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CHAPTER |

INTRODUCTION

Silica-aerogels are ultra-low-density assemblies of asilmanoparticles, and
possess practically useful material properties, such as higistacimpedance (e.g., the
sound wave speed is less than 100 m/s) (Fricke, 1992) and extremelphdowal
conductivity (less than 20 mWHK™) (Pierreet al., 2002). Silica-aerogels have been
considered for use in many applications, for instance, in thensalating, as Cerenkov
radiation detectors, and capturing cosmic dust particles (Jones, 2086, EB92, Pierre
et al., 2002, Tsou, 1995), however, their fragile material properties tmikeir
commercial use. In order to increase the strength of aerogalsntiset al. (2002 &
2007) invented a new class of polymer nanoencapsulated aerogels woafhti@xal
mechanical properties. Those polymer cross-linked aerogels aagmeabtby nano
encapsulating the aerogel skeletal framework using a polymangdaeventis, 2007).
The polymer coating reinforces the inter particle necks and asegethe ultimate
compressive strength of the material dramatically (Levehts, 2008) without clogging
the pores of aerogels. Manufacturing of such cross-linked siéioagel structures,
depending on the type and shape of the nanoparticles, the polymerirdtessthd the
chemistry in use, yields structures with vastly differentphologies and a wide range of

mechanical properties. In this context, in order to optimize thectate-properties



relationship it has become necessary to understand the micnosgrowcroscopic
property relationship and develop a predictive method for the mechanical peiderman
Therefore there is a need for modeling of the silica-aerogétrial properties via
a mesoscale and up approach. Such methodology has not been considleesdulbent
phenomenological models for aerogels which are based on the continutamaima
assumption. Work on the simulations of the relationship between nanugtnicture
and mechanical property of aerogels is very limited. The previods was primarily on
generation of mesoporous silica aerogel structure using ttiesi-Limited Cluster-
Cluster Aggregation (Roberts, 1997; Primestaal., 2005), and the simulation of
mechanical behavior such as fracture behavior using moleculasdtased numerical
method (Good, 2006). The simulations for microstructural evolution and medhanica
response under compression of porous materials like silica-aerogeinba yet been
reported. In this work, we use a relatively new numerical methodelgaime Material
Point Method (MPM) (Sulskgt al., 1995) to simulate the compression of polymer cross-
linked template silica aerogels. Details on MPM will be giue next section. MPM has
already been used effectively in modeling the microstruictessolution of the
polymethacrylimide (PMI) closed-cell plastic foam (Rohaée#im) with 70% porosity
(Daphalapurkaet al., 2008), where 3D X-ray micro-tomograph was used to reconstruct
the microstructure of PMI plastic foam for use in simulatiomdl Blastic foam is not an
aerogel due to its low surface area; it is, however, porous, angonfeature with
aerogels, consequently, MPM should be also a very suitable methsichulation of the
evolution of porous nanostructure of silica-aerogels. In this aspeqgbpamaah based on

the model generated from X-ray nano-computed tomography (n-Cisgdsto obtain and



construct a model of the microstructure of cross-linked sikcagels. The voxel
information from the tomography is used to generate matawiats in MPM. A parallel
MPM code using the Structured Adaptive Mesh Refinement Applicatfvastructure
(Hornunget al., 2002) is used to simulate the mechanical response and microstructura
evolution of the silica-aerogel model under compression. Because tkeisvifeveloped
based on dynamic (explicit) method, the results from the sirnlatf a cross-linked
templated silica-aerogel (X-MP4-T045) under compression are ceohpaith the
compressive stress-strain curve obtained from dynamic expesimsintg a long split
Hopkinson pressure bar (SHPB). While L@ al. (2006 & 2008) reported the
compressive behavior of some cross-linked silica and vandia acabddsh strain rates.
Results on the stress-strain relationship of cross-linked tenglat@-aerogels, namely
X-MP4-T045 (Luoet al., 2008) used in this work were not reported; they were measured
in this work using the approach described in kual. (2006) for use in comparison with
simulation results. Similarly to mechanical response of othesusomaterials’ under
compression, the evolution of the silica-aerogel deformation showe #tages: an
elastic deformation region at small strain levels; when the staoh te the certain level,
pores are compacted, which causes a plastic hardening in tlsesste@s curves; finally,

the densification region.

Previous work (Leventist al., 2007 & 2008) shows there are three degrees of
freedom in the design space of cross-linked aerogels: the nanlgsastirface chemistry,
the chemical identity of the cross-linking and the network morphologse e focus on
the function of the polymer coating and the effect of the microsire, as means to

improve the design of cross-linked aerogel. It is known that polymdmgoaround



skeletal silica particles enhances the mechanical propeftekca-aerogels. To explore
the function of the polymer coating, different porosity models vaitid without a
polymer coating are employed in the simulations. In previous work (Woigrak, 1987
& 1989) on the mechanical properties of silica-aerogels, powerrdéationships has
been indentified between such properties, (e.g. the Young’'s Modulusharaketogel
densities). Using the simulation results from this work, we investigatediépendence
of mechanical properties on the porosity of cross-linked templatead-aerogels.
Schereret al. (1995) have established a relationship between modulus and density
(porosity), and they evaluated the method by using the relattarede bulk modulus,
and the volumetric deformation, and reported the parameters of the lpgwenction at
a small strain level and at the plastic strain level to be 1316~a3.2, respectively. Here
we discuss this power law relationship between the strggsn®s and densities of silica-
aerogel through MPM simulations, and investigate the effechiofostructure on the

power law relationship.



