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ABSTRACT 

 Aerogels are low-density nanostructured porous materials, whose practical applications 

have been limited by their poor mechanical properties. Crosslinking the nanoparticle building 

blocks of silica aerogels with polymeric tethers increases both the modulus and the strength 

significantly. The polymer coating preserves the mesoporous structure of the silica framework 

while retaining its low thermal conductivity. The uniqueness of crosslinked silica aerogel has 

load carrying capabilities in which are determined in tensile, compression and flexural bending 

tests. Crosslinked silica aerogel testing displays specific compressive strength of 389000 Nm/Kg. 

Ballistic testing of crosslinked silica aerogel also corroborates its mechanical properties 

displaying a ballistic limit up to 80 m/s. Its thermal conductivity at 0.041 W/mK supports the use 

of crosslinked silica aerogel in cryogenic fuel cell applications. Manufacturing practices have 

been evaluated to obtain an optimal process which reduces time, money and difficulty.    
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CHAPTER 1 

INTRODUCTION 

The term composite material implies that two or more materials have been combined 

through a process to formulate a new material [1]. Composite materials are ideal for structural 

applications where high strength and reduced weight ratios are necessary [1]. The study of 

composites highlights various characteristics such as, manufacturing processes, strength, 

stiffness, weight, thermal conductivity, and fatigue life of a material [1]. Composites have been 

used throughout the course of history, for example medieval swords and armor, straw mud 

bricks, and even plywood used by the ancient Egyptians [1]. It is evident that composite 

materials will continue to offer an imperative role for the future advancement of material 

sciences. 

Nanotechnology in material science is a technology used in composites that helps to 

influence material structure on a molecular or atomic level [2]. Nanoscale technology is referred 

to participate in the particle, platelet or fiber modification range of 1 to 100 nm [3].  The 

mechanical reinforcement qualities are the main focus of nanostructured materials; however 

other areas of interest include barrier properties, flammability resistance, thermal conductivity, 

and polymer blend compatibility [3]. Nanotechnology allows for great precision in processing by 

controlling the physical and chemical characteristics for molecular-scale structures, combining to 

form larger structures [2]. The importance of nano-scale materials is in its comparison of its 

physical properties to larger-scale materials and the ability to manipulate nanometer matter in 

order to achieve novel physical, chemical, and biological behavior. Recent interests in polymer 
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matrix based composites has brought about interest nanoscale materials in exfoliated clays, 

carbon nanotubes, carbon nanofibers, exfoliated graphite, and nanocrystalline [3]. The Sol gel 

chemical procedure is a unique manufacturing process concerning silica materials because its 

properties and nanostructure are dependent of conditions and parameters during the process itself 

[4]. Aerogel can be manufactured with additives to the binding systems like surfactants, flame 

retarding agents, mechanical fibers, and plates for lamination [5]. An important sol-gel derived 

silica material referred to as di-isocyanate cross-linked silica aerogel has spurred a lot of research 

interest in nanotechnology due to the property manipulation that occurs during its manufacturing.  

Native silica aerogel are a very porous, low density, low dielectric, and insulating 

material with numerous possibilities for application. It has been documented that aerogels were 

originally discovered over seventy years ago [5]. However, supercritical production prevented 

large scale manufacturing during its initial development [5]. Recently, interest and research on 

the synthesis of aerogel resurfaced in the last twenty years [6]. Aerogels unique physical and 

chemical properties are attractive for many possible applications. Such applications include 

usage of fuel storage, thermal window insulation, and acoustic barriers, have all been suggested 

[6]. Also aerogels have found use in high energy physics in Cherenkov radiation detectors, shock 

wave studies at high pressures, and inertial confinement fusion [6]. Their inherent fragility 

restricts the use of native (uncrosslinked) aerogel from bearing loads and withstanding stresses 

[7].    

Silica aerogel is a product of the sol-gel chemistry process which is used to produce 

inorganic ceramics and glass materials [8]. The goal of sol-gel chemistry is to control the 

structure of a material on a nanometer scale from the earliest stages of processing. The term sols 

mean the suspension of colloidal particles in a liquid, colloids are solid particles with diameters 
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of 1 to 100 nanometers [8]. The initial step in forming the gel network requires the mixing of a 

liquid alkoxide precursor such as tetramethyl-orthosilicate (TMOS) or tetraethyl-orthosilicate 

(TEOS) in water creating hydrolysis [8]. The hydrated silica tetrahedral interacts in a 

condensation reaction forming Si-O-Si bonds [8]. These particles then link together, and the 

process is referred to as polycondensation, in which results into a silicon dioxide bond or 

network [8]. The hydrolysis and polycondensation process forms colloidal particles linked 

together with condensed silica species to form a three dimensional wet gel network or alcogel 

[8].  Aging of the wet gel is then allowed to ensure complete hydrolysis and condensation of the 

gel has taken place [8]. The aging process increases the density of the gel due to the 

reprecipitation of the network causing an increase in thickness of interparticle necks, a decreased 

porosity, and an increase in strength [8]. The aging process is followed by the drying of the gel 

which is a process that removes all the liquid or mother solution from the pore framework [8]. 

Supercritical drying is a technique commonly used which helps to reduce and control liquid 

surface energy and capillary stresses that can develop in the porous structure [8]. 

Aerogels belong in a class of ceramic matrix composite materials that have an extremely 

low density due to its highly porous structure resulting in 90% to 99% porosity by volume [9].  

The elaborate nanoscale framework gives way to numerous inherent physical and chemical 

properties [9]. Silica aerogels pores can be described as a “pearl necklace” network of secondary 

particles termed as “micropores” [10]. The secondary particles are connected by “necks” formed 

by dissolution and reprecipitation of silica during aging [10]. Silica aerogels contains pores of 

three main sizes which include pores of less than 2 nm which are the “micropores”, pores of 2 

nm to 50 nm termed as “mesopores”, and those of greater than 50 nm termed as “macropores” 

[6]. The majority of the pores are categorized in the mesopores range, with the average pore size 
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diameter measuring 20 nm to 40 nm [6]. In determining aerogel porosity nitrogen adsorption and 

desorption technique is the most commonly executed experiment [6]. Silica aerogels low thermal 

conductivity is due to its inherently small pore size and the small fraction of solid silica matter 

[6]. 

The aging process brings about changes in the physical properties of silica aerogel 

monoliths.  Time and temperature are important in the aging process of sol-gel chemistry which 

supports the condensing of the pore structure directly influencing the silica monoliths strength 

and elasticity [8]. Aging initially produces an increased bonding of particles or continued 

polycondensation which reinforces the gel, and prolonged aging facilitates a reduction in surface 

area of the silica structure while the pore radii increases along with densification [8].  Also the 

heating of gels can produce shrinkage of specific surface area by 10% to 50% which also 

supports the gel framework [8]. Aging the gel greatly influences the strength and stiffness which 

reduces shrinkage and cracking during the drying process [8]. 

Native silica aerogels are currently beings used for various other applications and 

purposes.  NASA has various uses for aerogel, they are currently beings used to insulate batteries 

on the Mars Sojourner Rover and other Mars Exploration rovers [11]. The NASA Stardust 

mission houses silica aerogels to collect interstellar dust onboard the Stardust spacecraft [12]. 

Aerogel has been studied to have displayed insulating properties 40 times higher than fiberglass 

[13]. Studies have shown that the market volume for thermal insulation reaches about 5.6 billion 

dollars in energy cost savings [5]. Aspen Aerogels is a leading manufacturing in aerogel blankets 

for piping in industrial facilities. The Mobil Corporation has found a use for silica monoliths as a 

potential in catalysis, sorption and chromatography due to its large surface area and pore size 
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distribution [14]. Silica aerogels will continue to be investigated due to its unique properties and 

numerous manufacturing possibilities. 
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CHAPTER 2 

LITERATURE REVIEW 

 Studies show that Cross-linked Silica Aerogel (CSA), displays a 40 fold increase in 

strength increase in comparison to native silica aerogel [11]. However, the importance of silica 

aerogel and cross-linked silica aerogel rests on the capability to manufacture this material 

without exhausting resources such a money, time, and effort.  All methods of aerogel production 

involve three general steps which are gel preparation, aging of the gel, and drying of the gel, 

which are steps in the sol-gel process [6].  

 Hench et al [8] uses the scientific sol-gel process which is a scientific procedure that 

aims to manipulate the material structure from a molecular level, by controlling the surfaces and 

interfaces of the material at the earliest stages of production. The sol-gel process has three 

different techniques that are used to make sol-gel monoliths. The first method is a process that 

uses gelation of a solution of colloidal powders. The second method uses hydrolysis and 

polycondensation of alkoxides or nitrate precursors followed by hypercritical drying of gels. The 

third method is a hydrolysis and polycondensation of alkoxide precursors followed by aging and 

drying under ambient atmosphere.  Sols are dispersions of colloidal particles in a liquid.  

