFT, LN is utilized as a novel filling material in thin-
walled tube. The resulted LNFTs possess enhanced average post-buckling strength and energy
absorption capacity due to the “perfect bonding” between the LN and the tube wall. Also, based
on the adaptive nanoscale liquid flow, the LNFT is more efficient for energy mitigation at elevated
strain rates. In LN-based hybrid hydrogels, LN is formulated and encapsulated in hydrogel by
integrating nanoporous particles into the 3D polymer network. Liquid infiltration mechanism,
combined with the chemical and physical cross-linking effects, leads to the improvement of both
strength and toughness of the hybrid hydrogel, which is not seen in current hydrogels. In LN-based
seat belt retractor system, LN is employed as the load-bearing component, which allows additional
payout tunability, adaptability, and reusability in the system.

The knowledge gained in this study will facilitate the design of next generation of advanced

LN-functionalized materials and structures for extreme working conditions.
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Chapter 1

Introduction

1.1 Motivation

The rapidly evolving world is facing many grand challenges in the 21% century. One of the global
problems is human injuries and infrastructure damages due to collision, explosion, and impact
attacks. For example, road traffic crashes have been a leading cause of death in the U.S. According
to the traffic safety report by National Highway Traffic Safety Administration (NHTSA), about
35,000 people are killed on roadways each year in the U.S. as shown in Figure 1-1a [1]. Road
traffic injuries have placed a huge societal and economic burden. The advances in technologies
have led to the emergence of autonomous vehicles which have potential to reduce traffic
congestion and improve productivity [2]. Yet recent negative trends in crashes involving active
driving technologies assisted vehicles have suggested the importance of passive protection system
to save lives and prevent occupant injuries. Given these facts, it is urgent to develop protection
systems with high energy mitigation efficiency for personnel and infrastructures.

Developing energy absorption materials and structures is a promising way to address the above
challenge. When subjected to external impact, the energy absorption material deforms and
converts the Kinetic energy associated with the impact to other forms of energy. Thus, the
transmitted load level, which reaches the protected personnel or infrastructures is alleviated. Figure
1-1b shows a typical mechanical response of an energy absorber. Ideally, the transmitted pressure,
which is the stress level of the plateau, should be maintained below the safety threshold until the

input energy is fully mitigated.
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Figure 1-1: (a) Persons Killed in traffic accidents in the U.S. (b) A typical mechanical response of
an energy absorber.

In the past decades, various energy absorption materials have been developed for impact
protection, such as cellular materials [3,4], granular materials [5,6], micro-trusses [7,8], fiber
reinforced composite materials [9,10], and many others. However, several issues have limited their
energy absorption performance. Firstly, upon impact, localized damage can be introduced and thus,
the energy absorption capacity of the system cannot be fully utilized [11-13]. Secondly, as the
loading speed increases, the materials cannot respond fast enough to the external loading.
Consequently, the incident energy can penetrate the protection layer with negligible mitigation and
cause severe damage. Thirdly, for most of these materials, the reusability is nearly zero as
permanent deformation is the main energy dissipation mechanism.

In view of these challenges, we propose to study a novel energy absorption material — liquid
nanofoam (LN), which combines a non-wettable liquid phase and a nanoporous media. This
dissertation mainly focuses on the deformation mechanism and energy mitigation performance of
the LN at intermediate and high strain rates. The research findings presented herein provide

guidance on the design of next-generation advanced energy absorption materials and structures.



1.2 Background

1.2.1. Conventional Energy Absorption Materials

1.2.1.1. Thin-Walled Tube

Thin-walled and cellular structures are widely used energy absorbing devices in both military and
commercial applications due to their superior performance, low cost, high deformability, and ease
of manufacturing and installation [14-18]. The progressive plastic deformation of the metallic tube
wall is known as its main energy absorbing mechanism. The metallic thin-walled tube can be
applied to various loading situations, including axial crushing [19], lateral compression [20],
lateral indentation [21], tube inversion [22], and tube splitting [23].

However, the tube wall buckling initiation requires a relatively large stress, after which the
average post-buckling stress drops abruptly. The specific energy absorption, i.e. the gravimetric
energy absorption efficiency, of empty tube is dominated by the post-buckling stress, which is
much lower than the theoretical limit determined by the initial buckling stress.

For years, to close the gap between the practical and theoretical specific energy absorption of
thin-walled tubes, researches have been focused on reinforcing the empty tube by metallic foam
fillers. It has been demonstrated that the filler-tube interaction can effectively improve the energy
absorption and mechanical properties of thin-walled tube under both quasi-static [24-28] and
dynamic [29,30] conditions. However, due to higher density, metallic foam filled tube may show
a lower specific energy absorption compared with empty tube [24]. Efforts have been made to
improve it by using multi-cell tube [31], double-walled tube [32], conical configurations [33],

light-weight foam[34], or numerical optimization [35].
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Figure 1-2: (a) The progressive folding of a steel tube (Reprinted from [36] with permission from
Elsevier, Copyright 2003) (b) Common deformation modes of thin-walled tubes (Reprinted from
[16] with permission from Elsevier, Copyright 2017) (c) Typical mechanical behavior of thin-
walled tubes (d) Mechanical behavior of foam-filled tubes (Reprinted from [16] with permission
from Elsevier, Copyright 2017)

1.2.1.2. Foams

Foams are cellular solid materials trapping pockets of gas inside. The high energy absorption
capacity combined with high strength-density ratio has led foams to be used in many stiffness
related and passive safety structures [37]. The controlling parameters of a foam include the cell

structure, density and matrix materials. Based on its matrix, foams are classified into two kinds:

polymeric foam such as polyurethane foam and metallic foam such as aluminum foam. Metallic



foams usually contains highly disordered cells (Figure 1-3a), whereas polymeric foams have a

regular cellular structure (Figure 1-3b).
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Figure 1-3: (a) Aluminum foam (Reprinted from [38] with permission from The American Society
of Mechanical Engineers, Copyright 2017) (b) Polystyrene foam (Reprinted from [39] with
permission from John Wiley & Sons, Inc., Copyright 2015) (c) The deformation mode of a foam
cell (Reprinted from [40] with permission from The Royal Society, Copyright 2006) (d) Typical
mechanical response of a polyethylene foam.

The energy dissipation mechanism of a foam is the deformation (bending or buckling) of the
foam cell wall, as shown in Figure 1-3c. However, the damage localization, rate embrittlement

effect and permanent deformation have limited the energy absorption performance of foams.



1.2.1.3. Other Materials

The energy absorption materials also include honeycombs [41], carbon nanotube forest [42], nano-
and micro- trusses [43,44], composites [45-47], granular media [48,49], shear thickening liquid
[50], etc. However, as previously discussed, the performance of these materials are limited by the

rate embrittlement effect and damage localization effect (Table 1-1).

Table 1-1: Summary of energy absorption materials.

Material Mechanism Issue

Low energy absorption efficiency after
buckling initiation, damage
localization, rate embrittlement effect,
permanent deformation

Thin-walled tube Buckling of tube wall

Foam, -
Damage localization, rate
Honeycomb, . . i
) Deformation of unit cell embrittlement effect, permanent
Nano- and Micro .
HUSSES deformation

Damage localization, rate
embrittlement effect, permanent
deformation, shear

Carbon nanotube  Deformation of unit cell,
forest internal friction

Damage localization, rate
Composite Fracture, delamination embrittlement effect, permanent
deformation

Shear thickening

liquid Shear thickening Only applied in high shear rate

Granular media Internal friction Localized force chains




1.2.2. Liquid Nanofoam

In the past decade, a novel energy absorption system, liquid nanofoam (LN), with high energy
absorption efficiency has been developed for high-performance passive protection devices [51—
57]. Figure 1-4 shows a typical LN sample in a transparent poly(methyl methacrylate) (PMMA)
testing cell. LN system is composed of two phases: a nanoporous material phase containing large

volume fraction of nanometer pores whose surface is specially treated and non-wettable to the

liquid phase [56], and a liquid phase where the nanoporous material is immersed.

PistBli-as ‘
: Nanoporous

Silica

Figure 1-4: An LN sample in a transparent PMMA testing cell.
1.2.2.1. Nanoporous Particles
Nanoporous particles are widely used in a number of applications, such as sensing [58-62],
molecular transportation [63-65], separation [66] and catalysis [67—70], due to their high specific
surface area, unique framework and surface properties. Typical nanoporous materials include
nanoporous silica, carbon, zeolites, polymer, ceramics, etc. Nanoporous materials are classified
into three types based on its pore size, namely, microporous material (< 2 nm), mesoporous

material (2 — 50 nm) and macroporous material (> 50 nm), as shown in Figure 1-5.
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Figure 1-5: Three different types of nanoporous silica materials. (a) A microporous material
(Reprinted from [71] with permission from American Chemical Society, Copyright 2015) (b) A
mesoporous materials (Reprinted from [72] with permission from Elsevier, Copyright 2006) (c) A
macroporous material (Reprinted from [73] with permission from The Royal Society of Chemistry,
Copyright 2013).

In the past, enormous efforts have been made to develop methods to synthesize nanoporous
materials. The widely used methods include templating methods [74] and nanocasting methods
[75]. The templating method starts from a suitable template structure. In the templating step, the
template is surrounded or bonded to the precursor. The created pore resembles the size and shape
of the templates. Finally, the template is removed. Therefore, the properties and most importantly
the size and interconnectivity of the pore can be tuned by the templates. Nanocasting is a powerful
method for synthesizing nanoporous materials that are difficult to synthesize by conventional
method. Hard templates are usually applied in this method to synthesis nanoporous material with
ordered pore structures. The nanocasting method includes the formation of the hard template, the
casting of precursor and the removal of the hard template. Ordered porous material, such as zeolite,

alumina membrane, are commonly used in this method.

1.2.2.2. Surface Treatment
As discussed previously, the inner surface of nanoporous particles must be hydrophobic, so that
the effective solid-liquid interfacial tension is larger than the combination of the effective surface

tension of nanopore wall and the liquid. Thus, at ambient conditions, the nanopore surface can



repel the liquid and keep it out of nanopores. Otherwise, the nanoporous particles would be soaked
up spontaneously by the liquid and the system becomes rigid, as shown in Figure 1-6.

Surface modification is applied to increase the surface hydrophobicity of the nanoporous
particles. One of the most efficient surface modification methods is to graft an alkyl layer on the
nanopore surface [56], as shown in Figure 1-7. The interaction between the hydroxyl groups and

the surface treatment reagent is:

u I

Sio, }~OH + R-Si-Cl — Si02 }—O-Si-R + HCI
o) @)
a &

The surface properties would be dominated by the grafted alkyl layer. Commonly used surface
treatment reagent and their effective layer thicknesses are listed in Table 1-2. Figure 1-8 shows

typical surface treatment procedure and Figure 1-9 shows the experimental set-up.

Table 1-2: Surface reagents and the bonded layer thickness [76,77].

Surface Reagent Effective Layer Thickness (nm)

CHsSi(CHz):Cl 0.3
CH3(CH>)7Si(CHs3)2Cl 0.8
CH3(CH2)17Si(CHa)Cl 1.4
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Figure 1-6: Typical compressive behavior of LN containing nanoporous silica without surface
treatment.
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Figure 1-8: Typical surface treatment procedure.

Figure 1-9: Experimental setup of surface treatment.
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Figure 1-10: Typical compressive behavior of LN containing nanoporous silica with surface
treatment.

After surface treatment, the nanoporous material can be used in the LN system. Typical
compressive behavior of LN is shown in . As the external pressure is relatively low, the LN system
volume decreased slowly. As the pressure increases to about 15 MPa, the slope of the curve
decreases remarkably and an infiltration plateau can be observed. The plateau indicates that the
capillary effect of the hydrophobic nanopore is overcome and liquid is driven into the nanopores.
When the external pressure reaches around 25 MPa, the infiltration plateau ends. The pressure at
which the liquid infiltrates into the nanopores is defined as the liquid infiltration pressure P,,.
Therefore, the P, ranges from 15 MPa to 25 MPa. The effective specific pore volume AV, ,
which is the volume change during liquid infiltration, is around 0.55 cm®g. Upon unloading, the
pressure drops abruptly, leading to a highly hysteretic behavior of the LN system. The area

enclosed by the loading and unloading curves is the energy absorbed by the LN system E,.
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1.2.2.3. Liquid Infiltration Mechanism under Quasi-Static Loading Condition

Figure 1-11 shows the liquid infiltration mechanism in a single nanopore. Since the inner pore
surfaces are hydrophobic, the liquid phase cannot enter the nanopores spontaneously under
ambient condition. As the LN system is pressurized and the pressure reaches a critical value, the
capillary effect is overcome. Consequently, the liquid molecules are driven into the nanopores.
The nanopore surface is exposed to the liquid, creating energetically unfavorable solid-liquid
interface. Upon removal of the external pressure, the solid-liquid interfacial tension is dissipated
as heat [78]. Due to the ultra-large specific surface area (ranging from 100 to 1,200 m?/g [79]),

tremendous amount of energy is dissipated.

Nanoporous Material
Skeleton N

7
Nanopore = =
Hydrophobic -~ Liquid
Surface = :

Figure 1-11: Schematic of the liquid infiltration mechanism in a nanopore.

1.2.2.4. System Parameters
The liquid infiltration pressure is governed by the Young-Laplace equation,

2 - 0
P, = 47 - cosv 1-1)
T

where ~ is the effective solid-liquid interfacial tension, ¢ is the contact angle between the liquid
and nanopore surface, and r is the effective nanopore radius. Thus, P,, can be controlled by

adjusting various factors, as summarized in Table 1-3.
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Table 1-3: Control parameters of Pin.

Control Parameters

Pore size [80]
Surface coverage [56,81]
Viscosity of liquid [82]
lon concentration in liquid [83—-85]

—>—>—><—:U

Temperature [86] -

* The change in Pin is based on increasing value of each control parameter.
“4” denotes positive correlation, “V” denotes negative correlation, and “-” denotes uncertainty

1.2.2.5. Advantages of the LN under Wide Range of Strain Rates
Based on previous study under quasi-static loading conditions [51-57], the LN system has multiple
advantages compared with conventional energy absorption materials:

(1) High energy absorption efficiency. Due to its ultra-large specific surface area and the
unique energy dissipation mechanism, the LN system has high energy absorption
efficiency ranging from 5 J/g to 100 J/g, much higher than that of conventional energy
absorption materials [87];

(2) Light weight and small size. The density of typical nanoporous materials is 0.1~0.5 cm®/g
and the size of nanoporous particles is 1~100 um. Due to its fluidity, the LN system can
accommodate to any shape, making it a potential filling material in other materials and
structures;

(3) Reusability. With proper surface treatment of the nanoporous particles, the LN can be fully
reusable [56]. This is beneficial for mitigation of second impact.

(4) Tunability. The performance of LN can be controlled via tuning various parameters listed

in Table 1-3. The LN can be customized to protect different personnel and infrastructures.

14



In current work, in the range of intermediate and high strain rates, the LN has additional advantages
over conventional energy absorption materials and structures.

(5) Ultra-fast response and energy mitigation rate. The liquid infiltration activation takes less
than millisecond, which makes LN a promising energy absorber in high strain rate impact.
It has also been numerically demonstrated that the LN system possesses ultra-fast energy
mitigation rate for a single nanopore [54,88]. In this dissertation, we have experimentally
demonstrated this ultra-fast response in chapter 2 and 3.

(6) Suppression of damage localization. Due to the existence of the liquid phase, hydro-static
pressure developed in LN is capable of preventing damage localization. This have been
validated in chapter 5 and 6 in this dissertation.

1.2.3. Dynamic Behavior of Materials

1.2.3.1. Classification of Loading Conditions

When subjected to a high-speed loading, the materials or structures deforms rapidly, i.e. the values
of strain rate are high. The mechanical response of the object at intermediate (1 s%) or above strain
rates is defined as its dynamic behavior. The dynamic behavior of materials and structures is of
great importance in evaluating the material performance for events such as collision, explosion,
and ballistic impact. The loading conditions can be classified to several regimes according to the

strain rate of the material (Figure 1-12).
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Figure 1-12: Schematic of the strain rate and related experimental techniques [89,90].

Various experimental techniques have been developed to study the mechanical behaviors of
materials under different strain rates. Quasi-static tests are typically accomplished by a variety of
hydraulic or screw driven machines. The dynamic behavior is usually characterized by drop tower
test [91], split Hopkinson pressure bar [92], gas gun impact [93], shock tube [94], or pressure-
shear plate impact test [89], etc.
1.2.3.2. Strain Rate Effect on Mechanical Response of Materials and Structures
As the strain rate increases, the mechanical behavior of materials and structures may change
drastically (Figure 1-13).

From the material science point of view, the strain rate dependence of materials is related to the

microstructure of the materials. In crystalline materials such as metals, the dislocation motion and
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interaction with interfaces leads to strain rate sensitivity of the materials [95,96]. Figure 1-13a and

Figure 1-13b show the strain rate effect on the mechanical properties of metals.
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Figure 1-13: Strain rate sensitivity of various materials. (a) Copper (Reprinted from [97] with
permission from Elsevier, Copyright 2006) (b) Steel (Reprinted from [98] with permission from
Elsevier, Copyright 2008) (c) Polycarbonate (Reprinted from [99] with permission from Elsevier,

Copyright 2001) (d) Polyurea (Reprinted from [100] with permission from Elsevier, Copyright
2007).

