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ABSTRACT

Dynamic Energy Dissipation Using Nanostructures: Mechanisms and Applications

Jun Xu

Theemerging subject of mechanical impact protection at nanoscale where
solids, fluids interact closelyas raised manmulti-disciplinary ancchallenging
guestions which cannot be answered by the analogy from their macroscopic counterparts.
A series of counterintuitive phenomena have been observed without forofieund
theoeetical explanations. It is pretty straightforward to take advantage of these novel
properties for fascinating applications which cannot be achieved by traditional materials
and structures. Among various exciting areas, one of the most promising and ever
expanding topics is the impact protection at nanoscale.

Primarily inspired bythe excellent mechanical properties of carbon nanotube
(CNT), a wateffilled CNT system for impact protection is designed. The nanoconfined
water molecules enhance the stiffnestheftube and also help to stabilize the tsibeh
that the buckling forcand the posbuckling plateaus higher than empty CNTSs,
indicating a much higher energy dissipatmerformanceAlso, the energy dissipation
performance is dependent on the aspaad which is similar in its bulk counterpart.
Additional support may come from adjacent tubes in CNT bundle and forests and the

actual energy dissipation per unit volume/mass is improved.



Unlike the tube or beam shape, once the single layer graphetiedsinto a
spherical shell, it becomes buckyball whose mechanical properties are seldom studied.
Thus, firstly, the quasstatic and dynamic behavior of buckyball is investigated based on
MD simulation. Buckyball may be categorized according to the argchl behavior. The
force-displacement curve obey the continuum shell model prediction perfectly except for
the slight difference in coefficient change due to the size effect. Interestingly, it is
discovered that larger buckyball cannot recover to il shape after unloading while
the smaller buckyball can. Stronger van der Waals interaction between the buckled layer
and the bottom layer may be the responsible reason for theeaovery phenomenon.

The buckled shape should have higher strain ersrgy that more mechanical energy is
dissipated.

Motivated by the novel behavior of buckyball, the various stacking forms of
buckyball are investigated. By analogy for the 1D granular energy dissipation system, a
1D long chain buckyball system is desigraed studiedwith relatively small elastic
deformations of & buckyballs during impact, modified Hertz contact moded
proposed, with critical parameters calibrated via MD simulations for given impact
loading conditionsThe major energy dissipation ofenism for the buckyball chain is
the wave reflection among the deformation layers, covalent potential energy, van der
Waals interactions as well as the atomistic kinetic en&aynonrecovery buckyballs
such as &o, energy mitigation effect is more wbus.Over 99% and 90% of impact

energy for Gaoand Go chain systems could be mitigated under particular impact



conditions Moreover, protective system based on short 1D vertical and horizontal
alignments and various pseudo 3D stacking forms with diftgpacking densities are
also studiedlt is found that stacking form with higher occupation density yields higher
energy absorption and proves the available buckyball in bulk is ready for impact
protection.

In addition, to quantify the material behaviprpve the recently suggested new
theories and discover new phenomenon, desktop experiments serves as an important part
of this thesis research. The governing factors, i.etrpegment temperatures,
solid-to-liquid mass ratio, particle size and electtelgoncentration are parametrically
studied. Experiments show that the optimum processing pretreatment temperature is
about 1000N with higher zeolite mass ratio. Also, the dynamic behaviaeofite
b/ wat e risingegtigdted amd the system has aebetynamic performance than
quaststatic since the infiltration pressure increases due to the water molecule inertia
effect.

To conclude, impact dynamiesmdenergy dissipation/mitigation at nanoscale is
a lasting topic in mechanics related researchatemse knowledge is highly desire in

engineering application with the advancement of material science, physics and chemistry.
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Chapter 1 Introduction and Motivation

1.1 Challenge in Impact Safety

Impact safety has long beensarious technical concein our industry and
society. From as huge as space shuttle, aircraft carriersphigd trains and veles, to
as small as cell phones, flash disks and mitrips, from as simple as package cushion to
as complicated as the crashworthiness of the electric vehicle battery which involves
electric, chemical reaction, fluid and solid mechanical fields togetioan, civil structure
to military equipment and weapgnit is always a priority to solve the impact safety
problem by providing energy absorption/mitigation materials and structures.

Take the automotive industry for example. Thanks to the highly dewk ko
well organized highway network in U.S., Americans greatly rely on various vehicles and
the number of vehicles has been continuously increasing. According to the statistics from
Department of Transportation, U.S., the registered vehicles in 201kaesed to the
number 0f253,108,3891], indicating that every single person have about 0.8 vehicle on
average. Although advances in technology have led not only to the increfseatycles,
but also to higher quality, i.e. safety and reliability, and performance, i.e. speed and
maneuverability, it remains inevitable to have vehicle related fatalities and injuries. In
2012, there ar®,615,000policereported crashes with 33,564tdlities and 862,000

injured with 4.35% increase compared to its counterpart in the previous year, meaning



that 3.8 persons are died and 269.6 persons are injured every hour in U.S. due to the
traffic accidentg2]. The rest otthe world is facing the similar challenge. Road traffic
injuries was the ©globalinjury/deathburden in 20043], and now ranks at™§4], and is
further anticipated to be thé #njury/deathburden worldwidd4].

The major problem for impact protectiaturing vehicle crashes is how to
manage such a huge kinetic energy at the magnitude>o1QJ in such a short timesa
the value of 1® ms. Likewise, during all impact events, an average fdroahich
prevails over timet along the contact interface iemprated in order to handle the
momentummyv which could be expressed @&=myt. The larger momentum with
shorter time could result a remarkable intense force which teadbuge acceleration to
the objects that we need to protectn€mlly, the major ways to achieve the protection
subject to the impact loading are energy absorption and dissipation, force mitigation and
delay. Such requirements may need to fully utilize the mechanical properties of the
material as well as the matchisgucture design.
1.2 Handling Impact Protection at Macro and Meso Scale

Upon the dynamic loading, the suddenly created stress would propagate away
from the contact surface in the form of stress wéube normal stress applied is smaller
than the yieldstress of the impacted material, then the stress wave is defined as elastic

and the propagation spedd is

c =F (1.1)
p



whereEand r are the Youngos modulrialsrespectivkly. dlsopisis t y of t
fundamental to derive the relation between the stessand particle velocity as

s=JEnN =QV :E—v (1.2
C:L

where S/v is defined as stress wave impedance. Theredoyeeld velocity can be defined as a

material ds property as foll ows

_Y

-
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Under circumstances that the particle velogénerated from the dynamic loading is below the yield

c (1.3

mil<

velocity will the stress wave be purely elastictie cases where particle velocity exceeds far beyond

the yield velocity, in addition to the elastic wave propagating with velo€ity, a plastic wave will be

initiated and propagated away from the loading region. More detailsdshoble r ef erred t o Jo
book[5] and only the major points are summarized here.

(1) If the material mechanical behavior is linear stia@mcening then the plastic wave would

propagate at the speed &,

- [E (14

where E, is the strairhardening modulus of the material. Generally, for typical
engineering metals, typidgal E, is usually 2 or 3 orders smaller thEnindicating that
the plastic wave is about an order slower than the elastic wave.

(2) If the material mechanical behavior exhibits the -tinear strairhardening and obeys a

stressstrainrelation s = 5( )¢ in the plastic range, the plastic wave propagation speed

3



could be expressed as

c, = ,dsr/d € (1.5

where ds/d ¢ represents the tangential modulus of the material.

During impact, thereare two dominant effectavhich makes the dynamic
impact a much more complicated case than gstasic caseone is the inertia effect and

the other one is the straiate effect.The former one is caused due to the movement of

structure during the dynaoal deformation which is more structure related and the latter

one refers to the dynamical deformation in structure as well as the strain rate dependent
effect in material itself.

(1) Restricted and constant reactive force. The peak reaction force on the
structure/material should keep below the the required threshold or the object could go
under severe damage/injury. Besides, the reaction force should remain constant such
that maximum energy could be absorbed/dissipated.

(2) The reaction time/displacement is lorigong stroke may help gain the maximum
energy along with the abovementioned constant reaction force.

(3) Lightweight and high specific energy mitigatiocapacity The protection component
should be light itself such as to gain a high specific energy absddisipation
capacity which is vital for implementation of impact protection device.

It is evident that evaluating the impact protection ability of certain material and

structure should also take the protection object requirement into account such that the
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structure design and material selection may vary from one case to another. However,
there are some fundamental principles that one should follow to achieve a decent impact
protection goal, especially in the rembrld engineering application.

Therefore,by taking advantage of the modern material technology, there are
two ways to handle the impact protection prohleome is enhance the material
mechanical properties and the other one is to design new structure geometrically.
Scientists and engineers havedaaignificant progress and pioneering work towards the
impact protection goal which is briefly summarized as follows.

From the material point of view, by taking the advantages of various material,
composite materials become increasingly popular as idead)g absorber candidates.
Laminated material by employing soft polymer sandwiched by metallic or glass sheets
have been proved to significantly improve the ectite effec7-9] since the compliant
interlay serves as the agents of stress containfh@nhtWoven fabric compositgd4.1-14]
are recommended to mitigate the impact force since they have ultrahigh tensile strength
and impact resistance. Similar force mitigation mechanism may be found in fiberégparticl
reinforced materialgl5-17]. With the relatively high yield strength at low density and the
large nominal strain, honeycomb and metal foams also receive \telgtians as
excellent energy absorption materigl$-22].

Thin walled structures are now widely accepted for energy absorption

structures and package. Two dimenslly, a thin walled tube could be regarded as a ring



structure when it is subject to a global loading while the tube should be analyzed three
dimensionally during the local loadiff@3]. Thin walled structure also has outstanding
mechanical performance under the axial loading via progressive buckling by utilizing the
deformation of entire wall. Axial splitting of circular metallic tubeasother way to
dissipate the impact energy by plastic bending/stretching and t¢adhd-urther, more
sophisticatd structures are suggested and assembled to achieve the energy absorption
goal. For example, functionally graded syntactic foam matesalucture by stacking of
tubes in layers is verified to have the large strain up to 75% without losing the strength
[25]. Micro-truss topologyhas geerated significant interest from researchers in relevant
areaswhich might offer strengths comparalte honeycomb$22] while simultaneously
facilitating theother functionalities of open cell metal foafi26-28]. Besidesgranular
material arrangig in a chairdike structurg[29, 3Q] is attractive for force attenuation, and
such a discrete system effeetiy responds to impact loading via stress wave propagation
across various interfaces to reduce the transmitted force. Pioneering work on the
characteristics of the solitary wave propagation in a homogeneous chain of metallic
spheres based on the Hertz tamt law was established by Nesteref#]. Since then,

many contributions have been put forward to refine thairc system for outstanding
energy damping ability, including the material and geometrical param@2rs33],
arrangementgd34, 35, and model parameterizations of different granular materials

[36-3).



1.3 Opportunity for Nanomaterials and Nanostructures
1.3.1 Mechanical properties of major nanomaterials and nanostrcutures
With the discovery of the carbon ndanbe (CNT), buckyball and graphene and

the advancement in material manufacturing and characterization, we are able to
manipulate materials and structures at nanoscale driven by functionalities. The
mechanical properties dominate the performance of endrggr@tion, dissipation and
mitigation during impact. Naturally, nanomaterials and structures are in the center of the
focus.

CNT is a long glinder of carbon atoms, first discovered by Sumio lijif88] of
NEC Corporationos Fundament al Research Lab
chirality, CNT may be ither metallic or semiconducting. Back to the beginning &f 21
century before the discovery of graphene, CNT was known as the strongest or stiffest
element in nanoscale device or composite material. Experimentally, the amplitude of the
CNT oscillations a& defined through carefutansmission electron microscogyEM)
observations. By employing the basic idea of measuringstaeding vibrations in a
TEM to consider the limit of small vibration amplitudes in the cantilever governed by the
well-known fourh-or der wave equation, the average Vval
was obtained as 1.8 TH40]. Later, it was also found a smaller average value of
1.250.35/+0.45 TPa on a larger sample of nanotubes by the same tedhtigudsing

the tip of an atomic force microscope (AFM) to bend anchored CNT is another effective



way to probe the Youngds modul WS TRa#M2.CNT and
Al t hough there are other experimental dat a
are rather scattered from 0.4 &F.5 TPa, the overall widely accepted values are
E=1.0~1.3TP It still remains a challenge to measure the strength of carbon nanotube
accurately since a nanotube is too small to be pulled apart with standard tension machines

and yet too togh for small optical tips. Falvo et d43] estimates the maximum

sustained tensile strain of a singkall CNT could be as large as 16%. Considering the
commonly accepted values of the Youngébés mod.L
under tende loading is about 16050 GPa. Their axial buckling behaviors are essential

for energy absorption. Yakobson et[d4] pioneered the study gjuasistatic buckling of

CNTs using molecular dynamics (MD) simulations and continuum mechanics models.

Quite a few continuum modeling efforts have tmeearried out, extending the
conventional shel[45], beam[46], or space fram¢47] theories and focusing on the

quaststatic buckling modes and mechanisms. The continuum models may be improved

by incorporating atomic potentiald8], such that the effects of chirality and defects may

be accountedof. Meanwhile, MD simulations still provide arguably more reliable

analysis for the mechanical instability, since it can account for thermal fluctuation,
nonbond interaction and various types of defects quite accurately (depending on the
forcefield), andit has been employed to study various buckling properties of CNTs

[49-51].



Buckyball is composed entirely of carbon atoms in a hollow spherical shape.
With the numler of carbon atoms growing, the size of the buckyball increases. A typical
representative of buckyball family ise& also called buckminsterfullerene which is
composed of 60 carbon atoms. On the basis of a simple composite model, it is calculated
that a sngle densespacked Go crystals of Go may attain a bulk modulus of 0.810~0.972
GPa[52]. By analogy to continuum mechanics, the buldmus can be calculated by
V(uZE/ MZ) (.86 TPz directly where the/ andE are the volume and strain energy of
the shell of Go, which agrees the previous vali&8]. Such a high bulk modulus makes
that Gy is probably the most incompressible material known. The buckyball is mainly
treated as a shell structure at nanoscale in mechanical analysis such thatahedso
AYoungds modulusoiandsiitrengthe/ aompnessavail
Graphends a two dimensional plan crystalline allotrope of carbon. It may be
regarded as a monolayer of graphite and the basic structural element for CNTs and
buckyballs. Back to 1970, experiments carriedlpuSeldin and Nezbeda proved that the
inpl ane Youngo6s modul@es0.08TP. Tensiekestglistedmlovet e 1 s
about the Youngés modulus and stiffness val
performed on suspended graple films by nanoindentation has been used to measure
their bending stiffnesfgfdl and t he Yo u[bH) dee etrald5dmdasused the
elastic properties and intrinsic strength of monolayer graphene also by nanoindentation in

an AFM and showed that the graphene as the strongest material ever measured with



Youngo6s mo Baahdirgrinsic fstrergth @f 130 GPa. Ab initio calculation of the
strength of graphene under tension also proofed to be 118 to 175%Rdowever, due
to the thermal and quantum fluctuations, the Meriegner theorem proves that the
amplitude of the longvave fluctuations grows logarithmically with the scale of 2D
structure, indicating that if the graphene, being the strongest material in the world known,
is in a sufficiently large size, the 2D structure would bend and crumple into 3D structure
without any lateral force. This is an interesting phenomenon but it is beyond the
discussion of this thesis.
1.3.2 Opportunity of nanofluidics

Nanofluidics is defined as the study of the behavior and mechanisms of fluids
residing inside the structures of nanometeqgidgily within 1-100 nm in the length scale
[58]. The ratio of surfacéo-volume increases largely leading to new physical and
chemical properties. Nanofluidics an emerging and multidisciplinary study where
physics of fluids, thermodynamics, colloid chemistry and engineering meets.
Electrokinetic effect§59, 60], phenomena at the micro/nanochannel interféde 62],
macromolecule separation mechanisms using nanoscale stryé®)i@4 and nanopores
and nanowires foftabelfree biomolecule detection®5, 66] are now heated research
frontiers of nanofluidics.