Colloids are solid particles with diameters of 1-100 nm. A gel is an interconnected, rigid network 

with pores of sub-micrometer dimensions and chains whose length is approximately a 

micrometer.  
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Hench et al [8] also explains that the second method is the mixing of a solution of various 

reactants undergoes hydrolysis and condensation forming a wet solid and is dried using a 

supercritical drying process. It should be noted, that hydrolysis is a process in which a molecule 

is cut into two parts by the addition of water. During the mixing of the chemicals, the oxide 

species molecular weight will continuously increase. The oxide species grows and begins to link 

together in a three dimensional gel network. 

While using the sol-gel process, a crosslinking procedure maybe employed by adding a 

polymer to give the silica-gel added strength with a minimal increase in density.  The cross-

linking procedure will dictate the density of the sample and will also influence the aerogel’s 

mechanical strength.  The conformal coatings increase the density of the native aerogels by a 

factor of 2-3 but the strength of the resulting materials may increase by 2 orders of magnitude 

[15].  Also, research has shown that “polymerization of di- and tri-isocyanates on the surface of 

the nanoparticle building blocks of silica aerogels increase the strength of the material by factors 

of ~300 for a nominal 3-fold increase in density [15].  Isocyanates are known to react well with 

amine groups, forming long polymer chains called polyureas.  

   Meador et al [16] state that using a 1:3 v/v ratio of APTES to TMOS is optimal due to 

the rate of hydrolysis for APTES; in contrast failed gelation was present when higher 

concentrations of APTES were used.  The total silane concentration greatly dictates the density 

of the silica framework and affects the uptake polymerization of aerogel samples.  Also, it’s 

impertinent that a sufficient amount of H2O is present for accurate hydrolysis of the 

alkoxysilanes to create an acceptable framework for proper cross-linking. It further explains that 

for both cross-linked and non-cross-linked aerogels, the densities increases with the increasing of 

silane, water and polymer concentration while the silane concentration having the most 
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significant effect.  The density decreases with increasing number of washes, especially at high 

concentrations of silane.  This presumed to be due to the decrease water content in the gels 

available to induce chain extension reactions in the polymerization step.  In relating density to 

polymer uptake, it can be seen aerogel monoliths at similar density that have very different 

relative amounts of polymer and silane.  Increasing di-isocyanate while keeping the silane at a 

low concentration and water at a high concentration areogel specimens appear to be completely 

full of polymer. For example, a monolith with a density of 0.2 g/cm
3
 that is obtained starting 

with the highest amount of silane and water concentration and four washes contains much less 

polymer (more APTES) than the same density monolith prepared with lower silane 

concentration, and no washes. 

There are three main ways to transform the wet-gel samples into dry CSA.  Supercritical 

drying is the removing of the solvent (Acetonitrile) from the wet-gel or alcogel [17].   The drying 

is done by introducing a supercritical fluid such as carbon dioxide into the gel pores and drying 

them through elevated temperatures and pressures [18].  They also can be dried in ambient 

pressure (air) from the original solvent resulting in a more dense structure [17].  This can also be 

performed by replacing the solvent with alkane and drying the silica aerogel sample in air [18].   

Hench et al [8] states that the primary problem in which to overcome is the cracking 

during drying due to the large shrinkage that occurs when pore liquids are removed from gels.  

For small cross sections such as in powders, coatings, or fibers, drying stress are small and can 

be accommodated by the material. For monolithic objects greater than about 1 inch in diameter, 

drying stresses developed in ambient atmospheres can introduce catastrophic fracture.  To 

prevent fracture during drying, it is imperative to control the chemistry of each step of the sol-gel 

process carefully.   
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The supercritical drying procedure is an optimal process due to its ability to avoid liquid 

vapor interfacial tension which can develop during evaporative drying [17].    Supercritical 

drying helps to maintain the integrity of the gel network, preventing it from collapsing [17].  

Carbon dioxide, a commonly used supercritical fluid, helps to promote nominal surface tension 

to the aerogel pore structure.  The supercritical drying phase is a very volatile phase in which 

samples are very susceptible to failure due to certain drying parameters.  Researchers through the 

years have demonstrated that supercritical drying conditions such as temperature, heating rate, 

and depressurization rate affects the properties of the aerogels [17].   

Husing et al [19] indicates that supercritical drying possesses a major influence upon the 

chemical composition of aerogel. It is noted that structural transformation of the alcogel network 

occurs during supercritical drying which can result into large shrinkage.  Due to its structure of 

large primary particles with wide pores, a volume change of the alcogel bodies can be caused 

due to the exchange of methanol by liquid carbon dioxide.  It is proposed that the different 

volumes flowing in and out of the gel, a volume change can arise due to mechanical stress.  It is 

noted that CO2 supercritical drying has a more pronounced influence on shrinkage in comparison 

to methanol. 

Testing and experimentation is important to see and understand the properties of CSA 

mechanical strengths and toughness as a comparison to native silica aerogels.  Studies show that 

cross-linked silica aerogels with densities that range from 0.2-0.5 g/cm
3
 possess very high 

specific strengths in comparison to native aerogel [11].  Also, reports reveal that the highest 

density CSA samples can withstand the highest stress at failure with the highest modulus [11].  

Even CSA samples with low densities like .036 g/cm3 which may not be suitable for structural 

loading, are still 45 times stronger than those un-cross-linked samples [16].   Density of a sample 
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can be a predictor for properties of CSA, like strength and thermal conductivity.  Also, changing 

different parameters such as varying the silane and varying water amounts can change the sol-gel 

process and hydrolysis which will affect the outcome of a sample’s density [16].   

Gupta et al [13] observed that high density epoxy composite aerogels showed higher 

compressive modulus. Similar trend is observed for most cellular materials and composites. It 

was revealed that higher density composites possess a higher compressive modulus but lower 

yield strength. Incorporation of ceramic particles increases the modulus but decreased the 

strength of the composite. At macroscopic levels, it is observed that higher density specimens 

show extensive crack initiation in the direction of compression.   

Leventis [20] investigated aerogels comprising of cellular solids, this illustrated that 

strength is related to pore size. The silica aerogels can be strengthen and stiffened by increasing 

the wall thickness and decreasing the pore diameter which Leventis proposed to graft material on 

the surface of the skeletal nanoparticles. In using, polyurethane chemistry to bridge the 

nanoparticles forming a carbamate reinforces the necks (necks are silica surfaces that cross all 

tangent planes at every point of those surfaces) of the silica framework.  In testing native 

aerogels and cross-linked aerogels in a typical three point bend testing method, Leventis found 

that native samples failed at 100 g of vertical force, whereas cross-linked samples failed at 30 kg 

of vertical force.  As a results Leventis, discovers that cross-linked monoliths are not only stiffer 

but also stronger [20]. 

Meador et al [16] observed that porosity is dependant on three parameters.  Porosity 

depends on silane, water, and di-isocyante concentrations. Silica aerogel samples that were 

washed four times having low levels of silane, water, and di-isocyanate possessed of porosity at 
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95%, where as high levels of these parameters had porosities of 75%. Samples with no washes, 

low concentrations still maintain high porosity where as high concentrations possessed a very 

low porosity of below 50%. The porosity is affected very little by the number of washes if there 

is no change in water and polymer. Meador also tested different initial silane concentrations for 

surface area, strength and modulus of elasticity. A different concentration of silane greatly 

affects the washes and processing time. Changing these parameters will influence the density, 

porosity, thermal conductivity, and strength of cross-linked silica aerogel. 

Meador et al [21] examined epoxy cross-linked aerogels using ethanol to produce testing 

specimens compared to TMOS and di-isocyanate samples.  Ethanol as a solvent is considered to 

possess a lower toxicity than those studied using di-isocyanate cross-linker. In common with di-

isocyanate samples that the increasing the silicon (Si) in the monoliths also increases the density 

which results in more silica content.  In contrast, increasing the APTES fraction slightly 

decreases the density. Meador also observed that increasing the APTES fraction significantly 

decreases shrinkage of aerogel samples. However, APTES can increase the density because it 

provides more amine sites for epoxy up taking. As a result, the decrease in shrinkage with an 

increasing amount of APTES can be accountable to the amount of polymer cross-linking in the 

aerogel skeleton. Results of samples that were manufactured using ethanol as a solvent achieved 

an increase in mechanical properties compared to samples cross-linked by di-isocyanate. 

Parmenter et al [22] used a fiber reinforced silica aerogel to test and characterize its 

mechanical properties of silica aerogels. Two processing parameters, the mass percentage of 

fiber reinforcements and the target density, were changed for comparing of physical properties. 