In amorphous materials such as polymers, the viscous flow of the polymer chain results in the
viscoelastic behavior of the material, which is strain rate dependent, above its glass transition
temperature [101]. Figure 1-13c and Figure 1-13d show the strain rate effect on the mechanical
properties of polymeric materials. As the strain rate increases, the polymer becomes more rigid as

well as brittle since the polymer chain movement is suppressed in short interval of time.
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Strain rate can also affect the mechanical response of energy absorption materials and structures.
For example, in cellular foams, micro-inertia effect leads to the strain rate dependency of both the
plateau stress and the densification strain [102—106]. Figure 1-14 shows the strain rate sensitivity
of various cellular foams. Typically, as strain rate increases, the buckling strength is promoted
while the compressibility is reduced, which is problematic for protection as the increased buckling

strength may exceed the safety threshold of the protected personnel or infrastructures.
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Figure 1-14: Strain rate sensitivity of cellular foams. (a) ALPORAS aluminum foam (Reprinted
from [106] with permission from Elsevier, Copyright 2010) (b) Closed-cell aluminum foam
(Reprinted from [104] with permission from Elsevier, Copyright 2005)

1.2.3.3. Working Mechanism and Experimental Setup of Drop Tower Tests

In a drop tower apparatus [107], a weight falls from a pre-determined height and impact the
specimen which is supported on a horizontal base. The incident velocity of the drop weight is
determined by the free-falling equation and measured by an accelerometer sensor located on the
drop weight or optical sensor located just above the specimen. The force history of the impact is
measured by the accelerometer or a load sensor located just below the specimen. Figure 1-15a
shows a typical drop tower apparatus and Figure 1-15b shows a foam-core sandwich panel

subjected to drop tower impact.
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The advantages of drop tower test include: (i) it allows a wider range of sample geometries. (ii)

The strain rate has a wider range from 10 to 10° s™%, (iii) The experimental set-up is cost effective.
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Figure 1-15: (a) A typical drop tower tester (Reprinted from [91] with permission from Elsevier,
Copyright 2012) (b) A functionally graded aluminum foam subjected to drop tower impact
(Reprinted from [108] with permission from Elsevier, Copyright 2015).

1.3 Research Objectives

The LN-based energy absorption system has been a topic of study for about one decade. Figure
1-16 summarizes that studies on LN system have been mainly focused on its quasi-static responses
in the past decade. While the guasi-static behavior of LN system has been extensively investigated
[79,109-119], it shed little light on the actual system performance under dynamic loading in
practical applications. Therefore, characterizing the dynamic behavior of LN system is required to
evaluate its energy absorption efficiency under real impact scenarios. Qiao et al. [120] conducted
high speed impact experiment with SHPB (Split Hopkinson Pressure Bar) apparatus on Fluka 100

nanoporous silica-based LN system and Sun et al. [52] demonstrated the cushioning effect of
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Zeolite B/water LN system. Despite of these results, the dynamic behavior of LN is still unclear
and a systematic study on the dynamic behavior of the LN system is desired.

The focus of this research is to characterize the dynamic behavior of LN system and to
understand the corresponding deformation mechanism. The liquid infiltration behavior of LN
system at high strain rates will be elucidated and the energy absorption performance of LN system
under dynamic impacts will be evaluated. We will also validate the ultra-fast response of LN
system and demonstrate its extremely high and adaptive energy mitigation capability at high strain
rate. The study will have merit in guiding the design of next-generation energy absorption
materials and structures.

The second research objective is to experimentally characterize the liquid flow speed in the
nano-environment. The liquid flow in nano-channels is considerably different from bulk phase
liquid flow. While many researches have investigated the nanoscale liquid flow speed using
cylindrical nano-channel (2D) models, this research features the study of nanoscale liquid flow

using interconnected irregular 3D nanoporous structure.
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Figure 1-16: LN related studies including simulation, quasi-static experimental characterization
and dynamic experimental characterization.

The third research objective is to realize the application of LN system in various materials and
structure. The LN system will be used to functionalize other energy absorption or load bearing
materials such as hydrogel, and structures such as thin-walled tube and vehicle belt retractor
system. We will demonstrate that the LN system is an excellent energy absorbing component to

be incorporated with other materials or structures.
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1.4 Dissertation Outline

This dissertation consists of nine chapters. Chapter 1 introduces the motivation of this research. A
brief overview of energy absorption materials and structures, liquid nanofoam, and dynamic
behavior of materials is provided. Chapter 2 presents the competition mechanism between liquid
infiltration and pore deformation in LN systems under both quasi-static compression and dynamic
impact conditions. Chapter 3 presents an experimental method to characterize the liquid flow in
3D nanopores. Chapter 4 discusses the effect of sample structure on the performance of LN system
under dynamic loading conditions. Chapter 5 reveals the reinforcement effect of LN on small scale
thin-walled tubes and demonstrates the “perfect bonding” between LN and the tube wall, which
leads to the enhanced filler-tube wall interaction. Chapter 6 presents an experimental study on
large-scale thin-wall tubes filled by LN. Chapter 7 explores the reinforcement effect of LN on
hydrogel. Chapter 8 provides a novel design of seat belt retractor using LN. Chapter 9 summarizes

the main findings and discusses the future work.
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Chapter 2

Competition of Deformation Mechanisms at Nanoscale

This chapter presents the competition mechanism between liquid infiltration and pore deformation
in LN systems under both quasi-static compression and dynamic impact conditions. The strength
competition was investigated quasi-statically and results show that liquid infiltration can always
happen, independent of the critical axial buckling pressure of nanopores. The speed competition
was studied by dynamic impact test and we have demonstrated that the speed of activation and
liquid flow of LN is higher than that of pore deformation. The study reveals the fundamental
competition mechanism between liquid infiltration and pore deformation, and sheds lights on the
design of liquid nanofoam-based high-performance energy absorption materials and devices. The
study on strength competition between liquid infiltration and pore deformation presented in this
chapter was published in Nanoscale [121] and the study on speed competition between liquid
infiltration and pore deformation presented in this chapter is to be submitted for publication

consideration.
2.1 Introduction

The underlying energy dissipating mechanism of LN is to force a non-wetting liquid to flow into
hydrophobic nanopores, converting the external mechanical energy into solid-liquid interaction
energy and heat dissipated by solid-liquid surface friction [78]. Due to the ultra-large surface area
of nanoporous material (~1000 m?/g), the energy absorption capacity can be as high as 100 J/g,
much higher than conventional materials [120,122]. In addition, liquid may flow out of the

hydrophobic nanopores upon removing the loading, making LN a reusable energy absorber. More
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importantly, it has been theoretically validated that the LN system possesses ultra-fast energy
dissipation rate. For example, the single carbon nanotube-based LN can be immediately activated
at the incident speed of 1000 m/s [88].

While the energy dissipating mechanism of LN, namely liquid infiltration into nanopores, has
been extensively studied, two fundamental questions regarding whether the liquid infiltration will
happen or not remain unanswered.

2.1.1. Which is more robust: liquid infiltration or nanopore deformation?

As the LN system is pressurized (Figure 2-1a), the nanopore is subjected to a uniform load,
leading to either liquid infiltration (Figure 2-1b) into the nanopore or nanopore deformation
(Figure 2-1c). The pressure under which liquid infiltration occurs is determined by the Laplace-
Young equation

27 cost

P, 2—-1

(243
r

where ~ is the liquid-solid surface tension, 6 is the contact angle between the nanopore surface
wall and liquid, and r is the radius of the nanopore.

The pore deformation is classified into two different modes, i.e. axial buckling and radial
collapse. The critical pressures dominating these modes are the critical axial buckling pressure

per. ., and the critical radial collapse pressure P< .. ., respectively.

axial? radial?
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Figure 2-1: Schematics of the LN system under loading (a) pressurized LN system (b) liquid
infiltration (c) nanopore deformation including radial collapse and axial buckling of the nanopore.

In this chapter we investigate the strength competition between liquid infiltration and nanopore
deformation by comparing the quasi-static performance of two solid nanofoams (SNs) and SN-

based LNs. One LN system has the quantitative relation of P, > P:". . and the other P, <

wm ac wm

P .. Results show that liquid infiltration plateau can be observed for both LNs. Therefore, it is
demonstrated that liquid infiltration occurs, independent of the axial buckling stress of the
nanopore. The elucidation of this strength deformation competition mechanism will offer guidance
for designing high performance energy absorption structures.

2.1.2. Which is faster: liquid infiltration or nanopore deformation?

As the strain rate increases, the nanopore may not respond fast enough due to inertia effect or
shock wave effect [123]. The increased strain rate also requires much higher liquid flow speed in
nanopores (red arrows in Figure 2-1b), while it has a limit [124-126]. That is, under high strain

rate conditions, if the liquid infiltration is slower than pore deformation, pore deformation occurs

regardless of the quantitative relationship between P, and P¢7. . or P<",. .. Evaluating the speed

in radial”
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competition between liquid infiltration and nanopore deformation is desired to demonstrate the
high strain rate performance of LN.

Here we have investigated the speed competition between liquid infiltration and nanopore
deformation by comparing the dynamic performance of a solid nanofoam (SN) and the SN-based

LN. The P¢r. . of the nanopore wall is lower than P,

wm*

Under dynamic impact, the nanopore
volume of SN are reduced, indicating the nanopores collapse; While for LN, the liquid infiltration
behavior is not affected and the nanopore volume remains the same. Therefore, it can be validated
that the liquid infiltration is faster than nanopore buckling. This piece of information is of great

importance in order to evaluate the potential application of LN in high speed impact conditions.
2.2 Strength Competition

2.2.1. Experimental

Two LN systems were investigated in this session. The first SN (denoted as IR01) was a
hydrophobic nanoporous silica (Perform-O-Sil 668, Nottingham Corp.). The as-received material
was in powder form, with an average particle size of 4 um. The average pore diameter was 115
nm, characterized by the water porosimetry technique (Figure 2-2) and scanning electron
microscope (Figure 2-3). The corresponding liquid phase is saturated lithium chloride (LiCl)

aqueous solution (46 wt%).
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Figure 2-2: Pore size distribution of IR01 characterized by water porosimetry technique (a)
Cumulative volume of the intruded water as a function of applied external pressure (b) Pore size
distribution of the nanoporous silica gel IRO1.
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Figure 2-3: SEM photos of the silica gel IR01 containing 3-D nanoporous structure with an average
pore diameter of 115 nm.
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Figure 2-4: The schematic of the experimental setup of quasi-static compression test. The sample
was sealed in a stainless-steel testing cell equipped with O-rings.

In a stainless-steel cylinder (Figure 2-4), 0.2 g of the nanoporous silica gel was first pre-
compressed to various peak forces without the presence of liquid at a constant rate of 1 mm/min
by a universal tester (Model 5982, Instron, Inc.). Once the peak force was reached, the crosshead
of the Instron machine was moved back at the same velocity. The peak forces applied on silica gel
IRO1 samples were 0.25 kN, 0.50 kN and 0.75 kN, respectively. The cross-sectional area of the
pistons, A,, was 126 mm?. Thus, the applied peak stress, omax, were 2 MPa, 4 MPa, and 6 MPa
accordingly.

Pressure-induced liquid infiltration tests were conducted on all the IRO1 particles, with or
without pre-compression, based liquid nanofoam (LN) systems. In the stainless-steel cylinder, 2 g
of saturated lithium chloride (LiCl) aqueous solution (46 wt%) was slowly dropped on the silica

gel samples to minimize air bubbles trapped in the LN specimens. Since the silica gel particles
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were hydrophobic, they were not soaked up by the aqueous solution at ambient condition. The LN
sample was sealed by two pistons with O-rings. The upper piston was driven into the cylinder by
the Instron machine at a constant rate of 1 mm/min. When the internal pressure reached 9 MPa,
the piston was moved back at the same speed. The friction between O-ring and cylinder wall was
minimized by high vacuum grease and no leaking was observed during all infiltration tests. The

applied pressure was calculated as

P=_ 22
Al

where F' was the force applied on the piston. The specific volume change of the LN sample was

defined as

2-3

where Al and m were the thickness change of LN sample and the mass of the silica gel,
respectively. Part of the ions in the saturated LiCl aqueous solution was trapped in the nanopores
during the first loading-unloading cycle, which would affect the second loading-unloading cycles.
To remove these residual electrolytes in nanopores, the silica gel samples were separated from the
saturated LiCl solution by filtering, thoroughly rinsed by large amount of ethanol and warm DI
water, and then dried in air at 80 °C for 48 h. The second pressure-induced liquid infiltration tests
were conducted on the recycled nanoporous silica gel-based LN systems. The mass ratio between

the nanoporous silica gel and the saturated LiCl aqueous solution was the same.
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Figure 2-5: SEM photos of the silica gel SG90 containing 3-D nanoporous structure with an
average pore diameter of 7.8 nm.
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The second SN (denoted as SG90) was a nanoporous silica (60759, Sigma-Aldrich). The
particle size and average nanopore size of it were 40-63 um and 7.8 nm [127]. The as-received
SG90 had modified surface, which was non-wettable to water. The corresponding liquid phase is
DI water.

The same mechanical characterization method was applied on SG90 and SG90-based LN. The
peak forces of dry pre-compression applied on silica gel SG90 samples was 3 kN. Thus, the applied
peak stress, amax, Was 24 MPa. The peak pressure in pressure-induced liquid infiltration tests was
48 MPa.

2.2.2. Results and Discussion

2221 P, > P,

Figure 2-6 shows the stress-strain curves of dry pre-compression tests on IRO1 silica gels. The
observed hysteresis behavior indicates that permanent mechanical deformation including buckling

and collapse of nanopores occurred even at the peak stress, o as low as of 2 MPa. Note due to

max’

the 3-D porous structures of silica gel IR0O1 (See SEM photo in Figure 2-3), no radial collapse

deformation is expected, that is, P<7,. . is too large to be reached in the experiment. Therefore,

Ta

the deformation at 2 MPa is totally attributed the axial buckling. Thus, P ..., < 2 MPa. With the
increase of the peak stress, the associated loop area of hysteresis in stress-strain curve increases,
and the deformation of nanopores become more severe as more nanopores are permanently

deformed. Besides, due to relatively wide pore size distribution in the silica gel (Figure 2-2), no

clear elastic to plastic transition was observed in this dry pre-compression tests.
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Figure 2-6: Loading history of the dry pre-compression on empty IR01 silica gels under various
peak stress omax.

Pressure-induced liquid infiltration tests on LN systems were conducted with or without dry
pre-compression. Figure 2-7 shows the P — AV curves of various IR01-based LN samples.
Initially, the liquid did not enter the nanopores due to the surface hydrophobicity of the silica gel,
and the porous particles may experience compression or/and bending deformation. As the external
pressure reached a critical value, the capillary effect was overcome and the liquid was driven into
the nanopores. Consequently, a stress plateau was observed, similar to simulation results in [121].
Once all nanopores were filled, the system became incompressible. The width of the stress plateau

reflected the specific nanopore volume of the silica gel specimens, AV, . The liquid infiltration

pressure, P, , was defined as the pressure at the mid-point of the stress plateau. For LN system

wm?

=0), P,, was about 2.6 MPa. Therefore, P,, > P¢". ., high

in axial?

without pre-compression (i.e. o,,,..

enough to deform nanopores in comparison with the dry pre-compression on particles, yet the

liquid was successfully invaded, in consistency with theoretical analysis and MD simulations [121],

and AV, was around 1.60 cm®/g. As the pre-compression peak stress omax increased from 0 to 6
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MPa, P,

wm

increased from 2.6 MPa to 4.2 MPa, and AV,

sp

of corresponding LN decreased from 1.6
cm?®/g to 1.10 cm®/g. The results of all liquid infiltration tests were summarized in Table 2-1. The
increased P, is in consistency with the liquid infiltration into small pores as the large pores
collapsed prior by the dry pre-compression. The decreased AV, also agrees well with the

increased collapse volume of nanoporous particles by the applied dry pre-compression in Figure

2-6. P, is smaller than that in simulations due to the larger pores used in experiments.

wm

Table 2-1: AVsp and Pin of various IRO1-based LN samples.

O-’NL(I/.’II (MPa) A Vs’p (Cm3/g) 'P’I‘/’H/ (MPa)
0 1.60 2.6
2 1.45 3.2
4 1.30 3.4
6 1.10 4.2

To further confirm the whole process was dominated by liquid infiltration rather than permanent
mechanical deformation of nanopores under compression on LN systems, the silica nanoporous
particles were collected by filtering out the liquid, then thoroughly rinsed by ethanol and warm DI
water to remove the residual electrolytes in the nanopores followed by drying in the air. The
recycled silica nanoporous particles were mixed with same amount of saturated LiCl solution and
tested under quasi-static compression. The P — AV curves are plotted as the second loading-
unloading cycles in Figure 2-7. The liquid infiltration performance of all silica gel samples with
different levels of dry pre-compression remained the same, indicating that the nanoporous
structures was not further deformed in the first loading-unloading cycle with the presence of the

non-wettable liquid. Please note that the silica nanoporous particles have 3-D porous structures, as
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shown in Figure 2-3. When suspended in a liquid solution, upon compression, liquid invades in a

spatial dimension and no radial collapse deformation is expected.
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Figure 2-7: (a) Sorption isotherm curves of IR01-based LN system without dry pre-compression
(b) Sorption isotherm curves of LN system with dry pre-compression at omax= 2 MPa (c) Sorption
isotherm curves of LN system with dry pre-compression at omax = 4 MPa (d) Sorption isotherm
curves of LN system with dry pre-compression at omax = 6 MPa. The loading rate for all

experiments was 1 mm/min.

So far, we have demonstrated that liquid can invade into nanopore even when the liquid

infiltration pressure is higher than the critical axial buckling pressure. The underlying mechanism
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is the presence of liquid environment suppresses the axial buckling of nanopores and consequently,

the liquid infiltration dominates the deformation process, although P, > P . [121].

C
m axr

2222. P, <P

in axial

Figure 2-8 shows the stress-strain curves of dry pre-compression tests on SG90 silica gels. The
applied peak stress, omax, Was 24 MPa. Figure 2-9 shows the P — AV curves of various SG90-

=0 MPua), P, was about

(2l

based LN samples. For LN system without pre-compression (i.e. o,

max

20 MPa and was around 0.55 cm®/g. As the pre-compression peak stress omax increased from 0 to

24 MPa, both P, and AV, were exactly the same as those without pre-compression, indicating

Sp
the pore structure was not damaged. Therefore, the critical axial buckling pressure P¢. , was

aria

higher than 24 MPa. Then the quantitative relationship was P;, < P:7. .. Under this condition,
the liquid infiltration plateau can be observed in Figure 2-9, that is, liquid infiltration occurs.
Therefore, we have demonstrated that liquid can invade into nanopore when the liquid infiltration

pressure is lower than the critical axial buckling pressure.
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Figure 2-8: Loading history of the dry pre-compression on empty SG90 silica gels under peak

Stress omax = 24 MPa.