CHAPTER Il

MATERIAL POINT METHOD (MPM)

2.1 Background

The material point method was used to model cross-linked templiditsd s
aerogels under compression, and it is introduced here briefly dimpleteness of
presentation. MPM evolved from the Particle-in-Cell (PIC) metfigdrlow, 1964;
Brackbill, et al., 1986 & 1988) and it was first formulated for simulation of solid
mechanics problems by Sulsklyal. (1995). Further developments have been made since
then (e.g, Bardenhageda al., 2000; Tan and Narin, 2002; Wargj al., 2005).
Bardenhagen and Kober (2004) introducédt@htinuous interpolation functions in order
to resolve the instability problems in MPM simulation. Structuregdhmrefinement has
been introduced for adaptive material points @/al. 2005). Irregular background mesh
was introduced in MPM to simulate problems such as crack propagatianget al.,
2005) using adaptive background mesh. MPM gives the same results aglémtnt
method (Maet al. 2005 & 2006, Wangt al., 2005) but can simulate complex structures
involving large deformation and complex surface contacts (Bardenteigen 2005,
Daphalapurkaet al., 2006 & 2008).
2.2 Numerical methodology

In MPM, the material continuum is discretized into finite matevolumes in



3D (or areas in 2D). Each material point is assigned a masisteomsvith the material
density and volume of the point, and all of variables used in the siamyjlatch as
position, velocity, acceleration, stress, and strain. Physicalblesiecarried by the
material points are projected to the background computational gnigl sfsape functions,
the governing equations are solved at the background gird and tée aftéhe physical
variables are updated based on the calculation. For simulationsahityproblems, the

equations of motion are conservation mass and momentum equations

Lpvov=0, 1)

pa=V-0+b, 2)
wherep is the material mass densityjs the acceleration vectar,is the Cauchy stress
tensor and is the body force density vector. The displacement and traction bgundar
conditions are

u =1uon dQ,, 3

T =7Ton 0Q, 4)
where dQ,N Q. = @, and 0Q = dQ,N Q.. The equation of motion can be written as
variational form

Jopa-dvdx = [ (V-06)-dvdx+ [ b-dvdx, (5)
wheredv is an admissible velocity field. Applying the chain rule and divergenceetmgo
equation (5) is written as

Jopa-dvdx+ [ 6 :Vovdx = [, pb-dvdx + faQTT - dv dx. (6)

In MPM, the discretization procedure is to use a collectionaténal particles to

represent a solid continuum, and the domain of partialepresented by<Q,. The



particle characteristic functionﬁp(x) , are used to define the particles (Bardenhaen

al., 2004), the initial configuration is
Yoxpx) =1 vx. (7)
Physical variables of the particles, such as volume, masss stinel momentum
can be calculated. For instance, the volume, mass, and momentunmtifde pacan be

calculated as:

Vi = [ xL (x)dx, (8)
mb = [ p'G0x, (®)dx, 9)
Py = [ p (V! (X, (¥)d x, (10)

whereQ! is the initial volume of the discretized body. Using equationtkig) equation (9)

and equation (10) may be written as:
Zp mi) = Zp fQi Pi(X)XL(X)dx = fQi pi(x)d X, (11)

YoPp =20y Pi(X)Vi(X)xip(X)dX = [P Vi(x)dx (12)

Thus the equation of motion over particles is discretized as

Py . _ mpY
Zp fgngp v_pp rovdx + 2, fQﬂQp Op, s Ovdx =X, anQp V—;’b - dvdx +

Yo fan‘[ - dvdx, (13)
wherem,, is the lumped mass of each particle. In MPM, the informationedaby
particle is updated from the solution of the equation of motion. A comigrua grid

shape functio$;(x), is introduced to project physical variables from material pdiot

background grid and vice versa. The grid shape function satisfies titeopaf unity



¥ Si(x) = 1. Using the grid shape function, the admissible velocity can be computed

from the gird nodal data. The discrete equation of motion for eachi ®de

P, = fi"t 4+ P 4 fT, (14)
where,
. s Pp
Py = YpSip 3o (15)
f" =—-Y,0, VS,V (16)
f> = ¥, m,bS;,, (17)
ff=Y, fagtmpf S;(x)dS, (18)

§ip andﬁip are weighting function and gradient weighting function, respegtivel
between the particlp and the grid nodé. In this work, we use a 'Ccontinuous

weighting function as given by Bardenhagen & Kober (2000)

[%2]

v =5 Jo,na Xo (0 Si(X)dx, (19)

VSyp = Vi fﬂp 0. Xp () VS; (x)dx. (20)

p

The equation of motion is solved at each node to update the nodal momentum,
acceleration, and velocity. These updated nodal variables are theotgwoje the
material points to update the particle position, velocity, stresss@ain. For material the
constitutive relation is

c=C:g¢g (21)

wherec is a fourth order elasticity tensor.