The aerogel specimens were examined by hardness, compression and tension. Parameters such as 

testing conditions, environment, and the specimens’ aging process were documented for the 
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characterization of the reinforced and non-reinforced areogels. During manufacturing, it was 

observed that during supercritical drying the fiber reinforcement supported the matrix and 

reduced shrinkage. Results show that hardness and compressive strength tend to decrease with an 

increase in fiber percentage for a certain target densities. For specimens in the lower range of 

matrix density, high fiber reinforcement had a beneficial effect on strain at fracture. The hardness 

and compressive strength did not show noticeable relations with fiber percentage for a given 

matrix density. The relative enhancement of the mechanical properties of aerogel is relevant to 

fiber reinforced specimens with small matrix densities. Parmenter documented that aerogel 

samples were sensitive to moisture absorption from handling and storage which can cause the 

samples to be fragile. As compared to other aerogel testing, the fiber reinforced aerogel 

possessed low tensile and shear strength in comparison to compressive strengths. 
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CHAPTER 3 

 

METHODS: MANUFACTURING OF CROSS-LINKED SILICA AEROGEL 

The manufacturing of cross-linked silica aerogel is a result of the sol-gel chemistry 

process. Sol-gel chemistry is defined as a process by which largely inorganic polymers are 

synthesized [23]. As stated previously, this process requires the mixing of two solutions that 

hydrolyze and condense into a wet gel structure [8]. This wet gel structure consists of pores and 

secondary particles that measure as small as 5 nm in diameter [11]. These particles are connected 

together by necks forming a pearl necklace formation [11]. Polymerization of the silica monolith 

using a di-isocyanate oligomer is generated by the coating of the interconnected particle necks 

which as a result widens the neck region thereby reducing porosity [11]. The polymerized silica 

aerogel samples are then cured in an oven at 70 
o
C, prior to the final step of supercritical drying. 

The supercritical drying process extracts the solvent from the alcogel leaving a solid porous 

silica structure.  

3.1 Materials 

 The materials used for the manufacturing of cross-linked silica aerogel require three main 

chemicals. First, is the solvent Acetonitrile HPLC grade (CH3CN) is the mother solution that the 

wet gel structure formulates. Tetramethylothsilicate, SiC8H20O4 (TMOS), 3-

aminopropyltriethoxy-silane, C9H23NO3Si (APTES) are the silicon precursors which builds the 

silicon framework. Also used is de-ionized water, and the cross-linking agent was donated by 

Bayer, which is Desmodur N3200 a 6-hexamethylene di-isocyanate-based oligomer. Under 
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appropriate circumstances a DuPont Teflon Multi-Use Dry Lubricant is used for molds to release 

the wet-gel structure after casting. Depicted in Figure 3.1(a),(b) and (c) are the chemicals 3-

Aminopropytriethoxysilane, Acetonitrile, and Tetramethyl orthosilicate. In Figure 3.2 (a),(b), 

and (c) are Acetone, dry Teflon spray and De-ionized water. 
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Figure 3.1. (a) 3-Aminopropyltriethoxysilane, (b) Acetonitrile ,(c) Tetramethyl-orthosilicate 

 

 

 

 

 

 

 

 

Figure 3.2. (a) Acetone, (b) Teflon spray, (c) De-ionized water 
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3.2 Preparation of the Cross-linked Silica Aerogel Samples 

 The wet gels were constructed by copolymerization of TMOS and APTES. A typical 

procedure containing two solutions labeled A and B. Solution A consisted of 3.55 mL of APTES, 

10.65 mL of TMOS, and 43.60 mL of Acetonitrile (CH3CN). Solution A maintains a 1:3 volume 

ratio of APTES to TMOS which helps to reduce brittleness and increase flexibility [Meador 

Structure]. In solution B, 14.50 mL of deionized water (H20) and 43.30 mL of Acetonitrile 

(CH3CN) are measured to have an equivalent volume between solution A and solution B. 

 The solutions are cooled in a dry ice/acetone bath in order to control premature gelation. 

After proper cooling, solution B is poured into Solution A, followed by vigorous shaking and is 

poured into the mold. When sufficient interconnected Si-O-Si bonds are formed in a region, they 

respond cooperatively as colloidal particles of sol, and with time the colloidal particles condense 

into silica species [8]. After approximately 90 to 120 minutes the sample is ready to be removed 

from the mold into a solution of Aectonitrile (CH3CN) for aging. The wet gel is then allowed to 

age for 24 hours replinishing the silica aerogel monolith with a fresh Acetonitrile bath. Displayed 

in Figure 3.3 is a ballistic sample after casting. 

 

 

 

 

 

Figure 3.3. Ballistic sample after casting 
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3.2.1 The Aging Process 

The aging process helps to reprecipitate the gel network, where the framework will 

increase the thickness of the interconnected particle necks and decrease the porosity [8]. The 

aging procedures for the aerogel require at least seven washes which requires the changing of the 

solvent, Acetonitrile. The exchange of Acetonitrile helps to remove excess water and 

condensation byproducts such as methanol and ethanol [16]. Larger volumes of aerogel samples 

require more amounts of washes in order properly age the wet-gel structure. When aging is not 

properly completed, and water remains in the sample, improper cross-linking can be observed in 

the white cloudy ring shown in Figure 3.4. 

 

 

 

 

 

 

 

 

 

 
Figure 3.4. The white ring highlights water remaining in the sample after cross-linking 

 

3.2.2 The Di-isocyanate Polymer Cross-linking Process 

 The polymerization of di-isocyanate is an integral part in which the silica aerogel 

monoliths achieve a sizable increase in strength without obtaining a severe increase in weight 

[24]. Di-isocyante polymer reacts with -OH groups and attaches through carbamate (urethane) 

groups onto silica nanoparticles [24]. The polyurea (isocyanate coating) is formed in two 

fashions consisting of isocyanate groups reacting with water remaining on the silica 
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nanoparticles; and alkoxide precursors connected to the nanoparticles reacting with di-isocyante 

to fill the mesopores [24]. Di-isocyanate uptakes more readily with amine species rather than 

hydroxyl reactions, which could lead to extended manufacturing modifications [24]. Depicted in 

Figure 3.5(a) is the porous of native silica aerogel.  Shown in Figure 3.5(b) is the porous 

structure of cross-linked silica aerogel. 

 

 

 

 

 

 

 

 

 

Figure 3.5. (a) Native silica aerogel porous framework, (b) Cross-linked silica aerogel prour framework 

Based on the volume of Acetonitrile used to submerge the alcogel sample, every 150 mL 

of Acetonitrile used requires 49.50 g of di-isocyanate in which to cross-link. After the proper 

measurements, the sample is placed on a platform shaker to prevent coagulation of 

solvent/polymer solution. The platform shaker gently rotates the sample effecting a successful 

cross-linking time of 24 hours. After the cross-linking process is completed, the sample is placed 

in a fresh container of Acetonitrile and is placed in an oven at 70 C for curing. The equipment 

used is a StableTemp Vacuum Oven Model 282 A, in which the samples are cured for 72 hours 

before their final washes. The final washes and aging process requires 4 changes of solvent at 24 
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hour intervals. Figure 3.6(a),(b), and (c) displays the cross-linking agent, the shaker table, and 

the post curing oven. 

 

 

 

 

 

 

 

Figure 3.6. (a) Desmodur 3200 di-isocyante,(b) Shaker table, (c) Curing oven 

 

 

3.2.3 The Supercritical Drying Process 

  

Drying the wet-gel is one of the most critical steps in manufacturing silica aerogels and 

cross-linked silica aerogels. The advantage of drying supercritically is to remove the liquid 

solvent from the pores by reaching a critical temperature and pressure to alleviate capillary 

pressure and interface tension within the sample [6]. When drying at ambient pressure, the 

surface tension between the liquid and vapor cannot be avoided and causes stress on the aerogel 

[6]. Carbon Dioxide, which is used for the drying process, is at a supercritical state when the 

temperature and the pressure exceed its critical point of 31
o
C and 73 atm or 74 bar, illustrated in 

Figure 3.7 is a graph of the CO2 Phase Diagram. A supercritical fluid such as CO2 is ideal due to 

its properties that reflect those of a liquid (density, thermal conductivity) and a gas (fill its 

container, no surface tension). Carbon dioxide is not only used for its supercritical properties but 

its also is more commonly used due to its critical point which is closer in value to ambient 

pressures compared to alcohols used as a supercritical liquid [6]. Raising the temperature of a 

     

                       (a)                                                      (b)                                                    (c) 
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chemical like CO2 to its critical state, the substance is no longer a liquid nor a gas, creating a 

vapor that produces no surface tension force, extracting the solvent (Acetonitrile) from the 

aerogel structure [6]. Also, using a supercritical fluid such as Carbon Dioxide creates prime 

conditions to extract solvents such as Acetonitrile (CH3CN) out of the samples. However, there 

are varying parameters and methods that most be followed to dry successful samples. If good 

drying practices are not followed, operators run the risk of creating cracks and or pore collapse. 