One of the clasic physical models is the water infiltration into the nanopore

problem.A water molecule loses some hydrogen bonds during its entering the pores and
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the van der Waals attraction of the hydrophobic pea# cannot compensate the loss
[67], indicating that water molecules cannot intrude into the small nanopores (e.g. CNT in
(5,5)). Interestingly, both MD simulation and experiments at the nanoscale show that
water may transport spontaneously into smaller nanotubes. Essetiiteatiyptrance of the

first few water molecules is thermodynamically disadvantaged while the filling of the
entire nanotube is favorable. Seminal work finished by Hummer et al. reported a
spontaneous and continuous filling of a hydrophobic carbon nanoitibe WD ordered

chain of water molecules, shown in Figure 1.1.

N(t)

eco=0.114kcalmol™  o0gn=328A

0 10 20 30 40 50 60

£cp = 0.065 kcal mol™

Ioco=3.41A’ M
Wb saealdl sl

0 5 10 15 20 25
t (ns)

Figure 1.1 Water residence in the CNT. Number N of water molecules inside
nanotube as a function of time with (a) normal and (b) reduced carétan interactions
(c), structure of th remaining water chain inside the CNigg]

N

They also discovered that the small change of the interactions between the tube
wall and water may dramatically affect the pore hydration. Despite its strongly
hydrophobic proper, the empty CNT is rapidly filled by water from sherounding
reservoir and several water molecules remain inside the tube even after abo{6&6 ns
These innovative findings suggested the CNT might be utilized as a molecular channel

for water molecules and other protons and the CNT occupancy and conductivity could be
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broadly tuned via the changing in the local pore polarity and solvent conditions.

In traditional fluid mechanics definition, the liquid should be modeled as a
continuum system where the behavior of a liquid can be described in terms of
infinitesimal volumetrt elementg69]. However, in a system whetke size of a liquid
molecule is comparable to the size of nanopore, the liquid should no long be regarded as
a continuum system, rather, a fisubcontinuum
element is no longer valid. Thus, Thomas and McGau@h@yusing MD simulation to
investigate the structure and flow of water within CNTs with various diameters from 0.83
to 1.66 nm. It wa found that different water structures may form at different CNT
diameters accordingly: singfde molecule chains, tilted pentagonal rings, stacked
pentagonal rings, stacked hexagonal rings and disorderedikmiliwater, shown in
Figure 1.2. These strtures were also found in R¢b67, 71]. From the water molecule
structure, one may easily foutitht the molecules become less coupled in srrsittexd
tubes[72] which may reduce flow friction and thus leads to higher flow rate.

I't also arouses researchersdéd interests t
enhancement in water moleeuransportation than its counterpart in bulk materials both
in experimentg73-75]. On the other hand, some more recent experiments on individual
long CNTs reorted water flow increase rates below 1Q@6] and also several MD
simulations demonstrated that the enhancement rate&ders of magnitudgr2, 77,

78]. Walther et al[79] clarified the argument with large scale of MD simulation (at the

12



experimental length scale) and concluded that the water transport enhancement rates are

length dependent but asymptote to 2 ordémmagnitude over its continuum counterpart.

(C)P(n.t,.)

o =0.2 nm2-ns

(a) Simulation Snapshot

0.83 nm (6,6): single-file chain
0.96 nm (7.7): tilted pentagons [~ T~10ns |

1.10 nm (8.8): stacked pentagons

A

o =0.3 nm%ns

.....
t t
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Figure 1.2 (a) Water structure and formation inside the CNT at CNT diameters va
from 0.83 nm to 1.66 nm. (b) Axial distribution function and the structure relaxation
for each CNT. (c) The probalyithatn molecules cross the system rpldne over the
characteristic flow time.70]

In the meantime, the cutting edge theeriabout nanofluidics are constantly
pushed forward. The most heated area is the discussion of nanofluidics mechanics based
on classical continuum fluidic and microfluidic theori€he average watdiow velocity

v of the slow fowing liquid whoseReynolds number is much less than one inside a
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tube with a uniform radius is estimated by the Darcy[i@d}

ADP (1.6

where DP is the pressure difference across the tube, L is the total length of the tube, and
g is the hydraulic conductivity which could be derived directly from the-sigm
Poiseuille reition, g, =D?/(32 § whereD is the diameter of the tube ands is

the liquid viscosity[72]. If the water molecule slip is considered, then the velocity is

expressed d92]

_(p2ye  rr o (L.7)
0 e o B

whereLs is the slip length at the liquid/solid boundary. The slip length is defin¢d2as

81]

L= u() (18)
° du/dr| _,

Suchthat the corresponding volumetric flow ra@, with slip is then given by72]

o _PgD/2) +4(D/2'L, gp (18)

8m vl

S

Thus, the water transport enhancementdiscussed and reported above from previous
referencess defined as the ratio of the measured flate toQn. By adopting Equation

1.8, the enhancement could be

Q & L(d) em (1.9)
8_ N
% &~ D W9

Let us take one step back to trery beginning of water filhg and focus on the

e=
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pressuredriven infiltration phenomenon. When the water molecule start to infiltrate the
nanopore, capillary effects dominate the process arahibe described well by using the

LaplaceYoung6s as[@8Juati on

- 4Dg
in d

where R, is the pressuredifference acrossthe liquid-gas inerface, and used to

(1.10)

overcome the initiaénergy barrier,Dg is the excess sohliquid interfacial tension, and
d is the diameter ofmacro/microchannelOnce the scale size enters the liquid molecular
size level, the continuum thgomay break down. In the study of Qiao et[&83], they
investigated the pressudeiven infiltration behavior in a hydrophobic MFI zeolite/water
system. In the meantime, they used MD sirtiatato validate the experiment observation
and studied in detail about the water molecule infiltration beha®ased on MD
simulations and experiments, they suggested that an additional prd3Burould be added
with the folloving expression g$83]

DP =4% (111
whereL is the infiltrated length and? is the resistance per unit lateral surface area. Therefore,

at thenanoscale, by combing the infiltration pressure and the the extra pressure, the pressure gradient

of should be written g83]

b= 4(hL+ Dg (1.12)
d

As it is shown in Equation.12, the pressurdriven infiltration may generate a pressure

plateau, very similar as thdealizedenergyabsorption materidbehaviorthus inspire us
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to further utilize the nanoporous/water system for impact protection.
1.4 Current ResearchProgressof Impact Protection at Nanoscale

With their high stiffness and strength to weight ratios, carbon nanotubes (CNTSs)
[84] have emerged as candidates for advanced mechanical sy8fgimBario et al.
presented a simple experimental method to determine thestnggh rate behavior of a
forest of vertically aligned CNTE6], shown in Figure 1.3. During ¢hexperiment, the
authors were able to extract fordsplacement curves and further estimate the dissipated
energy the CNT forest. The forcksplacement curve showed to be strong nonlinear
dependent which was fundamentally different from Hertz law. Tiergy dissipate
capacity was about 230 J/2mvhich far exceeded current engineering materials. Further,
Dario et al.[87] shaved that there was no trace of plastic deformation and full recovery
of the foamlike layer of coiled CNTs under various impact velocities by employing the

same experimental device, indicating a good candidate for localized impact protection.

Impacting ball
CNTs forest H

Wave-guide Piezo-gauge,

RC-103us

() (b)

Figure 1.3 (a) CNT forest before impact and (b) experimental setup for the drof
impact test[86]
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Mantena et al[88] examined the dynamic mechanical behavior amgh-ktrain rate
response of a functionally graded material consisting of vertically aligned CNTs gown on
silicon wafer substrate. The results show that the energy dissipation capacity of CNT
forests was about 50 J/g, which was about 5 times asshighgh steel. A more
promising experiment result about CNT being as an energy storage media was reported
by Zhang et al. The authors experimentally demonstrated that the-fiee@NTs with

length over 10 cm, may have the failure strain up to 17.5% andetetrghgth up to 200
GPa and Youngods modul us up to 1.34 TPa.
continuously repeated mechanical compressive loading for oved@&mes. Besides,

these CNTs have the energy density nearly 3 tioigkhat of Carbon T1000 flywheels,

5-8 times that of Lion batteries and 25,000 times that of steel spriB§s Yang et al.

[90] used coarsgrained MD simulation to show that the entangled networks of CNT
with temperature and frequenowariant dissipative behavior under cyclic compressive
loadings can be attributed to the unstable attachments/detatshimetween adjacent
CNTs induced by van der Waals interactions. Further, they employed a mesoscale
beadspring model to demonstrate that the complicated deformation behaviors of CNTs
could be explained from competing elastic and adhesive interactiohe ati¢ro scale

[91]. Recently, Pathak et al92] reported that the mechanical behavior of vertically
aligned CNT bundles would perform much better (shown in Figure 1.4), -i@d 6

increase in elastic modulus and gradual decrease in recoverabdiy high strain rate
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Figure 1.4 An in situ study of the mechanical behavior of vertically aligned CNT bur
at high strain ratg92]

Naturally, another branch of fullerene family with a spherical shape, i.e.
buckyballs, also possess excellent mechanical properties similar to CNTs. M98t al.
examined a € in collision with a graphite surface and found that the W@ould first
deform into a disdike structure and then recover to its original shape. It is also known
that Go has decent damping ability by transferring impact energy to internal efgtgy
95]. This large deformation ability under compressive straingfwas also verifiedy
Kaur et al.[96]. For higher impact energy, Zhaf®7] employed Go/Cszoto collide with
mono/double layer graphene, and the penetration of graphene and the dissociation of
buckyball was obseed. Further, Wang and Lg488] observed a novel phenomenon of
heat wave propagation driven by impact loading betwegna@d graphene which is
responsible for themechanical deformation of the buckyball.

Meanwhile, giant

buckyballs, such as s have smaller system rigidity as well as fienoverable
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morphology upon impact, and thus they are expected to having higher capabilities for
energy dissipation. However, tioe best knowledge of authors, curremhly few studies
about the mechanical behavior of giant buckyballeasglable[99-101].

The pioneering work about utzing the nanofluidics system for mechanical
energy absorption mainly focused on qgestatic which serves as a very first and
fundamental step towards the impact protection. Punyamurtula 2031 experimentally
investigated on a nanoporous carbon functionalized and they found that during the
compression process, the pressure was increased to a critical value such to lead to a
considerable increase in soliquid interfacial energy. Due to the hysteresis
characteristic in the loadingnloading process, the mechanical energy was absorbed and
the energy absorption level was about 15 J/g. Han EtG8] adopted the similar idea by
dispersing nanoporous particles in an etdgte solution to form a suspension and found
that the hydrophobicity of the nanopore could be greatly tuned via the temperature,
evidenced in Figure 1.5. It was also found that due to the large surface area, the energy
density was much higher than tldtconventional shamemory solids. Another type of
the system consisting of a polyacrylic acid gel matrix composite material functionalized
by hydrophobic nanoporosu silica particulates was developed by Surani andL@8ao
They proved thathe infiltrated water stayed within the nanopore even after defiltration,
indicating the system energy absorption capacity could be J4@4py Further, Han and

Qiao[109 proposed an idea of changing the interfacial tension by varying the ion density
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at the solidiquid interface which was validated by the results of a contraéetperature
infiltration of a hydrophobic zeolite/saturated aqueous solution of sodium acetate. As
mentioned above, the infiltration pressure is one of the key parameters to demonstrate the
energy absorption/mitigation capacity of the nanofluidics system and thus Han and Qiao
[109 investigated the possible way to change the infiltration pressuneokbljfying the
electrolyte. The thermally aided cation exchange in nanopores may contribute to the
result of increasing sodium chloride concentration to help reduce the small extent of

hysteresis of sorption isotherm. In addition, a selective energy aioson@noporous

system was develop to make a functionalized sy§1€1].

i

Figure 1.5 Experiment evidence of volummaemory liquid (a) at5N and (b) at 40 .
The arrows indicate the liquid surfa¢&03

By taking one step further, Surani et [d0§ analyzed the energy absorption
behaviors of a nanoporosu system subject to dynamic loadings through a SHPB. The
energyabsorption capacity was found to be about 41 J/g, three times higher than the
quaststatic value. The internal friction of the liquid may be responsible for this result,
indicting the system could be designed for impact situation by better performance.

Aiming at the engineering application, the nanofluidics system need a certain package.

20



The intuitive idea is to put the nanofluidics system into a hollow steel tube (shown in
Figure 1.6) such that the work generated by the compressive load along the axial
direction may be dissipated both the ordinary -thail structure buckling and
pressuredriven infiltration [109. About 3fold of the increase in energy alpgtion
capacity was gained. Thus, next question should be the energy density of nanoporous
materials functionalized liquid. The energy density, is a direct indicator for the upper limit
of energy absorption capacity. Han et[alLQ reported an experimental result of energy
dissipation of a mobil crystalline material 41 with a great portion of nanopore surface in
mercury. This system represented the maximum values of specific nanopore surface area
and the solidiquid interfacal tension that could be achieved by the current material
processing technology. The energy absorption value was reported to be 140 J/g, ten times
as large as the above mentioned system and is also 1 to 2 orders higher than current

engineering materials.

Figure 1.6 Photos of (a) a buckled empty cell and (b) a buckled NMF liquid enhe
cell. The initial outediameter of the cell is 6.86mi109

These gperiment work proposed and validated tlpessibility of the

nanofluidics system to an energy absorption/mitigation system with reasonable
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mechanism explanation. As a more detail investigation into the working mechanism of
the energy dissipation behavidCao [111] employed the MD simulation method by
modeling a rigid CNT as a nanopore channel for water molecule infiltration (shown in
Figure 1.7) to study the system by monitoring the molecules behaviors. lowas that

the presented model system may dissipate the impact energy into water molecules
potential change due to the nanoconfinement, digjidd interaction energy and the heat
dissipated by the surface friction and the third part provided the mainbediun to the

overall energy absorption during the impact. This underlies the fundamental guidance for
the future engineering design of such a system. Based on this finding, Liu aftll@ao
together studied the interaction between mechanical wave imitated by the impact loading
within the nanopore. The reflected mechanical wave for water molecules interaction with
nanopore may also dissipate aod quantity of energy. The detailed water molecules
distribution was studied and revealed the fundamental understanding of how the system

handling the stress wave, shown in Figure 1.8.