2.2.3. Conclusions

In this session, we have demonstrated that liquid infiltration can always happen regardless of

the quantitative relationship between the liquid infiltration pressure and the critical axial buckling

pressure.

P, < P¢. . Liquid infiltration happens once P, is reached;

in axial*

m

P, > P¢. - Liquid suppresses the nanopore axial buckling and invades into the nanopores.

in axial*
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Figure 2-9: Sorption isotherm curves of SG90-based LN system with or without dry pre-
compression.

2.3 Speed Competition

2.3.1. Experimental
Silica gel IR01 was used as the nanoporous material in this session. The SN sample consisting 0.2
g of nanoporous silica was sealed in a stainless-steel testing cell as illustrated in Figure 2-4. Quasi-
static compression was applied to the SN sample by a universal tester (Model 5982, Instron, Inc.)
at a constant loading speed of 1 mm/min. When the applied force reached 5 kN, the Instron
crosshead was moved back at the same rate. The porous structure of nanoporous silica was then
examined by pressure-induced liquid infiltration tests. Briefly, after quasi-static compression, the
nanoporous silica was collected and mixed with 0.8 g of 46 wt% lithium chloride (LiCl) solution
in the testing cell, forming SN-based LN system. The LN was then compressed by the universal
tester. Once the force reached 1.9 kN, the crosshead was moved back.

The dynamic behavior of SN sample was investigated using a drop tower apparatus, as

illustrated in Figure 2-10. The SN sample was impacted by a 10 kg freely falling drop weight. By
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adjusting the free drop heights, dynamic tests were conducted at incident speeds of 1 and 2 m/s.
The deceleration history was measured by an accelerometer (353B03, PCB Group, Inc.) and
recorded by a PXI oscilloscope (PXle-5105, NI Corp.) at a sampling rate of 10° s™. The applied

pressure was calculated as

p=_w " 24

where «a is the deceleration of drop weight and m,, is the 10 kg drop weight. The displacement of
the upper piston was calculated as
5t:ffa7d27' 2—5

where ¢ and 7 are time. After the dynamic tests, pressure-induced liquid infiltration tests were
conducted to examine the porous structure of the SN.

The LN sample was prepared by sealing 0.2 g of nanoporous silica and 0.8 g of 46 wt% LiCl
aqueous solution in the stainless-steel testing cell. The same quasi-static compression as well as
dynamic impact was applied on LN samples. The porous structure of the nanoporous silica was

then characterized by pressure-induced liquid infiltration tests.
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Figure 2-10: Schematic of the experimental setup of dynamic impact test. The drop weight is 10
kg and the sampling rate is 10® s

2.3.2. Results and Discussion

Figure 2-11a shows typical stress-strain curves of SN sample subjected to quasi-static compression
or dynamic impact. For dynamic impacts, only the loading curves are shown here. The unloading
part could not be measured because the contact between drop weight and the upper piston could
not be guaranteed when the drop weight bounced back. As quasi-static compression was applied,

the strain at peak stress o, = 40 MPa was 0.68. More importantly, the unloading path was quite

different from the loading path. The hysteric behavior indicates that the nanopores of the SN
undergo permanent deformation including buckling and collapse of the nanopore wall. As the

incident speed increased to 1 m/s, the stress-strain curve was higher than that in quasi-static
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compression test and the strain at o, = 40 MPa was reduced to 0.61, indicating that the SN

stiffened as strain rate increased. Thus, the extent of nanopore deformation was reduced, which
could be validated by pressure-induced liquid infiltration tests. As a result, the energy absorption
efficiency of the SN became lower. As the incident speed increased to 2 m/s, the rate stiffening

effect was further pronounced.
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Figure 2-11: (a) Loading history of the quasi-static compression and dynamic impacts on SN
sample (b) Sorption isotherm curves of the LN consisting of SN after quasi-static compression or
dynamic impact and 46 wt% LiCl aqueous solution.
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Figure 2-11b shows typical P — AV curves of various SN-based LN samples. As the SN was
mixed with liquid at ambient condition, the liquid did not flow into the nanopores due to the surface
hydrophobicity of the SN. When the pressure reached a critical value, i.e. the infiltration pressure
P,,,, the energy barrier caused by the capillary effect was overcome and the liquid was driven into
the nanopores. Consequently, an infiltration plateau, where the curve exhibited the smallest slope,
was observed. Once all the nanopores were filled with liquid, the system became incompressible.

The specific nanopore volume of the nanoporous silica, AV, _, can be determined from the width

sp?

of the infiltration plateau. From Figure 2-11b, the AV, of raw SN was around 1.8 cm?®/g. After

quasi-static compression, the AV, was reduced to 0.5 cm®/g, which means 1.3 cm*/g of nanopore
was crushed or damaged during compression. As the SN was impacted to the same peak stress at
1 m/s, the remaining AV, was around 0.65 cm?®/g; that is, the damaged nanopore decreased to
1.15 cm®/g, consistent with the loading history in Figure 2-11a. As the incident speed increases to
2 m/s, more nanopores were damaged due to the increasing incident energy/peak stress. Therefore,
only 0.3 cm®/g of nanopores remained after the impact.

The rate sensitive behavior is likely to result from the inertia effect [128-130]. As the SN
sample is compressed quasi-statically, the deformation of the nanofoam is in the homogeneous
mode, i.e. the stress field is uniformly distributed in the sample. Therefore, once the
buckling/collapse stress of the nanopore wall is reached, all these nanopores will undergo
permanent deformation. However, as the strain rate increases, the stress equilibrium condition is

no longer valid. The local stress builds up quickly at the impact end due to inertia effect.

Consequently, only the upper part of the SN is subjected to deformation.
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Figure 2-12: (a) Loading history of the quasi-static compression and dynamic impacts on LN
sample (b) Sorption isotherm curves of the LN samples after quasi-static compression or dynamic
impact.

The LN sample was prepared by functionalizing the SN with aqueous solution. The mechanical
behavior was also characterized by quasi-static compression or dynamic impact tests. Typical P —
AV curves of various LN are shown in Figure 2-12a. For clarity, only part of the loading curves
(P < 40 MPa) are shown here. As quasi-static compression was applied, initially, liquid stayed

outside the nanopores and the LN showed elastic behavior. As P, was reached, liquid infiltration
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occurred, and a stress plateau was observed. As all nanopores were used up, the compressibility of
the LN system became zero. Upon unloading, the pressure dropped abruptly and liquid may flow
out of the nanopores. The energy absorption capacity of LN can be calculated from the area
enclosed by the loading and unloading curves. The nanopore volume as well as the infiltration
pressure after compression remained the same as that of raw material as shown in Figure 2-12b,
indicating that the nanopore structure was not damaged during the compression test.

More importantly, as the incident speed increased to 1 and 2 m/s, the mechanical response
showed almost zero difference from that in quasi-static compression test (Figure 2-12a). Neither
the infiltration pressure nor the nanopore volume involved in liquid infiltration was affected by the
remarkably increased strain rates. In addition, the nanopore structure was exactly the same as the
raw material, as validated by the loading curves in Figure 2-12b. Therefore, the mechanical

behavior of LN is strain rate insensitive in this range of loading rates.
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Figure 2-13: Schematic of the sample configuration (a) SN sample (b) LN sample with empty
nanopores (c) LN sample with filled nanopores.

Based on the distinct rate sensitivity of SN and LN, two major findings can be generated. Firstly,
dynamic localization of crushing caused by the inertia effect can be eliminated by the LN. For SN,

upon high speed dynamic impact, the stress equilibrium may not be reached due to the
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microscopical heterogeneous configuration (Figure 2-13a). For LN, all the nanoporous particle are
surrounded by liquid before the onset of liquid infiltration. Therefore, the applied stress during
impact is transformed to homogenous hydrostatic pressure on LN, as shown in Figure 2-13b; Thus,
the stress field is uniformly distributed in the LN and no damage localization will occur.
Secondly, the liquid infiltration speed is higher than the speed of nanopore wall buckling. The
initial buckling stress of the nanopore is about 1.5 MPa, comparable to the initial liquid infiltration
pressure (~1.6 MPa). Considering these similar initiation stresses, the dominating factor would be
the speed. If the liquid infiltration is slower than the nanopore wall buckling, the relatively larger
nanopores start to collapse once the critical stress 1.5 MPa is reached. As the impact progresses,
more nanopores will be crushed and not involved in the liquid infiltration process. As a result, the
LN will show rate dependent behavior and the nanopore volume after impact will be reduced,
which is the contrary of our results. Therefore, the liquid infiltration must be faster than the
nanopore wall buckling speed. As the LN is impacted, liquid infiltrates into the nanopores before
the buckling of nanopore wall. Once the invasion of liquid occurs, the liquid inside the nanopores
will provide a strong constraint to the nanopores and suppress the buckling of the nanopores
(Figure 2-13c), i.e. the buckling stress of nanopores is significantly increased. Consequently, no
nanopore damage will happen, which is consistent with our results. The ultra-fast liquid infiltration
speed is attributed to the frictionless flow in the nano-environment [131-134]. As the liquid enters
the nanopore, a depletion layer with low concentration of liquid molecules and highly oriented
hydrogen bonds would form in between the nanopore wall and liquid. The weak interaction
between liquid and nanopore wall and the strong orientation effects of hydrogen bonds leads to a

frictionless surface and contribute to the flow rate enhancement.
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2.3.3. Conclusions

In summary, we investigated the competition between liquid infiltration and nanopore wall
buckling in LN under dynamic impact. Results show that the nanopores in SN are damaged under
both quasi-static compression as well as dynamic impact, while the liquid infiltration behavior is
rate independent and the nanopores in LN remain the same. The distinct rate sensitivity indicates
that the liquid infiltration is faster than nanopore deformation. To the best of our knowledge, this
is the first time to validate this and demonstrate that the liquid infiltration mechanism is more

efficient than solid cell buckling for energy absorption in high strain rate scenario.
2.4 Summary

In this chapter, we have investigated both liquid infiltration and pore deformation of LN
systems under both quasi-static compression and dynamic impact and revealed the fundamental
mechanism of competition between liquid infiltration and pore deformation. We have
demonstrated that (i) liquid infiltrates into nanopores, independent of the axial buckling stress of
the nanopore and (ii) the activation of liquid infiltration as well as liquid flow in nanopores are
faster than pore deformation. These findings not only address the fundamental and puzzling
question regarding liquid infiltration or pore deformation, but also provides guidance for designing

high-performance liquid nanofoam-based energy absorption materials and devices.

46



Chapter 3

Liquid Flow Speed in Nanopores

The previous chapter demonstrated the speed of activation and liquid flow in nanopores is higher
than that of pore deformation, but it did not quantify the actual liquid flow speed in nanopores.
This chapter presents an experimental method to characterize the liquid flow in 3D nanopores. We
found the effective liquid flow speed in 3D nanopores under dynamic impact was 5 orders
magnitude higher than that of the quasi-static loading case. Importantly, the liquid infiltration
speed as well as the energy absorption efficiency of the liquid nanofoam (LN) were adaptive to
the incident speed and energy level. This provides a mechanistic explanation for the high energy-
absorption efficiency of LN at high, blast impact-level, strain rates and demonstrates the
importance of experimentally investigating liquid flow behavior in 3D, instead of the traditional
2D, nanopores. The material presented in this chapter was published in Physical Chemistry

Chemical Physics [126].
3.1 Introduction

The LN system employs liquid flow in nano-environment as its energy absorption mechanism.
Liquid flow in nano-environment is the key to many medical and industrial applications, such as
drug delivery [135], energy absorption [53,136,137], sensing [58], molecular transportation [138]
and many others. Considerably different from bulk phase liquid flow, in nanopores or nano-
channels whose sizes are comparable to those of liquid molecules, no continuous liquid phase can
be fully developed [139,140]. The confined environment at nanoscale enhances solid-liquid

interactions such as hydrophobic repelling, resulting in the breakdown of the non-slip boundary
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condition [141]. To characterize fluid flow on the nanoscale, various groups have investigated the
liquid flow speed using cylindrical nano-channel (2D) models. Numerically, Huang et al. found
an extremely high water transport velocity of 400 m/s in a graphene oxide membrane by Molecular
Dynamics (MD) simulation [142]. Experimentally, Majumder et al. reported that the water flow
velocity in aligned carbon nanotubes (CNTSs) with 7 nm pores is 4 to 5 orders of magnitude higher
than that predicted by continuum models [124], while Holt et al. found an enhancement of 2 to 4
orders of magnitude in sub-2 nm CNTSs [63], Although these findings have significantly advanced
our understanding of liquid flow behavior in the 2D nano-channels with naturally frictionless
carbon surface [143] and smaller nanopores (<10 nm), there is a great need to investigate the liquid
flow in 3D nanostructured materials in LN system because they involve distinct fluid diffusion
characteristics.

To address this, we have examined liquid flow behavior in the LN system, which consists of
particles containing 3D nanopores and a non-wettable liquid phase. The mechanical behavior of
LN samples at various strain rates and the liquid flow speed in the nanopores have been
experimentally investigated. This information is especially important in order to evaluate the
potential use of LN under real-life scenarios such as collision, blunt impact and blast waves, and

to understand the mechanism of energy absorption at high strain rates.

3.2 Materials and Methods

3.2.1. Material and Sample preparation

The nanoporous silica gel used in this study was an unmodified silica (SP-1000-20, DAISO Co.,
Ltd). The hydrophilic silica gel surface was converted into hydrophobic by anchoring a thin layer
of chloro(dimethyl)octylsilane on the top, as previously reported [144]. After surface treatment,

the nanoporous structure of the silica gel was characterized by an AutoPore IV 9500 Mercury
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Porosimeter. The LN sample was prepared by sealing 0.18 g of surfaced treated silica gel particles
and 0.54 g saturated lithium chloride (LiCl) aqueous solution (46 wt%) in a stainless-steel testing
cell with two pistons equipped with O-rings, as shown in Figure 3-1. The cross-sectional area of
the pistons, A,, was 286 mm?. The initial length of the LN samples, [,, was 4.5 mm with

minimized air content in the testing cell.

Figure 3-1: Stainless-steel testing cell with two pistons equipped with O-rings.
3.2.2. Quasi-static compression test
The quasi-static liquid infiltration behavior of LN was characterized by an Instron 5982 universal
tester at a constant loading rate of 2 mm/min (Figure 2-4). The applied force was gradually
increased from O kN to 4.3 kN, after which the Instron crosshead was moved back at the same
speed. The loading-unloading process was repeated for 5 times. The external pressure applied on

the LN sample was calculated as
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where F is the force applied by the Instron crosshead. The specific system volume change can be

expressed as

3—2

where Al and m are the LN sample thickness change and the mass of silica gel, respectively.
3.2.3. Dynamic Test

The dynamic behavior of the same LN sample was investigated by a lab-customized drop tower
apparatus, as shown in Figure 2-10. The LN sample was impacted by a drop weight guided by two
vertically aligned tracks. By controlling the free drop heights, the dynamic tests were conducted
at various incident speeds of 0.60, 1.25 and 2.60 m/s. Due to the height limit of the drop tower
apparatus, 2.60 m/s is the maximum incident speed that we can reach. An accelerometer (353B03,
PCB Group, Inc.) was attached to the drop weight to measure its deceleration history which was
then recorded by a digitizer (PXle-5105, NI Corp.) at the sampling rate of 108 samples/s. During
all the above tests, the friction between the O-ring and the stainless-steel cell was minimized by
lubricant and no liquid leaking was observed. The external pressure applied on the LN sample was

calculated as
p=-v" 3-3
where « is the measured deceleration of the drop weight and m,,, is the 3.81 kg drop weight. The
displacement of the piston was calculated as
5t =[[aTdr 3—4

Where ¢t and 7 are time. The strain rate could be calculated as
E =

v
ly

where v is the average incident speed during liquid infiltration.

50



n

&)
—
E
(]
8 3 i .
S &
= I
=) Y
2 21 | Y ‘
8 T
: |
1t \ .
3 PN
. [
E 0 ’. 1 .U\D"“D-.n_m_..n_r_r
10 100 1000

Pore Diameter (nm)

Figure 3-2: Pore size distribution of silica gel. The average pore diameter of the silica gel was
measured to be 120 nm.

3.3 Results and Discussion

The nanoporous silica gel used in this study had an average particle size of 20 um with narrow
distribution. After surface treatment, the silica gel surface was grafted with a layer of silyl groups
and thus becomes hydrophobic. The average pore diameter and specific pore volume of the silica
gel were measured to be 120 nm and 0.76 cm®/g by AutoPore IV 9500 Mercury Porosimeter. The
narrow pore size distribution is shown in Figure 3-2.