 The drying of the gels is dictated by the capillary pressure, and the shrinkage of the gels 

are influenced by this force [6]. Damage of the pores is dependent on the value of the gradient in 

capillary pressure [6]. Capillary tension can reach up to 100 MPa and 200 MPa in which can 

cause shrinkage, cracking, and pore collapse [6]. It has been studied that smaller pore size are 

susceptible to fracture initiation due to these large capillary forces [6]. All gels experience a 

certain percentage of shrinkage during the initial phase of drying due to the capillary pressure 

[Hench, Sol]. Also, shrinkage experienced during supercritical drying is due to reorganization of 

cluster aggregates in which are dependent on the strength of the bonds [6]. It has been studied 

that the gel structure experiences the greatest changes in volume, density, and mass occur during 

the initial drying process prior to attaining the critical point [8].   

 The supercritical drying procedure involves an extraction process that is dependent on the 

diffusion of CO2 in the solvent such as Acetonitrile [6]. There are two main parameters that 

transport the supercritical fluid which are Knudsen Flow (the number of molecules that pass 

through a hole is proportional to the pressure of the gas and inversely proportional to its 

molecular weight) and surface diffusion [6]. There is no predictable drying duration because the 

diffusion coefficients of the solvent used are unknown [6]. However, diffusion does increase as a 

function of increasing temperature, yet in low temperature supercritical drying, the replacement 
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of the solvent is the critical stage that is strictly dictated by diffusion [6]. Cases where diffusion 

was not performed for a sufficient amount of time resulted in non-transparent areas in the gel 

(pore collapse) and or cracking of the gel structure [6].   

 The instrumentation used at the University of Alabama is an Applied Separations 

Supercritical Fluid System containing a 30 liter extraction vessel, depicted in Figure 3.8. Before 

starting the drying process, the CO2 storage tanks must be filled prior to beginning the procedure. 

The chiller must be turned on to cool the storage tank and to prime the CO2 pump. Next, the 

sample is placed into a wire cage and placed into the extraction vessel until it’s submerged fully 

in Acetonitrile. A wire cage is used to help keep the samples submerged during drying. After 

closing the extraction vessel, the supercritical dryer main power switch is turned on, followed up 

by making sure that all the heating elements are set to the correct set points. The set points are as 

displayed in Table 3.1.  

The vessel chamber is then filled with liquid CO2 raising the vessel pressure to 

approximately 45 – 60 bar pressure. Once, the chamber is filled with CO2, the system pumps 

CO2 into the vessel chamber using a CO2 pump module. This procedure raises the vessel pressure 

to ideal state for subcritical solvent (Acetonitrile) extraction. An appropriate pressure to begin 

subcritical extraction ranges from 80-100 bar pressure. Extractions can be executed statically 

which restricts flow in and out of the chamber, and dynamically which allows CO2 to enter and 

exit the vessel chamber. The system is run dynamically based on the volume of CO2 exiting the 

system. The system is placed in an hour long hold once the CO2 has completed a full cycle and 

new CO2 is replaced. These holds are intended to re saturate the cross-linked silica aerogel 

specimen with fresh CO2 for continued extraction. It is optimal to transfer into the supercritical 

range when approximately 80 % solvent has been retrieved subcritically. In order to reach the 
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supercritical state, the vessel chamber temperature is raised to 40 
o
C while in conjunction 

increasing the rate of CO2 pumping into the system. In the supercritical range above 31 
o
C and 

74 bar pressure, the remaining solvent is extracted dynamically. Ideally, 100% solvent extraction 

is achieved, yet it has been observed that a small percent of residual solvent is lost during drying. 

When the supercritical drying process is complete, the CO2 is evacuated from the vessel chamber 

at a moderate rate of 1 bar every two to three minutes. Once the vessel chamber has achieved 

ambient pressure, the cross-linked silica aerogel manufacturing is complete.   

 

Figure 3.7. Carbon dioxide phase diagram which displays the temperature and pressure to reach its critical 

point 
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Table 3.1 Heating element set points 

Flow Valve 155 
o
C 

Separator 50 
o
C 

Collector 50 
o
C 

Collector Output 155 
o
C 

Vessel Temperature Sub = 22 
o
C / Super = 36 

o
C 

CO2 Heater Sub = 25 
o
C / Super = 36 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. The supercritical fluid system containing a thirty liter vessel chamber at The University of 

Alabama 
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3.3 Cross-linked Silica Aerogel Manufacturing Summarization 

 Cross-linked silica aerogel manufacturing is a very delicate process which requires much 

attention to detail and minimal room for error. Each step in the process has a direct impact on the 

quality of the manufacturing process. Proper chemical composition is imperative for accurate 

silica aerogel pore formulation. Accurate pore formulation will dictate the density and strength of 

the silica aerogel structure. Also, proper washing and aging is required for successful di-

isocyanate polymer uptake in the nanostructure of the gel. It’s important to manufacture a sample 

of adequate strength and porosity to withstand the stresses and strains of supercritical drying. 

Depicted in Figure 3.9 is a flow chart of the manufacturing process of di-isocyanate cross-linked 

silica aerogel. 
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Figure 3.9. A flow chart of cross-linked silica aerogel manufacturing 
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CHAPTER 4 

EXPERIEMENTAL WORK 

 Cross-linked silica aerogel samples were prepared as described in chapter 3.  Different 

mechanical testing was completed along with experimental manufacturing practices. 

4.1 Compression Testing 

4.1.1 Room Temperature Compression Testing 

 Uniaxial compression testing was carried out on cylindrical samples at 21
o
C. 

Compression tests were performed according to ASTM-D695 standard at The University of 

Alabama. Five samples were tested having a length (L) and diameter (D) ratio of 2:1. The strain 

rate during testing was 0.127 mm/s which is equivalent to .005 inch/s.   The experimental setup 

can be seen in Figure 4.1. 

 

  

 

 

 

 

 

 

 

Figure 4.1. Experimental setup for the uniaxial compression testing 
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4.1.2 Cryogenic Temperature Compression Testing 

 Compression testing at cryogenic temperatures at -196 
o
C was performed according to 

ASTM D695 on three cylindrical samples. First, the samples were contained in test tubes and 

were placed in a vacuum flask containing liquid nitrogen. The aerogel specimens are of the same 

dimensions as the specimens tested at room temperature. Samples were soaked in liquid nitrogen 

for 12 hours prior to testing. 

4.2 Split Hopkinson Pressure Bar (SHPB) 

 The compressive stress-strain curves of x-aerogel at different strain rates using Split 

Hopkinson Pressure Bar testing. Compression testing was performed using ASTM D695 

standard on cylindrical samples. Results analyzing the x-aerogel characterization can be seen in 

the following chapter showing the relation between dry and wet samples.  

4.3 Flexure Testing 

4.3.1 Room Temperature Flexure Testing 

 Small rectangular samples with equal depth (D) dimensions of 8.5 mm, were used for 

flexure testing at 21
o
C. The flexure tests were performed according to ASTM-D790 standard. 

Four samples were tested with a span (L) distance of 85 mm and the L/D ratio 10:1. The strain 

rate is tabulated to be .254 mm/min and one sample used the strain rate of 2.54 mm/min. 

4.3.2 Cryogenic Temperature Flexure Testing 

The samples were desiccated for 48 hours to remove the inherent moisture, and 

periodically measured the weight to determine the weight stability. Then the samples were 

wrapped with plastic bags to protect them from further moisture absorption, and placed in a 

Pyrex test tube. The Pyrex test tube was then inserted in a dewar containing liquid nitrogen for 

the period of 4 hours to achieve liquid nitrogen temperature at approximately -196 
o
C. Finally, 
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the samples were taken out and tested immediately. Since aerogels have a low thermal 

conductivity (0.03-0.04 W/m˚K), it was assumed that there was not a significant rise in 

temperature of the specimens during the test. 

 The specimen length was small compared to its height; shear deformation was taken into 

account for calculating the load point deflection. The stress (s) is calculated using Equation 4.1, 

where M is the bending moment and is given by M = PL/4, P is load applied in the middle of the 

beam, L is the length of the beam span, and c is the half height of the rectangular beam, and the 

moment of inertia is given by I = 2bc
3
/3, with b being the thickness of the beam. 
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3

b

PL

I

Mc
     (4.1) 

Similarly, normal strain, e, is determined at the outermost layer of the specimen using Equation 

4.2, where the Young’s modulus E was determined from the load-deflection relation by 

considering both the bending and shear energy, as shown in Equation 4.3. 