CHAPTER IlI

PREPARATION OF CROSS-LINKED TEMPLATED SILICA-AEROGEL SARLES

The material simulated was what is referred to as X-M@45TNakanishi, 1997;
Leventiset al., 2007 & 2008), and it was prepared in this work. In a typical preparation
procedure, 4.0 g of Pluronic P123 was dissolved in 12 g of a 1.0 M aqueousnsofuti
nitric acid, and the desired amount of TMB was added under magtieticg at room
temperature. After 30 minutes the samples were cooled down to 0° &l &egt there
for 30 minutes; subsequently 5.15 g of TMOS was added to the solution ugderusi
stirring. After stirred for an additional 10 minutes, the samplesevwoured into molds.
The molds were then sealed and placed in a 60 °C oven for gelation.sthlmgewet
gels were aged in their molds at 60 °C for five times of telation time. At the end of
that period, all wet gels were immersed into ethanol and wdshethanol twice in 8 hrs
intervals, and then to remove P123 soxhlet extraction usingBHs solvent. The gels
then were put into pure dry acetone and washed. Subsequently, gelglacectinto a
solution containing Desmodur N3200 of acetone solution, and were kept solhbn
at room temperature for 24 hrs. Then the sample with the N3200 soli®heated at
55 °C for three days. After three days heating, the samplébevplaced into acetone
and they were washed 4x at 8 hr interval, in pentane andgdirgim pentane at 40 °C

under ambient pressure to obtain cross-linked silica-aerogel (<T0R38). Using



Nakanishi’'s notatior(Nakanishi, 1997) in the standard formulation, “M” stands for
Mesoporous, “P4” refers to 4 grams of the templating agent (PIuR#i28) used and
“T045” refers to the specific amount of the swelling agent (titxylbenzene) used. That
formulation yields macroporous structures consisting of micron-smiz@cin objects,
which in turn are perforated with mesoporous tubes. “X” signifies ttatMP4-T045
microstructure has been cross-linked with polymer. The detail prozedas well

documented in Leventet al. (2007 & 2008).
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CHAPTER IV

SIMULATION OF MICROSTRUCTURAL EVOLUTION OF CROSS-LINKED

TEMPLATED SILICA-AEROGELS UNDER COMPRESSION

4.1 Nano-computerized tomography (n-CT) and 3D model reconstruction
To generate the model for the MPM simulation, the nanostructaseobtained

using an X-ray nanotomography apparatus (or n-CT, SkyScan 2011, Miotonies
Inc.). During each scanning step, X-rays with an initial intgnkjtpass through a
specimen. As the sample absorbs part of the energy, the incidesitinted the X-ray is
attenuated td. A scintillator converts the X-ray to visible light, which ecorded by a
CCD camera. X-ray images were obtained at quarter degresrents from 0° to 180°
and they are radiographs. All radiographs are analyzed to teatina series of 2D
images representing the local density of the material. &igut shows n-CT 3D
reconstruction model and the Scanning Electron Micrographs ($f&fe. The n-CT
tomographic images are used to generate the 3D MPM model. TMensiges and n-
CT images indicate nearly identical microstructure for iheasaerogel. Based on this
observation, it was reasonable to use n-CT for the construction @Dthedel for MPM
simulation.

Each voxel in an n-CT tomograph is 480x480x48C:ritrwas converted to a 3D

material point in MPM simulations. The porosity of X-MP4-T045 9 0nmeasured

11



using nitrogen sorption, and in this simulation we obtained the modeb@thporosity
by controlling the grayscale of the n-CT images when we raumtstl the 3D model.
The cut-off grayscale value that is able to produce a 50% porositielnis 58. The
model which will be employed in MPM simulation using different cut-off gralesvalue
is also shown in Figure 4.2. For conducting simulations at differenspies, we found
that there is a linear relationship between the cut-offsgpag of the images and the
porosity of the sample (Figure 4.2). Two different model sizes, 100:3D00xoxels and
200x200%200 voxels (representing 48x48xdg®°® cube and 96x96x9Gim® cube
respectively), are considered for finding the relationshighasvn in Figure 4.2, and both
show that the porosity decreases when the cut-off grayswaksases, which agrees with
a linear relationship. In n-CT scanning, the pixel graysicalelated to the density of the
pixels, therefore, high density results in high grayscale valuetlaadow density
corresponds to low grayscale value. In this polymer nanoencapstéatethted silica
aerogel, it is known that the cell-walls consist of silicatedgolymer. Therefore, the
consideration about dividing the cell-wall material into two différenaterials and
applying two different materials is possible by assigningmniaerial properties using
grayscale information. The diameter of the secondary parficiethe X-MP4-T045 is
about 1um, and the polymer coating weight percentage is about 70% (Leetati,
2008). Using above information, the grayscale value to separate aflatgoolymer
coating is 80, in this case silica which has higher densitypresented by the pixels with

grayscale higher than 80.