Container

Nonwetting liquid
Impactload p__----

Nanoporous materials (b) Schematic of Nanopore
(a) Schematic of NEAS
Figure 1.7 Schematics of nanoporous energy absorption system: E&SNand (b)
nanopore[11]]
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peak value of RDFs increases with the decrease of theimglacity (v) for both stages
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1.5 Innovation of Current Research

Aforementionedesearchwork contributed significantly to improve the impact
safety from traditional engineering material to nanoscale material; however, for bulk
engineering material and structures, the energy mitigation capauwitycapability are
limited to 1 J/g ~ 10 J/while for carbon nanotube aménofluidicssystem, the profound
energy mitigation mechanism and the possible types are only scratched and an effective
comprehensive study and system design are still lackingekample, buckyball has
proven to have exceptional mechanical properties but few research has been conducted
on the mechanical behavior under both ous#aiic and dynamic loadings. A clear
understanding of the mechanical behavior of single buckyballitangarious stacking
forms would greatly benefit the impact protection utilization based on buckyball system.
For another example, a few experiments and theoretical efforts have been made to
understand the energy absorption mechanism of nanofluidics systiénthe real
obstacles for engineering application still remains, e.g. thér@aément temperature and
the ratio between nanoporous material and the liquid.

For energyabsorption wise, the structure shouldg@ | ast i co0 such th
impact energy coulde consumed via the system deformation work. However, facing the
high energy density impact scenarios such as high impact speed and explosion,
Afabsorptiond of energy becomes an i mpossi bl «

if the stress wave coulde trapped within the protection layer by mitigating the stress
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wave peak value and extending the reaction time. The basic idea is illustrated in Figure
1.9. To achieve high energy mitigation performance, the momentum generated by the

impact wave should beapped, transferred and consumed.

Stress wave

’ trapping

»P

’ t

Impact energy source ‘ Protection layer

Figure 19 lllustration of basic idea of ideal impact mitigation system work
mechanism

Therefore, this thesis tries to presents several types of energy absorption system
at nanoscale whitthe discovery of the unique working mechanism and parametric system
tuning guidance for engineering design.

1.6 Methodology

In nanoscale, due to the largerfaceto-volumeratio, new physical behaviors
emerge which breaks the classical mechanics #=aown. Besides, manipulation and
characterization become difficult at such a small length scale which is one of the major
responsible reason for the undermined knowledge. In this case, numerical simulation
becomes a priority to virtually study the mas#érand structure behaviors according to
established molecular dynamics. MD simulation now becomes the predominant research

method in nanoscale phenomenon with relative high accuracy and low computational
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resource[113-116. In addition to the MD simulation, desktop experiments are also
carefully designed and conducted to enrich the relevant mechanisms. In this section,
major focus is put on the fundamental piptes of MD simulation.
1.6.1 Basis of MD simulation

MD is a form of investigation where the motion and the corresponding
interaction of a certain number of atoms and molecules are stddiedorigins of MD
are fully rooted in the atomism of antiquitfhe simplest form of MD, that of
structureless and discrete particles involve
1.6.1.1 MD force field

In classical MD simulations atoms move according to the thiean equation

of motion[67]

|

=

2T (1.13)

M= LU (i), i E2,N

i

where m is the mass ohtomi, ri is the position andJ,, is the total potential energy

tot
depending on all atomic positions. The potential energy is described foydbéeld and

the most widely known MD software are based on various forcefield packages.
Conceptually, the forces acting on atoms are divided into atomic and intramolecular
atomic forceg67].

1.6.1.2 Non-bonded atom forces

The Lennardlones potentialll7], referred as ) potential, is asimple but

widely accepted forcefield with satisfied accuraldye potential could be expressed as
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s % & ° (1.14)

Uvdw(ri,j ) =4g, ?lj
i
where e is the depth of the potential wadind s is the (finite) distance where the
potential is zerol andj denote the-th andj-th atomic species, respectives one may
see that the 4J potential usuallyonverges pretty fast such that the trcuncation of the

potential at a certain distance is allowed.Two critical L-J parameterse and s are
determined based on experimental kvor theoretical quantum computation results. For
any atom interactions without any experimental or theoretical evidence,

LeroentzBerthelot mixing rules are adoptgtilLg:

€ = i€j ! (115
1
S :E( T +jr9) (1.16)
and the method has been verified to be effe¢tits.

The electrostatic potential follows the known Coulomb law as

__4q (1.17)

Ucolumb(ri j ) - 4,0 a j

where g and q; are the electrostatic charges of atonand j, r; is the distance

between them andg, is the dielectric constant.

1.6.1.3Inter-molecule forces
The intramolecular force description imade via the intramolecular energy

based on the following approximatifsi/]

Uintramolecular:U stretch -U angle U- dihed (118)
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and each contribution tdJ.

intramoleculal

can be further modeled by the followin@20

Ustretch =k bon(( r L)Z (119)
Uangle = kangle(q - ['32 (120)
Udihedral = kdihedra(l -ICOS( nf _f())z (121)

In Equationg1.19-(1.21), k is the constant for various eges and letter with subscript
AR0OO0 represent for the balanced values, e. g.
of these parameters are determined from quantum chemistry calculations.
1.6.1.4 Thermostats and barostats

In the canonicalNVT) or the isothermaisobaric (NPT) ensemble, the system
may be coupled to a thermostat such to ensure the maintenance of the average
temperature or to a barostat to the size and shape of the simulation cell adjustment to a
desired pressure during the simulatgnmocess. Thus, many methods were suggested to
overcome the problem such as the Berendgktil] and ParrinelleRahman[122
barostats, and Nog&oover [123 124 thermostats. In some specific cases, the wise
choice on the thermostats and barostats 1is
differ too much.
1.6.2 Water molecules and carbon nanotubes
1.6.2.1Water molecular models

A |l arge quantity of Ahypot hetical 6 mode

the years [67] and generally, each model aims to depict one specific physical
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characteristic of water. There are now over 50 molecular water models avgllafle
which may offer more options over the model decision while indicates none of the model
may perfectly describe the real water molecule behavior under all circumstances. Thus,
the best shot we can take for classic MD simaietiof water in CNTs is probably to
compare the results by using various modé®g. The most frequently used water
models for MD in CNT are listed in Table 1.1.

Table 1.1Water models parameters four models

Model Soo(R) e (kdimoal) r,(A)  ql(e Qe g, (kd/mol)
SPC[127] 3.166 0.650 1.0  +041 -0.82  109.47
SPC/E[12§ 3.166 0.650 1.0 +0.4238 -0.8476 109.47

TIP3P[129 3.15061 0.6364 0.9572 +0.4170 -0.8340 104.52

TIP4P[130 3.15365 0.6480 0.9572 +0.52 -1.04 104.52

1.6.2.2 Carbon nanotube and buckyball models

For an empty carbon nanotube, the harmonic approximation of the
intramolecular potential is acceptable where no large deformation of the bond is observed.
If more extreme conditions are cahesred, other functions must be used. The
combination of Tersoff131] empirical potential and Brenn¢l32 carbon parameters
has been widely acceptdd33. A systematic study comparing the results of using
different GC intramolecular potentials in wat&NT simulations showed that the@

bond deformation was small and the water properties were s[i26r The widely used

29



L-J potentials for carbon nanotube s3.. =3.851A, .. =0.4396kJ mo, r. =1.418A,

9. =120.00, K. =478.9kJ mol&, K¢, =562.2kJ mo, K =25.12kJ mo and

g=2.1867A". K., 1, and g are the Morsepotential; K¢, and g, are the angle
paraneters andK_ is the torsion parameter.

Much less focus has been put on the mechanical behavior of buckyball.
Girifalco et al.[134, 135 gave out an important guidance for a universal graphitic
potential for carbon nanotubes, buckyballs and rope$.parameters fothe carbon
atoms of the buckybalé s..=3.47Aand e.. =0.27647 k) mc.
1.6.2.3 Carbon-water interactions

It is the most crucial choice of carbomygen parameters for the MD
simulation of carbonrwater system, especially for confined water. Given the atom
interactions in water and carbon resjpeely, often, the values of the-Q interactions are
determined by the LorenBerthelot rule (i.e. Equations (1.15) and (1.16)). In this case,
various types of matches could be suggested. Alternatively, Werdef E3@ldiscussed
the influences of the <© interaction through the contact angle of a water droplet on
graphite. A new pair of 4J potentials were suggested to reproduce thewedd
macroscopicwater contact angles fos.. =3.19Aand &.. =0.3920kJ ma. On the
other hand, Wang et d4f137] argued that those values may only be suitable for very large
CNTs. Thus, the discussion may not be fully solved until a larger amount of ab initio

simulation results are available.

30



1.7 Outline of Dissertation

Nanomateals and nanostructures open a promising door for us to solve
numerous issues and greatly advance the relevant technologies. One of the most
interesting and important problems is the impact safety, which still remains a big hurdle
at macroscopic world. Thugh the present dissertation, several types of nanomaterial and
nanostructures are proposed with new impact protection working mechanisms. Also,
comprehensive desktop experiments are provided to support the numerical studies.

In Chapter 1, an introductioof mechanical impact challenge over industries by
taking examples of automotive industry is provided. In the meantime, a brief overview of
science of nanomaterials including CNT, buckyball, nanofluidics and their possible
application in impact protections given by pointing out their unique nanoscale
phenomenon, working mechanism and widely accepted methods.

In Chapter 2, a watdilled CNT system is suggested and studied via MD
simulation. This system takes advantage of previous known CNT system for the
possible excellent impact protection performance and results reveal a good energy
dissipation capacity of the system. Several key factors such impact speed and system
stacking type are parametrically studied to explain the working mechanism.

In Chapter3, the quasstatic and dynamic mechanical behaviors of buckyball
are investigated to fill the current research blank and provide a better understanding of

the understanding of the nanomechanics for redr@dl shape and lay a strong foundation
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for furtherstudy of the impact protection performance of buckyball based system.

In Chapter 4, based on Chapter 3, the energy mitigation and dissipation
performance of 0D, 1D, 2D and pseudo 3D stacking forms are examined. Theoretical
analysis combined with MD simulah unravels the working mechanisms of buckyball
impact protection which creates a new road towards impact protection system design at
the nanoscale.

For each nanoscale impact protection systutied in the thesis (such as
Chapter 2 and Chapter 4), ansygy is pursued among modeling and simulation to fill the
blank of the cuttingedge nanoscale research. Generally, a molecular model describing the
physical properties with promising impact protection performance is established firstly.
Then, proper forcéield is selected for further MD simulation. By varying key factors of
both material and system, -@itomic simulation based on MD are conducted to fully
explore the system output and evaluate the mechanical performance. By the combination
of frontier theries, the fundamental working mechanism are clarified, shedding lights on
the next generation impact protection system design and process.

In Chapter 5, by aiming at the engineering application of the nanofluidics
system, dominant factors during manufaictg, including pretreatment temperature,
concentration of the electrolyte and the loading rate to the impact protection performance
are parametrically investigated by experiments. The strain rate effect on the infiltration

and defiltration behavior in manoconfined environment is also clarified, laying a strong

32



foundation for process and application of nanofluidics system in the near future. The
desktop experiments were conducted in the Sate Key Laboratory of Automotive Safety
and Energy at Tsinghua Umissity, Beijing, China. The major collaborators were Prof.
Yibing Li and Mr. Yueting Sun. The collaboration work was finally supported by the
I nternational Research Project at Tsinghua |
Xi Chen (No. 20121080050).
In Chapter 6, the major results and findings are summarized and the some

concluding remarks are given on the future work.
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Chapter 2 CNT Based Protection System

It is considered that nanoparticles and carbon nanotubes have far better
mechanical propertgeover traditional engineering materials thus scientists and engineers
intuitively try to add nanofillers into the current material as reinforcenjéht&ikewise,
since CNT has been verified to have promising energy absorption performance, it is
naturally to move one step further to develop a CNT based system for impact protection.
In this chapter, a watdilled-in CNT system is suggested. By studying the mechhknica
behavior of the system, impact protection performance is thus revealed.

2.1 Computational Model and Method

A computational cell is sketched in Figugel, contrasting a hollow and a
waterfilled model (12,12) SWCNT (with diameter 1.627 nm). The diamdderand
length,L, are varied in this study, from 1.085nm to 2.17nm, and from 9.38nm to 19.68nm,
respectively. For the filled tube, the density of water molecules inside the occupied
volume of CNTs is close to that of bulk water, =998.0 kg/m, at 300 K and 0.1 MPa.

[70, 138. The left endbf the tube is fixed, and the right end is being compressed with a

constant velocityv in the axial direction: this qualitatively mimics a large mass
colliding with the right end of tdldeingt ube ( a
crushing). The right end is assumed to remain normal to the impactor (i.e. stick with the
impactor upon contact) such that any liquid confined inside does not leak in the due
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course of deformation. The compressive fedtglacement history is remded to

indicate the buckling chareristic and energy absorption.

Cross-section view Water-filled CNT

O

O A A N S S S e X X Xy 0

S
3
2
5&4:
3
33
=3
=
2
=

AL ALALACAL AT AL AL )
PN NPT JNINININS XX

/ 5
/ Hollow CNT

X

Figure 2.1 The schematic of the computational cells: hollow and wfdted single
CNTs. Both the sectieuiew and sideview are provided. In this example/R=18.14 and
R/to=2.39, wleretois a characteristic thickness (taken to be 8% the van der Waal
distance of carbon).

MD simulation is performed using LAMMPS (largeale atomic/molecular
massively parallel simulator), with the NVT ensemble at an ambient temperature of 300
K [13814(. The norbond interaction is described by the-@2.ennardJones (LJ)
empirical forcefield. Water molecules are modeled with the extended simple paip cha
potential (SPC/EJ128. The particleparticle particlemesh (PPPM) technique with a
rootmeansquare accuracy of FOis employed to handle the lomgnge Coulomb
interactions. The forcefieldarameters are taken from rggg].
2.2Results and Discussions
2.2.1 Typical buckling responses of hollow and watefilled CNTs

A representative case with nanotube dimendderi.627 nm,L=14.757 nm,

and crushing speed/=10m/s is given in Figur€.2, comparing the dimensionless
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force-nominal

strain e curves of the hollow and watéled CNTs. Here the

dimensionless force is the compressive fdPceormalized by pEtD, where Et=0.%

TPaOnn is the effective tensile stiffness of the hollow CNT commonly used in literature

[85], and the nominal strain is the compressive disgrnent divided bly.