              
EI

Mc
                  (4.2) 
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Where,  is the load-point deflection, , is the Poisson’s ratio, and h is the specimen thickness. 

Therefore, knowing the applied load (P), and measuring the corresponding deflection ( ) directly 

from the crosshead displacement of the Instron machine, the Young’s modulus (E) was 

calculated. There was some variation in the Young’s modulus (E) computed using the Equation 

4.3 at various load-point displacements.   
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4.4 Tensile Testing 

4.4.1 Room Temperature Tensile Testing 

Tensile specimens had a gage length of 101.6 mm with a cross-sectional geometry 5 mm 

× 12.70 mm.  The bottom end of the specimen was fixed, while the top end was moving with  

crosshead speed of 1.27 mm/minute.  Aluminum end tabs were bonded with x-aerogel specimens  

for proper gripping.  Five specimens were used for the uniaxial tension test at 21°C. 

4.4.2 Cryogenic Tensile Testing  

The aerogel samples were manufactured and supercritically dried in house at The 

University of Alabama.  The testing setup is described that the bottom end of the specimen is 

fixed, and the top end is moving with crosshead speed of 1.27 mm/minute. Four (4) samples 

were used for the uniaxial tension test at cryogenic temperature.   

 

4.5 Fracture Toughness 

4.5.1 Fracture Toughness at Room Temperature 

Fracture toughness (KIC) of x-aerogel was measured using the single edged notched beam 

(SENB) technique as shown in Figure 4.2.  

 

Figure 4.2. Single edged notched beam sample to measure fracture toughness 

The notch depth, a, was calculated so that the w/a ratio was within 0.25 - 0.3, where w is the 

thickness of the specimen (~10 mm).  The ratio w/l was selected to be close to ¼, where l is the 

span.  The KIC, for the specimen geometry with the height equal to its width is given by 
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Where P is the load at failure and Y is the polynomial expression for the w/l ratio given by  

432 )(80.25)(11.25)(53.14)(07.393.1 wawawawaY  

 

4.5.2 Fracture Toughness at Cryogenic Temperature 

 The same methods apply for cryogenic testing however the temperature conditions are 

lowered to -196
o
C. 

 

4.6 Ballistic Penetration Testing 

X-aerogel samples of dimensions 4 in.×4 in.×1 in. were manufactured.  Figure 4.19(a) 

shows the polytetrafluoroethylene (PFTE) or Teflon ballistic mold having dimensions 4.5 in.×4.5 

in.×1.125 in. that is used to cast the x-aerogel. The aerogel ballistic samples were cast using in-

situ gelation procedure. After initial washings, cross-linking and post curing, the samples were 

supercritically dried.  Figure 4.19(b) shows the aerogel sample after it was supercritically dried.  

The ballistic sample as shown in Figure 4.19(b) was opaque i.e., the porous network of the 

sample collapsed during super critical drying. This was because the entire amount of water 

generated during the sol-gel reaction was not displaced by the acetonitrile during the initial 

washings. Even though the initial x-aerogel ballistic samples were not ideal, ballistic testing was 

performed to get an idea of the fracture mode.  Figure 4.3 (c) shows the ballistic sample after 

testing. A cylindrical flat-nose projectile of diameter 0.162 in. was shot at a velocity of 

approximately 500 m/s. 
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Manufacturing was continued and four additional ballistic samples were completed and 

tested for ballistic characterization. Displaying in Figure 4.4 (a),(b),(c),(d) are pictures of the four 

ballistic samples prior to testing. 

 

 

 

 

 

 
 

 

Figure 4.4. (a) Ballistic 1, (b) Ballistic 2, (c) Ballistic 3, (d) Ballistic 4 

      

 The ballistic testing was performed on all four x-aerogel samples. The experiment 

follows procedures of penetration through a target into sand by a flat-nosed metal projectile.  

Displayed in Figure 4.5 (a) is a schematic drawing the experimental setup, and in Figure 4.5 (b) 

is an image of the ballistic test setup.  

 

Figure 4.3. (a) Ballistic mold, (b) X-Aerogel ballistic sample after supercritical drying and (c) X-

Aerogel ballistic sample after ballistic test 

(a) (b) (c) 

    
 (a)                                      (b)                   (c)          (d) 
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Type equation here. 

 

 

Figure 4.5. (a) Ballistic laboratory setup, (b) The gun barrel, aerogel sample, and sand target depicted 

 Conway et al [25] developed the theory to achieve ballistic limit of the four aerogel 

specimens. The objective in their work was to record the impact velocity Vo, and the residual 

velocity, VR data to estimate the ballistic limit, VBL. The method for obtaining the residual 

velocity was related to the depth of the projectile within the sand barrier. A least squares 

technique was used to estimate the ballistic limit illustrated in equation 4.4 

                                                                                                                            (4.4) 

In equation 4.4 coefficients A,B, are determined by the least squares to fit the experimental data. 

By setting the residual velocity VR, to equal zero, the ballistic limit, VBL can be calculated using 

equation 4.5. 

                                                                                                                                  (4.5) 

 The equipment used in the experiment was a 167 caliber smooth bore powder gun [25]. 

The gun tube is chambered to a Winchester 348 cartridge case, in which the tubes are cleaned 

prior to each shot [25]. The cartridges were carefully loaded into the tubes and the breach of the 

gun was screwed on to the gun tube. A firing solenoid was anchored to the back of the break 

                             
                                 

(a)                                                                         (b) 
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which held a cable from the solenoid to adjacent room connected to a transformer which served 

as the trigger [25]. 

4.7 Prototype Manufacturing and Experimental Work 

The objective of the proposed work is to develop an ultra-light, on-board cryogenic 

propellant tank by using low thermal conductivity and highly porous x-aerogel material with a 

very thin impermeable metallic inner liner. Through careful optimization of CSA morphology 

and di-isocyanate cross-linked density, a tank mass fraction close to 10% would be achievable 

for optimal structure-property relationship upon scaling up. The objective of this design is to 

sustain the propellant weight as well as aerodynamics structural loads while insulating the 

cryogenic propellant. The geometrical design can be seen in Figure 4.6 with a diameter of 6.5”x 

19” long.  It is proposed to inject uncross-linked aerogel into a space between the aluminum 

inner liner and an outer jacket Pyrex mold. The thickness of the aerogel has been calculated to 

accommodate NASA guidelines regarding internal pressure, aerodynamic structural loads, and 

thermal insulation requirements for an UAV/aircraft propellant tank. Inlet and outlet ports for 

propellant flow, as well as ports for sensors and actuators will be built into the tank.  Shown in 

Figure 4.6 is a schematic of the proposed prototype tank for manufacturing.  The enhanced 

mechanical properties and thermal conductivity of the modified silica aerogel provides us with 

an enhanced structural performance and an extended cryogenic storage performance.   
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Figure 4.6. (a) Proposed schematic drawing of the tank (b) Drawing of the experimental set-up 
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CHAPTER 5 

EXPERIMENTAL RESULTS AND CHARACTERIZATION 

5.1. Compression Testing Results 

5.1.1 Room Temperature Compression Testing Results 

 The samples have a length (L) and diameter (D) ratio of 2:1, which is subjected to a 

displacement rate of 0.127 mm/s which is equivalent to 0.005 inch/s. The testing was conducted 

at a temperature of 21°C and the results were given in the form of stress-strain response data. 

The compression experimental response is shown in Figure 5.1. The outer periphery of x-aerogel 

samples were found to be chipped off at 80% compressive strain whereas the samples completely 

failed at 90% strain with average strength of ~ 202 MPa. Shown, in Figure 5.2 (a) and (b) is a 

scanning electron microscope image of CSA during compression testing. The comparison of 

density and compressive strength obtained from the x-aerogel samples manufactured using a four 

wash recipe is tabulated in Table 5.1. The densities of x-aerogel samples manufactured using 

four washes were found to be lower with an improved compressive strength. The relationship 

between the density and the stiffness (Young’s modulus) of CSA is directly proportional; 

however with an increase in density the porosity will inversely decrease [16]. 
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Figure 5.1. Stress- Strain plot of compression test at room temperature 

 

Table 5.1. Compression test data at room temperature 

Sample # Displacement 

Rate (mm/s) 

Density 

(g/cc) 

Compressive 

Strength (MPa) 

Strain % 

1 0.127 0.29 216.92 88.41 

2 0.127 0.31 187.32 90.61 

3 0.127 0.41 218.66 84.87 

4 0.127 0.39 216.08 85.06 

5 0.127 0.41 173.73 56.46 

Avg.  0.36 202.54 81.0820 

SD  0.05 20.69 13.9723 

 

        

Figure 5.2. (a) SEM image of cross-linked silica aerogel at 30% compression (b) SEM image of cross-

linked silica aerogel at 80% strain prior to failure 
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5.1.2 Cryogenic Compression Testing Results 

Compression tests at cryogenic temperatures were performed according to ASTM D695 

on the x-aerogel samples. The cylindrical x-aerogel samples were initially soaked in liquid 

nitrogen for 12 hours to equilibrate temperature. To avoid the x-aerogel samples getting 

contaminated by moisture and liquid nitrogen, they were placed in a plastic sample bag which 

was placed in a Pyrex test tube. The test tube was placed in a vacuum flask containing liquid 

nitrogen. Figure 5.3 shows the results that plot the stress and strain data obtained from the 

compression test.  The stress-strain plots shows that the failure was initiated around 65% strain 

and the sample finally failed around 80% strain. Table 5.2 shows the compression test results.  