The quasi-static liquid infiltration behavior was first investigated by a series of pressure-
induced infiltration tests at a constant loading rate of 2 mm/min, of which the strain rate is 7.4x10"
% 1. Figure 3-3 shows the representative sorption isothermal curves of the LN samples under
quasi-static compression tests. As the sorption isothermal curves of all subsequent cycles are
nearly identical to that of the second one, only the curves of first three cycles are shown here. We

observed the formation of an infiltration plateau, where the loading curve exhibits the smallest
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slope, in the first loading cycle. This corresponds to the liquid molecules being driven into the
nanopores when the energy barrier at the solid-liquid interface, i.e. the capillary effect is overcome
by the external pressure. This liquid infiltration process is determined by the capillary effect and
the transport effect [78]. The transport effect can be neglected, since the average nanopore size of
this material (120 nm) is relatively large. Once the liquid molecules enter the nanopore, the effect
of nanopore wall on the liquid molecule transportation is only secondary [145]. Thus, the non-zero
slope of the infiltration plateau is mainly due to the narrow pore size distribution of the nanoporous
particles (Figure 3-3). Once all the nanopores are filled with liquid molecules, the LN system
becomes incompressible, as shown by the linear elastic region at the end of the loading curve. The
volume associated with the infiltration plateau, i.e. the infiltration volume, is the initial volume of
the empty nanopores filled by the liquid molecules. The initial infiltration pressure and the end
infiltration pressure of the LN were found to be 0.9 MPa and 4.5 MPa, respectively, in the first
loading cycle. They were defined as pressure points at which the loading curve slope changed by
50%. The effective pore volume was found to be around 0.7 cm®/g, as determined from the specific
volume change associated with the width of infiltration plateau. The infiltration volume is

consistent with the mercury porosimetry analysis result as expected.
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Figure 3-3: Typical sorption isothermal curves of LN samples under quasi-static compression test.
The strain rate is 7.4x103 s,

We further demonstrated that in the first cycle, the unloading process could be described as an
abrupt pressure decrease followed by liquid defiltration, indicated by the lower pressure plateau of
the unloading curve. The initial defiltration pressure of the LN was about 1.5 MPa, defined as the
point at which the unloading curve slope decreased by 50%. Although the defiltration volume
could not be directly read from the curve, it equaled to the total infiltration volume in the second
loading cycle, which was 0.45 cm®/g. The partial defiltration process increased the infiltration
pressure to 1.2 MPa for the second and latter cycles. This partial repeatability may have been
caused by defective spots in surface treatment, infiltration depth in specific nanopores, pore
geometry [146], and the energy barrier of gas-phase nucleation [147]. From cycle two and on, the
mechanical behavior of the LN sample is completely repeatable, and thus we conducted all the
dynamic tests on the same sample. All the dynamic sorption-isotherm curves were directly

compared with the 2" quasi-static loading curve.
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The dynamic behavior of the same LN sample was characterized by a drop tower apparatus at
various incident speeds of 0.60, 1.25 and 2.60 m/s. The corresponding strain rates are 1.3x10% s?,
2.8x10% s, 5.8x10% 52, respectively. The acceleration history of the LN sample at various incident
speeds are shown in Figure 3-4. From the acceleration history, the dynamic P — AV loading
curves of the LN sample at various incident speeds can be determined as shown in . For clarity,
only part of the loading curves (P<15 MPa) are shown here. The unloading curves could not be
measured because once the drop weight speed reached 0 m/s, the drop weight bounced back when

the contact between the upper piston and the drop weight could not be guaranteed.
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Figure 3-4: Typical acceleration history of LN under dynamic tests at various strain rates of
1.3x102s%, 2.8x10? s, 5.8x10? s,

As shown in Figure 3-5a, although the strain rates of the dynamic tests were 5 orders magnitude
higher than that of quasi-static tests, the liquid infiltration process remained the same. Importantly,
neither the effective pore volume nor the initial infiltration pressure of the LN was affected by the
considerably increased strain rates. As shown in Figure 3-5b, after all the dynamic tests, the
mechanical behavior of the LN sample was the same as the second quasi-static cycle. Based on

these findings, we can conclude that the liquidinfiltration behavior of the LN is strain rate
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independent. Therefore, the dynamic behavior of LN system can be characterized at quasi-static

loading conditions.
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Figure 3-5: Typical sorption isotherm curves of the LN sample (a) under dynamic tests (b) under
quasi-static compression tests.

The strain rate independency of the liquid infiltration behavior in LN system, as shown by the
observed continuous plateau in the dynamic P — AV curves, indicates that the macroscopic liquid

infiltration speed is comparable with and adaptive to the impact speed. Microscopically, in the LN
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sample, all surface nanopores on the silica gel particles are exposed to the liquid phase before the
onset of infiltration. Once the liquid infiltration is activated, continuous liquid flow takes place in
all the surface nanopores simultaneously. It is important to note that the rate independent and
repeatable infiltration behavior of the LN also suggest that the energy loss in the infiltration process
associated with the flexibility [148-150] and contraction [151] of nanopore walls is negligible. In
addition, the nanopore wall becomes more rigid at higher strain rates [152]. Consequently, the
energy conservation assumption is satisfied and the macroscopic liquid infiltration speed equals to
the accumulative liquid flow speed in all the 3D nanopores. In this way, the effective liquid flow
speed in a single nanopore with random 3D configuration and any nanopore size can be directly
calculated from the dynamic impact speed on LN system as shown by the simplified model (Figure

3-6).

/ \
Nanoporous  \
Particles Liquid

Figure 3-6: Schematic of effective liquid flow in LN sample. All the surface nanopores are
accumulated as the total cross-sectional area An.

In our model, the total cross-sectional area for the liquid flow in the LN system is the

accumulated cross-sectional area of all the surface nanopores. Since the total system volume
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change is the same as the volume of liquid molecules infiltrated into the nanopores. The effective

liquid flow speed in the nano-channels, v, , can then be calculated as

n?

A
U”:A—Qv 3—6

n

where A, is the accumulated cross-sectional area of all the nanopores. A,, can be determined by

A ZOLA*'N:OLA*'V

3—-7
n v

where « is the ratio of the total cross-sectional area of the surface nanopores to the outer surface

area for each silica particle, A* is the outer surface area of a single particle

A* = 4mr? 3-8
N is the number of silica particles, V' is the total volume of the silica gel and V* is the volume of

a single particle

3—-9

The value of « is measured from the surface morphology of a single silica gel particle
characterized by a Carl Zeiss EVO LS25 Scanning Electron Microscope (SEM), as shown in
Figure 3-7. Due to the different grayscale of voids and silica skeleton, the SEM image can be
converted into binary image using the im2bw function in MATLAB. The « of this specific silica

gel is 0.29. The average radius of a single particle, r, is 10 um. V' can be calculated as

1
Psio,

is the specific volume of the silica gel, AV, =0.76 cm®/g is the specific pore volume

sp

where V.,

sp

and pg; o, =2.2 g/cm? is the density of amorphous solid silica. According to above equations, the
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effective liquid flow speed in a single nanopore can be determined. As shown in Table 3-1, the
effective liquid flow speed in a single nanopore under quasi-static compression test is only 5x10
cm/s, while the effective liquid infiltration speed in a single nanopore under dynamic test can reach

3.9 cm/s which is 5 orders of magnitude higher.
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Figure 3-7: Typical SEM image of silica particles (a) Image of a silica particle (b) Image of
nanopores (c) Binary image of nanopores.
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Table 3-1: Effective liquid flow speed in a single nanopore.

Quasi-Static Dynamic
Strain Rate (s™!) 7.4x1073 1.3x10%> 2.8x10> 5.8x10°
Effective Liquid Flow Speed (cm/s) 5x107° 0.9 1.9 3.9

Based on these experimental results, we arrived at two major findings. Firstly, continuum
theories are not applicable at the nanoscale even when the pore size is hundreds of nanometers.
For a nanopore with pore diameter of 120 nm, the measured liquid flow speed gives a Reynolds
number much smaller than 2000, and thus it can be treated as laminar flow [153]. As described by
the conventional Hagen-Poiseuille equation, the liquid flow speed is proportional to the pressure
difference (AP) at the channel ends. In our LN system, AP is a constant under various strain
rates, but the liquid flow speed is changing dramatically. The considerably enhanced liquid flow
speed may be attributed to the “frictionless” flow in the nano-environment. As the liquid molecules
enter the hydrophobic nanopore, a low-density depletion layer would form in between the liquid
molecules and the nanopore wall [134]. The concentration of liquid molecules as well as hydrogen
bond in the depletion layer is much lower than that of the bulk phase. Despite its reduction in
number, the hydrogen bonds are highly orientated [131-133]. The ordered hydrogen bonds as well
the weak attraction between the hydrophobic nanopore wall and water molecules in the depletion
layer contributes to the liquid flow speed enhancement in nanopores. It is also important to note
that the rate independent A P might appear surprising given the previous finding that high loading
rate has a pronounced effect on liquid infiltration due to the periodic energy barriers from the van
der Waals (vdW) interactions between unstable liquid molecules and carbon atoms in nanopore
wall [80,154]. However, in our previous work [145], we have demonstrated that the liquid

infiltration behavior is dominated by the excessive interfacial tension at the nanopore entrance.
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Once the liquid molecules enter the nanopore, the effect of nanopore wall on the liquid molecule
motion is only secondary. Thus, the overall vdW repulsion as well as shearing stress remain the
same, leading to a negligible loading rate effect.

Secondly, the liquid infiltration speed is adaptive to the external impact speed and energy level.
As the liquid molecules enter the nanopores, wave energy carried by the liquid molecules will be
captured in the nanopores simultaneously. As the strain rate and the kinetic energy of the liquid
molecules increase, more wave energy will be trapped in the nanopores, which is the non-
dissipative protection mechanism of the LN, namely the energy capture [137,155]. As the loading
condition changes from quasi-static compression to dynamic impact, the kinetic energy of the
confined liquid molecules increased by 5 orders of magnitude. In other words, the energy capture
efficiency of the LN is also adaptive to the external impact speed and energy level. With the
combination of the dissipative energy absorption and non-dissipative energy capture mechanisms,

the LN system can be more efficient at high strain rates.
3.4 Conclusion

In summary, we developed a streamlined experimental method using the dynamic liquid
infiltration behavior of LN as an effective means to characterize the nanoscale liquid flow speed
in 3D nanoporous network with random configurations. The measured liquid flow speed in 3D
nanopores is 5 orders of magnitude higher than that of the quasi-static loading case. In addition,
the liquid infiltration speed as well as the energy absorption efficiency of the LN is adaptive to the
incident speed and energy level. Meanwhile, for the first time, we have demonstrated that the
dynamic behavior of LN systems can be fully characterized at quasi-static conditions since the
dynamic liquid infiltration behavior of LN is independent to the strains rates in a wide range (quasi-

static to ~500 s). The much-enhanced liquid flow speed in nano-environment and the adaptive
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liquid infiltration speed suggest that the energy absorption mechanism of the LN system is more
effective at high strain rates. Therefore, LN material systems have the potential to be applied as

the next generation of passive protection systems.
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Chapter 4

Effect of Sample Structure on Dynamic Behavior of LN

This chapter presents the effect of sample structure on the performance of liquid nanofoam (LN)
under dynamic loading conditions. LN samples has been prepared in two different configurations,
one with the heterogeneous layered structure and the other with a macroscopically homogeneous
liquid marble structure. The mechanical behavior of these two types of LN was examined by quasi-
static compression tests and dynamic impact tests. We demonstrated that although both types of
LN exhibited comparable quasi-static energy absorption capacity, the liquid marble form of LN
showed better performance under dynamic impacts. The material presented in this chapter was

published in AIP Advances [156].
4.1 Introduction

As discussed previously, LN system is composed of two phases: a hydrophobic nanoporous
material which contains large volume fraction of nanometer pores [56], and a nonwetting liquid in
which the nanoporous material is immersed. For a single nanopore, it has been demonstrated that
the LN system possesses both high energy absorption efficiency and ultra-fast energy dissipation
rate [54,88]. However, despite its excellent energy absorbing capabilities under quasi-static
conditions, the bulk LN system’s performance is limited under dynamic impacts due to its
heterogeneity. Naturally, the hydrophobic nanoporous particles cannot be uniformly dispersed into
the liquid phase due to their surface property. As a result, in LN samples, the nanoporous particles
often aggregate and form separate layers of particles and liquid. In this configuration, the

nanoporous particles are not immediately accessible by the liquid phase. As a result, the liquid

62



infiltration process is much compromised and the energy absorption performance of LN at elevated
strain rates is reduced.

To solve this heterogeneity problem of LN, we have converted its structure to the liquid marble
form, which is formed when a liquid droplet is brought into contact with and entirely encapsulated
by hydrophobic particles spontaneously [157-160]. Vigorous mixing a large amount of liquid with
a hydrophobic nanoporous material will result in the formation of a nanoporous particle stabilized
LN system, which contains millions of liquid marbles [158,159]. The liquid marble system
converts the solid-liquid two-phase system to a macroscopically homogeneous system. We
hypothesize that the energy absorption capacity of the LN can be increased by reconfiguration of

the material into a liquid marble form.

Hydrophobic
Particle

Air Water Droplet

Figure 4-1: Liquid marble (a) Schematic of a liquid marble in which water is stabilized with
hydrophobic particles (b) Snapshot of a liquid marble composed of water and hydrophobic
nanoporous silica. The diameter of a liquid marble ranges from micron level to millimeter level.

To test this hypothesis, we have prepared the LN sample in two different configurations, one

with the heterogeneous layered structure and the other with a macroscopically homogeneous liquid
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marble structure. By examining the mechanical behavior of the LN in the liquid marble form as
well as the LN in the layered structure at quasi-static and intermediate strain rates, we demonstrate
that the liquid marble form possesses a superior energy absorption performance. Therefore,
reconfiguration of LN into the liquid marble form offers a promising approach for the protection

from blunt impact and the design of next-generation energy absorbers.
4.2 Materials and Methods

4.2.1. Materials and Sample Preparation
Nanoporous silica (SP-1000-20, Daiso Inc.) and saturated lithium chloride (LiCl) solution (46
wt %) were used as the nanoporous material and the liquid phase. The average particle size of the
nanoporous silica was about 20 um. The specific nanopore volume and average pore size were
measured to be 0.76 cm®/g and 120 nm respectively by Mercury Porosimeter (AutoPore IV 9500,
Micromeritics, Inc.). The nanopore surface of as-received silica gel was hydrophilic; therefore, the
aqueous solution could enter the nanopores spontaneously in the ambient environment.
Consequently, the deformability of such LN was nearly zero. In order to increase the
hydrophobicity of the silica gel, a monolayer of silyl groups was grafted onto the nanopore surfaces
[161]. First, 1 g of silica gel was dried at 100 °C and then mixed with 40 mL of anhydrous toluene.
The mixture was stirred for 3 h at 90 °C, after which 10 mL of chloro(dimethyl)octylsilane and 1
mL of pyridine were injected into the mixture at room temperature. The surface treatment took
place at 95 °C with gentle stirring for 5 h. The treated silica gel was filtered, washed thoroughly
with ethanol, and dried at 70 °C in air for at least 24 h before use.

LN samples in two different configurations were prepared for both quasi-static and dynamic
tests. The layered LN sample, denoted as LN-L, was prepared by adding 0.2 g of the treated silica

gel and 0.6 g of saturated LiCl solution successively. Since the surface of the treated silica gel was
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hydrophobic, the silica gel was not wettable to the saturated LiCl solution, and thus the LN sample
exhibited a two-layer structure. The LN sample in the liquid marble form, denoted as LN-M,
contained same amount of the surface treated silica gel and saturated LiCl solution. After mixing,
the liquid droplets were encapsulated by the hydrophobic particles by vigorous agitation. Since no
chemical reaction occurs, the chemical composition of LN sample is not affected [158,162].
Therefore, the stability of the LN sample totally depends on the degradation of the silyl layer on
the silica surfaces, which can take years or even decades. No property change of both LN samples
was observed during the period of this study, i.e. several weeks. For quasi-static compressive tests
and dynamic impact tests, both LN samples were sandwiched by two stainless steel pistons
equipped with O-rings and sealed in a stainless-steel testing cell (Figure 2-4). The cross-sectional
area of the pistons, A,, was 286 mm?, The initial length of both LN samples, /,, was 5 mm.
4.2.2. Quasi-Static Compression Test

The quasi-static compression tests were conducted by a universal tester (Floor Model 5982, Instron,
Inc.). The LN sample was compressed at a constant speed of 2 mm-min. As the external force
gradually increased to 4.3 kN, the crosshead of the Instron machine was forced back at the same
rate. The loading-unloading process was repeated for 3 cycles. The applied pressure was calculated

as

P=— 4—-1
A,

where F' was the external force applied by the Instron machine. The specific system volume

change was calculated as

A, - Al

m

AV =
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where Al and m were the thickness change of LN sample and the mass of the silica gel,
respectively.

4.2.3. Dynamic Impact Test

The dynamic behavior of both LN samples was characterized by a lab-customized drop tower
(Figure 2-10). To minimize the friction between O-rings and pistons, during all dynamic tests,
vacuum grease was applied on the O-rings as lubricant. The LN sample was impacted by the drop
weight at various incident speeds of 0.65 m-s™, 0.90 m-s* and 1.25 m-s™. The incident speed of
dynamic tests was controlled by adjusting the free drop height. The deceleration history of the drop
weight was measured by an accelerometer (353B03, PCB Group, Inc.) attached to the drop weight
and recorded by an oscilloscope (PXle-5105, NI Corp.) at the sampling rate of 10 samples/s. No
liquid leaking was observed during all tests. The external pressure applied on the LN sample was

calculated as

pP=—t— 4-3

where a was the deceleration of drop weight and m,,, was the mass of the drop weight which was
3.81 kg. The thickness change of the LN sample was calculated as
Al= [[ a7 d*r 4—4

where 7 was time. The strain rate was calculated as

where v was the average speed of the drop weight associated with the liquid infiltration process.

66



4.3 Results and Discussions

4.3.1. Quasi-Static Behavior of LN
The quasi-static behavior of LN samples with two different configurations, the liquid marble form
(LN-M) and the layered form (LN-L) has been characterized by pressure-induced infiltration tests

at the strain rate of 6.6x107 s. The liquid infiltration behaviors of both types of LN samples are

exactly the same (Figure 4-2). In the first loading cycle, as the applied pressure increases to 0.9
MPa, the slope of the loading curves decreases. The change in slope corresponds to the event that
the liquid molecules start to infiltrate into the hydrophobic nanopores. The infiltration pressure is
governed by the classic Laplace-Young equation

po_ 2v - cost

m

4—6
r

where y is the effective solid-liquid interfacial tension, 6 is the contact angle, and r is the effective
nanopore radius [78]. When the external pressure reaches 4.5 MPa, all the nanopores are filled
with liquid molecules, and the slope of the loading curve correspondingly increases dramatically.
The loading curve in between 0.9 MPa and 4.5 MPa has the minimum slope and is defined as the
liquid infiltration plateau. The specific volume change associated with the liquid infiltration
plateau is referred as the infiltration volume with the value of 0.7 cm®/g which is consistent with
the pore volume of the silica gel measured by mercury porosimetry. The enclosed area under the
hysteretic loading-unloading curve is the energy absorption capacity of the LN samples. The
identical behavior of the two types of LN samples suggest that under the quasi-static loading
condition, the structure of the LN has no effect on the energy absorption capacity of the material.