12



Figure 4.1: (a) nan&T 3D reconstruction model for-MP4-T045; (b) Scanning electrc

micrographs image of-MP4-T045
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4.2 Simulation of X-MP4-T045 under compression at high strain rate

The skeletal density of X-MP4-T045 with bulk density of 0.663 §/il.320
g/cnt. The skeletal density of the silica underneath the polymer is 1.988 (g&ventis
et al., 2008). In this work, Simulation focuses on the dynamic response; tiegiahat
properties should have higher values than the corresponding values undestajicas
situation. In this simulation, the Young’s modulus of polyurea takef.@sGPa and
Poissson’s ratio is 0.4; and for the silica, the Young’s modulus andidiossratio are
taken as 70.0 Gpa and 0.17 respectively. The bottom of the aerogel mddeldi
loading axial and aerogel lateral surface is traction fresimulation, when compression
is applied through the top plate via velocity loading, a pressuappbed at the top
surface immediately. But it takes time for the bottom of tHmdgr specimen to feel the
stress wave. On the top of the model, a rigid plate, large enougbcémnmodate
expansion of aerogel, was used to apply the velocity boundary conditiosirilation
accuracy improves as a finer background grid is used. Howeverpthson using the
finest background grid (1 voxel for per grid element) is very -{o@suming.
Consequently, we increased the size of background mesh, eightamptenits in one
cell, in this simulation. The time step used in the simulatiod5gt ms, which is
determined from the longitudinal wave speed of silica-aerag@lgard size. We used

following equation to calculate the time step,

=2 0<f <1 (22)

l

wheref;is cell factor,l.is cell length andC, is speed of longitudinal wave. In this work,
we tookf. =0.1 to allow the wave to propagate across one cell in ten teps. df the

actual velocity used in the SHPB experiment is taken to thelmotiee simulation, the

14



simulation time would be very long to reach 70% compressiven&iace the small time
step used in this dynamic method. To reduce the simulation timéatimg velocity
applied was increased to 10 m/s, which results in a strainofate9x1G s’ in this
simulation. In such a dynamic problem the force is initially agpln the top, at that
time, the bottom does not feel the wave. The compressive stagsswill travel to the
bottom and it will then be reflected back; it usually takes three todived-trips to allow
the force at the top to be nearly equal to the force at the batfothe sample
(Ravichandraret al., 1994). To allow equal forces to apply both top and bottom surfaces
of the aerogel, we ramp up the speed at a slow acceleration 260G&itet forces are
equal on both surfaces we keep the velocity of 10 m/s until sioulég complete.
Figure 4.3 (a) shows the simulation output from the top and bottoecsusf the model,
which indicates the dynamic equilibrium has been reached at around 6% strain.

The size of the silica-aerogel microstructure that can balaied is limited by
the available computational power; therefore we cannot simulatentbestructure
deformation on a model size similar to the actual sample usée BHPB experiments.
Alternately, the simulation is carried out for a representaimeme element of the
silica-aerogel microstructure. From Scanning Electron Mieqolgs, the average pore
size of X-MP4-T045 is about 6~7m, and the wall thickness of the microstructure is
about 2~3um. To determine the appropriate RVE size, we started the siomulesing a
cube with side length size four times of the pore size (4x pags), sand then we
increased the side length incrementally, in this case, up to @vwe @iore size. The results
are shown in Figure 4.3. It is seen that as the size increlasesstlts change. But when

the RVE size reaches 6 to 8 times of the pore size, thesesaltlose to each other. In

15



later simulation, an RVE with side length 8x of the pore s&ze~ 52.8um in this case
was used as the side length of the cubic RVE. All the RVE modets generated using
same cut-off grayscale (58), for each case we also caldula¢eporosity of different
RVE models. The 4x model has the lowest porosity 51%, with modeihsizasing the
porosity decreases and converges to 50%, which is the actualtpabshe silica-
aerogel material. Schraatlal. (1997) introduced a function of geometric scale parameter,
which is defined as the ratio of cell size over representatiueme size, to quantify the
accuracy of high order term of strain energy. Because e sinergy density converges
to its global average as the size of RVE increases, the darstiould converge to unity
when the scale parameter goes to zero. Using this theonyedineetric scale parameter
function almost converges to unity when the geometric scale paraapgtmaches to

values about 8 to 9, which agrees with the RVE size decided by ruivitig

simulations.
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Figure 4.3: (a) Comparison of stress-strain curves indicatingrdic equilibrium; (b)
Comparison of stress-strain curves from different sizes of volume

simulations

4.3 Comparison of experimental data and simulation results
4.3.1 Dynamic Compressive SHPB Measurements

Since MPM simulations give high strain rate loading, it is geable to compare
simulation results with experimental data on the compression MPX-T045 at high
strain rates. In this work, the MPM simulation results are coedpwith the results on
the dynamic compressive behavior of a cross-linked templatedadrogel using a split
Hopkinson pressure bar. This method has been applied to measure compedssiver
of cross-linked silica and vanadia aerogel (with low mechamugaédance) successfully

(Luo et al., 2006 & Luo,et al., 2008). The dynamic experimental data from the SHPB
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were chosen since the MPM simulation theory is thase the dynamic computatic
theory. Therefore, the comparison between MPM satmand results and dynam
compressiveexperimental results is more reasonable than tmepadson with stati
compressive data. The dynamic compressive expetimas carried out modified SHF
equipment developed in our group. A copper disks@udhaper is used to general
constant strainate and reach the dynamic stress equilibrium uSt##?B experiments

The schematic diagram of this facility is showrFigure4.4.