P/nEtD
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Figure 2.2 Typical normalized forcemominal strain curves of hollow and waféled
single CNTs withL/R=13.60 andR/to= 3.19, subject to crushing speed of 5. The
corresponding buckling morphologies are shown.

As the crushig proceeds, the initial linear response is similar for the hollow

and wateffilled tubes, since the bulk modulus of water is much smaller than that of CNT.

Meanwhile, the arise internal pressure from the water help to stabilize the CNT, making

its criticd buckling force much higher than that of the hollow counterpart. The

postbuckling stress of the watéiled CNT is also considerably larger due to the same

strengthening mechanism, although its reduction is quicker than the hollow one (since

36



water cannbsustain shear).
By varying the CNT size and length, the critical buckling foree is plotted

in Figure2.3 as a function ot/R (R=D/2) and for variou/t (where t,=0.34 nm is a

characteristic thicknegsfor v=10m/s. Note that for the slender members (with smaller

R/b and largelL/R), P, decreases nonlinearly with the increase of lemg®) like that

for beams; whereas for the stubby systems (with laRyér and smallerL/R), P,

remains almost invariant with length for the range of parameters considered in this study,

similar to that in shell§141, 142. The buckling force in water filled systeng,

r-water-filled ?

is significantly higher than that in the hollow CNP

cr-hollow

- and the strengthening effect

is stronger in the more stublsheltlike members.

—=— Water-filled CNTs with R/4,=3.19
v - 0 —Hollow CNTs with R/4,=3.19
—e— Water-filled CNTs with R/t,=2.39
- © = Hollow CNTs with R/ =2.39
—a— Water-filled CNTs with R/ =1.60
- & = Hollow CNTs with R/,=1.60
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Figure 2.3 Critical buckling forces for both hollow and watidled CNTs with various
aspect ratios subject to crushing speed ©fL0 m/s. Typical buckling configurations fc
hollow CNTs are shown at corresponding data points.
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2.2.2 Typical buckling responses of hollow and watefilled CNTs

The energy absorbed during crushing_(,) can be evaluated from the area

below the forcalisplacement curve (for up to a nominal axial strain of 25% which is
close to te failure strain of CNT[143). The mass and volume energy absorption
densitiesare deduced by dividingg,, with the mass and the effective volume of the
nanotube, respectively. For waféled tube, the mass also includes the confined water
molecules. The effective volume of the nanotube is counted as tmagavepace
occupied by a CNT within a bundle or forest (where the van der Waals equilibrium
distance for carbon is taken into account), so that the performance index can be compared
with that of the CNT bundle and forest later in this paper.

Take v = 10mk for example, Figur.4(a) shows that for both hollow and

waterfilled CNTs, the mass densities of energy absorption of hollow and -filsdr

tubes, E, ., ;oow @NA E,. aeriiear iNCrease ad/R reduces; that is, the tratisn from
beamlike buckle to shellike buckle can enhanc&, ... and E,. .aeres At the
same aspect ratie/R), E,. ....iieq INCreases with the reduction dr/ t,, in part owing
to the higher buckling force. Similar behaviors can be observed for the volume density of

energy absorptionE, , iow anNd E, .emieq (FiQure2.4(b)). For watefilled CNTs and

for the current range of parameters explored i study, the energy absorption densities

have powetaw dependencies oii,/R and R/ t,, which can be fitted as:

Eum-water-filled/ EumO: 4294 u R)-Oje( F; QOIQO (21)
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where E

uvo

Euv-water-filled/ Equ = 5084 |7/ R)-O.M( R 1-0) "

2.2)

=618.75 J/g andg, ,=618.75 J/crhare reference strain energy (per volume

or mass) of bulk water under hydrostatic pressure with strain of 0.25.

Unit mass energy absorption, E _ (J/9)
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(a) Unit mass energy absorption for both wétled and hollow CNTs
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(b) Unit volume energy absorption for both wafd#led and hollow CNTs
Figure 2.4 (a) Mass and (b) volume densities of energy absorption, for both holloy
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waterfilled CNTs with varioud /R andR/to, for v=10m/s, 5m/s and Im/s respectively
Note that any calr in straight line, Zoint line and Jpoint line refer tor = 10m/s, 5m/s
and 1m/s respectively.

The enhancement of water filling (versus that of hollow tube) can be deduced

from the r.atios’hum :(Eum-water-filled -Eum-hollov\)/ Eum—hollov and

uv

h :(Euv_water_ﬁ"ed -Euv-hollow) / Ewnoiows 9iven in Figure2.5. In general, the volume density

of energy absorption can be improved over 100% with water filling, whereas the gain for
mass density is above 50% or so. For the examples in Rdurés, . and /,, are the
highest for the stubby systems (with largRr t,) if L/R is relatively low, whereas the
largest gains of water filling are for the slender systems (with sm&leg) if L/R is

high.
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350+ —e—n _of CNTs with R/ =2.39
—a—n, of CNTs with R/,=1.60
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Unit mass energy absorption enhancement, n (%)
Unit volume energy absorption enhancement, n (%)

Figure 2.5 Enhancement of mass and volume densities of energy absorptionfjliade
vs. hollow single tube) with variodsR andR/to, and forv = 10 m/s.

2.2.3Effect of impact velocity on energy absorption

Simulations are carried out for a spectrum of-lmwshing speeds, /s~ 10
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m/s. And the resulting mass and volume densities of energy absorption are given in
Figures2.4(a) and (b)respectively. The effect of crushing speed is rather small, although
the inertia effect makes the system slightly stiffehigher speed. The energy absorption

is more sensitive to buckling mode, which is more robust for the longer tubes, hence in
the members with larget /R, the effect of crushing speed is even smaller.

2.2 .4Effect of impact velocity on energy absorption

When CNTs form a bundle (where the tubes are aligned in parallel to each other

before deformation), the critical buckling ford@, increases owing to the enhancement

of bending stiffnesg144, 145. CNTs with R/t,=3.19 are chosen as Iillustrative
examples. The computational cell containing the initialfigomations of hollow and
waterfilled CNT bundles (with 7 nanotubes) are illustrated in FigRg{a) and (b),
respectively, where the spacing between tubes is set to be the equilibrium distance
0.34nmr [144, 14q. The respective buckled morphologies at maximum crush strain of
25% are shown in Figur26(c) and (d).

The averaged normalized foroeminal strain curve of a constituent tube in the
bundle is given in Figurg.7, for both the hollow and watéitled cases. Both the critical
buckling force and podtuckling force are enhanced (with respect to the case of isolated
tube in previous seadns), and the increment is more prominent for the widked ones.

The bundle also exhibits larger stiffness (and hence smaller buckling strain) owing to the

vandeWa al s fiti eo between the tubes.
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(a) Initial computational cell setup for
hollow CNTbundle waterfilled CNT bundle (after initial
equilibrium)

(c) Top view of the compression (d) Top view of the compression
morphology at e=25% for hollow morphdogy at e=25% for waterfilled
CNT bundle CNT bundle

Figure 2.6 CNT bundle: computational cell for (a) hollow and (b) wdiked tubes;
buckling configurations of (c) hollow and (d) wafdled at crushing strain o
e=25% for waterfilled CNT bundle

The mass and volume densities of energy absorptin, and E_,, are shown

in Figure2.8. Compare with the isolate tube counterpa, and E, of the bundle

increase by 8.07% and 10.91% respectively, due to the higher buckling afmligkisig

stresses.
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Figure 2.7 Enhancement of mass and volume densities of energy absorptionfjlleade
vs. hollow single tube) with variousR andR/to, and forv = 10 m/s.

—s—E _of single CNT with R/ =3.19
—e—E__of CNT bundle with R/t,=3.19, 2000

900 - —a—E __of CNT forest with R/ =3.19 va‘
=5 - m- E ofsingle CNT with R4=3.19 1 2
~ )
e - o~ E_ of CNT bundle with R/,=3.19 e
41 800 - S - 10 - 1600 W
& A- E, of CNT forest with R/ =3.19 o
A um c
2 S
= g
2 700 2
= 41200 &
= o
£ 600- £
()] ()
@ £
= 480 2
= c
i T T T : T ' T ' T =)

8 10 12 14 16 18

Aspect ratio, L/R
Figure 2.8 Mass and volume densities of energy absorption of widesd single, bundle
and forest of CNT4./R=9.07,R/to=3.19, ands = 10m/s.
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2.2.5Energy absorption of nanotube forest
When the CNT bundle extesdinfinitely, a forest is formed where a
representative periodic unit cell is shown in Fig@r8(a) and (b), and the buckling

morphologies for hollow and watéiled CNT forests are given in Figu&9(c) and (d).

(a) Initial computational cell sep for (b) Initial computational cell setup for
hollow CNT forest waterfilled CNT forest (after initial
equilibrium)

RN

(c) Top view of the comprsion (d) Top view of the compression

morphology at e=25% for hollow morplology at e=25% for waterfilled
CNT forest CNT forest

Figure 2.9 CNT forest: computational cell for (a) hollow and (b) wdtked tubes;
buckling configurations of (c) hollow and (d) wafdled at crushing strain o
e=25%.

The averaged normalized foroeminal strain curve of a constituent tube in the

forest is compared with that of the bundle and single tube in FRydrefor both the

hollow and watefilled cases. The average, of forest is gnificantly higher due to the
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constraint of surrounding tubes. Meanwhile, the buckling stejnis smaller since the
effective stiffness of the forest is rather large.

According to Figure2.8, values of E,, and E,, of the forest are also higher
than that of the bundle and isolated tube. Since in practice CNTs are available in bundle
form, the prospect of its energy dissipation performance (especially with filled liquid) is
worth consiering.
2.3 Concluding Remarks

In this chapter the energy absorption capabilities of hollow and whlied
CNTs, in either isolate, bundle, or forest configuration, are studied via parametric MD
simulations. The nanotube length, radius, and crush speedaded. The filament of
water can significantly enhance the volume and mass energy absorption densities,
through the strengthening effect which elevates the critical buckle load arous&inhg
stress. The strengthening effect strongly depends oraghect ratio, and it is more
prominent in the slender members. The configuration in bundle or forest may further
solidify the system (owing to the constraint of neighbor tubes), leading to higher energy
density that can be close to 1QD@ for the stubbyaterfilled CNT forests.

There are additional advantages of employing CNTs as tunable energy
absorption devices. For example, if an appropriate electric field is applied, the buckling
strength of CNT could be adjustéti47], mareover, water may flow in or out of tubes

[138 148 and the system performance can be well controlled. Noteltharésent study

45



assumes no leakage will take place upon crushing of tubes filled with water, and the
effect of leakage will be explored elsewhere (which depends strongly on the load
application mode and boundary condition). The present study may pravigeissight

on the potential application of employing CNTs as advanced energy absorption materials.
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Chapter 3 Mechanical Behaviorof Buckyball

As originated from the same carbfamily as CNT, buckyball can also be
regarded as the rolling of a singleyda graphene into a sphere. It is also expected that
buckyball also has exceptional mechanical properfié® major contribution of this
chapter is to investigate the mechanical behavior of buckyball under botkstatassand
dynamic loadings by using D simulation with the suggestion of mechanical models
based on shell model in continuum mechanics. Also the impact protection of the single
buckyball is revealed.

3.1 Computational Model and Method

Six spherical fullerene molecules with varying diam&eare selected in this
study, whose Ipysical propertiesare listed in Table3.1 (where the van der Waals
equilibrium distance is accounted for in the radidsfomputational cell is sketched in
Figure3.1, where abuckyballsubjects to the impact of a rigplate with incident energy
Eimpactor The fullerene sits on a rigid and fixed bottom plate during the impact process,
and the bottom plate also functions as a receivéhe force history on the receiver
(which may be regarded as the material/systemet@iotected) indicates the energy
mitigation capability of the buckyball buffer. The computational box size is set to be
much larger than the fullerene molecule, so as to study focus on the impact on a single
buckyball. For comparison, a reference systeralso built with similar setup except the
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buckyball is rigid and nodeformable.

Table 3.1Physical parameters o%&Cr20 molecules

DiameterD (A) Volume,V (nm3) Mass,M (g)
Ceo ars a0.22 al.20e-21
Ciso alz.1 a0.93 a3.61e-21
Ca40 al4.2 a1.50 a4.82e-21
Cs20 416.48 a2.34 46.42%2-21
Csa0 a21.64 as.31 a41.08-20
Cr20 a24.12 a7.3% al.45e-20
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Buckling stage Final stage
A
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18.28

16.39

Full-recovery

12.48F

10.76

Receiver 9.17

5.68 |

A 4

|
d/h® 2.5 Compression timel

Figure 3.1 Computational cell and the three categories based on buckling/deforma
characteristics upon impact.

Cr20 is a spherical buckyball with diametef 2.708 nm (where the van der

Waals equilibrium distance is considered), volume of 7.38 amd mass ofL.45 10%°

g. Cr20 with varying numbers and packing directions (both vertical and horizontal) are
selected in this study. Computatancells from single buckyball to-B buckyball
stacking system are illustrated in selected examples in Figure 1. In the scenario of impact,
the buckyball system subjects to the impact of a top rigid plate with incident energy
Eimpactorand the initial impct speed is below 100 m/s; in the scenario of crushing, the top
rigid plate compresses the buckyball system at a constant speed below 100 m/s. The

bottom plate, which is rigid and fixed, serves as a receiver and the force history it
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experiences could inclite the energy mitigation capability of the protective buckyball
system.

MD simulation is performed based on LAMMPS (laigmale atomic/molecular
massively parallel simulator) platform with the NVE ensemble (m@emmonical
ensembles]149. A pairwise Lennardlones potential term is added to the buckyball
potential to account for the steric and van der Waals cadaomon interaction

3 & o 6 3.1
U(rii):4ecc6?% é% o
ij o [;‘
where e.. is the depth of the potential well between carbarbon atoms,s_. is the

finite distance where the carbearbon potential is zeror; is the distance between the

two carbon atoms. He, L-J parameters for the carbon atoms of the buckyball
Sce =3.47A and e.. =0.27647 kd/mc as used in the original parametrization of

Girifalco [135. The particleparticle particlemesh (PPPM) technique with a
rootmeansquare accuracy of fOis employed to handle the lomgnge Coulomb

interactions.
3.2Results and Discussion
3.2.1Buckling characteristics of buckyball
We first letthe buckyball undergthe same impact energy per unit fullerene

volume (X =4753.43} crh), and explore the configurations of the buckyballs at the

volume
critical buckling stage and the final sta@dter ricochet of impactor). For convenience,

denoteR as the fullerene radiub,as the effective thicknesb50.066 nm[85]), andd as

the penetration depth dhe impactor (which takes into account the van der Waals
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equilibrium distance between the impactor and buckyball). The morphological
characteristics may be divided into three categories under the present impact condition.
Type | applies to the smallestd@vhich does not experience obvious buckle (and it only
subjects to compressive deformation); Type Il includes~Cs2o which buckles into an

inverted cap upon a criticatl, , however the deformation is fully recovered after

o
unloadng; Type Il applies €o~Cr20 Wwhose buckled morphology remains after ricochet;
the stabilization of such a buckled morphology is owing to the van der Waals attraction
(Astickingd) between the atomic | ayers of ¢t}
potential energy in the buckled configuration.