At the end of the first loading cycle, a second loading is applied immediately. The initial

infiltration pressure increases to 1.2 MPa while the specific volume change associated with the
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liquid infiltration plateau decreases to 0.45 cm®(g. Despite the reduction in energy absorption
capacity compared with the first loading cycle, the loading-unloading behavior is still hysteretic,
suggesting that the LN system is reusable to some extent. This is consistent with our previous
results that the nanoporous structure is not damaged in such tests because its strength is an order
of magnitude higher than the applied peak pressure [163]. In other words, the nanoporous structure

is not crushed, and the liquid infiltration is the main working mechanism for energy absorption.
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Figure 4-2: Typical sorption isothermal curves for both LN samples under quasi-static
compression test.
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Figure 4-3: Typical dynamic loading curves of LN samples. (a) The LN-L sample (b) The LN-M
sample.

From the second loading cycle on, the LN samples do not exhibit further reduction in energy
absorption capacity, i.e. the LN samples are fully reusable, as suggested by the overlapped loading-
unloading curves between the second and the third cycles (Figure 4-2). This property eliminates
the need of using a new sample for each dynamic test and allows us to use one pre-compressed LN

sample (i.e. sample after the first loading-unloading cycle) throughout the tests.
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4.3.2. Dynamic Behavior of LN

The dynamic behavior of the LN samples with both configurations was characterized at strain rates
of 120 s?, 180 s, and 250 s™. During unloading, the drop weight bounced back faster than the
upper piston, that is, the thickness change of the LN sample upon unloading cannot be captured.
Therefore, only the loading curves of the dynamic tests are recorded (Figure 4-3).

The dynamic infiltration behavior of the LN-L sample is strain rate sensitive as its deformability
shows a remarkable decrease at elevated strain rates (Figure 4-3a). When the strain rate is 120 s2,
the specific volume change associated with the liquid infiltration plateau is 0.35 cm®/g, which is
78% of that in quasi-static tests. As the strain rate further increases to 250 s, the deformability of
the sample decreases to 0.28 cm®/g, which is 62% of the full energy absorption capacity of the LN.
Despite the change in the system deformability, the infiltration pressure range (0.9~4.5 MPa) is
not affected by the increased strain rates. After all the dynamic tests, the LN-L sample is
compressed under quasi-static compressive loading for one more cycle. The liquid infiltration
performance is exactly the same as the one before dynamic impacts (Figure 4-3a). In contrast to
the reduction in energy absorption capacity of the LN-L sample, the dynamic behavior of LN-M
is strain rate insensitive (Figure 4-3b). Both the total deformability as well as the liquid infiltration
pressure range remain the same as measured in the quasi-static compression test. These results
suggest that the LN-M sample is more efficient than the LN-L sample at increased strain rates, and

the energy absorption capacity of the LN is fully activated in its liquid marble form.
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Figure 4-4: (a) Snapshot of LN-L sample (b) Schematic of LN-L sample structure (c) Snapshot
and microscopy image of LN-M sample (d) Schematic of LN-M sample structure.

4.3.3. Effect of Sample Structure

The only difference between LN-L and LN-M is the sample configuration (Figure 4-4). The
LN-L sample contains two layers, one liquid layer and one hydrophobic silica gel layer (Figure
4-4a and Figure 4-4b). The distance between the nanopores and the liquid phase, d, increases from
zero to several millimeters as the depth of the silica gel layer increases. In comparison with the
heterogeneous layered structure of LN-L, the LN-M sample has a macroscopically homogenous
structure and the maximum value of d is only a few microns (Figure 4-4c and Figure 4-4d). As the
LN samples are loaded quasi-statically, there is sufficient time for the liquid to reach the nanopores’

open ends; that is, all the nanopores are accessible before the liquid infiltration starts. As a result,
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the liquid is driven into all the nanopores and both LN samples exhibit the same quasi-static

infiltration behavior and energy absorption capacity.
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Figure 4-5: Typical acceleration history of LN-L sample under dynamic impacts. The rising time
is defined as the time from the initiation of external impact to the beginning of liquid infiltration.

By contrast, under dynamic impact, the complete external loading cycle lasts only a few
milliseconds and the rising time of the external loading from zero to 1.2 MPa, t;, is less than
millisecond (Figure 4-5). During the loading process, the minimum activation time, to, needed for
the liquid to reach all the open ends of nanopores in the LN-L sample is equivalent to the time
need for the liquid to completely fill the air gaps between the hydrophobic particles. It is estimated

as

1—f -d,, .
t() — f max 4—7
v

where f is the volume fraction of the silica gel and dmax is the initial thickness of the silica gel layer.
In the LN-L sample, dmax is 3 mm. If the particles are closely packed (the actual volume fraction
of the particles is much lower due to the hydrophobic surface property and structural randomness),

fis 74%. As the LN-L sample is impacted at 0.65 m-s™, the minimum required activation time is
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about 1.2 millisecond, which already exceeds the rising time of the external loading. Since both
the rising time of the external loading and the minimum required activation time of LN-L are
proportional to 1/v , to > tr at all impact speeds. Consequently, only part of the nanoporous silica
gel particles is involved in energy absorption under intermediate strain rate.

The assumption of the above calculation is that liquid infiltration is not activated before all the
air gaps are filled by the liquid phase. However, at higher strain rates, the stress equilibrium
condition which is always satisfied under quasi-static tests, is no longer valid and the local pressure
at the impact end builds up first due to the inertia effect caused by the heterogeneous configuration
[129,130,164]. As the nanoporous particles at the top of the silica gel layer have immediate contact
with the bulk liquid phase, liquid infiltration process is activated and finished locally before the
liquid fills all the air gaps. As a result, there is 78% of the nanoporous silica gel involved in the
energy absorption (Figure 4-3a). As the incident speed increases, the inertia effect is more
significant, and less nanopores are activated during the loading process. Therefore, the energy
absorption capacity of the LN-L further reduces to 62% (Figure 4-3a).

In the LN-M sample, the size of the air gaps between the liquid phase and the nanoporous
particles, d, is reduced from millimeters to microns by the macroscopically homogeneous
configuration (Figure 4-4b). As a result, the LN-M sample is fully activated after all the air gaps
are filled by the liquid phase in less than 0.01 millisecond which is calculated as to. The activation
time of the LN-M sample is two orders of magnitude lower than the rising time of the external
impact, which also mitigates the inertia effect. Therefore, all the nanopores are exposed to the
liquid phase immediately and involved in the liquid infiltration process under impact. The energy
absorption capacity of LN is fully activated at different strain rates ranging from quasi-static to

102 st in the liquid marble configuration.
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4.4 Summary

To summarize, the liquid infiltration behavior of LN samples with two different sample
configurations, the layered form and the liquid marble form, has been characterized by quasi-static
compression tests and drop tower tests. The infiltration behavior and energy absorption capacity
under quasi-static compression are the same for both configurations. However, under dynamic
tests, the layered form LN shows a reduced deformability as well as energy absorption capacity,
which is attributed to a long activation time and inertia effect due to the heterogeneous structure.
By contrast, in the liquid marble form of LN, the nanoporous particles and liquid droplets are
uniformly distributed and all the nanopores are accessible upon impact, leading to the ultra-fast
reaction of the LN. Therefore, the overall liquid infiltration behavior of the liquid marble form LN
sample is not affected by the considerably increased strain rate. These findings suggest that the LN

in the liquid marble form can perform as an efficient energy absorption system under blunt impact.
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Chapter 5

LN-Functionalized Thin-Walled Structure — Small-Scale

This chapter presents the reinforcement effect of liquid nanofoam (LN) on small scale thin-walled
tubes. LN was employed as a novel filling material in thin-walled tubes, creating a liquid-solid
“interfacial bonding”. The crushing behavior of LN-filled tube (LNFT) has been characterized by
quasi-static compression and dynamic impact tests. Results show that the strengthening coefficient
of the LNFTs was 3.8, much higher than that of best solid foam-filled tubes. The improved
reinforcement effect indicates that the filler-tube wall interaction is much enhanced at the liquid-
solid interface, which demonstrates the “perfect bonding” between LN and the tube wall. These
findings provide new concepts in designing novel composite materials and structures. The material

presented in this chapter was published in Composite Structures [165].
5.1 Introduction

Interfacial bonding is of fundamental importance to the performance of composite materials and
structures, such as fiber reinforced polymeric composites [166], laminated composite structures
[167,168], honeycomb sandwich structures [169], hydrogel-elastomer hybrid materials [170],
among others. Tailoring the interfacial bonding between different components in the composites
provides exquisite control of their mechanical [171], thermal [172], electrical [173] properties and
environmental stability [174]. In particular, interfacial bonding between the tube wall and the filler
material in foam-filled thin-walled tube plays an important role in its crushing performance. Thin-
walled tubes have been widely used as energy absorbing devices in crashworthiness applications

due to their light weight, low cost and high energy absorption capacity [14,15]. To improve the
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mechanical properties and energy absorption capacity of thin-walled tubes, researches have been
focused on reinforcing the empty tube by metallic foam fillers [24,27,29,30,175,176]. Santosa et
al. [177] investigated the reinforcement effect of interfacial bonding by numerical simulations and
found that the presence of adhesive bonding can increase the average post-buckling strength of
foam-filled tubes by enhancing filler-tube wall interaction. Furthermore, they experimentally
demonstrated that the foam strengthening coefficient increased from 1.8 to 2.8 as the adhesive was
applied [178], which was further confirmed by Toksoy et al. [25] and Bonaccorsi et al. [26].

The interfacial bonding between the foam and the tube wall can be achieved by two different
methodologies, either by applying an adhesive or by direct foaming inside the hollow tube.
Although adhesive can create bonding at the interface, the curing process is either time-consuming
[25,178] or require additional heat treatment [179]. Direct in situ foaming can facilitate the
formation of interfacial bonding during the foaming process. However, the performance of the
filled tube has large variation due to poor quality control and process-induced structural defects
[26]. Importantly, the interfacial bonding created by both methods inevitably contains
imperfections, leading to a lower post-buckling strength of foam-filled tubes than theoretical value
[177].

Another promising method to produce interfacial “bonding” between the filler and the tube wall
is to employ liquid fillers. Due to their intrinsic high fluidity, liquids fit well with the tube wall
shape, resulting in “perfect bonding” at the liquid-solid interface. Consequently, the filler-tube
wall interaction can be stabilized, and the tube wall is reinforced during the complete deformation
process. However, as most liquids are nearly incompressible, the reinforcement effect will be at

the cost of total deformability of the system.
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In the last decade, a highly compressible liquid-based system, liquid nanofoam (LN), was
developed for high-performance of protection [85,156,161,180-182]. In the LN, hydrophobic
nanoporous particles are dispersed in a non-wettable liquid phase. Due to the capillary effect, the
hydrophobic nanopores remain empty at ambient condition. As sufficient load is applied, the
capillary resistance is overcome and the liquid molecules are forced into the nanopores. Due to the
ultra-large surface area of nanoporous materials, tremendous amount of energy can be absorbed
[56]. Given these advantages, LN is a promising filler for thin-walled tubes. Recently, a few
investigations have been conducted with regard to the quasi-static [183,184] and dynamic [185]
behaviors of LN-filled tube (LNFT). However, the dominant reinforcing mechanism, e.g. the
liquid-solid interaction between LN and the tube wall, remains unclear. In this study, we
systematically examine the underlying mechanism of the strengthening effect of the LN on thin-
walled steel tubes. We experimentally demonstrate that “perfect bonding” between the LN and the
tube wall leads to much enhanced liquid-solid interaction. We also validate that the liquid-solid

interaction increases the strain rate sensitivity of LNFTs under dynamic impacts.
5.2 Materials and Methods

5.2.1. Materials and Sample Preparation

The thin-walled stainless steel tube (304F10500X006SL, MicroGroup) used in this study had outer
diameter (D), wall thickness (¢) and height () of 12.7 mm, 0.15 mm and 25.4 mm, respectively.
The thin-walled stainless steel tube was filled with different fillers, i.e. water or LN. The water-
filled tube was prepared by completely filling the tube with deionized water, while the LNFT was
filled with a pre-compressed LN to minimize the amount of air bubbles trapped in the LN. After
filling, the steel tubes were sealed by two metal endcaps using epoxy adhesive (50112, J-B Weld).

Figure 5-1 shows a representative LNFT sample. The effective height of the tube between the two

77



endcaps (k) was 20.3 mm. During all experiments, no liquid leakage was observed before tube
wall burst. Empty steel tube sealed by the same endcaps was used as reference.

The LN used in current study contains a nanoporous silica and DI water. The nanoporous silica
(60759, Sigma-Aldrich) was denoted as SG90 (See SEM photo in Figure 2-5). The particle size
and average nanopore size of it were 40-63 um and 7.8 nm [127], respectively. The as-received

SG90 had modified surface, which was non-wettable to water.
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Figure 5-1: A typical LNFT sample with outer diameter of 12.7 mm and effective height of 20.3
mm.

5.2.2. Test Procedures

The mechanical behavior of empty, water-filled, and LN-filled steel tubes were characterized by a
series of quasi-static compression and drop weight impact tests. At least three specimens were
tested for each type of tubes. The quasi-static compression tests were conducted by a universal

tester (Floor Model 5982, Instron, Inc.) at a constant speed of 2 mm/min. The nominal stress is

calculated as

o =— 5—1

where F'is the external force applied by the Instron machine and A, is the cross-sectional area of

steel tubes. The nominal strain is calculated as
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where, ¢ is the crosshead displacement.

The dynamic behavior of the steel tubes was characterized by a lab-customized drop tower
apparatus (Figure 2-10). The impact speed of all dynamic tests, v, was maintained at 3.0 m/s by
fixing the free drop height at 0.45 m. An accelerometer (353B03, PCB Group, Inc.) was attached
to the 10 kg drop weight to measure the deceleration time-history which was recorded by a high-
speed digitizer (PXle-5105, NI Corp.) at the sampling rate of 10° samples/s. The nominal stress is

calculated as
o=—%¢ 5—3

where, m,,, is the drop weight and a(7) is the measured deceleration of the drop weight at time .
The displacement is calculated as
b= [[arTd*r 5—4

The incident speed is confirmed by calculating

U:/aTdT 5—5

5.3 Results

5.3.1. Liquid Infiltration Behavior of LN

The solid curve in Figure 5-2 shows a typical quasi-static mechanical behavior of the LN. As the
LN was compressed at low pressure, the initial system volume change was slow. When the applied
external pressure was in the range of 15 MPa and 30 MPa, a sudden volume change was observed,
which indicated that liquid molecules were compressed into nanopores as the capillary effect of

the hydrophobic nanopore surface was overcome. The total 0.55 cm®/g specific volume change,
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which was consistent with gas adsorption analytical results [127], was defined as the effective pore
volume of SG90. Upon unloading, the pressure dropped abruptly, leading to a highly hysteretic
behavior of the LN system. As shown in Figure 5-2 (the dynamic curve), the liquid infiltration
behavior of the LN, i.e. the liquid infiltration pressure as well as the effective pore volume, was

strain rate insensitive under current dynamic impact condition.

75 1 I | 1
—— Quasi-Static
—e— Dynamic
© 90 -
o
=3
o
3
B
o 25} .
o
0 >

0 200 400 600 800 1000
Specific Volume Change (mm?®/g)

Figure 5-2: Typical sorption isothermal curves of LN under quasi-static compression test and
dynamic impact test.

5.3.2. Quasi-Static Buckling Behavior of LNFT

Typical stress-strain curves and snapshots of the tube buckling modes are shown in Figure 5-3.
The empty tube showed a sharp linear increase of stress at the beginning, after which the buckling
was initiated at about 13 MPa (Figure 5-3a). As the buckling continued, the stress dropped abruptly,
and a broad post-buckling stress plateau was formed. Figure 5-3b shows the buckling mode of the
empty tube. The empty tube deformed with a diamond mode [186], in which non-axisymmetric

folds formed sequentially from the top to the bottom of the tube.
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For the water-filled tube, as the tube wall was supported by the liquid filler, it yielded and
buckled outwards in a concertina mode [186] as shown in Figure 5-3c. Due to the negligible
compressibility of water, the inner pressure built up immediately. Therefore, the water-filled tube
was more rigid than empty one and failed at much smaller strain of 0.15. After the crack initiation,
the tube continuously deformed as the filled water was squeezed out of the tube. The crack
propagated with the progressive deformation of the tube, which weakened the post-buckling
strength of the steel tube.