v, Sample
Steel striker Incident steel bar / Transmission steel bar
— i m E e
4 A
Strain gauge (£i.€r) Strain gauge (&1)
Copper pulse shaper Wheatstone bridge Wheatstone bridge
Signal amplifier Signal amplifier

Nicolet oscilloscope

Figure 4.4:Schematic diagram of the SHPB experimental fagiigich contains
pneumatic launching system for stritbar, incident and transmission b
strain acquisition system. A specimen is sandwidbetveen incident ar

transmission ba
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Figure 4.5: SHPB experimental result of X-MP4-T045: (a) Stsdsin curve at high

strain rate (3070°8; (b) Energy absorption diagram
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All dynamic compressive experiments were conducted undereatntmnditions
at temperature 20 = 1 °C and a relative humidity of 22 £ 3%. Cylaldsgpecimens
(10.16 mm in diameter, 2.54 mm thick) were used to measure the-siteess
relationship at high strain rate 3070. ross-linked templated silica-aerogel samples
with density 0.663 g/cthwere used in this SHPB experiment. The stress-strain csirve i
determined at high strain rate 307bas shown in the Figure 4.5 (a). In this high strain
rate dynamic compressive experiment, the X-MP4-T045 sampledbkeréo deform up to
70% compressive strain. This stress-strain curve shows theltypsgonse of porous
materials under compression: a linearly elastic deformation wsmall strains (< 5%),
collapse regime accompanied by plastic hardening until ~ 408 stnd finally a
densification stage. Figure 4.5 (b) shows the normalized energypéiba WE;) as a
function of normalized peak stress/Ep). In this casel, = 1.075 GPa is bulk modulus
of silica-aerogel.W is the energy density corresponding to the peak stegsslhe
specific energy absorption was calculated as 108 J/g under 70%essmprstrain. The
lower strain level of densification region is used as densicatrain {p = 45%) and is
indicated as shoulder area. The specific energy absorption at this st@iigs 4
4.3.2 Simulation of purely elastic properties for the skeleton materials

One of the primary purposes for simulation is to obtain the nuahetiess-strain
curve using a curve fitting procedure to match with the expetahéata by varying the
yield stress, hardening coefficient and failure stress of kbketal material. Initially, a
model assigned with purely elastic linear constitutive model mulsition. Figure 4.6
shows the stress-strain relationship for the silica-aerogelel assigned with purely

elastic material properties. Unlike the typical feature oflastic foam response
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(Daphalapurkaret al., 2008), the simulation result assigned purely elastic material
properties does not show yielding region following an initial elastgion. In this
simulation, the initial linear elastic region of the stress-straimecttom MPM simulation
agrees well with the experimental data. The densificatioromeigillows a longer linear
elastic region which is up to almost 30% compressive strain, ichvthe strain reaches
about 46%. The compressive stress along loading direction is about 66@tMB&o
compressive strain which is much higher than the experimentabtteady. The stresses
carried by some material points are unreasonably high since lasticeroperties have
been assigned. Figure 4.7 shows the simulation results of initiall f@dend the model
at 46% compressive strain in compression (b). The pores in thed mitidel have been
fully compacted when the compressive strain reaches 46% straicapakility of MPM
to deal with large deformation and complex contact problem has de®onstrated

apparently in this simulation.
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Figure 4.6: Stress-strain curve obtained from MPM simulation upungly elastic

properties for the skeleton materials

Figure 4.7: Simulation results from the model assigned with puwlagtic material
properties: (a) The volume rendered image of initial model witloading
applied; (b) The volume rendered image of simulation result at 46% strain in

compression
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4.3.3 Simulation of compaction results

Dynamic testing results from SHPB experiments indicateé tmass-linked
templated silica-aerogel can absorb energy when subjected tpressive loading.
Numerical simulation of the silica-aerogel compaction procesdlémnthe large
deformations and internal contacts which develop to the closure giotfes during
compression. MPM can overcome these two challenging issues\as sh&igure 4.7
because of its inherent capability to deal with internal contestgy the non-slip contact
method with the use of the material failure model the pointhireg@ critical strain (or
stress) level are deleted using a failure criterion appliezugfr the MPM code during
the simulation of the compaction. Since the material properties frometwo different
materials, polyurea and silica; one failure criterion used &oh enaterial constituent.
Silica has low tensile strength but its compressive strasgtiuch higher, therefore the
failure of silica contains both tensile failure and compressileré criteria. A stress
failure criterion is applied for materials that fail in temsi and the failure stress is 370
MPa; on the other hand, a strain failure criterion is employedteyrdme whether the
material points will be deleted under compression, and the fatumen used is 150%.
Polyurea owns typical polymer material properties, and it cadeb@med up to more
than 200% strain under either tension or compression even at highrates (Rolanét
al., 2007); in this case, only the strain failure criterion is apphethé simulation. Our
simulations can predict the mechanical response of polymer eraimosdurfactant
templated silica-aerogels under compression based on the reabtmicture obtained
using n-CT. To minimize the running time, the simulation was submitted to 16 prcess

on an OSU cluster. Figure 4.8 shows the stress-strain respoag®¥d-porosity cross-
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linked templated silica-aerogel model under compression and is comparedern8HPB
dynamic experimental results. The curve shows the typical é&satira porous material,
whereas, the stress increases linearly with strain all sief@rmations (linear elastic
stage), followed by compaction in plastic hardening stage, and a final datisifiregion
with the pores squeezed close. In this simulation, the compressivecsn reach up to