Some useful insights may be obtained froracroscopic continuum spherical
shellsunder a point loadExcept Go, all buckyballs experience initial buckle under a
critical d,/h° 2.5, which 5 qualitatively consistent wittheir continuum counterparts

[150-152. The critical buckling force of a continuum spherical shell scales with

P, _had,

cr

ER RE&h

[153 which agrees with the trend of MD simulation, sEigure 3.2.

Moreover, for continuum shells with largBvh, they tend to maintain their inverted cap

morphology after unloadind.54.
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Figure 3.2 Computational cell and the three categories based on buckling/deforma
characteristics upon impact.

3.2.2Mitigation of transmitted impulse force of buckyball
The full erene act siftleduckybalpis rmgid defetence e A b u f

system), upon impact energy per unit fullerear@ume X =4753.43} crh, the

volume
impulse force histories on the receiver are given as open and solid squaresdod C
Cr20, respectively. Meanwhile, with the defioable fullerene buffer, the impulse force
history counterparts are presented as open and solid circles in Bi§lirethe great
reduction of the transmitted peak impulse force (on receiver) as well as the significant

elongation of the transmitted impulbestory demonstrate the high impulse mitigation of

the fullerene buffer. Under the present impact condition, the reduction of the transmitted
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peak impulse force is about 92.52% and 90.12% fakld Gaorespectively; whereas
the reduction of the transrted impulse energy is abo82.54% and &.65% for Gsoand

Craorespectively.

Time, T (ns) C.o
0.00 0.01 0.02 0.03 0.04 0.05 0.06
| T | T | T | T | T 600
2 ——C,, reference system | C.o
2004  eq
—o— C, buckyball system 4 500
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< 150 4 720 y 4400 £
T L
8 1300 8
L 100 2
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e !
b =200 &
] ]
Q Q
o 504 o
-{ 100
|
Cey n " !
0 T I | 0
0.000 0.004 0.006 0.010

Time (ns)

Figure 3.3 History of transmitted impulse force for C60 and C720; the reference
systems are also shown. The impact energies are 6.5 eV and 176.8 eV respective
that theimpact energy per unit fullerene volume is the sag,,,. 4753.43) crh).

3.2.3Impact energy dissipation of fullerenes
For different buckyballs, the impact energy is varied such that eithenfiaet

energy per unit fullerene massX 2741.67) (, or the impact energy per unit

mass

fullerenevolume X =4753.43} crh, is kept a constanEigure 3.4 illustrates the

volume
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percentage oénergy dissipated per unit mag¥\____ or per unit volume DW,

mass volume

for
correspondingscenarios as the buckyball size is varied. The energy dissipation is
computed from the difference between the i my
ricochet. In general, a larger proportion of incident energy is dissipated wHarger

buckyball is employed, and the energy dissipation is significantly enhanced when the

nonrecoverable deformation occurs (Type IlI).
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Figure 3.4 Percentage of impact energy dissipatid, (...~ Eipactor) Empactors fO
Cso~Crz0under the same impact energy per unit fullerene méss (2741.67 4 crh),
or under the same impact energy per unit fullerene volufye, ( 4753.43 crh)

The initial incident kinetic energy isedoted asE,..,- Upon impact, part of
it is transformed to the bDEk.y batlbdcames excess
the buckyball a tDg ms and kaigelyeconveded etoeat), gng the
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remaining part is the residual kinetic energy of the ricoclt, In Figure3.5, the

actor®
y-axis represents the percentage of energy dissipaBQR. (o~ Einpacior)’ Eimpaciorr @Nd the
proportions of DE . i/ Enpactor @NA DEeie/ Eipacior @7€ deduced at the end of impact
process. Indeed, the fullerene strain energy is significant only in theeomrerable
configurations, Type lll; whereas for other two types of recoverable deformation the

energy is dissipated mainly into heat. This makes theracoverable buckyballs as

better candidates of energy absorption material.
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Figure 3.5 The dissipatetmpact energy E ...~ Einpactor) Empacior 1S 1N part converted
into heat and in part to excessive potential energy of the fullerene system. The im|
condition isX =753.43) crh

volume

3.24 Effect of varying impact energy
Three representative buckyballs from Types |, Il, and ldb, Coa0and Goo are

chosen under various impact energies, and the total energy dissipation performance is
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illustrated in Figure3.6. With the increasing impaeinergy, the percentage of dissipated

energy, € pacor Binpactor) Empactors @ISO INCreases. For larger buckyball when the impact
energy is significant enough to cause the-removerable buckle deformati, a large

increase of the energy dissipation is observed.
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Figure 3.6 Percentage of impact energy dissipation as a function of impact energy,
three representative buckyballs.

3.2.5 Atomic simulation results for large buckyball

The distinctive mdtanical behavior of a single buckyball should underpin the
overall energy absorption ability of a buckyball assembly. The {foisi@dacement
response under both quasatic and a representative dynamic impact loading (with
impact speed of 50 m/s and enexf 1.83 eV) are studied, shown in Figure 3.7. The

force F and displacemenw/ are normalized asFR/ EF  andW/D, respectively, wherg,
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h, D, andE are the radius, effective thicknes$s=0.66 nn [85], diameter and effective
Youngos BEoSdRal [&b]sof the buckyballrespectively. Here, a crushing speed

at 0.01 m/s is employed to mimic quasatic loading because the normalized
force-displacement curves are verified to be the same at various loading rates from 0.1
m/s to 0.001 m/s in trial simulations. Two obviousckdrops could be observed in
low-speed crushing while only one prominent fedeep exists in dynamic loading which

is related to the less evident srtpough deformation shape.

— Impact at 50m/s
0+ — — Crushing at 0.01m/s
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Figure 3.7 Normalized force displacement curves at both-gpeed crushpand
impact loading. The entire process from the beginning of loading to thefbiowihg
morphology can be divided into four phases. Morphologiesafdte shown at the
corresponding normalized displacements.

The entire compression process could heddd into four phases according to

the FR/ER ~ WD curve, i.e. buckling\#/D<10%), postuckling (10%) W/D<30%),
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densification (3099 W/D<40%) and inverteg¢apforming phase\W/D>40%). Upon the
ricochet of the plate, the deformation remains as a bowl shape with great volume
shrinkage thus a large portion of external energy could be absorbed and storetheithin
system without any future energy release. The derivative of curve undergoes a sudden
change at the sam/D value and at two completely different loading rates, suggesting
that the sudden foredrop points are dependent on the buckyball deformatiod A
theoretical insights may be obtained from the fpliase deformation. Note that due to
the property of FR/ EF ~ W/D curve under impact loading, Phase Ill is a fedcep
process which can be ignored for simplicity.
3.2.6Phenomenologcal mechanical models

Among the phases of compression process, those with significant reduction of
force (Figure 3.7) are relatively unimportant for energy absorption and not included in the
modeling effort. A thregghase model for lovepeed crushing aral two-phase model for
impact loading are proposed separately in the following sections.
3.2.61 Three-phase model for lowspeed crushing

(1) Phase I: Buckling phase

In the range of small deformation, the model describinggh&ll deformation
under a poitforce is applicabl¢l55 156]. Considering a buckyball with wall thickness
h=0.066 nmis compressed by with deformation oft, with the subscript number

denoting the phase number sketched in FiguBg &he forcedeflection relation should
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be expressed 4357
F=tod (0<d 64 (32)
c
where the bending stiffnes® = Eh¢; the reduced wall thickness:t}/ 12(1 -/72)
andni s the Poissond6s ratio. The |l inear defor
the critical normalized strairg,,. Experimental results for bulk thin spherical shell show
that the transition from the flattened to the buckled configuration occurs at a deformation
close to twice the thickness of the sH{albl]. Thus, 4, is about 2which agrees well
with the simulation.
Due to the van der Waals interactions, the nanostructure has higher resistance to
buckle and based omé fitting of MD simulation, a coefficientf” © 2.95 should be

expanded to Eq. (3.2), as

Feped 07) 0 ¢ 9 @3

Rc
It is reminded that this equation is only valid for.€under lowspeed ( or quasitatic)
crushing.
(2) Phase lIPostbuckling phase
Once the compressive strain reach@s, the flattened area becomes unstable
and within a small region, the buckyball snaps through to a new configuration in order to
minimize the strain energy of the deformati@mown in Figure 3.8. The ratio between

the radius and thickness of buckyball is quite large, Reéh® 36.5, and only a small

portion of volume is involved thus the stretching energy is of secondary order

59



contribution to the total straienergy. Hubbard and Stronffe53 developed a model to
describe the podiuckling behavior of a thin spherical shell under compression based on

St e 4158 el

[2a,h 16D (3.4)
F2: K2 E (dbl <QI ¢b£)l

o 2. 2
where K =geg 8% /ﬂl -/72) . This nonlinear deformation behavior extends until it
c - -

reaches the densification critical normalized strajp. The value ofqg], could be fitted

from the simulation data for#&swhere 4, © 6h.

Low-speed crushing deformation mode
Phase II

Phase 111

Phase I

Impact loading deformation mode

Figure 3.8 lllustration of deformation phases during compression fas. ©Oynamic
loading and lowspeed crushing share the same morphologies in Phase | while the’
different in Phase Il. Analytical models are based omptiases indicated above and
below the dash line for lowpeed crushing and impact loading, respectively.

The first forcedrop phenomenon is obvious once the buckling occurs where the

loading drops to nearly zero. Therefore, Eq. (3.4) maybe further nubdsie

60



FleD(F F)( ) (o <d .} (3.5)

(3) Phase lll: Densification phase
When the crushing displacement is much larger than the thickness, the
force-displacement relation becomes nonlinges§. The buckled buckyball is denisil
during this process. Therefore, a nonlinear spring model could be adopted as
F,=g & (3.6)
where g is a coefficient ana is fitted asnU 1.16.

Considering the relationsh|i53 15§

2d,  AF, ¢ (3.7)
o RE
g =
and
F.Rc
F ==- 3.8
® 8Dh (38)
we may come to the following equation
16Dha 2 g (3.9)
F,= - <
>~ "Re Fxh g (g <3

Once the force reaches the value when first buckling happens, the buckyball
enters this deformation phase. Thus, by considering the continuity conthiticonnect

two curves in adjacent phases, we may rewrite the Eq. (3.9) as

&16Dhg 2 g 9 .. _
FSZH%)H] gdrs] 'pz,) F"z( bgl gfq ( b2d3) (.10

¢

Figure 3.9 shows the simulation data at4gpeed crushing compared with the
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model calculation. A good agreement between two results is obsemeld validates the

effectiveness of the model.
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Figure 3.9 Comparison between computational results and analytical model at
low-speed crushing of 0.01 m/s.

3.26.2 Two-phase model for impact

The mechanical behaviors of buckyball during the first phas®th lowspeed
crushing and impact loadings are similar. Thus, Eqg. (3.2) is still adopted in phase | with a
different f* ° 4.30. The characteristic buckling time is much longer than the wave
traveling time, and thus the enhancementfof should be caused by the inertia effect
[23].

As indicated before, the buckyball behaves differently duringpts¢buckling
phase if it is loaded dynamically, i.e. no obvious snap through would be observed at the

buckling point such that the thin spherical structure is able to sustain load by bending its
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wall. Therefore, a simple shell bending model is employe@ o describe its behavior

as shown in Figure 3.3: the top and bottom flattened wall with lengthexjeriences

little stretching strain, whereas the side wall bends with finite deformation, governing the
total system strain energy

(3.11)

system ™

2
S P
22 El

.3
where the bending rigidityEl :% andM is the bending momenrA denotes the
-n

integration area.hj i s the fAenlargedo t hi ck+theows, t he
phenomenon. Herehij® 1.40h via data fitting. Substituting geometrical constraints and

taking the derivative, the foredisplacement relation becomes (for2€Cunder 50 m/s

impact)

1 1 ]
E-lg 2 (3.12)
"4 (R 0,2/2)2,0 R

When the impact speed is varied, the corresponding fereceodified by a
factor a owing to strain rate effecf159-161]. With the subscript representing the
impact speed (in units of m/s), the @tion factor U:[a40, ay @ 8 2 93
:[0.83,1.00,1.12,1.14,1.]1. Figure 3.10 illustrates the comparison between atomistic

simulation and model (for impact speeds of 40 m/s to 90 m/s), with good agreements.
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Figure 3.10 Comparison between computatmesults and analytical model at impac
loading under various impact speeds frorm#81 90 m/s.

3.3Concluding Remarks

In this chapter,ite impact responses of a series of buckyballs are investigated
using MD simulations. From the initial and pdstdling behaviors, the fullerenes may
be divided into three categories, with the third type (with-removerable buckling
deformation after ricochet) capable of mitigating most impulse force/energy and
dissipating most impact energ€z2o as a representasv giant buckyball has the
distinctive property of noimecovery deformation after crushing or impact, which makes it
capable of absorbing a large amount of energy. The mechanical behaviors of asingle C
under lowspeed crushing and dynamic impact areestigated via simulation and

analytical modeling.For smaller buckyballs, the dissipated energy is converted into
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thermal energy; whereas for the larger buckyballs, the potential energy of the
nonrecoverable buckled configuration (inverted cap shapégisiajor source of energy
absorption. The proportion of energy dissipation also increases with impact energy. The
present study maserve as a first stegf evaluating the potential of employing fullerenes

as advanced energy absorption materials, andutiueef studies may include fullerene
cluster as well as the effect of defects, which may further fulfill the mechanical promise

of buckyballs.
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Chapter 4 Impact Protection of Buckyball System

Based on the mechanical behavior analysis in Chaptle3impact protection
ability of buckyball system with various stacking forms are studied in this chapter,
namely, short 1D alignment, 1D chdike alignment, 2D stacking form and pseudo 3D
stacking forms by analogy to cubsentered, faceentered and hexagalrcentered
package ways.
4.1 Computational Model and Method

The first investigated stacking form is the 1D long ch&mall and large
buckyballs behave differently upon impact: the smaller ones are often resilient while the
larger ones exhibit nerecovey phenomenon after unloadif@62. In this study, &
and Gxo ar e sel ected cbwoerrabplree s b ot krgidbvashble 0 and
buckyball 6 respectively. I n continuum model
same eff ect i v eE=5dPa and Bominanwal thitkoness0.66 nm[162].