The results show an increase in the modulus by 264% and reduction in the compression strength 

by 62% at cryogenic temperature as compared to those at room temperature.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Stress-strain cryogenic compression of aerogel samples results 
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Table 5.2. Compression test data at cryogenic temperature 

Samples # Cryogenic Temperature (-120 °C) 

 

r 

(g/cc) 

Compressive 

Modulus  

(MPa) 

Compressive 

Strength   

(MPa) 

Failure 

Strain 

(%) 

1 0.330 131.30 76.42 78.95 

2 0.363 180.40 77.50 79.60 

3 0.383 196.40 84.60 82.95 

Avg. 0.3585 169.40 79.51 80.50 

SD 0.0266 33.92 4.45 2.15 

 

5.2 Split Hopkinson Pressure Bar (SHPB) Results 

 As stated in the previous chapter, the testing procedures followed ASTM D695. The Split 

Hopkinson Pressure Bar experiments helped to illustrate the young’s modulus (stiffness) and 

yield strength as a function of the displacement rate shown in Figure 5.4. Also, the compressive 

stress-strain relation for both dry and wet x-aerogel samples at different strain rates can be seen 

in Figure 5.5.  
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Figure 5.4. Modulus and yield strength as a function of displacement rate 

 

Figure 5.5. Compressive stress-strain relations for both dry and wet x-aerogels 

 

5.3 Flexure Testing Results 

5.3.1 Room Temperature Flexure Testing Results 

The flexure tests were performed according to the procedures mentioned in ASTM-D790, 

with Length/Dimension ratio of 8. Specimens were tested at room temperature and the 

experimental results of samples with an L/D ratio of 8 are shown in Table 5.3. The flexural 
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strength and Young’s modulus of x-aerogel samples with L/D ratio of were found to be 30.95 

MPa and .77 MPa, respectively. The experimental response of x-aerogel samples with L/D ratio 

of 8 is shown in Figure 5.6.   

 

 

 

Table 5.3. Room temperature flexure testing data with L/D = 8 

Room Temperature (21 °C) 

# L/D Strain Rate 

(mm/min) 

 

ρ 

(g/cc) 

Young’s 

Modulus (MPa) 

Flexure 

Strength (MPa) 

1  8.5 0.254 0.82 .8192612 30.54 

2 8.5 0.254 0.80 .7164533 31.35 

      

Avg.   0.81 .77 30.95 

SD   0.14 72.69 0.57 
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Figure 5.6. Cross-linked silica aerogel flexure testing response for an L/D ratio of 8 

 

In order to obtain more reliable flexure data, new samples were manufactured with an 

L/D ratio of 10:1. Four samples were used for flexural test at 21°C. Sample 1 was tested at a 

displacement rate of 0.254 mm/min, while the other samples were tested at a displacement rate 

of 2.54 mm/min. The flexural strength of the x-aerogel specimens were found to be relatively 

unaffected by the increase in specimen dimension, as shown in Table 5.4.  The average modulus 

of elasticity shown to be 154.55 MPa and the strength is 4.74 MPa. 
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Table 5.4. Flexure test results of L/D ratio of 10:1 

Room Temperature (21 
o
C) 

# L/D Displacement 

Rate   

(mm/min) 

Density 

(g/cc) 

Young’s 

Modulus 

(MPa) 

Flexure 

Strength 

(MPa) 

1 10 0.254 0.54 172.32 2.73 

2 10 0.254 0.54 183.37 7.73 

3 10 0.254 0.45 120.61 3.53 

4 10 0.254 0.54 141.90 4.98 

      

Avg.   0.52 154.55 4.74 

SD   0.05 28.62 2.19 

 

5.3.2 Cryogenic Flexure Testing Results 

  The average value of Young’s modulus was calculated, and used in plotting the bending 

stress-strain data. The results of the cryogenic flexure test are tabulated in Table 5.5. The 

bending stress-strain curves at room temperature (21 C) and at cryogenic temperature (-196 C) 

are shown in Figure 5.7. The flexural modulus increased by 12% at cryogenic temperature 

without compromising the flexural strength. It was observed that the cryogenic x-aerogel 

specimens failed at lower strain compared to room temperature. The specimens were found to be 

shattered suddenly without giving any initial yielding or warning. The broken specimens are 

shown in Figure 5.8. 
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Table 5.5. Crossed linked silica aerogel cryogenic flexure testing results 

 Cryogenic Temperature (-196
 o
C)  

Sample # L/D Strain Rate 

(mm/min) 

(g/cc) Young’s 

Modulus 

(MPa) 

Flexure 

Strength 

(MPa) 

1 3.5 2.54 0.57 403.11 18.60 

2 3.5 2.54 0.57 385.06 15.32 

      

Avg.   0.57 394.08 14.40 

SD   0 12.76 1.067 

 

 

 

 
Figure 5.7. Cryogenic temperature stress-strain results  
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Figure 5.8. Cross-linked silica aerogel specimen after failure 

 

5.4 Tensile Testing Results 

5.4.1 Room Temperature Tensile Testing Results  

The stress-strain plot for each specimen is shown in Figure 5.9. Grip failure was observed 

for most of the cases, except specimen 1. Tensile modulus and strength of each specimen are 

reported in Table 5.6.  The average tensile modulus, strength, and density are also shown in the 

inset of Figure 5.9. 
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Figure 5.9. Cross-linked silica aerogel experimental response under uniaxial tensile testing 

 

Table 5.6. Cross-linked silica aerogel tensile testing results 

# Density (g/cc) 
Displacement 

rate (mm/min) 

Young’s 

Modulus (MPa) 
Strength (MPa) 

1 0.70 12.70 575.31 7.07 

2 0.67 1.27 386.54 5.97 

3 0.70 1.27 493.00 3.99 

4 0.72 1.27 396.72 10.95 

5 0.65 1.27 341.82 5.95 

Avg. 0.69  438.68 6.79 

SD 0.72  94.64 1.56 
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5.4.2 Cryogenic Tensile Testing Results 

The stress-strain plot for each specimen is shown in Figure 5.10. Grip failure was 

observed for most of the cases. The tensile modulus and strength of each specimen are reported 

in Table 5.7.  

 

 

 

 

 

 

 

 

 

Table 5.7 Aerogel data results for cryogenic tension testing (-120 
o
C) 

# strain rate (mm/min) 

Cryogenic Temperature  

(-120 °C) 

Density 

(g/cc) 
Strength (MPa) 

Young’s Modulus 

(MPa) 

1 1.27 0.54 0.23 3727.6 

2 1.27 0.54 0.21 3384.9 

3 1.27 0.53 0.55 1054.8 

4 1.27 0.60 1.4 962 

     

Avg.  0.55 0.60 2282.32 

SD  0.031 0.56 1478.12 

 
Figure 5.10. Stress-strain results for cryogenic tension testing at -120

o
C 

 



 

46 

5.5 Fracture Toughness Results 

5.5.1 Room Temperature Fracture Toughness Results 

The fracture toughness results are given for five cross linked silica aerogel samples at 

room temperature as show in Table 5.8 displaying an average stress intensity factor of 

338.1203(KPa√m). The graph in Figure 5.11 displays a plot of the five specimens. 

 

Table 5.8. Fracture Toughness of x-aerogel samples at room temperature (21
o
C) 

Sample # Density(g/cm
3
) KIC (KPa√m) 

1 0.45 308.55 

2 0.46 374.74 

3 0.472 303.98 

4 0.46 327.83 

5 0.47 375.51 

Avg. 0.46 338.12 

SD 0.0079 34.94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. The fracture toughness of x-aerogel samples 
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5.5.2 Cryogenic Fracture Toughness Results 

The fracture toughness of x-aerogel is tabulated in Table 5.9 and plotted in Figure 5.12. 

The densities of the x-aerogel were observed to be higher than at room temperature. This 

increase in density could be attributed to the use of cross-linking agent which was stored for a 

long time period. Further, it was observed that the failure of x-aerogel specimen characterized at 

room temperature was catastrophic, i.e. the samples fly apart, as opposed to failure at cryogenic 

temperatures where the ligament seems to hold the specimen together.  