For the LNFT, the initial buckling behavior was similar to that of empty tube due to the tiny air
bubbles trapped in between the SG90 particles and DI water. In this process, the tube wall was not
reinforced by the LN filler and buckled in a non-axisymmetric diamond mode, as shown in the
first snapshot of Figure 5-3d. At 0.1 nominal strain, the reinforcement effect of the LN filler started
to take effect as water-filled tube. Once the nominal internal stress reached 10 MPa, the liquid
infiltration process of the sealed LN was activated. Consequently, the LNFT became highly
compressible and a broad reinforced post-buckling stress plateau was observed. The width of the

stress plateau (w) was dependent on the mass ratio (R,,,) of SG90 to water. When R,, was 0.3, w

was 50% of the initial height of the LNFT. By increasing R,,, to 0.55, w was increased to 60% of
the initial tube height. The width of plateau was not proportional to the amount of SG90, as the
water amount was insufficient to fill all the nanopores in the LN with R, = 0.55. Since the tube
wall was supported by the internal hydrostatic pressure, it buckled outwards in a concertina mode,
as shown in Figure 5-3d. Upon completion of the liquid infiltration process, the LN became
incompressible and the LNFT behave like the water-filled tube till burst. The average post-

buckling strength, o, is calculated as

_ [ odd
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where o and § are post-buckling strength and displacement, respectively.
The results of the quasi-static behavior of the tubes were summarized in Table 5-1. The LN

filler (R,, = 0.3) increased o, by 3 times from 4.9 MPato 15.5 MPa. As the R,, increased to 0.55,

m

o, further increased to 17.8 MPa. Compared with water filled-tube, the failure strain of LNFT

increased from 0.15 to 0.61 and 0.68 for 0.3 R,, and 0.55 R,

m?

respectively. The considerably
enhanced o, and failure strain were attributed to the hydrostatic pressure built in the LN and the
high compressibility of the LN. As a result, the specific energy absorption capacity of LNFT, i.e.
the total amount of absorbed energy normalized by the total mass of corresponding tube, was 40%
higher than that of empty tube. In solid foam-filled tubes, the increase in specific energy absorption

capacity was less than 20% [24,179,187-189].

Table 5-1: Comparison of empty, water-filled, and LN-filled tubes under quasi-static
compression tests.

Average Post-Buckling

e=0~0.7 Mass (g) Strength, o, (MPa) Failure Strain
Empty Tube 1.27 4.9+0.2 N/A
Water-Filled Tube 3.76 5.1+0.4 0.15+0.05
R, =03 3.45 15.5+0.3 0.61+0.02
LNFT
R, =0.55 3.36 17.8+0.3 0.68+0.03
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Figure 5-3: (a) Typical stress-strain curves of filled steel tubes (b-d) Snapshots of the buckling
behavior of (b) Empty tube (c) Water-filled tube (d) LNFT.

5.3.3. Dynamic Buckling Behavior of LNFT

Figure 5-4 shows typical dynamic stress-strain curves of empty, water-filled, and LN-filled steel
tubes. The dynamic stress-strain curve for the empty tube had the same number of stress peaks as
the quasi-static one, indicating the empty tube had identical number of tube wall buckling folds at
different strain rates. The average post-buckling stress of the plateau in dynamic impact increased

by 4% compared to that of the quasi-static loading, probably due to the rate dependency behavior

of the stainless steel [190].
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The dynamic behavior of water-filled tube was observed to be rate sensitive too. The failure
crack occurred at the nominal strain of 0.15 as indicated by the sudden stress drop in the
constitutive behavior of the tube (Figure 5-4b). However, different from the quasi-static case, at
higher strain rate, the post-buckling strength of the water-filled tube did not decrease due to the
crack. This was mainly attributed to the quick self-sealing response of the tube, which was caused
by the faster tube wall folding under dynamic impacts. Therefore, the average post-buckling
strength of water-filled tube was higher under dynamic impact than quasi-static loading.

Figure 5-4c and Figure 5-4d represent typical dynamic stress-strain curves of LNFTs. For the
R,, = 0.3 (Figure 5-4c), the LN was activated at about 0.15 strain, after which the stress increased
quickly. In comparison to the quasi-static compressive behavior, the post-buckling strength of the
LNFT was higher under dynamic impact, which was not expected since both the liquid infiltration
behavior and the empty tube wall buckling were nearly strain rate independent. Similar
phenomenon was observed in the LNFT with R, = 0.55 (Figure 5-4d). The failure strain of

LNFT was slightly reduced by about 0.05 compared to the quasi-static value.
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Figure 5-4: Typical stress-strain curves of tubes under dynamic tests (a) Empty tube (b) Water-
filled tube (c) LNFT with Rn=0.3 (d) LNFT with Rm=0.55.

Table 5-2: Comparison of empty, water-filled, and LN-filled tubes under dynamic tests.

Average Post-Buckling

e=0~0.7 Mass (g) Strength, o, (MPa) Failure Strain
Empty Tube 1.27 5.1+0.3 N/A
Water-Filled Tube 3.76 5.7£0.4 0.15+0.06
R, =0.3 3.45 17.5+0.3 0.55+0.03
N R, =055  3.36 20.1+0.3 0.64+0.03

The results of the dynamic tests of steel tubes were summarized in Table 2. The o, of empty

tube was 5.1 MPa, while the o, of LNFT with R,, = 0.3 was 17.5 MPa, which was increased by

240%. o, increased to 20.1 MPa when the R increased to 0.55.

85



5.4 Discussion

5.4.1. LN-Tube Wall Interaction

Inthe LNFT, the LN increases o, without affecting the deformability of the tube due to the unique
liquid infiltration behavior of the LN. By analyzing the combination of the post-buckling strength
and the deformability of the LNFT, i.e. the energy absorption capacity, strong liquid-solid
interaction exists at the LN and the tube wall interface. As shown in Figure 5-5, under quasi-static
compression condition, the combined energy absorption capacity of the LN and the empty tube
contributes only 52% to the energy absorption capacity of the LNFT. The 48% difference in the
energy absorption capacity is attributed to the LN-tube wall interaction. Under dynamic conditions,
the difference is further increased to 55%. Please note that the liquid infiltration behavior of the
LN is strain-rate independent (Figure 5-2) and the buckling behavior of the empty tube is nearly
insensitive to the strain rate (Figure 5-4a). Therefore, the increase in the dynamic energy absorption

capacity of the LNFT demonstrates that the LN-tube wall interaction is strain rate sensitive.
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Figure 5-5: Energy absorption of each part in LNFT under quasi-static compression tests and
dynamic tests.
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The LN-tube wall interaction can be attributed to two main effects: (1) Suppression of inward
buckling and (2) Densification effect in folds. Figure 5-3b and Figure 5-3d explain the effect of
the suppression of inward buckling. The empty tube wall buckles inwards in a diamond mode. The
localized deformation is due to the large stress concentration coefficient generated by the inward
folding. In the LNFT, the LN filler completely suppresses the progressive inward buckling and
promotes multiple outwards buckling simultaneously (Figure 5-3a and Figure 5-3d). The resulted
plastic expansion of the tube wall, i.e. the strain hardening effect, accounts for the increase in the
energy absorption capacity of the LNFT, which has been validated by Liu et al. [191,192] in foam-
filled tubes.

For the densification effect in folds, it has been reported that the densification of solid foam in
folds can increase the load transfer between the tube wall and the filler [179]. However, the
deformation of solid foams is based on the cell-wall buckling which is neither smooth nor stable.
In addition, delamination in solid foam-filled tubes cannot be avoided when the compressive strain
is large. In LNFTSs, the load drop caused by folding collapse is prevented because the load transfer
effect in the LN is significantly improved and stabilized by the uniform hydrostatic pressure built-
up in the LN filler in compliance with the progressive buckling. This is because of the smooth
liquid infiltration plateau of the LN (Figure 5-2) and the increased interfacial area between filler
and tube wall due to the fluidity of the LN.

The increased liquid-solid interaction in LNFT at high strain rate is attributed to the following
possible effects: Firstly, the bulk modulus of water in the LN becomes higher under high speed
impact [193,194], thus, the reinforcement effect on the tube wall increases. Secondly, the strain

rate effect of tube wall is amplified by both the reinforcement effect of the LN filler and the
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changed buckling mode. Thirdly, higher order buckling mode [185,195] is triggered by the internal

hydrostatic pressure associated with the LN.

5.4.2. Effect of Liquid-Solid Interfacial Bonding

To further investigate the effect of interfacial bonding on the filler-tube wall interaction, solid

foam-filled tubes were prepared for comparison. The solid polyethylene (PE) foam (Ethafoam 900,

Sealed Air) was cut to shape and directly inserted into the empty tube without any further treatment.

The PE foam-filled tube was characterized both quasi-statically and dynamically.

(@)

(b)

Figure 5-6: Typical stress-strain curves of PE foam-filled tubes (a) under quasi-static compression
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In comparison, it was observed that the quasi-static buckling performance of the PE foam-filled
tube was equivalent to the superposition of the individual crushing behaviors of the PE foam and
the empty tube (Figure 5-6a). This observation was further verified through energy absorptions
capacity. The energy absorption capacities of the PE foam and the empty tube were 0.73 J and 8.5
J, respectively. The energy absorption capacity of the PE foam-filled tube was 9.2 J, which equaled
to the summation of energy absorption capacities of the PE foam and the empty tube. Similarly,
the superposition rule was valid for the PE foam-filled tube under dynamic impacts (Figure 5-6b).
Therefore, in such a solid foam-filled tube there was negligible filler-tube wall interaction.

To evaluate the effect of interfacial bonding on the filler-tube wall interaction, the filler-tube
wall interaction is quantified. Based on the numerical simulation conducted by Santosa et al. [178],
the following equation is applied to evaluate the average post-buckling strength of foam-filled
tubes,

Tope = Ope T Couy 5T
where, o4, 0, and o), represent the average post-buckling strength for foam-filled tube, empty

tube and filler, respectively. The constant C' is the strengthening coefficient, which indicates the
strength of filler-tube wall interaction. To compare our results with previous studies in this area,
we summarize the strengthening coefficients of several foam-filled tubes in Figure 5-7. In the

current study, the PE foam-filled tube and the LNFT have C' values of 0 and 3.8+0.3, respectively.
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Previous studies [25,26,28,179] have demonstrated that the filler-tube wall interaction increases
when the strength of the interfacial bonding increases, which is also reflected by the linear
relationship between the strengthening coefficient and the interfacial bonding strength (Figure 5-7).
For the tube filled with PE foam, there is no interfacial bonding and the PE foam has a relatively
low strength compared with the thin-walled steel tube. The deformation behavior of the PE foam-
filled tube is dominated by the inward buckling mode (Figure 5-8a). Therefore, the strengthening
coefficient and the filler-tube wall interaction are nearly zero. When the tube is filled with solid
foam with higher strength, such as metallic foam, the deformation pattern of foam-filled tube
changes to axisymmetric modes (Figure 5-8b). Even without interfacial bonding, typical
strengthening coefficient of the foam-filled tube becomes 1.8 as additional energy dissipation
mechanisms are involved in the buckling process, including the suppression of inward buckling
and the interfacial friction between filler and the tube wall [16,30,196]. If the interfacial bonding

is improved by adhesive, more energy dissipation mechanisms are involved, such as load transfer
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from the tube wall to the filler and the breakage of the interfacial bonding (Figure 5-8b). Thus,
typical strengthening coefficient further increases to 2.8, revealing the enhanced filler-tube wall
interaction. By replacing the solid foam filler to the LN, the strengthening coefficient increases to
3.8, indicating that the liquid-solid interaction is much stronger than the best solid foam-tube wall
interaction. This nearly “perfect bonding” is attributed to the fluidity and the liquid infiltration
behavior of the LN. The LN accommodates the deformed tube wall shape and is always “bonded”
to the tube wall, as the deformation of the tube wall progresses (Figure 5-8c).

The difference between strengthening coefficients of bonded foam-filled tube and LNFT is the
solid-solid bonding imperfection. In metallic foam-filled tube, the solid foam filler detaches from
the tube wall when the local stress reaches a critical value, due to the stiffness mismatch between
the filler and the tube wall as well as the stress concentration effect generated by the interfacial
imperfections [25,26,28]. The detached tube (Figure 5-8b) simply ensembles the behavior of un-
bonded foam-filled tube, resulting in a reduced performance [178]. In contrast, the outward
buckling folds of LNFT are always filled with the LN, which eliminates delamination. Therefore,

the LN reinforces the tube wall during the buckling process.
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Figure 5-8: Schematic of the filler-tube wall interaction of (a) Empty tube (b) Solid foam-filled
tube with imperfect interfacial bonding (c) LNFT or solid foam-filled tube with perfect interfacial
bonding.
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The improvement of the strengthening coefficient in LNFT indicates that promoting the filler-
tube wall interaction is an effective method to improve the crashworthiness of thin-walled
structures, since the tube wall buckling mechanism dominates the energy absorption performance
of the composite structure over others, such as friction, debonding, etc. This is consistent with the
findings of Ref. [197], in which more local plastic deformation were triggered, leading to increase
in energy absorption. In LNFT, damage localization can be overcome due to the enhanced load
transfer between the LN filler and the tube wall, which triggers multiple outwards tube wall
buckling at the same time and dramatically increases the strengthening coefficient and the energy

absorption capacity of the LNFT.

5.5 Conclusion

In this chapter, we have experimentally investigated the post-buckling behavior of the LNFT at
different strain rates. Based on the direct comparison of strengthening coefficient and energy
absorption capacities of tubes with different types of fillers, the following conclusions can be
drawn:
(1) The LN filler significantly promotes the average post-buckling strength of the tube under
both quasi-static and dynamic conditions;
(2) In LNFT, the LN suppresses the inward buckling mode of empty tube and exhibits better
load transfer between filler and tube wall than solid foam fillers;
(3) The strengthening coefficient of LNFT is 3.8, which is much higher than that of best solid
foam-filled tube;
(4) The LN-tube wall interaction is much stronger than solid foam-tube wall interaction. In

addition, the liquid-solid bonding is nearly perfect at the LN-tube wall interface.
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In short, the LN is a promising filling material for thin-walled tubes to enhance the post-
buckling performance as well as the energy absorption capacity of the LNFT. The findings of this
study have merit in potential future applications in next generation light-weight and small-scale

cellular structures for vehicle crashworthiness.
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Chapter 6

LN-Functionalized Thin-Walled Structure — Large-Scale

Chapter 5 presents the reinforcement effect of liquid nanofoam (LN) on small-scale thin-walled
tubes under impact with relatively low incident energy. In practical applications in automobile
industry, the impact energy is much higher, and thus large-scale structures are desired. This chapter
presents an experiment investigation on the dynamic behavior of large-scale thin-wall tubes
reinforced by LN. Results show by increasing the incident speed from quasi-static condition (107
m/s) to dynamic range (6.7 m/s), the energy absorption capacity of LNFTSs is increased by 54%
without increasing the working pressure of the system. The rate sensitive behavior of LNFTs
suggests that LNFTs can be used as advanced energy absorber whose impact mitigation capability
is adaptive to the impact energy levels. These findings pave the way for applications of these new
liquid nanofoam filled thin-walled structures for vehicle crashworthiness and infrastructure

protection.
6.1 Introduction

Over last decades, enormous efforts have been made to develop Advanced Energy Absorption
Materials and Structures (AEAMS) [198]. AEAMS can mitigate the kinetic and strain energies
associated with the impact when subjected to external loadings, and thus mitigate personnel
injuries or key facilities damages. Among many other AEAMS, thin-walled structures, e.g. thin-
walled metallic tubes, have been widely used as conventional energy absorbing devices due to
their light weight and high energy absorption capacity [14,15]. The axial folding of the tube wall

is known as the main working mechanism. However, the tube wall buckling initiation requires a
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relatively large stress, after which the average stress of post-buckling plateau drops abruptly. The
specific energy absorption of empty tube is dominated by the post-buckling stress. Therefore, the
specific energy absorption is much lower than the theoretical limit which is proportional to the
initial buckling stress. In past years, extensive research has been focused on metallic foam-filled
thin-walled tubes and it has been demonstrated that filler-tube interaction can effectively improve
the energy absorption and mechanical properties of the resulted hybrid tube under both quasi-static
[24,27,28] and dynamic [29,30] conditions. However, due to the mechanical properties mismatch
between the metallic foam filler and the tube wall, delamination between filler and tube wall is
inevitable at large deformation [26]. Therefore, the interaction effect between filler and tube wall
is weakened, leading to a reduced energy absorption capacity.

Recently, a highly compressible liquid system, liquid nanofoam (LN) [57,121,156,199], has
been employed as an advanced filler to improve the energy absorption performance of thin-walled
tubes [165,185,200]. LN composes of hydrophobic nanoporous materials and a non-wettable
liquid. Due to capillary effect, the liquid stays outside the nanopores at ambient condition. As an
external load is applied, the liquid is forced into the nanopores and tremendous amount of energy
is dissipated [56]. Since LN is in liquid form, it can always fit well with the buckled tube wall at
all strain levels; that is, a “perfect bonding” can be created between LN and tube wall, leading to
an improved interaction effect. Previous studies on liquid nanofoam filled tubes (LNFTSs) have
demonstrated that the specific energy absorption of empty tube under both quasi-static
compression and dynamic impact can be improved by the LN filler [183,184] and the dominant
reinforcing mechanism, e.g. filler-tube wall interaction, has been extensively studied in [165].
However, those studies are limited to small-scale demonstration and the incident energy is

relatively low. This chapter focuses on the mechanical response of large-scale LNFTs subjected
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to external impact with relatively high incident energy. Results show that the energy absorption
performance of the larges-scale LNFTs is considerably enhanced, especially under dynamic

conditions.

6.2 Materials and Methods

6.2.1. Materials and Sample Preparation

Thin-walled aluminum (Al 6061) tube was purchased from McMaster (Product No. 9056k85). The
outer diameter, wall thickness and height of the Al tube were R = 38.1 mm, t = 1.63 mm and
hy, = 101.6 mvm, respectively. The thin-walled Al tube was filled with LN and then sealed by
attaching both ends with two metal caps equipped with O-rings. The effective height of the tube
was h = 81.3 mm. Empty Al tube was used as reference. During all experimental processes, no
liquid leakage was observed at the sealing part of the Al tubes. Figure 6-1 shows a typical LNFT
sample.

The LN used in this study contained a nanoporous silica (60759, Sigma-Aldrich) and 15 wt%
ethanol aqueous solution. The particle size and average nanopore size of the nanoporous silica
were 40-63 pm and 7.8 nm [127], respectively. The as-received nanoporous silica had C8 modified
surface, which was non-wettable to the aqueous solution. The nanoporous structure can be found

in Figure 2-5.
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Figure 6-1: A typical large-scale LNFT sample with outer diameter of 76.2 mm and effective
height of 81.3 mm. The LNFT was sealed by two metallic caps equipped with O-rings.