The densities of ©o and Go are r. =1.975kg/m and r. =5.455 kg/m

Crzo
respectively. The other basic physical paramsedé G20 and Go are listed in Reffl163.

To simulate a granular system, we assume the identical bulskgba packed
in a simple cubic manner such that the stress wave would be confined within one
dimension éffects caused by different packaging arrangemieat® been discussed in

Ref [167). We have shown that the system deformation mode and the energy
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absorption/mitigation ability are independent of #meangemenhumber in bothvertical

and hoizontal lineups in previous worKl6Z. In addition, preliminary simulation also
reveals thasystem with multicolumn stacking has no obvious difference in deformation
behaviorand unit energy absorption rate. Thus, by taking advantage of symmieing a
chain of buckyball systens simulated Tlongc ai n o0 iatleasZd)timesio b e
length thanits width, and a typical system contains 100 buckyballs. Tdraputational

cell is illustrated in Figuret.1, where the buckyball systeis subjectto the impact of a

rigid left plate with incident energlimpactorandthe impact speed is varieidom 100 m/s

to 1000 m/swhich is conventionally considered as high impact speed domain, mainly
aiming at the ballistic impact related problem

Impactor Constrain wall Receiver

Figure 4.1 lllustration of onedimensional buckyball chain setup as an impact protec

Mass changing fadlinto the domain where the maximum strain is large enough
while the temperature rising of the buckyball caused by the kinetic energy is below 800 K
where buckyball may remain stabl&.rigid and fixedright plate serves as a receiver
which would indicatethe energymitigation capability of the protective system (the
buckyball chain is sandwiched between the plates). Force historige left andright

platesarerecorded.
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A fully atomistic description of the buckybals used MD simulation is
performed based on LAMMPS (largecale atomic/molecular massively parallel
simulator) platform with the NVE ensembienicro-canonical ensembleg)l64] after
running initialequilibrium. A parwise Lennarelones (LJ) potentialterm is added to the
buckyball potential to account for the steric and van der Waals cadaoinon
interactiors U(ﬁj)=4€‘ccg gc/rij)lz -( cg/rij)6 where .. is the depth of the
potential well between cdoncarbon atoms s.. is the finite distancewhere the
carboncarbonpotential is zero,r; is the distance between theo carbon atoms. Here,
L-J parameters for the carbon atomsf the buckyball s..=3.47A and
€. =0.27647 kJd/mc asused in the original parameterization of Girifa[¢é@5 and Van
der Waad interactiors governs in the platbuckyball interaction.Carbon atoms are
employed to make dth the impactor and receiver platesth varying masses the
following simulation to set various loading conditigwarying impactomass)while the
interactions between the plates and buckyballs remain as eealbdoonones Details of
the simulation methods are described elsewHé&&?]. To simulate the long one
dimensionalchain four L-J walls with the same parameters areasdbur sides of the
simulation box to provide necessdayeral constraints from simple cubic pauliA time
integration step of 1s is usedand periodical boundary conditions are applied inxthe
plane to eliminated the boundary effect.

4.2 Representative Impact Behavioror 1D Long Chain Buckyball
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4.2.1Dynamic response of G chain system
4.2.1.1Hertzian model

Interactions between patrticles in the ahmensional chain system subject to
contactloading may be treatdohsed orthe Hertz law31]. Similar to granular particles,
each Go molecule in the chain system undergoektively small deformation without
any buckling or bifurcation. In addition, the characteristic tinte® 10' ~
1 ns> T°25R._/g °5.71 10 n where R, is the radius of & and
C= E/rcso is the wave speed3l]. Therefore, the Hertz contact law still
approximatelyholds for the dynamic response ah€hain system.

Consider a one dimensional chainMfsame Go each of massm._, radius
R, and Young6<E£ amad uP aiss s nnd sontact antithowt any
precompression. The Hertziaontactlaw between neighboring buckyballs and could be
expressed d4.65

F=ka? %E*JE* (ZR ( ¥ 1<))z§ (4.3)

whereF is the contact forcek, referringthe elastic coefficientd is deformationx,
xi are coordinates of twoeighboing buckyball centersx, > x); E = E/2(1 472) ,and
R*=Fg60/2 are the effective Youngdés maydByl us and
replacing the coordinatex by the displacemenu, of the ith buckyball from its

equilibrium position in the chain, thequation of motion for each buckybatiay be

further written as
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3 3
5 3

3
G=(u, 4)2 (v vy
This is widely used for granular materials.

(4.2)

4.2.1.2MD simulation of one-dimensional Gso long chain

Theforces on both impactor and receiver plases normalizes FRcao/ ER,
and therepresentativémpact force a#nuationfor 100 G particlesis shown in Figure 2
(where the positive value stands for compression force along the impact velocity
direction). A sharp and narrow impact pulse is initiated onceab@late collides with
the buckyball system and it droge nearly zero at about 0.02 n®4, °©0.02 ng),
indicating that the compressive stress wave is traveling towards the receiver. The receiver
doesnotexperiencany forceuntil the stress wave arrives t =t, (shown inFigure4.2);
from which the average traveling speedf the stress waveis estimated as
U, = L/t, ©252nji ¢« and thus the system equivalent modulusEs ujrc60 °3.10 GPe
for the specificimpact loading conditionirhpact energy of 6.49 eV drimpact speed of
500 m/3. Once the stress wave reachesrdwiver it reflects back and if isuccessfully
travels back to the impactor, a secarydmpact impulse would form at =t, (shown in
Figure4.2) and thus causes the sgad the ricochet impactor increase agdihe peak
transmitted force on the receiver is about 42.27% of the original peak force on the
impactor, after force attention of 100s¢uckyballs. About 93.7%% of the impactor
kinetic energy (i.e. impact energig)dissipateddy the systemtherefore,one may define
the energy mitigation ratas /7 =0.937t. The effect of buckyball numben the energy

mitigationrateis discussed later.
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Figure 4.2 Normalized force time history and impactoraaty history of Go chain
containing 100 buckyballs, when the impact energy is 6.49 eV and impact speed i
m/s.

According to the forceequilibrium and mass continuity, the stress of a
particular mass point during the wave propagatios is v\/E_@m [23], and the relation
between stress, and s, (at the interface of buckll and the rigid plate respectively)
may be expressed 23]

S _IG- 6% (4.3)
N

where r, and r, are densities and, and c, are wave speeds of the material on the
two sides of the interface respectively. Similarly, stress wave speeday be written as
[23]

- 15 (4.4)

oG 16

~

< |<
~
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Since thereceiveris fixed as a rigid body in this study; ¢, = &, such thats,/ §=1
and v. /v, = 4 which means that the stress wave propagates back to impactor at the
same speedAfter the reflective waveravek through 100 & buckyballs, the magnitude
of force on impactorreduce to 21.95% of the original forceéDn the other hand, the
transmitted force pulse durations about 5.4 timesof that on the impactorj.e.
Dt,/ D ©.185, showing a prominent stress wave mitigation effébe major energy
mitigation effect results from the stress wave attéonacaused by the reflections among
buckyball walls, similar as that found in previous research in granular s{2882, 36,
37, 164, as well as the van der Waals interactions betwbuckled layers and similar
energy absorption mechanism revealed in carbon nanotubes if9Bef1, 167]. In
addition, about 1.5% of the impact energy may be converted to the kinetic energy of the
atoms within Go.
4.2.1.3Dissipative Hertzian model

As the method adopted in Rlf6g to include the dissipation term to Eq. (2),

from MD simulation, the followng relationship can be fitted

. s, |3 3

d=Ad g {9 g+(a &) (49
where A= E/3(1 472) Myciybal ~/R;o , the second ternmplies dissipation which is

fitted based on the foredisplacement curve at large deformation in our previous study

[162 163 andits coefficient a =61.32m °>@&>. This relationship is valid for systems

with large number of € buckyballs at all loading conditis as long as the Hertzian
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contact law holdsFigure4.3 shows the maximum foramn theith ball, F . (t), of the

dissipative model (Eq4(5)), which is consistent with the MD results aHChains.
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Figure 4.3 The normalized forcdistribution on selected buckyballs in C60 and C72(
chain systems.

4.2.2Dynamic response of @ochain system
The large nofrecoverable deformation @720 makesthe Hertzian contact law
invalid. The energy mitigation behaviors are investigated usiBgsimulations Typical
normalized force history curves of the impactor and receiver are shown in Bigure
where 100 &o are studied.In terms of stress wave traveling, its average speed is
U, =L/t %509.8ni ¢, and thus the system equivalent Yo@éngmodulus is
E:u(frC?20 °0.536 GP¢, which means the & chainsystemismor e ficotmap | i ant o
Ceo. In our previous work, thénonrecovery phenomenons proven to be only strain

determined, regardless of the impact mass and velpt@ and during preliminary
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simulations, we also confirm that thé&nonrecovery phenomenonin Css IS

impact-conditionindependent.
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Figure 4.4 Normalized force history and impactor velocity history efgChain
containing 100 buckyballs, when the impact energy is 6.49 eV and impact speed i
m/s.

From energy mitigation perspectjvae very sharp initiaimpulse is attenuated to
a much milder and longer impulse. The ratio of the peak magnitude and duration between
the original and transmitted impulses afe/F, © 13.2% (where the subscript and i
refer to the receiver andmpactor respectiely) and Dz,/ D ©.029C. The force
reduction and duration elongation are much higher than thagoinh@in system due to
the buckleethrough shape of £ during impact.Therefore, van der Waals interactions
between buckled andistickered layers may contribute more energy dissipation

compared to its counterpart indsystem due to the uecoverable deformation. Also,
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with the buckled morphorlogy of#s, the covalent potenti@nergyalso increase via the
consumption of external impact eggr Moreover, about 12% of the impact energy could
be mitigated in the form of atom kinetic energy which also contributesughperiorityof

energy dissipation for £20 system.The poweilaw-like dissipative model for contact

force attenuationk

i,max

(t) at various buckyballstill applies, see Figd.3, indicating a
fast force decay along the wave propagation directiothe meantime, over 99% of the
impact energy is mitigated to the kinetic energy and strain energy of buckyballs.

4.3 Parametric Study and Discussions

A parametric study is carried out where the impact speed is varied fyem

100 m/s to 1000 m/s, and the impact mass per carbon atom is varied at

J = Mipactor]/ Mouciypar—L-73 t0 13.87 for both th€so and Gzo chains containing 100
buckyballs.The initial impact speed is normalized as=V,/u, (where u,=1252nj <
and u, =509.8nf < are used for €& and G20 chains respectively); thetresswave

propagabn speed(calculated based on the time when the wave transmits through the

chain, which is dependent on the number of buckyballaprmalized asm=u/u, . The

corresponding fitting curves of the suggested models are also shown iasHiduand

4.6.
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Figure 4.5 Force reduction ratioF, /F, and normalized wave propagation speed
under various impact speed3.Q80¢ v ¢0.8() with fixed impact mass/(=1.73), as
well as various impact masses{3¢;/ ¢13.87) with fixed impact speedu(=0.40) for
Ceo chain system containing 100 buckyballs. Nonlinear models are suggested to fi
computational data.

4.3.1Effects of initial impact speed and mass ondgchain
4.3.1.1Force attenuation

The force reduction ratioF, /F, and normalized wave propagation speed
are two indices employed to evaludtes mitigation properties, shown inigure 5.

Following Reid and Penfd.69, the enhanced dynamic stress canbe expressed as

r Vv
s'= g -buwobal (4.6)

eD
where s is the crushing strength of buckyball and tkee is the material strain

attained behind the wave frontis the particle velocity at a certain timeBy keeping the
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impact mass constanthe particle velocity, v© v, [169. Assuming the contact area
keepsaconstant asA,, one may come toF. /F =s;/ §. Thus, the force reduction ratio

under a fixed impact magkut different impact velodes) is

ks - 1 @4.7)
2
- r \ r
5k budopailo g kM
& g o€

wherek is the linear coefficient betweem and v,.

F_
=

Normalized impact mass, ¢
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Figure 4.6 Force reduction ratioF, /F, and normalized wave propagation speed
under various impact speed3.196¢ v ¢1.9() with fixed impact mass/(=1.73), as
well asvarious impact masse$.73¢;/ ¢13.87) with fixed impact speedy(=0.98) for

Cr20chain system containing 100 buckyballs. Nonlinear models are suggested to f
computational data.

Alternatively, under this conditiomye may fit the equation in the form of
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— 1 . (4.8)
1+au

m|m

where a is materialrelated parameteand from Figure 5it yields a°® 24.0t for the
present system

One may also regard the buckyball system as alinear springdamping
system whose stiffness is only slightly affected by the mass of the impactor.aSuch
damping system reducése force in the receiver by extending the functioning time over
a longer time periodWhen the impact speed remains the same but impas$ sa

different,thefollowing form is fittedto describe the force attenuation

on

F _./& a g (4.9)
L= | ICAN
R

10

where =39.6 and g=0.247 for the present system

Egs. (8) and (9) in together reveal thia¢ one-dimensional G chain system
has a better mitigation performance under the condition of higher impact speed with
smaller mass, in terms of the force attenuation to alleviateahsmitted load onbjects
to beprotected.
4312System equi vmodubuest Youngos

The system equivalent Youdsy modulus may be characterized via the
elongation of wave propagation speé&the mitigation behavior is still dominated by

impact energy, which means that changing the impactor mass or speed may vary the

mitigation perbrmance. e ratio between dynamic stresg, ... and static stress
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S TOr ratesensitive material may be expressef1a€)

o =

sdynamic — 1 % e
S ¢

static

(4.10)

1-O:08

where & is the strain rateD and g are constants for aapticular material. With the
relation between stress and Yo@giodulus as well as the strain rate and velooitg

may fit the normalized wave propagation speed with various impact speeyet same
impact mass) in thiorm of

(4.11)

1-0:08

R

where D=0.937 and q=9.835. Combining the two equations above yields the

relationship under various impact mékat same impact speed)

° Vp
dfpn2-1 0
. A -1 5 (4.12
€ B 0
g -
where A=1.41, B=8.97 and p=18.8 through the best fitting.
Note thatwhenthe number of buckyballs in the system increaseseffieetive
system rigidity becomes smaller due to theger stress wavdransmission Therefore,
the fitted formula for calculating the stress wave speed and the corresponding equivalent
rigidity are only valid for this specific system under subscribed loading conditions.
However, these parametric values ni@gomestable underertain impact mass once the
number of buckyball reaches the threshold value which is discussed later.

4.3.2Effect of initial impact speed and mass on &ochain

4.3.2.1 Force attenuation
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To evaluate the energy mitigation performance aboQ@hain, the fore
reduction ratio F, /F and normalized wave propagation speedare employedin
Figure 6.The F,/F value reduces sharply in the relatively low impact speed domain
and becomes stable @nthe impact speed exceeds over 500 m/s. Eqg. (8) still applies with
a° 15.77 via best fitting.