70% and the stress-strain curve agrees with the dynamicireepéal results extremely

well.
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Figure 4.8: Comparison of stress-strain curve obtained from numsimicalation using

MPM with experimental results at high strain rate (3090 s
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(i)

Figure 4.9Deformed 3D MPM modeland sectional viewat different compressiv
straing(a) Strain = 0; (b) Strain=0.6%; (c) Strain= 5,1 Strain=6.5%
(e) &ain=18.9%; (f) Strain=30.7%; (g) Strain=39.6%) Girain=49.6%

(i) Strain=70.49
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Figure 4.10: (a) Histogram of the distribution of material points with diffesgass level

at different time; (b) Curves of stress against time fréfareit material

points; (c) Histogram of the distribution of material pointth wiifferent

shear stress level at different time
4.4 Discussion

Schradd & Triantafyllidis (1997) explored the macroscopic propdrtipgriodic

and nearly periodic microstructures and reported that microstrucpefection is a
critical issue for the periodic and nearly periodic materiesponse under deformation.
This method has been used in foam simulation by @bal (2005), showing the effect
of imperfection on the stress response. Further work on the crusiiofatson of foam
(Gonget al., 2006) emphasized the microstructural evolution of the foam strucindel.

In the work by Gongt al. (2005), an imperfection is introduced in the simulation model,
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it leads to higher stress levels and a softening responie frekd near the imperfection.
Because of the propagation of the high stress zone throughout thenerdieé a shear
band forms between highly deformed zones and less deformed zones. dihbasttkis
oriented at an angle to the macro loading direction, but predid¢texghagnitude of the
angle might be a complicated work (Triantafylliétsal., 1998). Since MPM simulations
of silica-aerogels is based on the microstructure deternfiioed n-CT instead of from
theoretically generated models with the incorporation of the imgedtructure, the
imperfection should already exist in the microstructure of outMMfodel. In our
previous simulations on closed-cell polymeric foams under compressing the MPM
code (Daphalapurkagt al., 2008); we reported similar conclusions about the failure
along shear band. However, the deformation of polymer cross-linked-adrogel is
different from typical closed-cell foams with non-uniform defotiora characteristics.
The strength of cellular material is related to their pare, svhich is increasing with the
wall thickness and decreasing with pore diameter (Gilesah, 1988). In this work the
cross-linked silica aerogels simulated with a smaller pamelier / wall thickness ratio
than typical foam materials, they undergo a uniform structufarmation, which might
be caused by the special random but also ordered mesoporous weadstid et al.,
2008). Figure 4.9 shows the 3D deformation at different nominal compressiue and
the sectional views of the stress distribution along the loadmegtoin from the MPM
simulation based on the RVE of cross-linked templated silivagaés. The cross-
sectional views clearly indicate that the stress chains alomgcompressive loading
direction are distributed nearly uniformly with increase of the nainstrain while the

deformed structure does not generate any obvious shear bands Gallsi@aglong them.
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This behavior is quite different from the compression of plastic featim high pore
diameter / wall thickness ratio in which compaction occurs alaaygeak planes (shear
bands) inducing propagation of compaction waves, which leads to highlyzextali
deformations. Figure 4.10 (a) shows a histogram of the distributioratefria points at
different stress level and at different time (or strainkp distributions of material points
support the stress response shown in Figure 4.9. Within O t& ilime period
(corresponding to 0% to about 6.93% strain), the magnitude of the distrilmutioce
peak decreases rapidly because deformation occurs in the edgstie; from 1 to 3.fs
(corresponding to 6.93% to about 62% strain), the magnitude of the distnikutrve
peak does not change too much, because deformation occurs in the tiorpkitesau
region where the microstructure collapses; and finally the pegiedistribution curve
at 4us (about 74% strain) has been greatly decreased becauseibtatems In Figure
4.10 (b), the curves of stress as a function of time from differextérial points are
plotted. Because the simulation concerns compression, there are unees o the
negative side at the beginning of the simulation. In this plot, thessti@ves stay in a
narrow range in the elastic and plateau region (from Out®) 3but much higher stresses
appear when the deformation enters the densification region wieeneaterial is mostly
compressed.

It is known that the propagation of a local buckling in the microstructure sessult
the evolution of microstructure collapse, and the instability of bagldauses the energy
stored in the stress field to be exhausted by localized sheattingh in turn contributes
to the formation of the shear band (Demetrigual., 2007). Since the uniform

deformation observed here occurs in a random microstructure of agyotyoss-linked
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surfactant template silica-aerogel, the stress concentiatereraged out throughout the
entire structure thus reducing the stress difference betweemgihly deformed zones
and the less deformed ones. The shear band angle is still unveééopoeent, and the
shear stress information is more important. The uniform deformatibrowr apparent
shear banding zone has been described above, in this case, thérebgaesults should
be able to support this conclusion too. Figure 4.10 (c) shows the histogréne of
distribution of material points with different shear stressllevaifferent time (strain)
respectively. From the histograms at different time, we ftad the shear stress
distribution is even more uniform than the stress along loading idimeathich can
support the fact that the uniform deformation without shear band very well.
4.5 Effects of porosity as determined from simulations