 

Table 5.9. Fracture toughness of x-aerogel at cryogenic temperature (-120 
o
C) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. The fracture toughness of x-aerogel samples at cryogenic temperatures 

 Sample #  Density KIC (KPa√m) 

1 0.4525 308.5460 

2 0.4570 374.7412 

3 0.4717 303.9759 

4 0.4588 327.8262 

5 0.4678 375.5123 

Avg. 0.4616 228.1203 

SD 0.0079 34.9489 
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5.6 Ballistic Limit Results at Room Temperature 

The projectile used in the ballistic limit experiment was 4340 flat nose steel cylinder.  

The projectiles have an approximate mass of 2.12 grams along with a diameter of .163 inches 

and a length of 1 inch. The cross-sectional area of the 4340 flat nose steel projectile is .0815 in
2
. 

The projectiles possessed a Rockwell C hardness number of 35 to prevent deformation to the 

during the test experiments. The results of the experiment were calculated for all samples and are 

tabulated in Table 5.10. Figures 5.13 (a), (b), (c), (d), displays the four ballistic samples after 

impact. 

   

 

 

 

 

 

 

 

 

Table 5.11. Average Density, Ballistic Limit Average and Standard Deviation 

Average Density (g/cm
3
) .2574 

Average Ballistic Limit (m/s) 44.25  

Standard Deviation 21.88 

 

 

 

  

Table 5.10. Ballistic Testing Results and Characterization 

Ballistic Sample Mass (g) Thickness-

Avg (cm) 

Volume  

(cubic cm) 

Density 

 (g/cc) 

 VBL, Ballistic 

Limit (m/s) 

#1 52.38 2.27 215.93 0.24 21 

#2 53.45 2.10 210.55 0.25 35 

#3 55.93 2.08 203.71 0.27 80 

#4 48.08 1.95 186.19 0.26 41 
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Figure 5.13. (a) Ballistic 1 post impact, (b) Ballistic 2 post impact, (c) Ballistic 3 post impact,  

(d) Ballistic 4 post impact 

 

Also, the results and data can be compared in relation to each ballistic limit. Previous 

work reveals that at large velocities, the residual velocity should approach the muzzle velocity.  

Displayed in Figure 5.14 is a graph illustrating that when the muzzle velocity approaches the 

ballistic limit the residual velocity approaches zero.  The ballistic limit for x-aerogel was 

calculated to be 44 m/s based on test data shown in Figure 5.14 [15].   

Normalization of the density is used to illustrate a relation between ballistic limit and x-

aerogel density.  Shown in Figure 5.15 the ballistic sample #3 possesses the largest value of 

density and exhibited the largest resistance to the projectile. It can be highlighted in Figure 5.15 

that the density and ballistic share a strong correlation in which the graph closely illustrates a 

linear relation. These results are important because it further highlights the possibility to utilize 

these unique aerogels as possible load bearing candidates.  

 

 
 

(a)                                         (b)           (c)                                   (d) 
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Figure 5.14. Comparison of the ballistic limits to muzzle velocity [25] 
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Figure 5.15. Ballistic limit as a function of the x-aerogel density 
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5.7 Prototype Manufacturing Results 

5.7.1 Small Scale Prototype Results 

 The objective of the small scale prototype was aimed to establish a fabrication process 

using minimal amounts of chemicals. The small scale fabrication was used to help scale up the 

operation to the full scale prototype. Numerous attempts and procedures were used during small 

scale prototype manufacturing in order to address future problems and complications during full 

scale manufacturing. The small scale manufacturing was used to obtain new technology for the 

cryogenic tank production and to reduce chemical waste.   

 Small scale prototype manufacturing was attempted using a Pyrex bulb representing the 

inner liner.  A 700 milliliter Pyrex beaker is used as the outer mold.  Pyrex glass is an optimal 

casting material due to its inherent ability to transfer heat and energy. A support stand along with 

a mechanical clamp was used to hold and align the inner liner with the outer mold.  The inner 

liner was measured to be .8” from the bottom of the Pyrex beaker and .8” radius clearance.  It 

was optimal to use five solution A’s and five solution B’s during sol-gel fabrication which 

resulted in approximately 580 milliliters. Shown in Figure 5.16 is a picture taking during casting 

of a small scale prototype. 
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Figure 5.16. Casting of the small scale prototype 

  

 Small scale manufacturing requires the same protocol as smaller x-aerogel samples using, 

dry ice to cool the solutions and by in-situ gelation, following pouring into the mold (beaker).  

The modified recipe using a minimum of four washes is used for the larger volume of the aerogel 

constructed.  Initial attempts of manufacturing the small scale prototype experienced numerous 

radial cracks initiated by the Pyrex stem. These cracks were experienced numerous times 

throughout the research. The cracks were circumvented by releasing the stem from the clamp 

after initial pouring of the solutions.  The clamp holding the Pyrex bulb caused added stress 

concentrations within the solution as it transformed into a solid gel formation.  In Figure 5.17(a) 

is an image of the radial cracking experienced during initial manufacturing of the small scale 

prototype.  Also, depicted in Figure 5.17(b) is a result of successful casting practices producing a 

small scale prototype with no cracks or imperfections. 
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Figure 5.17. (a) Small scale prototype crack (b) Successful small scale prototype casting 

  

 A silica aerogel sample of this volume possess large surface area in which can adhere to 

the surface of the casting mold. In order to prevent any adhesion to the Pyrex, a dry Teflon spray 

is used to coat the beaker which allows for a successful release from the mold.  The use of this 

Teflon spray will also be used for the full scale prototype. The large volume of aerogel requires 

extended seven washes which were used for ballistic samples. After the appropriate amount of 

washes, cross-linking of the sample takes place which can be seen in Figure 5.18(a).  Samples 

were also suprecritically dried however minimal success was obtained due to the large volume of 

aerogel.  In Figure 5.18(b) is a supercritically dried small scale prototype showing significant 

shrinkage.  Modified procedures and techniques were developed to apply towards the full scale 

prototype manufacturing. 

 

 

          

                                          (a)                                                                               (b) 
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5.7.2 Full Scale Prototype Cyrogenic Fuel Tank Manufacturing and Results 

 From our observed experience with smaller samples the full scale prototype 

manufacturing acquired a significant amount of technology and data towards future work on di-

isocyanate modified silica aerogel. It was important to construct an apparatus to minimize human 

contact and error in the manufacturing process. An apparatus was conceived and constructed in 

order to successfully cast a full scale prototype with limited human interference. As stated above, 

a Pyrex close end cylinder mold was used to cast the silica aerogel around the aluminum inner 

liner. Shown in Figure 5.19 is a picture of the apparatus used for full scale manufacturing. The 

volume of the aerogel for the full scale prototype is 9.826 liters which required us to scale up the 

ballistic samples recipe by a factor of 17. A high density polypropylene container obtained from 

an outside company was employed to age the prototype. Various attempts were made to 

successfully manufacture a full scale prototype; the large volume of aerogel caused many 

problems in constructing the prototype.  Similar to the small scale manufacturing the dry Teflon 

spray was used to coat the Pyrex mold to prevent aerogel adhesion. Large baths of dry ice and 

 

                                                 

(a)                                                                                (b) 

Figure 5.18. (a) Cross-linked silica aerogel small scale prototype (b) Supercritically dried small scale 

prototype 

 

Figure 4.30(a) Crosslinked silica aerogel small scale prototype (b) Supercritically dried small scale 

prototype 
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acetone were used to cool the solutions.  The casting was also divided into five solution A’s 

(982.6 milliliters) and five solution B’s which were 1.965 liters per pour. 

     

 

 

 

 

 

 

 

 

 

Figure 5.19. The full scale prototype apparatus 

 Many techniques and modifications were used through the various attempts to cast a 

successful full scale prototype.  It very important to ensure that the aluminum inner liner is 

aligned, measured, and sufficiently affixed in the proper location for symmetric aerogel 

thickness. 

 The initial attempts showed some success however the presence of the aluminum liner 

this caused failure due to stress concentrations at the corners.  In Figure 5.20 the full scale 

prototype is pictured after casting which shows the aerogel beginning to transform into the wet-

gel phase (alcogel). The casting of the first attempt experienced no layering effects due to 

adequate cooling and timely pouring into the Pyrex mold.  The full scale quickly solidified after 

casting which allowed the prototype to be submerged in an initial bath of Acetonitrile within the 

casting mold.  However after two hours of hydrolysis the full scale prototype experienced cracks 
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expanding radially from the stems at the top of the tank. The empty inner liner created a 

buoyancy force causing stress points at the stem connects while under its initial Acetonitrile 

wash.  In Figure 5.21 the radial cracks can be seen below. 