Due to the nowrecoverable deformation of-gs the impact mass poses more
influence over the force reduction ratimcausethe larger massnakes the first few
buckyballs easier to bucklé/ith the impactor mass increasing, the force reduction is also
more prominent than that ine€chain systemSimilarly, Eg. (10) may beapplied with
b =119 and g=0.48€.
4322System equi val ent Youngb6s modul us

Similarly, we may also take the form of Eqsl)fnd (R) to describethe
systemequivalentrigidity based on stress wave propagation speed. With the impact speed
increasesthe averagavave propagation speedsa increases, leading to a much stiffer
system in terms ofigidity. In Eq. (11), the fitting parameters a® =2.12 and
g=12.0 for the G20 buckyball systemBy taking the derivative of Eq. (11), the variation
rate in Geo IS moreprominentthan that of G, indicating that G exhibit evenhigher
effective stiffnesghan G2 undervery high impact speed situations. Thitéing of Eq.

(12) yields A=1.2C, B=9.49 and p=23.3 for the C720 chain systemindicating that

the effect of impactor mass is less orpdGhan that on € chain. Again, these fitted
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equations are only valid for the protective system with particular number of buckyball
under the specifiloading conditions. System rigidity would also alter accordingly if any
of the corresponding factors change.

4.3.3Effect of buckyball size

The ratio between the initial and transmitted impulse duratldf,/ Df, is
also an importanindicator for energy mitigation. The buckling forces for larger size
buckyballs are smaller, owing to the buckling phenomenon. Fgdrghows the relation
between Dr,/ D and normalized buckyball diamete =R, ../ R. & the impact
speed of 500 m/s with the same impactor mass per carbon @twnsizes of all
buckyball involved here arelabeledin Figure 4.7. The D¢,/ D values decay in a
powerlaw manner as the buckyball size increases. More imgbrtansudden drop is
observed betweensg and Gao where the nowecovery phenomenon starts to appear.
Once the buckyballs stay in a buckled morphology, the layered and densified structure
would create more barriers to transmit the stress waves andatres vare attenuated
through the wave reflection among interfaces of buckled shapes. The numerical results

may be fitted as

€Dt/ Dy 6184 "W°, 1 ¢ W20 (4.13
(Df,/ Df 6.0660 0.0115 ,\Z.89 ¢ AL
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Figure 4.7 Normalized force history and impactor velocity history efdChain
containingl00The impulse duration ratio®¢,/ D between the impactor and
receiver for various buckyballs includingd=Ciso, Coao, Caz20, Csaoand Gooby
normalized buckyball radiiw at the impact speed of 500 m/shwihe same/ value
in each buckyball

4.3.4Effect of buckyball number

As aforementioned, with the change of buckyball number within the protective
system, stress wave propagation characteristics as well as the equivalentrigydigm
alters, which may influence the energy mitigation ability of the system for boathnd
C720 systems. The energy mitigation rate is calculated for systems with buckyball
numbers varying from 1 to 200 under the spedifipact condition. In Figurd.8, one
may clearly observe that nonlinear increase/orwith the buckyball number for both
systems. The increasing rate becomes much milder in longer buckyball chains, indicating
that there may be a&ertain length threshold beyond which the system acquires

high-efficiency impact wave mitigation. In addition, to reach the same mitigation ability,
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fewer buckyballs are needed to for larger particles; for example, the system with about 20
C720 buckyballsmay mitigate over 99% of the impactor kinetic energy (&> 99%),
whereas it would take about 80scCbuckyballs to reach/? >90%, showing another

superiority ofC720 systemwithout the system mass and volume coaistin application.
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Figure 4.8 Relations between energpsorptiorrate and buckyball number for baflao
andCrx systems at the impact speed=0.40 for Cso chain systenand ¢ =0.98 for
Cr20 chain systemandthe impact mass of =1.73 for both systems.

From systematic simulationene may also summarizeé empirical law athe
impact speedv =0.40 for Cso chain system and/=0.98 for Cr2o chain systm, and
the impact mass of =1.73 for both system$o describe the relation between buckyball

numberN (N> 0) and # as

Fh =0.9519 - 0.4872 0.9628 for C,, system (4.14)
1h=0.8711+0.192(1 N"****), for C,y, sysem

and Eqg. (14) may serve as a guidance for engineeesigrl

4.4 Buckyball Assembly
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In practice, large buckyballs need to be assembled (shown in Figure 4.9) so as

to protect materials/devices. Various stacking arrays are investigated as follows.

Impactor

> Protector

Y
Receiver

(2) (®) (c)

(a) Single G20 buckyball energy absorption system;

(b) Short 1D aligment G20 buckyball energy absorption system with 3 buckyballs
included

(c) Psudo 3D Cr2obuckyball energy absorption system with 6 buckyballs included

Figure 4.9 Various alignments of buckyball system as a protector.

4.4.1 Shortl-D alignment buckyball system

The C720can be arranged both vertically and horizontally in-2 thainlike
alignment. Figure 4.10 shows the mechanical behavior of abfickyball array
subjecting to a rigid plate impact with impact energy and speed of 9.16 eV and 50 m/s
respectrely. Progressive buckling and boslhape forming behavior takes the full
advantage of single buckyball energy absorption ability one by one, and controls the force
on the receiver within a relatively low value during first section of deformation (within

W/ D<1.5) which provides cushion protections.
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system with 5 vertically lined£266s at | mpact speed of £

~

Another 1D arrangement direction isormal to a plate impact. Unlike the
progressive buckling behavior in the vertical system, all buckyballs buckle
simultaneously in the horizontal array. Figure 4.11 shows the scenario with impact energy
of 1.83 eV per buckyball and impact speed of 50 miere/the total reaction force scales
with the number of buckyballs. Systems with different buckyball numbers show almost
uniform deformation characteristics of individual buckyballs.

The energy absorption per unit mass (UME, J/g) and unit volume (UVE3)J/cm
are given in Figure 4.12, which shows that the UME and UVE are almost invariant
regardless of buckyball number or arrangement. In Figure 4.12 the impact energy per
buckyball is fixed as 1.83 eV, if the impact energy or speed changes, the value of UME or

UVE will change, however the result is still insensitive to buckyball number or
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arrangement. The major reason is that the energy absorption ability of the system stems

from the nonrecoverable deformation of individual buckyball which is almost uniform.
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Figure 4.12 UME and UVE values of both vertical and horizontal buckyball system:

with various buckyball numbers at impact speed of 50 m/s.
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By fixing either the impact speed or mass and varying the other parameter, the
impact energy per buckyball can be varied. It imposes a nonlinear influence on the UME
and the maximum force on thecegver, shown in Figure 4.13 for the vertical alignment
of five-buckyball system. No matter how the impact speed or mass varies, it is the impact

energy per buckyball that dominates the values of UME and maximum transmitted force.
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Figure 4.13 UME and maimum contact force at constant impact speed (50 m/s) wi
various impact mass (from 8.7xtBg to 7.1x10%’g), and constant impact mass
(2.8x1018 g) with various impact speeds (from 10 m/s to 90 m/s), forlfivekyball
systems.

4.4.2 Pseudo B alignment buckyball system

The behaviors of the 2D systems may be directly conjectured from the 1D cases
and they are not often applied in practice. Considering the computation resources
available, the real 3D cases are not computable right now so the pseudse3Di@. the
size of the computational cell is restricted.
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The packing density of a pseudo 3D system can be different than that of the 1D
system, and thus the performance is expected to vary. four types of pseudo 3D stacking
forms are investigated, i.eimple cubic (SC), bodgentered cubic (BCC), faeentered
cubic (FCC) (a basic crystal structure of buckylalf1]), hexagonatlosed packing
(HCP). The occupation density ..= g6 °0.52, /g = B/3/8 °©0.6¢,

N = Poep = I3J2 ©.74 [177 for SC, BCC, FCC and HCP respectively.

Figure 4.14 illustrates the normalized foisplacementurves for SC, BCC,

FCC and HCP units under the same impact energy per buckyball (1.83 eV). As expected,
the mechanical behaviors of FCC and HCP are similar, while the BCC and SC units (with
lower /) have more space for system wmply and hence the impact force is smaller

yet the displacement is larger. Consequently, FCC and HCP have the same energy
absorption ability and that of BCC and SC are inferior.

Energy absorption performances of the three basic units are studied asvario
impact speeds, i.e. from 10 /8 m/s while the impact mass is kept a constant, shown in
Figure 4.15. With the impact speed increases, more mechanical energy is absorbed but the
increasing trend becomes slighter at higher impact speed when the blckgbam
reaches its mitigation limit. The improvement is greater in terms of UVE than UME with

higher #.
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at impact speeds from 10 m/s torgs. Fitting sufaces based on the empirical
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By normalizing the UME and UVE asP, =UME/(E../m) and

I:)v :UVE/( Eimpactor/vvolum where \4

volume

is the volume of the buckybalgs well as

impact peed asV :v/\/m where B = 34 GP§2] is the bulk modulus of graphite.
An empirical equation could be fitted as

P, =A1(BV® BV (4.15)
where A=5.50,B=-0.25,C=0.21 andD=25.0 with fitting correlation coefficient of 0.96,
and

P, =A1(BV° BV (4.16)
whereA=0.46,B=-1.94,C=0.21 andD=187.9 with fitting correlation coefficient of 0.96.
These equations are valid for low speed impact speed (below 100 m/s) on stagked C
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buckybalk. When the impact speed is fixed, the unit energy absorption linearly increases
with the occupation density; under a particular spatial arrangement, the energy absorption
ability increases nonlinearly with the impact speed.
4.5 Concluding Remarks

In this paper, the impact mitigation characteristics of a long one dimensional
buckyball chain are investigated, which can be extended to granular buckyballs of simple
cubic packing. Representative small and large buckyhalsCso and G2 under high
speed impact loadings are studied. The impact energy, size and number of buckyballs, are
varied in a systematic manner. With relatively small elastic deformationseof C
buckyballs during impact, a mechanical model based on Hertz contact law is proposed,
with critical parameters calibrated via MD simulations for given impact loading
conditions. Energy mitigation is illustrated through force impulse history difference
between the impact and receiver. The stress wave propagation speed, the reduction of
peak impulse drce, and the impulse duration ratio are studied to reveal the dynamic
response of the systefihe major energy dissipation mechanism for the buckyball chain
is the wave reflection among the deformation layers, covalent potential energy, van der
Waals inteactions as well as the atomistic kinetic enefidyese terms may have higher
contribution to energy dissipation in74g system with nosrecoveable morphologies.
Moreover,Buckyball systems are investigated under various impact speeds and various

impact nmasses. The smaller mass and higher impact speed results in a higher impulse
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force attenuation effect, as well as higher system stiffness and shorter wave propagation
time. Over 99% and 90% of impact energy fCr20 and Go chain systems could be
mitigatedunderparticularimpact conditiongespectivelyandthus a promising buckyball
based stress wave mitigatisystemis suggested

By understanding the mechanism of mechanical behavior of individugltke
energy absorption ability of a 1D array of bubkil system is studied. It is found that
regardless of the direction of alignment and number of buckyballs, the unit energy
absorption density is almost the same for low speed impact and crushing. Further, the
study is extended to pseudo 3D buckyball stagkat dynamic loadings with impact
speed from 10 m/s to 90 m/s. The energy absorption increases nonlinearly with the
impact speed until the system energy capability saturates. In addition, different pseudo
3D stacking forms may directly influence the ayerabsorption rate, which is
proportional to the packing density.

The results may shed lights on the research and development of novel

impact/blast protection system.
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Chapter 5 Governing Factors in Impact

Protection Based on Nanofluidics System

As menioned in Chapter 1, quite a few research results regarding the
nanofluidics system for energy absorption have been presented since the raise of the
fundamental idea by converting mechanical energy into the excessivefldlid
interfacial energy through liggdi infiltration into the nanochannels. To make the system
more engineering applicable, further under the working mechanisms and underpin the
science of nanofluidics, in this chapter, the focus is put on the experimental study of
governing factors for theamofluidics system in terms of the impact protection. The
pretreatment temperature, concentration of sodium chloride, -Bglidi mass ratio,
particle size and loading rate are investigated to fully explain the system working
behavior.

5.1 Experimental Setup
5.1.1 Material preparation

Zeolite ZSM5 (N&n (H20)6| [AlnSisen O197, N<27) ¥ is chosen to be the
experimental material. Its particle size ranges froth@ e m and it i's wide
chemical engineering. The MKEeolite SoconyMobil i five) framework of ZSM5
consists of two intersecting tubular channels defined bgnétber rings of SiAIO4

tetrahedra. The pore size for both the linear (parallel to the [010] direction) and the zigzag
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(parallel to the [100] direction) is approximately 5 &) The encapsulated water
molecules may only retain a singl, which indicates that the infiltration of liquid
consumes a great amount of external energy.

By using a Quantachrome Autosafp-MP gas sorption analyzer, ZSMused
in this paper has thaverage pore size 323 A ; its specific surface areis higher than
300 m?g and itsspecific nanopore volurris higher than 0.18m%qg (listed in Table.1).

By using a MasterSizer 200@article size analyzerthe mean particle sizes of two
samples intis paper were 2.14% m(6.104¢ mafter heatedand 5.251e m(9.557¢ m
after heated) respectively. Thiica-to aluminaratiois 36.

Pretreatment is essential because the raw materials may have impurities. This
pretreatment process aims at improving theitp and changing the il ratio of the
sample material, thereby adjusting hydrophobicity. We heat-BSiMa tube furnace at a
fixed temperature for 3 hours. Similar procedures are elaborated if2Be21] while in
this paper we also vary the pretreant temperature. The pretreated zeolite (whose
ranges of parameters are listed in Tdbig is then mixed with distilled water at a certain

mass ratio and then placed in the experimental chamber.
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Table 5.1 Physical parameters @SM-5

Particle sizge m Pretreatment temperati®] BET[m?g] Pore volumdcm®/g] Pore sizgnm]

800 373.6 0.1526 0.4523
5.251 (before heated, 900 368.0 0.1469 0.4523
9.557(after heated) 1000 359.9 0.1416 0.4523

1100 315.1 0.1332 0.4523
2.145 (before heated, 800 3802 0.1561 0.4523
6.104(after heated) 1000 338.1 0.1346 0.4523

Table 5.2 Experiment results with different pmmpression cycles for three samples.

Displacement at the top  Displacement

Materials pressurgmm)] (for 3 cycles)  deviation
Distilled water 5530 5.512 5.485 0.33%
Fine particled zeolite water solution (particle size: 1 0 4 6.700 6.590 6.597 1.67%

Coarse particled zeolite wat 7250 7.058 7.090 2.72%




5.1.2 Experimental device and setups

The experimental system is comprised otlember and a typ€SS2220
material testing sysem with load capacity of 200 KN and velocity range @&-500
mm/min. The chamber is made of stainless steel with yield stresgth680MPz and
hardness=195HB/13RéZ shown in Figures.l. The diameter of piston is 40 mm. The
depth and volume of the chamber are.08 mm and 110.8 ml respectively. Two
preciselyfit sealing rings ensures the integrity of the chamber, providing an upper limit

of pressure of 145 MPa.