Since polymer coating cross-linked improves the mechanical piegpaf the
underlying silica-aerogel dramatically, it is criticalr fthe design and improvement of
cross-linked aerogels, to simulate the function of the polymatingpusing MPM. For
this purpose, we considered three different types of silica-demugpels, which all can
be prepared readily through current techniques (Leveh@s., 2007 & 2008). Figure
4.11 shows a cross-sectional view of the stress distribution attaias level (19% and
30%) for models with different porosities are. For this, threallsitions have been run:
(a) 70% porosity MPM model assigned only silica material praggert{b) 70% porosity
MPM model assigned polymer and silica material propertigsp@€o6 porosity MPM
model assigned polymer and silica material properties. The pesositthe model have
been controlled using the grayscale as discussed previously inajes. (Since the

typical foam porosities are about or more than 70%, our simuladi@nsun on models
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with 70% porosity for comparison of the microstructural evolution. Bezdoe polymer
coating plays an important role in the material properties odnolsed silica-aerogel,
models with and without polymer coating were examined. The volute o the
polymer and the silica is same in both of 70% porosity and 50% porosity modelgdssign
with same polymer and silica material properties. The samadilg conditions and
failure criteria which were introduced previously for polymer aitidaswere employed

in all these new simulations.

33



19% Strain 30% Strain

Figure 4.11: 3D view of stress distribution at different compvessirains from models
with different porosities: (a) 70% porosity model assigned onligasi
material properties; (b) 70% porosity model assigned polymer iéiod s
material properties; (c) 50% porosity model assigned polymer diod si

material properties
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Figure 4.12: Histograms of the distribution of percentage of material pathtsiiferent
stress levels at different strains: (a) Data from 198mafieformation; (b)

Data from 30% strain deformation
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In Figure 4.11, stress chains along loading direction in 70% porosityl mode
assigned only silica material properties are not as cleawha&sh shown in models
assigned polymer and silica material properties in the dagnee. Meanwhile, the
skeleton wall for silica only model has already failed at 3@%in level since silica with
lower strain failure criterion and cannot be applied high load indtinigture. On the
other hand, the 70% porosity model assigned both of polymer and silimiaha
properties does not show obviously material failed and stress drairedso generated
along the loading direction which mean this structure with polymmatireg has capability
to carry much higher load. The bottom two pictures in Figure 4.11 #$hawthe stress
chains dominate the entire area in either 19% or 30% compressivelstrel and 50%
porosity model with two material properties assigned gives thd omoform stress
distribution. Figure 4.12 indicates a histogram of distribution of maht@oints (in
percentage) with stress level at two different strains (188438%). Stresses distribute in
a wider range in the histograms of 50% porosity model fromr€ig.12, which means
that more material points start to carry load in this casktlae stress gradient of stress
distribution is lower than 70% porosity models. Although the 70% porosity Imotte
two material properties has higher stress that of the gradieststill much lower than
the one with silica only even the porosities are identical. The madsigned with two
material properties have lower stress distribution gradient lagg should have less
chance to induce local stress concentration than the model with onlynatezial
property assigned, consequently they can absorb more energylandyfat high strain

level.
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from numerical simulation using MPM

As described in the previous part of this work, we are alsoesttnt in the
network morphology of cross-linked aerogel too. As the first steask along this
direction, the models with different porosities are used in siion& The relation
between global density (porosity) of silica-aerogel and mechlaproperties has been
investigated through experimental measurement (Woigial., 1987 & 1989). In this
work, we would like to use numerical method to explore this phenomenon. @ieys
work shows the relationship between the bulk density and mechanicatripsp
Increasing bulk density would reduce the porosity of materials.hig tase, the

relationship between density and mechanical properties can alsosbebe@ as a
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relationship between porosity and mechanical properties. Figure 4.13 #imwBess-
strain curves for models with three different porosity valuesietyg 45%, 50% and 55%.
In these simulations, the change of porosity is controlled by isiagdhe thickness of
polymer coating layer, in the mean time there is no chaogilé amount of silica. Since
the procedure described in this assumption can also be implementgsinycross-
linking technique as well, the simulation results can potentiallyused to improve
mechanical properties of aerogels.

The response of silica-aerogels with different densities (p@®)s under
compression can be explained by considering an analog modelcafagiiogel. It is
reasonable to assume that the highly porous silica-aerogel neswamkposed of hinge-
and beamlike structures. According to the statistical growtlkegpire of the aerogel
these beams are usually bent like “knees” instead of straight (Grosset al, 1992).
When the silica-aerogel is applied with compressive load, the &ngies are reduced
which causes the beam structure weaker. Furthermore, threessifbf beam structure
decreases as the length increases and section area dedrethise case the beams can be
bent in an easier manner. This fact shows the density deperafencdulus: increasing
bulk density will lead to the bigger sectional area and relatiggex beam length, which
will reduce the bending effect. Several previous works (Woiggtial.,, 1987 & 1989)
on the measurement of the mechanical properties of silicgelsroave been conducted,
and a power law relationship has been found between the Young’'s Mahduthe
aerogel densities (porosities):