 

Figure 5.20. Initial casting of full scale prototype 
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Figure 5.21. Full scale prototype cracks at the stems 

 The inner liner was filled with lead pellets to add mass to the aluminum tank which 

equilibrates the buoyancy forces exerted by the Acetonitrile bath pushing upwards on the 

aluminum inner liner. Modifications were made to the design and changes were made to the 

procedure for the full scale prototype. Along with radial cracking from the stems, stress points 

from the top and bottom of the aluminum inner liner continued to cause the aerogel to fail during 

the casting process.  

 Prototypes that were cast with moderate success (moderate cracking) were then 

transferred to a container for solvent washes removing the existing water.  The dry Teflon spray 

was advantageous in removing the full scale aerogel; however the aerogel failed to adhere to the 

aluminum inner liner.  The failure to adhere to the inner liner attributed a shearing effect and a 

de-bonding.  In Figure 5.22 a picture displays that shearing of the aerogel from the aluminum 

inner liner. Due to aerogels inherent non-adherent nature, silica aerogel cannot be successfully 
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manufactured around an aluminum tank in this manner.  New technologies and proposed 

solutions for successful fabrication will be discussed in the following chapter.    

 

Figure 5.22. Aerogel separating from the aluminum inner liner 
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CHAPTER 6 

DISCUSSION AND CONTINUED WORK 

6.1 Discussion 

Di-isocyanate cross-linked silica aerogel retains very interesting characteristics that 

allows it to be a very attractive material for various applications.  The modified aerogel 

specimens display a significant increase in elasticity and strength with the addition of the di-

isocyante polymer.  Results from the compression testing in room and cryogenic temperature 

illustrate a nice contrast in mechanical properties. The room temperature samples possessed a 

low modulus and a high yield strength (.413 MPa, 218.66 MPa) where as the cryogenic samples 

displayed a considerably higher modulus and a lower strength (131.30 MPa, 76.42 MPa).  Cross-

linked silica aerogel’s flexure properties exhibit a high modulus of 183.37 MPa in comparison to 

native silica aerogels having a modulus of approximately 1 to 10 MPa. The tensile testing also 

reveals a dramatic increase in strength of 10.95 MPa where as uncross-linked samples possess a 

strength of 15 to 16 kPa. The increased mechanical properties are a direct correlation to the 

increase in thickness in the silica-chain neck region due to the addition of the di-socyanate 

polymer. The increase in density is a tradeoff to acquire more physical strength; however the 

increase in density is minimal in which the samples are still extremely light weight, thereby 

resulting in an increase in specific strength.  Characterization of the ballistic resistance of CSA 

has acquired a maximum ballistic limit of 80 m/s. 
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6.2 Continued Work of Full Scale Manufacturing & Modifications  

Manufacturing silica aerogel is a very fragile and delicate process that requires much 

attention and precision. Casting silica aerogel samples is a very important procedure which 

dictates the success of the manufacturing process. The first twenty four hours is one the most 

important times during the manufacturing as samples form into a proper solid structure. Aerogel 

samples must properly condense into a SiO2 network; however in some cases with larger 

volumes cracks would initiate during this process. The silica aerogel specimens need to 

withstand cross-linking, curing, and supercritical drying which can endanger the integrity of the 

structure until manufacturing completion. Proper casting techniques require precise recipe 

measurements, proper cooling, and proper casting molds in order for the gel to remain solid 

without imperfections such as cracks. Cracks that form in the aerogel during the casting 

procedure, compromises the sample’s strength to survive the entirety of the manufacturing 

protocol. Proper casting and formulation of the silica aerogel framework is imperative to acquire 

ideal samples for testing and other applications. Also after casting, as the aerogel begins to cure 

shrinkage of the gel structure occurs which can bring about stresses within the material which 

lead to failures. When casting large volumes stresses from shrinkage are more significant and 

can cause a sample to crack quickly if they are not placed in the solvent. Imperfections in molds 

such as ridges on RTV silicone can cause aerogel samples to crack more easily due to stresses 

when gelation and shrinkage occurs. Samples can become locked in corners and narrow edges 

which can initiate cracking when samples are released from their molds. Proper molds are 

necessary and accurate gelation times are imperative to successful cast silica aerogel specimens. 

 Also, research reveals that proper curing of the wet-gel structure is imperative as well 

because of the pre-existing water that is used during the casting procedure. De-ionized water is 
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used in the recipe for casting silica aerogel which is a catalyst in condensing the silicon dioxide 

bonds forming the skeletal framework. The water that resides inside the specimens during 

manufacturing can cause pore collapse and failure during supercritical drying. It has been seen 

during cross-linking that the di-isocyanate encapsulates the water preventing it from escaping. 

Proper washes with Acetonitrile are imperative to remove this water prior to cross-linking. 

Proper washing amounts are determined by the volume of the samples. For example four washes 

are ideal for sizes of approximately 80 mL where as seven washes are needed for volumes of 200 

mL. 

 The problems that were faced during full scale production were mainly due to premature 

cracking during the casting process. Cracking was repeatedly reported with large volume 

castings where narrow areas of aerogel surface exposures were located. Due to the large 

interconnectivity it appears that the contraction of the gel structure during curing caused cracks 

to form at weak areas seen in Figure 6.1.  In comparison, large volume pieces that having large 

surface area exposure reveals minimal to no cracking seen in Figure 6.2. 

 

Figure 6.1. Large volume radial cracking due to small surface area exposure 
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Figure 6.2. A large volume cylindrical disk with a large surface area displaying no cracks 

 

 These manufacturing parameters are needed to obtain a successful casting.  Larger 

samples come with smaller margins of error. In order to circumvent the problems faced in the 

full scale manufacturing completed in Chapter 5, new manufacturing modifications were made to 

accommodate successful silica aerogel castings. The modifications made to the full scale 

prototype production are to manufacture four separate pieces. Two disks of 1” thickness with an 

8” diameter will be manufactured for the bottom and top, along with two half cylindrical pieces 

19” tall and 1” thick that will cover the sides of the inner liner. Pictured in Figure 6.3 and Figure 

6.4 are the casting molds for the side pieces, and in Figure 6.5 is a high-density polyethylene 

container which will be used to manufacturing the top and bottom pieces.  
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Figure 6.3. New modified cylindrical mold used 
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Figure 6.4. The second mold made using RTV silicone and high density polyethylene 

 

Figure 6.5. Full Scale mold for the cylindrical side pieces 
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In separating the manufacturing into four separate pieces the goal was to isolate the 

possibility of cracking and failure to occur. Silicone RTV rubber mold is used to manufacture the 

samples along with high density polyethylene which shows itself to be very inert and resistant to 

adhesion. The molds were also coating with a dry PTFE or teflon lubricant which will help in the 

prevention of silica aerogel sticking to any surfaces. When casting the end pieces using the high-

density polyethylene cylinder, specimens were casted flawlessly with no problems. Also, two 

different methods were used in manufacturing the side pieces which encountered more difficulty 

due to the differences in volume. Initiall castings used a mold that employed a removable top 

which was a half cylinder RTV silicone tube. Successful castings were difficult due to the 

removable top which caused and initiated failures upon removal of the specimens. However, 

using the second mold which utilizes the resistance of the high density polyethylene and RTV 

Silicone better castings and successful samples were obtained as a result. Using the second mold 

also allowed for more surface area exposure as opposed to the first mold constructed. The second 

mold also had minimal adhesion upon removal of the sample. Results show that it’s important to 

have a mold that is inert to prevent any adhesion. Also, it’s important to cast silica aerogel in 

shapes and contours that will be optimal for success. Casting shapes that are irregular that 

contains curvatures and complex geometries with corners cause problems in manufacturing a 

successful piece.  
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6.3. Conclusions to Full Scale Prototype Manufacturing 

Large volume silica aerogel manufacturing requires much attention to proper mold 

construction to limit failures during casting. The ideal material for casting silica aerogel is RTV 

silicone rubber which in large volumes can be expensive. RTV silicone rubber is an ideal 

material due to its ability to prevent adhesion and it can provide easy removal of samples due to 

its flexibility. Large volume silica aerogel manufacturing is an achievable process, however there 

is minimal room for error and it requires much attention to detail.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

68 

6.4 Future Work 

 Development of a conventional method for casting and aging large volumes of 

silica aerogel which reduces human interference and risk of sample failures is 

needed. 

 Irregular shapes and geometries can be susceptible to cracking and damage so the 

development of a casting method and or an apparatus to alleviate such 

occurrences is needed. 

 Since shrinkage appears to be linear in all dimensions and shrinkage can be 

estimated based on density. Cracks that form due to shrinkage can be accounted 

for by tailoring their densities and modifying the recipe. Tailoring new recipes to 

accommodate large volumes of silica aerogel shrinkage should be addressed. 
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