6.2.2. Test Procedures

The quasi-static infiltration behavior of the LN was characterized by quasi-static pressure-induced
infiltration tests by an Instron 5982 universal tester at a constant loading rate of 2 mm/min. The
LN specimen was sealed in a stainless-steel testing cell. The applied force was gradually increased
from 0 kN to 6.3 kN, after which the Instron crosshead was moved back at the same speed.

The mechanical behavior of empty and LN filled Al tubes were characterized by a series of
quasi-static compression and gas gun impact tests. The quasi-static compression tests were
conducted by using an MTS system at a constant loading rate of 2 mm/s. The experimental setup
of quasi-static compression test can be found in Figure 2-4.

The dynamic behavior of the Al tubes was characterized by a gas gun apparatus at Ford Motor
Company. The incident speed and carriage weight of gas gun tests were 6.7 m/s and 181.55 kg,

respectively. A load sensor was attached on the bottom of the sample to measure its load time-
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history F' — t. An accelerometer was attached to the carriage to measure the deceleration time-
history a — ¢. The displacement is calculated as

d=[[arTd*r (6—1)
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Figure 6-2: Schematic of the experimental set-up of gas gun impact test.

The nominal stress is calculated as

(6-3)

The buckling mode of the Al tubes under gas gun impact was recorded by high speed cameras.
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6.3 Results

6.3.1. Liquid Infiltration Behavior of LN

Figure 6-3 shows typical quasi-static pressure induced infiltration behavior of the LN. Initially,
the LN system volume decreased slowly when the applied external pressure was relatively low
since liquid infiltration was not triggered due to the capillary resistance . When the pressure
increased to about 5 MPa, the slope of the curve decreased remarkably and a stress plateau was
observed. The plateau indicated that the capillary effect of the hydrophobic nanopore was
overcome and the liquid molecules were driven into the nanopores. As the external pressure
reached around 12 MPa, all nanopores were filled with liquid and the infiltration plateau ended.
Therefore, the working pressure of LN ranged from 5 MPa to 12 MPa. The effective pore volume,
which was the volume change during liquid infiltration, was around 450 mm?®/g. Upon unloading,

the pressure dropped abruptly, leading to a highly hysteretic behavior of the LN system.
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Figure 6-3: Typical sorption isothermal curves of the LN used in current study under quasi-static
compression test.
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6.3.2. Quasi-Static Behavior of LNFT

Typical stress-strain curves and snapshots of the tube buckling modes are shown in Figure 6-4.
The empty tube wall buckling was initiated at 25 MPa, after which the stress level dropped to
around 10 MPa and a wide stress plateau was formed (Figure 6-4a). Figure 6-4b shows the
buckling mode of the empty tube. The empty tube deformed with a diamond mode, which was
consistent with the literature [30,187,196]. Non-axisymmetric folds with 3 corners per lobe formed

sequentially along the tube length.
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Figure 6-4: (a) Typical stress-strain curves of Al tubes (b-c) Snapshots of the buckling behavior of
(b) Empty tube (c) LNFT.
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As the tube was filled by LN, the buckling initiation was not affected. The stress drop after
buckling initiation resulted from the small amount of air bubbles trapped in the LN. At strain of
0.2, the LN filler started to take effect and the nominal stress increased to about 13 MPa. The
system then became highly compressible and an enhanced post-buckling stress plateau was
observed. The width of the stress plateau was around 30% of the effective height of the LN tube.
As the nominal stress increased to 20 MPa, the tube wall cracked, which led to leakage of the LN.
From this point, the behavior of the LN-filled tube was similar to that of the empty tube as the
solid-liquid interaction was nearly zero. Figure 6-4c shows the LNFT buckled in an axisymmetric
concertina mode.

The results of the energy absorption of the tubes under quasi-static compression were

summarized in Table 6-1. The energy absorption capacity was calculated by
F= / Fds (6—4)

The energy absorption capacity of empty tube at total strain of 0.5 was 1843 J, while the value of
LNFT was 2678 J. Therefore, the energy absorption capacity was improved by 45%. The increase
of energy absorption capacity of LNFT is due to the enhanced liquid-solid interaction between LN

and tube wall as well as the high compressibility of LN.

Table 6-1: Comparison of empty and LN-filled tubes under quasi-static compression tests.

Average Post-Buckling

e =0~0.5 Strain at Burst Strength, o, (MPa) E (J) E, N ()
Empty Tube N/A 10.2 1843 N/A
LNFT 0.5 14.7 2678 243
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6.3.3. Dynamic Behavior of LNFT

Figure 6-5 shows typical dynamic stress-strain curves of empty Al tubes. The average post-
buckling stress of empty tubes in gas gun impact test was 11.3 MPa, about 10% higher than that

in quasi-static compression tests. This was due to the rate sensitivity of the Al material [201].
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Figure 6-5: Typical stress-strain curves of empty Al tubes under gas gun impact.

Figure 6-6 shows the snapshots of empty Al tube under gas gun impact. The buckling mode

was similar to that in quasi-static compression tests, in which the tube buckled inwards in a

diamond mode.
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Figure 6-6: Snapshots of empty Al tube under gas gun impact.

Figure 6-7 shows typical dynamic stress-strain curves of LNFTs. Under gas gun impact, the LN
took effect at about 0.15 strain, after which the stress level increased dramatically. The post-
buckling strength of the LNFT under gas gun impact was 19.3 MPa, much higher than that in the
quasi-static compression tests. The 36% increase was due to the rate sensitive behavior of LNFT.

At 0.6 strain, all the incident energy was mitigated by the LNFT. Surprisingly, the LNFT was not

103



burst; that is, there remained energy absorption capacity in the LNFT. This was further
demonstrated by evaluating the remain nanopore volume of the LN in LNFTs after tests. As shown

in Figure 6-8, after quasi-static compression test, the LN had 25% of pore available, while after

gas gun impact, the remaining pore volume was about 40%.

The results of the gas gun impact tests of Al tubes were summarized in Table 6-2. The energy

absorption capacity of LNFT under gas gun impact was 4130 J, which was 54% higher than that

in quasi-static compression tests.
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Figure 6-7: Typical stress-strain curves of LNFTs under gas gun impact.
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Figure 6-8: Typical sorption isothermal curves of the LN in LNFTSs after quasi-static compression
test and gas gun impact test.

Table 6-2: Comparison of empty and LN-filled tubes under gas gun impact.

Average Post-Buckling

e =0~0.6 Strain at Burst Strength, o, (MPa) E (J) E; N Q)
Empty Tube N/A 11.3 2349 N/A
LNFT N/A 19.3 4130 205

Figure 6-9 shows the snapshots of LNFT under gas gun impact. The buckling mode was quite
close to that in quasi-static compression tests. First, an outward fold was generated in a concertina
mode. As the impact progressed, the second fold was formed. Further impact led to the expansion
of the second fold and the cross-sectional area of the LNFT increased quickly. Clearly, the

buckling behavior of LNFT was dominated by the second fold.
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Figure 6-9: Snapshots of LNFT under gas gun impact.

6.4 Discussion

6.4.1. LN-Tube Wall Interaction
As demonstrated in the chapter 5, there exists strong liquid-solid interaction between LN and tube

wall, which can significantly improve the energy absorption capacity of LNFT. According to
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Santosa et al. [178], the LN-tube wall interaction can be quantified by the strengthening coefficient
C,

Top = 0. + Cogy (6—05)
where, o4, o, and o, are the average post-buckling strength for foam-filled tube, empty tube

and filler, respectively. Since the tube and LN have same nominal volume, we have

Erner=E. +CEpy (6 —6)
where, F; yqry E, and E; 5 are the energy absorption capacity of LNFT, empty tube and LN,
respectively.

Based on the energy absorption results in Table 6-1, the C' of LNFT under quasi-static
compression test is calculated as 3.5. The value is consistent with the results of small-scale LNFTs
in the previous chapter. The large strengthening coefficient indicates higher filler-tube wall
interaction, which is attributed to the nearly “perfect bonding” between LN and tube wall due to
its fluidity and liquid infiltration behavior [165]. As the tube wall buckling progresses, the LN can
always adapt to the deformed tube wall and maximize its interaction with the tube wall.

The LN contributes to improve the filler-tube wall interaction by two main mechanisms: (i)
load transfer effect from the tube wall to the LN and (ii) suppression of inward buckling [165].
Figure 6-3 and Figure 6-4 explain the load transfer effect between LN and tube wall. The LN
possesses smooth stress plateau and it considerably increases the contact area between LN and
tube wall due to its fluidity. Consequently, the load transfer between LN and tube wall is
significantly improved by the evenly distributed hydro-static pressure of LN, which prevents load
drop due to the collapse of tube wall folds.

Figure 6-4c shows the suppression of inwards buckling by LN. This has increased the effective

cross-sectional area to bear more load. More importantly, the extent of plastic deformation of the
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tube wall is remarkably promoted, resulting in higher strain hardening of the metallic tube wall.
That is, the outwards buckling triggers the potential energy absorption capacity of the tube wall

material.

Wall Thickness
(mm)

1.8

Empty Tube

/

Figure 6-10: Wall thickness profile along the cross-section of empty tube and LNFT.

The improved plastic expansion of the tube wall has been validated by the micro-CT imaging
results. The tube wall profiles of the empty tube and the LNFT after tests are captured by a micro-
CT imaging system (Model QuantumGX, PerkinElmer Inc.) and the wall thickness along the
profiles is measured (Figure 6-10). The original wall thickness is 1.63 mm as indicated by the
white color. The wall thickness of empty tube increases at folds with a maximum value of 2.31
mm and decreases to about 1.60 mm between adjacent folds. The thickness changes imply that the
tube undergoes a combination of two deformation modes: severe compression at folds and slight
tension between folds. The extent of thickness changes indicates that the compression at folds is
dominant, while the majority of tube wall, i.e. tube wall between adjacent folds, shows little

deformation. As the tube is filled with LN, the first fold (lower one) is similar to that in empty tube
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due to the small amount of air trapped in LN. As the LN starts to take effect, the second fold (upper
one) is formed. The buckling of LNFT is in axisymmetric mode. The wall thickness of LNFT
decreases with a minimum value of 1.41 mm. Therefore, the tube wall deformation is dominated
by tension mode. More importantly, over 90% of the tube wall is heavily stretched. Therefore, the
plastic deformation of the tube wall is significantly improved in LNFTs compared with empty
tubes.

6.4.2. Effect of Incident Speed

As previously discussed, the LNFTs show strong rate sensitivity (Figure 6-7) while the rate
dependency of empty tube is only secondary (Figure 6-5). Assuming the energy absorption
capacity of LN only composes of liquid infiltration into nanopores, the strengthening coefficient
C'is calculated as 8.7 based on Equation (6 — 6) and the results in Table 6-2. The C' = 8.7 under
gas gun impact (v = 6.7 m/s) is much higher than that in quasi-static (C' = 3.5, v = 2mm/s)
compression tests in current study and those in both quasi-static (C' = 3.5, v = 2mm/min) and
dynamic (C' = 4.2, v = 3.0 m/s) tests in the previous chapter, indicating the assumption that
only liquid infiltration into nanopores involves in the energy absorption mechanism of LN is
invalid. There must exist additional energy absorption mechanism of the LN at such high incident
speed.

Compared with quasi-static compression tests and dynamic impact test in both this study and
in previous chapter, the incident speed as well as the incident energy in gas gun impact is much
enhanced. The additional energy absorption mechanism associated with LN at higher incident
speed and incident energy is the non-dissipative nanofluidic energy capture mechanism in LN
[155,193,194,202]. Upon impact, once the P, of LN is reached, the capillary resistance is

overcome and the liquid molecules infiltrate into the nanopores rapidly. The highly compacted
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intercalated liquid molecules is driven towards the end the nanopores as external impact progresses,
carrying massive potential energy into the nanopores. Due to the mechanical impedance mismatch
between the trapped liquid molecules and the rigid nanopore wall, the wave transmission is
suppressed at the liquid-solid interface. Thus, the incident wave energy of the external impact is
temporarily stored in the nanopores as the potential energy of the intruded liquid molecules. While
the liquid infiltration is driven by the external impact at a higher flow rate, the liquid defiltration
can only rely on the solid-liquid interfacial tension, leading to a much lower flow rate. Therefore,
the captured potential energy is released into other forms of energy slowly and the incident energy
is mitigated. The energy capture capacity increases dramatically with the incident speed,
suggesting that the energy absorption capacity of LNFTs can be further enhanced at higher incident
speeds. This adaptive impact mitigation ability endows LNFTs to be used as advanced energy

absorber in impact conditions with different energy levels.
6.5 Summary

In this chapter, we have experimentally investigated the energy absorption capacity of large-scale
LNFT at different incident speeds. The comparison of the energy absorption capacities and the
strengthening coefficients between empty tubes and LNFTs allows the following conclusions to
be drawn:
(1) The LN can improve the energy absorption capacity of the tube under both quasi-static
compression and dynamic impact conditions;
(2) The reinforcing mechanism includes load transfer effect between LN and tube wall and
suppression of inwards buckling;
(3) The LNFTs show strong rate sensitivity. As the incident speed increases, the energy

absorption capacity of LNFTSs is considerably enhanced,;

110



(4) Nanofluidic energy capture mechanism of LN is involved at higher incident speed, which
significantly promotes the energy absorption capacity of LN as well as LNFTSs.

In summary, LN is demonstrated to be an effective filler for thin-walled tubes to enhance its energy

absorption capacity, especially at elevated strain rates. The findings warrant future applications of

LN under high speed impact, such as vehicle crash and even blast scenarios.
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Chapter 7

LN-Functionalized Strong and Tough Hydrogel

This chapter presents an experimental study of the reinforcement and toughening effects of liquid
nanofoam (LN) on a soft material — hydrogel. We employed the LN to develop novel hybrid
hydrogel. The hypothesis is that by integrating nanoporous particles into the liquid-based hydrogel,
LN will be formulated and encapsulated in the 3D polymer network, and thus the mechanical
strength and toughness of the hybrid hydrogel will be significantly enhanced simultaneously. To
test this hypothesis, hydrogels containing nanoporous silica particles have been synthesized. The
extremely large energy dissipation capacity of LN-based on the liquid infiltration mechanism has
been successfully converted into the toughness of the resultant hybrid hydrogel. In addition,
nanoporous particles with functionalized outer surface also perform as both chemical and physical
cross-linkers to reinforce the hydrogel polymer network. Its compressive strength, tensile strength,
toughness, and morphology have been characterized by various experimental techniques including
confined and unconfined compression tests, tensile tests and SEM imaging. Our results show that
both the mechanical strength and toughness have been remarkably enhanced. This study provides
the first working mechanism to independently control the strength and toughness of hydrogel,
which offers a new design strategy of next-generation “soft and wet”” materials with high strength

and toughness.
7.1 Introduction

Hydrogels consist of 3D cross-linked polymer networks and large amount of water (>50%). Due

to their unique biocompatible and biomimetic properties, hydrogels have great potential and
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promise for many biomedical and industrial applications, such as wound dressing [203], scaffolds
in tissue engineering [204], drug delivery [205], sensors [206], and many others. Many
applications of hydrogels, such as artificial tissues and hydrogel-based soft machines, require them
to carry significant loads or undergo large deformation. However, swelling of hydrogel in water
usually reduces its strengths, leading to a relatively brittle structure.

During the past decades, intensive efforts have been devoted to the development of strong,
tough and highly stretchable hydrogels. Many hydrogels have shown significant improvement on
the toughness compared with their conventional counterpart, such as double-network hydrogel
[207-209], hydrogel with reversible cross-linker [210], hydrophobically associated hydrogels
[211], topological hydrogel [212], nano-composite hydrogel [213], etc. Despite their successes, it
remains challenging to combine several extraordinary mechanical properties within one material,
due to structural heterogeneity and lack of energy dissipation mechanisms. More importantly,
nearly all researches are focused on the solid matrix network, while the water phase, which takes
up most of the material, has long been ignored.

Here we propose to use LN to functionalize the water phase in the hydrogel for toughening and
to physically or chemically crosslink the matrix network of the hydrogel for strengthening. Figure
7-1 shows the proposed working mechanism of LN-functionalized hydrogel. Upon external
loading, the polymer chains of neat hydrogel will fracture to dissipate energy. As the hydrogel is
reinforced by LN, physical and chemical crosslink will be generated between polymer chains and
nanoporous particles; thus, the mechanical strength of the hydrogel can be improved and the
polymer matrix can bear more load. Before the polymer chains fracture, liquid will infiltrate into
the nanopores, dissipating massive energy to release the stress in the polymer network. Therefore,

the toughness of the hydrogel can be significantly enhanced.
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Figure 7-1: The schematic of the working mechanism of LN-functionalized hydrogel.

7.2 Materials and Methods

7.2.1. Materials and Sample Preparation

Materials: N,N’-methylenebis (acrylamide) (MBAA, 99.0%, Sigma Aldrich) was recrystallized

from methanol before use. Acrylamide (AAm, 99%, Sigma Aldrich), potassium persulfate (KPS,

99%, Alfa Aesar) and Pluronic F127 (PEOg9-PPOss-PEOgg, Sigma Aldrich) were used as received.

The nanoporous material used in this study was a hydrophobic silica SP120 (SP-120-10, Daiso

Corp.). The pore size of SP120 was around 12 nm and the particle size was about 10 um.
Synthesis of PAAm hydrogels: Hydrogels were synthesized via a one-step sequential free

radical polymerization. Firstly, various amount of silica gel SP120, 1.78 g AAm and 0.038 g
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surfactant F127DA were mixed in 5 mL water. After bubbling under a nitrogen atmosphere for at
least 30 min, 0.1 mol% of the initiator potassium persulfate (KPS) with respect to AAm were
added into the mixture. Using a syringe, the solution was injected into a mold fabricated by spacing
two glass plates with a silicone rubber spacer. The mold was heated at 50 °C for 12 h in a water
bath for the polymerization and gelation.