E~p® (23)
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wherea =~ 3.8. Gibson & Ashby (Gibsoet al., 1988) developed a theory which describes
the behavior of cellular solids based on the assumption that the sgroftthe cells
behaves like beams. The method is widely used to analyze the mechanical resgfunse of
materials with honeycomb microstructure similar to foam. ls théethod, the hexagonal
structure is assumed to be the microstructure of the foam. Howing method is
developed based on a monodisperse distribution of pore size model (honeycomb
structure), which is not an ideal way to model the materialsd&®gel with a large
range of pore size and random pore distribution (Pirard, 1997). Sehale(1995) has
established a relationship between exporeamd the microstructure of aerogel. Instead
of assuming a beam structure model, they evaluated their method iy the
relationship between bulk modulds, and the volume dilatation at different stages of the

sample:
P = -K<, (24)
whereP is pressure and is the volume. When strains are small, the equation (24) is the

definition of elastic bulk modulus, which is constant. In the plastfordhation regime,
Scherekt al. defined a power law function between bulk modulus and the volume:
K(WV) = Ko(D™ (25)

Under small strains, they determined the elastic modulus followsower law
relationship with density with an exponent of 3.6; in the plastic regihe modulus and
density obey a power law relationship as well, but the exponent is ~ 3.2.

By using these power law relationships, we used the cqutaosity simulation
(based on 55% porosity model) to predict the behavior of cross-linkedetenwith

different porosities and the prediction is shown in the Figure 4.14. lfighes, the
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prediction results match with the simulation results very wdtreethe curve reaches 30%
compressive strain, after that the structure is deformed glrand the power law
relationship will not be reliable in this stage. Consequentlyptiveer law relationship
between the modulus and different densities (porosities) can betptetly the MPM
simulation of silica-aerogel under compression very well. Similation results are able
to capture the material behavior in densification period, in which ptheer law
relationship. The prediction gives lower accuracy at larger ohafoon in that bending
effect becomes less significant for higher densities and thusdpense of silica-aerogel
model is determined by material properties themselves thapéaby the beamlike

structural response.
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Figure 4.14: Prediction results based on the simulation reslltsving the power

function relationship
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CHAPTER V

CONCLUSION

In this investigation, the MPM method has been used to simulateitigession
of the cross-linked templated silica-aerogel (X-MP4-T045) udh®y microstructure
model reconstructed from n-CT scanning images. ReconstructiorPbf Model could
be done by controlling the cut-off grayscale of n-CT images, aatidear relation of
porosity and grayscale has been reported in this work. As knownrhthaeli-walls of
cross-linked templated silica-aerogel consist of silica secgnukarticles and polymer
coating on them, due to their material properties different watth evther, it is more
reasonable to assign different material properties to thesenaterials. To solve this
problem, the relation between grayscale and density, which is lgginescale represents
higher density, has been employed to separate two differeatiaist In the simulation,
it is proved that the MPM method can handle the large deformatren (g to 70%) and
complex internal structure contacts within the densification regiM method was
developed based on the dynamic method; therefore the simulation sesuttsmpared
with the experimental results from dynamic SHPB tests. Siimeilation result obtained
from MPM simulation based on the model assigned with elasticroatgrial properties
shows good agreement in the linear elastic region. The strags-curve obtained from

model considered plastic and failure properties matches with tierdy experimental
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results very well in three typical stages of porous matander compression. The stress
chains along the loading direction indicate the microstructure rdafan evolution is
uniform during three deformation stages without obvious shear bonding zone occurs.
Based on the previous work on design space of aerogel, we run several

simulations on models with different characteristics. The invegiigaof these
simulations indicates that the stress distribution and the rngctisre evolution are
affected by both of the polymer coating and the porosity. Afitdtestep of this purpose,
different simulations have been run on the model with different porositid material
properties to explore the effects of porosity and polymer coatimg.simulation results
show the histograms for 50% porosity model assigned two mateojénies of stress
distribution along loading direction, showing stresses distribute ialadively wider
range at same compressive strain level, indicating that mateyial points start to carry
load and the whole microstructure has a lower stress distributaaliegt. In this case,
the microstructure has less chance to generate stress caticeritically and is able to
stand to high compressive strain level. Even with same porosity, ddel mssigned
silica and polymer material properties has lower stresshdistin gradient than the one
with silica only property assigned, which prove the important rolenpedycoating plays
for cross-linked silica-aerogel again. The effect of porositg w@nulated for three
different values of the porosity (45%, 50%, 55%) in this work. Reshitsv that the
stress-strain relation follows the power law relation obtaimeoh fprevious work with
mass density for porosity ranging from 45% to 55%. The simul@ien indicates the
power law relation is not suitable when the compressive straigher than 30%, due to

that the bending effect becomes insignificant for larger desgiti@st of microstructure
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has been compacted in this stage) and thus the response of sdigalavodel are
determined by inherent material properties more instead of Wearmsiiucture. The
results in this work show the capabilities of using MPM to siteuthe mechanical
response and microstructure property relationship of cross-linkquateu silica-aerogel,
and can be used as the first-step information to improve the dekigross-linked

aerogel.
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