Loading

3

3. Piston

4. Sealing rings 2. Chamber cover

5. Mixture of
1. Chamber

zeolite and water

Figure 5.1 Schematic illustration of experimental setup. The system includes a rigi
piston, chambecover with two pairs of sealing rings and a chamber base.

The pressurbolding ability of the chamber is verified by keeping the pressure
at the maximum value of 127 MPa over a period of 5 minutes (300 seconds), and the

pressure reduces by merely 3%idgrthe entire holding period, Figuse2. On the other
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hand, a complete loading and unloading process in experiment takes approximately 145 s,
indicating that the pressure drop is insignificant during the experiment. Due to the initial
flaws and gaps amgnparticles, it is necessary to carry out-poenpression tests. After
series of trials (Tabl.1), the precompression pressure is set to be 40 MPa, which could
ensure robust testing data for the subsequent infiltration experiment, described below. In
what follows, the loading and unloading rate is set to be 5 mm/min up to a maximum
pressure of 127 MPa; the loading rate is verified to be sufficiently low so as to represent

quaststatic condition.
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5 8 8
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o

T T T T T T T T T T T T T T T 1
50 100 150 200 250 300 350 400
Time, T (s)

o

Figure 5.2 The pressuraistorycurveduring thepressue holding test at 127 MPa for
300 seconds.

5.2 Results and Discussions
5.2.1Typical loading and unloading behavior of ZSM5/ water mixture
Figure 5.3 shows a typical pressumdlume changeR-q)/) curve, where the

ZSM-5 particle si zedatlD009andthe/ZSNb nater maseratio is a t
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3:5. The system compliance is deducted via the compression test of pure water.
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Figure 5.3 A typical sorption isothermP- V) curve under quastatic compression
test, with zeolite @erage particle size of 9.55¢m, pretreatment temperature of
1000\ , and zeolite:water mass ratio of 3:5.

When the pressure is low, water resides outside the hydrophobic zeolite and the
system compressive behavior is dominatedthsy bulk modulus of water (unless the
zeolite mass ratio is too high). Indeed, after deducting the system compliance, the initial
portion of P-q)/ curve in Figures.3is almost vertical. Once the pressure rises beyond a
critical value,Pin, the water moledas overcome capillary resistance and infiltration starts.
The small slope of the infiltration stage is mainly caused by friction between water
molecules and nanopores. When nanopores are filled with water molecules, the system
becomes rigid again. The #&btinfiltration volume is approximately 0.051 &y, smaller
than the pore volume 0.142 &g

During the unloading process, the excessive ligaiid interfacial energy

drives water molecules out of the hydrophobic pore, which occurs when the pressure i
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below a critical defiltration pressurout. At the end of defiltration plateau, thiegqV

curve will return to the original starting point. No variation in final volume is observed,
indicating that all the water molecules flow out of the channels wkiennal pressure is
removed, and thus the system is expected reusable. FEgufgrther demonstrates the
system response under three cyclic loads. Due to the small remnant deformation the
system is a bit stiff in ¥ and 3 cycles than the i cycle. This small remnant
deformationlies inthe fact that a small fraction of water molecules can be trapjtbih

some channeldue to theinevitable inconsistence in pore size and possible defects in
framework structureln general, the performance decay istigely small and the system

is envisioned to work well under cyclic/multiple loadings.
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Figure 5.4 P-q curves under cyclic loads (one, two and three cycles respectively)
particle size; other experimental conditions are same as that in Bigure

5.22 Energy dissipation mechanism

In the perspective of energy, the infiltration process is accompanied by the
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conversion from external mechanicanergy DW to the excessive liquid/solid
interfacial energy DE’ and that overcomes flowing resistanceg’ . Ideally,
DW = E £ Similarly, during the defiltration process, the liquid/solid interfacial
energy DE; converts back to mechanicehergy DW, and that overcomes flowing
resistanceDE, , i.e. DE; = Ef ¥\ in the case of all water molecules defiltrate out of
the pores.

In Figure5.3 DE’ can bemeasured a®E’> =PV, and in the present study,
DE® =474.587. for 70 ml liquid in total including33.2% g zeoliteand 55.417 g water
The flowing resistance came from the shear stress for the encapsulated water molecules
to overcome the | at t ihe gopéiof theiirfiltratiom platedddr e pr e s e |
The term DE” equals to the area abo® and below the loading curve, and in this
specific example,DE” =7.460., which is much smaller thaDE’ and indicates a
relatively smooth transport behavior inside the nanopores.

Quartigi et al. ®* 25 investigated the elastic behavior &f-ZSM-5 and
Na-ZSM-5 by in-situ synchrotron X-ray powder diffraction, under high pressure
established by16:3:1) methanol.ethanol:watelt& proved that under the pressure up to
0.8 GPa,structuraldeformation is trivial and purely elastic. In our research, the maximum
pressure is 12K1Pa,thus the structural deformations of the channels upfdiration of
water are then to be expected extremely minor and completely reversible. Therefore, we

can hae DE’ = E}, and the recoverable infiltratiodefiltration cycle (Figure2)
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indicates thatDW, - W, =D E+. That is, the energy dissipated during the
loadingunloading cycle equals to the frictional dissipation during infiltration and
defiltration. Indeed, the pore size and gdhase trapped inside the pores have shown to
play a dominant role in system reusabiliy/ and in pores smaller than 2nm, the
insolubility of gas molecules can be a critical driving force for defiltration, which echoes
the findings in the present stud
5.2.3 Effect of pretreatment temperature

Heat treatment from 600 to 1100N is used to prepare the material, and its
effect on the sorption isotherm is shown in Figbu® With a relatively high pretreatment
temperature, the Sl ratio is improved, th hydrophobicity of the ZSNs is enhanced
and the critical pressure required for infiltratidd,, is also higher; in addition, the

transport resistance is smaller, leading to a more flat infiltration plateau.
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Figure 5.5 P-q) curves under quasitaticcompression with zeolite average particle
size of 9.55% mpretreatment temperature of 1000particle sizeat various
pretreatment temperatures of 800900\ , 100N , and 1108! , respectively.
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From a molecular point of view, the framework of ZS\teolie is composed
of oxygensilicon tetrahedron and oxygetuminum tetrahedron. The oxygsilicon
tetrahedron is nonpolar whereas the oxygkminum tetrahedron is polar and shows
certain hydrophilicity?® In this case, the higher the content of aluminuhe higher
degree of hydrophilicity?®3¥ A series of Al MAS NMR (Magic Angle Spinning Nuclear
Magnetic Resonance) tests are conducted to verify the trend of variation of Al content in
the ZSM5 framework upon different pretreatment temperatures, thadresults are
shown in Figure5.6. The framework (tetrahedrally coordinated) and -framework
(octahedrally or pentahedrally @alinated) aluminum can be distinguished in &ie
MAS NMR spectral®@ Under treatment of low temperature, the spectra gmhta
dominant resonance at 50 ppm assigned to tetrahedrally coordinated framework Al and a
small amount of noframework Al with octahedral coordination resulting in a resonance
at 0 ppm3¥ With the increase of treatment temperature, the intensityeo$ignal at 50
ppm decreases, and the signal at 0 ppm increases and a broad signal at 25 ppm appears
above 808l which is ascribed to the pentacoordinated -framework Al.3% 35 Al
these facts demonstrate the heat treatment leads to dealuminatien frinhework, in
line with the report by Marturano et & The dealumination is due to the fact that bond
energy of AlO is much weaker than that of-Si so Al will be released away from the

framework under high temperatué. =
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Figure 5.6 Al MAS NMR spectroscopy for coarse particled ZSMpatrticle size: 9.557
em) without pretreatment N-1400M. t hat a-

Besides, Tabl®.1 shows a decrease in BET (BrunatgnmerttTeller surface
absorption index) and pore volumethvihe increase of pretreatment temperature. Under
high temperature, the position of Al may be substituted by Si or just left with a blank
defect in the structure. Since the bond ef0Sis a little shorter than that of A, the
BET and pore volume ay decrease. Under extremely high temperature aboveN1,000
Si-O may also be brokdf? which may be supported by the distinct decrease in BET and
pore volume for 1100 , shown inTable5.1 .

With the increase of pretreatment temperature, the arise of hydrophobicity not
only enhances the infiltration pressula, but also the water transport inside the pore is
easier, leading to a larger maximum displacement at the peak fdrge, Table5.3.

That is, the accessible pore volurhg,, is larger. d__ =V, _/(or®), where r is the

crosssectionalradius of the pistonThe infiltration percentage in Table 3 depicts the
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extent of ZSM5 channel volume that has been occupied by water molecules. Some pores
remain empty despite the highepsure, which may be caused by the defects and collapse
of pore structureThe effective infiltration percentage is about 63%.

Due to highPin» and largedmax, the sample with 1000 heat treatment shows
the highest energy dissipation density of 5.158 Jipenpresent studyin for 110N is
the highest, but for the decreasgpore volume andma its energy dissipation densiig
lower than that forlOOON . The study indicates that pretreatment temperature is a
convenient way to adjust the energy dissgraperformance, and depending on various
working conditions (e.g. pedestrian protection vs. crash safety), the low and high working
(infiltration) pressure can be tuned for optimization.
5.2.4Variation in mass ratio of zeolite to water

Intuitively, the content of zeolite should be one of the most influential factors
affecting the system efficiency. Based on the previously determined effectivél 1000
preheat treatment, a series of experiments is conducted, where the mass ratio of zeolite to
water varies as 1:5, 2.5, 3:5, 4:5, 5:5, and 6:5, respectively.

Figure5.7 shows corresponding sorption isotherms under various mass ratios.
It is straightforwardhat the accessible (infiltrated) volume increases with the mass ratio,
thereby enhancing energy absorption density (also see 3dbldhe energy dissipation
density reaches the highest of 5.551 J/g at a mass ratio of 6:5. On the other hand, the

infilt ration pressurelin, as well as the slope of the plateau, are insensitive to the zeolite
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to water mass ratio since the solid/liquid interfacial characteristics do not change.
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Figure 5.7 P-q)/ curves under quasttatic compression with zeolite average particle
size of 9.557 em and pr, tatrvaiaus mesqiratiostofe
zeolite to water, from 1:@:5.

If the mass ratio of zeolite is too high, the mixture will satunatthe current
experiment at a ratio of about 115/, where the suspension liquid can hardly flow.
Figure 5.7 also depicts @&-q curve for pure zeolite without water (mass ratio=1:0).
After initial compaction, the elastic deformation of zeolite nanosiras starts at about
50 MPa and the failure behavior is observed at 188 Where an abruplerivativeexists

consistent with a previous molecular dynamics simulation.
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Table 5.3 Selected results from quastatic compression tests.

Pretreatment Infiltration Energy dissipation

Particle sizge Pin [Mpa] Omax [Mm]

90T

temperaturgs | percentage density[J/d

800 58.5 1.076 26.431% 3.492
5.251 (before heated) 900 68.5 1.150 29.586% 3.941
9.557(after heated) 1000 95.5 1.344 35.869% 5.158

1100 97.5 1.208 34.279% 4.671
2.145 (before heated) 800 54.5 0.899 21.766% 2.783

6.104(after heated) 1000 85.5 1.171 32.880% 4.264




Table 5.4 Quaststatic compression results at mass ratio of6l™

Energy dissipation

L0T

Mass ratio Mass of zeolitéQg) Mass of wate(g) Infiltration percentage density(J/g
15 12.731 63.639 33.868% 4.874
2:5 23.336 58.336 35.627% 5.089
355 33.250 55.417 35.869% 5.158
4:5 39.375 49.298 36.624% 5.343
55 45.500 45.500 38.307% 5.512

6:5 51.625 43.155 38.697% 5.551




5.25 Variation in particle size

The average particle sizes of ZSMzeolite can vary. Tabld lists the
parameters of fine particled ZSMand coarse particled ZS®used in the present study,
at pretreatment temperature of 800and 1000l . It can be seen thait pretreatment
temperature of 800, samples of different particle sizes have similar BET surface and
pore volume, whereas for preheat of 18Q0the BET surface and pore volume of fine
and coarse particles are quite different. This suggests that foresrpaliticle size,
because of more Si and Al atoms appear on the particle surface, the framework structure
of ZSM-5 may break more easily at a higher temperattftdn other words, for fine
particled ZSM5, heat treatment of 1080 may lead to both dealunum and
desilicification and may cause structural damage, whereas for coarse particlefl, ZSM
dealuminum is dominant. Therefore, after treatment of BlIQ0e SiAl ratio of coarse
particled ZSM5 should be higher than that of fine particled ZSM

Figure 5.8 depicts theP-gq)/ curve for fine and coarse particled ZSMat
pretreatment temperature of 30Gand 1000! , and some key results are listed in Table 3.
At 800N , infiltration pressures of the two systems are similar; however, with the reasons
stated abee, at 10001, the infiltration pressure of coarse particled ZSMs much
higher than that of fine particled ZS®) and the accessible volume is also larger, leading

to better energy dissipation.
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Figure 5.8 P-q/ curves for fine particled (averagepat | e si ze: 6. 1

particledZSM5 (average particle size: 9. 85
and 1000 .

Note that the particle size may change upon heat treatment. For example, the
average particle siz@g. Wb7Il emargndrbmom. 2514
em for coar se an-®, respectively, praler L0 Hea dreatZeéhivi
Theydre measured by MasterSizer 2008@rticle size analyzemand he SEM images in
Figure 5.9 also provide a clear comparison. This ca@ tegarded as an agglomérat
phenomenon of particles under high temperature. The external thermal energy drives
small particles to reunion and form large particles, which means a stable and low energy
status. Thus, agglomeian phenomenon of fine parted ZSM5 is more obvious than
that of coarse particled ZSB|, as we measured. Therefore, it is suggested that coarse
particled ZSM5 would have better performance under heat treatment in terms of energy

dissipation ability.
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Figure 5.9 SEM photos for (a) coarse particled ZSM ( parti cl e si .

without pretreatment), (b) coarse particled Z28M ( parti cl e si ze
pretreatment temperature: 1000, (c) fine particled ZSMb ( par ti cl e
without pretreatrant), (d) fine particledZSM ( parti cl e si ze:
temperature: 1000).

5.3 Typical Sorption Isotherm for Sodium Chloride System

Figure 5.1Qa) is a typical sorption isotherm ( ) curve using ZSMb
zeolite pretrated atl1003 with no NaCl added. The infiltration of water molecules does
not start until the applied pressure reaches the thresholdThe infiltration plateau
starts at and ends at , with a slope . and are takerhere as the

points with a gradient equivalent to . Similarly, the defiltration of water

molecules starts at and ends at . Due to the hydrophobicity property of the
110










































































































