7.2.2. Test Procedures

Scanning electron microscopy (SEM) imaging: The hydrogel samples were quenched by
liquid nitrogen, and then freeze dried to maintain the porous structure of the polymer network. The
dry hydrogel was coated with a layer of platinum before scanning with a Carl Zeiss EVO LS25
Scanning Electron Microscope.

Compression test: The test samples were cylindrical with a diameter of 15 mm and thickness
of 8 mm. The unconfined compression tests were conducted by an Instron 5982 universal tester at
a constant loading rate of 2 mm/min. The confined compression tests were conducted by placing
the sample into a testing cell (Figure 2-4), which was then compressed by the Instron machine.

Tension test: The test samples were cut into dumb bell shape with a gauge length of 20 mm,

a width of 5 mm and a thickness of 1.5 mm. The loading speed was 500 mm/min.

7.3 Results and Discussions

7.3.1. Quasi-Static Behavior of LN
Figure 7-2 shows typical sorption isothermal curves for the silica gel used in current study SP120
in F127 aqueous solution. Since the sorption isothermal curves of all subsequent cycles are nearly

identical to that of the second cycle, only the curves of first two cycles are shown here.
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Figure 7-2: Typical sorption isothermal curves of the silica gel SP120 in F127 aqueous solution.

As shown in Figure 7-2, in the first loading cycle, as the external pressure is sufficiently high
to overcome the energy barrier, the liquid can be driven into the nanopores, leading to the

formation of a liquid infiltration plateau. From Figure 7-2, the infiltration pressure of the LN, P,

m?

in first loading cycle is about 5 MPa. The specific volume change of liquid infiltration, AV, is
around 0.6 cm®/g. During the second loading cycle, no liquid infiltration can be observed,
indicating the nonoutflow of liquid during the first unloading. As the liquid infiltration plateau is

clearly observed in the first loading cycle, we have validated that the nanopores contained by

SP120 are available for toughness improvement in the synthesized LN-functionalized hydrogels.
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Figure 7-3: SEM image of LN (SP120 in FIZ? aqueous solution) functionalized PAAmM hydrogel.
7.3.2. Morphology

Figure 7-3 shows the porous microstructure of LN-functionalized hydrogel. It can be observed that
the nanoporous particle SP120 has been successfully incorporated into the polymer network
without distortion. Importantly, the polymer chains are connected with the particle via chemical
or physical crosslinks, indicating that the reinforcement effect is due to the enhanced polymer-
particle interaction.

7.3.3. Mechanical Properties

The unconfined compressive stress-strain curves of LN-functionalized PAAm hydrogels are
shown in Figure 7-4. It can be observed that the silica gel reinforced PAAm hydrogels possessed
excellent compressive properties. The fracture stress of LN-functionalized PAAmM hydrogel (2
wt%) is 28 MPa, leading to nearly 200% increase, compared with neat PAAm hydrogels (10 MPa).
These results are in good agreement with the morphological observations exemplified in Figure
7-3, where the nanoporous particles behave as physical or chemical crosslinkers. As shown in
Figure 7-4, further increasing the amount of silica gel SP120 leads to the decrease of the fracture

stress of PAAm hydrogel since too much nanoporous particles affect the polymerization process.
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As the true fracture stress, by considering the large lateral expansion of the specimen during test,
is relatively low compared with the P, of silica gel SP120, liquid infiltration is not triggered in
this unconfined compression test and no plateau can be observed.

Figure 7-5 shows the LN-functionalized hydrogel can undergo 90% of strain without fracture

and recover to its initial state. This has demonstrated that the hydrogel can be applied to cyclic

loading conditions.
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Figure 7-4: Unconfined compressive stress-strain curves of PAAm hydrogels.

50%

Figure 7-5: The recovery ability of LN-functionalized PAAm hydrogels under unconfined
compression.
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Figure 7-7: Confined compressive stress-strain curves of PAAm hydrogels.
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The tensile stress-strain curves of LN-functionalized PAAmM hydrogels are shown in Figure 7-6.
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The tensile strength has been improved by adding silica gel SP120. The fracture stress of LN-

functionalized PAAmM hydrogel (2 wt%) is 0.22 MPa, leading to 70% increase, compared with neat



PAAmM hydrogels (0.13 MPa). The results are consistent with the compression tests as well as the
observed microstructure of the material.

Figure 7-7 shows the confined compressive stress-strain curves. When an isotropic hydrostatic
pressure is applied, the hydrogel deforms and the system free energy increases as the strain energy
is stored. If there exist small voids in the material, the liquid molecules tend to diffuse from the
high-energy region (the hydrogel network) to the low-energy region (the small voids). As the neat
PAAmM hydrogel is compressed, since there is no voids in the network, the sorption isotherm curve
increases quite linearly except for the initial concave section; upon unloading, the curve almost
coincide with the loading curve. Therefore, the neat PAAmM hydrogel shows little energy absorption
capacity under hydrostatic pressure condition. As the LN-functionalized PAAmM hydrogel is
compressed, initially when the pressure is low, liquid molecules cannot overcome the capillary
resistance to infiltrate into the nanoporous silica, the sorption isotherm curve increases quite
linearly. As the pressure reaches 5 MPa, the slope of the sorption isotherm curve decreases
suddenly, indicating that the pressure induced infiltration begins. Due to the pore size distribution,
the plateau shows a positive slope. When the pressure reaches 9 MPa, most of the pores are
saturated and the system compressibility decreases rapidly. The pressure range of the infiltration
plateau coincide with that of silica gel SP120 in F127 aqueous solution as shown in Figure 7-2,
suggesting that this process is dominated by the confined water molecules infiltrating into
nanopores. The unloading behavior is quite linear, similar to the F127 solution-based nanoporous
system. The curve is highly hysteretic, resulting in huge amount of absorbed energy (Figure 7-8).
By increasing the amount of silica gel SP120, the width of the infiltration plateau is increased

accordingly. After the confined compressive test, the hydrogels do not fracture (Figure 7-9).
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Figure 7-9: LN-functionalized PAAmM hydrogels (a) before confined compression test (b) after
confined compression test.

7.4 Summary

In this chapter, we have experimentally investigated the performance of LN-functionalized
hydrogels. By various experimental techniques including confined and unconfined compression
tests, tensile tests and SEM, we have demonstrated:

(1) LN is formulated and encapsulated in the 3D polymer network by integrating nanoporous

particles into the liquid-based hydrogel;
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(2) Nanoporous particles also perform as both chemical and physical cross-linkers to reinforce
the hydrogel polymer network;
(3) Toughness of the hybrid hydrogel will be significantly enhanced due to the liquid
infiltration mechanism.
In short, the LN is a promising filling material for hydrogels to independently control the
strength and toughness, which shed light on the design of next-generation “soft and wet” materials

with combined superior mechanical properties.
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Chapter 8

LN-Functionalized Seat Belt Retractor System

This chapter presents a novel design of liquid nanofoam (LN)-functionalized seat belt retractor
system. LN has been employed as the load-bearing component to allow for additional seat belt
payout in the retractor system. The new retractor system have been demonstrated to be much more
tunable compared with traditional torsion bar. It can be potentially developed into personalized

belt retractor systems for better occupant protection.
8.1 Introduction

The increasing demand for advanced transportation has led to enormous growth in the numbers of
vehicles in modern society. Inevitably, vehicle crashes are also increasing and have become one
of the leading causes of death. Therefore, numbers of researchers have been devoted to traffic
safety and occupant protection. In a vehicle, the seat belt system (Figure 8-1a) is one of the most
important safety devices. During a collision or sudden stop, the seat belt system will secure the
passenger against harmful movement. Wearing a seat belt can dramatically reduce the risk of death
and serious injury (Figure 8-2). In a seat belt system, the seat belt retractor (Figure 8-1b) is the key
component which controls the belt behavior. During a crash, the seat belt retractor will lock up. A
torsion bar (Figure 8-1c), which is subjected to nonlinear twisting mode of deformation, is usually

used to allow for additional seat belt payout after the retractor is locked.
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Figure 8-1: (a) Schematic of traditional seat belt system in a vehicle (b) A typical seal belt retractor
(c) A typical torsion bar.
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Figure 8-2: Cumulative estimated number of lives saved by seat belt use [214].
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However, there are several problems in current seat belt retractor system.

(1) Since the torsion bar is metallic and it deforms plastically during a crash, it is only good
for one-time use.

(2) More importantly, it is usually difficult and expensive to design an adaptive torsion bar in
current seal belt system.

Here we propose to use LN to substitute current metallic torsion bar due to the following

advantages of LN.

(1) High tunability. The LN has controllable performance and the control parameters include
pore size [78,215], surface coverage [56,115,216], viscosity of the liquid phase [82,217],
temperature  [110,149,152,218-220], ion concentration of the liquid phase
[116,180,221,222], etc.

(2) Small size. The size of nanoporous particles is in the micron level. Importantly, the LN
shape can adapt to systems with any shape.

(3) Reusability. With proper surface treatment of the nanoporous materials, the LN can be fully

reusable.
8.2 Design

8.2.1. Design of LN-Functionalized Seat Belt Retractor System

The proposed solution is to use LN-functionalized device instead of a traditional torsion bar to
allow load limiting without any plastic deformation once the retractor is locked during crashes.
Note that this design only replaces the torsion bar and keeps other parts of a traditional retractor
unaltered. As shown in Figure 8-3, the LN-functionalized device consists of a chamber containing
LN and a threaded piston. The piston is partially screwed into the chamber, leading to the

compression of the LN. The LN chamber engages with the housing through a gear mechanism.
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This ensures the LN chamber will rotate as the spool is pulled. In current design the other end of
the piston is locked up to demonstrate the working performance after the retractor is locked. (Note
that in final product, this end is engaged to the inertia locking mechanism. In normal operation,
this end is also completely free to rotate. Therefore, when the seat belt is slowly pulled, both LN

chamber and piston rotate and the piston will not screw into the LN chamber.)

Retractor
housing

i T Free to
Locked rotate

Figure 8-3: The LN-functionalized seat belt retractor assembly (a) with retractor housing and belt
(b) a front view.

As the seat belt retractor locks up during a crash, the piston cannot rotate with the LN chamber
and the spool. As such, the LN chamber will rotate towards the piston, causing the piston screwed
into the LN chamber. Consequently, the LN inside will be subjected to hydrostatic pressure. When

the pressure reaches the P, of the LN, the load will be maintained around a constant value.
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Continuing movement of the occupant leads to additional seatbelt payout. When the pores are
filled with liquid, the LN becomes incompressible. The spool rotation will stop and no further seat
belt payout is allowed.

8.2.2. Selection of LN for Desire Belt Retraction

The working load limit of the seat belt retractor, £, is determined by the working pressure, P, ,

of LN, as shown in Figure 8-4.

)
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v | 7]
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Figure 8-4: Schematic of the force relation in the LN-functionalized seat belt retractor.
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The seal belt payout is determined by the nanopore volume of the LN by
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The dimensions of the LN-functionalized device and the LN selection can be optimized to
achieve the required performance targets. Here we have selected two LN candidates to meet the

requirements.

Table 8-1: The LN candidates used in this study.

Silica Gel Pore Size (nm) Liquid Phase P, AV,
SP300 30 35 wit% LiCl ~10 MPa 0.7 cm®/g
SP120 12 46 wt% LiCl ~30 MPa 0.7 cm®/g

The mechanical properties of the LN candidates are shown in Figure 8-5.
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Figure 8-5: Typical sorption isothermal curves of the LN candidates (a) SP300-based LN (b)
SP120-based LN.

8.3 Pulling Test Setup for LN-Functionalized Belt Retractor System

LN consisting of 1.5 g of silica gel and 4.5 g of liquid was added into the LN chamber and sealed
by the piston equipped with O-rings. The belt pulling test was conducted by a universal tester
(Floor Model 5982, Instron, Inc.) at a constant speed of 500 mm/min, as shown in Figure 8-6. The

load F" and the seat belt payout L were measured and recorded by the Instron machine.
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Figure 8-6: Snapshot of the belt pulling test.

8.4 Results

Figure 8-7 shows the mechanical response of LN-functionalized seat belt retractor. As shown in
Figure 8-7a, initially, the seat belt showed an elastic behavior since P, of SP300 silica gel was
not reached and the system behavior was the combination of the elastic nanoporous particles and
liquid phase. As the external load reached a critical value 0.3 kN, the capillary effect of the
nanoporous silica gel was overcome and the liquid was driven into the nanopores. Consequently,
a force plateau was observed. Once all nanopores were filled, the system became incompressible
and no more seat belt payout was allowed. The width of the force plateau, determined by the

specific nanopore volume of the silica gel specimens, was the seat belt payout L. For SP300-based

LN, L = 270 mm. The working load limit F', determined by the force plateau, was 0.3 kKN. The
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mechanical response of SP300 ensembled the behavior of traditional torsion bar-based seat belt
system.

As the LN changed to SP120-based system (Figure 8-7b), F" increased to 1.2 kN due to the
increased P, of SP120 silica gel. Since the specific nanopore pore volume of SP120 silica gel was

wm

similar to that of SP300 silica gel, the seat belt payout remained the same.
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Figure 8-7: The mechanical response of LN-functionalized seat belt retractor (a) SP300-based LN
(b) SP120-based LN.

Based on these results, the concept of LN-functionalized seat belt retractor has been validated.
More importantly, it has been observed that as the LN material changed, the response of LN-
functionalized seat belt retractor changed accordingly; that is, the LN-based system can be easily

tuned.
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8.5 Summary

In this chapter, we have presented a novel design of seat belt retractor system based on LN
system. Through seat belt pulling test on the LN-functionalized seat belt retractor system, we have
demonstrated:

(1) The concept of LN-functionalized seat belt retractor system is valid and LN can be used as

material to replace the traditional metallic torsion bar;

(2) The LN-functionalized seat belt retractor system possesses high tunability compared with

tradition metallic torsion bar;

(3) LN can be applied in scenarios where the dominating load mode is torsion.

In short, the LN is an excellent functioning material in seat belt retractor system and many other

similar applications. The results have merit in the design of advanced vehicle devices for occupant

protection.
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Chapter 9

Conclusions and Future Work

The research presented in this dissertation has led to knowledge on the dynamic behavior of LN
system and the performance of LN-functionalized materials and structures. The research findings
have provided new concepts for the development of advanced energy absorption materials and

structures .
9.1 Contributions

Based on the results in this dissertation, the following conclusions can be drawn:

(1) Dynamic behavior: Liquid infiltrates into nanopores, independent of the axial buckling
stress of the nanopore and the activation of liquid infiltration as well as liquid flow in
nanopores are faster than pore deformation. The much-enhanced liquid flow speed in nano-
environment and the adaptive liquid infiltration speed are experimentally validated,
providing mechanistic explanation for the high energy absorption efficiency of LN at high,
blast impact-level. The research also suggests that the LN in the liquid marble form can
perform as an efficient energy absorption system upon high strain rate impact due to its
macroscopically homogenous structure.

(2) LN-functionalized materials and structures: The LN filler can significantly promote the
average post-buckling strength of the tube under both quasi-static and dynamic conditions
due to enhanced LN-tube wall interaction. The strengthening coefficient of LNFT is much
higher than that of best solid foam-filled tube because of the “perfect bonding” between

LN and tube wall. As the incident speed increases, the energy absorption capacity of
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LNFTs is considerably enhanced, suggesting LN is more efficient at elevated strain rates.
LN can be formulated and encapsulated in hydrogel and improve both the strength and
toughness of the hybrid hydrogel. LN applied in torsion mode is also demonstrated in the

seat belt retractor system.

9.2 Limitations

While the LN system is proposed to work under any loading conditions, there are still limitation
of the current research.

(1) Dynamic behavior: The maximum incident speed of impact on LN in this dissertation is
3.0 m/s and the maximum strain rate is 5.8x10° s. The LN system may be subjected to
more severe impact or even blast in real scenario.

(2) LN-functionalized materials and structures: The maximum impact speed for LN tube is 6.7

m/s, which may be much larger in real case. The liquid infiltration in LN-functionalized

hydrogel under unconfined compression tests has not been triggered.
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9.3 Future Work

9.3.1. High Strain Rate Test

As previously mentioned, in practical applications, the LN system may experience impact with
much higher strain rate. More importantly, results in previous chapters show that the LN system
as well as LNFTSs are rate sensitive (Figure 9-1a). Therefore, it is desirable to conduct dynamic
test with higher strain rate. Split Hopkinson pressure bar [223-225] and blast test [226-228] are

suitable experimental techniques for this purpose.

(a)

Dynamic
]

EQuasi—Static

0% 25% 50% 75%

(b) (c)

Specimen

Strain Gauge High Pressure Gas

- N

Striker Incident Bar

Incident Shock ~ Specimen

Transmitted
Bar

Figure 9-1: (a) Rate sensitivity in LNFTs. (b) Schematic of split Hopkinson pressure bar. (c)
Schematic of experimental set-up of blast test.
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9.3.2. Liquid Infiltration in Hydrogel under Unconfined Compression

As previous discussed, liquid infiltration in LN-functionalized hydrogel under unconfined
compression tests has not been triggered. Therefore, the future goal is to trigger this liquid
infiltration from four aspects as shown in Figure 9-2: select strong matrix, load sufficient amount
of nanoporous particles, find LN system with lower P, and develop effective method for

dispersion.

Strong Matrix NpP with lower P,

LN Functionalized Hydrogel

Sufficient NpP Loading Effective Dispersion

Figure 9-2: Triggering liquid infiltration in hydrogel under unconfined compression from four
aspects.
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APPENDIX
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Michigan State University Unit Inch Materials Stamlsess Steel 316
Piston Sleeve
Department of Civil and Environmental Engineering Quantity 4 Designed by Mingzhe Li

Note: The internal, upper and bottom surfaces need to be machined while the external surface does not.

Figure A-1: Testing cell — piston sleeve.
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Figure A-2: Testing cell — piston.
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Figure A-3: Drop tower — base and track.
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Figure A-6: Cap for large-scale tube — confining part.
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